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Preface

This PhD thesis was writteantirely by meas the summary of search work that was
done during past years (from 2010) withimtensive cooperatioaf the Chair of IC Engines
and Motor Vehicles withAVL List GmbH. A numberof comprehensivand detailreports
that wereinternally exchangegdeveryfew monthswere very helpful for the final dissertation
shape.

All new ideas and improvementd the simulation nodel presented in this thesse
originally ming and aredefinedby using the knowledge gained at the Faculty of Mechanical
Engineering and Naval Architecture (durititge undergraduate, graduate and postgraduate
study), by using thespecified literature and insightsobtained from the attendance of
international conferences related tbe internal combustion engines and automotive
engineering. The developed sulmodels for turbulence,gnition and combustion are
integrated into thelevelopment version dhe cycle-simulationmodel of AVL BOOSTand

will be available in the commercial versiohthis softwaren future

ORPLU 6MHULU
Zagreb, Novembe2014




Summary

The research and study presented in this thesis are related to the modeling of
turbulence, ignibn and combustion phenomenatbé cyclesimulation of Sl enginesThe
developed suinodels for the turbulence, ignition and combustion process of Sl engine are
integrated ito the cyclesimulation code AVL BOOSTand the cyclesimulation results of
several Sl engines are compared with the avaighleCFD and experimental data

Modeling ofthein-cylinder turbulencavas performed with theingle and two zonk-
aturbulence modedpplicable tahe GD approachFirst, the single mnek- ceurbulence model
wasdeveloped and appliatliring he high pressure cycle withitial results ofthein-cylinder
turbulence athe intake valve closurgpecified from the B CFD results. A developed two
zone urbulence model wasppliedduring the combustion period with the cylinder mixture
divided into aburned and unburned zon&he calculation of combustion process was
performed using the quadimensional combustion model based on the fractal theory. The
application ofthe two zone turbulence modelith unburned zone turbulence quantitised
for the definition of flame front propagatiqumopertiesshowed significantly betteeasierand
physically more accurate predictiontbe combustion process of Sl engiaedifferent engine
operating conditionsTo eliminate the model dependency oa thitial conditions that had to
be specified either from-B CFD or from the experimental data, the flbaurbulence model
for the entire engine cycle was developbdorder to avoidlie manual tuning of ignition
delayandthe transition from laminar tdully developed turbulent flamgom one operating
point to another, the new quatimensional ignition model was developadd a modified
calculation of transition time wasoposed andpplied inthefractal combustion modehfter
that, the parameterization tfe turbulence model constants and the parameterizatidineof
upper limit of fractal dimension are introduced into the cgoheulation model. In orgr to
find a single set of urbulence moel constants for one engine, aptimization proces$or
calculation of model constantgas applied. The validation ¢fie cyde-simulation model that
had asingle set of constants related to turbulence and combusitemodek of one engine
showed a good agreement with th® ITFD resultsat severatifferent opeating conditions
of Slengine.

The modeling of cycko-cycle variations(CCV) in combustion that occur 15l
enginewas performedby random variation ointake turbulence model mameterthatwas set
to follow the Gaussian distribution around the mean value. The-syul@ation model was

also extended so that the random variation of flow angle at the spark plug location from cycle

Vi



to-cycle can be consideredhe cyclesimulation rsults obtained with the single set of
constants and with the variation ofaglinder turbulence level and flow angle showed very
good agreement with the exprental data oMWaukesha Cooperative Fuel ResealCRR)

F4 engine atonsidered opeating pointshat represent low and high CCV in combustion. The
presented cycteimulation model includingthe developed sutmodels for modeling of
turbulence, ignition and combustion represents simple, fastvatigpromising solution for
modeling of engine output performand@g using a simulation of mean cycle or by using

CCV if necessary

Keywords: sparkignition engine combustion cycle-simulation turbulence, ignitioncycle
to-cycle variations
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SURALUHQL VDaAHWDN

,DNR MH VeghbiihWbzAlal pdyonjenih elektromotorima i hibridnim sustavima,
PRWRUL V XQXWDUQMLP L]JJDUDQMHP L GDOMH LPDMX JOD
SRWUHEQRJ ]|D SRJIJRZbhog ¥ YOIL P WVUIRAYIRIDINRQVNLK SURSLVD
emisija Wi LVSXaQLK SOLQRYD S UL RustaviQokédhisbianjaH izZvaXnog HP H QL
ubrizgavanja goriva FLOMHP VPDQMHQMD SRWUR&GQMH JRAAYD RGC
I optimizacija radnih p@ametara Ottoviimotora.

Zbog visoke cijeneksperimentalnilispitivanja na mtorima s unutarnjim izgaranjem
WH JERJ QDJORJ UD]YRINIR OWORPXQPO R QHHWRDQRP V QD BHLKY DW
se potrebg) D UD]YRMHP L NRULAWHQMBEHPOP MWIXIENIMXVYPRABOE
detalia NR U L & W dp@l Bojeslibih fizikalnih pojava QX PHULPpNH VLPXODFLMH >
motora s unutarnjim izgaranjem se mogu podijeliti na tri osnovne skupine:

1) sLPXODFLMVNL PRGHOL WHPHOMH@EDRD PHWRGL NR

2) simulacijski modeli radnog ciklusa temeljeni nd@10-D pristupu,

3) simulacijski modeli u stvarnom vremenu tzeal-time modeli.
SUHGPHW RYRJ LVWUDALYDQMD VX VLPXODFLMD/NO. PRGHO
pristupu. Prednost ov&/ UVWH Q X P H U L patiandotdra P @ddriim Negaranjem je
MoJXUQRVW VLPXODFLMH UDGD FMHORNXSQRJ VXVWDYD PRV
uz dovoljnu razinu detaljar opisufizikalnih procesa a unutar prihvatljivog vremenskog
RNYLUD SRWUHE@RYLIPXODRURPXQP PRGHOLPDstparggQRJ FLN
NUR] XVLVQH L LVSXaQH FLMHYL PRWRUD V XQXWDUQMLP
YROXPHQD SUL pHPX VH GLVNUHWL]DFLMD SU®RNKBEGL VDPI
WHUPRGLQDPLpNH ]QDpDMNH X FLOLQGUX PR\MBWPE UDpXQ
SULPMHQRPe MRHE P Da&E prvog glavnog stavka termodinamike. To
podrazumijeva da se prostorna diskretizacija cilindra motora ne provodi, a promjene pojedinih
ILILNDOQLK VYRMVWDYD X FLOLQGUX PRWRUDdakP pXQDMX
primjenjuje prostorna diskretizacija cilindra, simulacijski modeli temeljeni na ovakvom opisu
se nazivaju bezdimenzijski{D) LOL W H U P Rn@delQ B P LLpb|NiDzZn¥ Q@garanja u-0
D modelmaQDMpH&UH VH NRULVWH W]Yizgaxavjb. |K\adidhmeZijskM VNL P
modeli izgaranja su pegrupa @' PRGHOD MHU VH ]D SURb@ypakQiseWDQMD
RVOQRYQH WHUPRGLQDPLpNH MHGQD ®AEMH XERN XPXRIHDPM QP
utjecaj npr. pri izgaranju u Ottovom motoruoblodna ploha plamenavisi 0 geometriji
SURVWRUD L]JDUDQMD =£ERO RADINHX U\DY MQiki LEHHWDW @D NRML F
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SULOLNRP SURUDPXQD YHOLPLQQD VWDQMD X FLOLQGUX PR
modeli izgaranja postaju syp®pularnijiu simulacijama radnih ciklusa

SRpHWDN L]JDUDQMD X 2WWRYLP PRWRULPD GHILQLU
LIPHyX HOHNWURGD VYMHULFH ,JERMHP Hkbjd&N$ bdlgziQH LVN
LIPHYyX HOWXWHIIRGBH &g DPUGRMD MH]JUH SODPHQD NRMD
QDSUHGRYDWL NUR] SURVWRU L]JDUjp oMrjer RzG@lpriefdQR M D]
manjiod 5- PP SROMH VWUXMDQMD X SRGUXpMX VYMHULFH X
plamena u odnosuNS RpHWQL SRORADMVIYNWHFXFHO HNWWRMUHPHQR V(
SODPHQD EXGXuL GD VH QDOD]L X SROMX WXUEXOHQWQR.
QDERUDQD XVOLMHG XWMHFEDMD WXUEXOHQWQLK o/ UWORJI
XWMHpH QD SRYUALQX VORERGQH SORKH SODPHQD NRMRP
WLPH RGUHYXMH L EU]LQD L]JDUDQMD =ERJ WRJD MH PRG
GHWDOMDQ SURUDPXQ FMHORNXSQRJ SURFHVD L]JDUDQMD

U ovom radu predstavljeni su novi fizikalni padodeli za opis turbulencije, stvaranja
jezgre plamena i izgaranja u Ottovom motdRezultati simulacija radnog ciklusa Ottovog
PRWRUD XVSRUHVHQL VX V GR&WXSSJRLUPD pXQXO0 Y/ MPIHMNIR QL. N
2ZWWRYLK PRWRUD L SUL UD]OLpLWLP UDGQLP SDUDPHWL
YDULMDFLMD X L]JDUDQMX 2WWRYRJ PRW Rdddduk8jskel GOR & H(
konstante turbulencijea vrijeme usisa NXWD QD VW U X Mo ¥iibuaM®cikusa VY M H U L
Uz zanemarenje prostorne nehomogenosti sastava smjese i ostalih parametara koji mogu
XJURNRYDWL FLNOLpNH YDULMDFLMH X L]JDUDQMX SUHGOR
VLPXODFLMX FLNOLpPNLK YDULMDFREW|R $UHGN D/ \BQYR Nt Bl m&EH3Q
VX UH]XOWDWL VWDWLVWLPpNH DQDOL]H YUOR EOL]X HNVSHI

&LOMHYL L KLSRWH]D LVWUDALYDQMD

8 RNYLUX RYRJ GRNWRUVNRJ UDGD PRAH VH GHILQLUDWL Q
X bolje razumijevanje fizikalnih procesa koji gdvijaju u cilindru motora;
X razvoj jednozonskog i dvozonsko§- cemodela turbulencije za primjenu u
bezdimenzijskim (€D) modelima;
X razvoj novog podPRGHOD ]D SURUDp X @QzwpVj¥zZgre Dlenéma WDQRJ
Ottovom motoryrimjenjivogu bezdimenzijskim (D) modelima;

X SREROMADQMH PRGW RMBDIFHLMRFD]LGLPHQ]JLMVNRJ PRGH




X ugradnja razvijenih pethodela za opis turbulencije, stvaranje jezgre plamena i
izgaranja u simulacijski model radnog ciklusa Ottovog motora;
X primjena razvijenih poanocela u simulacijamaFLNOLpNLK YDULMDFLMD X
Ottovim motorima.
+LSRWH]D RYRJ GRNWRUVNRJ UDGD WHPHOMLMotkkley SUHW S
opisivanje turbulencije, stvaranja jeagr SODPHQD L L]JDUDQMD D NRML |
simulacijski model radnog ciklusa Ottovog motorgingva primjena u simulacijama radnog
ciklusa Ottovog motoradoprinijeti UH EROMHP SUHGYLYDQMX SRMHGLQLK |
UH UH]XOWDWL EDR@FD i2ksgeXrGebtalrin. réultatima. Na@DpLQ RPRJIXULV
UH Wbl brza, jednostavnad. ]| D G R Y R O\W R [x@MaX utjeicajnih pametaa na rad

Ottovog motora.

Opis turbulentnog strujanjautjecaj na izgaranja Ottovim motorima

3UYD ]QDQVWYHQD LVWUDALYDQMD strugirRu plai@nd iXW M H F
EUJLQX L]JDUDQMD SURYHR MH IRENKDH8YHBLMH RBa@H BC
WHRULMX GD WXUEXOHQWQL YUWOR]Lju\dBftrhadjXplanheild R G GF
usmeruVWUXMDQMD GRN PDQML ixnjeneQdpline iSriadeHituDay fokteX E U] L (¢
S O D P H Q Du WaHok#lwiNakhimarnu brzinizgaranja|l1§@ 3 ULKYDUDQMHP RYH
nastojanjem za modeliranjem izgam@r@ttovih motora stuidla se potreba za modeliranjem
turbulencije. 1DMUDAaALUHQLML SULVWXS NRML VH GDQDV NRULV\
L Q & H Q Mprbblamd Lt&melji se na primjeniremenski osrednjenih Navi@tokesovih
M H GIf) g8 Reynold Averaged NavieBtokes- RANS. Kolmogorov je razvio prvi
PRGHO WXUEXOHQ F L M-K.mo6de)YSLRVpHH W MRS DFRGRIEGID SUREAORJ VW
]JERJ QHOLQHDUQLK GLIHUHQFLM D @ealakijéidd Grinegivdab doL. QHGI
70-ih godina SURAORJ .V\LRrﬁeM H8daldimg su 1972. godine raziocanodel
WXUEXOHQFLMH NDR M H Gterh nioGelaxDpiBndijesRikijd diférajmindl R U L &
MHGQH3>RbHWLN(REPRGLQD ] D SR p H-Q@ddoddlal tuBbuleriM HaQ D
PRGHOLUDQMH SURFHVD X PRWRULPD V XQXWDUQMLP L]JD
PRGLILNDFLMH GLIHlbiHM(FréJMDVrarQQuK@HGQBG[&ULOL VX GLVI
GLIHUHQFLMDOQX M KeG obtiGla Bbilja NbbdNdarndst s eksperimentalnim
rezultatima WXUEXOHQWQLK GXOMLQD X VOXpDMX YUakaR EU]JH N
PRGHO SRVOXALR MH NDR WHPHOMu hiddeirarfaMucbMedcije MViw U D & L ®

motorima s unutarnjim izgaranjem. Uz pretpostavku homogene i izotropne turbulencije u




cilindru motorapojavili su se prvimodeli turbulencije primijenjiviza simulacije radnog

ciklusa Ottovog motora. Polous i Hegod @ koristili su algebarski oamodel u analizi

utjecaja geometrije cilindra na razinu turbulencije. Talaski je primijenio algebarski

aamodel i potpunik-k ePRGHO WXUEXOHQFLMH QD UD]OLpLWLP JHR
provedene analize su pokazali darpjenjeni modeli turbulencijig D]OLpLWR SUHGYLYDI
WXUEXOHQFLMH WH GD JHRPHWULMD SURVWRUD L]JDUDQI
5D]Y R M léznskih@odela izgaranja pojavljuju se dvozonski modeli turbulenﬁe [

Agarwal i dr. @ SRND]DOite fgrkulace] @drmzonskih dvozonskih modela
turbulencije (algebarskicamodel i k- oanodel turbulencije)koji su primijenjeni zajedno s
kvazidimenzijskim modelorizgaranja Ottovog motor. U navedenom radu parametri
PRGHOD WXUE XO H Q takoMaiseSsurulad)skRoydfilQaka¥ X LOLQGUX PRWRU
bolje podudara s profilom tlaka dobiggRJ PMHUHQMHP &aWR MiHinoVilWL SULVW
znanstvenih radovaWatanabe i dr. razvili su 2010. god. kvazidimenzijski model
L]1JDUDQMD N Rpiiijerif tha ®Rave motore s izravnirabrizgavanjemgoriva u

cilindar. Pri tome su koristilK-k model turbulencijeﬁl@ NRML MH SULODJRYHQ L Y
"tumblé" strujanje u cilindru motora, ¥ H{ XOWDWL VLPXODFLMH UD®QRJ FLN
CFD rezultatima. Nedostatak ovakvog modela turbule m:@ MH X WRBH&EAWRNXSQR
NRQVWDQWL L SUL ubbHIR y WOV MHMDIMAVRH ]B FLOLQGUX PRWRUD

za klinasti prostor izgaranja.

Izgaranje u Ottovim motorima

Fizikalni modeli izgaranja koji razmatraju strukturu plamena postali su vrlo popularni
u simulacijama radnog ciklusa Ottovog motora yeimaju u obzr VWYDUQR &aLUHQMH
SODPHQD XQXWDU FLOLQGUD PRWRUD L RELPQR anjd QD]LYL
11414, 3R p HW NiR Bodina, u isto vrijeme kada se pojavljlyeOmodel turbulencije,

razvija se prvi kvazidimenzijski model izgara[ koji je nazvan BK (BlizareKeck)
model. Razmatran je utjecaj intenziteta turbulenc@DPLQDUQH EU]JLQH &LUHQN
duljine turbulentnih vrtloga na brzinu izgaranje pretpostavku da veliki vrtlozi ispred zone
SODPHQD ]DKYDUDMX VYMHaxX VPMHVX GRN PDOL YUWOR]I
laminarnom brzinom.8 QRYLMH GRED %. PRGHO L]JDUDQMda@l X OLWH
W X UE X OHQW Q Redgl] TukbYléntiEntalmbent Model). Gouldin 119 je
JRGLQH SUHGORALR PRGHO L]J@ptDfCakiane NefeViopisy H WHP
JHRPHWULMH SODPHQD D QMHJRYD SULPMHQD X NYD]JLGLP

Xi



S Rthkd 90ih godina. Provedeno QHNROLNR LVWUDALYDQMD X SRJOHG
karakteristike (fraktalne dimenzije) turbulentnog plamena u @ttewotorima, a rezultati su
VDéH@. Pbkazano je da vrijednost fraktalne dimenzije ovisi 0 omjeru intenziteta
WXUEXOHQFLMH L ODPLQD 8 @3Wjerje) KHXH BV WH Q NID SWOLD/RWHQD | L
njenedimenzije@ 3R]QDWR MH GD VX UMH&AHQMD VLPXODFLMD
osjetljiva na ulazne paramet@, koji se definiraju od strane korisnikga je njihov broj

potrebno svesti na minimurali istovremeno pazitida sSREXKYDWL aWR YLaAH GHWD
procesa. Perini i d su 2010. godine razvili kvazidimenzijski model izgaranja kojeg su
primijenili na simulaciju CFR motora pogonjenog vodikom, metanom horjm
PMHADYLQDPD ORGHO L]JDUDQMD ED]JLUDQ MH QD %. PRG
izgaranaRGUHYHQD |U D N WI2tagRnmodélitdrifgurbNeRcie u cilindru motora

nije provedeno, a intenzitet turbulencie RSURNVLPLUDQ S&KoRlidcHe ko HFLILpPQ
XNOMXpXMH Vdipd G & XNBW XXX UDGD QDYHGHQR MH GD VH
PRGHOD L]JDUDQMD PR&H SRER O-cédblsvda nodetinanjedwatahjaG R G D W
jezgre plamena i detaljnim modeliranjem turbulencije.

Proces izgaranja ©Wttovim PRWRULPD ]DSRpLQMH WUHQXWNRP SUL
HOHNWURGHULYIVMHPILAMH YUOR EU]JR IRUPLUD MH]JUD SODP
LVNUH PQRJR YHUD RG NULWLPQH YULMHGQRVWLIIHQHUJLN
Lafebvre @ LVWUDALYDOL VX HIHNWH SURERMQRJ QDSRQD
UDVSRGMHOH HQHUJLMH UD]PDND L]JPHYyX HOHNWURGL EL\
SURFHV IRUPLUDQMD MH]JUH SODPHQD 'HWDDIMQ&R. UHHHNYH
jezgre plamenaSUL UD]OLpLWLP EU]JLQDPD VWUXMDQMD L RPMHUL
. PischingeriHeywooc1z5|@ SUHGORALOL VX MHGQRGLPHQ]LMVNL
SODPHQD NRML XNOMXpXMH X REJLU JXELWNH WRSOLQH SU
XGDOMDYDQMH MH]JUH SODPHWQDRRE QXM E P MIVOWQADEA ISYRIDGRM D
GD HOHNWULPQH YHOLPLQH X VXVWDYX SDOMHQMD UD]PD
VWUXMDQMD RNR VYMHULFH LPDMX 1QDpDMDQ XWMHFDM QD

5D]YRMHP UDpXQDOQWHDYOROM B G0 Rdir EMRhik formiranja
jezgre plamena i njezin ra@ , pa su tako Duclos i ColirEB' 2001. godinerazvili
AKTIM model (engl. Arc and Kernel Tracking Ignition Model NRML VH PR&H VXVU
Y R G H U L Feijlitn?® 3ID CFD programimaa koristi seza simulaciju izgaranja u Ottovim
motorima. Model formiranja jezgre plamena uzima u obzir efekte sekundarnog strujnog
NUXJD JHRPHWULMH HOHNWURGL VYMHULFH EU]JLG@H VWUX
MH]JUH SODPHQD QD HHOHNWBRBPHOQDMRSLNB QD MH pHVWLF
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SRGUXpMX RNR L LJPHyX HOHNWURGL NRMH LPa@wvpp LQWHU]
predstavlja potencijalnu jezgmplamena. U kvazidimenzijskim modelimagaranja koji se
SULPMHQMXMX X GDQDaQMLP VLPXODFLMDPD UDGQRJ FLNO
LVNUH L IRUPLUDQMH MHd P RGCBOBDOPHRQDDOOWAHEARXQ L]IJDUL
YHUO IRUPLUDQRP IURQWRP SOI—SJQJDMR-ICPLH-IHWE)@QMYI—I-Q]\L[DLSQIB«
SHULRG RG WUHQXWND SUHVNDNDQMD LVNUH GR SRpHWN
YHOLpPpLQH PRGHOLUD VH X\yép2ae 8) PR/ YRIWU M HG QARMW W IGFD X
X FLOLQGUX PRWRUD YULMHPH N GMMQDMIRipbEaRSBE Q MD P F
vrijednostiod 0, PV SD MH X S8RGWRMH{i(BPUDQMD SRWUHEQR SU
definiranu konstantu kdp GHILQLUD SR [teHRAKD Bl sk ydzAnltatDsprvi&cije radnog
ciklusa mogli usporediti s eksperimentalnim HDBCFD rezultatima

SULOLNRP L]JJDUDQMX X 2WWRYRP PRWRUX pDN L SUL
vrtnje motora, tlak i temperatrusisa, sastav smjese, itd.) dolazi do varijacija u profilu
izgaranja od jednog radnog ciklusa do dru@ &LNOLPNH YDULMDFLMH
2WWRYRP PRWRUX MDYOMDMX VH NDR SRVOMHGLFD QHSRY
SURGXNDWD L]JDUDQMD ORNDFLML HOHNWULp ®MH aDNUILHX L
JRULYD L JUDND WH VWRKDVWLPNRM SULURGL @QI@jMD VWU X
oscilira od jednog do drugog radnog ciklu§ioga je opavdano upustiti se u razvoj pod

modela za opis turbulencije, stvaranje jezgre plamena i izgaranja u Ottovim motorima.

Pregleddoktorskograda

U doktorskom radu opisan je razvoj, validacija i primjena-D podmodela
turbulencije podmodelastvaranja jezgre plamen@odmodelaprocesa izgaranja u Ottovom
motoru. Razvijeni popdP RGHOL |D SURUDPpXQ WXUEXOHQFLMH VWYDU
VX XJUDYHQL X VLPXODFLMVNL PRG Kai jdJdostuaRiJorégra@ X VD 2W
AVL BOOST.

Razvoj k- ceamodela turbulencije opisan u drugom poglavlju radaastoji se od
GHILQLUDQMD MHGQR]J]RQVNRJ PRGHOD NRML MH SULPMHQM
razvoja dvozonskog modela turbulencije za vrijeme izgaranja i razvoja jednozanskletp
WXUEXOHQFLMH NRML VH PRaH SULPLMHQLWLUGOhFMHORN
validacije razvienogpod® RGHOD ]|D RSLVY WXUEXOHQFLMHDCHLOLQGU:
UH]XOWDWL ]D QHNROLNR 2WWRYLK PRMIR pDWLL ) M DIGROMLLPK X
.DNR EL VH UH]XOWDWL WXUEXOHQFLMH LJUDpXQDWL SULP
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Ottovog motora mogli usporediti s dostupnirD3CFD rezultatima, provedena je prilagodba
QRYLK NRULVQLPNL GHIL QietiePeQilra¢vifeiR-QevodeDi@leéndjeR M H V X X

6 FLOMHP SREROMAaDQMD IatiizpQRA/QMHEDIHR ukrjaxend X SRJ
potrebH |D SULODJRYyDYDQMH NRULVQLpPpNL GHILQLUD@H NRQV!
WUHUHP SRJODY OM XvoUrove@fiziR Srioy pip®@madéh zd Boymiranje jezgre
plamena primjenjiv u0 SURUDpXXIGPOIL -BBGIHRI |D SURUDPXQ VWYDIL
plamena uzima u dir utjecaj geometrije elektrods® Y M H Ura#vef j€adde plamena, nazvan
je kvazidimenzijskim modelorstvaranja jezgre plamena, a temelji se na AKTIM modelu koji
je dostupan u3 &)' SURUDDPXQLPD ]D SURUDpPXQ L]JDUDQMD X 2W
pod PRGHO ]D SURUDpPXQ VWY DNIOXWEH MK MUHHF 3N IVAHHNQX D XN D Q
X VXVWDYX SDOMHQMD 2WWRYRJ PRWRUD SULMHOD]D Wi
VYMHULFH WH XWMHFDM ORNDOQH EUJLQH VWUXMDQMD QD

8 pPHWYUWRP SRIJODYOMX UDGD RSLVDQR MH SURALUHC
NRML VH WHPHOML QD SULPMHQL IUDNWDOQH WHRULMH 3
XNOMXpXMH LQWHJIJUBRGMX W DDYEMRQBPXSRGW ronjed@ MD MH
LIlUDpXQD ]D SHULRG SULMHOD]D SODPHQD L] ODPLQDUQRJ
primjenu dvozonskog modela turbulencije piHP X VH WXUEXOHQWQH YHOLpPLQ
NRULVWH |]D pr&éesR tulbpex@og izgaranjaU svrhu vaLGDFLMH SUR&LUF
NYD]JLGLPHQ]LMVNRJ PRGHOD' Iy DUBRXN\OLV NWU LIANYBIQD QWKD
NRQVWDQWH SURALUHQRJ NYD]J]LGLPHQ]JLMVNRJ PRGHOD L]J
bolja podudarnost sB CFD rezultatima.

Cjelokupna validcija razvijenih podnodela, parametrizacija konstanti modela
turbulencije imaksimalnevrijednosti fraktalne dimenzije te optimizacija konstanti modela
turbulencije prikazana je i opisana u petom poglavlju rada. Validacijanoolla sastoji se
od usporeeH UH]XOWDWD MHGQR]JRQVNRJ L GYR]JRQVNRJ PRGH:
QMLKRYRJ XWMHFDMD QD SURUDp X k- béhddeld Budiebcijekbjio L GD F L
VH PRa4H SULPLMHQLWL ]D YULMHPH FMHORNv iR UDGQF
SURALUHQRJ NYD]LGLPHQ]LMVNRJ PR G H@i3tahff dibbulen@jmMD 1D F
i maksimalneYULMHGQRVWL IUDNWDOQH GLPHQ]JLMH NRMH VX SU
podudarnost rezultata simulacije radnog ciklusa-B &FD rezultatna, definiran je
parametarski modetonstanti turbulencije i maksimalneijednosti fraktalne dimenzijeU
VYUKX SULPMHQH MHGLQVWYHQRJ VNXSD NRQVWDQWL ]D
provedena je optimizacija konstangodmodela turbulencije teVX GRELYHQD UMH?Z
RSWLPL]DFLMH SULPMHQMHQD ]D Maksth@IRevkijedhbokhl BaktatreH QL P L]
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dimenzije. Primjenom jedinstvenog skupa konstéhtkonstanti poemodela turbulencije, 2
konstante pognodela izgaranja i 2 parametra poddelaza stvaranje jezgre plamenza
UDGQR Spofedinddgprivbkbra postignuti susimulacijski rezultati koji se vrlo dobro
poklapaju s rezultatima3 &)' SURUDpPXQD

U zadnjem dijeludoktorskograda R GQRV QR Koglawjy \Wwe&edena je
validacija razvignih popd PRGHOD SUL pHPX VX UH]XOWDWL VLPXODFLMN
eksperimentalnim rezultatima izgaranja u Ottovom motoru. Kako lgreeela simulacija
FLNOLPpNLK YDULMDFLMD SUL L]JDUDQMX X 2WWRYRP PRW
produkcijske konstante turbulencije za vrijeme usisa i varijacija kuta nastrujavadMjamd H G L F L
Konstante razvijenih poethodela turbulencije, stvaranja jezgre plamena i izgaranja
SULODJRYHQH VX XVSRUHGERP UH]X QW DWiRANsehie¢dd G QM H J
indiciranog tlaka(standardna devijacija i koeficijent varijacig)D QHNROLNR UDGQLK
NRUL&AWHQL NDNR EL VH SULODJRGLOD NRULVQLpPNL GHILQL
turbulencije, a time i izgaranja, u cilindnuotora od ¢dnog do drugog radnog ciklusa.

=DNOMXpDN L GRSULQRV UDGD

Razvojem jednozonskogf ePRGHOD WXUEXOHQFLMH NRML MH SULF
GLMHOX UDGQRJ FLNOXVD 2WWRYRJ PRWRUD PRJXUH MH
NLQHWLp N HiliHdQuHrdtdladibbivexe 6D simulacijom koji se dobro poklapaju sB
&) UH]XOWDWLPD ]D UD]OLpLWH UDGQH XYMHWmbviPRWRUD
NRULVQLPNL GHILQLUDQX GLVLSDFL MYAN20MNB B5/WDHUV X NR M
topQLMHJ SURUD p Xdydy radtdia, Uax e e @&Mzonski model turbulencije pri
pHPX MH NRUL&A&WHQ SRMHGQRVWDYOMHQL SULVWXS ]D ¢
neizgorjele zone. Uz prilagodbu nove disipacijske konstante za neizgasjellko D VH NUHUGOH
u rasponu ®0do 7, PRJXUH MH SRVWLUOL UHIXOWDWH WXUEXOHQV
zone koji se vrlo dobro poklapaju s'3&)" UH]XOWDWLPD D SUHGYLYDQMH ¢
]QDWQR SREROM&ADQR .DNR EL V HogXrbBehQliBjdhjeoy In¥ Q RV W
YLVRNRWODpPQL GLR UDGQRR FHRHWOL R WWR ¥VRIG @ R WVR IURDD
FLOLQGUX PRWRUDz3NRML SAXRNR P X W HIiRdehaddl Ruttiu@ndije L
MH SURALUHQ L QD GLR UDG@RVMDFLNOMH/PDXUDRBKRRP KN HGR MI
GYLMH QRYH NRQVWDQWH NRMH XWMHpX QD UD]JYRM WXUE
PRIJXUH MH-SBNWOWDWH WXUEXOHQWQH NLQHWLpPpDNH HQHU
CFD rezultatima, posebno tijekom RFFHVD L]JDUDQMD $QDOL]JRP NRUL
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NRQVWDQWL ]D WXUEXOHQFLMX L L]JDUDQMH NRMH VX ELO
PRWRUD SUHGORAHQL VX L SUL Pzsl k@ stadteurbugicijeDiP HW D U V
maksimalne vrijednosti frakk QH GLPHQ]J]LMH 1DiMW@RI MDHD [A [ \RHP RUUEXG L C
skupomNRQVWDQWL |D SRMHGLQL 2WWRY PRWRU PRJX SRVWL
UDGQRP SRGUXpMX PRWRUD
8 VYUKX PRGHOLUDQM pri Edaraajup Ditolony Maddruvi okazmdfeD
da varijacija produkcijske konstante za turbulenciju koja slijedi Gaussovu razdiobu oko
]DGDQH VUHGQMH YULMHGQRVWL L YDU IddeD WloMBoroN XWD C
poklapanje €D rezultatau usporedbi s eksperim&@lnim rezultatima CFR mota. lako je
turbulentno strujanje i izgaranje u Ottovom motoru uvijek prostornog karaktera, pokazano je
da su razvijeni €D model turbulencije i kvazidimenzijski model stvaranja jezgre plamena i
izgaranja dovoljno detaljni da moguiDs | DGRY RO MDRFEDONRXRBEBVDWL VWYDUQH
SURFHVH NRML VH RGYLMDMX X FLOLQGUX PRWRUD D L]PHj
,VWUDALYDQMH X SRJOHGX P RGaHE€yre) papdra i \WoataiaX O HQF |
Ottovog motora, predstavljeno u ovom radurezultiralo e VOMHGHULP J]QDQVW
doprinosima

X razvoj novog jednozonskog i dvozonsk&gaopod-modela turbulencije kojima se mogu
SRVWLUL VLPXODFLMVNL UH]ZPDWDM U EOAQYMN L SIRH]XBEQWD W
izgaranja kada turbulencija impQ D p D M D Qa praved HifePikyaranja;

X pojednostavljenpristup modeliranju WXUEXOHQFLMH QHL]JJRUMHOH JRQF
SREROM&DQR SUHGYLYDQMH SURFHVD L]JDUDQMD X 2W
uvjetimamotorg

X razvojnovog kvazidimenziskRd PRGHOD |]D SURUDpPpXQ VWYDUDQMD Mt
motoru koj je sposoban predvidjeti utjeca@ D]OLpLWLK UDGQLK SDUDPH
JHRPHWULMBKRa f@x0Mrehod Fatvoja fQWH SODPHQD XNOMXpXMXIL
YLAHVWUXNLK SUR B RdipDnag QdstnkalpaliegeH LV NUH

x definicija parametarskog modela za konstante razvijenognpodela turbulencije te
parametarske funkcigD RSLV PDNVLPDOQH YULMHGQRVWL IUDNW
PRJXUH MH SURQD ulod\ koGsta@tivkiyeyeHm@du piknpersti na simulaciju
UDGQRJ FLNOXVD 2WWRYRJ PRWRUD D-DpCRDLIiliUH]XOW
eksperimentalnim rezultatima

X PRIXUGIRAAMODFLMD FLNO LipdgataKju Yi DtidvdtrDrfrotdviDuz Sddijaciju
ukupne razine turbulencijie ELOLQGUX PRWRUD L LOL NXWD QDVWUXN
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GR FLNOXVD 1D WDM QDpLQ PRJIJXUH MH SRVWLUOL VLPX
poklapaju s eksperimentalnim podacima.

