Universita degli studi di Napoli Federico Il

Scuola Politecnica e delle Scienze di Base

Department of Industrial Engineering

PH.D. SCHOOL IN INDUSTRIAL ENGINEERING T XXXV CYCLE

Doctoral Thesis

Advanced predictive combustion model for heawduty CNG fuelled
engines

Ph.D. School Coordinator

Prof. Michele Grassi

Tutor: Ph.D. Candidate:
Prof. Fabio Bozza Marco Riccardi

Prof. Vincenzo De Bellis
Dr. Ing. Carlo Beatrice



Contents

Yo (g T 1T =T [ [ 1T £SO v
LIS OF fIQUIES .o e e et e e e e e e e e e e e e e e e e e e e e e e e e s s s e s saa s s e nnannennne A
LIST O TADIES ...t e e e e e e e e e e e e e e e e VI
[ A oY il o101 o] o= 14 (o] o K- PO PP PP PRRPPR PP IX
Abbreviation and NOMENCIATUIE.............coiiiiiii e X
Y €] = (o TP PSP PP PP PPPRPPPP 1
A [ o1 (o To (U Tt £ [o] o IO PP EEPT R TPPPP 3
O R = = (o3 (o [ (o 10 [ o ST PP PPPPR PP 3
1.2 ODbJecCtivVe Of the thESIS.........uiiiiiiiii e e e e e 8
RETEIENCE . ...ttt e e et e e e a bt e e e ab et e e s b e e e e e e e e e 12
2 Overview of Shternal Combustion ENQINE.............uuuiiiiiiiiiiiiiieiiieece e 14
2.1 TUurbulent COMBUSTION.......ciiiiiiiiii et e e e e e e e e e e nnneees 16
2.2 KNOCK PRENOMENAL......coiiiiiiiiee et e e e e e e e r e e e s 20
2.3 Cyck tO CYCle VANALIOM ..ottt e e e e e e e e e e e e e e e e e e e e e e s e e s s aanrenrerreeeees 22
2.4 Ultra-lean COMDUSTION . .......oiuiiiiiiiiie ettt e e 23
24.1 Prechamber ENQINE.. ... ... 24
=T (=T =] o Tod = PO PP TP PPPPPPPPPN 28
3 Methodologies fo Internal Combustion Engine Modelling............cccooviiiiiieeiiiiiiiiieeeeeeieeeenn 31
G 70 R 0] D I T o] 0TVl o[- TSP 32
T A D I T o] 0TVl o[- TP 34
TG TG | D I 1] o] 0TVl o[- TP 36
3.4  Turbuknt combustion modelling for conventional Sl engine............cccccceeeviiiiiiieeee i, 37
3.4.1  Eddy burrup combustion model (SITUID)........oooiiiiiiiiiiie e 37
3.4.2  Fractal combustion MOGEL...........cuuiiiiiiiiiiiii e 40
3.4.3  KK-T-STUrbUIENCE MOGEL.......coeiiiiiiiiiiiie e 44
3.4.4 KK TUrbUIENCE MOUEL......oeeeeeeee e 53

3.5  Turbulent combustion modelling for Pohamber SI engine..........occccviiiiieiiiiiiieeeee e, 55
3.5.1 Fractal Model deSCriPLION .........oiiiiiiiieee e 57

3.6  Knock and Heat Transfer modelling............ooooi oo 59
=T (=T =] o (o = PP PPPPPRTTPPY 60

4  Assessment of the advanced turbulent combustion model for a hdatyy SI CNG fuelled engine 65

ot R S T [ T o [T T ol 1] 1o o PSPPSR TPPPPPI 65
4.2  Tuning and validation of the turbulence model............cccoo e 67
421  Comparison with GBuite turbulence model.............cccuuviiiiiiiiiii e, 72
4.2.2  Comparison withK-k-Tturbulence model............o s 75



4.3  Fractal combustion model tuning and validation............cccccoveeeeeee 77

431 Laminar flame speed COrrelation.............ccuvriiiiiiiiiiiieee e 78
4.3.2 1Y [oTo [=1 IR (T ] 11 o o TR PP P PP REEP PP PPPPPPPPPPPROY 4° |
4.3.3  MOAel VAlIHALION. ......oeiiiiiiiieiiii e 80

4.4  Camparison with Eddy burap combustion model...............oooooiiiiiiiciiieeeeeeee e 87
4.5  Summary of the research activity on Sl hedugy engine...........cccccovviiiiiiiiiniiieeeee 93
=T (=T =] o (o = PP EEPTP T PPPPPRTTPPPS. 95
5 Ultra-lean prechamber Sl engine model validation...............cccovviiiiiniiiiiii e 96
5.1  Single cylinder engine description and experimental SetUp............cccoeeeee e, 96
5.2 ENgine model Validation.............coooiei i a e 100
5.2.1  3D-CFD/OD mMOdel COMPAIISQI....cccciiiuitiiiiieeeeiiiiieeee e e e st e e e s e e e e e e s ssbenreeeeeeans 101
5.2.2 Experimental/OD model COMPATISON.........ccuuiiiiieeeiiiieiee e 104

5.3  Summary on research activity on ulisan ative prechamber Sl heawgluty engine.............. 107
L (=T (=] o[ = T PP PP PUPRPP 109
B COMCIUSION. ...ttt ettt e e e h et e oo h bt e e ek et e e e bb e e e e e e e e e e nrn e e n 111



Acknowledgments

Questa tesi dilottorato segna la fine di un percorso lungo ma anche pieno di
soddisfazioni e cido non sarebbe stato possibile senza il supporto di molte persone che
ho il dovere ed il piacere di ringraziare.

Desidero innanzitutto ringraziare il mio tutor, il Dr. CarloalBece, dirigente di

ricerca presso il CNESTEMS, per aver creduto in me concedendomi I'opportunita di
lavorare su tematiche interessanti e di alto livello. Egli, nonostante diviso tra tanti
progetti di ricerca, € sempre stato disponibile a confrontiaieeante illuminanti dal
punto di vista scientifico.

Vorrei ringraziare, inoltre, il prof. Fabio Bozza, tutor di questo dottorato e docente
durante il periodo di universita, per la sua dedizione e esperienza scientifica, senza la
guale questo percorso di ttmtato non avrebbe visto la luce.

Un sincero ringraziamento va al prof. Vincenzo De Bellis che mi ha accompagnato
fino alla fine di questo percorso con la sua professionalita, competenza e infinita
pazienza, trovando sempre un momento per un confrontmeon

Devo inoltre ringraziare il Dr. Ing. Lorenzo Sforza e il prof. Tommaso Lucchini per il
loro preziosissimo contributo scientifico durante la mia attivita di ricerca.

Un grande ringraziamento va anche al Dr. Ing. Simon Langridge e al Dr. Ing. Mohsen
Mir zaeian, che sono stati miei tutor durante il mio periodo all'estero presso FPT
Motorenforschung AG, per il loro rigore scientifico, spessore umano e per la loro
incredibile professionalita. Aver trascorso il mio periodo all'estero nel loro gruppo di
ricerca ad Arbon é stato un pregio.

Un vivo grazie va anche al prof. Per Tunestald e | | 6 Un i weressdret ~ d i
stato di fondamentale supporto durante l'attivita di ricerca.

Un sentito ringraziamento va anchgidng. Diego ludice e Michele Lopez, per
essere stati sempre disponibili a chiarimenti su specifici test o simulazioni durante la
mia attivita di ricerca.

Ringrazio i miei amici, c¢che in un modo
spensieratezza, avendomi dato la possibilita di alleggerire il carrenteg questi
anni.

Ringrazio mia mamma, mio fratello e la mia famiglia tutta per avermi supportato e
sopportato durante questi anni, ma non solo.

c hi

(@)
(9]

Ringrazio quindi tutti, chi ¢
persone che ho incaato nella mia vita finora.



List of figures
Figure 1.2 GHG emissions by aggregated sector, Mt of equivaleaa@®percentage of GHG from the

only transport sector (year 2020) [3]....ccceeiiiiiiiieee e nnnnnee e B
Figure 1.2 CQ and pollutant emissions limits roadmap for ligahd heavyduty engines [10]................. 5
Figure 1.3; Percentage of GHG emission from road transportation of the vehicle fleet (year 202Q).[8]
Figure 1.4 World Natural Gas production by region, 192320 [19].........ccccurrrrreeiiiiiiiiieeee e eeirieeeee e 8
Figure 1.5 Swirl, tumble and squish fIOWS [L7]......uueieiiiiiiieiiiieee e 10
Figure 1.6 Main modelling steps of the research actiVity..............ccceevveeiiiiiiiieee e 10
Figure 2.2 The four stroke principle for a SI engine.[2] ... 15
Figure 2.2 UVtvisible digital images of the flame propagation in gasoline Sl engine [4], SA=3.CADL7
Figure 2.3 Borghi diagram and list of turbulent premixed combustion regimes............ccccccoecvveeen.n. 19
Figure 2.4 Damaged piston examples from heavy engine Knock.[9)].........ccccvveeiieiiieiiiiiiiiiiiiiieeeeee, 21
Figure 2.5 Knocking effect at different spark timings [2]..........ccccooiiii i 22
Figure 2.6 Configurations of passive (left) and active (right)-pn@amber ignition systems [25]............ 26
Figure 2.7 Pressure traces (left) and visualizations (right) during jet ejection processes on an optical
/22 PSPPSR 27
Figure 3.% Single zone combustion scheme (a) and-z@oes combustion scheme (0)............cccee.. 34
Figure 3.2 Eddy burhup combuSstioN SChEME............oi i 39
Figure 3.3 Schematic of the fractal combustion model..............cccoiiiiiiiiiiieen L AL
Figure 3.4 Schematic Of ValIVe fIOWS........uuuiiiiiiie e 46
Figure 3.5 Qualitative sketch of the tUMDIE VOIEX..........uuuiiiiiiiiiiiiiieeeeeeeeeee e 47
Figure 3.6 Qualitative sketch of the SWirl VOIeX.........ccuvvvveiiiiiiiiiiceeieee e AT
Figure 3.7 Qualitative sketch of the main geometrical data of cylinder and piston................cc........ 48
Figure 3.8 Kinetic energies associated to mean, tumble, swirl and turbulent flows......................... 49

Figure 3.9 ckinpeffect on mean flow, tumble and swirl velocities (a) and turbulence intensity..(b).....51
Figure 3.10 cio,reffect on mean flow, tumble and swirl velocities (a) and turbulence intensity. (h)...51
Figure 3.11 cum reffect on mean flow, tumble and swirl velocities (a) and turbulence intensity. (b)..51
Figure 3.12 cexkeffect on mean flow, tumle and swirl velocities (a) and turbulence intensity..(h)....... 52
Figure 3.13 csineffect on mean flow, tumble and swirl velocites &ad turbulence intensity (h)........... 52
Figure 3.14 cqo,seffect on mean flow, tumble and swirl velocities (a) and turbulence intgig)........... 52
Figure 3.15 cam,seffect on mean flow, tumble and swirl velocities (a) and turbulence intensity. (b)...52
Figure 4.2 Overview of the &ylinder engine UNder @Xam.............coouiiiiiiieeiiiiiiieeee e 65
Figure 4.2 Layout of the intake and exhaust systems, with the piston at the TDC position (numerical
domain for the 3BCFD SIMUIALIONS).........cooiiiiiie e e e e e e e eeaeaaeaaaeeesd 65

engine

Figure 4.3 Comparison between 30FD and 0D results of tumble (a) and swirl (b) radii and normalized

g)c=Te =1 [T g o [ TcTor= 1 L=TN (o P PPPPPPRPRPN 68
Figure 4.4 Comparison between 30FD and 0D results at 1200 rpm of mean flow velocity (a), tumble
number (b), swirl number (c) and turbulence intensity.(d)..........ccccciriiiieiiiii e, 70
Figure 4.5 Comparison between 30FD and 0D results at 1900 rpm of mean flow velocity (a), tumble
number (b), swirl number (c), and turbulence iNtensity.(d)...........ceeeeieiieiiiiiiiii s 71
Figure 4.6 Comparison between 30FD and 0D results at 1200 rpm of mean flow velocity (a), tumble
number (b), swirl number (c) and turbulence intensityf()K-k-T-S and K-# models........................... 73
Figure 4.7 Comparison between 3BFD and 0D results at 1900 rpm of mean flow velocity (apleum

number (b), swirl number (c) and turbulence intensity (d) féKS and K% models........................... 74
Figure 4.8 Comparison betweeBD-CFD and 0D results at 1200 rpm of mean flow velocity (a), tumble
number (b), swirl number (c) and turbulence intensity (d) fé&¢KS and K-T models.......................... 16
Figure 4.9 Comparison between 30FD and 0D results at 1900 rpm of mean flow velocity (a), tumble
number (b), swirl number (c) and turbulence intensity (d) fé&¢KS and K-T models.......................... 7

V



Figure 4.10 Comparison of the predicted laminar flame speed as a function of the equivalence ratio for

pure methane and CNG SUIMOQALE............uuuiiieeaiiiireieeee e st ee e e e s ssnrrrre e e s snnrrreeeesssnrnnneeeeessennnnnned O
Figure 4.11 Experimental vs numerical comparison of characteristic combustion angles at full.loa@&0
Figure 4.12 Experimental vs numerical airflow rate CompariSON............ccccooviirieeeeeiinniiieee e 81
Figure 4.13 Experimental vs numerical spark advance COmMPAariSON..........cooucuvrereeereiiiirieeeeee e 82
Figure 4.14 Experimental vs numerical MEBOMPAriSON............ccccciiiiiiiiiiiiiriieeeeeereee e a e e 82
Figure 4.15 Experimental vs numerical Burn Duration2% COmMpPariSON.............cccuvvrrieeeriniiineeeeeennnns 83
Figure 4.16 Experimenal vs numerical pressure peak COmpariSon..............coeeeeeeeccceecccnnnnnnnnnnnnennne. 83
Figure 4.17 Experimental vs numerical BSFC COMPariSON...........ccccoeeeee i ee e 83
Figure 4.18 Experimental vs numerical turbine inlet temperature..............cccceeeiiiiiiiieee e 84
Figure 4.19 Experimental vs numerical comparison ofiflinder pressure traces and burn rates at
1100rpm@ 19.5 (2), 11.7 (D), 3.9 (C) BMERPR-......i i 85
Figure 4.20 Experimental vs numerical comparison ofilinder pressure traces and burn rates at 1500
rpm@ 19.4 (@), 11.7 (D), 3.9 (C) BMER.........ci et e e 86
Figure 4.21 Experimental vs numerical comparison oftiflinder pressure traces and burn rates at 1900
rpm@ 16.6 (a), 10.0 (D), 3.3 (C) BMER..........c et e e 87
Figure 4.22 Experimental vs numerical comparison of characteristic combustion angles at full load of both
(oo 01 o0 1S3 1o o 18 e o 1= - SRR 88
Figure 4.23 Numerical/experimental comparison of BSFC between the two phenomenological combustion
L0 Lo RS RURR 89
Figure 4.24 Numerical/experimental comparison of peak pressure between the two phenomenological
COMDBDUSTION MOEIS ... e e e e e st e e e e e e s et e e e e e e e s nnsbbeeeaeeeenanreees 89
Figure 4.25 Numerical/experimental comparison of spark advance between the two phenomenological
COMDBDUSEION MOEIS ... et e e e e s e e e e e e aas bt e e e e e s e nnsbbeeeaeeeenanreees 90
Figure 4.26 Numerical/experimental comparison of MiE between the two phenomenological

(oo 01 o0 1S3 1o 18 e o [=] -SSP 20
Figure 4.2 Numerical/experimental comparison of Mk between the two phenomenological

(oo 01 o0 1S3 1o o 1 e o 1= -SSP 90
Figure 4.28 Experimental vs numerical comparison ofiflinder pressure traces and burn rates at
1100rpm@ 19.5 (2), 11.7 (D), 3.9 (C) BMERPR-.....ci i e 91
Figure 4.29 Experimental vs numerical comparison ofiflinder pressure traces and burn rates at
1500rpm@ 19.5 (2), 11.7 (D), 3.9 (C) BMERPR-......i oo 92
Figure 4.30 Experimental vs numerical comparison ofiflinder pressure traces and burn rates at
1900rpm@ 19.5 (2), 11.7 (b), 3.9 (C) BMER-.....cc e 93
Figure 5.2 Schematic diagram of the ENQINE............uuiiiiiiiiiiie e, 97
Figure 5.2 Schematic of lower part of the prehamber.............cuviiiiii e 97
Figure 5.3 Flow charillustrating the test ProCedUIE.............coo oo e e 99
Figure 5.4 Comparison of D predicted turbulence intensities in PC and MC under fireditions...... 102
Figure 5.5 Comparison between 30FD and 0D model results of pressure and apparent heat release for
allinvestigated conditions (TabIe 5.3)........u i 103
Figure 5.6 Comparison between experimental data and OD model results of pressure anddaterfor all
investigated coNditioNS (Table 5.3).....cciiiiiiiiieie e re e e e e 105
Figure 5.7 Experimental vs numerical comparison of IMEP for all comdit{d@able 5.3)............cc........ 106
Figure 5.8 Experimental vs numerical comparison of Exhaust Gas Temperature for all conditions (Table
ST ) SRS SPPPPSRR 106

Figure 5.9 Experimental vs numerical comparison of HC emission for all conditions (Table.5.3)..107
Figure 5.10 Experimental vs numerical comparison of NOx emission for all conditions (Table.5.3)07

Vi



VI



List of tables
Table 1.2 Summary of Engine Technology for hedwuyy vehicles fleet, Applications, Pros and Cons of

LT Yol ol o] F= a0 1 o N PP PP EPPP P PPPPPI 7
Table 2.1 Characteristic speed, length and time scales of the turbulent combustian....................... 18
Table 2.2 Comparison of different combustion concepts in internal combustion engine2gp5........... 25
Table 3.1 Classification of the numerical apProaches...........coooiiiiiiiiiiiiee e 31
Table 3.2 Coefficients of the laminar flangpeed correlation....................ooo oo 43
Table 4.1- Main features of the selected CNG S| hedutly engine...........ccceeviiiiiiiiiieie e 66
Table 4.2 List Of OPErating POINES. .......c.urieiiieeiiiiirr e e e e s e e e e e s e e e e e s s erreeeeeannnneees 66
Table 4.3 The investigated operating CONAItIONS.............cooeeeii i 68
Table 4.4 Values of flow model tuning CONSTANTS..........ccuviiiiieiiiee e 69
Table 4.5 Values of K-8 model tuNiNg CONSTANTS..........uuuiiiiiiiiiiiiiiireeeer e 75
Table 4.6 Composition of CNG used in the eXPerimeNtS. ... 78
Table 4.7 Identified tuning constants for fractal and eddy burp combustion models........................ 88
Table 5.2 Singlecylinder engine specifiCationS.............coooi oo a e 926
Table 5.2 Fuel ©mposition and Main ProPEITIES.........uuiiiiiiiiiiiiieee e et e e e e e e e 98
Table 5.3 Experimental specifics of the analyzed operating conditions.............cccccovvviiviieeeeennnnnee 100

VI



List of publications

)l

Riccardi, M., Tufano, D., Beatrice, C., Bozza, F. et al., "Toward Predictive
Combustion Modeling of CNG SI Engines in 1D SimulatiaolE," SAE
Technical Paper 20201-2079, 2020, https://doi.org/10.4271/26202079.

