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PRKEBEIX, 1886 4RI Daimler 7% 4 VA Z/VDOH VIV TV 2858 LT 4 fmHBHEAZBIRL,
1%&$’Mmﬁ%?WT@k%$F’&%UUHEAﬁ’ﬁéfﬁﬁﬁﬂktﬁ@%m$®i
TRE JREL CTER YT ORBICERNL TX72. ZhuE, WEEEI RIS M, PEEE, koo Xk
%L%m$®@ﬁﬁ%bf®%*%meAwfﬁkLT%k;k @@BT}EVMWmHMWw
Vehicle) X PHEV (Plug-in Hybrid Electric Vehicle) (23572 EEMLEIFE DM A G DOEEE DL L,
2030 FFIZBNTHZ m— 0T 90 %UA LD H IR IG5 2N TFHISILTWDLD, — 5T
BREEmICIE B L2 6, dF IR I HERIE R L O BLS ) DIREEL 20 577 A (GHG : Greenhouse Gas) D
O THD bR FE (CO) HEH B DOHITN B B E L 72> TD. K 111X, & EICBT HH
CO;, HE #D NEDC (New European Driving Cycle) #i R EDOHERE Lk B EZ RLIEH D THS. |H
D 15 F M THEITRFD CO HEH BT E T THER 2 %D _RX—ATHIFSILTNDD, 5% [R5
L EOHIEERD RO HTEY, BN wfizwoﬁﬁﬁfzwlEwyw%ﬂmﬁ%ﬁ%ﬁré
TWBO. ZDEH72 LRI B) A5t 35720120, BEMEEMT OB SCE il o &b, —
NIRRT AL N E ST D RN ERESNDI, Egéﬁhﬁ/ﬁkbﬂﬁﬂﬂ ST BN R D
BUNRGEO TG EITRIREL TREV.

F7z, 2015 FOENHR R BPESKIRTRIE SH(COP21) THRIRSHIZ RV E DT ID), i
ENZIIARD TRELV Y CO, HEHEDHIT B DR RO B, T EIZIHBVTE 2030 4FI2 2013 4F
T 26 %HEIT DRI R E RN HENT-00, Zo X5t R obe, fiE3KD Tank-to-Wheel 7>5 LCA
(Life Cycle Assessment) |Z5-5< Well-to-Wheel (285 CO, HEHEDO IS RETIIL THHO®O),
1.2 1%, RAEOTAT7H AT CO, PEtH &4 B /IR E T E T BNl U= f5 o —fTh
5. NI RE A2 ¥4 # L72\ y BEV (Battery Electric Vehicle) i, 1T CO, HEHEITERTH LN,
WEB LU EREZEHLHE PHEV 25 LN BIFER LY CO HEHH BN Z L0 — AN ET 5.
2, FBIIRERRDRFERIZIN LIS D B A% G e 2 < DM I\ T, WABEEIFE##LE BEV O
WA COMEHBEDOZITNME/INT DI EERIRL, BEV O KO ATl e co, HEtiED K
TEZ2HIBI LR EE ChDEE 2D, ZOLHRBLRICEW TS, ETRUSD COy FEHED D72 A
BAD B AR UGEI TE P I £S5V G A COr HEH B OHIBIZ T TH 2R RERV155.
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LLEDIANZ, @RS AN T p— o 2% 2 HNREEBIY, 4% b T BLE A s B 20
e 5003 F B EFRE ) THHEB LI, TOBNROLFIISOLRLEL YT 442D
F e L HERBR L AR O BV CEEZRRE CHHE S 25, WIBHSBI Ot Th kAL sk XAV
T VATEL DT HEITHER S TIY, ZOEGhER L IR DR 2 722 i $o8T i J
Thfl T TET2W), LonLedin, BRERNRA Y M= A7V OBZhRZHK) 70 % ThHHZ LT3, BIfE
MRS TWDRA DT VY 2 P O IERBGNRITRE TH 40 %FEETHY, T—EBr=o v
VEBELTHAR . 2, BUhERO ELK - CTh DTG & ZE KRR OB RS EEECHHZEN
HIKNTHY, BiE TR RNE, BB L EEE P AT ADELREE (= ol OHERFIZ IO HIK
IND. R w7 B REET DRFERBEO X R E LM Lo M LT TV = P O BRI DOFR
BETHY, K 1.3 1R TINTEH RO ELERECBIRL TWD. JEMEE O Rl IZREr it/
IMETRT IO ONEDTHS Anti-Knock Index (AKD IZIEAFL TE7273, 1980 FLIBE Tl /v 7ty
Y OFEHL LA OHEHRZ LA — AKL O L@ EAE AL ATREE 72> TVNVD. SBITIEHETIX /v 7
[F1REZ FTREL T DIRIER AN D B bEE A, [TEMGEDS 14 DL EO TV 2 D NFEEEILTH0D,
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Fig. 1.3 Historical trends of compression ratio, AKI (left figure) and thermal efficiency (right figure)

of passenger car gasoline engines (!4 (1) (16)