X PRIXUDORMODLIH HIHNDWD UD]JOLpPpLWLK S&mhetipfdekvéedaUD PRW
VYMHULFH UDVSNGER MDD HSDHOMHRMD SULMHOD]D WRSC
prostora izgaranjana karakteristike motora uz prisutnostcLNOLPpNLK YDULMDFL
izgaranju;

X bolji XYMHWL irodéifadje @&onantnog izggrQMD L HPLVLMH LVSXaQLk
SULVXWQRVW FLNOLpPpNLK Y DOtiovbD matdedd X VWUXMDQMX L L

.OM X p QH atrdvivitdtotizgaranje simulacija radnog ciklusaurbulencija, zapaljenje
FLNOLpNH YDULMDFLMH
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1. Introduction

Current trends in legislation towards the reduction in fuel consumptidnexhaust gas
emissions leado increased use of new $Bpark Ignition)engine tebnologies, such as
downsizing, charging, dired¢hjection, etc.Due to high costs of experiments and a rapid
increase in the computer power, researchers all over the walanakinggreat effort to
develop and improveumericalsimulation models.

Numerical simulations related to IC (Internal Combustion) engines can be classified into
three main group<CFD (Computational Fluid Dynamics) edels, cyclesimulations andeat
time capablenodels.CFD models are usuallyasel on the finite volume meth and they
hold leading position in the field of engine simulations. The technique is very powerful,
involving details on the fluid flow, heat and mass transtard combustiommssociated
phenomena (chemical reactionshe cyclesimulations of IC engineare often cdéd 1-D/0-

D simulation models@ because the taulation of the flow throughntake and exhaust
pipes is based on-D finite volume method, while the cylinder domain is treated as one
control volume withoubrientaton and spatiatliscretizationas it is illustrated il@

Figurel. lllustration of £D/0-D approach of the cyelsimulation model; 4D discretisation
of intake and exhaust pipe;®(thermodynamic) model of cylinder withe specification of
main submodels.

The last group of simulation models of IC engines is presented byjimeatapable models

that are usually dedicated to the investigation of transient operating conditions in desktop,
MiL (Model in the Loop), SiL (Sdfvare in the Loop) and HiL (Hardware in the Loop)
applications. In classical reaime capable models the basic flow characteristics are modeled

by steadystate approaches and maps, while the engine characteristics are described by means
of surrogate engan modeling using SVM (Support Vector Machines). The prediction of
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engine characteristics using SVM is based on the data collected from tHeedest
measurements or from the cydenulation results.

The cyclesimulation models arsuitable br the analysi©f key engine parameters on
performance outputand for optimization with specific criteridhecause the flow and
combustion associated phenomeaa be captured correctly witlkasonable computational
time. For the correct description of particularcylinder phenomena such as: flow, heat

transfer, gas exchange and combustioncthieesponding sutmodels have tbe defined (see

Figurel).

The thermodynamic (D) combustion sumodels can belassifiedinto two main sub
groups: single and mulione moded. In singlezonemodels the cylinder mixture is assumed
to be uniform in pressure, mperature, and composition. The maimawback of such
combustion modeik that theflame front propagation and combustion chamber geonae&y
completelyneglectedalthough theyare the most important parametéss a good prediction
of the combustion press ofSl engine. In the case of multbne combustion modethe
combustion chamber is generally divided irdoburned and unburnedone, which are
separated by dlame front. The first law of tlermodynamics, equation of statnd
conservatioa of mass ad volume are apjd to the burned andhe unburned zoneThe
pressure is assumed to be uniform across the combustion chamber while the burned and
unburned zone are consideredtas separate thermodynamic systems that are uniform in
composition andtemperaturewithin themselves A specific subgroup of multi zone
combustion models are quaBmensional models thatonsider the real flame front
propagation across the unburned gas meéxtatthough aspatial discretization of the
combustion chambeatoesnot exists. The burning rate tfe quasi-dimensional combustion
model depends on the fundamental physical quantities such as turbulence intensity, integral
lengh scales, turbulent time scalasd kinetics of the fuedir oxidation processSince the
fuel-air oxidation process generally depends on the mentioned turbulence quantites (intensity,
time and length scalesfhe modeling and prediction of-gylinder turbulence is of crucial
importanceor the correct prediction ofitbulent combustian

The comlostion process of Sl engine is initiated by electric spark discharge that occurs
between the spark plug electrodes. The characteristics of electric spark discharge depend on
the properties of applied engine ignition system as well as on the gas propertiesnthe
spark plug electrode®ischarge of the electric spark defines the initial position and the initial

growth of the flame kernel that starts to be wrinkled by turbulent eddies. For the simulation of




the entire combustion process typical for Slgame, the ignition associated phenomena
including the electric spark discharge also have to be modeled.

The objective of the research presented in this thetie developmenand validatiorof
turbulence, quasiimensional combustion and ignition sotodels that are fully integrated
into acommercial cyclesimulationcode.The application othe newly developed stinodels
will ensurethat thecycle-simulation results are comparable with 8® CFD results and

experimental data of Sl engine.

1.1. Motivation

The motivation for the researcbriginated from the workhat was madaevithin the
cooperation of Chair of IC Engirand Motor Vehicle with the AVL AST d.o.d\t the initial
stage ofthe research activities, when the existing qedisiensional combustion rdel was
used andanalyzed, the aimvasto have comparable results of turbulence and combustion
betweenthe 3D CFD results from AVL FIR andthe cyclesimulaton results of AVL
BOOST for the same engine and operating poirtiie example of3-D CFD (computational

mesh)ard the cyclesimulation model oSl engine are shown|Figure2

Figure2. Example of 3D CFD simulation model in AVL FIRKleft) andreduced cyle-
simulation model in AVL BOOSTright).

The modeling of turbulence within thel8 CFD simulation model was performed with the
standarck- Oturbulence model, while éhcombustion process was calculdbydhe ECFM3Z
(Extended Coherent Flame ModedThree Zone) In the cyte-simulation model of AVL
BOOST the available algebrai©®model (K-k turbulence modeljor turbulence and the
original fractal combustion model were applidd.order to compare the cyetemulation
results ofthein-cylinder turbulence with the-B CFD results, it was necessaryrésalculate
the 3D CFDresultsso thatthe massaveraged results of the turbulémbetic energyfrom the
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computational cells related to the combustion chandver defined The massavelaged
turbulent kinetic energgs well as the normalized HR (heat release) frebh GFD solution
areshown with the blacklashed lines ||I>Figure3

Figure3. Tuning of turbulencenodel constants in the origingycle-simulationmodel(full
load case at engine speed of 2000 tpm)

In the same figuretwo cases of the cycl®mulation resultsare shownThe first case(red

solid lines ir{FigureB represents the simulation results otylinder turbulent kinetic energy

and normalizedcheat releaseHR) when the turbulence constants (production ardgnal
length scale) are tunexb that thecycle-simulation combustiomesultsmatched well the -B
CFD solution. In that case the turbulent kinetic energy calculated bgythesimulation is

almostorder of magnitude higher than théd3CFD solution. Inthe second case (green solid

line in|Figure 3) the turbulence constants were adjusted so that the best match of turbulent

kinetic energies during the combustion perisd achieved, but then the predicticof
combustion process is not goodiny additional setting of combustion model parameters for
the definition of ignition delay and combustion rate was sufficient to speed up the
combustion proces® a correct leval Obviously, the interaction between theadylinder
turbulene and combustion wageficient.In order toimprove themodel and a predictioaf
the overall turbulence level anthe interaction between the turbulence and flamethef
mode| the single and twaonek- Surbulence modsilfor 0-D applications are developed.
Additionaly, within the previousfractal combustion model the early flame kernel
formation and growth are not calculated. The combustion safigs the modeled ignition
delaywith the fully spherical and smooth flame with 2 mm in raditise ignition delay is
modeledwith the assumption that early flame kernel growth lasts 0.2vhen the flame
kernel has grown enough to be considered as turbulent flame. By usiniginikien

Formation Multiplier that multiplies the assned ignition delay of 0.2 ms, i$ possible to
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manually tune the ignition delay for different operating condititmseal S| engines the early
flame kernel growth depends on the large number of parasrsaieh as crodtow velocity,
spark plug design, Haylinder pressure, temperature, mixture composition, ignition system
properties, etcn order to capturéhe influence ofll mentioned effecten theignition delay

with the previos combustion modelhe Ignition Formation Multiplierhad tobe calibrated

for each operating gint of the considered engine. Therefora new ignition modelis
developed ad integrated into thquasi-dimensional combustion model, which will physically
take into account alpreviously mentioned effects and will model the process of early flame

kernel growth.

1.2. Overview of literature

An influence of turbulence on the flame structure and the flame speed has been
LOQYHVWLIJDWHG E\ 'DPN|KOHU \HDUV &cddptedttheoyQWatU R G X F |
turbulent eddies larger than the flame thickness cause the convective deformation of the flame
front while the smaller eddies increase the heat and mass trartsiarthe flame influencing
the laminar flame spe. It is obvious thamodeling ofthe turbulence isa necessary step
for the modeling ofthe combustion process in Sl engines. The most commonly used
procedure for the degption of turbulent flow inengineering problems is based on the
averaging of NavieGStokes equations, known as RANS approach (Reynolds Averaged
NavierStokes). The first twequation turbulence modet-(&model) has been developed by
Kolomogorov at the beginninglo TV ' XhéndiRnear differential equations and the
computer absence such turbulence modet NnotDSSOLHG X (@Nlh Q972 LEoMr
and Spaldinﬂ have developed the Oturbulence model as one of the most commonly used
two-equation turbulence modﬁ@ $W WKH EHJLQ iC@ubukRhce mofiavag/ K H
applied to the simulations of IC engmeith the specific modifications of differential
equations. In order to match the experimewntata of turbulent length scales Morel and
Mansour have modified the differential equation of dissipation rate when the rapid
compression of incylinder charge occurs. This turbulence model was used as the base model
for further investigation and modeling of turbulence in the IC engines.u8yg the
assumption of homogenous and isotropic turbulent flow field inside the engine cylinder the
first turbulence models applied to tleD simulation of Slengine have been developed.
Polous and Heywoo@ have used the algebral@urbulence modei study the influence of
cylinder geometry on the overall-cylinder turbulence level. Tabaczyn applied the
algebraic Gand the fullk- Gturbulence model odifferent cylinder geometries. The dysis of
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simulation results showetiat different turbulence model formulations and different cylinder
geometries have significant influence on the prediction @ylmder turbulence level. Tav
zone turbulence model formulations have been developed by the application etanalti
combustion model. Agarwal et aI analyzed differentormulations of single and two
equation turbulence models (algebrdand k- Oturbulence model) that have been applied
together with the quasiimensional combustion modeif SI engine . In their
researchthe parameters of turbulence models have been adjusted so that the best match of
simulated and measured pressure trace is obtained. In 2010 Watanalbﬁ have
developed the quasiimensional combustion modeaind appliedit to the direct injection
gasoline engines. The modeling of turbulenveas performed by the application df-k
turbulence rodel |5] which was adjusted and validated for the tumiylee in-cylinder flow
and the cyclesimulation resultsvere compared tthe 3D CFD resuls. TheK-k turbulence
model presented i@ used6 tunableconstantdor simulating the tumblén-cylinder flow,
typical for the pentroof cylindegeometry.

Physical combustion models that consider the flame strudtiedy became very
popular for the cycksimulation of SI engirebecause the real flame front propagation across
the combustion chamber is considered. Therefore, such combustiorsracelekually called
quastdimensional combustion mode 9.]]]14@ $W WKH EHJLQQLQJ RI Tv

with the development dé Gturbulence model, the first quadimensional combustion model,

known as BK (BlizareKeck) combustion mod@ wasdeveloped. This combustion model
takes into account the effects of turbulence intensity, laminar flame speed and turbulent length
scaleson the oveall combustion rate. In the modile large turbulent eddies entrain the fresh
mixture while the smaller ones wrinkle the flame and burn with the laminar flame speed. In
the scientific papers published so far the BK combustion model can also be viithnd
different names, such asrbulent entrainment mod. In 1987 Gouldi proposed the
guastdimensional combustion model that uses the fractal theory for the descriptiba of
flame front geometry. The applicatioof fractal combustion model ithe simulation of
combustion process of SHQJLQHYV FDQ EH REVHUYHG DW WKH EHJLQQ|
have been performed for the definition of fractal dimension of the turbulent flame that occurs
in the S| engine and research results are summariirit has been shown that the fractal
dimension depends on the ratio of turbulence intensity and laminar flameé apdethe
heuristic approach ithe definiton of fractal dimensiomvasadopted. In 2010 Perini et

al. developed the quasimensional combustion model that was applied on the
simulation ofcombustion inCFR engine fueled by hydrogen, methane and their blends. The

6



combustion model was based on the BK model with the turbulent flame speed defined
accordng to the fractal theory. The modeling of turbulence was significantly simplfitd
turbulence intensitgorrelated to the mean piston speed. In the conclusion remarks of their
research it is mentioned that the predictive capability and accuracy qtidsedimensional
combustion model could be improved by introducing detaitraoldels for the early flame
kernel growth and turbulenc@n the other hand, thesults ofparticular submodels of the
cyclesimulation are very sensitive on values of reqlirmput parameters. It was
demonstrated i that the combustion results are sensitive on values of constants
related to turbulence and combustion-sutdels. Therefore, it is desirable that the number of
required input parameters as well as the model sensitivity is mininiked the newsub
models are developed

The combustion process of Sl engines is initiated by the electric spark discharge that
occurs between the spark plug electrodes. If the electric energy of the spark is higher than the
critical energy necessary for the start of combustion, the flame kerf@imed. Ballal and
Lafebvre investigated the effects of breakdown voltage, duration of electric spark,
distribution of electric errgy along the spark length, gap distance, flow velocity and spark
plug geometry on the formation of flame kernel. An experimental study of the flame kernel
propagation at different cro$®w velocities and air equivalence ratios was performed by
Mansour. Pischinger and Heywo@ developed onelimensional flame kernel model

that includes the heat transfer effects and the shifting of the flame kernel center caused by the

in-cylinder flow. All mentioned studieg23t25] showedthat electric properties of ignition

system, gap distance, heat transfer and dtossvelocities are very important for the early
flame kernégrowth.

Since the computer power is getting more and more increased the modeling of
comprehensive ignition phenomena and early flame kernel growth inrEh€BD models
becomepossible. Duclos and Colir@ developed Arc and Kernel Tracking Ignition
Model (AKTIM) that can be found in the commerciaD3CFD software for theimulation of
combustion inSl engines. This ignition model takes into account the effects of secondary
electric circuit, spark plug geometry, local flow velocity around the spark plug and heat
transfer. The flame kernel is descrid®gdusing marker particles and each of them represents
the gravity center of a possible flame kernel. The modeling of detailed ignition phenomena
and early flame kernel growth in the qudsnensional combustion modes$ SI engineg0-

D) is usually not performed and the combustion process starts with the stable and spherically

shaped flame of specific radi. An ignition delay is assumed to last 0.2 migh the
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initial flame still smooth and spherical with 2 mm in radius. At different operating conditions
in the cylinder, the ignition delay period can be significantly different from the assumed one.
Therefore,in the previos combustion model ofthe cyclesimulation, the usedefined
parameter that tusehe ignition delays added, and ias to be calibrated for each operating
point of the engine.

Due to extremely stochastic nature ofcylinder flow, the incylinder flow field of
individual cycle differs significantly from the averaged cycle. Since the combustion process
of Sl engine highly depends on the turbulent flow field inside the cylinder, thetoyciele
variations (CCV) in combustion occu8inceCCV in combustion significaty influence the
engine performance outpahd exhaust gas emissions the analysis and modeling of CCV in
combustion is very importanthe main sources of CCV have been identified by the number
of physical factors: thestochastic nature of the-gylinder fluid motion, variation of in

cylinder turbulence level and mixing of fuel, air and residual g@sThe work presented

in |30t32] demonstrates that the oscillations in the mixture compositiemot the dominant

factor that causes the CCV in combustion. The main conclusion of the work presel@d in [
is that the oscillations in the-gylinder turbulence between individual cycles is the most
influencing factor responsible for CCV in combustion.

The literature overview showed that the detail modeling ofiquéat phenomenon
regarding the ircylinder turbulence, ignition and combustion for cysimulations is
necessary to capture the effects of main parameters that affect the combustion process of Sl
engineand CCV as wellln order to improve the predictiasf entire combustion procesthe
new physicly basedturbulencejgnition modelandthe quasdimensionalcombustion sub
model will be developed and integrated into the cgiheulation modelFor the modeling of
CCV in combustion of Sl engine by usittge cyclesimulation model that includes the newly
developed suinodels, the variation of tnylinder turbulence and flow angle at the spark plug

from cycleto-cycle were imposed in the model.

1.3. Objective and hypotheses of research

This PhD thesiand work ladse\eral objectives
X better understanding of physical processes that take place within the engine cylinder;
x development of a single and a taonek- Gurbulence model for-® applications;
x development of new ignition model for applications;

X improvenent and modification of the existing quakmensional combustion model;




X implementation of deveped submodels into a software codier the cyclesimulation
of Sl engines;

X application & developed cycksimulation in the prediction of cycko-cycle
variaions in combustion of S| engine.

Hypotheses of the presentexsearch are:

1. It is assumed that simulation suipbdels of turbulence, ignition and combustion
phenomena can be developed and integrated into the-siguléation model of Sl
engine.

2. It is expeced that the development of such subdels and their application in the
cyclessimulation will contribute to the better prediction of certain processes and that
the cyclesimulation results will match well the-B3 CFD results and experimental
data. This wil enable the faster and more accurate analysis of main factors that affect
the Sl engine cycle.

1.4. Methodology and research plan

Theresearch presented and described in this thegigited irto five main parts:

The first partdeals with the modeling of 4aylinder turbulence. Since the turbulent
flow field playsavery important role in the comalstion process of SI enginmodeling ofthe
turbulence is of crucial importancghe first analysis wagerformel to define the singleone
k- Oturbulence model thawas applied dumg the high pressure cycle witthe initial
conditions at the intake valve closyt¥C) defined from the @ CFD results. ltvas shown
that a turbulence modeldefined in this waycorrectly predict the overall incylinder
turbulence level during the high pressure cycle. fitan disadvantage of the singtene
turbulence model applied durintpe high pressure cycle iss dependency on ¢hinitial
conditions that have tbe imposed either from the3 CFD results or from the eerimental
data. Thereforanodeling ofthe turbulencevasextended to the gas exchange phase that fully
eliminated the requirement for initial conditions. The applicatiorttod developedull cycle
k- Oturbulence model omhe entire cycle of Sl engindemonstrateé the possibility ofthe
model to predict the weylinder turbulence level that is comparable with the @FD results,
especially during the combustion period whea tilrbulence quantities are masiportant. It
is known from the combustion theo that the state of unburned zone (in front of the
flame) defines the flame front propagation and the rate aff redeaseln order to predict the
combustion progress correctly and physically more accurate the twokzoaserbulence
model was developeahd applied during the combustion period




In the second parthe development o& new ignition model for the description of
early flame kernel growth ia quastdimensional combustion model gresented. The new
ignition model for the cyclsimulation of SI engine ibased on the AKTIM ignition model
that is available in the commagal 3-D CFD software. AKTIMtakes into account the effects
of spark plug geometry, secondary electric circuit, local flow velocity and heat transfer from
the flame kernel to the spark plug electrodes. The modelinged$park plug geometry is
very important ér the calculation of early flame kernel growth because the heat transfer
significantly influences the kernel expansion shbe& specific approach is employed far
definition of the real spark plug geometry in thé Qcalculation. The local flow velocity
around the spark plug influences the convective shifting of the flame kernel center from its
initial position resulting in the distortion of the flame front and influencing the overall
combustionprocess. Such phenomena asptured by the proposed ignitianode) but it
requires the correct pretion of in-cylinderflow and turbulence

In the third part of the researde quasdimensional combustion mod IS
extended and improved. The calculation of thdyeflame kernel growth iperformed bythe
application ofa newly developed ignition model. When the specpbrtion of the cylinder
mixture is burnedy the newly developed ignition modethe calculatn of the combustion
process iswitched to the fractal combustion model. The implementatidinedd Gurbulence
model contributedo the better descriptiorf the flame transition from the laminar to the fully
developed turbulent flamevhen the maximum value of frattdimension is reached. Also
the implementation ok- Oturbulence modeénables the new definition of maximum fractal
dimension that is reachetlring the fully developed turbulent flame. The fractal dimension
defines the free flame surface that is highly wrinkled due to effects of turbulent eddies and
that entrains the fresh mixtureidtshown thathe modifications that were madentributeto
the better prediction of combustioropess, especially when the t&one turbulence model is
applied. In the case dhe two zone turbulence model the calcubetiof the combustion
process is significantlgimplified because theon predictivewall combustion submodel can
befully omitted.

In the fourthpart the validation ofthe developed sulnodels thaareintegrated into
the cyde-simulation model of AVL BOOSTand the parameterization of turbulence and
combustion modedrepresented. The validatiaa performed on four engine geometriggh
the grcle-simulation resultsomparedo the3-D CFD resultscalculatedby the AVL FIRE
The validation isperformed over different engine speeds and loads. In order to achieve the

best match with the @ CFD results the parameters of particular -swdglels of cycle
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simulation areadjustedat each operating poinAfter that, the parameterization of turbude
and combustion modegdarameters is proposed, that would enable the usingk set of
constants for one engine geometry amdtfie entire engine map

The fifth partof this thesigpresens the validation otthe cycle-simulation results with
the experimental results afsingle cylinder Sl engine fueled by gasolittas known tha Sl
enginecombustionshows norrepeatable behavior known as cytdecycle variation (CCV)
in combustioneven when the constant boundary coodsi are impose. Therefoe,
the specific approach fanodeling and prediain of the CCV in combustion iproposed. In
order to perform the statistical analysis of CCV in baostion it is necessary to usiee
sample size of several hundred cy. The modeling and angis of CCV in combustion
is performed at different agrating conditions with themphasis on the variation of spark
timing. The comparison ofycle-averagedresults and statistical results of indicated mean
effective pressurgIMEP) and normalized HRdemamstratel that the developed cycle
simulation calculations efficient fast, predictive and wefiromising solutio for modeling

of SI engine combustion
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2. Turbulent flow and modeling

All flows that are encounteed in daily life can be classified into two main groups:
laminar and turbulent flowsTurbulence is a very complex physical phenomencecuing
whenthe Reynolds numbeRge= UL/ , whereU andL are characteristic velocity and length
sale of the mean flow, and is kinematic viscosity)s above the «tical value . Almost
all fluid flows occurring inengineering practicare turbulent: flows around buildings,
bridges, airplanes, cafiows in IC enginesetc. The behavior of the turbulent flow is random
and chaotic and the motion of fluid particles becomes unsteady even with ctnastadary
conditions@. The velocity and all other flow propertiesryan a random and chaotic way.

The general mixture motion in internal combustion engines and the associated
turbulence structureBave a great influence on the combustion process. Turbulence effects
include the convective deformation of the flament, the additnal transfer of momentum,
heatand mass due to flow fluctuations, etc. The level of theylimder turbulence is define
by velocity fluctuations, ofte called turbulence intensit@. The turbulence intensity is
strongly influenced by engine speed, valve timing, port geometry, compression stroke
charactestics, and combustion proc.

Performing of experiments is a very expensive process becausquites special
equipment, laboratories and professionals who are capable to perform them correctly.
Moreover, experimental measurenseoit turbulence intensity ardifficult due tothe extreme
in-cylinder conditions. Hetvire anemometers can be used faurbulence intensity
measurement but in this method it is required that the engine operdyesnder motored
conditions. Laserbased method®.(. Lasser Dppler Anemometer LDA) can provide
both spatial and temporal data the turbulence intensity under firing conditions but with
extensive engine modificatio.

Due to high costs of experimental data and increased computer power, a number of
simulation software packages have been developed. CFD codesdrasige finie volume
method@ hold leading position in the field of engine simulations. The technique is very
powerful, involving details on the fid flow, heat and mass tiafer and combustion
associated phenomena (chemical reactions). On the other hand, there are simulation codes
which are based on simplified approaches (e.g. zero dimensional appmraeiging
acceptable results witframatically reduced computational 8m

Typical examples of the turbulent flom daily life are flows around buildings,

airplanes, cars, as well as flowsiimernal combustiorngines(segFigure4). The turbulent
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flow field can be described by a few characteristic features such as: irregularity, diffusivity,
high Reynolds number, thremensionality ad dissipatio.

Figure4. Examples of turbulent flow in daily Iif@.
Good understanding of the-aylinder turbulent flow is one of the key factors for successful

modeling of the combustion process in spark ignition (SI) engines. A turbulent flow is usually

described in terms of the steady mean value of the velocigind its fluctuation component

that is superimposeffFigure 5): . All other quantities such as pressure and

density can also be expressed as a sum of the mean and fluctuating parts. This approach was
introduced by Reynolds and hence it is often datlee Reynolds decompositi.[ One
reason for decomposing these quantities is that when the flow quantities are measured, one is
interested in the mean values rather than in the time histories. The seeswt s a

possibility to solve the NavigBtokes equationaumerically without excessivepatial and

temporal resolutio.

Figure5. Typical point velocity measurement in steady (left) and unsteady (right) turbulent
flow field.

Initial equations for any turbulence modeling are the continuity equ ﬁrwa(rd the Navier

Stokes equation®) for a Newtonian fluidbody forcesare neglected
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2.1)

(2.2)

where ! (kg/m°) is the fluid density, u; (m/s) is the instantaneous total velocity in the

direction, p (Pa)is the pressure an@ (N/mP) is the viscous stress tensor. If the Reynolds

decompotion is applied to equation§2.0) and |@.2) and if the fluctuations in density,

pressure and viscous stress tensor are negletttedfollowing equations can be written
(RANS):

(2.3)
(2.4)

where the term that appears on the righand side (RHS) of equatic12.4 represets

the Reynolds stress tens. The Reynolds stress tensor appears as an additional

stress term due to velocifluctuations . The Reynolds stress tensor is unknown and in

order to close theystem ofequatiors (2.4), it has to be defined. Different approaches are

taken for closing thesystem ofequatiors (2.4) which distinguish turbulence models by

different levels of approximation (group of RANfased eddy viscosity models):

1. Algebraic or zereequation modelstmodels that do not require the solution of any
additional equations. The Reynolds stress tensor is relatde teelocity gradients
and turbulent viscosity (eddy viscosity). These models, such as Blkudwiax and
CebeciSmith model, are quite simple to use in general situations.

2. Oneeguation modelstmodels in which the transport equation for a turbulent gtyanti
(usually the turbulent kinetic energy) is calculated. The turbulent viscosity is defined
from the Boussiesq assumptio. The weltknown oneequation models are
3UDQGWO TV -BavtK &hd%hB SpalaAlliarasmodel.

3. Two-equation modelstthis type of models ishe most commdg usedturbulence
modelsin engineering problems. Transport of two scalars, for example the turbulent

kinetic energyk and its dissipation rat& are defined. The Reynolds stress tensor i
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related to the velocity gradients and eddy viscodvgst often usedwo-equation
turbulence models ark- Sandk- &model|§|.

4. Reynolds stress models (RSM)under this modeling approa eddy viscosity
has been discarded and the Reynolds stresses are directly computed using additional

differential transport equations.

Generally, whermass flows into the cylinder, it increasthe kinetic energy of the mean
flow which is represented by large scale eddies. The kinetic energy of the mean flow is
handed down from large scale eddies to progressively smaller eddies. This means that the
increase in the turbulent kinetic energy oscas a result of decrease in the mean kinetic
energy and that they are always closely connected. Finally, small scale eddies are dissipated
into heat by the effect of viscous forces. The phenomenon of the energy transition from large
eddies to smaller onesd the generation of heat from the small scale eddies decay is always
a unidirectional process. An energy cascade from large scale eddies to smaller ones is defined
by the production of turbulent kinetic energy, while the generation of heat causeadnysvis
effects is defined by the dissipation rate of turbulent kinetic energy. When the mass flows out

of the cylinder, it decreases both the mean and the turbulent kinetic energy. The energy

cascade process is illustrategFigure6

Figure6. Turbulence energy spectrum and energy cascade phenomenon.
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2.1. Single zonek- Surbulence model- high pressure cycle
2.1.1.General equations & oenodel

Since thek- Surbulence model is the most commonked turbulence model in multi
dimensional codes, the main idea was to implement this model in thesaycl&tion
software and to obtain turbulent quantities thrttch the results of the mutlimensiaal
model. The standarkt Surbulencemodel includes two transport equatiorme for the

turbulent kinetic energk and the other for its dissipation ra@The model is based on the

best understanding of the relevant processes that change these v@aﬁleﬂuation 4

is subtractedrbm equation4.2), multiplied by  and time averaged, it gossible to write a

transport equation of the turbulent kinetic energy as:

(2.5)

The first term on the RH®f equation|2.5) represents the production of turbulent kinetic

energy, the second is the molecular diffusion, the third and fourth terms are changes in the

turbulent kinetic energy influenced by pressure and vsaitess pulsations (which can be

neglected) and the last term is the dissipation of the turbulent kinetic g"y'he
a

;

(2.6)

production ternP is calculated by using theell-known Boussinesq approximatig

where 3 D i¥/the turbulent (eddy) viscosity and is the Kronecker delta symbodlhe

first term on the RH®f equation|2.6) represents the shear effect and second is the dilatation

effect on the turbulent kinetic ener§fy]. The dissipation rate of the turbulent kinetic energy

is defined as:

@2.7)

Finally, the transport equation of turbulent kinetic energy can be expressed as:
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(2.8)

where represets the turbulent kinetic energy and Is the Prandtl number.

The transport equation of the dissipation r&ie derived in the same manner as it is done

with turbulent kinetic energy:

(2.9)

where is the Prandtl numbe€; = 1.44 C, = 1.92andC; = - 0.373are adjustable

model constantﬂ@. The default values of model constants previpsglecified are derived
from the comprehensive data fitting for a wide range of turbulent f E [The production

and dissipation afheturbulent kinetic energy are always closely connected, which means that
the dissipation rateds higher ifthe value of the turbulent kinetienergy is larger. Equations
2.8)|and|R.9) represent two transport equations of the stankla@uirbulence mod.