C. Beatrice, C. Capasso, S. Doulgeris, M. Riccardi, Z. Samaras and O. Veneri,
"Model based evaluation of lithium ion capacitors use and management for
plug-in hybrid vehides," 2021 IEEE Vehicle Power and Propulsion
Conference (VPPC), 2021, pp./1doi: 10.1109/VPPC53923.2021.9699329.
Riccardi, M., De Bellis, V., Sforza, L., Beatrice, C. et al., "Advanced
Turbulence Model for SI Combustion in a Hedbyty NG Engine," SAE
Technical Paper 20221-0384, 2022https://doi.org/10.4271/20221-0384
Riccardi M, De Bellis V, Sforza L, Beatrice C, Bozza F, Mirzaeian M.
Advanced turbulence and combustion modeling for the studysuwfirk

assisted natural gas spagkition heavyduty engine. International Journal of
Engine Research. 2023;0(0). doi:10.1177/14680874221150469

Riccardi, M., De Bellis, V., Sforza, L., Tunestal., P., et d&xperimental and
numerical analysis of an tae prechamber engine fuelled with natural gas,”
SAE Technical Paper 202 (publishing



https://doi.org/10.4271/2022-01-0384

Abbreviation and nomenclature

Acronyms

0D/1D/3D
AFTDC
BEV
BFTDC
BMEP
BSFC
CAD
CCV
CFD

Cl

CNG
CoV

]

ECU
EGR
EOI

EU
FMEP
FTDC
GHG
GWP
HCCI

HD
HEV
ICE
IMEP
IMPO

LNG
MAPO

MBT
MC
MFB
MPI
PC
PFI
PHEV
PTG

Zero/One/ThreeDimensional
After Firing Top dead center
Battery Electric Vehicle

Before FiringTop dead center
Brake mean effective pressure
Brake specific fuel consumption
Crank angle degree

Cycle to Cycle Variation
Computational Fluid Dynamics
Compression Ignition
Compressed Natural Gas
Coefficient ofVariation

Direct Injection

Engine Control Unit

Exhaust Gas Recirculation

End of Injection

European Union

Friction Mean Effective Pressure
Firing Top dead center
GreenHouse Gas

Global Warming Potential
Homogeneous Charge Compression
Ignition

Heavy Duty

Hybrid Electric Vehicle

Internal Combustion Engine
Indicated Mean Effective Pressure
Integral of Modulus of Pressure
Oscillations

Liquefied Natural Gas
MaximumAmplitude of Pressure
Oscillations

Maximum Brake Torque
Main-Chamber

Mass fraction burned

Multi Point Injection
PreChamber

Port Fuel Injection

Plugin Hybrid Electric Vehicle
Powerto-Gas



RMSE
SA
SACI
SCE
Si
SOl
TCO
TDC
TJI
TKE
TWC

Latin Symbols

AL
At
B

Cl, C2, C3, Ctumb

Ctdo,s, Gidm,s
Ctdo, T, Gidm,T

Ciet

Ck

Ckino

CpKk

Cro,s, Gm,s
Cro,T, Gm,T
Cs

Csin, Csex

Cr
Ct
Ctino
Cirans
Cwc

Cwrk

D3

Root Mean Squargrror
Spark advance
SparkAssisted Compression Ignition
SingleCylinder Engine
Spark ignition

Start Of Injection

Total Cost Ownership
Top Dead Center
Turbulent Jet Ignition
Turbulent Kinetic Energy
ThreeWay Catalyst

Flame front laminar area

Flame front turbulent area

Cylinder bore

Tuning constants of ¥k-eps turbulence
model

Tuning constants of swirl decay functic
Tuning constantef tumble decay
function

Fresh charge entrainment multiplier fo
the combustion model

Flame kernel growth multiplier

Tuning constant of inlet flow coefficien
Tuning constant of turbulent productio
Parameters for swirhdius adjustment
Parameters for tumble radius adjustm
Turbulent speed multiplier

Tuning constants of swirl flow
coefficient

Tumble coefficient

Taylor length multiplier

Tuning constant of tumble flow
coefficient

Laminar turbulent transition multiplier
for the combustion model

Wall combustion tuning multiplier for
the combustion model

Wrinkling multiplier for the combustion
model

Flame front fractal dimension

XI



Obowl

fa.s
faT
H

K

K
Ks
Kr
Lg

L max
Lmin
L+
m
Nswirl
Ntumble
P

p

Px
Pu
It

I's
rr

S
Soowl
S
So
Sr
T

T

ts

tr
trs

Piston bowldiameter

Internal energy

Energy

Function

Decay function of swirl

Decay function of tumble

Piston position referred to cylinder hee
Turbulent kinetic energy

Mean flow kinetic energy

Kinetic energy related to swirl motion
Kinetic energy related to tumble motio
Geometric length scale

Flame wrinkling maximum scale
Flame wrinkling minimum scale
Integral Length Scale

Mass

Swirl number

Tumble number

Turbulence production

Pressure

Production of turbulent kinetic energy
Production of dissipation rate

Flame radius

Swirl radius

Tumble radius

Swirl momentum

Piston bowl height

Laminar flame speed

Unstretched Laminar flame speed
Turbulent flamespeed

Time

Temperature, Tumble momentum
Characteristic time scale of swirl
Characteristic time scale of tumble
Weighted average characteristic time
scale

Mean flow velocity

Turbulence intensity

Axial mean flow velocity

Radial mean flow velocity

Swirl velocity

Squish velocity

Tumble velocity, turbulent flame speec
Flow velocity throughout the valve

Xl



V(d)

chl
XEGR

Greek Symbols

Y T C

an
—

g VY

Subscripts

0
10/50/90

b
cyl
eng
entr
exb

exf
fractal
inb
inc
inf
inj
jet
K
max
min
out
S

T

Instantaneous combustion chamber
volume

Cylinder volume

Mass Fraction of Residual Gas

Temperature ratio exponent of laminail
flame speed correlation

Pressure ratio exponent of laminar flai
speed correlation

Dissipation rate

Relative airto-fuel ratio

Taylor length scale

Turbulent viscosity
Density

Air/fuel equivalence ratio
Angular velocity

Room conditions

Referring to 10 / 50 / 90% of mass
fraction burned

Burned

Related to the cylinder

Referred engine

Entrainment

Backward flow through thexhaust
valve

Forward flow through the exhaust valv
Related to fractal approach

Backward flow through the intake valv
Incoming flow inside the cylinder
Forward flow through the intake valve
Injected

Related tdurbulent jet

Related to mean flow kinetic energy
Maximum value

Minimum value

Outcoming flow from the cylinder
Related to swirl motion

Related to tumble motion

X



u Unburned

Superscripts

Temporal derivative

XV



Abstract

The problem of atmospheric air pollution, caused by the Internal Combustion
Engines (ICEs), has never been greater than tddag.result of increasingly

rigorous regulationgzar manufacturersare continually compelled to discover
appropriate technical solutions to meet this issue, without sacrificing engine
performance requirements. Specifically, the new €@ission limit for 2026, with a
target of 80 g/km of Cealong the WLTC, heinever pushed automobile
manufacturers so hard to find creative and clean solutions to increase the fuel
economy of vehicle fleets. However, the solution to this dilemma is still a matter of
contention.To drive engine development and reduce the-tion@arket, the
employment of numerical analysis is mandatory. This requires a continuous
improvement of the simulation models toward real predictive analyses able to reduce
the experimental R&D efforts.

In this framework, 1D numerical codes are fundamentas oo system design,
energy management optimization, and calibrafidre simulation efforts carried out
to assess the previous objectives is mainly affected in a 0D/1D modelling
environment, where the whole engine system is schematized through a reftdbDrk
pipes and 0D cylinders, the latter described in term-bbse developed quasi
dimensional models of the-ylinder phenomena.

The presentesearch activitys focused on the improvement of the phenomenological
turbulence modebriginally conceied to describe turbulence evolution in tumble
promoting engineslhe turbulence model is developed with reference to a Sl heavy
duty CNG engine derived from a diesel engine. In this architecture, due to the flat
cylinder head, turbulence is also generdtgagwirl and squish flow motions, in
addition to tumble motion. The presented turbulence model is validated against 3D
CFD results, demonstrating to properly predict turbulencesaidftumbleevolution
under two different operating conditions, without the need for anydgsendent
tuning.

The developed turbulence model is coupled to a phenomenological combustion
model based on the fractal geometry theory applied to the flame front surfexe, w

the turbulence is assumed to support flame propagation through an enhancement of
the flame front area with respect to the laminar counterpart.

The above phenomenological model is applied for two engines: a Spark Ignition (SI)
dieselderived heawduty engine and multra-lean active pre&ehamber engine.

Using a unique engirgependent set of tuning constants, the validity of the global
simulation models for both engines is evaluated by comparisons with 3D or
experimental data, using a unique engiepandent set of tuning constants.



In order to determine the optimal values of each control variable in the whole
operating plane, a RulBased (RB) calibration technique has been adopted in both
models.

The content of this doctoral thesis is divided into ¢hm&acro areas.

The first part concerran overview ofnternal combustioengine with a focus on the
turbulent combustion theory for Sl and active-pramberultra-leanengines.

In the second part, an extensive exposure of the developed aduahceeince and
combustion models is presented.

In the last part, the assessment of the advanced turbulence model for a Siutgavy
andultra-leanpre-chamber engines is carried out. The extensive available database
permitted to confiirmthe abovee nt i oned model s6 reliabil

Calibration of these models towards the fullytual vehicle design, which represents
one of the next steps in this exteresresearch activity, is required to support engine
development and meet the restrictive emission regulations.



1 Introduction

1.1 Background

In the recent years, the climate changeg@obtal warming are considered the most
challenging problems that our so@@stneed to face. The economic boom caused by
industrial development has resulted in an unprecedented and accelerated worldwide
changewhich has had a substantial effect on air pollution and attendant health
hazardg1]. The solution to these challenging issues requires a series of coordinated
actions, including an increase in the proportion of renewable energy sources, a
reduction in the use of carbdrasel fuels, improvements in energy conversion
efficiency, and structural changes to the economy, all of which are driven and
supported by the introduction of stringent legislation.

The Paris Agreement has established a legally binding global mechanisnyfor CO
reduction commitments. It was adopted by 196 Parties at the XXI Conference of the
Parties of the United Nations Framework Convention on Climate Change, on
December 20152]. This agreementequires all countries to set emissions reduction
commitmentslt establishes a lonterm objective of keeping the rise in global

average temperature well below@ over preindustrial levelsHowever, according

to experts the promises are insufficient to avert a ICSincrease in the world

average temperature.

From 1990 to 2P0, Figurel.ladepicts the trend déreenhousé&as (GHG)

emissions by sector. The initiatives made by the European Union (EU) throughout
those years were already able to determine a constant decreasedqu@lent
emissions, allowing the EU to surpass its 2020 reduction target of 20&chiede a
21.7% reduction iGHG emissions in 2017n 2020 it is about 34% below 1990
levels; compared to 2019, G@missions decreased by 9.9%, due to mainly the
penetration of renewables and improvements in the energy effidigheéyso, the
Covid-19 pandemic and the associated recession contributed to the decrease
measured in 2020he lockdown measures implemented by the majority of European
nations to decrease COVAL® transmission in the spring of 2020 resulted in
considerable reductions air pollutionemissions, mainly from road travel, aviation,
and international shippin@!]. Greenhouse gas emissions from only transport sector
account for 21.8% of the total GHG emissian202Q where about 95% is due to

road transpodtion (Figurel.1b). Since the transportation sector accountafbuge
partof global emissions, second only to energy supply and industry (40%), the only
way to reach the EU's 2030 goal of a 40% reduction in greenhouse gas entigsions
priority is to replace first of all fossil fuels and thenfurther improve all the
technologies associated with this sector, especially those related to road transport



To control GHG emissions in the road sectanission standards on G@ere

introduced in 204 [5, 6], which set a C@emissions standard at 95 g/lton

passenger cars and 147 g/km for vasa®f202Q In the 2017, the European

Commission presented a legislative propoghbh CG limits for new cars and light
commercial vehicles, that would have to be 15% lower in 2025 and 30% lower in

2030, compared to their respective limits in 2(0Régarding heawguty vehiclesa

proposal regulation presented in 2088 fets the firsever CQ emission

performance standards for new healy vehicles in the EU and incentivises fow
andzeree mi ssi on v edmissidn beawgd UA yhi Iveviefined bsead 1 s ¢
vehicle with a specific C&emissions of less than 350 g/khiovemberl 0, 2022 the

EU Commission presented a propa&alro 7)to reduce air pollution from new

mot or vehicles sold in the ELuWolution meet t
ambition in which also minimum performance requirements for battery duraisility

set[9].
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GHG emissions divideaynthe year 2020, according to the type of vehale
displayedn Figurel.3. Passenger cars weigh about 59%, while lightl heavyduty
almost 40% together. It is, therefore, clear that research must definitely aim to
develop innovative technologies agdergy managemesystems also for these
categories oVehicles.

In 2013, the U.S. Environmental Protection Agency determined that certain
Volkswagen cars equipped with diesel engines emitted more than forty times the
amount of NQ claimed during laboratory testing. The company acknowledged that
almost half anillion vehicles were loaded with unauthorized ECU software designed
to detect the regulatory approval test. This pollution crisis exploded across Europe
and around the world, affecting 11 million vehicles and other automakers, including
BMW, Porsche, andudi, which were investigated 1]. This scandal affected the
whole automobile industry, from Diesel to gasolmesed fuel propulsion systems,

and led to the bedf that Internal Combustion Engines (ICE) will be phased out

within a few years owing to their inability to comply with severe EU regulafib&s
Regarding passenger cars and vatready in 2030, more than 40% of new
registrations are projected to be of zero tailpipe emission (battery electric or fuel cell
H>). The bulk of the sunving cars with internal combustion engingsl be hybrids

and plugin hybrids.Regarding heawguty engines (trucks and buses), battery

electric vehicles and fuel cells ones will gradually replace Diesel conventional
technologies and they are almost tsiplithe future. Heawguty engines fuelled with
Compressed Natural Gas (CN@i)l retain their importance over time. According to
forecasts, the percentage of vehicles that will use this technology in 2050 is similar to
thatit could befound today[13].
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To meet the requirements of future legislaticather than a purelectric future, an
eclectic scenario comprised of technologies most suited to the convaxicimthey
are deployed should be anticipated in the next years. This implies thaibked
vehicles, HEVs, PHEVs, BEVs, and even Fuel ®alsed vehicles will coexist on the
market for an extended period, requiring automakers to overcome the limitations
associated with each technology.

The performance of natural gas fuel in the hedarty sector is often evaluated
against diesel fuel, which is the primary source of energy useddiyahsportation
sector.

Different Natural Gas engine technologies cordgresentifferent solutions in
heavy duty transportation. Each one could have a different impact on emissions
reduction and engine efficiency.

TheTablel.1 below sums up the different engine technologies in helany
transportation4]. Heavy vehicles need great power and make long journeys, for
thesereasons the methane engine is particularly suitable.

Natural gas represents an effective alternatitbeamther fossifuels thanks to the
reduced pollutant and carbon dioxide emissions and considering that HC emissions
exhibit a reduced photochemicahotivity and greenhouse effect with respect to
conventional petroleurbased fuels. It is anyhow worth recalling that the above
mentioned positive effect could be impaired if the system fugitive emissions were to
be considered. Moreover, the natural ga$ laigttknock characteristic allows for
increasing the compression ratio, thus boosting the engine efficiency. Still, CNG
features lower burning speed and reduced volumetric efficiency with respect to liquid
fuels [195].



Engine technology is pretty much the same as an Otto cycle engine with Spark
Ignition, so there is no need for an overly complicated aftertreatment system for the
emissions. TWC is still good for thigpe of engine, especially for those that work on
the stoichiometric and allows to fall within the standards provided by the regulations.
CNG Sark Ignitionheavyduty combustion systemsommonly derive from diesel
Compression Ignition (Cl) engines in terms of cylinder head and combustion
chamber geometrji 6).

Engine technology Current applications Pros Cons
Legacy Natural Gakean Was used only in refuse Low PM emissions No NOx advantage comparec
Burn Spark Ignited trucks and transit buses to diesels, durability issues
related to oil consumption
Stoichiometric Spark Ignited Refuse truck, transit bus, Low PM emissions, low N© Lower range of operation
Natural Gas Engines school bus, clas8 Tractor during inuse operation, compared to diet® negative
(short delivery, port drayage) simple aftertreatment feedback from drivers relatec

configuration to meet optiona to performance
nearzero N& standard

High-Pressure Direct Class 8 Tractor (Intercity Diesel like performance and Higher cost okngine
Injection (HPDI) Dual Fuel  goods movement) range, lower N@ compared  compared to diesels, engine
(Compression Ignition) to diesels component durability, older

models were associated with
LNG fuel tank venting

Diesel Engines Refuse truck, transit bus, High torqie capability for High in-use NG emissions at
school bus, clas8 Tractor heavypayload applications, low-load operating
(delivery, port drayage, long no fuelling infrastructure conditions, expensive
haul, vocational applications) required by fleets, aftertreatmentonfiguration
comparatively lower to meet optional nearero
maintenance cost NOx standards

Tablel.1- Summary of Engine Technology for heduyy vehicles fleet, Applications, Pros awt<Cof each platfornfil4]

The use of biofuels or zemarbon fuels, such as hydrogen, as well as the total
adoption of electric vehicles (which would be completely, @Qutral only if strictly
connected to the proditien of energy from renewable sources and to the
management of eradf-life batteries) appear to be lotgrm solutionsor heavy
commercial vehiclethat, on their own, would not be sufficient to meet the
predetermined emission reduction goaisterms oftheir ability to reduce

greenhouse gas emissions, gaseous fuels have substantial benefits ovazriussil
fuels[17]. In 2019, the global output of natural gaached a record high of 4088

Bcm (billion cubic meters), a 3.3% increase over 2018. Since theZE financial
crisis, natural gas output has increased at an annual compounded growth rate of 2.7%.
At the level of the OECROrganization for Economic @peration and

Developmel), total natural gas output increased by 6.1%, surpassing the 1500 Bcm
mark for the first timg19].

Due to these factors, as well asvtsle availability in nature at competitive prices
[20], the use of natural gas (NG) has become increasingly popular over the years,
both in the energy production sector and as an alternative to traditional fuels for
internal combustion engines the automotive industry.
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The primarycomponent of natural gas is methane, which has the greatest
hydrogen/carbon ratio of all fuels and permits a lowep @@@ineout concentration

(a decrease of more than 2024] and, thus, a smaller effect in terms of GHGS). If it
is also noted that the development of this category of engines would entail the use of
renewable methane, such as biogas, the positive impacts sanrggyenhanced.

An additional factoto consider is the reduced PM emissions compared to
conventional diesel enging®2]. At high compression ratio, a low flame speed and a
lower temperature combusti allow the engine to emit less N@nd during lean air
fuel ratio (AFR) phases, the engine emits less CO than a convesitiehahgine.
However, the enginreut emissions of unburned methane are significantly higher,
which is a disadvantage due tohigh Global Warming Potential (GWP) and the
difficulty in converting it due to the strong stability of the methane molecule, which
has a tetrahedral structure with four equivaletd Gonds and a strong connection
between carbon and hydroged].

1.2 Objective of the thesis

In this scenario, it is essentialnwatching the environmental targets keepimg costs

of engine development affordabModelling of internal ombustion engines is a
multidisciplinaryactivity that is continuously growing and is more and more present
during the development phase of an engine, mostly today whémthéo

production is reduceétor this reason, thereation of aligital twin of the real engine
has acquired growingelevancethanks to its lower financial burdelogether with

the need of an improved predictive capability. Amdmg other numerical

approaches, the 1D models represent a progapromise between reliability and



computational effort, especialifythe engine behaviour has to be investigated over a
number ofoperating conditions.

In the development process of an ICEfdre the actual prototyping, a variety of
computer simulation tools artsedto estimate theirgrformance with varying

degrees of precision. Depending on the desired level of detail, these simulation tools
may be based on threltmensional (3D), ondimensional (1D), or zerdimensional

(OD) models.