ZDIINT, IV D OBBNERBGEIZ M T, mi e e b B R - E A TICARE /7
FIETHLHEE 2, IWFITHECRBE R OEANC IV KR &M AR Uiz, LonL7enih, fy ke
RS LM AR KRR E DA G EZE B LG, EMLESHICEm» LTIV =
UV DOBGNFRITRESWET HRHDHLOINNCO. X 1.4 1%, BEAFOEHM 14 OFVIVm D%
FEMEL LT 356 O i H & 22 OB RISt T D KRB R A 5 RIS I FRIL 72/ R THH 0. Fiy il
METEEBET DL, EMEHIL 17~19 [ZBERFIEL, EXOBRIZAL S BRELTHIE TR
JEMELL 14 DOEGRZEIRE (A = 1) 735 9 %pnt. LA EIGET D, LLRAD, T IH70H i LM L - 77
PRIE D FEBLINER DIRBEBAT OIER TIIHELL, BB NERE L T2 DL, Hl 21X, 225K
W RO ETIE—MIZA = 200 ETITETRRBEEE DR T IZRVE E LT RBEIX IR EE L 72 5720,
HCCI (Homogeneous Charged Compression Ignition) V22> RCCI (Reactivity Controlled Auto Ignition)
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@) DID7REM B A KEFTZRSE, FTIXKRRAGTEEITN B KOMAGDETHS SACI (Spark
Assisted Compression Ignition) CYRBED N GIL TS, ZHUBITRFITER 43 B RIS OB 2 BT L
TH IRRBERAT C%. —J5 DIEMEEO B CIE, — 5 CIEAE E 45 k% R Lz 20 TR 16
MERIECIZITNDEDOD, 2D KIERKAT VI 2 P OJERMEIE 14 LLUFCTHY, JERE 17
LLETEAESHTODBNE RSN, iU, eI LR E S 75 s AfTRic s VTt sel
DJEAE A KIRBER AT LY s A b3 TR L 72 > T, 2 far (WOT : Wide Open Throttle) %
TORAMIBIZB W TUIH T PHERE L RO T Bin 28R LT LD K RABHRIRBE I BIDBR 2 D
EHDY, FEIRBED L 2> TRV EER I B W THEREZ RAE T D EDH L R HH =
Y EUTHNILIRK 25120 T, 7038, AR ALK AT R4 TR A JORBED, ZE LT H O
KEFEHTLH ETEEMELEZRTOIENTHY, ZnoDFEAULE B EL Th & AR 557 R bE
DIBLEEEPERED W NLI A AR T D .
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Fig. 1.4 Possibility and a pathway for further improvement in thermal efficiency of a gasoline engine

(Post scripted on an indicated thermal efficiency map from reference @)

LLEDS, EghEeie V) P ORBUZANT T, 88 EME L T2 381T 5 B R R a2 Rk 2 5
WARHEE L CTESREND. T TAMTETIL, BV V0 O E EHE b & TTREL T DD
JEME k2 F = 387 7 K AE sk E 5 R B i VEAR A 2 B L 375, A BEL TR0 H R
WRDOPELE 2.0 L FI4 D 4 KIEA VIV 2o D BRI, YV OWEFHE A& f K 120 MPa (2%
TED, EfELL 17 ORAMHERRIC I TR REEZ BLEE L S DBEAFDOERME T 14 DT P L[R5
DR E LB % TR R RBER I 2 ML 375, ZOHEAITE @AM E A L TR E OB %
9528 C, FERANTER Sy AT O IO EIRIC BT D EM L & A R BE A H L 7 B oR T- Bsh R ek
TS, HAVEREA RIS D2 L Ae FIREL /0. DI, FEAMZREHRI M CTH VU O E M 5 %