2.1.2.Background 6the k- Surbuence model for 4D applications

In order to transform the muitiimensional transport equations of #heSturbulence
model into the equations of the zero dimensional model, a homogeneousotngids
turbulent flow field@ is assumed. The total velocity divergence b& expressed from the
continuity equation if density is uniform space but may vary in ti:

(2.10)

If equation |R.10)|is applied to lte definition of the straimate tensor , only members on

the maindiagonal exist:

(2.11)

17



and the total straimate (total velocity divergence)f the cylinder for the zero dimensional

approach is equal :

(2.12)

In the case o€ombustion chambethe equation|2.12) represents the totatrainrate of the

cylinder deformation in normal direction caddey the piston motiofFigure7).

Figure7. lllustration of «ial cylinder deformation caused by piston mot{fiat geometry of
cylinder head and piston)

Derivation of zero dimensional equations for Kk&urbulence model is based on themof

differential equationd2(8)(and [R.9) over the index for the threedimensional case. If a

homogeneous andotropic flow field is assumed, the convection and diffusion terms do
not exist. Finally, the transport equatiomdth the default valuesof C; = 1.44andC; = -
0.373 can be written a@:

(2.13

(2.14)

whereC, = 1.92is the tunable modedonstanEI 43[47). First terms on the RHS of
equations|Z.13) and [@.14) represent rates of the production of turbulent kinetic energy and

its dissipation and the last terms @spond to the destruction of both variables. Production

terms of both equations are modeled according to the rapid distortiawy @u Since

equations|Z.13) and [@.14) neglect convective and diffusion effects, they do not include

changes in turbulent kinetic energy and its dissipation associated with combigstion.

18



assuminghe equilibrium between the production and the dissipatidhefurbulent kinetic

energy, transportequations 2.13r and |@.14) can befurther extended by including the
diffusion term treated as a boundary flux betweerbtireed andhe unburned ma:

wher

(2.15)

(2.16)

(m?/s) is the kinematic viscosity of the cylinder mixtufransport equationf2(L5]

and|@.16) may also be written as:

(2.17)

where the diffusion termepresentshe rate of change in the turbulent kinetic energy or its

dissipation rate associated with combustidime full derivation ofthe 0-D differential

equations othek- ocaurbulence model frorthe multidimensional transport equations is given

in the Appendix.

If the finalform of thetransport equation®(5) and 2.16, of the zero dimensional model are

compared to the aiti-dimensional transport equatio[&g)(and Q.QP, one can notice that the

zero dimensional model neglects the following:

X

X

X

X

convective change in turbulent kinegoergy and its dissipation rate
diffusion change in turbulent kinetic energy and its dissipation rate
shear effect which occurs in the production tédPmttotal tangential deformatioaf

the cylinderdo not exist

secondorder term in the dilatation effect of the production ().

Although the specified particular effects the 0-D turbulence model are neglectatie

differential equations othe 0-D model will be modified so that the neglected effanisthe

overall turbulence level will be compensated.

2.1.3.Modification of k and Qdifferential equation for D model

The k- Oturbulence model has two transport equations: one for the turbulent kinetic

energy (equation2.15)) and the other for its dissipation rate (equat2ri6)). Before the
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analysis othedifferential equationss madejt is necessary to express the kinematic viscosity

and its time derivativéhat is used inequatiors 2.1§P and (2.16). Generally, the kinematic

viscosity istheratio between the dynamic viscosityand the density of thefluid. Therefore,

the time derivative of kinematic viscosity is equal to:

(2.19)

The calculation othedynamic viscosity is #ised oranempirical correlation and & function

of fluid temperaturd:

(2.19)

The time defferermdtion of equation 2.19? leads to:

(2.20)

Temperature derative of cylinder mixturehas significant influence on thehange of

dynamic viscositywhich can be seen iaquation(2.20). This derivativecan be calculated in

two ways:
a) Temperature derivation includes the total temperature increase duecte effe
1. compression and expansjon
2. combustion.
b) Temperature derivativéoes not include the influence of combustion. Its calculation is
based on thermodynamic changes efytinder mixture caused only by compression

and expansion.
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Figure8. Example of tirbulent kinetic energga) and its dissipation rai@) during the high
pressure cycterecalculated dissipation rate profiles (black lines in bottom diagram) are
defined from the & CFD results of the turbulent kinetic enelgiashed black line in upper
diagram).

During the compression, the mean kinetic energy decreases because the large scale flow

structures decompose to the smaller scales increasing the turbulent kinetic energy that can be

observed in upper diagram|Bigure8

According to the energy cascade phenomenon the total production of the turbulent

kinetic energy is always positive and therefore the production term dftithelent knetic

energy in equatiof2(15) is restrictecbnly to the positive values:

(2.21)

The profile of the turbulent kinetic energy during the higressure cycle calculated ByD
CFD is shown irEigure8 a) with the black dashed lindhe main prerequisite for coritec

prediction of turbulent kinetic energy is the correct calculation of its dissipation rate. By using

the profile of turbulent kinetic energy calculated bip TFD and byusing profiles of total
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fluid density, kinematic viscosity and their time derivativeedculated by €D simulation
mode| in which te incylinder temperature and pressure matched weh the 3D CFD

solution. By equatior{2.21) it is possible to calculate the profile of dissipation r@that

would give match to the-B CFD profile of turbulent kinetic energluring the high pressure
cycle.In the following text this mfile of Owill be called "desired" profile o0.The "desired
profiles of dissipation rate of turbulent kinetic energy are shown with black lines in bottom

diagram ofFigure 8| The initial dissipation rate at the start of high presssirealculatedy

equation|2.21) with the initial derivativeof the turbulent kinetic energgefined by last two

values of the turbulent kinetic energy calculated &y GFD before the start of compression.

The first profile shavn with solid line 5 calculated by equatiof2.21) with the calculation of

kinematic viscosity and its time derivatitleat includes theoverall change in temperature
caused bycompression (expansion) and combustion (method a) on page H®)setond
profile shown withblack dashed linés calculated with the temperature profile tilaies not
include theinfluence of combustion (method b) on page.18¢an be observed W

that the black solid profile of dissipation rate has negative values during the early part of

expansion. Such behavior is physically incorreetause it is contdictory to the energy
cascade phenomenon described previously (negative dissipation rate means that small scale
turbulent eddies are generated from the internal energy of the flindjefore, the adopted

"desired dissipation rate profile is the profilegsented by black dashed liffequre 8) and

this profile has to be obtained frodfifferential equation4.16). Whenthe equation2.16) is

appliedto the BD mode] the obtained dissipation ratetoo small, and thaurbulent kinetic
energyis too large (ed solid line ir{FigureB . In order to achieve that th@profile matcles

well the"desired one, the new useatefined constant o(-) that multiplies the production of

thedissipationis introduced into thelissipaton equation:

(2.22)

The new usedefined constant ois calledthe dissipation constardf the high pressure cycle
It was found thaby usingthe values oColarger thar2.0 the dissipation rate profiles that the
best fit"desired profile of the dissipation and of the turbulent kinetic energy during the high

pressure cycles obtained Such profiles are presented by dashed green lifégume8| The

full validation ofthe single zonek- Oturbulence model that includes the maaitif differential
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equations|Z.21) and |R.22) and calculation of kinematic viscosity and its derivative by

method b) is presented in fifthapter

2.2. Two zonek- Surbulence model

As noted earlier, duringhe combustionperiod the quastdimersional combustion
model divides the cyhder mixture into two separa#nes, burned and unburnedne On
the other hand, the turbulence model described abowelatds only the mean turbulent
kinetic energy and applies it to both zones. It is known frieencombustion theor@l
that physical properties of the unburned z{inefront of the flame)play the most important
role in the combustion process. The turbulent kinetic energy of the unburned zonetrauses
corvective deformation of the flame front, with additional tfansof momentum, heat and
mass.

An analysis of single and two zone turbulence model formulations for the- quasi
dimensional combustion modeling of Sl engines was performe@ They studied
different turbulence model formulations including energy cascade (algeteaidel 1) andk-
aapproach. The simulation results ofaylinder pressure achieved withe application of
different formulations of single and two zone turbulence models were compared with the
experimental pressure traces at several operating points. Although the rapid distortion and
enhanced entrainment terms were introduced into single amuels, it was shown that the
two zone turbulence models were able to predict the pressure curve during the combustion
with a greater accuracy than the single zone models. It was also concluded that the two zone
k- atdurbulence model was consistently ketin following the experimental pressure curve
over the whole range of operating conditions that were ana@.d‘l{herefore, in order to
be able to predict theombustion progress better and physically more accurate, the turbulence
kinetic energies of both zones should be calculated separately. This section describes the
extension of the single zone turbulence model into a two zone turbulence model.

The single one modeldefined in Gapter 2.1. Is ableto calculate the mean
turbulent kinetic energy of the cylinder mixture well. This fact was exploited in the
development of the two zone model. Instead of setting the model that veilllatal the
changes in turbulerkinetic energy of the burned and of the unburned t[he two zone
model calculates the totaiurbulent kinetic energy and the turbulent kinetic energy of the
unburned zone. The turbulence values of the burned zone can teeplibgly calculated by
the mean values of the cylinder mixture and by theulencevalues obtained in the

unburned zone.
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Results of the total turbulent kinetic energy and that of tiitned zone, calculated

by 3-D CFD software, are shown qualitatiyeh|Figure9

Figure9. Qualitative profilesof turbulent kinetic energies (total and unburned zone)
calculated by 3BCFD simulation duringombustion.

Before the activities on modeling tife two zonek- Oturbulence model in-@® environment
are presentedh few requirements and conclusions froid £FD resultsaare shown
1. Total turbulent kinetic energy of the cylinder mixture is equal to ghe of the

turbulent kinetic energy of the burned and unburned zone:

(2.23)

wherexg (-) is burned mass ratio defined as the ratio between the burnédedothl
in-cylinder mass.
2. Total production of the turbulent kinetic energy of the cylinder mixture is equal to the

sum of productions of the burned and unburned zone:

(2.24)

3. Total dissipation rate of the turbuldahetic energy of the cylinder mixture is equal to

the sum of dissipation rate of the burned and unburned zone:

(2.25)

4. Turbulent kinetic energy of the unburned zone is always equlwar than total

turbulent kinetic energy:
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(2.26)
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respectively When the total and unburned zone turbulent kinetic energies are known, the

turbulent kinetic energy of the burned zone can easily be compute@duaation(2.23).

It can be seefrom|Figure 9|that the turbulent kinetic energy of the unburned zone

never exceeds the value of the total turbulent kinetic endqgy (k). If the burned and
unburned zone turbulence are calculatepasstely by using differential equations of the

turbulent kinetic energy and dissipation rate for each zone, the tetglimaer turbulent

kinetic energy is explicitly defined from equati¢23). In order to simplify the two zone

turbulence model as much as possible, the modeling strategy is based on the definition of
unburned zone differential equation foand gewhile the total ircylinder turbulent kinetic
energy is defined with the previously definedgée zone turbulence model irh@pter 2.1.2.
To obtainthe same relation oprofiles of the turbulent kinetic energly using theO-D
simulation model, the producticto-dissipation rab of the specific zones has to be
controlled. The full control between the productierdissipation ratio othe total mixture
and that of the unboed zone cannot be established because the burned zone turbulence
quantities are unknown.

The productionof turbulent kinetic energy isalways positive. Negative
production of turbulent kinetic energy means that the small scale eddies are merged together
creatinglarge scale eddies, which is in contradiction to the energy cascade phenomenon

described irthe previous sectionThe dissipation rate dhe turbulent kinetic energy is also

always positive Therefore, from equatiolQ.Q4 and|@.25), the following expressions can be

written:

(2.27)

(2.29)

If conditions presented bgquation|2.27) and |@.28) are not satisfied, corrections to the

production and the dissipan rate of the unburned zoaeemade. The corrections are made

by assuming that, when the conditions presentecedpyation(2.27) and |@.28) are not
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satisfied, the production and the dissipation of the burned zone are 0. In that case, the
correction to the production and the dissipation of the urdzlizone is made in the following

manner:

(2.29

(2.30)

Before the specific modification and extension of differential equations-f@rmn@odel are
made, the analysis of "desired" profilethe turbulent kinetic energy calculated BYDFD
model is performedThe turbulent kinetic energy of unburned zone dated by 3D CFD

model is shown with black dashed curvéFigure 10{a). In order to obtain such profile by

using the 6D two zone tdbulence model, thprofile of dissipation rate ahe unburned zone
has to follow the profile shown with the black dashed I'nnEigure 10| b).This profile is
calculated fromky; calculated by @ CFD and by using following equation (similar to the

procedure of calculatinglésired oprofile in the single zone model):

(2.31)

where the densityl,, (kg/m®), kinematic viscosity  (m?/s) of the unburned zone and their

time derivatives areakenfrom 0-D calculationwith the combustion model constanisied so

that the incylinder temperature is captured wdlhe above equatiof2.31) is similar to the

equation|2.21) with the exception thaall physical quantities are related tiwe unburned

mas. The dissipation rate dhe unburned zone is defined with the differential equrati

similar to the equatiof2(16):

(2.32)

where constant; (-) is set to 1.92If the equationZ.32) is appliedon the 6D modelwithout

the control of conditionsshown in equatios (2.27) and Q.28r, the obtained profile of
dissipation rate isignificantly different than thedéesired one, (red solid line ‘rFigurelO. It
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is evident that such profile is significantly beldhe desired one resulting the higher level

of turbulent kinetic energy ahe unburned zone. This also has significant influence on the

combustion duration becaudeethigher turbulent kinetic energy of the unburned zpeeds

up the combustion rate. Therefore, the end of combustion that can be obsgtigeniadOjis

much earier thanin the 3-D CFD simulation. In order to increase the dissipation of the

turbulent kinetic energy othe unburned zone, the differential equati§32 Is extended

(similar to equatior

222

in single zone model)

(2.33)

where (-) is a new usemefined constanthat multiplies the production term ahe

dissipationrate of unburned zoneTherefore, this constant is callelissipation constant of

unburned zone

Figure10. Example of turbulent kinetic ener¢g) and dissipation ratf) of unburnedzone

duringcombustion.
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If the new usedefined constant is increased to the dissipation rate is highahich

is shown with the red dashexirvein|Figure 10| The dissipation rate ofhe unburned zone

shown with the red dashed litealso calculated withut the control of conditions presented

by equation42.27) and|R.28). The turbulent kinetic energy diie unburned zone in the case

with and without corrections much better than thprevious case, but still ho

close to the ® CFD solution Whenthe partialcorrection ofproduction and dissipation rate

of theunburned zonés performed byusingthe assumption thgroduction and dissipatioof

burned zone are equal tqéquationg Z.ZQ' and|@.30)), and this corrections are applied when
conditions specified in equatiorﬁ._Ie? and 2.28r are not satisfied, a new set of results is

obtained The results of dissipation rate and turbulent kinetic energy of unburned zone

calculated by @ simulation model where the mentioned correction is taken into account is

shown with the dashed green lingkigure 10| The obtained profiles of dissipation rate as

well as the turbulent kinetic erggr of the unburned zone are mudbse to the"desired 3-D

CFD results than previguesults.

Whenthe two zme turbulence model is applietietequation(2.31) and Q.33r of the

turbulence of unburned zoree calculatecsimultaneously with the equatief2.21) and

2.22) for the total incylinder turbulenceThe new approach for the simple calculation of

unburred zone turbulence ixtensively validatedh the fifth chaptemhere0-D results are
compared with the available-I3 CFD solutionsfor different engines and operating

conditions.

2.3. Single zonek- Surbulence model tgas exchange

The single zone- Oturbulence model described under tBeapter2.1 was applied
only during the high pressure cycle. The initial conditiongh@start of high pressure cycle)
of turbulent kinetic energy and its dissipation rate were specified fromEh€RBD results. In
order to eliminatehe turbulence model dependency erternal specification of the initial
conditions that have tbe specified at IVC and to close the loop in th® @urbulence
simulation modelingtheanalysis of turbulenceras extendetb the gas extange process.

The major source of aylinder turbulence is the shear flow around the intake valve.
The recirculation flow around the intake valve is highly unstable and breaks down as soon as
the intake process terminates. The strong turbulent flow gluhe intake significantly

influences the3-D flow structures in the cylinder, which is one of the major features of

turbulenc.
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Equation |R.12) represents the total velocity divergence for the cylinder control

volume that is applicable if the mass flow on the boundatphetontrol volume shown in
Figurell] does not exist. During the intake procegschis illustrated ir{Figurell the fresh

gas mixture flows into the combustion chamber increasing the mean kinetic and turbulent
kinetic energy othe in-cylinder massThe variation of densityover time takes into accotun
the effect of the changa control volume, but cannot capture the influence of strong inflow

that dominates during the intake procebs.order to transform the muitimensonal

differential equationg2(8)|and |R.9) into the differential equations ofD approach that are

applicable during the gas exchange, the new source terfikg/m’s) of continuity equation

is defined

(2.34)

With initial equation set t¢2(34) the total velocity divergence ttfie cylinder control volume

can be expressexs

(2.35)

where  (kg/s)is the intake mass flow and (m?®) is the instantaneous cylinder voluniy

applying equation|2.35) to the transport equation2.8)| and @ and by neglecting the

diffusion and shear termthe following equations are derived:

(2.36)

(2.37)

where () and (-) are new usedefined constants, while the (m/s) is the
instantaneousnean flowvelocity at the intake valve cross sectidrhe first usedefined
constant is called the intaké production constant and is the intake Oproduction

constant.

29



Figurell lllustration d the engine intake process and turbulent eddy generated by the strong
flow over the intake valve

Sincethe isotropic and homogeneous turbulent flow field is assumetkrivation of

equation|2.36) and |@.37), the intakek production constant and the intakeOproduction

constant are used to calibrate the model so that the effects of anisotropy and non

homogeneity of turbulent flow field that is dominanirihg the gas exchange period are

captured.The rew source term of equatioﬁ.'\BGP takes into account the influence of mean

flow kinetic energy, described by tlestantaneous mearelocity at the intake valve

cross sectio, on the iacylinder turbulent kinetic energythe same first term of differential

equation of the turbulent kinetic ener¢g:36) is defined in by the time derivative of

kinetic energy of moving part where the int&kS URGXFWLRQ FRQVWDQW zDV VH
The validation ofthe newly develped differetial equations|Z.36) and |R.37) is

performed in fifth chapter and-D simulation results are compared withe 3-D CFD
solutiors. The approach where the-D results of iacylinder turbulencevere compared with
the 3D CFD results waslsoused in. In the extended - turbulence model based
on the K-k (algebraic canodel |) approach was gioyed. The model is developed and

adoptedonly for the tumble ircylinder flow assuming an ellipsoidal shapetbé mean flow

field, as it is shown ifpFigure 12| By assuming that the average gradient (for the entire

cylinder domain) othetumble velocity is proportional to the ratio of mean flow velocity

and integral length scalk, that represents thaveraged diameter dhe turbulent eddy,
Watanabe et aI expressed the total productid? of the in-cylinder turbulence as

follows:
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(2.39)

where U; (m/s) is average velocity,; 3D ¥ turbulent viscosity andCr (-) is model
constant.The production of the turbuldrkinetic energy consistsf two terms where the first
term represents the effects of normaliflustress while the second takes into accdbet

Reynolds shear stress.

Figurel2. Ellipsoidal velocity distribution of ktylinder tumble flondefined in.
If the term for the production of turbulent kinetic energy define@is compared with the
one defined in equatiov|@36, it is evident thatthe 0-D turbulence model presented by

equations|Z.36) and |R.37) neglects the shear effects on the production of turbulent kinetic

energy.Theturbulence modedf Watanabe edl. has 6 constants thaave tobe calibrated for
the considered engine. Tvad them are related to the intake, two constants are used for the

definition of integral length scale, one for the production and onetherturbulence

dissipation termAlthough the tubulence model presentdny equations| 1.36’ and (.37

assumegzerovelocity gradientand neglectshe shear effects, it represesimple and more
general 6D descriptim of in-cylinder turbulence whiclcan be used for arbitrarffow

structure in the cylinder, and uses o8lyningturbulence constants:

X - the intakek production constant;
X - the intake Qproduction constant;
X - thedissipation constardf the high pressure cycle.

The first constant influencebe turbulence production during the intake process, while the
remaining two constants are dissipation constahat define the dissipation of turbulent
kinetic energy during the intake process and high pressure cycle, respeciikiete
constants are calibrated within the fifth chapter where tHe fesults of incylinder

turbulence are compared with the avdga®D CFD data.
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3. Fundamentals of gark ignition and modeling

The combustion process of S| @mgs is an extremely complegombination of
phenomena including the arc discharge, the fuel oxidation chemistry, heat losses in a complex
geometry, and the role of turbulence over a wide range of length and time scales. The
combustionprocess of Sl enginis initiated by electric spk discharge that occurs between
the spark plug electrode3he electric spark life is generally divided into three phases:
breakdown, arc and glow phase. The breakdown phaseffestsnanoseconds during which
the spark current rises to a first curreraximum of several hundd amperes. After that, the
voltagebetween the electrodesops to very low values of around 100 V and this phase is
known as arc phas&he discharge of electric energy accumulated in the coil and high voltage
cable occurs duringhe time of 1 VFinally, after the breakdown and arc phase, the glow
phase occurdelivering the largest portion of the originally stored electrasrgy into the
electric spark The duration of this phase depends on the engine ignition sgstéron tle
electric energy available in the secondary citclntthe case of TCI (Transistorized Coil
Ignition) system the glow phase ladty abou 2 ms. The glow phase of electric spark
corresponds to the visible spark observed in experisand it lasts as long as the energy
in the secodary electric circuit is largehan zero.

The size of the spargenerated flame kernel formed during the glow phase depends on
the breakdown energy that the ignition system delivers to the surrounding gas. The local gas
temperatures between the spark plug electrodes can reaemelxt large values of order
60000 K resulting with the rapid heat transfer to the electr Therefore, the early
flame kernel growth is non adiabatic process. A number of experimental studies have shown
that the initial flame kernel formed within the few microseconds after th& spaet is about

1 mm in diamete.

Figurel3. Visualization of the early flame kernel growth from the experir@tihdicating
the effects of local bulk flow and turbulence in the vicinity of the spark plug.

As the flame kernel grows, a gradual transition to the turbulent flame occurs due to the effects
of local flow that increases the distortion of a very thin lamiia reaction zone. On the
other hand, the local bulk flow at the spark plug location convects the kernel center away
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from the spark plug electrodes. The mentioned effects on the earlyk&amed growth can be

seen inFigurel3

3.1. Ignition modeling in multidimensional models

Two more recent developments in termsvaddeling ofignition phenomena in-B CFD
simulations are Discret®article Ignition Kernel (DPIK) andArc and Kernel Tracking
Ignition Model (AKTIM) . In quasidimensionhcombustion modelgnition phenomena
and early flame kernel growth are usually not considdtad.assumed that such process of
flame initiation lastdor about0.2 msandthe flame frontis approximated as fully spherical
with about 2 mm in radius.

Discrete Particle Ignition Kernel modepresents theingle flame kernel model andas

developed by Reitz et 61|5'[ 61]. It tracks the early flame propagation using @Gequation

formulation. At the prescribed time of ignition, a single spherical flame kernel with radius 0.5
mm is formed at the center between the spark plug electrodes. The flame kernel growth rate is
function of burned and unburned density, turbulent burning igland plasma expansion
speed.Once the flame kernel exceeds the radius related to the integral length scale, the
ignition model switches to the combustion moddie DPIKmodelis usually coupled to the
G-equation leveketcombustion model and basedn several simplifications:
X A criterion for successful igtion is not taken into account.
x The modéng of electric arc is omitted.
x The effects of sparkhannel elongation and-strikes on the position of flame
kernel al its growth are not considered.
x The flame kernel is not shifted due ta# flow velocity and remains ispherical
shape.

The AKTIM is also used for the descigmt of flame kernel processm 3-D CFD
simulationslt is based on the four suhodels to describe different stagestod flame kernel
development. The spark plug geometry is taken into account by using the marker particles and
a drag force is induced onto the flow field. The electric arc is described by the Lagrangian
particles whose position is defined with the local flow figidhe vicinity ofthe spark plug
taking into account the spark energy deposition into the Gompared to the DPIK, the
AKTIM introduces several thousand particles (~ 4000) representing the gravity center of
possible flame kernels. The flame kernels siréted due to local flow velocity and receive
the energy from the electric spark. When the critical energy is reached, ignition occurs, and
the flame kernel is allowed to expariche AKTIM does not apply flame extinction criteria
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and neglects the fundantaheffects leading to successfghition or flame front propagation.
The AKTIM is active as long as the specific portion etylinder mass is burnedifter that,

the combustion processusuallydescribed by the Coherent Flame Model.

3.2. Background of QuasiDimensional Ignition Model

It is already mentioned that the detail ignition phenomand early flame kernel
growth wee not considered with thprevios quastdimensional combustion model. It is
assumed thahe ignitionperiod lasts aboud.2 ms and thatthe flamereaches the radiusf
about 2 mmSuch simplification of ignition delay modeling is not fully promising because the
burning speed aheflame kernel depends on the energy released by the ignition system, heat
losses from kernel to thepark plug electrodes, local fluid flow and mixture state. In order to
include more comprehensive and detailed description of ignition phenomena and early flame
kernel growth, the new quadimensional ignition model (QDIM) is developethe model is
basel on the AKTIM model that consistd four main submodels: the electric circugub
mode| early flame kernel growttsubmode| electric sparksubmodel, and spark plug

geometry submodel. More details about each smiodel are givein the following sectins.

3.3. The electric circuit sub-model

The simplified electric scheme tie engine ignition system is shown|figure 14} At

the prescribed time of ignition the switch is opened and about 6Delectric energy stored

in the primary inductanck, (H) is transferred to the spark plug. The rest of electric energy is
dissipated by the secondary inductahge(H). In order tosimplify the model, only the
secondary electric circuit is consider@ and its initial energy at the time of ignition is

given as an input parametafrtheignition submodel

Figurel4. Simplified electric scheme of an engine ignition system with the spark plug.
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A few microseconds after the prescribed time of ignition, the spark is formed between
the electrodes. The spark life is generally divided into three phases: breakdown, arc and glow

phase. The first two phases last a fewand thereforare not modeled within the presented

ignition model, but they are efficient in transmitting energy to the fresh gases. The breakdown
voltageVpg (KV) between the electrodes is calculate@:

(3.2)

where is instantaneous 4{oylinder pressure, is in-cylinder temperature and

is gap distanceThe equation3.1) is analyzed ovedifferent incylinder pressures

that ranges tm 1 bar to 20 bars and owdifferent temperatures fro®00 K to 1000 K.The

breakdown voltag®/,q as a function of ircylinder pressure and temperature for difeerent

gap distancgis shown as D plotsin|Figurel15

Figurel5. Breakdown voltage as a function ofdglinder pressure and temperature for
differentgap distance(d = 0.6 £1.2 mm)

The breakdown enerdihg (J) is approximagly given byrelation
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(3.2)

where is breakdown constant. The voltage between electrodes during the

glow phase that corresponds to the visible electric spark observed in experiments is given by

the relation:

(3.3)
where and are cathode and anode voltage fall defined as input parameters.
The voltage between the electrodes  depends on the spark length , the electric
current in the secondary circuit  and on the ircylinder pressure

(3.9
where () is the voltage constant defined tme user.

The electric current of the secondary electric circuit is given by the relation:

(3.5)
where is secondary circuit inductance. The electric energy of secondary electric circuit

is calculated by the following differential equation:

(3.6)
where is the resistance ahe secondary electric circuit. The differential equation (3.6)

definestheduration of the visible sparkyhen the electric energy tdiesecondary circuit falls

to O the electric spark disappears. The initiateic energy othe secondary circuit is

defined asaninput data.
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3.4. Early flame kernel growth

After ignition, the progresef flame kerneis determined by the progress of the excess

energyof kernelEy (J) and theburnedmassin kernelmy (kg):

(3.7)

(3.8)

whereQg (W) is the supplied electric powe®w (W) is the kernel heat losd,, (kg/m) is
unburned zonelensity, & (m? is the free flame kernel surfaeeeaand U, ¢ (M/s)is the
effective laminar flame speed. The initial kernel excess of energy(@® = 0.6B,q as the
estimation of the energy that is received from the breakdown and arc phaseeans that
only 60 % of the breakdown electric energy is transferred to the flame @eThe initial
flame kernel radius is set to 0.5 mm as it is propos . The supplied electric power

and the kernel heat loss are calculated as:

(3.9)

(3.10)

wherek, (W/(m?K)) is heat transfer coefficien& (m?) is the instantaneously entrained spark
plug surface area by the flame kerngl,(K) is the flame kernel temperature angh (K) is
the spark plug temperature. The heat transfer coefficient and the spark plegatemgare
defined by the user as input parametdrtheignition submodel

The free flame kernel surfaG (m?) is given by the relation:

(3.12)

with theflame kernel density (kg/m°) calculated as:
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(3.12)

wherec, gz (J/(kgK)) is the specific heat capacity of burned gases. Rémel density depends
on the burned gas density and kernel excess of energy. When the kernel excess of energy is
negative (heat transfer is higher than supplied electric powerfjathe kernel temperature is

lower than the burned gas temperatunee flame kernel temperatuii is calculated from

the state equation of ideal gas with the flame kernel density defined from edGditiZn (

(3.13)

whereRgz (J/kgK) is the individual gas constanttbeburned zone.

The distortion factoFs (-) of the flame kerndireesurface is defined by the ratio between the
instantaneous spark lendth. (mm) and the gap distanc(mm) between the electrodes:

(3.14)

The effective laminar flame kernel spelddes is calculated by the expression proposed
usedin @:

(3.15)

whereS (m/s)is the laminar flame spe used n the previos fractal combustion model,

Ty (K) is the flame quenching temperatur@userdefined parameterpnd Taq (K) is the
adiabatic flame temperatu@.

The calculation of the flame kernel growth lasts as long as the burned mass of the kernel does

not reach theritical value defined by the following relation:

(3.16)
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whererg (m) is the assumed radius tfe flame kernelthat is largeenoughfor the wrinkling
of its surface to become significant and to be considered as turbulent Tlaimés adjustable
model parameter théilas tobe calibrated for the certain engine geomdtrysome 3D CFD
simulation models of Sl engine combustion the yeldme kernel growth is calculated as
long as the flame kernel radiuslesver thanthe critical radiusvhich is related to the integral
length scale of the flow field as it is describe[

If the calculation of the flame kernel growth (ignition delay) is longer than the p&iod
which the electric spark exists, the distortion fadtgy of the flame kernel surface is defined

according to the fractal theory
(3.17)

whereL, (m) andlx (m) are the maximum and minimum integral length ssafeéhe turbulent
eddies defined by the appligdQturbulence model, respectively. The fractal dimenfeif-)
is fixed to 2.05 to reproduce the wrinkling of the flame front duthéceffectsof different

turbulent eddies.

3.5. Modeling of electric sparkand spark gap flow

Modeling of spark length is very portant because it influencéise voltage between

the electrodes (see equatif84f) andthe strain rate of the free kernel surf [ In the

proposed quasiimensional ignition model the electric spark is modeled by spark marker

points whose positions are defined by the velocity profile between the dpgrklpctrodes

shown ir[Figure16

Figurel6. The spark cross flow artibe electricsparkrepresented by Lagrangiparticles
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The velocity profileU(z) between the electrodes can be approximately given with the Hagen

Poiseuille row:

(3.18)
where is dynamic fluid viscosity and (m) is the arbitrarydistance from one
electrodetotheother ” ] ” G 7KH S UddgNxsXalddla@dldR:S

(3.19

whereU,, (M/s)is mean (macroscopic) velocity between the electrodes {ftovgwvelocity).

For a definition of the mean velocity in the spark gap region two options are available:
1. From the kinetic energy of the mean flow: . This option

requires the calculation of kinetic energy of the mean flow, which mean¥that
differential equatiorhave to be solve@K-k turbulence model) antvo turbulence
model constantBave to be specified.