In view of the aforementioned concerns, the puepafshis research is to numerically
analyse, using a hierarchical simulatienel method, heawgluty sparkignition
engineswith afocuson turbulence and combustion predictive-sutdels An ad hoc
turbulence model, for HD engines, is developad furthewalidatedduring ths PhD
activity. To this aim two heawgluty engines have been analysed, properly evaluating
turbulence evolution and combustion process.

The first one is atoichiometricSI heavyduty engine fuelled with CNG, for
commercialehicle applicationTwo aspects make this engine an interesting case
study: swirtassisted ircylinder flow motion, influencing the turbulence production,
and the combustion of the gaseous fuel, slower than usuatdesisied fuel.

The second one is amovative singlecylinderheavyduty enginefuelled with

CNG, equipped with an active pahamber ignition system, which guarantees an
ultra-lean operative (relative air/fuel ratio almost equal to 2), all over the engine
operating planePre-chamber igrtion systems have gained a surge of interest in
decreasing the fuel consumptiand pollutant emissiorj24], this is why research
focuses heavily on this technology.

Turbulence is one of the most important aspects in Spark Ignition (SI) engines as it
can significantly affect burn rates, heat tf@nsates combustion stability and thus
performanceTurbulence originates from a largeale motion that occurs during the
induction process, which mainly consists of tumble motion in modern Sl engines with
a pentroof cylinder head. Despite its significa, most of the 0D turbulence models

rely on calibration factors when calculating the evolution of tumble motion and its
conversion into turbulence.

It is commonlyrecognizedhat tumble motion contributes to the improvement of
flame front velocity in SI engines. When the piston is near TDC, the tumble nmtion
destroyed and convert@dan increase in the Turbulent Kinetic Energy (TKE).

To preserve robustness and durabigr the entire life cycle, ast of CNG Sl
HeavyDuty engines are derived from diesel engines, and properly converted to
operatewith stoichiometric combustiormhe combustion chamber is commonly
located in the piston crown and a flat cylinder head is [(88}dIn the case of a flat

9



cylinder head with a bowl piston, tumble and swirl are both fundamental to the
development of the turbulent motion field and the sgpiakis an important role,
especially near the TDGeeFigurel.5. By fragmenting these flows into smakale
turbulent eddiesswirl, tumble andsquishflows increase the intensity of turbulence
during late compression. This accelerates the rate of combustion and enhances the
speed of turbulent flame&§).

Figurel.5 - Swirl, tumble and sqsh flows [L7]

In this context, available turbulence models do not sufficiently describe all the
ordered and unordered-aylinder flow motion of &l heavyduty engineBased on
this context analysis, thresearch activity carried out within the PhD program is
placed in an industrial contetttat foresees the use of ever faster and more reliable
toolsfor the prediction oengine performances tife wholeoperatingmap, with the
objective of developing thentire layout of future powertrains.

The focus of the researpinogramaims at the turbulence model tailored for a SI
dieselderived heawduty engine fuelled with CNG, with a universal reliability for
all Sl engines. Iraddition,a fractal combustion medlis coupled, with the turbulence
oneg in order to predict engine performances for all operating conditions.

| .

1D Engine Model | Engine Validation N Vehicle Simulation co
| \ 2
‘ | emission
/ | WHTC
Combustion/Turbulence Numerical |
Setup Tuning : ///ﬁ Calibration

Figurel.6 - Main modelling steps of the research activity
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For the studied engines, ttechnique and key modelling processes depicted in
Figurel.6 were followed Following a onedimensional description of the flow inside
the intake an@xhaust pipes, the geometry of the tested engine is schematized in a
commercial modelling framework. In order to recreateyitinder processes like as
turbulence, combusticand heatransfer phenomenological 0D submodels are
utilized. Subsequentlyin an effort to replicate the experimental calibration technique
at the test bench,rale-basedcalibration approach was also developed with the goal
of identifying the ideal control parameter settingstha whole engine mafhen,

after the engine maps veecreated, thegould beincluded into a vehicle simulation

to quantify the CQemissions over a WTC.

The thesiss divided as followsFirstly, a brief introduction of the internal
combustion engine will be provided, including the pertinent phypicalesses
occurring within it turbulence, combustion, and knock. The physicalreoldels
created to represent engine phenomena will be illustrated, with a footurdolence
and combustion model$hen, simulation resulnalysingthe tuning, validation
and numerical engine calibration techniques wiltlbscribedThe main targets of
the PhD program were totally fulfilled, regarding the application and improvement of
turbulence and combustion models embedded for CNG kahatyyengins. The

mo d e | sovemennmpsrbeen carried out by using a dedicated commercial
software, GTSuite by Gamma Technologies. Finally, qgfeamber engine
technology, aiming to improve the heaayty ICEthermal efficiencyis presented
and the simulation development and reswitsbe reported and discussed.
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2 Overview ofSlinternal Combustion Engine

An internal combustion engine has the aim to produce mechanical power from the
chemical energy contained in the fuel, which is burned or oxidized inside the engine
itself. Nowadays, S| and Compression Ignition (&tygines are widely used in the
transport and power generation sectors due to their simplicity, ruggedness and high
power/weight ratio. Since this thesis is focused on Sl engine for automotive
application, only this kind of system will be briefly recaliadhis chapterin

particular, the S| ICEs fdieavy commerciapplicatiors are characterized by a four
stroke working cycle in which each cylinder requires four strokes of its piston, two
revolutions of the crankshatft, to realize the thermodynamic ¢¥tle

Currently most of the OEMOGs are manuf ac
over PFI engines. The limitation of the Sl engine is that a highrapression ratio

cannot be achieved due to knocking tendency, but this probledhenginefuelled

with CNG, is not so intense as conventional gasoline erggoause amethanéiigh

Octane Numbej2].

The four stroke cycle in an Sl engine can be seéiigure2.1, where the piston and
valve movement during the intake (a), compression (b), expansipaxXicaust (d)
stroke are showrl].

a. Intake strokeduring the intake stroke, the air and fuel are inducted into the
engine through the open intake valves as the piston moves towards its lower
position, bottom dead center (BDC).

b. Compression stroken thecompression stroke both intake and exhaust valves
are closed and the charge is compressed as the piston moves towards its upper
position, top dead center (TDC).

c. Expansion strokeclose to TDC the air/fuel mixture is ignited, differently
depending on the oabustion principle. The combustion process usually occurs
in the last part of the compression stroke and continues some time into the
expansion stroke. During the expansion stroke the gases, burned or unburned,
are expanded and work is produced.

d. Exhaust sbke during the exhaust stroke, the exhaust valves are open and the
piston pushes the burned gases out from the cylinder. The four stroke described
are repeated continuously as long as the engine is running.

14



Inlet Exhaust Inlet Exhausi Inlet Exhaust Inlet Exhaust
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Figure2.1 - The four stroke principle for a Sl engit [

Each phase contributes significantly to the total power and efficiency of the cycle.
During the intake phase, the necessary quantity of air/fuel mixture must be fed into
the cylinder in order tachieve the specified load level with the correct mixture
guality for combustionThe geometry of the intake pipes, the throttle valve, and the
turbocharging systemovern the air flow, while the fuel can be injected in either a
Port Fuel Injection (PFl)raa Direct Injection fashion (DI)n the former, gasoline is
injected into the intake port via a lepvessure system, whereas in the later, fuel is
provided directly into the cylinder at a greater pressure. Injection at a high pressure is
essential to aclve fuel penetration, diffusion, and vaporization. DI systems offer for
improved fuel economy, with the danger of higher Particle Matter (PM) in the event
of fuel wall impingement compared to PFI systdBjs

The intake ports must also ensure appropriate gas flow within the cylinder, since this
affects the combustion process, heat transmission, and air/fuel mixture. By varying

the direction of the intake ports, theometry of the valves, and the form of the
combustion chamber, three distinct gas movements may be generated: the tumble, the
swirl, and the squish. This motionpsoducednto combustion chambers to boost the
combustion rate and/or to guarantee prap@rge mixing. As soon as the electric
discharge across the spark plug occurs, a set amount of time before TDC, combustion
commences. Thigame kernel develops in a laminar way therbulerce makes

flamefront grow whichspreads across the combustion chamand dies upon

contact with the wallgl]. The length of the combustion process within a cylinder is
normally between 40 and @&DAD. As soon as the expansiphase concludes, the

exhaust phase begins, allowing for the cylinder scavenging process and the admission
of the following cycle's fresh charge.

15



2.1 Turbulent combustion

The flame propagation is one of the miantorswhich influences the combustion in
the Spark Ignition engines. In PFI Sl engines, the fuel and air are mixed inside the
port and the combustion process can be imagined in two stages, growth and
development of the flame and flame propagation throughout the cylinder.

The flame propagation insidegtltylinder is affected by the following parameters.

1 Fuelair ratioi the velocity of the flame depends on the quality of the charge.
If the mixture is lean or rich, the velocity of flame reduces compared to the
stoichiometric mixture.

1 Compression ratio the combustion process is accelerated more with the
increase in compression ratio because of an increase in the temperature.

1 Intake air temperature and pressui@n increase in the intake temperature and
pressure increase the flame speed

91 Turbulencé theturbulent motion of the mixture helps in better mixing fuel
and air.

1 Engine speed the turbulent flame speed increases almost linearly with the
engine speediue to the increasing of-wylinder turbulence motian

The flame is formed by the electric disefe in the spark plug, whereas the flow

field is generated during the intake process and adjusted during the compression
stroke. Using digital imaging, the 2D flame development of an optically accessible
singlecylinder PFI engine is shown Figure2.2 [4]. Various selected crank angles

are preented in order to characterize the primary phases of the combustion process.
After the spark ignition, which occurs at 3 CAD BTDC, the first flame with a roughly
round shape is seen at 2 CAD ATCEarly flame developmedescribes this phase

in which the flame propagates primarily under laminar conditions.

Then, about 6 CAD ATDC, the turbulent flow interaction creates wrinkles and
corrugates the flame front, resulting in an uneven flame form. This increases the rate
of combustion, initiating theurbulent flame propagatiophase. When the flame
approaches the cylinder walls, between 15 and 16 ATDC, combustion ceases and the
flame termination phadeegins.
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Figure2.2 - UV-visible digital images of the flame propagation in gasoline Sl end[n8A=3 CAD

The laminar flamepeedthe turbulent field within the cylinder, and the SA setting
all play crucial roles in the combustion proceldsis value depends on engine design,
operating conditions, air/fuel ratio, etc. Typically, for a common Sl engine, SA is
adjusted so that 50% tfe mixture is burned atg CAD ATDC (50% Mass Fraction
Burned, MFB50)1].

A flame kernel is generated between the spark plug electrodes following the ignition
event. As indicated earlier, a smooth gtlasiinar flame of low thicknesg emerges
initially, exhibiting laminar flame spee&y). It is the velocity of unburned gases
entering a flat flame front in laminar flow regimés.generalS_is measured
experimentally in a spherical sealed container by propagating a laminar flame radially
outward from the center of the container at a regulated pressure and temgpBfature
Literature has several correlations derived from the collected data, the majority of
which are based on tlse-calledpower lawformulal[6, 7]:

oy

Y %Y Y v

n
P
2.1)

whereS is the flame velocity measured at a reference statpy, with a variable
equivalence ratio. Uandb mixture strengtidependent exponenighich consider
the pressure and temperature dependency.

The turbulence phenomenon is a 3D unsteady, rotatiodahighly diffusive flow,
characterized by the presence of disordered eddies, ranging over a wide length scale
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interval. The largest eddies are limited in size by the system boundaries, whereas the
smallest ones are restricted by the molecular diffusibe.ifiteraction among the

eddies of various scales is responsible of a transfer of energy sequentially from the
larger eddies gradually to the smaller ones, through a process known as the turbulent
energy cascade. Due to the irregularity of a turbulent, ftbois phenomenon is often
characterized through statistical methftls

For an ICE in particular, an ensemialeeraging technique is utilized, in which the
principal quantities are assessed at a fixed eeangfed over a large number of
successive engine cycles. In this method, however, the turbulent quantities comprise
cyclic fluctuations as wellThe most often studied components are the mean velocity
commnents ¢, [0 ) and turbulent velocity components, Mj, Mj Njvhich are

connected by the following expressions:

6— 60— 6 —MP— [— 0 —MP — 60— 0 —
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Typically, the rough premise of a homogeneousisotiopic turbulent flow is

presented to define the turbulent field inside the cylinder with relative ease. In this
instance, two primary length scales can be distinguished, each coupled with a distinct
time scale:

1. Integral length scaléL,): reflects thegreatest scale structure of the flow field,
which is characterized by low frequency and significant fluctuations. It is
defined as the integral of the autocorrelation coefficient of the variable velocity
at two adjacent places in the flow in proportiorheir separation.

2. Kolmogorov length scal@.y): the lowest scale of turbulent motion, turbulent
kinetic energy dissipates into heat.

Various combustion regimes are determined by the interaction of the flame and
the turbulent flow environment. Each regirseconnected with a distinct
development and form of the flamEhe comparison of previously determined
characteristic lengths/velocities and timings is one of the most used methods for
classifying the flame/turbulence interactigrable2.1).

Table2.1 - Chaacteristic speed, length and time scales of the turbulent combustion

Scale Speed Length Time
Chemical S Ui, T 1757
Kolmogorov Uk L« T 0j0
Integral ud L T 0]oee
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The Borghi diagranfFigure2.3) may be used to show this comparison and
identify all of the potential combustion regimes that might occur in a turbulent
flame with premixed fu€8].
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Figure2.3 - Borghi diagram and list of turbulent premixed combustion regimes.
To do this, three dimensionless numbers must be introduced:

1. Turbulent Reynolds numbg@Re: explains the ratio of inertial to viscous
forces. It primarily specifies the flow of motion inside the system. A
turbulent flow has a Re number that is greater than the unit.

va o 92 .yl
; v %
(2.3)

2. Damkohler numbefDa): relationship between turbulent and chemical time
scalesWith Da less than 1, turbulence is far quicker than chemistry, and
combustion is governed mostly by chemical kinetics processes. In contrast,
combusibn, with aDa greater than the unis characterized by a highly
rapid combustion reaction in relation to the turbulent phenomena.

on I 01 o e LD
©F T ¥ TNy 09,

(24)

3. Karlovitz number (Ka): is the ratiof the chemical time scale to the
Kolmogorov time scale. IKais less than 1, the flame thickness is less than
the Kolmogorov scale; hence, chemical reactions within the flame front are
not influenced by turbulent fields. Wh&@ gets greater than the unit,
turbulent eddies enter the flame's reactive zone.
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The aforementioned values are shown logarithmically in the Borghi diagraene

Re=1, Da=1, and Ka=1 indicate the limits of five distinct combustion regifhese

are depicted visually iRigure2.3left and enumerated totheer with their

corresponding flame morphology Figure2.3right. Inwrinkled flameletsthe

turbulence intensity is less than the laminar flame speed; hence, the turbulence lacks
sufficient energy to corrugate the flame front. In addition, beddase less than the

unit, chemical kinetics are insensitive to the presence of turbulence. The tiniest eddies
cannot enter the flame front because they are larger than the thickness of the flame.
As soon as the turbulence intensity surpasses the laminaityelbe combustion

regime enters the zone afrrugated flameletdHere, the turbulence corrugates the

flame front and may also form burned gas pockets within the zone of new gases. The
Ka s still less than one, hence the turbulence has no effect daneestructure. In

the zone oDistributed reactionska becomes more than 1, and the tiniest eddies
penetrate the preat zone of the flame, but not the reaction zone, since the thickness
of the reaction zone is still greater than the largest eddmestufbulent convection

within the flame front enhances both heat transmission and mass transfer. Only when
Dareaches a value lower than the uwell-stirred reaction zondghe chemical

kinetics govern the combustion. Indeed, the turbulence is so shaerecreates a

perfect mixing of the reactants and combustion products, preventing the formation of
a flame front. The last regime is the broken reaction zZdae¢ 100), which is not

visible on the Borghi diagram. In this regime, turbulent eddieshrtége reaction

zone, and hence there is no flame. Experimentation revealed that ICE operates
primarily in the zone depicted by the red circld-igure2.3, where the chemical

reaction may be readily represented by the laminar flame characteristics. This is one
of the most prevalent ideas around which the bulk of combustion models are founded.

2.2 Knock phenomena

The knock phenomem is one of the most dangerous forms of anomalous
combustion that can occur in a Sl IG&s a very complex phenomena, however, a
simply description is repeated in the following.

Autoignition of the enehas is noticed as a noise that is conveyed through the engine
construction. It causes a quick heat release, which stimulates the propagation of
pressure waves throughout the combustion chamber. This undesired occurrence must
be preented for several reasons. Initially, thermal losses rise because pressure
fluctuations encourage heat transfer, hence limiting available work. Secondly, the
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pressure wave reflections might destroy the lubrication coating around the cylinder,
causing themgine to seize.

Lastly, when the severity of the knock is relatively high, irreparable damage might be
caused to the cylinder, as seerrigure2.4.

In fact, excessive knock transfers heat to the combustion walls, causing the cylinder
head and piston to overheat. The increased cylinder temperature increases the
frequency of the knock, selting in a progressively heavier phenomenon. Without
correct control, this might quickly result in engine failure.

Figure2.4 - Damaged piston examples from heavy engine kn@jck [

The pressure waves induced by the presence of the knock generate a not uniform
pressure distribution, consequently different pressure values can be recorded if the
transducer is movedithin the cylinder In the literature, many approaches for the
measurement and characterisation of the knock intensity are being ¢tféred

Analysis of ircylinder pressure signals using a pressaesduceflush-mounted in

the combustion chamber is the method most commonly used. The acquired pressure
trace is subsequently processed using a-passd filter in the frequency range of 4

20 kHz.The low cutoff is utilized to filter out the normal combustion noise (low
frequencies), while the high coff is necessary to eliminate the signal disruption
caused by sensor resonances.

In order to measure the magnitude of the phenomena, it is necessary to develop a
knock index: Integral of Modulus of Pressure Oscillations (IMPO) and Maximum
Amplitude of Pressure Oscillations (MAPQO) are the most prevalently employed ones
[11]. In general, both are checked for each cycle within a defined crank angle
window, which is normally 40 CAD from the spark occurrence. The indices are
then averaged across a number of ssswe cycles (at least 100)APO and IMPO

are monitored to prevent knocking by adjusting the timing of the spark. Indeed,
retarding the time of the spark reduces the knock intensity, whereas an advanced
spark increases the likelihood of knocki@npnseqgently, the SA is determined by
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the engine speed at which the MAPO/IMPO index meets a predetermined goal
threshold. It is important to note that aberrant combustion is the factor that restricts
the compression ratio of SI ICE the most.

‘l/ T |, ‘|/ o] ] S|
—20 TC 20 40 °CA 20 TC 20 40 °CA -20 TC 20 40 °CA

(a) Normal combustion, (b) Slight knock, (¢) Intense knock,
spark 28°BTC spark 28°BTC spark 32°BTC

Figure2.5 - Knocking effect at different spark timingg [

Figure2.5 shows the knocking effect against different spark timing. In the long run,
knock effects are not desirable as it ruins the piston and reduces the engine life.

2.3 Cycle to Cycle variation

By adjusting the engine's control variables, such as Spark Advance (SA), valve
timing, throttle position, and ato-fuel ratio, it is possible to manage the combustion
process and maintain the needed load for a certain engine archit@stigavell
known,even when the control variables stay constant, two successive cycles are
never identical. In fact, fluctuations in local flow motion in the turbulence levels
inside the cylinder, in the mixture homogeneity and composition, particularly near the
spark pluglead to a phenomenon known as Cycle to Cycle Variation (CCV).