W2 K RAGTRIR 6% T 1 rTREZ2 2l 75 (CFD : Computational Fluid Dynamics) HE7 VA9 %
ZET, RNOBIGEZEMIZ L, ZTORHMEEZLNICT 5.
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121 FIVorxor v ORERBEOMBICE T 25T

KICRKAT V2 DTl BRBEO BRI TR KRN KO BRI S AL, BRIGEH B X R B L4
LR OELVEELTR K RASTE IO ESND . ZHUTKY, Fe B RO S DIE A EER
FIBIZ B W TLEE LT BREL FTREE L TG, *ji“C“ B O KRR RIGFEE N OESND
B A AR AW ML CTIRBE 9D 2 LA R AT SR BEL PR, mJ—J{EZO)rﬁTEa@J ié@*ﬁé%ﬁ
RNV EEZARALTET TS, uﬁﬁﬁﬁ%ﬁié%ﬁr@ﬁrf%\éibt ik o EIC

B BRI TV AT =y a b 2y 71T REHES N, &bl %Eﬁ@%\éixﬁ: ZEOkE A IR RE
WIFET D, T AT =wialld, AT R YR, Elid @il S 7o R B RS RO K
B IIZED FKAENTIRBEZBRAA T DBIR THY, ITFITRIC o P DE A T2 A E LT &
G2 OAKE m AR B W TR AN A2 9% LSPI(Low Speed Pre-Ignition) O3 L7
STND. Io21E, KFACTRIS LY M2 52 T T RIE =5 R b OO AR (= T R) O B A& KA\l
LT, PRI D RIEZ2 B AENDRINIZE R EL, BB S (Vv /&) LTRSS BLS T
5. FRBEREE LUSMNTY, /o7 TIIE AR BEE R m O LTS 1L, BMiERDP R
THHBDMON TN, ZO7ew, milm AREIRIC BV TR L CRAELZHE AT, @A
B LSS sh DR O DB LD BEX AT 24 e, T AT =i alhbERED
oD EiEFT D% b Y (Super knock) , FEAETIUTIK 1.5 (R TIDNCT P U R EIEATRIZMED L
VIRRAN IS A= % RAE T ATREMED DD . 2 DD BFIREE I @ 3 D RHEE LT, RN &R - &
THOIIEFAEDMERDELIRDTIZD, mEME T2 TR EIN O H kD bis.
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Fig. 1.5 Samples of in-cylinder pressure history (left figure) and damaged engine components (right

figure) resulted from the occurrence of super knock 7%

B PRBEIZ BT AF5E1E, 5 <IE 1920 G035 Ricardo <° Withrow HIZL-> CEEINTERY, =
TR SOV EAE R B N O JE RS i B E R R, PABER RN KBGO B S ED &
NTET=, JoZIZo0NTE, KEOZBIZNNIERLT b —Tal ith UHNEAE 11 TH-7273, 1960 HAX;
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2 Affleck HIZ, 2-methylpentane Z#REFE L TTRA O/ 3—F— KR ECRHEAMZEE N O H O35 X,
KACRKIRBEZ D /07D 3 DOBRBEF AT MVEGHRIL, /o 738 ERHZITI TR G DK RI5HEE
(T35 H OB KIEBL T2 RS DR 0D Z L2 R L TVWDHE0, SHIZ, L—HFHAT O
BIZHEVY, 1990 Eﬁ 1% Béuerle & Warnatz S5 DB fAND 2 RITD LIF (Laser Induced
Fluorescence) LY, MR BUGSHIZEFESNDZENFNHILTODRIL LT VT BRI /v 75 A /il
DT R :rob\Tm/;af“ AL TODRRF ZEHHE A DT ETEIIL TS (M 1.6). ZDEIIT,
I P BIBRINT U RITAD A O KIZEY LELSIVTWAZENFERIIZE T TN AHZEIZIATLT,
1980 FARNTIH I8 Gy &AM S S L FE DU 2 /o 7 O T JIEHAED Smith & Westbrook HIZdo
TRALINTND®, LU, RAGKFZRA ORIEBILOS O EEMEBIE X 55 E012720, #RERAINC
FASNWTWZBRE O R /o 7D FEECH 2 RON (Research Octane Number) X° MON (Motor Octane
Number) D E G REFD 7 F-H & S RN OIREE « JE ) R IED DR AR TEH I8 57269 69),

Cylinder wall
L]

Hot spot / &

Spark plug —

.