2. From the turbulent iketic energyk by directy correlatingthe local mean velocity,,
to the turbulence intensity{

The second option is easier and simpler due to the fact thit Ghebulence modetan be

directly used and validateavith the 3D CFD results Therefore,it was applied in the

presented ignition model. The direct correlation of the local mean velbgityto the

turbulence intensityf LV UHDVRQDEOH EHFD XV Hnéafkel wallSobtheN S O X J

cylinder head wherehe presece of boundary layeexists. The crosBow velocities

significantly depend on the combustion chamber geometry, the locatibasgark plug and

on the engine speed. They are usually in the rang:é(l)m/s 57159|.
In order to calculate the spark lendtbm assumedrelocity profile, it is recessary to

define thediscretizationin z +direction. At the time of ignition, the initial spark mark are

uniformly distributed abng the shortest path betwethie electrodeshown inFigurel16| The

proposed quasiimensional ignition model hd$sy = 11 sparkmarker pointsan odd number
is choserso thatthe single flamekernel centecan beplaced in themid-point By applying

the velocity operator defined by equation (3.dA)the particulaspark marker point, each of
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the pointsis shifted from the previous position the direction that is defined by the flow
angle . f The flow angle is the required input parameter and is defined as the amgfe in

planewhere the zero valuef . corresponds to thpositive direction ofx - axis shown in

Figure16| Since the velocity profile is defined as planar velocity profile in the arbitrary plane

that is coincident with the *axis, thex - andy - coordinates of sparkarker points can be
calculatedas functions of flow angle:

(3.20)

(3.21)

Z K H U ¢d) isithe calculation step size. Finally, the sperigth is calculated by sunng the

shortestistances between particulaaigrangiammarkerpoints:

(3.22)

The effect ofthe crossflow velocity on the spark lengthnd early flame kernel growth has

been analyzed in several experimental stuzii?és?B. It has been shown that crefésw

velocity significantly influences the spaelongation as it is showin|Figure 17| Shichida et

al. have performed the expergmtal and numerical analysis ighitability limits of the

spark plug It has been described thagher crosdlow velocities significantly increase the

length ofthe sparkshown on the left side @figure 17| Since the spark length influencése

voltage between the electrodes (see equd8al)), the operating condition with the higher

crossflow velocity has shortespark duration (the spark burn tim&his phenomenon occurs
because the available electric energy stored in the ctileafinition systendecreases faster
which should be captured by the developed qdasiensional ignition modelln extreme
conditions when the crosfiow velocity is higher than 10 m/# is possible that the spark is
dischargedalong the isolator surfacésurface discharg. Although in theseextreme
operating conditionsnisfire usually ocurrs, itan not be captured by the presented approach

for modeling of the electric spark length.
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Figurel7. Elongation of electric spark due ttoe flow velocity: ptotograph of curved spark
channel[f] at flow velocity 7.7 m/s (left), description of spark lengghthe set of
Lagrangian particles.

In the presented quadimensional ignition model the electric spark is always modelledeas th
parabolic profile defined by the set of Lagrangian particles whose movement is disfited
crossflow velocity vector and with the velocity profile between the electrodes that is
approximated with the HagenPoiseuille flow.Therefore, the mentionesurface discharge
that occurgn extreme incylinder flows at the breakdown phasannot be predicted by the
model. Although this phenomenon cannot be captured by the ignition model, the developed
QDIM is able to capture the multiple breakdowns that n@yupat the late part dhe glow
phase at operating conditions with higher engine sps/[‘t higher engine speeds the
crossflow velocity is about 10 m/s anelongation ofthe curved spark is significant. The
electric spark elongation increases the voltage between the eleatroidbsduring the late
part of the glow phasecan reach theébreakdown voltage. If this occuyr&s nev set of
Lagrangian particles ahg the shortest distance between the electrodes is initiated
representig the electric spark rstrike. It is shown under the validation of cyed@amulation
results that the multiple breakdosvroccurwhen the electric spark length is many times

longer than ttance between the electrodes

3.6. Modeling of spark plug geometry

Modeling ofthe overdl spark plug geometry is verghallenging task for D approach
because the classic spatial discretisation is not considered. In order to calculate the
instantaneous heat tsfer between the flame kernel attte spark plug electrodes it is
necessary to model the spark plug surfag thinstantaneouslentrained by the flame
kernel. The surfaces difie spark plug electrodes are represented by the uniformly distributed

points over the spark plug surfaces as showvliFigure 18] The similar approach has been
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used inEI where the flame front area was defined by the unifpmiistributed marker
points onthe smooth flame front witthe defined mean flame radius.

Figure18. Description othe spark plug geometry ;D approach.

The increment/ represents the distance between the points ynor z - direction for the

rectangular surfacess shown ifFigure 19|a). In the case of circular daces (e.g. central

spark electrodepresentedn|Figure19|b) the increment/ represents the length of circular arc

in the circular direction and the distance betwé#ss two neighboring radii in the radial
direction. In general, each marker point represents the incremental surfacef aidéisat is

also shown ir{Figure 19| The spark plug geometry is defined by the set of geometrical

parametersGi, G, l1, I, I3, E1, Ep, E3, E4 andd (mm) that are defined by the user. The

overall spark plug geometry descibed by 19 surfaceshown n|Figure 18land each surface

is marked with the specific numbdf.the central thin electrodshown inFigure 18/should

not be considered the user has to set the geometrical par&xnétezero.By the proposed
approach for the description of spark plug geoymetr0-D, modeling of different spark plug
geometries (different gap distandewith or without the central thin electrode definedBy

andEg, etc.) is enabled

Figurel9. lllustration of incremental rectangul@) and circularnb) suface area othe spark
plug.
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The total spark plug surfacgeaS,: (m°) can be calculated as the sum of particular surface

area S (m?):

(3.29)

Therefore, the particular surface ardapend on the input of geometrical parameters as

follows:

(3.24)

(3.25)

(3.26)

(3.27)

(3.29)

(3.29)

(3.30)

(3.31)

(3.32)

(3.3
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(3.34)

(3.35)

(3.36)

The instantaneous flame kernel cerdeshown inFigure20jis defined by the coordinateg

yk andz which is calculated by the model for the electric spathile the particular marker
point T; of the spark plug geometry defined bythe coordinates;, y; andz. Since the mean
flame kernel radiug is definedat each time step, thealueof distanceD between the flame
kernel centeK. and the particular marker poimt defines whether the marker point is inside

or outsideof the flame kernelith radiusR.

Figure20. lllustration ofearly flame kernel growth; the kernel centemigvedfrom its initial
position due tdhe crossflow velocity U,,.

The instantaneously entrained surface &ed the spark plug can be calculated as follows:

(3.37)

whereN; (-) is the total number of marker points that represent the spark plug geoametry
Ne (-) is the number of instantaneously entrained marker points by the flame. KEneel
decision whether the marker point is inside or outside the flame kernel is made by checking

the distanceD between the flame kernel cent€g and particular marker pointi. The

45



distance between the flame kernel cekte(xy, Yk, z) and particulamarker poinfT; (X, Vi, z)
is calculated as:

(3.39)

If the distanceD is lower than the flame kernel radil& the particular marker point is
entrained by the flame kern@therwise iis considered to be outside of the flame kera®lit

is illustrated iTFigureZO Due tothe simplicity of the model, the entrained spark plug surface
area is caldated with the assumption théte flame kernel hagully spherical shape with

radius R.. On the other hand, theeal kernel burning rate incorporates the effect of free
surface distortion of the kernel due to convective fluid motion and turbulence. In the
presented ignition model, the distortion factotlod free kernel surface that entrains the fresh

mixture is propoibnal to the ratio between the instantamecpark length andistance

between the electrodesseeequations3.8), (3.11) and|(B.14). The presented ignition model

also neglects the local interaction betweea tlame kernel and the spark plug electrodes
which, in real operating conditions, lirathe flame kernel expansion close to the electrodes.

The effect of the spark plug electrode design on the early flame kernel grovath

investigated experimentally i|r51’ 59)[7578]. The experimental Schlieren imagesiot early

flame kernel growt are shown inFigure 21} The experiment was performed in static

field with stoichiometric mixture and initial pressw&l1.6 bar. On the left hand side thie

Figure21lthe flame kernel is shown for the DR¥pe of electrodes while on the right side of

this figure for the standard Nype of electrode. Both Schlieren images are captured 3 ms
after the spark discharge with thange ignition energy enabling the study of spark plug
design on the early flame kernel growth. It is evident from Schliphetographghat faster
flame expansion was observed in the BEtlfge of spark plug than in éhNi-type. This can be
explainedby theeffects of heat losses from the hot kernahispark plug electrodeB®uring

the early phase of development (glow phase) kernel radinghe order of gap distance and

its center is close to the midpoint between the electrodes. As the flame kemws| ds
volume expands and entrains the spark plug electrodes that have significantly lower
temperature than thigame kernel. The heat loss that occurs between the flame kernel and
spark plug electrodes is directly proportional to the instantaneoudigired spark plug
surface area by the flame kernklence, in the casof DFEtype of spark plug the initial
spark plug surface entrained by the flame keim&wer, resulting inthe lower heat transfer

and with faster kernel growth
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Figure2l. Effects ofthespark plug geometry ahe flame kernel developmeit the static
field - Schlieren photographs at 3 ms after spark discharge; initial pressure is 1.6 bar and

.

In terms of duration othe early flame kernel growth and ignition delay, the spark plug
designs with thin central electrode areore favorablebecause the ignitability limits are
higher. Oh the other handsuch spark plug electrodbaveto be produced from the materials
that are resistartb wear ando the higler thermal stresse$igher melting point) Therefore,
they areusually produced from metals such as iridium, tungsten, pallagilatipum, silver
or gold that significantly increasthe production costandare usually applieth racingSl
engines.

In order tosimulate theabovementioned effects of heat losdes different spark plug
desigrs with the developed upsidimensional ignition model, theodel ispreparedn the

mannerthat the usehas tochange only two input parameters; (and E3) related to the

definition ofthe spark plug geometdescribed ifFigure18

Figure22. Examples of the spark plug dessgghat can be considered with the developed
guastdimensional ignition modeh) the standard spka plug desigrwith single side
electrodeb) spark plug with the central thin electrode
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On the left hand side gfigure 22|two typical spark plug designs are shown as well as their

representatiorby the geomdrical pointsin QDIM that are uniformly distributed ovethe

surfacesln orderto consider the spark plug design with the central thin elegtstdevn in

Figure22|b), it is necessary to chang®o input parameterg, andE; marked inFigure 18

that represerthe height and width ofhe central electroderespectively

3.7. Features ofthe developed quasdimensional ignition model

Several main features of the developpehsidimensionaignition modelmay be specified:

X

X

X

X

Ignition delay periodand early flame kernel growtdependon large number of
physical properties, such as spark plug geometry, -€flmssvelocity, heat transfer
effects, energy ahesecondary electric circuit, etc.

The misfire conditions can be captured: if there large heat transfer afwv kernel
energy received from the electric spark the flame kernel will not be able to grow
enough and the misfire will occur.

The QDIM is capable of handling multipidectricalbreakdowns that may occur at
high crossflow velocities: when the voltage between the electrodeseaches the
breakdown voltag®/,4 the new breakdown is triggereahd the new spark is formed
increasing the kernel expansion speed.

The possibility to simulateycle-to-cycle variations in combustiorgscillations of
ignition delay period by the oscillations of crdkswv velocity and/or by the
oscillations of flow anglat the vicinity ofthespark plug

Possible dawbacks of thelevdopedignition model:

X

There is no local interaction between the flame kernelthedpark plug surfaces in
terms of its limitation for expansion.

The flame kernel shape is approximated as fully spherical, although it is highly
distorted due to convectivand turbulent movement of fluid at the vicinitytbg spark

plug.

The crosdlow is considered as-P flow in the plane defined biyeflow angle.

The crosdlow velocity that influencesthe electric spark length and convective
movement ofthe flame cente is independent on the spark plug position in the
cylinder.

The surface dischge of the spark during the breakdown phaséiigh crosglow
velocity that usually results with the misfioannot be predicted.
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4. Fundamentals of @mbustionin S| engines and modeling

The combustion process of Sl engineas extremely complexombination of
phenomena whiclnvolve an arc discharge, the fuel oxidation chemistry, heat losses in a
complex geometry and the role of turbulence over a wide range of time and lengthlscales.
generalcombustion isaveryimportant part othe engine operating cycle where the chemical
enelgy of the fuel is transformenhto the internal energy of burned gasthat expand and
transfer work to the pistont is initiated by thedischarge ofelectric spark that occurs
between the spark plug electrodes at the prescribed spark time. Due t@edbecprofa
turbulent flow field inside thecylinder, the combustion process of S| engines is always
turbulent. The turbulent flames can be classified into two main groups: premixed and non
premixed turbulent flame§he premixed turbulent flames are tygli¢or thecombustion in
Sl engines where w®ery thin flame wrinkled by turbulence effectgopagates through the
combustion chambelhe mass burning rate dfie SI engine depends on several primary
factors such as: geometry of the flame front and ieraation with the wall of combustion
chamber, unburned zone state and composition, and flow field @ts

The combustion process of SI engine can be divilakedthreemainphased Figure23’:

x early flame kernel growth,
X main turbulent combustion,

x end of combustion ("wall combustion"

Figure23. Description ofthree phases of combustion process on nazetdhheat release
curve SOC #start of combustion, EOGend of combustion

The early flame kernel growth is the initial phase of combustion, usually called ignition delay,
when a very small pton of heat is released his initial combustion phase idready

described under the Chaper 3.
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As the flame grows beyond the 10 mm radius, the convection of kernel center becomes
insignificant because the burned mass is then too large to be transported by local flow
velocity. The local turbulence at differel@ngth scales has enough déno influence the flame

front whichgrows and becomes increasingly wrinkled and distorted. It can be concluded that
both local flow and turbulence affect the flame development pronsste the combustion
chamber of Sl engin.

Under normal operating conditions of Sl engine, the flame front propagates radially in an
approximately spherical manner from its center. As the flame grtitwesyrinkles of flame

front come nearthe chamber wallsvhich cause the restriction ofthe turbulent flame
propagation and local flame quenchifigne remaining parts of the flame front that are close

to the cylinder wall, but are not ithhe contact withthe wall, burnout and only successive
smaller scales of turbulence are available to affect the flame. Therefore, the final stegge of
combustion proceds Sl engines may be slower thaunatwould occur in the stage of fully
developed turbulent flamehen the maximum rate of heat release is achiéMeel described

effect ofinfluence ofcombustion chamber walls on tkdeceleration otombustion process

can be seen JRigure23

4.1. Background of quasidimensionalfractal combustion model

The real flame frondf SI engines is very thiand highly wrinkled surface that propagates
throughout the combustion chamber. Thare twophysical mechanisms that produce the
flame front wrinklingin SI engines

X A variation of the local ircylinder temperaturand mixture compositiothat affects

the local burning velocity and a flame deformation.

x Turbulent eddies of different length scalafluencethe convective flame wrinkling

that is partly compensated by the local laminar burning process.
The partial effects of the above phenomena depend on engine operating conditions. At high
engine speeds the deformation of the flame front can ls&r@ag that iproduce a multiple
connected flame fronwith "island$ and "peninsulas of unburned zone trapped within the
burned zon. However, i is geerally acceptedhat in a wide range of combustion
conditions occurring in an Sl engines, the flame front is single connected contour wrinkled by

the convective effds of the turbulent flow fieldFor the description of the real geometry of

the flame front in S| engine that has irregular shape and is illustraj€tume 24| the

conventional methods of Euciah geometry cannot be used.
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Figure24. lllustration of the wrinkled flame front segment of Sl engine as a very thin layer
that separates burned and unburned zone.

The most common approath describe the combustion process of S| enginine
cyclessimulationsis based on a twaone modehg approachwhere the cylinder mixture is
divided into the burned and unburned zohlee specific sugroup of twozone combustion
models is quasidlimensonal combustion models. The gudsgnensional combustion models
consider the real flame front propagation across the combustion chamber and its interactions
with walls are taken into account. Gener#fedential equations of twaone combustion
model arespecifiedand described in the Appendix.

There are two gquskdimensional combustion moddhat are usually used to evaluate the key
engire parameters on its performandarbulent entrainment model (known also as BK
model) EI and fractal combustion mod. The turbulent entrainment
modelconsiders théully spherical flame fronandthe fresh mixture crosses this front wigh
characteristic velocity scaleaused by theaurbulent convection. The fresh mixture
entrained by the flame front burm@th combustion structure sizes that are typical for the
laminar combustion procesBhe use of fractal gemetry to model the effects of turbulence on
the combustion process in S| engingsa promising technique fothe application to both
quastdimensional and mukHiimensional engine codes.h& fractal combustiormodel
considers the wrinkled flame front thaevelops across the combustion chambaed
propagatedy the laminar flame speedhe effect of turbulencerrinkles the flame front and
increass the flame front areaand consequently increases the combustion ratestagitles
the flame. The flame swate area ofhe wrinkled flame front is calculatedy a concept of
fractalgeometry. The fundamental behavior of fractal geometry is thesisalfrity between
scales of different sizawvhich manifests itself in the powdaw scaling between measured

size and measurement scaléhis is for the case of turbulent flame surfaitieistrated in
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Figure 25(where the measured flame contour is plotted versus measurementézaiper

length) with the logarithmic x-axis. In the caliper technique to determine the fractal
dimension, the length of a curve on a plane is estimated by counting how many caliper
lengths it takes to cover the whole length of the CL@. [The most physicafjeometries,
however, can be expected to have a smallest and a largest scale, bbiytnthevmeasured

size does not change. These scales are the inner and outer cedarfiid, ge that ae also

illustrated inFigure 25| It has been proposed, for the case of turbulent flames, that the outer

cutoff is the integral length scale tife turbulencel,, while the Kolmogorov length scalg

has been proposed as tipropriate inner cuto.

Figure25. Example of typical Richardson plot to evaluate the fractal dimeiyj¢h8|.
Using the description dheturbulent flame structure representedtihgFigure25|it is

possible to writehe following expression (irist QW URGXFHG E\ 'DPN:KOHU LQ

(4.)

where the Kolmogorol, (m) and integral length scalés (m) are taken to be the innggm)
and outer cutoffsge(m), respectivelySr (m/s)is the turbulent flame spee8, (m/s)is the
laminar flame speedyr (m?) is the turbulent (wrinkled) flame dace area ané, (m?) is the
laminar (smooth) flame surface ar@&erefore,modeling and prediction ahe turbulence
quantities is a key step for the correct predictiothefturbulent flame surface arég which

is responsible for the increase in turbulent burning rate with respect to the laminar case. In a
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number of comprehensvexperimental studies abowtrbulent flame it has been
found that the value of fractal dimensi@y is a function of nordimensional turbulent
velocity fluctuation,u S (ratio of turbulent veloity fluctuation to thelaminar burning
velocity). Thesestudies asserted that the fractal dimension of the flame countour
approaches the value of 2.37 as the nafi§._ increases.

Santavicca et aI proposedthe calculation ofthe fractal dimension for the

turbulent flames as follows:

(4.2

where the maximum value of fractal dimensiDg max Was set to 2.35 while the minimum
value D3 min iIs adopted as 2.0&t which burning speeds close to the laminar ond&he
turbulent velocityu f(m/s), usually called turbulence intensity, is defined frorrcylinder
turbulent kinetic energy assumitige isotropic turbulent flow field.

In thefractal combustion model previously integrated into thdesgomulation model
of AVL BOOST, the minimum valud®3, mi, is set as 2.05 which determines theial burning
speedwhich is close to the laminar one,hile the maximum valu®; max was not set aa
fixed value.In order to simulate the smooth transition fréime laminar to fully developed

turbulent flame, the maximum value of fractal dimension is defined as:

(4.3

(4.9)

(4.5)
where is an underrelaxation function, is proposed for the nedimensional
flame wrinkling rate, is the mean flame front radius, is the (tunable)
reference flame radius of 10 mm, represent the engine speedd
representhe reference engine speed fixed to 1000.rphe parameter is set to
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2.35andgenerally represents the maximum value of fractal dimer3ign.x whentheunder
relaxdion function is equal to one

When the fractal dimensidn; of the turbulent flame and the laminar flame spé&ed

are defined, the mass burning retealculated:

(4.6)

The laminar flame spe€fl is calculated by a correlation propose and isa function of

fuel characteristics, weylinder pressure, unburned gas temperaturefualrratio and mass

fraction of trapped burned gasopucts.The equatior{4.6) for the mass burning rate is valid

for the transition from laminar to fully developed turbulent flame as well as for the freely
expanding turbulent flame. During tiermination ofcombustion processwhen the flame
front isclose to the cylinder wallsn additional correction term is required.

When the flame front reaches the combustion chamber walls the described fractal
mechanism othe flame propagation is no loeg valid. The termination of combustion is
under the effect of the flame reaching wall and slowing down therflmuprbcess, also known
as "wall combustion! The wall limits all flows, constrains gas expansion and forms a
boundary layer withelatively lowtemperature that cootbownthe gas. All mentioned factors
change the fundamental behavior of the combustiomparedo that of a flame propagating
freely across the combustion cham@.[About 30- 40 % of the unburned mixture burns in
the wall combustion mode. Watlombustion burning rate casimply be described by an

exponential decay, as foIIov@:

(4.7)

where is total incylinder mass, is burned mass and is the

characteristic time scale of walombustion phenomen&he characteristic time scale is
computedassuming that waltombustion burning ratequalsto the one derived from the

fractal model:

(4.8)

54



The overallburning ratecan be consequently defined as a weighted mean of the two described

combustion rates:

(4.9)

where w (-) is the weight factor that linearly increases with time, depending on the

instantaneous mass thie unburned zone

(4.10)

With this type of calculatiom smooth transition between the two modesaisily achieved
There are two way®tdefine the time when the walbmbustion modes activated:

X by identifying the first flame plume arrival to the cylinder wall;

X by the usemdefined constant namétass Fraction Burned at Wall Combustion Start

that represents thraass fractiotburned when the watlombustion phase is started.

In the presented study, the second option is used because it enal@eseedom fotuning
the modelin which the cyclesimulation results of combustion are compared vitie
available 3D CFD data.ln Chapter 5t is demonstratethat the wallcombustion mode can

be fully omitted when the two zone turbulence model is applied.

Specification of chamber geometry

The specification oEombustionchamber geometry igery imporaant because the free

flame surface areavhich is presented as the surface of splagpends on th#ame center,

instantaneous mean flame radius andhe actual piston positipas it is illustrated ifFigure

Figure26. lllustration ofthefree flame front surface propagation with respect to the crank
angle for the pentroof cylinder head and piston geome@[
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For simple geometriesm AVL BOOST, the table of free flame surface areagenerated

during the preprocessind-or thatthe selection of chamber geometry in termscginder

head and piston as well as the specification of main dimensions depending on the considered
cylinder desigrnhas to be madeThe simplified shapes othe cylinder head and pistofor

which the above mentioned tables can be made dpregrocessingf AVL BOOST, are

shownin|Figure27

Alternatively, for more complex cylinder geometries the table of free flame surface
areas can be generated externally and be loadedhrough the input file.Due to the
simplicity of the cycle-simulation model, the considered cylinder geometries that have been
modelled in 3D CFD were approximated by the pent roof cylinder head and flat piston
design.Within Chapter 6, thexperimental results afie CFR engine were used and analyzed.
The cyclesimulation ofthis engine was performed with fully flat geotne of the cylinder

head and pistosince the design of the head and piston of the CFR engine is very close to flat

shapgFigure27).

Figure27. Simplified geometries dhecylinder head and piston designs that can be
calculateddirectly by AVL BOOST.

4.2. Modification and extension ofthe quastdimensionalfractal
combustion model

The original fractal combustion modgeldescribedin section 4.lis extended and
modified. The developed quadimensional ignition modglkhown in section 3 integrated
with the combustion model armhn be used for the calculation of ignition phenomena and
early flamekernel growth. Furthermore,reew definition of wrinkling delay the is proposed
and applied to the fractal combustion modihe application othe newlydeveloped two
zonek- caurbulence model enables the extension of combustion calculat@amane physical
context because th#ame wrinkling and burning rate depends the unburned zone
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turbulence All modifications and extensions tiefractalcombustion model are described in
the following text

4.2.1.Ignition delay and early flamekernel growth

In the original version of th&actal combustion modehe ignition process and early
IODPH NHUQHO JURZWK DUH QRW FRQVLGHUHG 7KH NHUQ'

prescribed ignition time where the flame is stable and spherically shaped of 2 mmThdius.

kernel initiation time is tunable with thgnition-formation time multiplier

(4.12)

The duration oftheignition process and early flame kernel growth depend on a large number
of parameters such as: pressure, temperature, mixture compositiorflawogslocity, spark

plug geometry and desigignition system properties, eti€.one wants to correctly prectithe
combustion process of Sl engine by using the assumption of igdiéiay time with equation

4.11) atuning of the ignition-formation time multiplier for each operating poihtis to be

performed The originalfractal combustion model also assurtiest the position of the flame
center is equal to the center thfe spark plug electrode defined by the uder.the real
conditions of Sl egine,the location otheflame center does not correspond to the spark plug
location. As i is described in the previoukapter, the flame kernel center is shifted from its
initial position between the electrodes due to the effects of-mss/elocity that causes the
convective movement of the flame.

When the newly developed ignition model is applié@,dalculation ofthe combustion
processstartswith the quasdimensional ignition model. When the specific portionttuod
sparkignition relatedin-cylinder mass is burned, the fractal combustion malemployed
Therefore, lhe ignition delay time is defined by controlling the burned masthe prescribed
time of ignition, the initial electric spark and the flame kernel are formed. The kemtel ¢s
set to the midpoint between the spark plug electrodes, while the initial kernel radius is 0.5 mm
. The flame kernel receives the electric energy from the electric spark and expands
with the defined expansion speed. As the flame kernel becomes larger and larger, it entrains
the spark plug electrodes that ctlué flame kernel reducing its expansion speed. The shifting
of the flame center from its initial position is defined by the maximum value of theftrass
velocity in the spark gap region. The flame center can be shifted away in any direction with

the shiting distance that may reach the value equ#hé®0 % oftheengine bore.
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Figure28. Integration othenewly developed QDIM with thquastdimensional fractal
combustion model; SOCstart of combustion, EOKend of kernel, EOC end of
comhustion

When the burned mass calculated by the QBMqual to the one defined by equat|8ri.§),

the calculation of the early flame kernel growth astdfting of the flame kernerefinished

Since the flame kernel center is shifted from its initial position between the spayk plu
electrodes and due to the fact that the free flame surface area depends on the flame center
position and the combustion chamber geomdtrg, recalculation of the free flamsurface
areaqas spherical surfacesjth the new flame centet the end of t# kernel calculatiohas

to be performed.The remaining part ahe combustion periodi.e.the combustion process

performedby the modifiedractal combustion model, as it is illustrategFigure28

4.2.2.Transition of laminar to turbulent flame

In the originalfractal combustion model, the transition from laminar to fully developed

turbulent flame is modeled by using the equatifm3 £(4.5). In equation(4.5) the

represents the actual (mean) flame front radhsat continuously grows starting as fully

spherical shape of 2 mm radius.It is previously mentioned that is a userdefined

constant representing the assumed flame front radius when the maximum wrinkling of flame

front will occur.Such definition of transition timaisually called wrinkling delay tim@, is

very unfavorable from the user point of view, especially if the constant has to be tuned

for each operating poinThe qualitative progressf underrelaxation function is givenin

Figure29

58



Figure29. Qualitative progressf underrelaxation function for the simulation of transition
time.

The wrinkling delaytime that represents the transition time frdme laminar tothe fully
developed turbulent flame can be approximated as the time necessary for the turnover of
turbulent eddies that wrinkle the flame fr@. Therefore, the following expressidar

eddy turnover time can be Writtﬁ:

(4.12)

where is the turbulentintegral length scale and is the turbulence intensityat

the start of combustion that are defined by the appkedturbulence modelThe constant

is the new usedefined constant whichhas tobe calibrated for the certain engine

geometry. In order to transform the transition period from time scale to the crank angle

domain, the equatiof@.12) has tobemultiplied by the angular velocity

(4.13)

Now insteadof using equatios (4.4) and (4.5), the undeirelaxation function can be

calculated byisingequation{4.13) and

(4.14)
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where is therelativeinstantaneous crank anglerénk angle from the beginning of
combustion).During the validation processhownin Chapter 5, the cyclsimulations are

performed with the original definition of transition time where bierence flame radius

was tuned for each individual operating pahthe engineAfter that, the new calculation of
transition time based on the turbulence quantities was employed showing that a single value

of theuserdefined constant can be applied for one engine geometry.

4.2.3.Combustion processwith single and two zone turbulence model

The procedure of combustion process calculation is already desacnitedthe
descripton of fractal combustion medl but the details about the turbulence effects are not

specified The turbulent integral length scalerepresents the diametertbeturbulent eddies

thathavemost ofthe kinetic energy irthe turbulent energy spectrymshown irjFigure 6| In

the original fractal combustion model that uses tkek turbulence model, the turbulent
integral length scale was assumed to be proportional to the instantaneous clearant¢ height

(m) inside the cylinder:

(4.15)

where is theuserdefined constant ( ).

With the assumption of isotropic and homogeneous turbulﬁ inside the cylinder
during the combustion, it is possible to estimate the Kolmogorov length scale:

(4.16)
where is the Reynolds number calculated adunction of turbulence intensity |
integral length scalk, and kinematic viscosity dheunburned zone

(4.17)

In the case ofk- caurbulence modethe turbulent integral length scatan be expressed e
function of turbulent kinetic energy and its dissipation :
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(4.19)

When atwo zone turbulence model is applied, the turbulent kinetic energy and

dissipation rate  of the unburned zonedefined by thek- oturbulence modelare used for

the definition of integral length scales:

(4.19)

(4.20)

(4.21)

If isotropic and homogeneous turbulence is assurhedkolmogorov length scalg can be

expressed byhe equation (4.16). This change in calculation of minimum and maximum

integral length scale changes the ratio of integral length scales usegdatioa |¢.6) that

defines the fractal burning rate.

The ratio of maximum to minimum integral length scalesridg the combustion

process ishown inFigure30| The first profile (dashed gray line) is based on the mean (total)

turbulent quantities that are calculated when the single kzdherbulence model is usetihe

second profile (solid red line) is the profile obtained when the unburned zone turbulent
quantities are used, which is made possible by the application of twokzOhebulence

model. Since the turbulent kinetic energy and the volume of the unbaored rapidly
decrease during combustion, it is logical that the maximum length scale (characteristic for
large scale eddies) decreases and that the ratio of integral length scales decreases. As the
combustion process comes to an end, the turbulence igtehgne unburned zone at the late

part of combustion is very low. Therefore, the fractal dimension also comes close to the
minimum value resulting with the turbulent flame surface area at the late part of combustion

close to the laminar one.
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Figure30. An example otalculatedatios of maximum teninimum integral length scale
during the combustio(dashedyrayline is calculated using the totataylinder turbulence,
red solid line is defined using the unburned zone turlocelen

When turbulent quantities of the unburned zone are used in the calculation of combustion, the
slowing down of the combustion process at the stgges is correctly predictég the fractal
combustion modelwhich makes the waltombustion part of # calculation unnecessary
Therefore, when a twpone turbulence model is applied, the overall burning rate is equal to

thefractal burning rate:

(4.22)

As previously mentioned, the application of the two zone turbulence model represents
physically more accurate prediction of the combustion process because the turbulent eddies in
front of the flame are responsible for wrinkling of the flame front wrinkhng consequently

for the burning rate of the SI engingn influence ofthe two zone turbulence model on the
prediction of combustion process and comparison with the combustion results obtained with

the single zone turbulence mbdedemonstrated in Chegr 5.