This behaviourshould likewise be restricted in ICE. Indeed, the CCV is primarily
responsible for changes in the rate of heat release, and therefore in the amount of
useful work performed by single combustion event, altering the stability of the
braking torque, which has a direct effect on the vehicle's drivability. In contrast to the
knock, the CCV cannot be totally eliminated but can only be restricted owing to its
inherent nature. It has ée established experimentally that the early phase of flame
production is the most crucial combustion phase for the CCV. A combustion that
begins slowly, such as when there is an excess of air or a significant proportion of
residual gas, is more likely &xhibit cycle fluctuations.

In general, the intensity of the CCV is determined by the acquisition and post
processing of 300 to 500 consecutive pressure traces, analyzing the Coefficient of
Variation (CoV) of a parameter associated witltytinder pressig, the combustion
process, or engine performance. CoVs related with the Indicated Mean Effective
Pressure (IMEP) and the-aylinder peak pressure are the most widely used. The
former is typically used to define the engine's drivability, and its valuddhbeuess
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than 2 to 3 percent. While the latter has a more direct effect on the onset of knock, its
CoV is often greater than that of the IMEP.

Due to the CoV phenomenon, given a fixed operating state, a train of pressure cycles
will be observable, of wich the average, fastest, and slowest cycles are often taken
into account for engine control. Typically, the ideal spark time is determined by
referencing the average cycle. Concerning etodenock circumstances, the severe
cycles must be watched with paular care, since they restrict engine function. In

fact, the quickest cycles restrict the compression ratio and determine the fuel octane
required due to the likelihood of knocking being the highest. On the contrary, the
slowest cycles impose the legmepating limit since they have the largpsbbability

of incomplete combustion.

2.4 Ultra-lean combustion

Moreover, in recent years, automakers have shifted toward new Sl engine topologies
with unusual combustion principles in an effort to get major impromwsne

throughout the engine plane.fact, with the advent of théO, emission restrictions

in vehicle homologation, it is required to design a kedficiency engine under the
majority of its working circumstancefhe most effective strategies for S| amgare

to operate with lean mixture and high compression ratio. Inédegghes intended for

lean combustion can utilize greater compression ratios, resulting in superior
performance, efficient fuel consumption, and loeegineout hydrocarbon

emissions than standard gasoline engines.

In place of classic stoichiometric engines, natural gas engines adopting lean burn
combustion technology have been adopted, which has two good advafitages

extra air in the mixture lowers the tparature of the combustion process, hence
reducing the generation of NOGompared to typical stoichiometric enginéhe
combustion process is more efficient and more energy is produced from the same
amount of fuel when there is an excess of oxyjdeh However, SIICEs based on

flame propagation can only operate with a slight amount of extra air, limiting the true
value of this combustion paradigm. In fact, leaixturesdecrease the laminar flame
speed, resulting in unacceptable cyclic variability, misfire, and massiv€®IC
production[1, 13].

Different strategies have been explored in the present literature in an effort to extend
these limitsOne of these is the Homogeneous Charge Compression Ignition (HCCI)
[14], that is a form of combustion in which fuel and air are good premixed and
compressed to the point of atigmition, combining characteristics of conventional
gasoline and diesel engines. Fkind of technology demonstrated problematic

ignition timing control, restricted power output and poor estltt performances.
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SparkAssisted Compression Ignition (SACI) is a modified version of HQG|.
SACI is a combustiostrategythat employs a spark plug to ignite a deflagration
flame that creates enough ignition energy to cause autoignition in the remaining
charge.

Another solution that permits to easityplement an ultrdean combustion is the pre
chamber (PC) ignition systenvhere a modest volume containing the sgatlg is
linked to the MairChamber (MC) by means of small orific&ich system is already
in use in lowspeed largdore gas engine, bubn yet in road applications.

The primary challenges that must be addressed by all of these engine architectures
relate to the accurate control of the combustion development and emission formation.

In this PhD thesis, more attention will be spent forRKkiemechanism and more
details will be presented in the next section.

2.4.1 Prechamber engine

In the 1910s, the prehamber combustion system was reported for the first time on a
Ricardo Dolphin engine that utilized a passive auxiliary intake valve to manage the
flow of fuel-rich mixture into the prehamber cavity16]. In certain configurations,

an extra fuel injector was proposed to provide fuel to thepaenber, anthe Honda
compound vortexcontrolled combustion system might be the most effective example
[17,18, 19]. By eliminating the supplementary pceamber fuelling, a number of
alternative engine ideasene offered, including torch cell engines developed by
Toyota R0], Ford R1], and VolkswagenZ2]. These early research projects were
mostly on largevolume prechamber combustion devic8die increased thickness of
the prechamber wall increases heat transfer losses and hydrocarboergi&sjons.

The jet ignition is a subset of the prekamber combustion system, which Nikolai
Semenov created in the late 1950s and Lev lvanovich Gussak rgigyed]. The
pre-chamber capacity in this design is jusB%o of the clearing volume, and the
single throat linking the prehamber to the main chamber is replaceith @inozzle
with many orifices.

The combustion initiated by the TJI technology differs significantly from the standard
S| combustion. The mixture in the pchamber is ignited with a spark plug, and the
pressure increase caused by the flame propagatipelprine hot products and active
radicals into the main chamber via the jet orifiCdse turbulent jets' high turbulence
intensity and various ignition spots encourage combustion in the main chamber.
Thus, the TJl is an excellent method for speedombustion, enhancing combustion
stability, and increasing the Sl engine's lean combustion limit.

Emissions created in the cylinder depend heavily on the productionfatlimixes,
ignition, and combustion processes. Increased hydrocarbons (HC), cashoride
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(CO), and particulate matter (PM) are a result of the short period for fuel evaporation
and mixing in direcinjected gasoline engines. In a rgarld application of TJI, the
pre-chamber configuratiorthe extra fuel injectionthelambda levelandtheengine

loads also play significant roles in determining raw emissidogever, the lean

burn TJI system's extra air and lower combustion temperatures ensure Jow NO
emissionswhile HC an CO are strongly affected by the combustion calibratidreof t
lean mixture.

TheTable2.2 compares the Sl and CI systems with the TJI system based on their
combustion characteristicAccording to the compans characteristics, the TJI

engine is more fuel efficient and emits less pollutants than the standard Sl engine.
With an additional fuel injection system, the TJI engine can equal the performance of
the CI engine.

Table2.2 - Comparison of different combustion concepts in internal combustion en@iBes|

Sl Cl HCCI TJI

Ignition Spark ignition, Auto ignition, single Auto ignition, multi  Spark Ignition,
single point point points multi-points

Fuel Injection Gasoline like fuels, Diesellike fuels, Flexible fuels, port  Flexible fuels in the
port or direct direct injection or early direct pre-chamber if
injection injection applicable

Air -fuel ratio ~1 1.2-2-2 2-8, depending on  Stoichiometric or

the fuel lean

Flame Turbulent flame Diffusion flame Homogeneous Turbulent flame
propagation propagation oxidation propagation

Major emissions HC, CO and N@ NOx and PM HC and CO Subject to design

Fuel economy Good Better Best Better

The prechamber ignition systems are categorized into two t{fpigsire2.6): passive
and active prehamberDuring the compression stroke, the passiveghia@mber is
filled with homogenous fuehir combinations fsm the main chamber. To precisely
manage the equivalence ratio of the stratified mixture, the activehpraber system
Is coupled with an auxiliary fuehetering device. Thus, the passive and active pre
chamber systems are also known as the homogenedssratified prechamber
systems, respectively.

Similar to a traditional Sl engine, a spark plug ignites the mixture in thehamber,
followed by conventional premixed flame propagation. Since the flame dynamics in
the main chamber differ from thoseattandard S| engine, the timing of the spark
must be modified to compensate the difference.
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Figure2.6 - Configurations of passive (left) and active (right}-ghamber ignition system&$Figure2.6]

Following the prechamber combustion, the pressure diffaemiaused by the pre
chamber combustion forces the flame and partly oxidized species into the main
chamberAccording to changes in temperature and the mass percentage of the
intermediate reaction products, the jet ejection from thepaenber into thenain
chamber may generally be separated into three pHagego the spatial arrangement
of the spark electrodes, the unburned mixture exits theh@mmber during the initial
cold jet phasdn the second phase, the intermediate reaction products etedeje
from the prechamber and ignite the mixture in the main chamblee. third phase is
distinguished by a markedly lowered temperature of the ejected mixture and low
mass fractions of the intermediate reaction products. This signifies that the dense
porton of the mixture in the prehamber will ultimately be expelled.

In addition, pressure traces and hgpeed images, obtained with an experimental
campaign by using an optieatcess enginepay provide further information

regarding the jet ejection press. InFigure2.7 is shown that the first visible jets
appear 9 Crank Angle Degrees (CAD) before the top dead center.(Fix@jer
examination of th optical pictures reveals that reactive and bright jets develop in the
main chamber but soon dissipate as a result of a sharp reduction in pressure and
temperature in the main chamber and the entrainment of new cHagbe.

temperature turbulent jetsrrying chemically reactive radicals (O, H, and OH) ignite
the mixture in the main chamber by chemical, thermal and turbulent processes, which
dominate the main chamber's whole combustion progelsgh jet velocity results

in a greater distance of peratton, and more aifuel mixture might be pushed into

the main chambedso known as the turbulence effect. The-phamber ignition

system with numerous ignition sources might increase the ignition energy by more
than two orders of magnitude compared® ordinary spark plug0].
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Figure2.7 - Pressure traces (left) and visualizations (right) during jet ejection processes on an opticalZ9jgine [

Further examination of the combustion process in thm whamber reveals that it
begins in many spots within the hot jets. After the whole entrained matter within the
hot jets has swiftly burnt, the flame reaches the jet borders and then advances as a
well-established flame front outside the jets. Consedyehe turbulence effect is
primarily responsible for the flame propagation within the main chamber.
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3 Methodologies for Internal Combustion Engvtedelling

The development of a new engine is a very complex process and the experimental
activity has to comply with the all the phenomena discussed in the previous chapters,
resulting in increasing cost addration of engine developme#ts a result,

numerical analysiarecrucial owing to its cheaper costs, which contributes to the
reduction of engine development tifidgd. The modelling of ICE is a

multidisciplinary subject involving several areas, and it may be categorized into four
primary groups based on the approximation level employed, as shdwables.1.

Table3.1 - Classification of the numerical approaches.

Model type Typical application

oD Combustion

1D Gas Exchange
Quastdimensional Combustion

3D Flow field, Combustion

Zero-dimensional (OD) methods solve the mass and energy conservation equations on
the premise that thermodynamic parameters are a function of time Algngpatial
dependence is therefore disregarded, and it isuael that the working fluid is at

rest.This method's capacity to mimic-gylinder operations in less computing time is

its primary benefitThe typical disadvantage is the absence of pressure wave
propagation in the pipes, which severely limits theigtid forecast volumetric

efficiency.

Due to the fact that they calculate the unsteady flow equations in the exterior pipes in
the mean flow direction, 1D models are able to circumvent the aforementioned
limitation. In this method, all thermfbuid-dynamc properties are deemed uniform

along each pipe segment. To effectively forecast the overall engine behavior, 1D
models are typically paired with a precise 0D description-oylimder processes
(quastdimensional phenomenological submodels). Due todteréible balance

between precision and processing time, they are increasingly utilized to analyze
worldwide engine performance and, more recently, to enable engine optimization and
calibration[2].

On the basis of the integration of the Navier Stokes equations, 3D techniques provide
extensive fluiddynamic data for the complicated 3D domains. Due to their

significant computing effort, these models are utilized tautate the unsteady mean

and turbulent flow motion inside a small area of the engine, often the intakexair
aftertreatment devices, and cylinder, under a limited set of operating circumstances.

In the present research, the selected technique is based on a 1D description of the
flow within the intake and exhaust pipes, whereas phenomenological 6Daidds
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are employed to simulate-gylinder processes. However, 3D techniques will also be
used, vith a particular emphasis on their function in assisting the creation and
validation of a OD turbulence suhodel.

3.1 0D approaches

As stated before, with a OD method, all variables are unambiguouskgdépendent
and uniform over the whole control regids a result, just the mass and energy
conservation equationkg. (3.1), (3.2) must be solved, as shown below:

'Qd 14 14 14
- o o (o
Qo
(31)
Q4 Q Qo Q0

Q0 Qo Qo

(32)

The first two components of equati(®1) represent the incoming and outgoing mass
flow rates through the valves, while the last term relates to the fuel injection flow
rate. In equatiorf3.2), the first term represents the mechanical power transferred by
the fluid to the piston, the second term represents the heat transfer rate through the
walls of the combustion chamber, and the last three terms represent the enthalpy
fluxes associated witlné mass exchanges through the control surface. Typically, eq.
(3.2) is rewritten as a function of the temperature variatior{®8), taking into

account the dependence of the internal energy on temperature and compldsgion.
formulation expresses the energy released by the combustion proadssetson of

the variation in the burnt gas percentage, from reactants to products

QY p Qw Q0 0 4 0 .0 Q4 1T Mw
Q0 a® 100 Qo ° a a 00 7 Q0

(33)

Severakubmodels are employed to solve these equations in order to account for the
lack of velocity field data. Numerous correlations exist in the current literature for the
gascylinder wall heat transfer, which are mostly based on toglinder
thermodynamictate and engine speed.

For ICEmodelling the Woschni3], Hohenberg4], and Annand9] correlations are
extensively used. This thesis employs a Hohenrbleegcorrelation, which will be
discussed in the next section. The instantaneous flow through the valves is
determined using the isentropic flux equation in subsonid3et), or sonic, eq.
(3.5), circumstances.

32



Q0 Q pY'Y R N
(34)
Qda .. ko) cC
Qo ©° T ¥V Qo

(35)

p; andT; represent the pressure and temperature of the upstream flow, whaseas
the downstream pressukes the ratio of heat capacity, aAd;is the reference area.
The discharge coefficienty, is the ratio of the actual flow to the isentropic flow, and
it is determined empirically under steashate circumstances. In general, this value is
determined by the geometry, lift, and flow direct(dlirect / reverse) of the valve.

The burning ratedX,/dt) may be directlymposed or it may be predicted using
predictive combustion models. Typically, the former strategy is utilized during the
first phase of model development. If available, fibepermentab burning rate can

be imposed by extracting it from the experimental pressure traces ustatiezb
reverse analysis to solve equati¢@4) and(3.3). Otherwise, a Wiebe function
assuming @re-setburnt fraction profile as tunction of crank angle is utilized.

As a result of the number of thermodynamic zones into which the control volume is
subdivided, a zerdimensional model may be further subclassified into three distinct
types. Specificallyit is feasible to employ a single, two, or multj@ene strategy. At
each time step, the equatidi@sl) and(3.3) are solved for each zone's unique
thermodynamic state involving energy and mass interactions. During the intake and
exhaust phases, it is acceptable to assume that the cylocwhapssition is consistent
across its whole. As a result, a single zone is utilized. As soon as the spark happens,
however, the combustion chamber is primarily separated into two zones, the
unburned and the burnt zones (ta@ne approach).

Multi-zone modelsre also commonly utilized when it is necessary to estimate
pollutant emissions such as N@ince the presence of a temperature gradient in the
unburned zone has a significant impact on the accuracy of their prediction.
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Figure3.1 - Single zoneombustionscheme (a) and twaones combustion scheme (b)

Since many years, several combustion models for SI engines have been suggested,
attempting to physically analyse the burning rate under the assumption that
turbulence enhances combusti@ng, 9]. The transition from laminar to turbulent

flame and the process that induces the turbulesle¢ed increase in burn rate are the
fundamental distinctions between these two ty@ier techrques, such as the one
presented in]0], where the combustion chamber is characterized as a stochastic
reactor and the combustion is modelled using probabilityityeiusictions, are also
utilized. Certainly, the eddy burap technique and the fractal model are the most
extensively utilized combustion models. The former explains the flame entrainment
and subsequent combustion of the unburned mixture, and was shbe/odosistent

with the experimental burnt mass fraction trerids 12]. Using the notions of fractal
geometrythe latter paper attempts to explicitly explain the improvement of flame
front surfacg 13, 14]. Several comparisons of both techniques are available in the
literature, leading to the conclusion that, with the exception of tuning efforts, both
models are capable of accurately simulatime combustion within standard S

engines ¥, 15]. Due to a moreolid physical background, the fractal technique was
chosen for this dissertation, proving that it can be applied, if appropriately developed,
to both conventional S| and pohamber engines.

3.2 1D approaches

The partial differential equation system(816) gives the conservative version of the

flow equations (continuity, energy, and momentum) assuming an inviscid, adiabatic
1D flow schematization in a variable area pipe. Each thermodynamic attribute and the
flow velocity, u, are merely a function of locatipx and timef, in this model:
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The aforementioned equations can also be stated in a more compact vector form
(3.7), whereU represents the vector of conservative varialflespresents the flow
vectorandSrepresents the source term vector.

T TY T “(jY o el ” A » ” 14 o \ o ” ’O |
— —— Y'Y 6no "6 f/ Y o
To 1o . :

” O ” (-!() ” 0 |'D

(37)

To accurately represent the flow within the intake and exhaust pipes of an ICE,
additional variables must be taken into account, includinggdisfriction, heat

exchange, and the scalar transport of injected fuel and residuals species. The system
then aquires the shape shown(®.8), where the final two rows correspond,
respectively, to the propagation of residual gases and vapour fuel percentage.
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wheref; is the friction coefficient determined using the Poiseuille or Blasius formula
as a function of the pipe velocity.

X, andx; represent, as stated, the residual gas fraction and vapor fuel fraction,
respectively, and are calculated according to the equiEi9).

. a N a
w — 1] W -
a a
(39)

g denotes the heat flow through the pipe walls, which is given by the following
equation:
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3.3 3D approaches

Based on the resolution of the mass, momentum, and energy equations as a function
of time dong the three spatial coordinates, 3D models solve the N&tokes
equationsThese equations constitute a nonlinear system of partial differential
equations that are suitably schematized on a computational grid and solved in the
control volume. Due tthe system's complexity, it is generally addressed using
Computational Fluid Dynamics (CFD) software via three alternative methods:

1. Direct Numerical Simulatio(DNS): direct discretization of the NaviStokes
equationsHowever, the computational costsigjnificantin terms of both time
and storage. In fact, for an accurate solution, the computing grid must be so
tiny that it can capture all temporal and spatial turbulence scales, even the
tiniest (Kolmogorov scale)lhese are principally used for engsimulations
only for CFD numerical analysis.

2. Reynolds Averaged Navi&tokegRANS equations decomposition of the
turbulent field into its timeaveraged and fluctuating quantities. The RANS
eqguations are obtained by averaging the original flow equaditness time.
Therefore, RANS represent the thaeeraged behavior, or phageeraged
flow realizations in the case of qugmriodic flows such as those in internal
combustion engines. The tira&eraging adds additional terms, known as
"Reynolds stressesyhose solution requires the construction of suitable
turbulence submodels in order to solve the problem.

3. Large Eddy Simulatio(LES: the larger eddies, which are substantially
impacted by the domain's shape, are solved directly. To save computing time,
only the smallest scales are accurately modelleday are also used for-in
cylinder combustion description.

It is important to note that the high degree of accuracy achieved-iypQbodels,

such as the one utilized in this PhD Thesis, is a result ofitdgration of all the
previously discussed methodologigsthe modern automobile industry, it is normal
practice to utilise both 02D and 3D simulations to aid in the engine development
phase. Indeed, this strategy permits overcoming limitations antinimg the

benefits of each discipline. On the one hand, 3D models allow for realistic studies of
the engine's fluidlynamic behaviour, but the research is limited to a small number of
scenarios due to the high processing ctistgeneral, the purpose 8D research is to
get knowledge that cannot be easily obtained by experimental campaigns, hence
facilitating a better understanding of physical processes. On the other hand, 0D/1D
models may explore the whole engine system in less time andns#tpredsion.
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However, if the incylinder process formulation is poor, the findings cannot be
deemed practical.