— CH2O0 fluorescence intensity

Fig. 1.6 High concentration of formaldehyde (CH»O) visualized in the end gas
before auto-ignition by 2D-LIF GDG2)

o7 DFRRIZOWTIE, & <XT M7 =F v én (TEL) ZEOUSINAI O %8 TR O/ > 7 D
M ERETHY, =AW TUL v B AE LR EREL, SO CEIRS T LN FEH Eo
eI B Cholo. LinLenih, B XHIZBIG O R 1 O BER IR 04T - RIS ATREE 72D, A
BT o 7 IR AF LR OB 2 IR FIERIREIND IO D, =R AD ) 7364 % 8 5 09I
AT DFIEELT, /o7 ORAERL 4, 2L F OO RO A TEIL TS Livengood-Wu FH5 GO
RENTWD.

t=tign 1
f dt =1 (1.1)
t=0 Tign

ZIT, Tignld& KENKFHETHY, LU T ORI IREIERBE ORI E B LI — a7 1 B
DT V=g AKXTRIFTES.

Tign = A[Fuel]*[0,]%exp (— }f—T) (1.2)
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ﬁ(l ) DAIXE LR 1, [Fuel]&[0,]1 i%h%m%*ﬂrkﬁé?%%w%fﬁ, EIXiEME L
EHAER, TIRREThS. FRoRICHESIFIE, /o7& ERET 57010138 KEN I 2 R
ﬂ;ﬁftﬁ”é_&ﬁxifﬁfﬁf%ékmz FDT=DOITIE, TR H AR DR, J;*»%ﬂoaf“ LT M E
FEDARED B L7025 . T R AR EE AR T 5 FIEEL L, TEEF R E AW R T AEDOK
I CTVCOZIT D LT, REIOE N EBEE S (LLT, B LIEBABIC LD HEIC), B O M %5 T
DR HCOENTON TS, Ee, EMATRUER S HUK OISR ALY =y MO Z LD RE
L HIE T om AMELES R ON573, BEARTEIC 1T 2 m AR RO TR L DB L2 H <356
WD, ZOREELT, Ur—F—U ¥y NAR—H—|ZID IV H T A — DR AR % fi kL,
BWCE 2R L TODHIYS oD, B KO R IR E DRI >\ T, PSSz CO,, HoO,
Ny CHER SIS B O ANEMET A% Az #ids T AEIL TR NIZHRE AT 2% Cooled EGR (Exhaust Gas
Recirculation) AN THD. iFF=L VAW TILHE ﬁHWJ(““)Z’)W)éﬁ\\ HIR R Clife#E
SIEDAR T ARET BN D WOT G Citlii H L= S IEH I gt L 70 %, F72, 2<?D Cooled
EGR VAT AITISEENNIFIEL, BAHEORT AL )74 R R IS b/ 4 DA A L Rl DY TRV
MR LR D6 5. DM, IEH CTlEmiEiE = P AZB W OKEHIC DM A EZ LML TD
Bt S HEH A S TRV EIEOED | EEEENZ I B M HEIZ RITIBAINL T, B FIC X2 00 i B K
WOMHE CHRPHFFTED. 727120, AR REIGDIZOITITIRBIE S B 4 O K S 2 2K
L, A AR —REUL AT D@D P FM LA A VAR, AR fﬂi‘in®7}<f*&b STEREEBHY, JR<
ITHWSILTWR, O, A2 EHE AR LD /o2 Z AT 5 T Beb R LS TRY, BwiG
T VAR THRERIIREHNG I F D7D I PE L 7> T B A SR O BUh SR O R I 2% L CTHlReD
THRFETHD. LOLRNE, EHERY 7B A T 20ERHY, FohEmAnsll E Tk
JERME LA AR N S TR RBEA RIS 5720, FHEANIT R KR OB A L[ TR RN 2

EWVSTEIRED B S.