62



5. Validation of cycle-simulation results with 3-D CFD data

The validaton of the developed suinodels integrated into the dgesimulation model of
AVL BOOST was performed by the comparison of specific cygihaulation results with the
avaiable 3D CFD data from AVL FIRE After that, the cyclesimulation model ofthe
experimental engine was made and the combustiartsesere compared directly tine
experimental da at several operating poinfBhe validationof the developed sulmnodels
with the3-D CFD resultswas performed oseveralS| enginesat different engine speeds and
loads. Thegenerakengine d&a areshownin Table 1.All considered Sl engines have pent roof
design ofthe cylinder head and flat geometry tife piston top. Thefirst three considered
engines have the standard valve strategy (opening/closing angles are specified in Table 1)
while the last engine has the VVA (variable valve actuator) strafdgy.valve profiles for

the considered engines are plottedFigure 31} Furthermore, the lagtngine (Engine 4)

utilizes direct injection of the fuel into the cylinder that can prodirensive mixture
stratificationcompared t@ngineswith port fuel injection All considered engines were fueled
by gasoline.

Tablel. Main data otonsidered Sl engines

Engine name Enginel Engine2 Engine3 Engine4
Head geometry pent roof

Piston geometry flat

Fuel gasoline

Bore (mm) 86 79 84 86
Stroke (mm) 94.6 814 88.6 96
Displacement (cf) 603.9 400 492.6 558
Compressionatio (-) 11.1:1 11.11 9.5:1 10.8:1
Conrod length (mm) 146.7 137 160 143
Number of valves-j 4 (2 intake, 2 exhaust)

Intake YDOYHVCRBFIT) U 24 4 22 variable
,QWDNH YD CCABYDE)O F 133 134 108 variable
([KDXVW Y DOOABBDR)S 39 42 64 variable
([KDXVW Y D OGAIATDED 9 18 46 variable
Intake valve seat diameter (mm) 30 27.4 33 33
Exhaustvalve seat diameter (mm) 27 22.3 27 29
Mixture preparation port injection port injection port injection | direct injection
Nbr. of operating. points 3 4 3 5
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Figure31l. Intake and exhaust valve lift profiles of Engine4l

The computational meshes of considered Sl engines thaaptered at TDC are shown

Figure 32| Unstructured moving meshes were used with different numbers of computational

cells atthetop and bottom dead center. At TDC ttmmputational meshes have arori®d00
cells, while at the BD the number is around 1200000 celletailed modeling of the intake
and the exhaust system was not performed because the boundary conditions of pressure,
temperature and mass flows are available from the experifbat3D CFD simulations
were performedas RANS simulations in AVL FIRE using tHe cdurbulence model and
Three ZoneExtended Coherent Flame ModeZ(ECFM) for the modeling of
combustion associated phenomena.
The cyclesimulation modelsof considered engines in AVL BOOSdre reduced

models that consisdf the intake system boundary (SB1), intake pipe (1), cylinder, (C1)

exhaust pipe (2and exhaust system boundary (SB2) as it is already shojkigime 2

Different engine geometries within the cydaenulation model are defined by the
specification of main geometry parameters such as intake pipe length and diameter, bore,

stroke, compression ratio, etc.
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Figure32. Geometrief theconsiderd Sl enginesgcomputational meshese captured at
TDC.

The validation process dhe cyclessimulation model is divided intaxsparts In the
first part, the developed single and two zdaexdurbulence model were applied and its
influence on the predicin of the combustion process wasudied and analyzed\fter that,
the turbulencenodel was extended to the modeling ofcylinder turbulence during the gas
exchangephase andthe cyclesimulation results of tylinder turbulence level were
compared with the available-I3 CFD data from AVLFIRE during the intake and high
pressure cycleWithin the third part the developed quagnensional ignition model and
modified transitio from laminar to turbulent flame were appliedducing the number of
userdefined parameters that should be calibrated for each operating Aoianalysis of
turbulence and combustion model parameters that were tuned for eaatingpgoint of the
engne resultedin a proposed parameterization thfe turbulence and combustion constants
which is described i fourth part. In order to obtaia single set of parameterer the
turbulence sumodelfor one enginegeometrythat will give cycle-simulation reslts of in-
cylinder turbulence at satisfactory level, the optimization of turbulence model constants was

performed and described within the fifth part. At the,ghd single set of constants related to
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the combustion and turbulenceodelswere applied ad the cyclesimulation results were
comparedo the 3D CFD data.

5.1. Validation of single and two zonek- Gurbulence model

The single zoné&- oturbulence modelvas firstdeveloped s the turbulence model that
canbe appliedduring the high pressure cyclathvthe initial conditions of turbulent kinetic
energy and its dissipation raethe beginning of high pressure cyspecified from 3D CFD

results Differential equation for the total incylinder turbulent kinetic ener@ and its

dissipation rat¢2.22) and the new usetefined constant are described in Chapter 2.1.

The developed two zorle oturbulence mdel is based on th@mplified approactihat
usespreviously defined single zone modkistead of setting the model that will calculate the
changes of turbulent kinetic energy and its dissipation rate for the bandegnburned zone
, the developed two zone turbulence model calculates the tetallimler turbulent
kinetic energy and the turbulent kinetic energy of thewned zone. The turbulence values of
the burned zonare then explicitly calculated from the total turbulence level and from the
values obtained in the unburned zoiie twvo zone turbulence modé usedduring the
combustion processhen the cylinder iture is divided into the burned and unburned zone.
The initial turbulence values tiieunburned zone are equal to the totatytinder turbulence
values at the defed spark time because at thiate the unburned zone is spread across the

entire combustion chamber volumBifferential equationd2.31) and |R.33) of two zone

turbulence modehnd the new useatefined constant  are given and described in Chapter
2.2

For each considered operating point of Enginegl1the newlyintroduced usedefined
constarg, and , were calibrated so that@stagreemenof the cyclesimulation results

with the 3D CFD resultsof the turbulent kinetic energg achievedIn order to analyze the
influence ofsingle andtwo zone turbulence model on the predictiontleé combustion
process, the normalized heat release (HR) afnglinder temperaturéor singleand two zone

turbulencemode| arealsoshown and compared with theEBCFD results.

Engine 1
For the first considereénginegeometry(Engine 1) the results of three operating
pointswere analyzedThe specifications of considered operating points are list€eble2.
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Table 2. Values of onstantsof single and two zoné- Oturbulence model and fractal
combustion modekEngine 1

Case Name Case 1l Case 2 Case 3
Engine speed (rpm) 2000 2000 5500
Part(BMEP = o o
Load 2.9 bar) 100 % 100 %
6SDUN 7LENRIDC)U 34 4 24
Excess AiRatio () 1.0
Single zone turbulence model
) 1.92
) 2.35 2.35 2.48
Two zone turbulence model
) 1.92
) 3.00 7.50 4.70
Fractal combustion model
A 2.39 (12) 2.45 (12) 2.41 (12)
2.37 (22) 2.43 (22) 2.40 (22)
) 4.00 0.40 1.80
(m) 0.015 0.022 0.020
Xg - mass fraction burned at wall 0.50 (12) 0.45 (1z) 0.20 (12)
comb. start) -(22) -(22) -(22)

The first operating point namegdase lrepresents relately low engine speednd part load
condition while the second operating poiGase 2 has the same engine speed but full load
condition. The last operating poir€ase 3 represents the full loacbndition and relatively
high engine speed’he simulation othe combustion process feach opering point was
performed firstwith the single zone turbulence model and after that withtwe zone
turbulence model. In Table 2 the parameterthesingle and two zone turbulence moslab
well as the parameters thfe fractalcombustion modédbr both turbulenceasesarespecified.
The cyclesimulation results afhetotal in-cylinder turbulence and of tharbulence of

theunburned zone are showr|fkigure33land compared with theB3 CFD resultsSincethe

3-D CFD simulation model consist§ thousands of computational cells where eeglhhas
certain value of@me physical property, the3 CFD results used for the validation are rass
averaged results over the entire cylinder domé&inorder to obtain themassaveraged
physical propertiesf the unburned zone from the3 CFD results, it is necessary to separat
computational cell®n the burned and unburned cells. The separation of cells on the burned
and unburned is made byrrolling the number ofass fractiorburnedat each cell. The
compuational cells which havmass fractioburnedbelow 0.5 are selealeas unburned cells
while the cells where thmass fractiorburnedis above the value of 0.5 are considered as
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burned cellsThis enables the possibility to directly compare the egofeulation results with
the available & CFD data.

Figure33. Comparison of total turbulent kinetic energytloé single zone model during the
HPC (left) and results of total and unburned zone turbulent kinetic enetiggtafo zone
model during the combustion (right); Engine 1.

On the left hand side (Higure 33|the total incylinder turbulent kinetic energieturing the

high pressure cyclare compared witlthe 3-D CFD results. The initiavaluesof turbulent
kinetic energy at the beginning tife high pressure cyclarethe same because théd3CFD
results were used athe input data. During the early part of compression strok® 0O
simulation results of the turbulent kinetic eneeggvery close to the profiles calculated with
multi-dimensionalk- odurbulence model in AVLFIRE. As the piston moves to thep
position, the large scale flow structures in the cylinalerdissipate into the smalleones
resultingin anincrease otheturbulence levethat can be observedose to the TDGn both,
3-D CFD and @D simulation Moreover, it is stated i that during the rapid compression
of gases, characteristic for the compression in IC engsresll scale structusein the
turbulent flow field interac more rapidlywith thelarge scke structurs thanit interacs with
itself. This nonlinear interations betweenthe turbulent eddieareneglectedn the presented
0-D model
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The new usedefined constant is calibrated for each operating point so that a very good

agreement of D results with the 3D CFD results areachieved during the combustion
period when the turbulence has a very strong impactherconbustion processniCase 1
and Case 2it can be seeihat the peak values of-gylinder turbulence around TDC are
slightly lower in the €D simulation. There athreepossible reasons for such results:

1)  Turbulent flow field isnonrhomogeneous and anisotropic.

2) The viscous (shear) effects are so high (low Reynolds number) that they

produce significant change in the turbulent kinetic energy.

3) A complex 3D interactio of turbulent eddies.
Bearing in mind that the -D turbulence model is based ons@nificantly simplified
approachneglecting the complex-B effects that can occur in the cylinder, the obtainéal 0
results ofthe total incylinder turbulence are in aexy good agreement with the3 CFD
results.During the combustion period, when the turbulent eddies wrinkle the flameafndnt
increasethe combustion ratehe cylinder mixture is divided intthe burned and unburned
zone. Therefore, the turbulent kileeenergy of the unburned zone can also be calculated if
the two zone turbulence model is activated. Otherwise, the turbuletfveuwfburned zone is
equal to the total heylinder turbulence level. The-D results ofthe total in-cylinder
turbulence andhe turbulent kinetic energy dhe unburned zoneluring the combustion

periodare shown on the right hand sideFafure33jand the results are compared with the 3

D CFD data.The solid lines are related to the unburned zone turbulence while the dashed

lines represent the total-gylinder turbulent kinetic energ®y tuning the new usetefined
constant , that influenceghe dissipation rate ahe unburned zoneat each operating

point, theprogressof unburned zone turbulence is very close toahe obtainedy the 3-D
CFD model.Besides tuning of this constant, the combustion process is also responsible for
the progressof turbulent kineticenergy otthe unburned zoneraster combustioresults inthe
faster decrease dfie unburned zone turbulence and vice vessithe combustion process
advancesthe unburned zone turbulent kinetic energy decreases because its volume becomes
smaller andhe turbulent eddies of larger integral length scales that are dominant in energy
spectrum cannot exisny more

In order to analyze thenfluence of single and two zone turbulence model

formulations on the combustion process, the normalized heat releR3eafld incylinder

temperature areompared with the-B CFD solutionin|Figure34) The 0D simulation results

that were calculated witthe single zone turbulence model atgown with the solid grey line
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while the results obtained withetwo zone turbulence model are presented with the solid red
line. In both cases, the parameters of fractal combustion model were calibrated so that a very
good agreement between theDOand 3D CFD resultsof the combustion progresss
achieved.The constantsf the fractal combustion modeh both cases, single and two zone

turbulence modehre specified in Table 2.

Figure34. Normdized heat releasggeft) and incylinder temperaturéight) of Engine 1.:
single and two zone turbulence model.

The fractal combustion model calculates the turbulent burningoratbe assumption that the
wrinkled flame frontAr propagates through the hurned zonat the laminar flame speé&i
. When the single zone turbulence model is applied, unburned zone turbulence is
equal to the total eylinder turbulence levelln this case, e overall burning rate is

calculated as weighted mean of the fractal and wall combustion rate as already dedzyibed

equation|4.9). Therefore for each operating point it wagcessarya define themass fraction

burnedwhen the wall combustion is activated. This parameter is also specifieabla 2.
Although the default value dhe mentioned parameter is 0.&s it was used i€ase 3 for

good agreemernt should be calibrated for each individual operating point by comparing the
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normalized HR withthe reference (® CFD) result at the late part of combustievhen
about 50 % of ircylinder mass is already burned.

The remaining three parameterstbhé fractal combustion model specified in Table 2 are

and representing thepper limit of fractal dimensiorignition formation

time multiplierand the reference flame front radius when the maximum wrinklingoaallirr,

respectively.An ignition formation time multiplier represents the tunable model parameter

that multiplies the duration of ignition process (see equalbhl)). It is defined by

comparing thenormalized HR with the-B CFD results during #hearly conbustion process
when themass fractiorburnedis below 5 %.The reerence flame front radius represents the
average flame front radius when the maximum wrinkling of the flame front occurs. This does
not mean necessarily that the maximum burning speed is aclaetad radiushecausdhe
burning speedlepends also on ¢hflame front surface area. The reference flame front radius
canbe used to tune the eapwrt ofcombustion (up to 50 % of mass fractioarned)process
during which the transition from laminar to fully developed turbulence flaowrs.For

individual operatingpoints the same values of the ignition delay multiplier and the
reference flame front radius were used in the single and two zone turbulence model.

The calibration ofconstant that represents the upper limit of fractal dimension was

performed so thahe predictionof the pointwhen the 50 % athe mass is burnad in a good
agreement with the-B CFD result.
When the two zone turbulence model is applied, the overall combuat®is equal

to the fractal combustion rate atieé wall combustion mode fally omitted, as it is presented

by equation|4.22). In this case, theiserdefined parameterMass fraction burned at Wall

Combustion Stattdoesnot have tobe specified, but the dissipation constant of the

unburned zone has to be defin®dhenthe results othe in-cylinder temperaturealculated

by the single andhetwo zonemodelare compared with the3 CFD resultqFigure34), it is

evident that theesults ofthetwo zone turbulence model show better agreementthlgD
CFD data. Thiss expected due to the fact ththe unburned zone turbulence is used fer t
definition of flame front wrinkling and for its development across the combustion chamber.
There are twamain effects that influenctihe better prediction of combustion rate when the
unburned zone turbulence is calculated:

1) The ratio of maximum to minimm integral length scale based on the unburned

zone turbulence slows down the combustion rate because this ratio becomes
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lower and lower athe combustion approaches to the eAd.example of this

effect is already shown |iﬁigure30

2) Turbulence intensity of the unburned zone that defines the instantaneous value

of thefractal dimension decreases the wrinkling ratithefflame front.

Engine 2

For the second engine gaetry named Engine 2, four operating points were available.

The main operating parameters, constants of turbulenceofaodmbustion swmodel for

Engine 2 are givemm Table 3.

Table 3. Values of onstantsof single and two zoné- Oturbulence model and fractal

combustion modekEngine 2

Case Name Case 1 Case 2 Case 3 Case 4
Engine speed (rpm) 1500 1500 2000 5500
Load Pazrt_g'vk')ig | 100 % 100 % 100 %
6SDUN 7LEGARBRIDC)U 14 -0.2 2.1 15.7
Excess AirRatio () 1.0
Single zone turbulence model
() 1.92
) 2.30 2.35 2.23 2.30
Two zone turbulence model
() 1.92
) 4.00 6.50 6.50 5.00
Fractal combustion model
A 2.52 (12) 2.48 (12) 2.47 (12) 2.52 (12)
2.48 (22) 2.48 (22) 2.43 (22) 2.49 (22)
¢ 0.30 0.01 0.01 0.80
(m) 0.015 0.010 0.015 0.036
Xg - mass fraction burned at wall 0.35(12) 0.45 (12) 0.25 (12) 0.35(12)
comb. start) - (22) - (22) - (22) -(22)

The first two operating point§ase landCase 2 represent low engine speed condisianith

different loadsThe third operating poinCase 3 has dfhtly increased engine speed2tfo0

rpm and full load. The last operating poi@gse 4 represents high engine speed and full load

condition. All considered operating points aoperated atstoichiometric gasolinair

mixtures.

The results ofthein-cylinder turbulent kinetic energies during the high pressure cycle

and during the combustion period are shown belowigure 35

On the left had side of

Figure 35[the progressof total in-cylinder turbulent kinetic energy during the high pressure
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cycle calculated using the single zone modethown and th8-D results(red solid linesare
compared with the-® CFD resultgblack dashed linesPn the right side C{Figure35 the

turbulent kinetic energies (total anohburned zonetalculated using the two zone model

during the combustion period are shown and compared with Eh€BD results.

Figure35. Comparison of total turbulent kinetic energytloé single zone model during the
HPC (lef) and results of total and unburned zone turbulent kinetic enetgg o zone
model during the combustion (right); Engine 2.

It can be seen thdiy fine tuning of new usedefined constant a very good

agreement of prediction obtal in-cylinder turbulence levedt different operating conditions
during the high pressure cyctan be achievedn terms of predictions of peak values that
occur around TDC, the developedDOturbulence model shows better behawaorEngine 2

This may beexplained bymore homogeneous and isotropic turbulent flow field that occurs
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during the high pressure cycle. Since @B turbulence model is based on this assumption,
thepredictedprogresf total in-cylinder turbulencesi significantly beer.

Figure36. Normalized heat releagieft) and incylinder temperaturéight) of Engine 2:
single and two zone turbulence model.

The normalized HR and 4aylinder temperatures are shown and compared with-DeC8D

results br all considered operating points of Engine Prigure 36| As it can be seen from

Figure 36 the two zone turblence model once again showetter prediction ofthe

combustion progress as well #ése in-cylinder temperature. Although the exhaust gas
emissions are not considered within this study, the batéeliction of incylinder temperature

and its peak values creates significantly better conditions for the calculation of exhaust gas
emissions in terms of nitric oxides (NY) carbon monoxide (CO) andinburned
hydrocarbons (HC).
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Engine 3

For thethird engne geometry named Engine 3, three operating points were available.

The main operating parameters, constants of turbulenceofandmbustion sumodel for

Engine 3 are givem Table 4.

Table 4. Values of onstantsof single andtwo zone k- Oturbulence model and fractal
combustion modekEngine 3

Case Name Case 1 Case 2 Case 3
Engine speed (rpm) 1500 1500 3000
Part(BMEP = | Part(BMEP = o
L) 2.0bar) 1.8bar) 100%
6SDUN 7LE®NRIDC)U 30 15 21
Excess AirRatio ¢) 1.0
Single zone turbulence model
() 1.92
Q) 2.00 2.23 2.48
Two zone turbulence model
) 1.92
) 4.00 3.00 3.00
Fractal combustion model
A 2.56 (12) 2.58 (12) 2.48 (12)
2.52 (22) 2.58 (22) 2.48 (12)
¢ 2.00 0.01 1.00
(m) 0.020 0.010 0.018
Xg - mass fraction burned at wall 0.60 (1z) 0.65 0.50
comb. start+) - (22) -(22) - (22)

The first two operating pointsf Engine 3,Case land Case 2 are analyzed at low engine

spead and at part load conditions with different spark timings. The last operating point named

Case Jepresents the middle engine speed and full load condition.

The results of ircylinder turbulent kinetic energies during the high pressure cycle and

during the ombustion period are shown|Figure 37| By tuning the dissipation constant

of turbulent kinetic energy it is possible to achieveptmgressof total in-cylinder turbulence

that is very close to the-B CFD profile, especially during # combustion period when the

turbulent eddies influecethe flame wrinkling and flame front deformatian the right side

of(Figure 37

the turbulent kinetic energidtotal and unburned zone) during the combustion

period are shown and compared with th® £FD resultsThe progress of unburned zone

turbulent kinetic energy calculated bye 0-D turbulence model (red solid linegkigure 37

right) is close to the-B CFD solution. FoCase 2andCase 3it can be seen that the curves
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of unburned zone turbulence fronrCOsimulation are terminated before thd3CFD results
for alout 10f £15 fof crank anglebecause the combustion duration is lower.

Figure37. Comparison of total turbulent kinetic energytloé single zone model during the
HPC (left) and results of total and unburned zone turbulent kinetic enetiggtafo zone
model during the combustion (right); Engine 3

The normalized HR and 4aylinder temperatures @ishown and compared with théd3CFD

results forthe three operating points of Engine JHfgure 38| The reference results of[3

CFD simulation are shown with the black dashed lines, while the results of single and two
zone turbulence model are presented with the gray and red solid line, respectively. It can be
observed that the-D simulation result®f the incylinder temperature do not fully match the
profiles calculated by -® CFD although the heylinder turbulence level is predicted
correctly. The mentioned difference of-égylinder temperature is more pronounced at the
second operating poirfase2 where the €D simulation results of peak temperature are
significantly undespredicted. Such difference can be caused by the different air equivalence
ratio of the incylinder mixture (higher energy that can be released) because the normalized
HR in boh single and two zone turbulence models are close to-Ehn€BD results, but the

peak temperatures are significantly lower. Moreover, the trends of temperature profile are
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very similar to the @ CFD results indicating that the turbulence and combustwanpeters

are correctly defined.

Figure38. Normalized heat releagieft) and incylinder temperaturéight) of Engine 3:
single and two zone turbulence model.

Engine 4

The last considered engigeometry(Engine 4)within this study has five operating

points that were analyzed. It is already showRigure31|that this engine has variable valve

timing at the ntake and exhaust. The firtstree operating points namé&ahse ] Case 2and

Case 3represent part load conditiongith engine speedet at1000, 2000 and 3000 rpm,
respectively.The remaining two operating poinSase 4andCase 5 representhe full load
conditions &amiddle and high engine speed when the maximum engine torque and the output
power are achieved. The main operating parameters, constariteedfirbulence anaf the

combustion sutimodel for Engine 4 are givein Table 5.
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Table 5. Values of onstantsof single and two zoné- Oturbulence model and fractal
combustion modekEngine 4

Case Name Case l Case 2 Case 3 Case 4 Case 5
Engine speed (rpm) 1000 2000 3000 2845 6215
Load Part(BMEP | Part(BMEP =| Part(BMEP = 100 % 100 %
=1 bar) 2 bar) 3 bar) (max. torque)| (max. power)
6SDUN 7L®AQJ
BTDC) 35 36 25.5 22.5 22.5
Excess AiRatio () 1.0
Single zone turbulence model
) 1.92
) 2.05 2.32 2.55 2.20 2.35
Two zone turbulence model
) 1.92
) 3.00 5.00 3.00 5.00 4.00
Fractal combustion model
) 2.49 (12) 2.46 (12) 2.45 (12) 2.45 (12) 2.48 (12)
2.46 (22) 2.44 (22) 2.44 (22) 2.43 (22) 2.46 (22)
) 9.00 7.00 2.50 1.80 1.00
(m) 0.010 0.016 0.015 0.024 0.038
Xg - mass fraction burned 0.50 (12) 0.40 (12) 0.55 (12) 0.40 (12) 0.30 (12)
at wall comb. start-{ - (22) - (22) -(22) -(22) - (22)

and during the @ambustion period are shown

The results ofthein-cylinder turbulent kinetic energies during the high pressure cycle

Figure 39| On the left side gFigure 39|the

progress of total ktylinder turbulent kinetic energy during thegh pressure cycle is shown

and the €D results are compared with theDBCFD results. The initial conditions for the

unburned zone turbulent kinetic energy are predicted correctly because the-tytaidar

turbulence level is captured wellhe progres of total and unburned zone turbulent kinetic

energy during the combustion periotitained by the twaone model ishown on the right

side of

Figure 39

It can beseen that the-D results ofthe unburned zone turbulent kinetic

energy are in a very good agreement with th® &FD results if the new uselefined

consta

nt

as well as the parameterstbéfractal combustion model are tuned cotiec
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Figure39. Comparison of total turbulent kinetic energytloé single zone model during the
HPC (left) and results of total and unburned zone turbulent kinetic enetiggtafo zone
model during the combustion (righEngine 4.
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Figure40. Normalized heat releagkeft) and incylinder temperatur@ight) of Engine 4:
single and two zone turbulence model.

The normalized HR anthe in-cylinder temperatures are shown and compared with-tbe 3

CFD results for all operating points of Engine #igure40; Once again, it is showthat he

two zone turbulence modejves the better prediction othe combustion procesthan the

single zone turbulence model withe samenumber of usr-defined constantsThe results of
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thecombustion progress obtained tne two zone turbulence model are ahnucloser to the-3

D CFD results, especially during the late part of combustion, when the unburned zone
turbulence defines the overdurning rate("wall combustion” subnodel is fully omitted).

The better prediction ofhe combustion process obtained two zone turbulence model is
observable at all cases of Engine 4 because thaepod in-cylinder temperature as well as

the peak ircylinder temperatures are cloge the 3D CFD resultghanthe results calculated

by single zone turbulence model

5.2. Validation of full cyclek- Gurbulence model

In the previous chapter the single and two zone turbulence snade¢ used and
validated by comparing the-D results with the available-B CFD results. The initial
condition ofthe in-cylinder turbulent kinetieenergy at the beginning ahe high pressure
cycle was specified from-B CFD simulatios for each operating poirdf the engine In
order to eliminate the model dependencyegternalinitial conditiors, the full single zon&- ce
turbulence mdel wasdeveloped and applied to thensidered operating points of Enginetl
4. From differential equations dahe turbulent kinetic energ‘@ and its dissipation ta

2.37) it can be seen th& userdefinad constants have toe specified: and .The

first userdefined constant is the intakek production constant and is the intake O
production constantThese constants have to balibrated by compaon of the GD
simulation results of turbulent kinetic energythe 3D CFD results during the entire engine

cycle. The dissipation rate constant which is dominant during the high pressure cycle is
already calibratedn the previous chapter, but thalues of are differet at different

operating points (it varies in the range from 2.0 to 2.U8prder to avoid thealibration of
this constant aeéach operating point of thengine, inthe application of fullk- cdurbulence

model the new useatefined constant is fixed toa single value of 2.40, while the intake

and oproduction constants are tuned so that a good agreemirgttafbulent kinetic energy

during the engine cycles achieved particullary during the combustion process whtre

values of the turbulent kinetic energy are very importaot the modeling ofhe combustion

process, the two zone turbulence model was used and the applied constants of two zone model
Table5

are specified i'ﬁ'ablez
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Engine 1
For the first engine geometry the parametérull k- cturbulence model are specified
in Table 6.Thetwo userdefined constant6 and ) were calibrated for each operating

point influencingthe production terms dhe turbulent kinetic energy and its dissipation rate
during the intake procesBor the modeling of combustion, the two zone tuemce model is

applied.

Table6. Values of onstantf full k- Gurbulence modekEngine 1

Case Name Case 1 Case 2 Case 3
Engine speed (rpm) 2000 2000 5500
Load Parzt_(gB'g';'; = 100 % 100 %
) 1.92
¢) 2.40
) 4 4 25 3
) 2.80 1.53 2.25

The progresf thein-cylinder turbulent kinetic energy during the entire engine cycle

for three operatingoints of Engine 1 are shown|Figure4lland the €D simulation results

are conpared with the ® CFD resultsTwo userdefined constants and  are manually

set at each operating point to reproduce the level of turbulent kinetic energy during the
combusion period close to therofile of 3D CFD shown with the black dashed line.
Unfortunately, the @ CFD results of ircylinder turbulent kinetic energy during the exhaust
were not available, but thidoes notprevent the validation ahe developed turbulence sub
model at the remaining past theengine cycle.

When the mass of fresh mixture or fresh air from the intake pipe flows into the
cylinder, it increases both, mean flow and turbulent kinetic energy. During this phase usually
the peak value of isylinder turbulence occurs, as it camdbserved ilmin the crank
DQJOH UDQJH IURP f WR f $FFRUGLQJ WR WKH HQHUJ\ F

flow structures that represent the mean flow kinetic energy are dissipated into the

continuously smaller and smaller turbulent eddies. This meanghthanean flow kinetic
energy influence the production of turbulent kinetic energy. Although the propesed
turbulence model for the entire engine cycle does not include the calculation of mean flow

kinetic energy, this effect is included with the fitstm on the right hand side of equation

2.36) tha is multiplied by the new usetefined constant .

82



Figure4l. Total in-cylinder turbulent kinetic energy during the entire cycle of Engine 1
calculated by théull cycleturbulence model

In[Figure 41|the prediction of phasing of intake peak value of the turbulent kinetic energy
compared with @ CFD data is not fully correct, especially at operating conditions with high
engine speeddase3d). At high engine speech(= 5500 rpm) the intake peak value irFDO
VLPXODWLRQ RFFXUV D E&lihan ifi thel2D-CHD @eBultDTDd @dmtioned

difference in phasing of peak values occurs because-Ehdifferential equation$2(36) and

2.37) consider the instantaneous transformation of mean kinetigyefar the intake valve

cross section) into the turbulent kinetic energy. In real flows over the intake valve, the
transformation of mean kinetic energy to the turbulent kinetic energy takes certain amount of

time so that the large scale flow structures dissipated into the progressively smaller ones,

as already described by energy cascaffeagare 6| Although the differences in the turbulent

kinetic energy duringhe intake are signidant, it does not represent an obstacleabse the
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turbulent kinetic energy during this period is not used for the calculation of any other in
cylinder property.

The geometry othe intake system antheintake valve design influendee progress
of in-cylinder turbulent kinetic energy durirte intake processin it has been shown
that the shrouded design of intake valves produce himineulence level during the intake
than the urshrouded desigrSince theD-D simulation approach does not include the detall
spatial discretization ahe cylinder domain and intake ports, such local geometrical effects
on the production of turbulencevkd duringthe intake cannot be predictedutBthe new user

defined constants and  can be tuned so théte overall effectsof the local geometries

aretaken into account

Engine 2

The constantsf full k- Oturbulence model that weappliedin the calculationof in-
cylinder turbulence of four operating ipts of Engine 2 are showin Table 7.As it was
already mentioned, the constant was fixed to 2.40 for all considered operatingtgoin
while the remaining two usefefined constants and  were tuned manually to produce

thein-cylinder turbulence level durirgpmbustion at the satisfactory level.

Table7. Values of onstantsf full k- Gurbulence modeltEngine 2

Case Name Case 1 Case 2 Case 3 Case 4
Engine speed (rpm) 1500 1500 2000 5500
Part (BMEP = o o o
Load 2.62 bar) 100 % 100 % 100 %
) 1.92
) 2.40
(_) -4 -4 -4 -3
) 2.30 1.60 1.65 2.25

The progressf in-cylinder turbulent kinetic energy during the entire engine cycle for

all operating points of Engine 8 shown inFigure 42/and the €D simulation results are

compared with the-® CFD resultsit can be seen thdity tuning two intake constan(s
and ) the intake peak valueand trend=of the turbulent kinetic energy close to theD3

CFD resultan be obtained at low engine speed cases
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Figure42. Total in-cylinder turbulent kinetic energy dag the entie cycle of Engine 2
calculated by théull cycleturbulence model.

At the Case 4that represents the high engine speed operating pointEhsifulation result

of the incylinder turbulencaloes not match fully the@rofile of 3D CFD result during the
intake. The intake peak value of-D model isslightly lower and occurrsat the point of
maximum intake mass flow at the intake valve cross section that represents the boundary of

cylinder control volumeWhen the maxnum intake mass flow is reached, the volume flow is
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also at the maximum value atice mean flow velocity at the intake valve crgsstion is
maximal. Hence, the peak value thfe turbulent kinetic energy calculated with theDO
turbulence model during thatake occurs when the maximum kinetic energy enters into the
cylinder. It is obvious that in the-® CFD solution, the peak intake value of turbulent kinetic
energy occurs later due to the fact that the turbulent kinetic energy is producekrfebic
energy ofthe mean flow according to the energy cascatieh is notinstantaneouslyThe
process of dissipation of large scale eddies thagj@meratedvithin the combustion chamber
during the intake to progressively smaller eddies takes certain amotimteofl herdore, at
operating conditions withhigh engine speed the difference tohing of the peak intake
turbulent kinetic energy between thé0and 3D CFD simulation results becomasticable

in the crank angle scale. The same effect can be seie operating points with high engine

speed of other engines (¥egure4llandFigure44).