As an illustration, the next section describes briefly how 0D/1D/3D techniques were
merged during this study endeavour. Fsti@pswere taken in partidar to describe
the enginewith the conventionakpark plug system:

1. From the engine's geometric characteristics, a 0D/1D model was constructed.
At various engine speeds, preliminary 1D simulations of motored processes
were done.

2. As a boundary condition fdhe 3D incylinder motored studies focusing on
the characterisation of the-aylinder flow motion, the timevarying pressure
and temperature calculated in 1D were enforced. Throughout the whole engine
cycle, the mean and turbulent flow fields were ested in detail.

3. The data from step 2 were used to calibrate the OD turbulence model, which
was required for the combustion model closure, which will be detailed in
further depth in the following section.

4. After the turbulence model was calibrated, the 1Bimsmodel was run under
firing circumstances. The combustion model was primarily tuned against
experimental data in an effort to matchcylinder pressure cycles.

When a new engine, far from the current state of the art, is being studied, it may be
necesary to design new inylinder models or, if feasible, to strengthen the ones
already in use.

3.4 Turbulent combustion modelling for conventional Sl engine

The turbulent combustion model is the main topic of this PhD thesiofjbetive
was toimprovewith respect to the state of the #ré prediction othe heat release
rate, the ircylinder pressure profile and, consequently, the engine performdarnees.
investigated phenomenological combustion models are based orzart@oburnt
and unburned, degption of the combustion chamb®&oth models are based on the
concept that aerodynamic turbulence increases the burn rate relative to laminar
propagationlin this section, the theory of two turbulent combustion model will be
presented. In the next chapta comparison between the two madall be shown.

3.4.1 Eddy burrup combustionmodel (SITurb)

In research and industrial contextise commercial software GSuite is largely
employedfor numerical simulations. This software uses a version of eddyupas
turbulent combustion model, the-salled SITurb. Despite the fractal model,
developed by University of Naples, is used during thsearch activity, a
comparison between the twaodels has been considered mandatory.
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The eddy burrup model is based on original approach proposed by KK 7],

whose conceptual scheme is reporteBigure3.2. Theeddy burrup combustion

model forecasts the burn rate fairengines with homogenousarge This model of
combustion is based on a tieone, entrainment and buap concept. This model's
prediction takes into account the cylinder shape, spark location and timftayy air

and fuel characteristic¥hese equations determine the mass entrainment rate into the
flame front and the burn rate

(311)

(312

(313

(3.14)
where,
me = entrained mass of unburned mixture
t =time
}u = unburnedjasdensity
A= Asmootho flame front area
Ut = turbulent flame speed
S = laminar flame speed
m, = burned mass
U= time constant
St = Taylor microscale length

u & turbulent intensity

38



rs = flame radius

L: = integral length scale of turbulence
c: = Taylor length multiplier

Cs = turbulent speed multiplier

ck = flame kernel growth multiplier

Following theschemethe combustion phenomena is separated into two major
mechanisms, the first of which is the entrainment of unburned mixture into the
turbulent flame brush, whose thickness is proportional to the Taylor lengthescale
[18] where the entrainment rate is defined by(8d.1). In a subsequent phase
according to eq.3.12), the entrained but still unburned mass,-my), is oxidized in

a characterist318). ti me scale, U (eq.

In the different variants of the eddy bewp model[[17, 19, 20], the transition from
laminar to turbulent combustion is characterized by the introductidreof t
appropriate adjustments. Typically, these modifications are associated with the
characteristic length and time scales of combustion and turbulence.

Morel [20] suggested the model in which the transition is governed by the ratio
between the flame radius, and the integral length scale of turbulergéeq.
(3.14)).

The Eddy burrup model needs no particular treatment of combustion ending and
flamewall interaction Eqg. (3.12) represents an exponential burn rate decline, which
reproduces automatically the normal burn fraction tail. Consequently, a more direct
regulation of burn rate deceleration during wadmbustion is impossible.

Actually, experiments suggest a corrugated flame front, with occasionally unburned
gas pockets that burn inwards. Consequently, rather than offering a physical
description of the combustion proceagyations(3.11)-(3.14) should be seen as a
mathematical model of theshaped burn fraction profile.

Unburned zone

Figure3.2 - Eddy burrup combustion scheme
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3.4.2 Fractal combustion Model

Several decades ago, the first form of the fractal combustion model was proposed
[21]. This strategy is directly based on the combustion regime of a standard Sl
engine, which belong® the zone of wrinklegtorrugated flameletd=igure2.3). As
previously mentioned, the interaction between the turbulence and the flame front
results in an increase in the combustion rate due to the flame front's increased surface,
Ar. Thisgeometrical increase is explained by the model using fractal geometry ideas.
Multiple experimental investigations demonstrated that a wrinkled flame front
exhibits fractal activity, resulting in the saimilarity of its fundamental structure

[13, 22, 23, 24]. This makes possible to link the turbulent flame front extend to the
laminar flame fronbnebased on theharacteristispeed, time, and length scales of
turbulencg21, 25].

According to this concept, the burn rate may be expressed as a function of the
wrinkling facor, which is the ratio of the turbulent to the laminar flame x4, :
Q&
Q0

” A ” A 6 ” now i‘)
oY 0Y — oY —
(0] V)

(315)

This wrinkling ratio is calculated based on the fractal dimenSgithe maximum
and minimum wrinkling scalésyaxandLmi,, and the classical expression given in
[9]. Dsis considered to be dependent on turbulence intensigind laminar flame
speedS, as stated ifi24], according to the following eqgtian:

Cd 8t TtY
o Y

(@)
(3.16)

In addition, the wrinkling scales can be viewed as the macro and micro vortices of the
turbulent flow field.Lmaxis proportional to a macroscopic dimension of the flame

front, considered to be proportional to the flame radijuga the tuning consta
(wrinkling multiplier).

0 Qi
(317)

Lmin IS typically associatetb the size of the smallest turbulent ed@§][ as measured
by the Kolmogorov length scalky.

(318)
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The aforementioned concepgepicted schematically iRigure3.3, is applicable to a
fully formed and freely growing turbulent flame. Concerning early flame formation
and combustion completion, the model must be modified appropriately.

Burned zone

minar surface A
SL .

Turbulent surface Ap

Unburned zone

Figure3.3 - Schematic of the fractal combustion model

As previously stated, the start of combustion is characterized by laminar propagation
as opposed to turbulent propagation, in which the flame front isomapletely
corrugatedThe transition from laminar to turbulent combustion is then characterized
by an increase in fractal dimensibg, according to equatior{8.19) and(3.20)
Oy 6 ©Of 7Y
o Y

O
(319)

Oy ¢8t ) O, ¢dtmp U C® 0
(320)

The wrinkling development is governed by the variahlgsin eq.(3.21), which is a
function of a characteristic time scalgy,s, and a model tuning constangans
(transition multiplier).The characteristic time scale is determined using the kinetic
energy of turbulencé, and its dissipation raté)

Qo ‘ Q
no "

w 0 -

(321)

In contrast, when the flame front interacts vk walls of the combustion chamber,
another change to the burning rate is introduced. Although a precise description of
flamewall interaction is much beyond the capabilities of a gdasensional model,

it can be claimed that flame front wrinkling ranber happens near the walls and that
the burningatedecreases.
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Therefore, the total burning rate is stated as a weighted average of a completely
fractal burning rate and a laminar wall combustiaccording to the equatio(3.22)
and(3.23).
Qd , Qa ) Qad
Qo PV Q0 oY

(322)

(323

Wwai Characterizes the transition from turbulemwall combustion by the ratio of the
area wetted by the flame front on the piston, head, and cylisgleq the total area
of the flame frontAy:. This ratio is multiplied by the mass fraction of burnt,gas
multiplied by an exponent multiplied by the tuning constapt(wall combustion
multiplier).

(324)

Under the conventional assumption of a smooth spherically shaped surface centered
on the sparkplug, th& estimationis performed using a tabular method in order to
save calculation time. The difie automated approach computes the intersections
betweeran "ideal" smoothed spherical flame front and the piston/head/cylinder
surfaces. At each time step, the lagktable is read and the laminar flame area is
calculated based on the current piston position and the burnt gas volume.

The laminar flame speedrtae calculated by a numerical correlation. An

examination of published publications demonstrates that different writers have in the
past proposed a variety of laminar flame speed compositions for gasoline. These may
be classified into two primary categesi experimentalWpased, such ag¢] and

[27], and reaction kineticbased described 28, 29]. On the one hand, the most
significant drawback of the previous technique is the limited measuring range of
relative air/fuel ratio and low pressure owing to technological conc2&n8(]. As a
result, these correlations may result in erroneous predictions when used beyond the
measurement rangkke for thetypical high pressures and temperatuné$S| engine
operations. Th&inetic-based technique, on the other hand, permits the investigation
of a broader variety of boundary conditions using kinetic calculations; nevertheless,
thereliability of these models is highly dependent on the specified kinetic scheme
and surrogateukel formulation. During this researelgtivity, an experimentally

derived correlation, for a blend of methane, ethane and propane, iSUs&2. This
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formulation was thenost suitable choice® bettereproduce the laminar flame speed
that occurs in engines fuelled with CNG.

Since a specifically corretian referred to CNG blend is not available in the
literature, the experimentally based correlation holding for a variable composition
blend of methane, ethane and propane was considered the most reasonable approach.

The correlation is based on thealle dpovierlawdo f or mu |l a:

~ oo e Y 0
YwliYR Y o o

(325)

whereS  is the flame velocity measured at a reference sSIatpy, with a variable
equivalence ratio. Uandb are mixture strengtdependent exponents, considered to
be seconerder polynomial functions of, whose expression are:

. | %0 | %o

(326

[ I %0 T %o
(327)
where the values of each parameter are listddinie3.2

The Dirrenberger correlatio3?)], eq.(3.28), is used for the estimation 8f, and the
related parameters are defined accordin@ipdnd reported ifable3.2. ;aen d 6
are the volume concentrations of ethane and propane, respectively.

Y %h.h..  p f.. o p f.. ©®% Q
(329)

Table3.2 - Coefficients of the laminar flame speed correlation

To=298 K, =1.01 bar
Trange [298-500 K];
Prange= [1-25 atm];
Gange[0.6-2.1]

W 3885 b 5.75
-0.20 by -1.47
6.45 by 2.00
1.08 b, -0.90
7.98 e 2.06
-12.15 e 0.77

'g<g<C°CQ,Q_
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Also the impact of the residual gas (Residual Exhaust Gasg) is modelled, by

using a correction term (e(8.29)), which multiplies the laminar flame speed given
by eq.(3.25). This formulation B3] overcomes the flame speed zeroing which results
from the widely adopted correction proposed3d|[at highXgcr

00Y P Q®
(329
where the correction coefficiendgsande, are listed inTable3.2.

3.4.3 K-k-T-STurbulence model
Forthe fractalcombustion modetompletion the method necessitates a number of

factors associated with the turbulent field created within the combustion chamber
like u A, Ly andU

The main topic of this research activity was to develop a turbulence model that
properly suits with a heawguty Sl engineThe incylinder turbulence is generated
due to three main ordered flow motiotiamble squishandswirl. Ead of these
contributes to the developing of the turbulence phenomenon. Regarding a diesel
derived S| heawduty engine, the swirl motion is predominant during the intake and
compression phases and, for this reason, a proper model has been developed

A pheromenological proceduyeerived from the 3D RNG&R - turbulence
formulation synthesised using a 0D framewpldading to the scheme described
below[35]:

'Q d 0 [ R 4 € ) 5 5 5
—— auv auv aus- L U U U
Qo
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(333)

The equations shown above govern the evolution of the followingdleamtities:
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1. Mean kinetic energy pj ¢ TY, where U is the mean velocity inside the
cylinder.

2. Turbulent kinetic energi?  ¢j ¢ 6ag whereu @& the intensity of the
turbulent field inside the cylinder, assumed to be homogeneous and isotropic.

3. Specific anglar momentum of the tumble motié® “Yi , whereUr is the
tumble vortex velocity andr is the tumble radius. The kinetic enelgy
relatedto tumble momentum ¥ j ¢. Tumble speed is commonly expressed in
a nondimensional form as tumble numhgr "Y' j 7 I, whereYengis
the engine angular speed.

4. Specific angular momentum of the swirl motidf “Yi , whereUsis the
swirl vortex velocity andsis the swirl radius. The kinetic enerfy related to
swirl momentum isY j ¢. As well @& tumble number, swirl number is defined
as:0 Y]] i

The term m is the keylinder mass, whil®@ s the kinetic energy associated with

possible direct fuel injection

3.4.3.1Convective flows
The first and the second term in the abegeaations describe incoming and
outcoming convective flows through the valves. The following equations are used:

& 0 Pa & o & 0 a o
C
(334)
a v 0 & a
(3.35)
adQ Tt
(336)
aQ Qa &
(337)
Gy i 4 O U 4 U a U
(338)
a’y “Ya a
(339)
a "y i & ® U 4 ® U a U

(340)
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minf Mynp mexf mexb

Figure3.4 - Schematic of valve flows

In the Equations abow® andd& indicate the mass flow passing through the
intake and exhaust valves, respectively. The subsémotsb indicate the directions

of the flow through the valves, that can be forward or backwagiie 3.4).
Instantaneous mass flows are calculated threugjmple nozzldike model,

accounting for the pressure difference across the valve and the effective flow area,
related to the instantaneous flow coefficient and valve lift.

In equations(3.34), (3.38) and(3.40), the velocitiesk, vr andvsinclude the flow

losses through the valves. More precisely, they comprise the discharge, the tumble,
and the swirl coefficients, respectively. These coefficiandsautomatically specified

as a function of the valve lift. Even if the model does not explicitly describe the
actual shape of intake runners, the influence of intake port design on ordered and
unordered motions is considered in the above coefficiehts pdssibility to tune the
discharge, tumble, and swirl momentum is offered by the global multipligss

Crino, Csin, @aNdCsex The last two terms aquations(3.38) and(3.40) give a subtractive
contribution to the tumble and swirl intensities, assuming that the exhaust flow, both
in forwardand backward direction, produces a reverse tumble and swirl, opposite to
the ones produced by intake flows.

3.4.3.2Decay functions
In theequations(3.32) and(3.33), the termsQ — and™Q — express the decay of

the two main ordered motions due to the shear stresses with the combuestiinech
walls. A decay functioffy is used for the tumble and another one for the swirl,
considering a characteristic time scaléor the tumble andk for the swirl.

‘ v . . 0
Q. w iy 0w ol A(aérp P
(342)
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(343)

(344)

(345)

Both decay functions for tumble and swirl are dependent on a fixed term and a time
varying term. The former is activiring the whole engine cycle and expresses the
dissipation of ordered flow structures caused by internal viscous forces, while the
latter takes into account the dissipation effects caused by the piston Figjage8.5
andrigures.s). Specifically, the second term of tumble decay indicate®ilspse
caused by the piston rising, and it is inversely proportional to the piston poklition,
normalized by the cylinder borB,(Figure3.5). This component is supposed to be
proportional to the ratio of the squish velocity,, to the swirl velocityUs. To adjust

the two contributions to tumble and swirl decagggjations(3.42) and(3.44) present

two parametersGiqo xandcim x Equationg3.43) and(3.45) show that the

characteristic time scalds, andts, of tumble ad swirl are assumed to inversely
depend on the turbulence intensity and directly on the related radii. The radii of
tumble and swirl are calculated based on geometrical data of the cylinder and piston
according teequationy(3.46) and(3.47).

B B
~ TDC ~ TDC
H H
[ ] [ ]
T ~ BDC R - BDC
Figure3.5 - Qualitative sketch of the tumble vortex Figure3.6 - Qualitative sketch of the swirl vortex
\ o T p ” a7, ’
ly W [ W j T o] O 1

(3.46)
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In equation(3.46), By and {H+spow) are instantaneous representative dimensions
along radial and axial directions around which ordered motions arise, whgtreas
andcyt (or cos andcg) are two parameters that allow the tumble (or swirl) radius to
be adjustedd,owi andsy,ow are the diameter and the height of the piston bowl,
respectively Figure3.7). By is a timevariant parameteeq. (3.47)), it is equal to the
boreB if the piston is at BDC, while it is equal to the bowl diameter if, ideally, there
IS no space between the top of the piston and the cylinder head etjutti®n

(3.47), Vg is the instantaneous cylinder volume, afygly is the piston bowl volume.

The mean velocity of the squish motion inside the cylindey,is quantified by
equation(3.48) [36]. This velocity depends in turn on its axidl, and radiallJ,,
components that are related to main geometric characteristics of the cylinder and
piston bowl and on the cylinder volume \&ion rate.

i p i ’Q i ’Q
Y - Y p = Y -
0) 0] 0
(349
- Qw ) 0 Q
Y — 0 o—
Q0 wlw W 1Q
(349
N Qw |
Q0
(350)
B
L1 -
Vor

Figure3.7 - Qualitative sketch of the main geometrical data of cylinder and piston
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3.4.3.3Production term

The energy cascade mechanism is modelled by the BBrfsandPy in equations
(3.30) and(3.31). Those terms are subtradifor the kinetic energy associated to
the mean flow, while they are additional terms for the turbulent kinetic elkergy

2000
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k

=y =y
N [=2]
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Figure3.8 - Kinetic energies associated to mean, tumble, swirl and turbulent flows

Since most of the flow structures generated during the intake phase are unordered, the
mean flow kinetic energy is significantly greater than the tumble and-asadciated

kinetic energies. In the engine design under study, the tumble motion is weak while

the swirl motion is prominent. Due to the conservation of angular momentum, the

swirl vortex velocity increases as the piston rises, and the swirl radius decreases as a
result of he flow motion entering the piston bowl. Due to the high swirl vortex

velocity, shear stresses and internal viscous forces increase the turbulence kinetic
energy close to the TDEigure3.8).

The turbulent production due to unordered flows is computed by the difference
between the overall mean flow kinetic enekggnd the ones associated to the two
ordered flow motions{r andKs.

b 0 U

~

0 @ a

(351)

In theequation abovepxk is a tuning constant to modulate the energy transfer from
the mean flow to the turbulent ongsis a characteristic time scale determined by a
weighted averagequation(3.52), depending on tumble and swirl intensities,
equation(3.53).
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Ordered motions also contribute to turbulence production depending on their
dissipation rates, modelled by the last termagmations(3.32) and(3.33). The
productions of turbulent kinetic energy related to tumble and dewdys are
evaluated by differentiating tumbland swirtrelated kinetic energy definitions, as
reported below:

- Y o Ao
U — Q —
| o

(354)

whereX indicates either swirl or tumble.

3.4.3.4Dissipation term
In theequation(3.31), the dissipation ratéis determined through treguation

(3.55).

’?‘QJ

b o

(355)

wherec; is a constant ank is the turbulence integral length scale. As demonstrated

in prior researchd7], this value varies marginally depending on the engine

operations (speed, load, valve strategy, etc.), but largely depends on the engine type
and combustion chamber shape. For this reas@imposeal a sequence of-Shaped
functions to describe the evolutionlgfduring the engine cycle. The parameters of
these functions are chosen to accommodaté;ttnend accord to results of 3D
simulations.

3.4.3.5Sensitivity analysis of the turbulemgring constants
The turbulence model includes ten tuning constants, namely:

f
)l
f

=4 =4 4 =4
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Ckino, acting on mean flow production during the intake stroke;

Crino, &Cting on tumble production during the intake stroke;

Ciq0,7, defining the offset of the decay function fbe tumble because of the
viscous forces;

Ciam,7> @djusting the intensity of the tumble collapse near the TDC,;

Cpkk, adjusting the turbulence production from mean flow;

Csin, @cting on swirl production during the intake stroke (inlet);

Csex acting on swirproduction during exhaust stroke (outlet);



1 cuos defining the offset of the decay function for the swirl because of the
viscous forces;
1 cam,s adjusting the intensity of the swirl/squish interaction before the TDC,;

To evaluate the effect dfie tuningconstant®n the turbulence submodel, a
sensitivity analysis is presented below.
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TheFigure3.9-3.15depict the effect of each tuning constant, bgywey those from a
reference value of +30%. The impact on the mean flow, tumble and swirl velocities is
highlighted on the left figures, while the turbulence intensity variations are plotted on
the right ones.

Figure3.9 shows thatxkino significantly modifies the mean flow and the turbulence
peaks in the middle of the intake stroke, which however turns in a reduced alteration
of the turbulence speadp, close to the TDC.

Figure3.10 highlights that an increased (reduced) decay function ofs&t,

promotes (lowers) the decay of both mean flow and tumble velocities, turning in a
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less (more) intense turbulence production close to the TDC. The rolg ofs

shown inFigure3.11. This underlines that this parameter contrbésdrank angle of

the tumble collapse, with minor impact on the turbulence peaksglme3.12, the

effect ofcpkk is illustrated: this constant de@ot affect the tumble and swirl levels,
while it modifies the turbulence trend during the compression stroke. It can be noted
that a highecpkx determines a lower turbulence during the compression, due to a
lower U, although similau plaks are reachdxtfore TDC.
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Figure3.13 shows the impact akj, on mean flow and swirl velocities. As expected,
it promotes (lowers) the increasing (reducing) of swirl during the intake stroke,
determining a higher (lower) initiakelocity value. The generation of turbulence is
given by the amount of kinetic energy in disordered fdfm K+ - Ks). Hence,

despite of highetd andUs, the production ofi' in compression is not intense, then
recovers to the TDC for the production tedirectly related to the swirl speegb.

In theFigure3.14 andFigure3.15, the parameters that regulate the swirl decay
function are presented. The figures highlight that the effects on mean flow and swirl
velocity are qualitatively the same as the ones of tumble decay furgdigyadjusts

the swirl decay function offset, so it promotes (lowers) the decay of mean flow and
swirl velocities during all cyclecqm scontrols the swirl decay around the TDC,
adjusting its peak value.

Under the so far discussed sensitivity analysis, mguprocedure can be advised.
The primary step is matching the ordered flow of tumble and swirl with the 3D
derived results, adjusting firstbtino andcsin. Secondlygkino is identified to
reproduce the 3D mean flow velocity peak during intake. Theltuodlapse (the
swirl peak) can be further handled &y randcigm T (Ciqo,sandCigm 9. ThecCpkk
multiplier is finetuned to adjust the mean flow and turbulence trends, without a
significant impact on the tumble and swirl levels and turbulence apgebéfore
TDC.

3.4.4 K-k-8 Turbulencemodel.

A brief description of this model is presented, due to the subsequent comparison with
the turbulence model developed during this research activity. This approach is
embedded in the commercial software-SUITE and it is extensively described in

[38]. It is developed for Siumbleassisted engine, so this is the resulighificant

effort directed towards developigro-dimensionaflow modelsthat account for its
effects.

This model takes into account the energy cascade mechanism and dissipation rate
description together, combined via three differential equatmmesfor the mean
kinetic energy, one for the turbul® kinetic energk and one for the turbulent
dissipation raté)
Qda v
Q0

Ca

O p | O va

(356)

~
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The above equations contain the same quantities as shown in the 3gc8d is
the mean kinetic energkis the turbulent kinetic energy atlis the turbulent
dissipation rate.

@) p O c a v

(359
Ein is the energyssociated to the inlet flow, so the first term of each equation
describes the production related to the flow entering the cyliaderandv are the
mass flow rate and isentropic velocity of flev entering the cylinderespectively
Cris the tumble coefficient associated with the valves, measuréeénch and

provided as input in the OD model.
L, is representativef ageometric length scaldefined as follow:
0 6 I Efhmo
(3.60)
whereB is the cylinder bore ansithe instantaneous piston stroke.

The termd andPgmodel the production of turbulent kinetic energy and dissipation
rate, respectivelylThese parameters are computed as follows:

. GGov ¢,." ¢,. "
3] OV — —-a Qs -—-av -
3] o o
(3.61)
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(362)

wherevy is the turbulent viscosity andis the density of the charge inside the
cylinder.

This model, as well as the-k family approaches, use tuning constants to predict the
in-cylinder flow motion. The model involved four tuning constants and permits a no
casedependent calibration, responding well to differgmérating conditions and
matchng results from3D-CFD with reasonable accuracy.
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The model paramet&?,=0.18C; takes into account the actual flow velocities through
the valve andC; is t the tuning constant that considers the magnitude of the inflow
source termCy=0.38C; is a model parameter which considers the magnitude of the
production source terms af@ is its tuning constant. The model parameter
Cien=0.18C3 modulates the value of the length scale, wii@rs the associated tuning
constantThe terms with the quatyi T represent the generation of turbulence caused
by the decay of the tumble maevortex during the compression stroke, whereas
CumbiS a tuning constant that governs the intensity of this process.

This 0D turbulence model can be calibrated to matciCBID outcomedy using
four tuning constants:

1 Cii controls the levels of mean and turbulent kinetic energies during inflow
into the cylinder

1 C,, Csi control the production of turbulence from the mean flow

1 Cuwmbl controls the contribution of tumble decay to turbulence production

3.5 Turbulent combustion modelling for Pebamber Sl engine

Despite the various experimental studies available in the literature orchagmber

S| enging39-45], numerical analyses are essential for improving and comprehending
the underlying physics of thisnovative architecturtor onroad heavyduty engines

In fact, technological and economic factors severely restrict experimental campaigns
for this type of engine. Consequently, experimeimastigationon mixture

preparation and combustion develomineithin a prechamber with such a small
capacity can be difficult even with optical engines. In addition, the examination of the
effects of various design elements, such as the placement of the injector, the position
of the spark plug, and the numbendéh, and diameter of the holes, needs substantial
time andcosts Under this perspective, a 3DFD model may give precise insights

into the prechamber mixing and combustion processes, hence aiding in the
appropriate comprehension and optimization ot ajation process. Several studies
were conducted towards thgeal with some focusing on design optimization and
others on the investigation of various operating situati®hah #6] examined the
influence of the prehamber volume and the hole diameter on jet propagation in the
main chamber and concluded that the ideal design must be chosen by balancing two
opposing effectdndeed, in a smallest pahamber tk pressure built up across the
chambers causes a short burst ofgvamber ejection instead of a lelagting jet

which promotes turbulent mixing in the main chamber. Whereas the largest pre
chamber causes sufficient pressure bujdout may not exhausbmpletely before

main chamber ignites, hence contributing to loss in overall combustion efficiency
[46]. Moreover, for a given prehamber volume, a smaller nogzdiameter will

result in a greater flow restriction over the chamber, resulting in a high combustion

enhancement, yet quenching phenomena may occur. In contrast, a larger nozzle
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diameter creates shdived bursts of pr&ehamber ejection, which does nobypide
enoughturbulence to support lean combustidmalysed in #7] are the effects of
hole orientation and prehamber volume on the turbulence field.

Due to thformation of tumble motiomside the prechambeythe results indicate a
greater TKElevel at the spark plug for the larger ymigamber. This is not the case

for the smaller chamber. However, the requisite high turbulence level near the spark
plug can oty be obtained with a hole orientation that also creates a swirling motion.
The impact of important design and engine parameters on the fluid mechanics and
thermodynamic properties of active and passivechembers was investigated in a
more comprehensivesearch48] using 3DCFD modelling and experimental

activity.

The detailed results and several others found in the literature demonstrate that the
optimal chambr layout is dependent on the behaviour of a variety otpaenber
factors in the correct combination. Therefore, a highly specialized understanding of
the engine under investigation is required, since it will not be feasible to achieve all
the suggestedenefits merely by adding a pceamber to the combustion system.

The interplay between combustion, chemical kinetics, and turbulence happening in a
pre-chamber engine may be best described using 3D analysis due to the complexity
of all the processes dedmd. However, due to the high computing time, the full
engine working plane hardly toexplore. In contrast, this may be accomplished

either by timeconsuming experimentation or through a numerical engine calibration
based on 0D/1D techniques, but wathoss ofaccuracy

To achieve the objective, the building of the 0D/1D model had to be capable of
sensing the primary physical phenomena governing the combustion process-in a pre
chamber engine, which was a formidable undertaking. Clearly, the effociasso

with model creation began with a review of the existing literature.

To do this, a number of models offered in the literature were evaluated for their
capacity to physically represent the many events occurring inehpraber. In49],
turbulence K-k-U and heat transport models for a passivech@mber are

developed. In terms of pressure traces and turbulence variables, the model is able to
faithfully recreate 3D reference data. Due to the lack of linkage with a combustion
model, the scope of this study was restricted to the investigation of the compression
stroke. In BQ], heat transmission was assessed using-arRheadapted

correlation. To represent the combustion processes in both chambers, a Wiebe
function was imposedith the sacrificeof the model's predictability.

Other methodologies explain the comtims process in an active PC in a more
phenomenological approachl]. The early phase of MC combustion is governed,

according to a prevalent theory, by a coniaaljbet from the PC. As an example, a
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model dependence based on the second Karlovitz number calculated at the PC hole
output was introduced irbf]. Until the Karlovitz number is greater than one, it is
considered that the hot jet turbulent flow created by the PC controls the combustion.
Consequently, the flame propagation is considereessstfining, comparable to a
conventional engine, due to theMC turbuence amplification. Ing3], the

combustion growth was estimated using an extra entrainment effect in which the
fresh charge is entrained into the burning jete Dujet penetration, an increase in the
flame front area was also postulated5d][ Assumed to be a function of a typical jet
length, the transition from a dreghaped flame to a hemisphere.

Although all these methodologies provide a fairly complete description of the events
happening in a prehamber engine, the range of validation is sometimes restricted to
a small number of operating situations, particularlfhwegard to air/fuel quality. As

a result, the dependability of these techniques is insufficient for simulating the entire
engine under varying loads, speeds and mixture qualities.

3.5.1 FractalModel description

The combustion modét animproved version ofhe fractal methodeveloped at the
University of Naples in the last yeas]], that is described in the previous sectibn

has been rearranged to handle thelmastion occurring in both MC and PC. In a
conventional Sl engine, the combustion speed is enhanced by the turbulence, which
in turn is mainly produced during the intake and compression strokes.

In a PC engine, as reported 89], the combustion in the MC is additionally

promoted and supported by the turbulent jets ejecting from the PC, especially during
the early combustion stage. To consider this phenomenologyutheate expression

is computed as the sum of two terms, apg3.63):

Qa Qa Qa
Q0 Q0 Q0
(363)
The first term describes the burning rate occurring in a conventional engine, where a
corrugated thin flame front, with surfaée, locally propagates at laminar spegd,
[0}
Q0
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(364)

The freshly written parameters were provided in the previous section, thus the second
term of the equatio(B.63) will receive more focus

The burning rate contribution due to the turbulent jets is computed under the
hypothesis that the jets entrain fresh charge (air and fuel) and that the entrained mass
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progressively burns and releases heat. The heat release rate is assumed to be
proportional to the difference between the current entrained mags &nd its

burned portionrty ent), and inversely proportional to a characteristic timesgadee

eg. (3.66). Following the welknown eddy burrup approachi7], this last is
calculated as the ratio between the Taylor length sgalend the laminar flame
speedS . The current total entrained mass;, iS computed by the integration of its
time derivativegg. (3.67), which, in turn, is estimated by the semiempirical
correlation proposed irbP]. The aforesaidrrained mass rate depends on the mass
flow rate coming out of the P@, , on a tuning constart,;, and on the density

ratio between PC and MC. Similarly, the burned entrained mggs; is computed
by the integration oéqg. (3.65).
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The combustion start in the PC is univocally defined by the spark timing, given as a
simulation input. On the contrary, the combustion onset in the MC is predicted
according to the cuent flame radius in the PC. As soon as it exceeds a critical value,
named i, the MC combustion is activated. This parameter, directly correlated to the
PC height, can be considered as an additional tuning constant, adjusting the
combustion start in thlC.

TheA_ in the MC is evaluated at each simulation time step as a function of the

burned gas volume and of the piston position under the hypothesis of multiple
spherical flame fronts propagating from the jets ejected by the PC. The centers of
those sphes are supposed to be placed along the turbulent jet axis a predefined
distance from the PC holddnder the hypothesis that the flame mainly develops

when the turbulent jets have almost dissipated their initial kinetic engdhyAs for

the prechamber, a smooth spherically shaped propagation is considered with a center
moving at a speed proportional to the jet velodtyesumed ignition sites are located
alongeach turbulent jet, from which the flame propagates spherically. The position of
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sphere centres, differently from the PC, is assumed fixed during the combustion
development, assigned as an additional input parameter.

3.6 Knock and Heat Transfer modelling

During the calibration phase in the test bed, in order to avoid the occurrence of
abnormal combustions, the Knock Limited Spark Advance (KLSA) has to be
identified. If a numerical calibration has to be carried out, a knock model must be
also coupled to the cdrastion model.

Auto-Ignition (Al) processes are best described using sophisticated chemical kinetic
schemes, which involve hundreds of species and thousands of redgfioiis ¢

primary problem of this method is its high CPU uSieipler models based on

empirical formulations of aut@nition delay p8] can be utilized. The primary
shortcoming of such a formulation is the restricted ability to use the correlation
outside of the air/inert/fuel quantities addressed during correlation development. In
addition, the chemicalfiects generated by sophisticated knock suppression
techniques, such as EGR or water injection, are difficult to anticiipalg9], a

tabular technique, whictelies on the offine solution of chemical processes in a
ConstantPressure (CP) or Constaviblume (CV) reactor, is shown to provide a
suitable compromise between accuracy and complexity for the estimate of the Al.
The table displays the Al timé&l,, asa function of pressure, temperature, equivalence
ratio and residual content. In the engine model, the knock event happens when the Al
integral, given by equatiof8.68), is greater than unity.

Q0
.I.

(368)

In fact, togenerata tiny safety margin, a threshold level that is adjustable below the
unit threshold is defined. As previously stated, the Al table is derived from the off
line solution of a kinetic scheme conducted at different pressure, temperature, and
air-to-fuel ratios for the unburned reactants in a reactor with constant pressure.

The pre and mainchamber hedtansferis represented by a Hohenbdiige

correlation f]. This correlation calculates the gaglinder wall heat transfer as a

function of the instantaneous volume, pressure, and temperature of the cylireer.
average piston speed also considers the engine speed. In the case of the PC, the exter
of heat trasferis considered to be governed only by thé’@ pressure and

temperature, while engine rotating speeigmored No special method is used to

evaluate the heat losses in the PC holes.
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4 Assessment of the advanced turbulent combustion model for a
heavyduty SI CNG fuelled engine

The firstphasecarried out during taPhDresearch work wa®cused on the
assessment of the turbulence and fractal combustion models on a Stdressd
heavyduty engine fuelled with CNG.

4.1 Engine description

The main features of the engine under stidlgyre4.1) are reported ifable4.1.

This engine is designed to guarantee {disgance wheimstalled on heawguty

trucks (over 16 tons of gross vehicle weight). It is a hehuy, turbocharged Sl

engine with a compression ratio of 12:1. The considered engine is retrofitted from a
Compression Ignition (Cl) application, through the installabbported CNG

injectors and sparklugs. The CNG is injected through a Multi Point Injection (MPI)
system, and it is metered to ensure a etosgochiometric air/fuel mixture in the
combustion chamber.

The load control is realized by the wagtged turlbbcharger at mid/high load, and by
the throttle valve at low load. An intercooler is located after the compressor to limit
the inlet temperature of the air. Each cylinder is equipped with a centredodpgyk
and two intake and exhaust valves, both witledi timing Eigure4.2).

Intake
manifold

Z-normal
Y K plane

Figure4.2 - Layout of the intake and exhaust systems, w
the piston at the TDC position (numerical domain for
exam 3D-CFD simulations)

Figure4.1 - Overview of the @€ylinder engine undel

The experimental campaign is carried outséatuto di Scienze e Tecnologoer

| 6Ener gi a e | a Mo b,analysingthe &ngisetatdutiandpiart i ( ST
load conditions. The engine is tested at five different speeds from 1100 up to 1900,

for 5 different load levels. In total, 25 operating points, listetahle4.2, are

investigated, identified by the couple engine speed and load (rpm@BMEP). For each
condition, overall performance data, such as Brake Specific Fuel Consumption
(BSFC), fuel rate, and ensi®ns are collected. Additionally, the instantaneous

pressure cycle is recorded through a pressure transducer, apdqoesised to derive
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the angular positions of representative combustion stages (spark event and 10%, 50%
as well as 75% of Mass Fracti@urned).

Table4.1 - Main features of the selected CNG SI hedawy engine

Turbocharged SI Engine

Cylinder Arrangement 6l (in-line) vertical
Displacement, | 12.85
Compression Ratio 12:1

Stroke, mm 150 mm

Bore, mm 135 mm

Valves per cylinder 4

Bowl depth x 30 mm

Bowl radius x 37 mm
Average squish height x 25 mm @ TDC
Maximum brake power, kW 338 @ 1900 rpm
Maximum brake torque, Nm 2000 @ 1100/ 1620 rpr
Injection System MPI

Valve number 4

IVO 1 IVC at2 mm lift, CAD AFTDC 383515
EVOT1 EVC at 2 mm lift, CAD AFTDC 146-333
External EGR NO

Looking at combustion phasing Trable4.2, expressed by the Crank Angle Degree
(CAD) at which 50% of the mixture is burned (MdgB it is evident that the engine
works at knocHimited conditions for the higher loads. WhereasBMEP levels
below 13 bar, the typical optimal MEgaround 810 CAD is detected, which leads
to the maximum brake torquéficiency.

Table4.2 - List of operating points

Case| Operating condition | SA MFB so
rpm @ BMEP [bar] | CAD BFTDC | CAD AFTDC

1 16.6 13.8 17.5

2 13.3 16.6 14.1

3 1900 | 10.0 23.5 7.5

4 6.6 26.2 6.6

5 3.3 25.8 9.7

6 194 11.3 19.0

7 15.6 134 16.4

8 1620 11.7 19.1 104

9 7.8 24.3 7.0

10 3.9 23.8 10.0
11 194 10.7 19.2

1500
12 15.6 13.0 16.1
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13 11.7 18.7 10.3
14 7.8 23.0 7.5
15 3.9 23.8 10.0
16 19.5 9.9 18.4
17 15.6 12.2 15.2
18 1300 | 11.7 17.9 10.3
19 7.8 20.8 8.9
20 3.9 22.4 10.1
21 19.5 9.0 17.7
22 15.6 111 15.0
23 1100 | 11.7 16.7 9.9
24 7.8 18.3 9.9
25 3.9 19.7 11.3

4.2 Tuning and validation of the turbulence model

This section presents the predictions of the 0D flow/turbulence naeletloped

during this research activitgt 2 operating conditions and compares them to the

results obtained via 3CFD sinmulations, widely detailed inl]. The operating

conditions considered are at 1200 rpm and 1900 rpm, whose main engine settings are
listed in Table 3.