Engine 3

The constantsf full k- Cturbulence model that were appliedtie calculationof in-
cylinder turbulence of three operatingiqis of Engine 3 are shown Table 8.The first two

operating pointsGase landCase 2 of Engine 3differs inspark timing specified in Table 4.

Table8. Values of onstantsf full k- Gurbulence modeltEngine 3

Case Name Casel Case 2 Case 3
Engine speed (rpm) 1500 1500 3000
Part (BMEP =| Part(BMEP = o
Lead 2.0 bar) 1.8 bar) 100 %
() 1.92
() 2.40
(_) -3 -3 -3
) 3.17 3.25 1.95

The progressf in-cylinder turbulent kinetic energy during tkatire cycle of Engine 3 for all

three considered operating points is shamirigure 43and the €D simulation results are

compared with the-B® CFD solutionsAlthough the 6D simulation results of the {aylinder
turbulence do not fully match thel3 CFD results during the iake and early compression, it

is in a very good agreement during the combustion period when the turbulence quantities
define the flame front propagation and combustion burning rate. The mentioned differences
during the intake and compression are acceptadtause the turbulent kinetic energy is not

used for the calculation of any other physical property outside the combustion period.
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Figure43. Total in-cylinder turbulent kinetic energy dag the entire cycle of Engine 3
calculaed by thefull cycleturbulence model.

Engine 4

For the last engine geomefiigngine 4)the constant®f full k- oturbulence model are

specified in Table 9At the previos engine geometriethe intakek production constant

have tobe higheras the engine speed is high€his indicates that at higher engine speeds the

turbulence intensity is higher because lHrgeramount of mean kinetic energy is transferred

to the turbulent kinetic energyhe engine load in the presented cysimulation model is

defined with the imposed intake boundary condition of pressure/mass flow and temperature.

The intake Oproduction constant has the highest value at the first operatingQeset 1that

represents the low engine speed and part loadittmm As the engine load is increased, the

value of this constarftave tobe lower which means that the dissipation ratéheturbulent

kinetic energy at higher intake pressure is lower (see eqy

2t

)(
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Table9. Values of onstantf full k- Gurbulence modeltEngine 4

Case Name Case l Case 2 Case 3 Case 4 Case 5
Engine speed (rpm) 1000 2000 3000 2845 6215
Load Part (BMEP | Part (BMEP | Part (BMEP 100 % 100 %
=1 bar) = 2 bar) = 3 bar) (max. torque)| (max. power)

) 1.92

) 2.40

) -3 -3 -3 -3 3

) 5.40 4.70 3.90 2.65 2.70

The progres®sf in-cylinder turbulent kinetic energy during the entire cycle of Engine

4 for all five considered operating points is shownfFigure44iand the €D simulation results

are compared with the-B CFD solutions. If the progressf in-cylinder turbulent kinetic
energyfor all operating points oEngine 4 iscompared with the redsl of other engines, it
can be observed that thengine 4geometryhas significant higher intake peakalues of
turbulent kinetic energy. This confirnthat the engine geometrincluding the design of
intake plenum and valvebas a strongmpact on the mgressof turbulent kinetic energy
during the intakeinfluencing thenitial conditions for the high pressure cychthough the
proposed fulk- Gurbulence model does not take into accdabageometry of intake plenums
and intake valveghe correctcalibration of intake turbulenceadel constants can reproduce
the effects of geometry on the progrestturbulent kinetic energy, but some reference results
have tobe availablgfor tuning purposesin this case the-B CFD results were used #se
referenceresults.

The brief analysis of intake constants specified in tableS @édicates that the values

of intake k production constant show certain rising trend with the increase of engine
speed, while the intak@production constant shows the opposite trend (decline) with the

increase of engine load. This behavior of intake turbulence constants is analyzed in more
details withinthe Chapter 5.4 of this thesis where the specific linear edioat are proposed

and applied tohek- ceurbulence model.
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Figure44. Total in-cylinder turbulent kinetic energy dag the entire cycle of Engine 4
calculated by théull cycleturbulence model.
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5.3. Validation of developed QDIMand modified transition time from
laminar to fully developedturbulent flame

In the Chapter 5.1he single and two zone turbulence msdaetre validated with the-3
D CFD results.In these calculationshé initial conditions of ircylinder turbulenceat the
beginning ofthe high pressure cycle were defined froaD3CFD solutions. It was shown in
Table 2 £5 thatin both modelssingle and two zone turbulencgode| the 5 usedefined
constants related to the turbulence and combustiommsulek have tobe specifiedln that
validation te application of two zone turbulence subdel showeda betterprediction of
combustion procedban the single zone turbulence model

In order to avoid the model dependency on the initial conditiarisin-cylinder
turbdence at the beginning of high pressure cycle, the killbgurbulence model was
employed ad validated in the Rapter5.2 It was shown that the calibration of two intake

turbulence model constans and ) for different engines and operating conditiaas

necessary to achieve thedOresults that are comparable with th® TFD resultsMoreover,

for the correct prediction dhe combustion process by using the two zone turbulence model

applied in Chapters 5.1and 5.2, two usedefined constants, and , have to

calibrated for each operating point of the engine.

For the reduction ofhe number ofuserdefined constants thatve tobe specified and
tunedfor each operating point and orderto achievethe correspondence 6tD results of
combustionwith the 3D CFD results, the new quadimensional ignition suinodel was
developed (Chapter 3) together witite modified transition from laminar fally developed
turbulent flame (Chapter 4.2.2).

The developed quasimensonal ignition model has the set of parameters that can be
classified into two main groups:

1) Geometrical parameters related to spark plug design,
2) Operating parameters of ignition model aadyflamekernelgrowth.

The considered spark plug design floe simulations of ignition phenomenon of Engink +

4 is shownin |Figure 45 where the main dimensionsre expressed in millimeter3he

considered spark plug design and specified dimensions are close to the standard type of spark
plug with 12 mm of shell diameter.¢e NGK DR8ES) shown [kigure45|c).
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Figure45. Geometry otheconsideredtandard type a$park plugtzmarkeddimensions are
expressed in mnfigure a) y-z view, figure b)x-z view, figure c) NGK(DR8ES)standard
type ofthespark plug with 12 mm of shell diameter.

The spark plug geometrys in 0-D approachpresentedwith the uniformly distibuted
geometrical points witlthe incremental distancébetween the pointset to 0.1 mmHence,
the considered spark pluggmetry in 8D environment ispresented with the set @034
geometrical pmts and each of these poimtgesent the incremental spark plug surface afea
s

The operating parameters thfe ignition model and early flame kerngrowth are

specified inTable10| The parameters listed|ifable 10jare applied foall enginegEnginel

+4) and operating points as the single set of constamts.additional usedefined constants
of developed QDIM/, (radius of theflame kernel when it can be considered as turbulent
flame) andTsp (spark plug temperature), wenedividually definedfor each geometryo

achieve the D combustion results close to thdd3CFD solutions.

Table10. Uniform gperating parameters tifeignition modelapplied to all engines

Symbol Value (Unit) Description
/ 0.1 mm distance between geom. points
f flow angleat spark plug
Tq 1200 K quenching temperature
Ky 2000 W/(n?K) heat transfer coefficient
E<(0) 60 mJ initial el. energy of secondary circuit
Ls 20H inductance of secondary circuit
Rs N resistance a$econdary circuit
o 40.46- voltage constant
Vat 18.75V anode voltage fall
Vet 252V cathode voltage fall
Chd breakdown constant
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In order to eliminate théuning of the reference flame front radius  whenthe

maximum wrinkling occursfor each operating point of the engirthe modification of
transition time from laminar ttully developed turbulent flame is proposéds assumed that
the maximum wrinkling ratio of the flame front will occur when thebulent eddy, described

with the integral length scale , is dissipatedin other words, the transition time is equal to

the turbulent eddyurn-over time represented lguation|4.12). The proposed calculation of

transition time requires the correct prediction otyinder turbulence intensityf DQG WKH
integral length scale at the start of combustion (SOQJince the € results of integral

length scale are not compared with thB £FD results, for the calculation of transition time
theabsolute value dhtegral length scale was assumed to be proportional to the instantaneous
cylinder height as it was already used in #w turbulence mode. It was previously

described that the calculation thfe combustion proces® the case ofwo zone turbulence

model is equal to the fratburning rate represented lpguation|4.6). In the mentioned

equation the integral length scales (Kolmogorov and Taylorarscale) are calculated from

the calculated values of turbulent kinetic energy and its dissipation rate , ascan be

seenin equationsl.(l6}, 4.19} and|@.20). This is acceptable without tlaelditionalvalidation

of the absolute values ahtegral length scales because th&o of integral length sdes is

used in the equatiof.@). The tuning of transition time when the laminar to fully developed

turbulent flame ocurs is possible with the usdefined constant . In the previousjuast
dimenional fractal combustion modehose results are shown in Chapter 5.1 the tuning of

parameter for each operating point of the engine was performed. The modified
calculation ofthe transition time from laminar to fully developed turbulent flame will enable
the application of single value of constant for each enginEor the modeling of total in
cylinder turbulent kinetic energy the full cycle turbulence medeth is validated ifChapter
5.2 was usedThe dissipation constant of high pressure cycle was set to 2.40 for all
considered engines as specified in Tabk%6

In the following text, the terminologymiodified fractal combustion modelticludes
the following modifications:

1) ignition submodel (QDIM),

2) modified transition from laminar to fullgeveloped turbulent flame,

3) two zone turbulence model.
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Engine 1
The constantf the two zone turbulence model and the parameteth@modified

fractalcombustion modefor Engine 1 are specified Table 11.

Tablell. Values of onstantf two zonek- Omodel andnodified fractalcombustion modek
Engine 1

Case Name Case l Case 2 Case 3
Engine speed (rpm) 2000 2000 5500
Part (BMEP = o o
Load 2.9 bar) 100 % 100 %
6SDUN 7LEGARIDC)( 34 4 24
Excess AiRatio () 1.0
Two zone turbulence model
) 1.92
) 3.00
Ignition model (QDIM)
ro (M) 0.0®8
Tsp(K) 470
Fractal combustion model
Cu(9) 0.70
) 2.37 2.46 2.41

Modeling of turbulence durinthe gas exchaye and during the compression wasformed

by the full cycle k- aturbulence modelThe intake production constants and are equal
to the values specified in Table 6dathey are calibrated for each operating point of the

engine. The dissipation rate constanttted unburned zone is set toa single value. In

terms ofthe fractal combustion sutnodel, only the upper limit of fractal dimension

was tuned for each operating poirfrom Table 6 and 11 that show the constantshef
simulation modeltiis evident that the 3 usdefined constants have to be tuned for each
operating point; two of them are related to the turbzéesubmodel and one is the parameter

of thefractal combustion sumodel.
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Figure46. Normalized heat releagieft) and incylinder temperaturéight) of Engine 1.:
modifiedfractal combustion model

Theprofiles ofnormalized HR andf the incylinder temperaturéor the considered operating

points of Engine lare shownin |Figure 46 The comparison othe combustion progress
cdculatedby the GD model of AVL BOOSTwith the 3D CFD results shows that the®

results match well the desired profiléscan be noticed than the first gerating poinCase 1

the combustion is slightly faster at the early combustion phaseisitasisedoy the shorter
ignition delay and earlyldme kernel growth period ary the faster transition timfom the
laminarlike flame front to the fully developed turbulenarhe withhighly wrinkled surface.
Bearing in mind hat this model is independeof any CFD results (as it was in Chapter 5.1)
and that the number of uséefined constants thhtive tobe tuned for each operating point is
reduced from 5 to 3, it can be concluded that the proposed simulation model is significantly

improved and simpiied.

Engine 2
The constant®f the two zone turbulence model and the parameteth@modified
fractalcombustion model applied on the second engine geometry are specifeble 12.
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Tablel12. Values of onstantf two zonek- Omodel andnodified fractalcombustion modek
Engine 2

Case Name Case 1 Case 2 Case 3 Case 4
Engine speed (rpm) 1500 1500 2000 5500
Load Pa;é?'\é':r'; | 100% 100 % 100 %
6SDUN 7LEGARIDC)U 14 -0.2 2.1 15.7
Excess AiRatio () 1.0
Two zone turbulence model
() 1.92
¢) 2.00
Ignition model (QDIM)
Fo (M) 0.005
Tsp(K) 470
Fractal combustion model
C,(-) 0.40
Q) 2.51 2.58 2.44 2.45

Once again, the intake constantkobturbulence model for each operating point of Engine 2

were the sameas in the previous leapter where the-D simulation results of ktylinder

turbulent kinetic energy were compared with thB €FD resultqTable 7). The dissipation

rate constant (specified inTable7) that defines the overall dissipation ratetlod cylinder

mixture during the high pressure cycle as well as the unburned zone dissipation constant

werefixed to single values for all considered operapogtsof Engine 2
The normalized HR anthe in-cylinder temperature profilesatculated with the {D
simulation model are showand compared with the-B CFD results ir[Figure 47 The

ignition and combustion model constants,( and ) were tuned manually so

that the prediction of combustion progressdifferent engine operating conditions is in a
good agreement with the-I3 CFD results.For the last caseCase 4 of Engine 4the
combustion progress predicted slightlyearlier within the period from 0 % to 50 % of
burned masswhile the remaining padf combustion progress is undaredicted, compared

with the 3D CFD result. Earlier combustion progress within the period from 0 % to 50 % of
burned mass is caused by the faster transition from laminar to fully developed turbulent flame
calculated by ecation @ The better agreement of combustion progress with {be 3

CFD result ofCase 4could be achieved with the fine tuning of constant in equation

4.13), but the intention is to apply the single value of for each engine.
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Figure47. Normalized heat releagieft) and incylinder temperaturéight) of Engine 2:
modifiedfractal combustion model

Engine 3

For the third engine geometry that was analyzétimthis study, the constants the
two zone turbulence model and tbenstantof the modified fractal combustion model are
specified in Table 13The intake constants of fuk cdurbulence modethat were used for
modeling ofthetotal in-cylinder turbulence level (single zone model) gpecified in Table 8.
In order to achieve the-D results ofthe combustionprogressghat match well the-B CFD

resultsthe same approach as on the pregiangines (Engine 1 and Engine 2) was used,
wherethe dissipation constasit  and , and the new constant are fixed to single

values forthe considered engine. In terms of combustion-swdzlel constants calibration,
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only the upper limit of fractal dimension

engine.

was tuned for each operating point of the

Table13. Values of onstantf two zonek- Omodel andnodified fractalcombustion modek

Engine 3
Case Name Case 1 Case 2 Case 3
Engine speed (rpm) 1500 1500 3000
Part (BMEP =| Part (BMEP = o
Lerk 2.0 bar) 1.8 bar) 100 %
6SDUN 7LE@ABIDC)U 30 15 21
Excess AirRatio () 1.0

Two zone turbulence model

()

1.92

()

2.00

(additionally tuned to 1.50 fdCase )

Ignition model (QDIM)

ro (M) 0.002
Tsp(K) 450
Fractal combustion model
C,0) N 0.50
(additionally tuned to 1.40 faCase ]}
8] é'_gg) 2.71 2.44

The normalized HR and the-gylinder temperature profiles calculated with thB @nodified

simulation model for Engine 3 are plotted and compared with-IbeC¥FD results ifFigure

4_8| If the 0D combustion results are compared with thB @ombustion results shown in

Figure38lwhere the constants related to ignition, unburned zone turbulence, ldorimaent

flame transition and fractal dimension are manually tuned for each operating point, it could be
concludedthat the application of modified fractal combustion model shows slightly worse
results. But, although the-D simulation results of combustion do not fully match thB 3

CFD results, the application of modified fractal combustion model is acceptable détaus
number of usedefined constants that have to be tuned for each operating point is reduced. In

order to show the possibility to achieve the combustion progress by the modified fractal

combustion model close to theECBCFD result, the additional turgrof

, and

constantson Case 1lwas performed.The values of mentioned constants foase lare

specified in the brakets

mable 13

The normalized HR and the-aylinder temperature

profile calculated with the-® modified fractal combustion model and with the additionally

tunedconstantg ,

and

) onCase lare shown with the blue solid line

Figure

It can be seen that the additional tuning of previously merdicoastants oiCase 1of
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Engine 3, with the application of modified fractal combustion model, resulted with the better
agreement of @ and 3D CFD combustion progress results. ThB @esults calculated with

the modified fractal combustion model and wittre additional tuning of model constants (

, and ) are very close to the-D results calculated with the-D fractal

combustion model whose results are showRigure 38| Since the constants tfe ignition
submodel (QDIM) did not have to bedditionally tunedfor the Case 1 the modified

transition from laminar to fully developed tudent flame is te obvious reason for

differences inthe combustion progress between thé0and 3D CFD results when the

modified fractal combustion model is applied.

Figure48. Normalized heat releagkeft) and incylinder temperaturéight) of Engine 3: two
zone turbulence model aedtended fractal combustion model

Engine 4
For the last engine geometry that was analyzed within this studgptistantof the

two zone turbulence model and tbenstantf the modified fractatombustion mdel are

specified in Table 14.
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Tablel4. Values of onstantf two zonek- Omodel andnodified fractalcombustion modek

Engine 4
Case Name Case l Case 2 Case 3 Case 4 Case 5
Engine speed (rpm) 1000 2000 3000 2845 6215
Load Part (BMEP | Part (BMEP =| Part (BMEP = 100 % 100 %
=1 bar) 2 bar) 3 bar) (max. torque)| (max. power)
6SDUN 7L®AQJ
BTDC) 35 36 25.5 22.5 22.5
Excess AiRatio () 1.0
Two zone turbulence model
) 1.92
) 2.00
Ignition model (QDIM)
ro (M) 0.006
Tsp(K) 650
Fractal combustion model
C,(-) 1.30
) 2.58 2.39 2.43 2.41 2.45

Modeling of overall incylinder turbulence is performed using the full cyklexdurbulence

modelwhose parametefs

and

, ) are specified iE able9

on the previous engines (Engine 1, Engine 2 and Engine 3), was applied where the constants

The same approach, as used

as well as the ignitio model parameteise fixed to single values so that a good

agreement of combustion progress between4beald 3D CFD results is achieved.
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Figure49. Normalized heat releagkeft) and incylinder temperatur&ight) of Engine 4:

modified fractal combustion model
The normalized HR anthe in-cylinder temperature profilesalculated with

simulation model for Engine 4 are plotted and compared with-DeCFD results |

the @

Figure

The combustion results of Engine 4 calculated with t2 &pproach are in a good

agreement with the-B CFD dataatall considereaperating conditions.
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5.3.1.Quantitative analysis of the early ombustion phase

For the quantitative analysis d@he early combustion phass a casewhen the
calculation of combustiors performedby using themodified fractal combustion modehe
crank angles atvhich the specificvaluesof mass fraction burnedre comparedto the 3D

CFD resultsThe relative crank angle , as the crank angle between the 0 % ta0the%

mass fraction burned, for all considered engines is shoWwigimre50[{(0 % of mass fraction

burned corresponds gpark timing.

Figure50. Prediction of relative crank angle  at whichthe 0.1 %of massis burned £
comparison of @ CFD and éD simulation results.

The 3D CFD results ifFigure50jare shown with the gray columns, while the red oe&se

to the GD simulation results. It can be seen that for all operating poingsl @onsidered
engines expect theCase 1lof Engine 1,the predicted crank angles at 0.1r@&ass fraction
burnedare longer thann the 3D CFD result.This is caused by thdéonger ignition delay
period that is definedoy the applied quasiimensional ignition model. Due tthe
unavailability of 3D CFD resultgegarding the exastalues of ignition delay, the mentioned
reason for the difference between thé 3CFD and OD resuls cannot be confirmed
Moreover, at several operating poin@age land3 of Engine 3;Case land?2 of Engine 4)

the trends in the prediction of  are different compared with-B3 CFD results. It will be

shown in the following sectiothat the manual tuning of ignition energy and flow angle at the

spark plug can significantly improve the prediction of early combustion phhsealues of

0.1 % mass fraction burned represents ¢aely stage of combustion process when there is no

significant heat release@dnd the influence of combustion cannot be obseirvélde pressure
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or in the temperature tracl.can be seethat the second engine geometry has very short
periods of this early combustion phase even at the high engine §peessi4. This behavior

could be achievelly appling thehigher ignition energy, suitabkpark plug design, different

local in-cylinder conditions at the vicinity ahe spark plugand different flow angleéhat
accelerate the flame kernel expansion speethe presented QDIM the initial energy tfe
secondary electric circuit was set to 60 ma default value of AKTIM model. An influence

of higher ignition energy (longer electric spark duration) in the developed QDIM can be
considered by increasing the iaitielectric energy othe secondary electric circuit togher

values. The effect of spark plug design on the early flame kernel growth can also be taken into
account with the presented ignition model as it is sho@ The OD simulation

results ofthe combustion process are performed with the assumption that all considered

engines were equipped with the same spark plug geometry whose design and dimesmsions a

given inlFigure45| In terms of local ircylinder conditions at the vicinity dhe spark plug

only the stratification of mixture composition (fuel and combustiondpcts) can be
considere, while the local burned/unburned temperatures and flow velocity are the same
in the entire cylinder volume because thd0approacmeglects the spatial discretization of
the calculation domain. Although the mixture stratification can be studiedmibae! feature
was not used in the presenteddOsimulations andnly the homogeneous mixtures were
simulated Moreover, the angle of thfeow velocity . can have a strong influence on the early
flame kernelgrowth because it influenceélse heat transfer between the hot kernel and spark
plug electrodes. Due titve simplicity of the model and unavailability ¢fie detail 3D CFD
or experimental dataegardingthe flame kernel growthfor the considered operating
conditions of Enginel +4 the flow angleZ DV V H \AsaWdRaultfvalueln the following
section and for the Engine 1, the parametric analysis ofiagnénergy and flow angle was
performed.

The relative crank angleg whichthe 5 % ofthe mixtureis burned (5 % mass fraction

burned point) for all operating points oéll considered engine geometries are shown in

Figure51land the @D results (orange columns) are compared with e GFD results. The

5 % mass fraction burnedas selected becauaéter this phase the fully developed turbulent
flame should occuand the maximumburning rate should bachieved. Beforahe fully
developed turbulent flamis obtainedthe transition of laminar to fully developed turbulent
flame occurs Since thecalculation oftransition time ischangedin the modified fractal
combustion model, the-D results of crank angle at 5 ftass fraction burnedre compared
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with the 3D CFD solutions Although the predictions of early stage of combustion process
(when only 0.1 %mass fraction burngaio not fully matchhe 3D CFD data, the remaining
part ofthe early flame kernel growth shows a very good agreemeht tivé reference results

at different operating auditions and engine geometries showﬁigureSl Such behavior of

0-D simulation model is achieveloy the correct prediction of total 4oylinder turbulence

level andby the tuning of constant that can be fixed for one engine geom8ince the
prediction of also depends on the ignition model parameters, the tuning of certain

ignition parameters for each operating point can contribute to the pegtiction ofthe early
combustion phaseFor the detadd calibration of the ignition model constants, the
experimentalr some 3D CFD results of early flame kernel growth should beilable. It

was demonstrated within the parametric analysis described in the following text that the
individual tuning of ignition energy and/or fio angle can significantly improve the

prediction of

Figure51. Prediction of relative crank angle at whichthe 5 %of masss burned +
comparison of & CFD and éD simulation results

Parametric analysis of ignition energy and flow angle on the early combustion
phase

To investigate the influence of ignition energy and flow angle on the early combustion
phase, the parametric analysfdnitial electric energy available at the secondary circuit

andthe flow angle. at the spark plug location wasade.
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The parametric analysis is performatall considered operating points of Engine 1.
As the basic values regardirfgetinitial electric energy available at the secondary circuit and

flow angle were chosen the values already used in Chapter 5.3 and spedisdtieit0| This

includes that theinitial electric energy available at the secondary circuit is considered

as 60 mJ, while the flow angle LV V H WFirgY, fhe ifitial electric energy available at the
secondary circuit was set to 30 mJ and 120 mbatothe effects of two times lower and two

times larger ignition energy can be considered with the flow angle f $IWHU WKDW
initial electric energy available at the secondary circuit was set to 60 mJ and the flow angle

waschangedW R f D @he simfilation results of relative crank angle , when the 5 %

of mass fraction burned, obtained by the variation of ignition energy and flow angle are

shownand compared with the3 CFD resultsn|Figure52

Figure52. Prediction of relative crank angle at whichthe 5 %of masss burned tthe
influence of ignition energy (tgandthe flow angle at the spark plug (bottdof Engine 1

In top diagram olfigure 52/it can be seen thdhe developed QDIM shows logical

behavior. When thanitial electric energy available in the secondary circsitwo times lower
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the relative crank angle is longer The largr ignition energy resulted ithe faster

progress of early combustion phase for all considered operating points of Hnglie
simulation results are the most sensitore the ignition energyt operating point with the
high engine speed and 100l8ad (Case 3, while the minimum effect can be observed at low
engine speed and 100 % of engine |daalr times higher ignitio energy resulted with the
approximately 10 % shorter early combustion phase described by the relative crank angle
at Case 3 At high engine speed conditionthe crosglow velocity is higher and the spark

length is longer. Since the electric energy transferred to the flame kernel depends on the

voltage between the electrodeg and electric current of secondary circui{see equation

3.9)), the effect of increased ignition energy on the early combustion phase becomes

significant at high engine speed conditioAs. part loadand low engine speedondition
(Casel), the higher ignition energy extends the duration of glow phase (visible electric spark)
that increases the kernel excess of energy and kernel expansion speed.

In bottom diagram o@ the effect of different flow angles on the early
combustion phase is shown. As the flow angles increased, the duration of early

combustion phase described by the relative crank angleis longer. The effect of flow

angle increase is significant at part load and low engine speed cond#ea ]. When the
IORZ DQJOH LV FKDQJHG IURP f WR is fongéfkkhhdut/lz @beVLY H FU

longer early combudtRQ SKDVH DW IORZ DQJOH VHW WR f LV DFKLI
closer to the ground electrode and the heat losses become significant compared to the received
electric energy, decreasing the kernel expansion speed.

It can be seen that the indiwal tuning of ignition energy and flow angle for each
operating point of the engine could contribute to the better agreement of relative crank angle

with the 3D CFD data. For exampl& achieve the better agreement of cygilaulation
results of for Case lof Engine 1with the 3D CFD resultthe ignition energy should be

lower and/or the flow angle should be increased. Since the ignition energy and flow angle at
spark plug were not available from théd3CFD nor from the experimental data, the uniform
set of operating parametdos Engines 1+4 specified irﬁTabIelOwasapplied.

5.3.2.Specific results of developed QDIM

In order to check the validity afeveloped ignition sulmodel, the specific results for
the considered operating points of Engine 1 were analyzed. Since the early flame kernel

growth depends on the electric spark length and heat losses (flame kespak plug
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electrodes), the electric spark length, the m#@ame kernel radiusand instantaneously
entrained spark plug surface area are studied and the discussion about the obtained results for
Engine 1 are given in the following text.

The excess ofhe flame kernel energy depends on the balance between the electric
power delivered to the flame kernel and heat losses that occur between the flame kernel and
spark plug electrodesThe electric powelQe delivered to the flame kernel is the linear

function of the electric spark length ascan be seem equationg3.4) and|@.9), while the

heat transfeQw depends on the instantaneously entrained surfaceSadahe spark plug
electrodes by the flame kernel.

The electric spark lengths for the three operapomts of Engine 1 are plotted in

Figure 53| At the defined spark time the instantaneous breakdown between the electrodes

occurs and the initial electric spark is fardh along the shortest distance betwdlea
electrodeswhich is equal to thespark pluggap. Hence, the initial spark length at the
breakdown phase is equaldap distance set tb mm.It was already described in Chapter 3
that the electric spark length described and tracked by Lagrangian particles. Their
movement in the, y andz coordinate system depends on the flow angle defined by the user
and on the velocity profile described the HagenPoiseuille flow. By summing the shortest
distances betweethe neighboring Lagrangian particles the instantaneous deagth is
approximated. Due to the influencetbt crossflow velocity that is correlated to the overall

in-cylinder turbulence intensity the Lagrangian particles are convected anigdtrec spark

is elongated asan be observenh|Figure53] As the electric spark is elongated the voltage

between the electrodes increases and in extreme conditions gsmajureach the value of
the breakdown voltagdn this case, the Lagrangian particles are suppressed and a new set of

particles correspondg to a new spark is initiated.

Figure53. Cyclesimulation result of electric spark lehdor considered operating points of
Engine 1 SOI zstart of ignition
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The new breakdow of electric sparloccurred at the last operating point of Engine 1 where

the engine speed is high. This behavior is expected because at high engine speed-the cross
flow velocity is high and the convective mowvent of Lagrangian particlesignificanty
increaseghe spark length and enhasdhe ignition process. The duration thfe electric

spark, usually called glow phase, is defifgcthe available electric energyg the secondary
electric circuit. Wherthe available electric energy in the secondary electric cifallg to

zero, the electric sparkanishes. Wherthe results ofthe spark length are compared with the

3-D CFD results reported i, it will be seen that the presented QDIM predicts the new
breakdown in terms of spark lengtéry close to the D CFD resultpresented i . In the

study presented i the new breakdown occurred the spark length of 7.6nm with the

mean cros$low velocity at ignition timeequal tol0 m/s. As it can be seenkigure53/the

developed QDIM predicts the new breakdown in the last opgrptint at spark length of 8.5
mm with the crosdlow velocity at ignition time equal t®.62 m/s.The small diffeence of
electric spark length athe new breakdowpoint is causedby the uniform temperature

distribution ofthe burned zone in D approab. Once the spark is formed, the breakdown

voltage is calculatethy the equation[3.1) with the temperature in the equation set to the

burned zone temperature. This is reasonable because the flame desayd stays in a
connection with the spark plug electro. Due to the calculation of temperature
stratification in the burned zone, in théd3CFD simulation the local temperatuamundthe
electrodes is higher. Thereforihe new breakdown voltage is lower leadingatslightly
shorter park length when the 1&trike occurs

The visualization ofthe electric sparkprogressduring the glow phasefor the

considered operating points of Engingid shownin |Figure 54 The electric sparks are

visualized with the blue solid lines, while the new spafidsned after the new breakdoyat

the last operating point are plotted with the green solid IMésen he new breakdown is

occurred, the center of flame kernel remains in theptade and positiothat is defined with

the previos electric spark, while the new spark is formed along the shortest distance between

the electrodes. After the -s#rike occurrene, the flame kernel also receives the electric

energy from the electric spark, which assumes that the contact between the flame kernel and
electric spark is realized, although it has not toirbeontact in the simulation cas€his

assumption imposes thidie calculation of kernel excess of energy takes into account the fact

that the flame kernel always stays in contact with the spark plug elec@. Since

WKH IORZ DQJOH IRU DOO R SéptéshtindelflBvRILpQININ diréctionv HW W R

of x-axis, the spark elongatiamtcurred irx-z plane.
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Figure54. Visualization ofthe electricsparkhistoryof glow phase for Engine fireencolor
of electric spark at 5500 rpm represents the sdarkned dter new breakdownTime
betweerthe electric spark profiles is 0.5 crank angle degrees.

The glow phase, which corresponds to the visible electric slaatk,as long as the energy of
secadary electric circuits higher than 0The duration ofthe glow phasesxpressed iime
scaleis specified ir{Figure54 It is evident that the electric spark duratioriiatime domain

is longer at the first operating point and it becomes shorter as the engine speed and load are

increased. This behavior dfe ignition model is expected and reasonable because the electric
energy available in the secondary electric circuit decreases mor¢y reynien the voltage

between the electrodes is higher. The hidbeel ofvoltage  is causedy the larger cross

flow velocities that increase the spark length as well as withatiger incylinder pressure

according to equatiof3d). The cross-flow velocities specified irjFigure 54| are calculated

from the total incylinder turbulent kinetic energyat the defined spark timing assuming that

the total turlnlence intensity LV HTXDO WR WKH ORREBROhéePHEDIQOIORZ YH
the spark plug, as it is already described in Chapterhg QDIM is developed so that the
singleflame kernel center always occurs at the center between the spark plug electrodes and it

moves with the flame center displacement velocity as it is illustrajedyure 54} The flame

kernel cater is located in the miglane (already defined in Chapterti@tween the electrodes
assuming that this zone represents the potential ignition location dilnee tagher local
temperature that occurs during the gas ionizaflte local gas particles clase the spark
plug electrodes have lower temperatueesl therefore the ignition processll never be
initiated in thesdocations|91193).

For the detadd analysis ofthe early flame kernel growth, the flame kernel radius and
the entrained spark plug surface area by the flame kernel for the three operating points of
Engine 1 are plotted [ﬁigure55 The visualization o WKH IODPH Nranhd gngl©afieW  f

the ignition is also shown. The durationtbé early flame kernel growth that is calculatey
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the developed QDIM is definday the equatior :{.16? representing the critical burned mass

which the flame kernel can be considered as turbulent flame and when the wrinKiiaigef
front become significant.It can be seen that the flame kernel radius at the etftedfame

kernel calcudtion reaches the radius of# mm. Although the usetefined constant for

Engine 1 is set to 8 mm, the flame kernel did not reach this radius because the transition from
early flame kernel growth to turbulent flame is defined by the controll of burned mass. Due to
the lower incylinder pressure at part load conditions, fthene kernel radius at the end of the
kernel calculation is larger (about 6 mm). Therefore, the equ (imposes that the
ignition delay period am the early flame kernel growth is longer at part load engine

conditions.

Figure55. Cyclesimulation result of the flame kernel radigg entrained spark plug surface
areaS DQG YLVXDOL]I]DWLRQ RI WKHOIOMD &l ldonsiHdie@ bperaing/ 2z & $ I
points of Engine 1.
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Experimental studies of flame kernel growth show that, once the flame kernel has grown to
more than about 5 mm in radius, it can be approximately described as a turbule W: me [
This means that the calibration constants of gdesensional ignition model are correctly
specified and that the global effects of ignition phenomena and early Kierme! growth are

taken into account.

The entrained spark plug surface area by the flame kernel is also plofgdiia5s5

The largest entrained surface areatlsd spark plug electrodes is achieved in the second
operating condition because the expansion speed of the kernel is high (full load condition)

while the displacement of its center from the initial position is weak dtieetéowcrossflow

velocity (specified inFigure 54). At such operating conditions, the flarkemel is able to

entrain approximatel$0 % ofthe total spark plug surface area increasing the heat transfer
and reducing the flame kernel growthf course, in the real operating conditionsttod Sl

engine the flame kernel growth is bounded locally byaleetrodes and hence its shape has
irregular form that may significantly change the heat transfer. These geometrical effects
cannot be captured with the presented QDIM in terms of heat transfer prediction, but the

influence offlame kernel distortion otthe burning rate is taken into account by calculating

the flame distortion facto(seeequation|8.14)). Since the flame kernel growth &stime

dependenprocessat operating conditions witthe high engine spedtie duration of flame

kernel development iorank angle scale is longer compatedhe full load conditions at low
engine speedAlso, it can be seen that at high engine speed the entrained spark plug surface
area after thé degrees of crank angiliecreasesontinuouslyto avery smallvaluesand after
about12 degrees of crank angthe flame kernel losecontact with the electrode3his
behavior is not fully physical because the experimental studgardingthe flame kernel
development have shown that the flame keahghys stays iwontact with the electrod

. The proposed QDIM can be improvedthat the mentioned effect at highossflow
velocity is conservedut without some experimental detail 3D CFD resultgegarding the

flame kernel development this not feasible.

In order to analyzehe flame kernel growth over time for albnsiderd operating
points of Engine 1, the flame kern@bsitions are visualized and approximatgdthe fully
spherical shapwith the mean kernel radiug as it is shown i@ The flame kernel is
shown at specific timed.02, 0.06, 0.1, 0.2 and 0.3 ms after spark onset. The same time

sequences were used in the experimental studies of Hey@od [
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Figure56. lllustration of theflame kernel growthior all operating points of Enginedt
specific times after spark onset

At 0.02 ms after spark onset, the flame kernel radius is close to the initial value of 0.5 mm.
Since the flame kernel receives the energy from the electric spark, it starts to grow rapidly. On
the other hand, as the flame kernel radius becomes largérainsrthe larger surface aref

the electrodethat contributeso the heat transfer and decreasedltrae expansion speedt

the time of 0.20 ms after spark onset the flame kernel radius is about 1.60 mm. As it was
already described, thereviows fractal combstion model did not includenodeling ofthe
ignition process and early flame kernel growth. It was assumed that this procedserlasts
about0.20 msand thathe flame front reaches the radius of about 2 mm. This assumption was
adopted accordg to the experimental studies of North and Santav Pn Engine 1
Figure 56) this radius is reacheat approximately0.30 ms after spark onset indicating that

the model predictions amose to the experimental data published in the Iiteratzﬁl

%9

The mean flame kernel radius at time of 0.20 ms after spark orlegteésthan 2 mm

(seeFigure56), as it is assumed by the original fractal combustion model. Different values of

the flame kernel radii at 0.20 ms after spark onset for all consideredtingepaints of
Engine 1 are calculated because the early flame kernel growth depends on the actual in
cylinder conditions that are different between the considered operating points. Therefore, the
developed QDIM is able to predict the early flame kernewgn physically ad more
accurate than the previsdractal combustion moddt can beconcludedhat thecalculation

of early flame kernelgrowth describedby the QDIM depends on the 4{aylinder conditions
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(pressure, temperatuaad mixture compositiongrossflow velocity that displaces the kernel
center from its initial psition between the electrodes and on the spark plug design

The detaikd simulation results obtained by the QDIM showed that the developed
ignition model intgrated into the cyclsimulation is able to capture the main effects that
affect the early combustion phase of S| engine. This feature gives the possibility to analyze
the influence of newly introduced parameters (e.g. spark plug design, gap distarice igni
energy, flow angle, etc.) on the S| engine output performances. Moreover, the early flame
kernel growth can be responsible up to 50 % of CCV in combustion. Since the QDIM
depends on the {aylinder conditions and croskw velocity, the QDIM is wellpromising
submodel to capture the part of CCV in combustion caused by the vasgaticearly flame

kernel growth, as described in Chapter 6.

5.4. Parameterization of turbulence and combustion modetonstants

In the previous section the developed quisiensonal ignition model and the
modified transition laminaturbulent flame were applied and thdé0simulation results were
analyzed and compared with the available &FD datalt was demonstrated that the single
set of parameterselated to QDIM ando the transition of flame from laminar to fully
developedturbulent can be applied for one engine geometry. On the other toaineich

operating point of the engine the intakeroduction constant and the intakeaproduction
constant  were manually tuned so that theDOresults ofthe total in-cylinder turbulent
kinetic energy matched well thel3 CFD results during the combustion period. Furthermore,

the combustion constant that defines thpper limit of fractal dimension was also

manually set for each individual operating point in order to achieve-th@@mbustion rate
close to the ® CFD resultsTuning of two turbulence and one combustion model constant
for eachoperating pointloes not represettte user friendly approach because trserof the
cyclessimulation model cannatefine the model that can be used for calculation of wide
operating area of the engine without first calibrating the engine model fagatimat operating
area.

In order to reduce the number ofesslefined constants that havelie tuned for each
operating point of the engine, the analysishefintake constants d& oaurbulence modeand
the analysis ofipper limit offractal dimension arperformed After that,the parameterization
of the turbulence model constants aoflupper limit offractal dimension are proposeaid
appliedto the considered engines
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5.4.1.Parameterization of turbulence modelkonstants

The intakek production constant and the intakeoproduction constant were
manually tuned for each operating pawithin the validation othe full k- cturbulence model
in Chapter 5.2achieving a turbulence level during the combustion peciode to the D
CFD results. By analyzinthe values ofwo newly introduced constantthe dependency of
the mentioned constants on certain physical propewie® noticed. Thedependence of

intakek production constant on the enme speedfor all considered engine geometries and

all operating points is shown|Figure57

Figure57. The influence of intak& production constant on engine speed

Figure 57|shows thathe intakek production constant is incresedas theenginespeed

increasesln order to achieve the correct air delivery ratio at high engine speed with the same
intake valve timing and lift, the volume flogy, (m%s) has tobe increased. Thereforehet
higherpeak value of the mean velocity at the intake valessisectioroccurs athe higher
engine speedlhe larger intake production constanttbé turbulent kinetic energy at high
engine speedheans that the transformation of mean flow kinetic energy that enters into the
cylinder is more intensive at operatingnditions withthe high engine speed.e. with larger
velocity at the intake valve cross sectiéor each engine, the linear dependence of the intake

k production constant on the engine speed can be observed. By assuming thaetre
flow velocity at the intake valve cross section linearly increases with the higher engine
speedthe intakek production constant can be expressed as a linear funcbbmean flow

velocity at the intake@alve cross section

(5.1)

113



where and are the new usedefined constantslf the proposed linear

function (5.2) is applied to the differential equationtlud total in-cylinder turbulent kinetic

energy 2.36’ the following equation can be written:

(5.2)

If the values otheintake Oproduction constant specified in Table6 +9 are analyzed, it
can be observed théte higher values of this constaate used apart load conditions are
used, while at the full load conditions the constant is lowerThis indicates that the
dissipaton of the turbulent kinetic energy is more intenat low pressure and vice versa.

Therefore the intake Oproduction constant is plotted as a function of daylinder pressure

at the start of high pressuseypand shown ifFigure58

Figure58. The influence of intakeoproduction constant on in-cylinder pressure at SHP
start of high pressure.

Assuming that the intak@production constant linearly decreases with the increase of in

cylinder pressureas the measure of engine load, the following correlation may be drawn:

(5.3)

where and are the new useatefined constants, whilg; (bar) represents

instantaneous #aylinder pressurelf the proposed correlation5.g) is inserted intothe

differential equation ofhedissipation rate2.37), the following fom is obtained
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(5.4)

The proposed differential equatiorf‘szq and |6.4) for the calculation of turbulent kinetic

energy and its dissipation rate over the entire engine agplesent the parameterized

turbulence modethat includess userdefined constants. Four constants ( and

) are related to the turbulence generation during the imadaesswhile the  constant
influencesthe dissipation ratduring the high pressure cycle when the rapid distortion theory

is applied. If the new usedefined constants and are set to Qthe proposed

differential equationg2) and [6.4) are equal to the basic differential equati¢aS8g) and

2.37) where and . If all userdefined constants related to the intake process

are used, the first bracket on the right hand side of equ#ki@h represents the intake

parameter ofheturbulent kinetic energy whose lua will changeas the mean flow velocity

at the intake valve cross sectiamhangesover the time during the intakeprocess

Furthermore, the first bracket on the right hand side of equdiidh represents the intake

parameter oflissipation rate that changegringthe intake process #se incylinder pressure

is changed.

The four intake constantsf the proposed differential equation®.Z) and (6.4) for the

calculation of turbulent kinetic energy and its dissipation Inatee to beoptimized for each
engine geometrwith the objective thathe total incylinder turbulence level during the
combustion procesis close to the  CFD resultsat multiple operating pointsThis will
enablethe use ofa single set of turbulence model constantsaosingleengineat different
operating conditionsThe optimization model anthe optimization results othe turbulence

model constantaredescribed in Chapter 5.5.

5.4.2.Parameterization ofupper limit of fractal dimension
In order to achieve the combustion process that is comparable withDh€FD

results combustion constanvas manually tuned for each operating pointn& the

combustion model is very sensitite the value ofthe fractal dimensiorD; defined bythe

constant , the tuning of this constanfor each operating point isot user friendly

Therefore, a detabanalysis othefractal dimension wasiade
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The profiles of fractal dimensioDs during the combustion period faill operating

points of Engine 2 are plotted |fAigure 59 Due to theinfluence ofthe underrelaxation

function shownwith equation|4.14), the maximum values of fractal dimension are reached

after the specific crank gte interval  defined by expressio. In addition the under
relaxation function that is used to simulate the smooth transition from laminar to fully

developed turbulent flamdoes not allow thathe maximum values spified by

constantare reachedTherefore, the maximum fractal dimensioDs max Which are also

marked infFigure 59| are below the specifiedalues of constant which does not

represent the real maximum valuetbé fractal dimension that will be reached during the

developed turbulent flame when the flame frominkling is at the maximum levelFor
example, for the&Case 1 representedby thered solid ling the constant Is set to 2.51

while the maximum valuef D3, maxduring the combustion is 2.28. The same behavior can be

observed at other operating points of Engine 2 as wédirdke other engaes.

Figure59. The valus of fractal dimension during the combustipariodof Engine 2.
The fractal nature ahe premixed turbulent flame struces has been experimentally
investigated over a range of turbuld®éynolds numbers from 50 to 15@. It was

found that the frael dimension increases as traio of turbulence intensity§ WR ODPLQDU

flame speed increasesas shown ifFigure 60f The maximum values of fractal dimensions

at high Reynolds numbers befollame extictionhas been predicted to have a value between

2.37 and 2.4.

In|Figure 60jthe results of the maximum fractal dimensId#) naxthat are reached during the

combustion for all considered operating points of all engines are also plotted. Since the

turbulence intensityand the laminar flame speed change during the combustion, the
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turbulence intensity to laminar flame speed ratifi§ for Engines 14 was defined at the

time when the maximum fractal dimensiDg maxiS reached.

Figure60. Maximum values of the fractal dimension as a function of the ratio of turbulence
intensity and laminar flame speed.

Figure60|showsthat at low and medium engine speeds (183000 rpm) that correspond to

the ratio of turbulence intensity to laminar flame speed lower than 5, the maximum fractal
dimensionD3 max Obtained in thed-D simulatiors are close to the experimental res [

@, while at high engine speed these values are above the ones observed in experiment. It

was already mentioned that the constanthat defineghe maximum fractal dimension

D3, maxWas tuned for each operating point so that adgagreement of-0 and 3D CFD
results ofthe combustion process is achievéthe manual tuning of this constant assumes
that the calculation of laminar flame speed proposed by Metghalchi and ak forrect.
There are two operating point€4se 2of the Engine 3 andCase 3of the Engine 4) whose
maximum fractal dimensions are significantly higher than the expected values for the
corresponding turbulence intensity to laminar flame speed rHltiese differences can be
causedy the incompatibility of @D and 3D CFD results (it isalready mentioned faCase 2

of Engine 3 in Chapter 5.1)yy the incorrect calculation of laminar flame speed due to
mixture stratificationor by the complex @ interaction of turbulent structures atiek flame

front that cannot be predicted with the ge@dimensional combustion models. Since the
turbulence model constants were manually tuned for each operating point, the turbulence
intensity during the combustion period is very closéh®3-D CFD resultsas it is showmn

the Chapter 5. Therefore, theentioned effects that can cause différeombustion progress
andare nof or cannot bepredicted with the presented qudsnensional combustion model
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are compensatdaly the tuning ofupper limit offractal dimension. If the two operating points
(Case2 of the Engine 3 andCase 3of the Engine 4) are neglected, the maximum value of

fractal dimension shows almost linear inceasewith the increase of theatio of
turbulence intensityo laminar flame speedithin the considered raegf engine speed

Therefore, the linear function for the approximation of  valueis proposed:

(5.5)

where C; (-) is new usedefined constant that can change the slopthefapproximation
function (shown irEigureGO with the dashed line) as well as its minimwadue when the

ratio of turbulence intensity and laminar flame speed is Zdre linear function bmaximum

fractal dimension|%.5) predicts the maximum alue that should be reached during the

combustion periodIn order to incorporate this information into the qedisnensional

combustion model it is necessary to define the constant that will lead to calculating the

desired maximunvalue . From equations|4.2) and|@.3) the constant can be

expresse@ds

(5.6)

When the maximum value of fractal dimensionréached, the undeelaxation function

should be close t, while the laminar flame speed is about 1 fofggasoline If such values

are taken into accouttte equation|$.6) can be reducetb the following form:

(5.7)

The remaing unknown in expressiorb.{f) is the turbulence intensity when the

maximum value of fractal dimension occurs. If th® FD results othe total incylinder

turbulent kinetic energy during the late compression and expansion are analyned

dimensional domain, is very interesting tmotice,in|Figure61] that theobtained profile of

nondimensional turbulent kinetic energy for all considered operating pofnédl engines
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follow the sameprofile presented with the black circle markers. The -diomensional
turbulent kinetic energyk*(-) at eachcrank angle degree is calculated so that the
corresponding turbulent kinetic energy is dividgdthe maximum value of turbulent kinetic
energy that occurs before TDCThe obtained profile of nedimensional turbulent kinetic
energy from 3D CFD results dring the interval of 14@of crank anglecan be fitted with the

polynomial function:

(5.8)

where . ¥ represents the relative crank angle @erFUDQN DQJOH FROAJHVSRQC

beforeFTDC), while the polynomial coefficients are defined as follows:

and

The crank anglat whichthe maximum fractal dimension is achieved can be estiniated

equation|4.13) andby the correct prediction of turbulence quantitfggegral length scalg,

and turbulence intensity  at thetime when the burned mass is equal to the critical one

definedby equation $.16r. By using thepolynomial function|$.8), the equaion [4.13) that

defines the transition period when the maximum fractal dimension is reacheuly ahd

correct prediction of itylinder turbulent kinetic energy at SOICis possible to estimate the

turbulence intensity at the time when the maximum wrinkling of the flame front is
achieved:

(5.9)
where and represent the relative crank arg@ethe start of combustion

andat the point where thenaximum fractal dimension is achieverespectivelyThe start of

combustion corresponds to the spark time when the QDIM is applied.

119



Figure61l The mpprameterization of nedimensionaturbulent kinetic energy during the
combustion periodthe profile of nordimensional turbulent kinetienergy is the same for all
operating points of all engines.

The application of equation®.p) +(5.9) including the specification of new useefined

constantC; enables that the fractal dimensidpcan be correctly predicteat different engine
operating conditions. In other words, the peed equations represent the parameterization
model ofthe upper limit offractal dimensiorthat requireghe tuning ofCz constant for one
engire. The proposed parameterization model is defined for the engines fueled with gasoline

and for the range adngine speexfrom 1000 rpm to 6215 rprCase 5of Engine 4) In the

following chapters first the optimization of the turbulence model constants ( , and

) for each egine will be made and afterwards the proposed parameterizatiba wqiper

limit of fractal dimension will be applied.

5.5. Optimization of turbulence modelconstantstowards the single sebf
constants

The quastdimensional combustion models are very sensitovéhe values of input
parameterparticularlyrelated to the turbulence and combustion-sudalels.The sensitivity
analysis ofthe two turbulence model parameters wasformed andhown in @ It was
concludedthat the calibration of only two constants ahd possible adjustments of tlieee
flame surfacearea are sufficient to provide aeglictive Sl engine simulation using 0-D
approach.

In order to find the single set of constants related td-tlourbulence sumodel ofthe

cyclessimulation modelfor one engine geometrithe optimization process of four intake

120



turbulence constantdescribed in Chapter 5.4, , and ), wasperformed The

main information about thappliedoptimization algorithmspecificationof objective function

as well as theptimization results are given the following text

5.5.1.Optimization algorithm and definition of objective function

The optimization process of turbulence constants was perfobgethe genetic
algorithm. The genetic algorithm is a global search method lmsélde analogy of natural
biological evolution. At each generation a new population of design points is defined with the
genetic modifications like crossover and mutation. The selection of individual design points is
performed according to their level ditness, which measures the performance of the
individual member based on the defined objective function. The initial population is
generated randomly within the project space and the optimization process ternvimates
termination criterion is met, wth is usually definedoy the number of generations. For the
optimization of turbulence model consta the population size was set 30 with 10
generations. The other parameters of applied genetic algoritemthe crossover and
mutation probability as well as their distributiopmsere used as default vaIu@.

For each operating point of the engine, the objectivetiom is defined as the area
betweerthe 3D CFD and the D resut Rl WKH WXUEXOHQW NLQHWLF HQHUJ

crank anglefrom firing top dead centewhenthe maximum burning rate @achieved. The

illustration ofthe objective functiorof ead operating point is giveim|Figure62

Figure62. lllustration ofthe objective function fooptimization of turbulence model
constants

Therefore, lhe individual objective functiors calculated as:

(5.10)
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The overall djective function of one engine is obtained by the weighted sunthef

individual objective functions definday equation%.10) for eachoperating point

(5.11)

where  (-) represents the weight of each operating point of the engine. The weight of a

particular operatingoint of the engine is defed with respect to the level of turbulent kinetic
energy of that operating point, so that in the overall sum each operatinghpsitite same

importance. This means that the optimization problem of one engine has one objective
function fengine and four project variables, : and . During the opimization

process, the objective functidghgine Wwas minimized and the opmitization results are shown

below.

5.5.2.0ptimization results

In order to increase the calculation speedhefoptimization process for one engine
geometry the combustion process wagnglated with the single zone turbulence model
without the application of quasiimensional ignition model. T§ is acceptabléecausehe
effect of the combustion process on thgrogressof total incylinder turbulence level is
minimal (the kinematic viscosity does not include increase -@ylmder temperature caused
by combustion)and the application othe ignition model only affects the initial part of
combustion processThe constants dfhe fractal combustion modeWwhen the sinlg zone
turbulence model is usedre already specified in Takl +5. The simulation of each
operating point of the engine was perfornied15 cyclesto achieve aonverged solution.
This means that fosne run (one set of constants that are optimigeding the optimization
of Engine 260 cycleshave tobe calculateq4 operating points with 15 cyclesjhe number
of runs that are necessary to find the optimum result depends on the applied optimization

algorithm and its setupn this case approxintay 300 runs were required to find teelution
for , and that gives the total incylinder turbulence during the expansion

close to the  CFD dataThe total calculation time waabout 5 hours for one enginghe
optimized constants of the proposkdOturbulence model fothe consicered engines are

specifiedin Table 15.
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Table 15. Overview of single set of ostarts for the single zond- Oturbulence model:
optimization result$or Engines 1 +4

Engine Name Engine 1 Engine 2 Engine 3 Engine 4
) 1.92
) 2.40
) 0 0 0 2
(s/m) -6 6 5 5
) 3.10 3.40 3.80 9.80
(bar?) -1.90 -2.17 -2.10 -5.20

The optimized value of constant

is zero for all engines except for tigine 4.The

remaining valuesof optimized constantare as expected due tohe previously described

behavior ofthe intake k production constant

shown in

Figure 57

and

Figure 58

and the intakeOproduction constant

The last consideredngine has significantly different

values of optimized constants compared to the Esding3 indicating that some geometrical

effects of intake plenum, pipe, intake valve or comiomsthamber geometry influentiee

total in-cylinder turbulence level ding theintake and consequentllige remaining part ahe

engine cycle The mentioned geometrical effects cannot be predibedhe poposed

turbulence model, but theyan be compensatéy the corect tuning of intake constants.

The overall objective fustions of Engines 1 and? are definedy taking into account

all individual objective functions of each particular operating point of the engmet is

described by equation

S.

10) and|6.11]

HQHUJ\ GXULQJ WKH

turbulence model constarfts all operatng points of Engine 1 ar@lare shown iEigureGS

. Theresults ofthetotal in-cylinder turbulent kinetic
I L U df\expangionFodtBiri@dN byD Gsih@ ldptimized

and the €D results arecompared with the-B CFD data and with the previousDDresults

(gray solid lines)where the intake turbulence model constants &nd

tuned for each operating point of the engine (see Chapter 5.2).

) are manually
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Figure63. Turbulent kinetic energy during the expanstaiculated by a single zone model
that uses optimized turbulence model constant&iigine 1(left) and Engine Zright).

The predictedprogressof total incylinder turbulent kinetic energy during the expansion
match well the @ CFD results At the first two operating pointsQase land Case 2 of
Engine 1 and first operating poir€dse ) of Engine 2 the values of-eylinder turbulence
levels are slightly overpredictedby approximatelyl5 % at TDC These differences are

causedby the introductionof linear approximations for the intake turbulence constants

and  shown inFigure57|andFigure58| Since the quasiimensional combustion model is

sensitiveto the turbulence level, the slightly overpredicted turbulent kinetic energy can be
compensatedby the combustion model constants, for examglg the proposed

parameterization aofhe upper limit of fractal dimensionThe applied linear approximations
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for the intake turbulence constants and the performed optimization process of the turbulent
kinetic enegy during the expansioresulted with the single set of turbulence model constants

«C . . and ) for each engine where the-aylinder turbulence level for different

opeating conditions during the turbulent combustion matched well-DeCED results.

Due to different boundary conditions that were available for operating points of
Engine 3, the overall objage function of that enginacluded onlytwo individual objectve
functionsof Case landCase 3 After the optimization ofntake constants dé- Oturbulence
model at Cases land 3, the optimizedturbulence model constantare applied on the
remaining operating pointase 2. The optimization resultsf all operating points dEngine
3 obtainedby the application ofin optimized set of turbulence model constaarts shown on
the left side o@ It can be sen that the optimization process performed on two

differert operating points resulted ins&t of turbulence model constants tphegdict the in
cylinder turbulence level during the expansion correctly even when they are applied on other
operating poirg. For the Case 2operating point of Engine 3, which was not used in the
optimization of turbulence model constants, the progress of tetylimder turbulent kinetic
energy is slightly overpredicted. If theB3 CFD results are not available for more than 2
different operating pointsat least2 different operating @ints of the considered engineay

be taken into accounh the optimizationprocessof turbulence model constantBhe first
opemting point should represerglatively low engine speed and part loadhdition, while

the second one should represkigher engine speeand full load (100 % condition. This

enableghe correct definition athe linear approximations of intake coefficients and

The optimization process of intake constamysgenetic algorithm on Engine 4 was
againperformedwith individual objective functiongor all considered operating points and

the optimization results are shown on the right siidBigure 64| At part load condition ah

low engine speed thlevel of incylinder turbulence is overpredictéy about 50 % at TDC
and during the expansion compaiedthe 3D CFD dataand GD results when the intake
turbulence constants are manually tufgehy solid curves)Although the turbulence level of
Case 3of Engine 4 during the early part of expansion is underpredioteabout 40%, it is
acceptable because the turbuleeffects on the combustion process becasngnificantonly
when the highly wrinkled turbulent flame is develop@&tie application ofa single set of
turbulence model constants obviously reduced the accuracy wfsre$ turbulent kinetic

energy during the expansion at several operating points, but the preke@tatbulence
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model becomes predictive for the entire operating range of Sl engine once the model
constants are calibrated correctly.

Figure64. Turbulent kinetic energy during the expanstaiculated by a single zone model
that uses optimized turbulence model constant&iigine 3(left) and Engine 4right).
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5.6. Application of single ses of constants

In the previous section tiroposed parameterizatiom the turbulence model constants

was optimized so that single set of turbulence model constast®btained forone engine.

The optimized results of +aylinder turbulent kinetic energy during the expansion are shown

in|Figure 63

and

Figure 64

and the results are compared with the &FD dataln sedion

5.4.2 there is alsthe proposal fothe parameterization metlof maximum fractal dimension

that requireshe tuning of new usetefined constants.

In order to demonstrate the possibility thie proposed parameterizatianodek of

turbulence and combustion soibdek to predict the combustion proceasthe different

operating conditions with the single set of constants, the simulation of combuastaih

considered engineand conditionsis performed.The single sets otonstants related to

turbulence, ignition and combustion suitodek are specifieth Table 16.

Table16. Overview of sngle set of constants faurbulence, ignition and combustion used in
simulation ofEngines1 +4

Engine Name Engine 1 Engine 2 Engine 3 Engine 4
Two zone turbulence model
) 1.92
Q) 3.00 2.00 2.00 250
Ignition model (QDIM)
ro (m) 0.008 0.005 0.002 0.006
Tsp (K) 470 450 450 650
Fractal combustion model
Q) 0.70 0.40 1.20 1.70
Q) 1.005 1.026 1.035 1.003

The optimized constants ok- Oturbulence model are already speficiedpieviows chapter,

Table15

Table16

Therefore, only the dissipation rate constanthefunburned zone

is listed in

In terms ofthe developed ignition sumodel, two constants were tuned to achieve

the prediction othe combustion process close to th&3CFD results. The first constant

represents the constant that defines the burress mvhen the tracking of combustion can be

performed with the fractal combustion model. The second constant of ignition model

represents the spark plug temperature. It was defined as the temperature that is slightly higher

(about 50 K) than the cylinder &@ temperatureSince the cylinder head temperature for

Engine 4 defined from-B CFD simulation is set to 585 K, the spark plug temperature is set
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to 650 K.The last two constants in Table 16 are related to the fractal combustiomosigth

The first constant defines the transition time from the laminar to fully developed turbulent

flame, while the lasC; constant defines the maximumlwa of fractal dimension according

to the proposed equatig®.f). The describedcombustion model constants as well as the

disspation constant dhe unbuned zonespecified in Table 16are manually tuned so that
the predictions of combustion procedslifferent operating conditions of the engine are close
to the 3D CFD results.

The results of thenormalized heat releasand in-cylinder temperature forall
considered operating points of Engines4 are plotted and the results are compared with the
3-D CFD results ifFigure65

Figure68

Figure65. Normalized heat release (left) andaylindertemperaturéright) of Engine 1
obtained byapplicationof single set of constants.
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Figure66. Normalized heat release (left) andaylinder temperature (right) of Engine 2
obtained by application of single set of constants.

The obtained profiles aformalized heat release andaylinder temperaturdoy applyingthe

single set of constants for different operating conditions of Engine 1 and Engine 2 are very

close to the  CFD results. If the results dfiein-cylinder temperature shown|iFigure46

andFigure47| where the turbulence constantsand  as well as the upper limit of fractal

dimension are manually set for each operating point, are compared withesiidts

where the single set of constants is applied, a sergll difference can be notitevhich
means that still a veryood agreement with thel3 CFD results is achieved.
The results of normalized heat release andylmder temperature obtained by

applying the single set of constants for considered operating points of Engine 3 aranshown

Figure 67| The prediction of combustion progress @ase 2of Engine 3 calculated by the
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application of 8D model and single set of constants does not match correctlyBh€RD

result. Although the overalin-cylinder turbulence level for this case, show(Figure 64| is

slightly higher compared to the one obtained with the manual tuning of turbulence model

constants, the combustion progress is very slow compared withDHeFD result. The value

of maximum fractal dimensioB3;, nax Shown irfFigure 60|that was manually set to achieve

the correct prediction of combustion progress, required unusual high value of fractal
dimension that cannot be predicted with the pemal linear approximation (see equation
5.5)).

Figure67. Normalized heat release (left) andaylinder temperature (right) &ngine 3
obtained by application of single set of constants.

Even when the upper limit of fractal dimension was manually set and when the normalized

HR was close to the-B CFD result forCase 2of Engine 3, it was shown |iﬁigure48 that

the incylinder temperature profile calculated with th®0nodel was significantly lower than

the 3D CFD result. This indicates that there iglisagreement irboundary conditionsn

terms of air delivery ratio and air equivalence ratio between the-siyuldation and D

CFD model. Therefore, this operating point cannot be very reliable for the comparison of

normalized HRandin-cylindertemperatureFor other operating point€ése landCase 3
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of Engine 3 the application dhe single set of constants &ie 0-D model resultedn good
agreement ofombustion progress andaylinder temperature with thel3 CFD results.
The obtained profiles of normalized heat release andylinder temperature by

applying the single set of constants for different operating conditions of Engine 4 are shown

in|Figure68

Figure68. Normalized heat release (left) andaylinder temperature (right) of Engine 4
obtained by application of single set of constants.
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The application othe single set of constants Emgine 4 shows that the achieved results are
very close to the -B CFD resits if the results ofCase 3are not considered. Thadow
combustion progress aridwer in-cylinder temperature i€ase 3of Engine 4 that can be

observed ivli_:igure 68|are causedby the slightly lower initial turbulent kinetic energy (see

Figure 64) andby the introduction ofa linear function that approximates the upperit of

fractal dimension. Agan be seen |figure 60| to achieve the combustion progress of this

operating point that is close to theD3CFD result, the upper limit of fraaitdimensiorhad to
be significantlyhigher tharthelinear profile defined by the proposed equa(

In order to estimate the prediction of combustion phasing with the applicatitwe of
single set of constants, the relative crank angle (after SOI) when the 50 %ybhder mass
is burned is plotted and theDresults are compared with thed@BCFD data ifFigure 69| If

the previosly mentioned operating point€4se 2of Engine 3 andCase 3of Engine 4) are
neglected, the combustion phasings obtained-Bysimulation are in a very good agreement
with the reference-® CFD results.