A singlecylinder1D model of the engine under study is developed within a
commercial software (GPower) based on a 0D/1D modeling environment, where
the engine is schematized through a network of 1D pipes and OD volumes. The 0D
flow/turbulence pattern is implemented agusubmodel using GIPower tools and

it ran in motored conditions just to evaluate the cold flow impact on turbulence
generation, with no combustion influence.

The 3DCFD simulations of the gas exchange process were perfdyyndliMi

research grouwith Lib-ICE software, which is a code based on the OpenFOAM
technology and extensively used for simulating IC engines for both academical and
industrial tasksd, 3, 4]. The tumble and swirl radir; andrs, derived from 3D
analysesre here defined as:

41)
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(42

where mi is the mass in thih cell; x, yi, z are the Cartesian coordinates of e
cell center; andg, ys, Zs are the Cartesian coordinates of theytinder mass center.
The tumble and the swirl radii are here defined around-tirasyand zaxis,
respectively (se€igure4.2).

Table4.3 - The investigated operating conditions

. T .
Enaine sneed [roml 1200 1900
Brake toraue INml 850 1700
Brake power [kW] 100 338

Air-fuel ratio 1 1
. EGR [%] 14.5 11.2
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Figure4.3 - Comparison between 3DFD and 0D results of tumble (a) and swirl (b) radii and normalized integral length scale (c).

The flow/turbulence model is tuned manually through a simple trial and error
procedure to obtain a good match of all quantities ofestawnith 3D results. These

last are synthesized in scalar quantities through4aasisaging process within the
cylinder. Since 3D simulations started at the beginning of the exhaust phase, with null

initial swirl, and covered a single engine cycle, aéyttle-by-cycle convergence is
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not reached. All the 0D/3D comparisons presented below cover intake, compression
and a portion of expansion stroke, when cyclic convergence can be assumed
adequate. The values of the flow/turbulence model constants aftenthg &are

listed in the Table 4. They are kept fixed for the tested operating conditions, with no
casedependent specific tuning.

As mentionedreviouslyin this K-k-T-Smodel, some data, more related to
geometrical characteristics of the engine and combustion chamber, are not calculated,
but imposed according to predefined pattetfsngequation(3.46), the radii of

tumble and swirl are determined by modifying thg andcmx parameters to match

the 3D levels at BDC and TDC, respectively. Similarly, the integral length scale is
computed by assigning levels at eamtangular points (firing TDC, minimum and
maximum levels during intake and compression strokeglire4.3 demonstrates

that the OD patterns properly match the 3D countergaatscularly during the

intake and compression strokes, which are the most significant phases for a good
forecast of combustion. 3BFD simulations revealed no notable variations in the
outcomes of tumble/swirl radius and integral length scale for thamatysedngine
rotational speeds. Thus, 0D/3D assessment is only presented for the speed of 1900
rpm.

Table4.4 - Values of flow model fing constants

Tuning constant| Value | Tuning constant| Value
Ckino 0.60 | Csin 0.08
CTino 0.45 | Csex 0.02
Ctdo,T 0.55 | Ctos 0.05
Crdm, T 1.0 Cidm.S 1.0
Cpkk 3.5
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Figure4.4 andFigure4.5 shows that the overall behaviour of the model is quite
satisfactory in the comparison with 3D outcomes, for botlatiadysedperating
conditions. Although the simulations were carried out for the entire engine cycle,
only between360 and 90 CAD ishown becausén thisangular ar¢he spark

ignition startsThe mean flow velocity, the tumble number, the swirl number, and the
turbulence intensity denote a very good agreement with the related 3D profiles,
during most of the engine cycle. The mean flow velocity, tumble and swirl, increases
during the intake phase due to incoming flow through the intake valve. According to
expecations, those velocities appropriately scale with engine rotational speed,
passing from 1200 rpm to 1900 rpm. After a partial decay during the ending part of
the intake phase, mean flow velocity persists and even accelerates near TDC because

of the swirl notion speeding up. The swirl radius reduces, approaching the TDC, due
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to the smaller volume available in the combustion chamber, so for the angular
momentum conservation, the swirl velocity enhances. The squish is not directly
described by a dedicated etjan, but its effects are indirectly taken into account as
energy lost in the decay of the swirl.

As emerged from 3D analyses, tumble momentum presents comparable components
around two principal axes {xxis and yaxis) perpendicular to the cylinder symnyet

axis (zaxis). For this reason, those momentum components are combined according
to:

(423)

For sake of consistency, the absolute values et@Dputed tumble number are
compared to 3D results Figure4.4b andFigure4.5b. The OD predicbn appears

guite poor during the intake phase, due to its incapability to reproduce multiple and
unstructured tumble eddies generated during this phase in the engine under study.
The model accuracy drastically improves during the compression stroke, where
tumble collapse towards TDC is quite well captured.

Looking atFigure4.4c andFigure4.5c, the tumble and swirl number profiles are

overall satisfactorily reproduced during most of the engine cycle, with a higher
accuracy towards the ending portion of the compression stroke, when the contribution
of those motions to turbulence generation become more relevant. The turbulent
intensity is satisfactorily predicted in the OD pattern over the considered portion of

the engine cycle. During the intake phase and the early stage of the compression
stroke, OD @rbulence prediction mainly relies on accuracy in the simulation of mean
flow velocity. Near to the TDC, the characteristic spapdf turbulence intensity is
captured by the model through the cascade mechanisms of kinetic energy from
unadered anardered flows to smaller scales.

4.2.1 Comparison with G3uite turbulence model

In this section a comparisaf OD resultdetweerthe abovementionedK-k-T-S
turbulence model and the commercial code embedded in tHeuiEdv.2016tool is
shown with the purpee to evaluate pros and cons of botfbulence models

TheK-k-Umodel calibration isompletedwith the purpose to match the peak of in
cylinder turbulence intensity in the crank angular degrees range in which the
combustion starts. The calibration strategy is a trial and erroarmha no case
dependent specific tuning is approached.
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K-k-Umodel available in GIPower v2016 does not permit to tune the tumble and
swirl evolution inside the cylinder during the compression stroke. hiP@Wer

v2019, a tuning constant was introduced which allows to modulate the tumble decay,
but this is not thease of swirl motionK-k-Umodel initialize tumble and swirl by the
steady related coefficients of intake valve/port, obtained by experimental tests or by
3D steady simulations. In the case of the considered engine, tumble coefficient data
were not availale, while the 0D predicted swirl was too high compared to the one
evaluated through 3D simulatiosmong the pros of this model there is certainly the
possibility of calibrating it using lesaningconstans, seeTable 4.5, butthe K-k-U
modelis not ablgo obtain the same results as Kx&-T-Soneg both with regard to

the ordered andnordered flowsTheK-k-T-Smodel needs to be calibratbg more

tuning constants, but this obstacle is easily avoided by using a calibration strategy
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thatis presented in sectichi4.3.5 In addition K-k-T-Sturbulencemodel is able to
replicate incylinder flow motion for all engingype tumble and swirlassisted one,
just by intervening on the proper tuning constants.

Table4.5 - Values oK-k-8 model tuning constants

Tuning constant| Value | Tuning constant| Value
Ci 3.0 C, 3.0
Cs 03 Crumb 1.0

4.2.2 Comparison withk-k-T turbulence model

In this section a comparison of 0D results betweekKtkel model and th&-k-T-S

one isshown The K-k-T turbulence models apreviousstep of the turbulence model
developed during this research activityesenteaxtensively in5]. It considered not
only an equation for the kinetic energy of the mean fléyand one of the turbulent
flow, k, but also an equation for the specific angular momentum of the tumble
motion, T. In tumbleassisted Sl engines, this model is highly recommended, but in
the engine under exam, where the combustion chamber is in the piston crown and the
cylinder head hasféat geometry, the flow motion during the intake phase is mainly
governed by thewirl motion rather thatumbleone.Figure4.8 andFigure4.9 depict
the comparisons between the results of the pres&rke@S model and the ones of
theK-k-T variant. The figures show that the novel madedble toobtaina better
prediction of mean flow kinetic energy around the FTDC. On the oppositi; ke
model does not perceive the effect of swirl motion in sustaining the mean flow
velocity when the piston moves around the FTDC. This reflects in an improved
turbulence estimation by thék-T-Smodel, especially for the higher rotational
speed.
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4.3 Fractal combustion model tuning and validation

Themodel of the engine under study is developed within a 0D/1D environment,

where the engine is schematized through a network of 1D pipes and OD volumes. The
turbocharger system is handled by a standardimagpd approach, whereas the in
cylinder phenomena@ described by refined,-imouse developed, phenomenological
submodels for turbulence, combustion, and heat transfer.

To reproduce in the 1D model the same operating conditions experienced in the
experimental campaign, some control parameters are igh@sse simulation input.
More specifically, the fuel is automatically metered to match the measured air/fuel
ratio, whereas two PIDs are introduced for load control. The former acts on the
turbocharger wastegate opening, which targets the measured bebsthe latter
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modifies the throttle valve position, following the measured BMEP level. The
experimentallyderived MFB50 is imposed in the simulations, iteratively adjusting
the SA at rurtime, until the prescribed MFB50 is matched.

4.3.1 Laminar flame speed gelation
As alrealy pointed out, for the estimation of the burn rate, a laminar flame speed
correlation is requiredlhe laminar flame speed experimerdatived correlation
presented in sectidh4.2is utilized recalled here:
Y %iYm Y ~ 1
N f

(44)

In the experimental activity, the fuel injected in the combustion chamber is a CNG,
whose average composition is summarizet@iahle4.6. The fuel ismainly composed

by methane (84.78 %) and ethane (8.88%), with a similar percentage of molecular
nitrogen (1.90 %), propane (1.88%) and carbon dioxide (1.87%). The remaining 0.69
% is composed of 4 minor species. Depending on the feedstock quality, soline sma
variations may however occur.

Table4.6 - Composition of CNG used in the experiments.

Fluid Volume percentage
Methane 0'® 84.78 %
Ethane 0,Q 8.88 %
Nitrogen 0> 1.90 %
Propane 0:Q 1.88 %
CarbonDioxide 0 1.87 %
N-Butane 0400 0.50 %
N-Pentane 050> 0.08 %
Helium ‘0Q 0.07 %
N-Hexane 06 Q4 0.04 %

In order to better assess the impact of the CNG composition, and particularly of the
ethane and propane content®na preliminary analysis is carried out. To this aim,

two different fuels are considered, the former is composed of pure methane (with
G1=6,=0), the latter is a mixture of propane, methane and ethane, with a percentage of
89%, 9%, 2%, respectively (laballéen the following as CNG surrogate). The
correlationpredicted influence of the equivalence ratio on the laminar flame speed is
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represented ifrigure4.10 at various temperature and pressures, for pure methane and
CNG surrogate. Thg_differences betweepure CH and the blena@re negligible.

Minor differences only occur under velgan or veryrich conditions. In the light of

the above comparisons aocdnsidering that the tested engine works under dlmse
stochiometric conditions, it was assumed to treat the CNG as a pure methane for the
S calculation, neglecting the presence of any other species.
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Figure4.10- Comparison of the predicted laminar flame speed as a function of the equivalence ratio for pure methane and CNG
surrogate.

4.3.2 Model tuning

The combustion model is firstly tuned at full loaakve to minimize the overall
speedaveraged error between the computed and experimental characteristics
combustion angles. To this aithyeetuning constants have to be specified, each of
them acting, as said, on a specific phase of the combustion praaessdy the

transition between an initially laminar to a fuliyrbulent combustion, the fully
developed flame wrinkling, and the combustion tail. Using aamalerror

procedure, a single set of tuning constants is identified, following the steps pidesente
in [6], whose tuning constants are defined in se@id2

1. MFBjos0 error is minimizedy ¢y« adjustments
2. MFBo.10 error is controlled b¥yans tuning;
3. MFBsq75 error is minimized by a propey,c selection.

In Figure4.11, the results of the fulbadcurvetuning procedure are reported in
terms of characteristic combustion events, namely SA, yJIB-Bso, and MFBs.

Since the MFBy is always hard to measure experimentally due to the inaccuracy to
catch the end of combustion, Ms considered to adjust the speed of the
combustion tail.

Since the MFBy is imposed in the calculations, the combustion modaligcy can
be mainly appreciated in terms of experimental/numerical comparison on the SA.
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A slow initial burning rate, expressed as [MBA] duration, is evident in the

results. Being the considered engine retrofitted from a Cl application, a low
turbulence level is established inside the combustion chamber, which lengthens the
transition from an initially laminar to a fulyurbulent combustion. Since the
phenomenon is directly considered in the model, a good match of both the SA and the
MFB1o can be observed. The burning speed during the combustion core, expressed in
terms of [MFBo-MFB,], is also very well reproduced.
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--#-- Model

35 —
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Engine Speed, rom

Figure4.11 - Experimental vs numerical comparison of characteristic cotidnuangles at full load.

4.3.3 Model validation

Once tuned at full load, the combustion model is applied to the analysis of all the
other operating points listed irable4.2, using the same set of previously defined
tuning constants. Firstly, the model validation is proved in terms of global
performance, where the Root Mean Squared Error (RMSE) is presented as a global
indicator of the model accuracy.

YO YO a o Jo

(45)

To show the model sensitivity to the engine loadsigure4.12-Figure4.18, the five
load levels tested at each speed (&#ae4.2) have been differenced by various
symbols and colours.

In Figure4.12 the measured and computed air flow rates are compared. The RMSE is
rather low (10.92 kg/h) and all the analysed points are within the error band + 5%,
denoting an accurate schematizationhef éngine geometry, of the turbocharging
system, and a proper specification of the valve flow coefficients.
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The experimental/numerical correlation between the main combustion events is
reported inFigure4.13-Figure4.14, while inFigure4.15is shownthe burn duration.
Globally, the model produces witlogd accuracy the prediction of all these

guantities. In particular, the SA is welhptured with an RMSE of about 1.15 CAD
(Figure4.13). Since the lod spans from 20% to 100% of the full load, this result can

be considered excellent, being the model capable to perceive the progressive advance
of the spark timing at reducing load. This is obtained thanks to the ability to consider
the superimposed effecof the simultaneous decrease e€yfinder turbulence,

pressure and temperature. The good accuracy in the prediction of combustion phases
for all load levels is further confirmed Ibygure4.14 in which the

numerical/experimental correlation of MikBs shown. Even for the MFRBthe

accuracy is very good, in fact, the error never exceeds 2 CAD for all the prescribed
loads, with an RMSE of 0.84 CAD.

The burn duration is again considered between 10% and 75% of the fuel burned. In
Figure4.15, the burn duration prediction is good in comparison withmeasured
counterparts, with a RMSE of 0.77 CAD, confirming the robustness of both
combustion and turbulence models.
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Figured.12 - Experimental vs numerical airflow rate comparison.
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Model Spark Advance, CAD ATDC
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Figure4.13 - Experimental vs numerical spark advance comparison.

The above combustion results can be considavedall satisfactory, taking into
account that no caskependent tuning is applied, and the assessmeanties both
full and part load operating points. The globally appropriate accuracy in the
combustion process description is confirmed by the numerical/experimental
comparisons of peak pressure level, depictdelgare4.16. The peak pressure level
IS to some extent overestimated / underestimated at highlodmly but always inside
a range of £5%, with an RMSE of 0.74 bar.
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Figure4.14 - Experimental vs numerical MigBomparison.
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Figure4.16 - Experimental vs numerical pressure peak comparison.
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As a further confirmation of the model reliability in terms of wall heat transfer, flow,
and combustion prediction, the BSFC comparison is reportégjime4.17. All the
operating points are included in the band + 5%, with an RMSE equal to 2.31 g/kWh.
The highest errors occur systematically at low loads, where the fuel consumption is
slightly oveestimated.

In Figure4.18the correlation between experimental data and numerical results on
turbine inlet temperature is shown. The accuracy is godd an RMSE equal to

15.9 K. A little overestimation for low load levels is observed, but numerical results
are always in the range of 5% of deviation, depicting a good calibration of both in
cylinder and exhaust pipes wall heat transfer.

An additionalexperimental/numerical comparison concerns the &issions,

reported inFigure4.19. The extended Zeldovich mechanism, applied without any
tuning,demonstrates to be reliable enough in sensing both load and speed variations,
with a RMSE of about 109 ppm.
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Figure4.19 - Experimental vs numerical N@w emissions
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Figure4.20 - Experimental vs numerical comparison e€ytinder pressure traces and burn rates at 1100rpm@ 19.5 (a), 11.7 (b), 3.9
(c) BMEP.

A more impressive check of the simulation reliability is given by the
experimental/numericalomparisons of the pressure traces and the related burn rates,
shown inFigure4.20-Figure4.22. In particularninerepresentative operating points

from Table4.2 are selected, alifferent engine speeds and loads. The black lines
represent the experimental traces, whereas the red ones correspond to the model
outcomes. The comparison is done for mean pressure cycles, experimental traces are
obtained for 200 firing cycles with a pertual error of 1%.

The agreement between experimental/numerical pressure trends is quite good in
terms of global shape, timing and peak levels for all the analysed operating points.
During the compression stroke, a slight underestimation of the pressues IS
visible with a higher extent at increasing load. The underestimation of the pressure
traces could be probably due to the prediction of a slightly faster combustion, with
delayed beginning, which reflects in lower pressure levels around the TRids At
stage of the researelttivity, a model of kernel development is not considered, but
this is expected to improve the model predictivity. Another possible reason for
pressure mismatch around the TDC could be some inaccuracy in the experimental
measurment of the boost level, which is targeted in the model by the turbocharger
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WG control. Regarding the burn rate, the model well follows the experimental
profiles, detecting the evident slesdown when the load decreases. The demonstrated
accuracy of the cobustion model, as already mentioned, mainly relies on the
capability to perceive superimposed effects efyhnder, turbulence, pressure,
temperature and residual content.

For sake of completenedbe 1D simulations are repeated with experimental SA
imposed and the corresponding results are plott€aginre4.20-Figure4.22 with blue

lines. In this case, the model tuning is kept unchanged toahtarecomparison with
results with MFB50 imposed. The figures put into evidence that the model accuracy
slightly worsens when imposing the SA instead of the MFB50. This modelling lack is
expected to improve with a better description of the early conadoustage, including

the flame kernel formation and development.
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Figure4.22 - Experimental vs numerical comparison e€ytinder pressure traces and burn rates at 1900 rpm@ 16.6 (a), 10.0 (b),
3.3 (c) BMEP.

4.4 Comparison with Eddy bup combustion model

In this section a comparison of the results obtained by the two -abertoned
predictive combustion model, the fractal and the eddy-bprane, is described. The
aim of thisactivity is to evaluatéhe predictive capabilities of both combustion
models n terms of characteristic combustion events and burn rate profiles.

The formulation of the considered combustion models and their main differences
have been discussed in the sec8oh However, in order to carried out a proper
assessment, some common aspects are preserved. In particular, they are coupled to
the same turbulence suodel, laminar flame speed correlatemdlaminar flame

front area evaluation.

Turbulence parameter required by the combustion models are derived by the-same
k-T-Sturbulence model, due to its better reliability for this type of engine. The
laminar flame speed is computed by the same numerical correledjoation(4 .4),

for the same fuel compositionggble4.6).

Combustiorstart can be specified in a 1D model in two different ways: the measured

SA is directly assigned, and the M{s numerically estimated, or, alternatively, the
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experimentallyderived MFB, can be assigned. In the latter case, the SA is changed
at each simlation period through a controller, until the computed NFBatches the
experimental value. This option is followed here, in order to ensure a combustion
development with similar Heylinder conditions for both combustion models. Model
accuracy is hencestimated in terms of predicted SA and combustion durations.

In a first stage, the combustion models have been tuned at fulskettigure4.23,
then the identified optimal constants for both models, reportédlae4.7, are kept
fixed for all 25 operating points.
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Figure4.23 - Experimental vs numerical comparison of characteristic combustion angles at fuif loaith combustion models.