Figure69. Relative crank angle position after start of ignition (S@Mhichthe 50 %of in-
cylinder mass is burned (CA5@omparison of @ CFDresultsand GD simulation results
with the single set of constants

5.7. Overview of validation with 3-D CFD results

In this chapter, the validatioof the developed suimodels formodeling of turbulence,
ignition and combustion phenomena wasgf@anedin whichthe GD simulation results were
compared with the available-3 CFD data.First, the developed single and two zokece

turbulence modslwere validated during the high pressicycle and during the combustion
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with the initial conditions of turbulent kinetic energy at IVC specified freD GFD results.
Thetwo userdefined turbulence constantbe dissipation constant of the high pressure cycle

Coand the dissipation constarftunburned zone , were manually tuned to achieve the 0

D results of (total and unburned zone) turbulent kinetic energy close teDheFD results.
In order to achieve the combustion progress that reatelell the 3D CFD data, the

combustion model constants ( , and ) were manually calibrated for each

operating point of the engine. It was shown that the two zone turbulence model better predicts
the profiles of iacylinder temperature where the wadimbustion mode of burning rate can

be fully omitted. After that, the full cycl& cgurbulence model was applied in order to
eliminate the model dependence on the initial conditions that have to be spatcif/€ The

0-D simulation results were validated with thédD3CFD resilts during the entire cycle and

two userdefined constants, the intakeproduction constant and the intakeoproduction
constant , were calibrated for each operating point of the engmerder to reduce the

number of usedefined constants that v&to be tuned for each operating point, the modified
fractal combustin model, that includes the quamensional ignition modelmodfied
transition from laminar to fully developed turbulent flame and two zone turbulence model,
was appliedAfter that,the analysis of turbulence and combustion model constants that were
manually tuned for each operatingipt was performed andhe pararsterization of
turbulence model constangmd of the upper limit of fractal dimension were proposddhe
optimization process of turbulee model constants resultedtlire single set of constants that
can produce the inylinder turbulence level during thexpansion close to the-[3 CFD

resultsat different operating conditions @&n engine. he proposed linear functidior the

approximation ofthe upper limit of fractal dimensiomepresentedy equation|%.5) was

applied and the achieved results with the single set of combustion constants are compared
with the 3D CFD results showing a very good agreement with GFD results.

Due to the robustness and low computational timehefpresented cyclsimulation
model, the analysis of certain operating parameter (gnition energy, spark plug design,
intake pressure, temperature, etc.) can be performed for the entire openatjagofahe
enginewith the single set of constants regarding the turbulence, ignition and combustion sub

models
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6. Validation of cycle-simulation model with the experimental

data

The validation ofthe cycle-simulation modelvith the 3D CFD results ensures that the
constants of particular subhodels can be correctly specifieshd that particular suimodels
give correct predictions of specific physical quanti®n the other hand, such procedure
requires thaa 3-D CFD modelbof the considered engine is made and that the simulatidimeof
combustion process for defined operating poistgserformed.From the user point of view,
building of a 3-D CFD modeland of a cyclessimulation model othe considered engines
very complexand takes a lot of time

In order to show the direct applicationtbg cycle-simulation model using the developed
submodels without any -B CFD data,the experimental results of Waukesha CFRfé14
several operating points were analyzed and used forv#fdation. The constants of
developed suinodels were sgrified according to the previswexperience where the cycle
simulation results were compardéd the 3D CFD data of four S| engineat different
operating conditions.

In real operating conditions of SI engine, the stochastic natutre of-cylinder flow and
turbulence causes the oscilations of individual engine cycle. This behavior is known as cycle
to-cycle variation (CCV)and significantly influences the engine penfianceand exhaust gas
emissions. In order to simulatkis phenomenon, the specific approaciprisposed and the
obtained cyclesimulation results are comparealthe experimental data at several operating

points ofthe experimentaCFR engine fueled by galine.

6.1. Cycle-to-cycle variations background and modeling

In the real SI engine, even witimposed constant boundary conditions, the
instantaneous combustion ratetbé individual enginecycle shows nomepeatable behavior
known as cyclgo-cycle variaton (CCV) in combustion. The cyclic dispersion of the
combustion process is usually described by the coefficient of variation (CoV) of indicated
mean effective pressure (IMEP). For the case®ra/ithe CoV of IMEP exceeds %
individual cycles aresignificartly different than the statisticallyaveraged mean cycle.
Particular cycles presented by higher IMEP than the mean value may reach extreme

conditions with the occurrence of knock while the cycles with lower IMEP may reach misfire

condition |100. The upper and lower conditions usually presented by knock and misfire

cycles have significant influence on the fuel consumption and exhaust emissions. On the other

134



hand, the current trend in legislation towards the reduction in fuel consumption and CO
emissions lead® increased use of new S| engine technologies, such as downsizing, charging,
directinjection etc. In order to exploit the full potential of these technolageslation tools

are increasingly used in their development and optimization. Since the nemgBie
technologies influenceéhe combustion process, modeling of the CCV in combustion is
required.

The Sl engines are affected by the effect of CCV in contdiubsiecause the combustion
process is strongly dependent the in-cylinder fluid motion and turbulence that oscillate
from cycleto-cycle. In general, the main sources of CCV have been idenbyidte number
of physical factors: the stochastic naturetloé in-cylinder fluid motion, variation of in
cylinder turbulence levednd mixing of fuel, air and residual gas. Variations of these
factors are shown in the initial kernel growth rate, in shifting of the flame center from the
spark plug location and in the turbulent burning rate. For the correatfmwadof CCV in
combustion all mentioned effects should be taken into accéithbugh the cycldo-cycle
variations have been investigated for many years, the available information regarding the

causes for CCV is relatively limited and detailed overvidwmany CCV related issues is

given in [[L01. The work presented in3Qt32] demonstrates that the oscillations in the

mixture composition are not the dominant factor that causes the CCV in combustion. The
main conclusion of the workresented i is that the oscillations in the -zylinder

turbulence between individual cycles is the most influencing factor responsible for CCV in

combustion. The variations in the burning rates observedl@? [have been direly

attributed to the variations in the-aylinder turbulence whose distribution is approximately
Gaussian. For higher -Heylinder turbulence levels and for netoichiometric mixtures the
oscillations ofthe burning rate were found to increase. Thiéahflame kernel growth as well

as the fully developed turbulent flame highly depends on the turbulence properties. It is stated

in |103(104] that the initial flame kernel growth is responsible for up t&®0f total CCV.

In the earh v GXULQJ WKH H[SHULPHQW FRQGXFWHG LQ WKt

the distribution of burning rate of a free turbulent flame is approximately Gat@n For

stronger turbulence and nstoichiometric mixtures the variance of combustion was found to
increase. Moreover, from the analysis of experimental results prese it can be
concluded that the distribution of burning rates at specific time as well as the turbulence

intensity in the vicinity of the mark location are very close to the Gaussian. It has been

conclude 104 that the variations in turbulence intensity have a dominant factor on the

combustion variations.
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Nowadays, the researchers all over the world are imgeatgreat effort in development
of cycle-simulation models with more and more details included into the models, such as gas
exchange, turbulence, combustion, wall heat transfer, emissions, knock, etc. The cycle
simulation models are usually based eb finite volume method for the calcti@n of flow
through the pipes, while theD approach is applied to the engine cylinder. Therefore, the
cyclesimulation models are often calleeDd1-D models andare used for rapid and

robust evaluation of key engine parameters. The most popular combustion models within the

cyclessimulations are well known quadimensional combustion mode|8(32|1103 that

take into account the flame front propagation across the combustion chamber typical for
combustion process in Sl engines. The cgiheulation models enable fast and low
demanding simulatizs with limited details of flow and combustion, especially comp&red

the 3-D CFD solutions. By introduction of more comprehensive-malilels into the cycle
simulations the analysis and simulation of detailed physical phenomena Isqoosséle

with reasmable computabnal effort A common practice i8-D CFD modeling is to use the
RANS approach based on time averaging of the flow data, which is not suitable when one
tries to model CCV caused by stochastic nature of theylinder flow. As the computer
power is getting more and more increased, the application of more detailed modeling with 3
D CFD is becoming possible. The Large Eddy Simulation (LES) approachesolve the

large scales of turbulence and the relatedlim@ar interactiorbetweenthe tubulent eddies.
Therefore, LES is suitable faralculating individual engineycles and for improving the
understanding athe CCV phenomen 106(107]. The most commonly used approach for
modeling of CCV within the cyclesimulations models is based onposingthe perturbations

of certain model parameters from cybttecycle. The perturbations of certain model
parameters are defindy analyzing tk experimentapressure tracesr 3-D CFD simulation
results This is mainly done byspecifying perturbations of turbulence and/or combustion
model constants from cyete-cycle [30132 108§|109. Modeling of CCVby usingthe
cyclessimulation presented iE[ was performed by perturbations of one turbulent and two

combustion model coremits. The perturbations of model constants wgeteso that théest
match of individual pressure traces achieved After that, the specific crossrrelations

betweerthe turbulence and combustion parameters were derived and analyzed.

6.2. Modeling of CCV usng cycle-simulation model

The numerical analysis of the CCWgnomena presented in this chapseperformed

by using the cyclesimulation ofAVL BOOST. Formodeling ofthein-cylinder turbulenceéhe
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newly developedk- Oturbulence model presented in Chapteris2employed while the
combustion process is simulated by thedified fractal combustion modehat includes the
ignition submodel, modified transition from laminar to turbulent flame and two zone
turbulence suimodels (Chapter 5.3)The early flame kernel growth is modeled thg new
quastdimensional ignition mod€lQDIM) that is integrated into the fractal combustion model
and is based athe AKTIM ignition model commonly used in-® CFD simulations. The
CCV in calculation of combustion will be produced the predefined pasrbation ofone
turbulence production constaand bythe perturbation of flow angle at theask plugfrom
cycleto-cycle. The perturbatiorof turbulence production constambllows the normal
(Gaussian) distribution around timeean valugwhile oscillation ofthe flow angle followsa

uniform distributionassuming that the flame kernel can betsHifin any direction in the

cylinder, as analyzed ifl03. The experimental presre traces will be used faouning of

combustion parameters as well as for the tuning of mean value and standard deviation of
turbulence production constant. The statistical analysis of experimental and simulation results
will be performed on the sample size of 300 cycles.

The studyis performed on th#/aukeshaCFR F4 engine fueled by gasoline (91 octane
rating taken from the gas station in California)the analysis the operating points that have
different spark timings capturing the effects of low and high CCV in combustionsacke u
Based on this engindée simulation model will be set upat uss the proposed approach in
modeling of CCV. The statistical analysis inflicated mean effective pressutMEP) and
normalized HRwhen the specific value of mass fraction burned ishegwill be performed
for both the experimental and the simulation cases, and the results will be condpaled.
end, the different relative standard deviationghefturbulence production constant will be
analyzed and the variation of flow angle frogtle to cycle will be introduced intihe cycle-

simulation model.

6.2.1.Experimental setup

The experimental results that haveeh considered and analyzedthe presented

study were obtained on the single cygiémn WaukeshaCFR F4 enginewhose experimental

setupis shown irfFigure 70| The engine is equipped with the fuel injector at the intake pipe

producing the premixed mixture that is close to the homogeneous one. Hwpiigalence
ratio of the mixture is measured by the lambda sensor in the exhaust pipe while the engine
managemenffuel injection and spark timingy performedoy a programmableMOTEC M4
enginecontrol unit ECU). The measurement of instantaneousylinderand intakepressure
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was performedusing a piezoelectriistler 60528 pressuretransducer (PT)with the
recording resolution of 0.ACA. The intake PTis located 110 mm upstream of the intake

valve shown inFigure70

Figure70. Layout of experimental setup (lefd1q of sngle-cylinderWaukesha&CFRF4
engine(right) from Combustion analysis Laboray of University of California Berkeley.

The intake andexhaust plenums are used tonga pressure oscillimns and to ensure

homogeneous mixtures. For theneasurementof intake temperature, theK-type

thermocouplesvereused|11Q, while the fuel consumption was mea=iirusing the digital

scalealso shown ifFigure 70| The entire management of the engine and data acquisition are

performed using theabViewcode.The experimental setup is also equipped withHbeba
analyzer for exhaust gases, but thelyme was not used because the exhaust gas emissions
were not the objective of presented stud@llge spark plugn WaukeshaCFR F4 enginehas

been mounted close to the cylinder liner in order to olddiong distance of flame front
propagation across th@mbustion chambels a typical precondition for theccurrence of

knock The main engine pareeters are summarized in Table 17

Tablel17. General pecifications othe experimentalVaukesha&CFRF4 engine

Stroke 114.3mm
Bore 82.65 mm
Connecting Rod.ength 254 mm
Compression Ratio 4:1t017.51
Number of Valves 2
Exhaust Valve Open 50 fCA BBDC
Exhaust Valve Close fCA ATDC
IntakeValve Opers fCABTDC
IntakeValve Closs fCABTDC
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6.2.2.Engine operatingconditions and data processing

The main objective of the presented study is the analysis and modeling of CCV in
combustion usinghe significantly improved cyclksimulation modethat inclugsthe newly
developed suinodels formodeling of turbulenceignition and combustion phenomena
Therefore four measuredengine opereng points specified in Table 18have been
considered representing the spark sweep which captured low and high CCV in combustion.
The first two letters othe operating point naméenote "Spark Time"while the number
behind the letters represents specified spark time expressed in the crank angle degrees BTDC.
In order to avoid the knock combustion of high intensity, the adopted compression ratio is
relatively low, while the intakeressure and temperature are set to the ambient conditions
simulating the naturally aspirated engine fueled by gasoline. The stoichiometric mixtures have

been consideredls the most common mixtures in todays Sl engines

Table18. Main parameters of considered engine operating points

Name of Operating Point ST5 ST10 ST15 ST20
Spark TL P L QQA BTDC) 5 10 15 20
IMEP (bar) 6.52 7.31 7.87 8.15
Compression Rtio (-) 8

Ave. Intake PPessure (bar) 1.013

Intake THPSHUDG@Y XUH 32

Excess Ar Ratio () 1.0

Engine $eed (rpm) 900

For each operating poittiein-cylinder pressure traces of 300 cycles have been recorded with
the resolution of 0.JCA (sample rate of pressure sensor is 54 ktizonsideredengine
speed of 900 rpin The offline application for the pressure data filtgrifbavitzkyGolay
filter) and calculation ofrate of heat releasgas appliedn the measured resulta order to
calculate the rate of heat release for @adhvidual cycle, the first law of thermodynamic is
applied andhe difference between instanéams in-cylinder pressure and the measured one
on the motored case has to be definechddition, the heat transfer is approximated with the
Woschni correlation, while the gasolineraposition is declared as cossing of isooctane, f
heptane and ethanol in the volume fractions in liquefied gasoline 79 %, 13 % and 8 %,
respectivelyFor the statistical analysis tifie combustion progress that will be shown in the
following sections, th statistical results of CA5, CA10, CA50 and CA90 from the
experimental data are defined
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Experimental results of the cyetesohed incylinder pressures for attonsidered
operating points are shown with the black lines, while the 300 cycles averagedrpseare

shown with the red lines |JRigure 71| The experimental results of the-aglinder pressure

show that IMEP increases with thadvancedignition timing, while the CoV of IMEP
decreases.

Figure71. Experinental cylinder pressure traces &rconsidered operating pointslack
lines are individual cycleesolved data, red linespresent averaged data (sangie = 300
cycles)

6.2.3.Cyclesimulation model

The cyclesimulation model othe experimentaCFR sinde-cylinder enginemadein
AVL BOOST |111] is shown ir{Figure?Z It consists of intake (1) and exhaust pipeu(@ 3,
cylinder (C1), intake (SB1) and exhaust system boun(@Bg), restrictor (R1) at the exhaust

pipe and engine interface (EllBince theintake pressure profile is available from the

experiment, the simulation model is significantly reduced withirnkeke system boundary

(SB1) condition opressureset from experimental data, as istsown inFigure72| Therefore,

the length oftheintake pipe within the simulation is set to 110 mm. That corresponds to the

location of intake pressure transduaerthe experimen{Figure 70). The majority ofthe

engine parameters are specified in the cylinder data group including the engine geometry,

combustion, heat transfer and valve port specifications.
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Figure72. Reduced cycksimulationmodel of CFR engine in AVL BOOSWith the imposed
intake pressure obtained by measurement.

In order to capture the effects of variabilitytbe early flame kernel growth that lasts oray
few crank angle degrees, thienulation step size is set to 0.5 crank angle. The simulation
interval is set to 320 cycles. The first 20 cycles are simulated with the constant value of
turbulence production constant to achieve the converged solutiole, the remaining 300
cyclestake into account the perturbationtbéturbulence production constant and only these
cycles were useth the staistical analysis. By using thigpproach, numerical errors due to
un-converged solutions were reducedtoinimum level.

A number of comprhensive studie 103|112(113 have attempted to model
the cyclic variability in SI engines using separate -sotdels for ignition, combustion and

turbulence. Different input parameters suchaasto fuel ratio shifting of kernel center,
turbulence, residual gas fraction, etc. have beeredasrandom variablessomputed from

the results obtained in previous cycles, or some combination of both méethasbd If the
cyclesimulation model is detailed enough to coryegiredict particular effects and their
interacton (eg. turbulencecombustion)the CCV of a certain input parametenay produce

CCV in combustionas itcanbe observed in the experiment. In the study presentﬁ in [
perturbations of particular model parameters (turbulence and combustion) have been defined
by the optimization process in which the best match of experimenetsdyre traces has been
obtained. h the conclusion of@ it is stated thasuch detailed method is time demanding,
especially for the largaumber of simulated cycles, whereas the tendency is to redece

number of variables and speguthe whole simulation process.
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6.3. Cycle-averaged results

Before the simulations of CCV in combustiare performedit was necessary to adjust
the model constants for the prediction of heat transfer and-tjoflow so tha the best
agreementf simulated and the expmental incylinder pressure ithe motored case is
achieved. The experimental pressure tradh®motaed engine that was used flibration
of themodel constants was definesl @/cleaveraged resutiver 300 motored cycles because

CCV in the incylinder pressure occurs even under the motored condi@ﬁ [After that

four operating pimts have been analyz€@lable 1§ and simulations of 300 cycles with CCV
in combustion have been performed. The sample size of 300 cycles for the statistical analysis
and for the cycleveraging was chosen according to the recommendations gi@.iﬁl{le
procedurecontained theprocessing of the cyclaveraged results and comparison of cycle
simulation results with the available experimental data. After that, the comparison of cycle
resolved results and statistical analysis of both experimental and simulatidis resre
performed
A number of different parameters can be used as the measure of cyclic variability in an

engine wherethe most commonly used parameters 114:

x Indicted mean effective pressure (IMEP);

X Maximum incylinder pressure dhe pressure taken sfpecific crank angle;

X The crank angle at which the maximunspecificpressure occurs;

X The pressure rise rate;

X The time at which the flame arrivessgecificpoint inside the cylinder;

X Ignition delay period,;

x The crank angle at which the certain portion eéytinder mass is burned.
For any of these parameters an appropriate standard deviatioh g8dDcoefficient of
variation (CoV) canbe defined. Within the presemstudy, the indicated mean effective
pressure, the maximum-aylinder pressuregthecrank angle positionof maximum incylinder
pressureand the crank angle when the 5 %, 50 % and 90&4s is burne(CA5, CA50 and
CA90) were used ashe parameters ithe validation of cyclsimulation results with the
experimental data.

The first step inmodeling of CCV in combustion was to determine the adjustable

constants of ignition, turbulence andmbustion model so that the simulated pressure curve

and normalized HRheat release) matched well the experimental onéeeoaveraged cycle,
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in all considered operating points. The comparisons of simulated and measuayédder
pressures and norneéd HR are shown ||I°Figure73

Figure73. Comparison of experimental and simulation results of avdragge for all
considered operatingpints. The left diagrarshowsthe incylinder pressure, while the right
diagram shows normalized HR

Figure 73 shows that the simulated dgeaveraged data match wele experimental

data even with theingleset of adjustable model constants for all operating points. The only
difference in modelnput constants between these four points isaidefinition of spark

timing. Since the experimental results of thecyfinder turbulence and flow were not
available, the adjustable turbulence model constants were defined according to the previous
experienc 115, while the adjustable constants of the flame kernel anddh#ustion

model were set so that the simulation results of presswrex@malized HR match wethe
experimental cycleaveraged data.

Table 19. The peak presserand corresponding crank angle in experiment eycle
simulation

Pvax #mean bar) pvax 3Fposition (fCA)

Experiment 14.46 52.2

ST5
AVL BOOST 14.46 54.0
Experiment 18.55 41.4

ST10
AVL BOOST 17.98 41.0
Experiment 22.85 334

ST15
AVL BOOST 22.36 33.0
Experiment 26.19 28.9

ST20
AVL BOOST 26.66 27.0

The values of peak pressure and the corresponding crank angle that are defined from the

calculatedcycle-averaged pressufehown irjFigure73) are compared with the experimental
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data in Table 19. The predictions of both, peak pressure and its position, are very close to the

experimental resultat different spark timingsThe simulation results shown|Figure73jand

Table 19 presentthe capability ofthe cycle-simulation model to capture the effects of
different spark timing on the averafeycle leve) by the application ogingle set of model
parameters. fie calibration of model parameters was a necessary step before the perturbations
of turbulence production constant were imposed on the model, simulating the CCV in
combustion. The overview of the adjusted ignition, turbuleand combustion model

constantss givenin Table 20

Table20. Overviewof the g/cle-simulation model constants

Operating Point ST5 ST10 ST15 ST20
Ignition Model (QDIM)
[ (mm) 0.15
ro (M) 0.008
ke (W/M?K); Tsp (K) 2000; 500
k-0 7XUEX\®&eQ FH
Soo (-); Sto (S/M) 0; ®
Coo; Cio (bar?) 3.50; - 1.80
CsCY%5Co () 2.30; 6.0; 1.92
Fractal Combustion Model
Cs () 1.034
C,() 1.00

6.4. Cycle-resolved results

As it is mentioned earlier, the &0n combustion was modelday the perturbation of
the intake turbulence production constaBiy that affects the progress tairbulent kinetic
energy during the take process and consequenklg remaining part of the engine cycle. For
the simulation of 320 engine cycles the computational tmas about 50 minuteper
operating point on one procesgbitel Xeon E51620)of 3.6 GHz.

The simulation model was made so that the first 20 cycles wienulated with the
constant (mean) value ohtake turbulence production constasio in order to achieve
converged solution and to avoid the numerical ernrotee statistical analysis. The remaining

300 cycles were calculated by imposing the pertishaof intake turbulence production

constantS;p around the mean valyshown inTable20), by the usedefinedrelativestandard

deviation , which was set t0.14 The relative standard deviation of turbulence
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production constarth is definedas the ratio between the standard deviation J andmean

value of the turbulence production constant (). The distribution of intake turbulence
production constarfso around the meawmalue (specified by the usery shown iTFigure74
In|Figure 74{the variation of intake turbulence production constagtfrom cycleto-cycle

can be bserved.

Figure74. Variation of intakeurbulence production consta®p in calculation ofoperating
point ST5that reproducedycleto-cycle variations of ircylinder turbulence.

When the value 0§, constant is lower the level of-tylinder turbulence during the
intake isalso lower This reduces the initial conditions of the turbulent kinetic energy and its

dissipation rate at the start of high pressure cycle resulting in the lowgimnder turlulence

intensity and lower integral length $es during the combustiofrromequationg4.2) - (4.6

it is evident that in such case wrinkling of the flame front will be lower, reducing the overall
burning rate. In terms of the flame kernel growth model, the loweylinder turbulence will
reduce the mean flow velocity in the vidiiof the spark plug. Therefore, the length of the
electric spark between the electrodes Ww# decrease influencing theenergythat kernel
received from the secondary electric circuit of the ignition system. Furthermore, low mixture
velocity in the vichity of the spark plug is not able to shift the flame kernel away from the
spark plug center and as a result higher heat loss will occur. This will finally result in the
longer ignition delay period. It is obvious that the lower valu&gfincreases the ignition
delay period and slows down the turbulent combustion. Whewnahe of Sy constant is
higher there is an opposite effetite ignition delay will be shortened and the main turbulent

combustion will be faster.
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Statistical analysis of IMEP

The statistical results @he indicated mean effective pressure (IMEP) for the considered
operating points, in both experiment and siatioh, are summarized in Table .2The

changes of IMEP in the 300 cycle window for all operating points attepl and compared

with experiment inFigure 75 The comparison of the cyefmulation and experimental
results of IMEP shown i|rI>Figure 75|should not be performed for individual cycles, but the

dispersion and statistics of simulated and experimental data should be considered. The mean

value of IMEP obtained by the cyesgmulationmodel at all considered operating points is
equal or slightly lower than in the experimental data. At operating points ST10, ST15 and
ST20 the mean values of IMEP are under predicted for approximately 1 %. In terms of the
prediction of IMEP standard devian (StD) and coefficient of variation (CoV) the values for

the ST5 and ST10 operating point are over predicted by 10 %, while the same values a
equal or slightly undepredicted for the remaining two operating points (ST15 and ST20), as
it can be seem Table 21.

Table 21. Statistical results of IMEP irexperimentand cycle-simulation made in AVL
BOOST

IMEP +Mean | IMEP - StD IMEP - CoV

(bar) (bar) (%)
ST5 Experiment 6.52 0.353 5.42
AVL BOOST 6.51 0.387 5.95
Experiment 7.31 0.304 4.16

ST10
AVL BOOST 7.24 0.338 4.68
Experiment 7.87 0.254 3.23

ST15
AVL BOOST 7.76 0.254 3.27
Experiment 8.15 0.198 2.43

ST20
AVL BOOST 8.09 0.149 1.84
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Figure75. Comparison osimulation resultgred line)with the experimental datalack line)
of IMEP over the 300 cycles.

For the better analysis, the statistical hssof IMEP specified in Table 21 are plotted in

Figure 76| It seems that the overall trends in terms of statistical propeti¢éSIEP are

captured very welkkven thoughhe cyclesimulation model parameters and standard deviation

of the turbulence production const&as werekept constant for all operating points.
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Figure76. Comparison of experimental and cysienulation results of IMERaverage value)
standard deviation (StD) and coefficient of variation (CoV) of IMEP.

Cycleresolved results of in-cylinder pressure

The cycleresolved results of teylinder pressureobtained by experiment and
simulationfor 300 cycles are shown |i|ﬁigure77 The simulated pressure profiles at the late
part of compression, prior to the ignition, matched well treasared ircylinder pressure.

This confirmsthat the model parameters for the cadtioin of gas exchange process, bloyv

flow and heat transfer were defined correctly. The pressufédesrplotted inFigure 77/do

not give the detailed informaticas the one obtained by thatsstical analysis, but theyive
the general overview of the-tylinder pressure dispersiontae considered operating points
In operating pointST10it can be noticed that there is osenulatedcycle whose pressure

profile duringexpansion is significantly lower than the others #@nmat such cycleis not

148



shown in the experiment. This a result of dramatically reduced turbulenceduoiction
constant that increasdtie periodof flame kernel growth and slowetbwn the turblent
combustion. Beside that, the overall picture of theyiimder pressure oscillations shows very
good fit with the experimental data; especially bearing in mind that the set ofsayel&ation
model parameters and the standard deviation of the @mb@lproduction constant were kept
fixed for all considered opeiag points Table 20.

Figure77. Comparison of experimental and simulation results of eygdelved incylinder
pressure for altonsidered operating points and sample size of 300 cycles.

Peak pressure positions

More detailed results regarding theaylinder pressure are showr|kigure 78| where

thevalue ofpeak pressure against its crank angle position is plotted for 300 simulated cycles
and the results are compared with the experimental data. Thesaycl&tion results are
plotted with the red markers, while the experimental results ktteg with the black
markers. Fom the experimental data of the operating point 8Tan be seen that there are
severalcycles whose peak pressure positions are arounBTBE (iring top dead centgr

The oscillations of peak pressure around the FTaServed in experiment, when the
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combustion process is still negligible, can be described by the oscillations in the heat transfer
during the compression stroke that are caused by the oscillationsyfnider temperature.

Since the calculation of heatahsfer used in the cyekmulation model is based on the

Woschni correlation|]1§ that is independent on the -tylinder turbulence level, the

mentioned oscilldons of peak pressure around FTOCaused by the oscillations of
temperaturetan not be captureéror all considered operating points the fronts generated by
the plots of peak pressure against its crank amdiw@ined by thecycle-simulation mode|
seemto follow thealmost linear trend. In the case of experimental resusfghtdispersion
around the linear trend seems to be preddms effect could bexplainedby the presence of

in-cylinder norhomogeneity in terms of mixture temperature, compmsiand turbulence

including complex D interactions betweethe flame and turbulent structurg$l[/] that are

not captured in the preseaycle-simulationmodel. Modeling of the mixture stratification
in the cyclesimulation softwareAVL BOOST is possible, but it requires the input data
that could be obtained either frommCBCFD or by the assumption of mixture stratification.
Due to simplicity ofthe cycle-simulation model and unavailability tdie 3-D CFD results the

mixture stratification wa not considered in this study.

Figure78. Experimental and cyclsimulation peak pressure plotted against crank angle at
peak pressure (sample size = 300 cycles).
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The trends of pdapressure position are also show(Figure78|with the black (experiment)

and red (simulation) solid lines. It can be seen that the slope of exptiriees is larger as

the spark is advanced and such behavior is captured with thesaycition.

Cycleresolved and statistical results of normalized HR

In order to perfornthe analysis of the combustion process, the normalized HR has

been consided. The black lines |Figure 79|represent the cycleesolved gperimental data

obtained by processing tineeasured pressure traces, while the red lines are cattolatle
resolved results of normalized HRIso known as mass fraction burned. Sirylao the

cycleresolved results of the Heylinder pressurethe cycleresolvedresults of normalized

HR, shown for allconsideed operating points jRigure79| give the qualitative picture about

the CCV in combustion process.

Figure79. Comparison of experimentahd simulation results diie cycle-resolved
normalized HR for altonsidered operating points and sample size of 300 cycles

To illustrate the dispersion ahe combustion process and to obtain more detailed and

guantitative results, the statistical analysis of the craneawhere the predefineshass

fraction burnedis reached was performeds it is marked in thgrigure 79| the statistical
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analysis wasmade for the prescribethass fractios burnedof 5 %, ® % and 90 %

representing the early flame kernel growth, main turbulent combustion and termination of

combustion, respectively. The statiat results of the experiment and simulation regarding
the combustion process ashown and compared |iﬁigure 80| The similar analysis of the

combustion process has been performeﬂr 1pY, but only on the sample of several

hundred cycles of experimental resulf$e x-axes inFigure 80| present the crank angle

position ATDC, while the-axes show the probability of occurrenttecan be observed from

Figure 80

that for all considered operating points the early flame kernel growth follows

narrov Gaussian distribution around thmean value. Ashe combustion elelops, the

dispersion around the mean value increasestiestatistical resizss when the50 % of mass

is burnedthe distribution around theean value is widegind stillnearly Gaussiatike, while

for the statistical results when tB8 % of mass idurned show more randomlysgersed and

wide distribution.

Figure80. Comparison of experimental and cysienulation statisticadlistributionresults of
CA5, CA50 and CA90 for the considered operating points and sample size of 300 cycles.

From the results of the statisticahalysis, presented ||I¥igure 80| the prediction of

combustion phasing carelguantified. Tie early flame kernel growtindthe positions of 50
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