Table4.7 - Identified tuning constants for fractal and edolyrn-up combustion models

Ctrans 1.5
<
8 | Cax | 0.1
L
Xwe | 0.3
Ck 0.2
o
=¥
'LCUS = Cs 3.6
m
Ct 5

Model validation is then assessed in terms of global performance parameters, such as
the volumetric efficiency, BSFC, 1aylinder peak pressure, etc. For sake of brevity,
the validation data are here presented in terms of numerical/experimental BSFC and
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maximum in-cylinder pressure comparisons, as reportdélgnre4.24 andFigure
4.25.
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Figure4.24 - Numerical/experimental comparison of BSFC between the two phenomenological combustion models
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Figure4.25- Numerical/experimental comparison péak pressuréetween the two phenomenological combustion models

Once tuned, the eddy buup model almost provides the same resilte eddy
burn-up modeldenotes a good agreement with the experimental BSFC ddth,a
percent errowithin a range of £2%, as well as the fractal model dhe. model
accuracy can be considered adequate to support the consistency of the analyses
presented in following.

Regarding the combustion evolutidhe differences between the two modsds be

more clearly evidenced in the next figures. To this aim, the numerical/experimental
comparisons, in terms of Spark Advance, Mé&Band MFB7s are proposed in
Figure4.26, Figure4.27 andFigure4.28. In those figures, the fractal and eddy burn

up model outcomes are compared with the experimdatal To quantify the

accuracy levels, the mean squared error on the duration of various combusti@n phase
Is computed. It can be observed thaatisfactory tuning has been effected on both
models, with a similar RMSE.
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Figure4.28 - Numerical/experimental comparison of Migi between the two phenomenological combustion models

As general remark, it can be underlined that the predictive capability of both
combustion models is quite similar.
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A further verificationof the good predictiveapabilityof both combustion models is
madeby the comparison between the presdtgadsand burn rate resulting from the
two modelsn Figure4.29, Figure4.30 andFigure4.31. The plots confirm the good
capability of both models in describing the combustion process along its whole
development and completion
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Figure4.29 - Experimental vs numerical comparison a€ytinder pressure traces and burn rates at 1100rpm@ 19.5 (a), 11.7 (b), 3.9
(c) BMEP.
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Figure4.30 - Experimental vs numerical comparison etytinder pressurgaces and burn rates attDOrpm@ 19.5 (a), 11.7 (b), 3.9
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Figure4.31 - Experimental vs numerical comparison e€ytinder pressure traces and burn rates at 1900rpm@ 19.5 (a), 11.7 (b), 3.9
(c)BMEP.

Regarding the tuning effort, the fractal approach is simpler to calibrate since each
tuning constant exerted a quite isolated effect on a single combustion process phase.
Theeddy buraup model is less intuitive to calibrgtpresenting a more diffudt

tuning effort, as a consequence of the relevant constant coupling. Despite this, the
results underlined that the main combustion events are satisfactorily predicted by
both models in comparison with experimental data.

4.5 Summary of the research activiag S| heawguty engine

The main topic of thisesearch activityvas to enhance the predictive capabilities of a
fractal combustion model, through the coupling with an appropriate turbulence model
suitable for large bore engines, including swirl motioeriactting with the squish

motion as turbulence production source in addition to tumble collapse. The developed
models are adopted to simulate the operation of an S| CNG oedyengine

retrofitted from a CI Diesel engine, where intake port and pistoresty@pconceived

to promote swirl motion within the cylinder.

TheK-k-T-Sturbulence model is tested for the two different engine operating
conditions, and validated against-8-D simulation results under motored
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conditions. Despite the difficulties ohescribing in a 0D pattern a complex 3D flow
motion, the model quite well reproduces the mean flow, tumble, swirl and turbulence
intensity profiles during the phases most relevant for combustion prediction, that are
intake, compression and expansion phaseomparison between three turbulence
model is described, tHé-k-U) K-k-T and theK-k-T-Sone. The first two are surely
indicated for their reduced effort in the calibration strateggyexpress their best only
within a class of enginethe tumbleasssted one. In tis case, th&-k-T-Sturbulence
modelwas able to obtain better results than the other two, despite the less
comfortable calibration strategy. In addition, this model can be fitted for any type of
engine, light and heavwyduty.

Theturbulence model is hence embedded in a phenomenological combustion model
to simulate the engine behaviour under various operating conditions, different in
terms of rotational speed and load. Once tuned, the fractal model accuracy was
verified in terms oboth global performance, combustion phasing and pressure traces
against an extensive experimental dataset composed of 25 operating points. The
results underlined the model capability in predicting air flow rate and BSFC, with a
reasonable error band of +2%@oncerning the pressure traces and the burn rates, the
experimental/numerical agreement is satisfactory in all operating points. This also
reflects in a good prediction of the main combustion events and durations. It is worth
to underline that the ressltvere obtained using a unique set of tuning constants for
all the operating points, demonstrating that the physics behind the model is accurate
enough to utilize it in a predictive way.

Another predictive combustion model, the eddy buprone, is testet evaluate its
predictive capability against the fractal approach. A detailed comparison between the
two models, both coupled with the same-sutdel for turbulence description, has

been carried out. The proposed assessment of the combustion modelsechtient

their degree of accuracy is comparable. However, the fractal model showed a reduced
tuning effortthan the eddy burap one.
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5 Ultra-lean prechamber Sl engine model validation

The second study carried out during this PhD Thedscused on the assessment of
the turbulence and fractal combustion modelsroula-lean active prehamber Si
heavyduty engine fuelled with CNG.

As well as for the conventional Sl engjriee aim of thisanalysids to give a
contribution to the improvement of the combustion model applied to an active pre
chamber ignition system specific for SI Heedyty (HD) gas engines. In this
perspective, the objective of thastivity is a first evaluation of the potential of the
guastdimensional fractal comistion model in a HD gas engine, to be implemented
in predictive 1D simulation tools.

5.1 Single cylinder engine description and experimental setup
The experimental testing was condudbgd_und University research teamith a
Direct Injection (DI) researcBingle Cylinder EngingSCE), converted from a
Scania D13 &ylinder engine, at the Combustion Engine Laboratory of Lund
University.

TheTable5.1 lists the major SCE specifications. The long strok&aifmm,

combined with the arrangement of the valves with the intake port and the combustion
chamber shape, allows the SCE to obtain a charge motion level comparable to state
of-the-art series productiomtbocharged engines.

Table5.1 - Singlecylinder engine specifications.

Single-cylinder pre-chamber engine
Displaced volumgcm? 2124

Stroke mm 160

Bore mm 130
Connecting Rodnm 255

Compression ratio 12.09

Number of valves 4

Prechamber volumecn? | 4.67

Prechambeiorifices 6
Orifice diametermm 1.4
Ajet orifices[Vprechamber cmt | 0.020
VprechambelvTDC, % 2.44

Exhaust Valve Open 16.4 dedbBDC
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Intake Valve Close 31 deg aBDC
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Figureb.1 - Schematic diagram of the engine

In Figure5.1, the SCE schematic diagram is répdy for which the prehamber is
equipped with 6 CFD optimized holdsidure5.2). The prechamber system was
installed in the single active cylindethereas the remaining cylinders were
deactivated by drilling holes in the respective pistons.

W)

Figure5.2 - Schematic of lower part of the pehamber

The prechamber engine is fed by CNG and thelfs supplied to the engine both

with the inlet port and directly into the pchamber. The gas pressure for the pre
chamber injections kept 250 mbar higher than intake pressure using a pressure
regulator. The check valve opened when the pressure differencecibetve supply

and the cylinder exceeded 400 mbre fuel used in this activity wasitural gas, at

a pressure of 3.6 bar, from the seutbst Swedish grid. Natural gas composition
varies slightly over time depending on the original souredle5.2 shows the

average and standard deviation for the time frame when the tests were carried out.

Considering the environmental condition, theake air was supplied by an external
compressor wit a pressure capability up to 11 bar which guaranteed a stable source
of pressurand aPID-controlled external air heater ensured stable intake air

temperature with an accuracy of 9.5
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Table5.2 - Fuel compsition and main properties

Fluid Volume percentage STD
MethaneCH, 91.04% 2.98
EthaneC;Hg 5.06% 1.22
PropaneCsHs 1.80% 0.98
I -Butane i-C4H10 0.32% 0.15
n-Butane RC4H10 0.47% 0.27
I -Pentane +CsH1» 0.11% 0.06
n-Pentane +CsHi» 0.08% 0.05
Hexane CsHi4 0.05% 0.02
NitrogenN; 0.29% 0.01
Carbon DioxideCO, 0.77% 0.22
Fuel properties STD
Methane Number] 76.33 8.15
LHV [MJ/Nm?] 38.89 1.28
Normal Density [kg/Nrf] 0.8048 0.0336

Concerning the experimental agi, he spark timing intervals wekariedfrom -12
CAD aTDC andexploringthe widest possible interval that maintained sufficiently
stable combustion. The step between different spark timings was 2 CAD, and for

gl obal @&
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Figure5.3 - Flow chart illustrating the test procedure

In Figureb5.3 the test procedure is illustrated thye use of dlow chart The

procedure to start the engine is to first motor the engine at the fixed inlet pressure of
1.2 bar. PFI and prehamber fuel e activated simultaneously and subsequently the
spark.

Prechamber fuel flow is determined by the pressure difference between the fuel line
and the cylinder. The fuel injection in the intake manifold is controlled by the PFI
duration. Both PFI and DI fu@hjections affect the IMEP to some extent. An iterative
procedure becomes necessary: if lambda is below the target, intake pressure is
increased. This affects the IMEP which, if necessary, can be adjusted using the PFI
duration.

Other measurements, suchtamperatures and fuel flow, were sampled every two
seconds, for a total of one minute per operating point. Mean values based on these
recordings were used for post processing.

The aim of this activity was to validate the model for an active-ldtana pre

chamber engine, so the most significant operating points are evaluated. Four
operating conditions that include different-fiiel ratio at the same load and different
loads athe samewere considered reasonably sufficient to assess the robustness of
the fractal model applied to this engine tylWRin specifics of those operating
conditions are listed ifable5.3.
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Table5.3 - Experimental specifics of the analyzed operating conditions.

Feature C02 C08 Ci3 C21
o 15 17 19 15
SA[CAD aTDC] -10 -12 -14 -10
IMEP [bar] 10 10 10 15

Engine speed [rpm 1500 1500 1500 1500

5.2 Engine model validation

A 1D model of the engine under study is developed within a 0D/1D modelling
environment, where the engine is schematized through a network of 1D pipes and 0D
volumes. The ircylinder ph@omena are described by refinedhmuse developed,
phenomenological suimodels for turbulence, combustion and heat transfer. In
particular, the MC of the engine is schematized as a variable 0D volume, connected
to the constant volume PC through an oefitts diameter is assigned to realize the
same overall crossectional area as the real PC holes. Mass and energy balance
equations are solved in both volumes, and a filling/emptying method is used to
estimate the mass exchange between them, based suarpragference, overall
crosssectional area, and discharge coefficient of the orifice.

The flame speedy, is evaluated by a numericaltierived correlation, function of

the thermodynamic state, equivalence ratio and charge dilution, detailddTihif
correlation was derived by 1D flame simulations for blends of methane, covexing a
range between 0.77 and 1.66. For the scope ofdbéarch activitysince thealevels

for some oprating conditions (C08 and Cb8Table5.3) exceed the above range
validity, an exponential law is used to extrapolateShealues, in a manner similar

to the method presented @

Since cylindetout emissions are evaluated a brief description of emissions models
used in this resedn@activity is mandatoryT'he estimation of NQis realized through

a multtzone approach for the burned gas. The local temperatures are applied to
evaluate the time evolution of the N@ccording to the weknown extended

Zeldovich mechanisnB]. The approach adopted for N@rediction does not

consider neither nitrous oxide or prompt mechanisms, or any interaction of chemistry
with turbulence. Despite the simplifications above mentioned, the methodology
proved performing in an adequate manner under both stoichiometric igridae
conditions, as shown id]. Regarding the unburned hydrocarbons (UHC) simulation,
the model considers emissions related to both filling/emptying of crevloenes

and flame wall quenching, as detailed%h [The estimation of uUHC emission from

the crevice regions is realized through a simple filling and emptyingihjigid only

considering as crevice the volume between the cylinder liner and the top land of the
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piston ring pack. The temperature of the unburned gas trappi@d wolume is
imposed equal to the piston wall one, while the pressure within the crevice is
supposed equal to the cylinder one. The evaluation of uHC source from flame wall
guenching is achieved employing a simplified model, where the flame wall extincti
distance is estimated by the correlationih During the simulation, the area swept
by the flame front is determined assuming a spherical propagationftdrtiesfront.
The current version of the model does not consider the uHC formation from bulk
flame quenchingq]. The partial oxidation of the uHCs from crevices #ade wall
guenching is achieved according to the kinetic rate proposé&q in |

The phenomenological model was validated through comparisons with both
experimental and 3D CFD data for the four engine operating points listedlia
5.3.

5.2.1 3D-CFD/0OD modelomparison

Since the pr&ehamber was not sensed for pressure analysis, also a comparison
between 3BCFD and OD simulation resulkgs been approachdsrstly, the result
of in-cylinder turbulence intensitig presentedthena comparison between-in
cylinder and prechamber pressure trendsstsown

Before showing 0D results, some details abowHCG3D calculation procedure are
mandatory. Those are carried out according to the methodology preseritéjd in [

First, the ga®xchange process is simulated only in thegiv@mber region from
SOHto-IVC. The aim is to correctly predict the fuel quantity remaining inside the
pre-chamber after thdirect injection process with minimal computational costs.
Then, the whole closedhlve domain is considered for the povegcle simulation. A
flame area evolution model is used to describe the flame propagation, while a
deposition model is employed tommic the ignition.

Numerical3D-CFD simulations are carried oby PoliMi research teamith the

RANS approach, and theUmodel is used for turbulence. Two different meshes are
adopted. The constamblume gas exchange of the fmeamber is performed on a

mesh composed of 300k cells, with a general Cartesian structure. Here, the grid size
inside the prechamber body is about 0.5 mm, with a spherical refinement around the
sparkplug (0.25 mm of cell side). A similar grid size (0.25 mm) is also employed
inside the nozzles, to properly capture the evolution of the flow jets. On the other
hand, a jebriented mesh structure in the maimamber is used to simulate the
powercycle stage. In this case, the number of cells spans from a minimum value of
390k (TDC) b a maximum of 1.3 min (IVC), since a dynamic layering technique was
adopted to accommodate the piston motion.
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The first stage of the OD model validation is focused on the turbulence intensity
prediction in comparison with 3D results.
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Figure5.4 - Comparison of @ predicted turbulence intensities in PC and MC under fired conditions.

In Figure5.4 a comparison between the turbulence intensity computed by the 0D
model and the one resulting from the massraged turbulence intensity field in the
3D-CFD model isshownduring compression and half of expansion stroke. The
agreement is satisfactofgr the MC (continuous lines) during the compression phase
and, in particular, before the firing TDC, where a typical turbulence speede to

the collapse of tumble motion occufhie OD/3D assessment is quite well taken
during the combustion (betweebaut-12 and 14 CAD) except for the very last
phase. In 3D results, a tight turbulence peak in the MC is observed just after the TDC,
due to thdurbulence jets ejected by the ymlgamber. This turbulence production
occurs in a confined space of the contlmischamber (along jet peripheries) and is
averaged over the entire cylinder in the presented reAult®. model is not able to
capture this spatial inhomogeneity of the turbulence field. The 0D model is tuned to
match the rising phase of the turbulepeak after TDC trend, but this choice also
determines a slower decay.

Concerning the prehamber results (dashed lines), the turbulence increases during
the compression stroke, as a consequence of the incoming flow from the main
volume. The PC turbulengeak around the TDC is in good agreement with the 3D
simulations. Starting from this stage, another turbulence peak arises which can be
related to the incoming flow from the mashamber

A 5% error for average valuesdsnsideredcceptable, while fonstant values the
margin is wider. For the purpose of combustion prediction in Rashecessary to
focus on 0D/3D turbulence comparison in the angular range betd®&amd-5

CAD, where the agreement is good. After TDC, therenglar 0D/3D differere,

but the combustion is already finished and hence this does not affect combustion
model outcomes.
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Figure5.5 - Comparison between 3DFD and 0D model results of pressure and apparent heat releaseifoestigated conditions
(Table5.3)

In Figure5.5 a comparisometween 3ECFD and 0D/1D pressure and apparent heat
release rate profiles shownfor all test cases dfable5.3. Theblack lines represent

the 3D traces, whereas the red ones correspond to the 0D model outcomes. The
agreement between 3D/0D pressure trends in-njeamtinuous line) and pre

chamber (dashed line) is satisfagtin terms of global shape, timing and peak levels
for all the analysed operating points. More specifically, the 0D model pressure results
in the prechamber quite well agrees with 3D counterparts, denoting a good
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calibration of the first part of the cdouastion, governed by turbulent jets. This is
relevant also considering that no experimental data is available about-the pre
chamber.

Looking to the apparent heat release rate in the-gfsamber, the 0D model well
follows the slow initial burning rate &D simulations, whereas a systematic faster
completion is predicted. This misalignment is probably related to the simplified
schematization of the combustion chamber for the laminar flame area derivation
adopted in OD simulations.

5.2.2 Experimental/OD model cqmarison

In this section a comparison between experimental data and OD simulation results is
presented.

The comparison between experimental (black line) and OD numerical (red line) trends
of pressure cycle arfalirn rate in the maichamber for all operatingoints ofTable

5.3is shown inFigure5.6. In the first three cases (C02, C08 and C13) it is possible to
note the effects produced by a variation of the main chamber air/fuel ratio at fixed
engine load. The figures highlight that tineasured trends of cylinder pressure and
burnrate (normalized with the total fuel mass) are well reproduced by 0D
calculationsFor further information on the effects of the different parameters please
refer to[11].

It is worthwhile mentioning that the combustion model parameters related to the pre
chamber are identified exclusively on the basis of previously discussed 0D/3D
comparisons, without any experimentatlification. Nevertheless, the first stage of

the main chamber combustion, which is produced by thevegitity jets of hot

gases penetrating the chamber, appears to be accurately portrayed. This can be
observed looking to the first ramp shape oflimn rate, which is rather well

captured in terms of both amplitude and duratshile the second stage of the
combustion process is represented by the turbulent flame propagation inside the main
chamber after the depletion of the ywteamber jets of burneghsesThis is well
reproduced by the simulations in the casesat5. The model perceives the slower
combustion speeds when the mixture is leaner, even if with an excessive extent

During the turbulent combustion model calibration, the strategy wasetone set of
tuning constants to reproduce all the operating points. For this rehs@hdve
combustion results can be considered satisfactory, taking into account that-no case
dependent tuning is appliethe average error on the-aylinder peak presure is of

4%, with a maximum error of 6% for the case C21.

In the next figures comparison between experimental and 0D numerical results of
IMEP, exhaust gas temperature, Nbd HC emissions shown
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Figureb5.6 - Comparison between experimental data and OD model results of pressure and burn rate for all investigated conditions
(Tableb.3)

Theglobally adequate accuracy in the descriptbthe combustion procesand wall
heat transfeis put into evidencdy the numerical/experimental comparisons of
IMEP, shownin Figure5.7. IMEP is well predicted for cases at larIMEP, while it

is slightly overestimatedt 15barIMEP, with a RMSE equal to 0.32 bar.

As a further confirmation of the model reliability in terofsheat transfer, air/fuel
ratio and combustion predictions, the numerical/experimental comparison of exhaust
gas temperature is shownFigure5.8. As expected, the exhaust gas temperature
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