BHREAHFOEILEWITLC, /oI L U KK BEHEO2F LA R THDHESITNDHE0),
i, HXRENHIRAN, 772051 )0E KHER ThH Dt g0 (CBDRNI K RInfE 2 e TSE
NITH CEKICESRWED THD., KRIEOZEAL DO SATHFIZEIC OV T 1.2.3 i Thib <53,
X 1.7 \ZRTINTRBERIC AT v a iz i), FAEAGIE O L (A% adi) (kL

PRIER 1D K RARKTR R L2 R0 H LT, i/ VDA BT 52 ED RIS TUNHENED), Fi- ) =
KD fik7Z27 (PCP: Pre-Chamber Plug) & T sl SUKBNZIRBEZ BRIA L, EDIZRISEDHOE T
XV BED 2H LA KD LT/ v 7 EWEL TODHIL BN, [EffEtL 10 o= P r 2L LT
+3 BREOEEM LN FTREESIN TN, 228, WRATRERFIZRNICAE RSO BRI (27 1k) R
FEEI (AT — Vi) OF kb TV 2 ORF IR BRBERAE FIE TH DAY, [RIRFIZ RN 2k o
BVRIERDHNNT 5723, 2L A ENIERE O _EF-LBR ORI Z &6, BRI O EHEIC X
LRGN RUENREMBETDHANDD. 20, ZNOO FEE#E AT 55523 2« OERZ A
M7z L CORMERRR A ERSND.

YL EDINNT, mIEME AL DO¥EEL22% 79 2 12 B LTEGE, 2<OFIEDEARRE 2 J7 1386
DFEXKEAMB ORI, F03, BIEOREIICEZY = R 208 B F KICE DRI KR E K
ETRIFESEDHILZIHNEL TND. ZNHDFELZ M, 3B ER AR DOELZ Lo TR
B 18 IR RO ML 14 RS £ T i EME e ks rTREL A2 57269,
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Fig. 1.9 Brake thermal efficiency and 50% mass burn fraction position of compression ratio of 13.5

and 17 at 2000 rpm with different IVC timing (A=1, EGR=20 %)0®
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Tablel Engine specifications

- - - Center DI Spark plug
Engine type Single cylinder SI multi-hole nozzle Squish area
Bore X Stroke (mm) 86 x 95
Displacement (cc) 551.8
Compresstion ratio 130 : 1
Intake port Tumble or Swirl g ;
Injecton system DI, PFI —
DI layout Center —.
DI maximum Pinj (MPa) 40 - '
DI nozzle type multi—hole
Piston type cavity
Conventional DISI Conventional DISI 2000rom 7 v85% =1
Intake stroke injection c 23 Intake stroke injection ————————
A 2000rpm 77 v85% ¢=1 R
0.85 \ Sma”|CawrhIII piston ﬁ 5 22 PFI A 2.6degCA reduction
’ B Small cavity piston 3 8 21 s N c
@ & double cone spray £ET mall cavity piston
o o~ & Doubl
S 0.8 g <20 ouble cone spray
= A e 0
o o g 19
£ 0.75 PFI T3 g —
“ ‘ Base piton & spray C 2 © 18 B Being heterogeneous
0.7 35 _ 17 ' '
6[) 1333~ 70 50 30 10
b— 2
Knock 1..28 DI SOI (degBTDC)
ineroveent™ & ‘\A—{‘ .- Fig.19 Combustion duration
= 4degCA {208 < 9 2.19 C i
_A:.,rl\. 23
12 L Ag: Py, 4degCA retard
= 1200 5 25 £
2 * ~ A,
:P,, 4degCA retard
] s ©
p 1150 N B T - -
. -
E —
g 1100 - = A—Ac 1.5degGA
D
T A—A, 2.1degCA
1050 ' ' 0 L L
70 50 30 10
DI SOI (degBTDC) ~30 -20 -10 0 10 20 30
‘ . Crank angle (degATDC)
Fig.14 Effect of piston & spray Fig.20 Estimates of burning rate effect

Fig. 1.10  Retarded fuel injection timing concept and engine performance results (Example 1) 67
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-30
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o83

_1o00
E 7501
=Y
Injection start timing = 28 deg BTDC =500
3 Spark advance = 24 deg BTDC (duration =1.3 ms) % 250+
E L 1 L 1 L 1
;ng c Injection duration = 57.6 deg > 0 04
= 6 432 deg 103
€----=-= R - - - > Inj. pulse width Inj. pressure e
o G 2BBIRD Ly — 16ms,  63MPa 102 o
© Fas == 12 ms, 72MPa ] 3
Sar ,:',‘!_ --- 8ms, 83MPa D NN 0.1
o K = 0.4 ‘ 0.0
I 3
T 2 iTs aov w 03
‘S b = 0.2
¢ || B . g
&0 ol ! » 01
) . R N y 0.0 > e
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Fig. 12 Characteristics of lift-off spray combustion with Fig. 13 Combustion and emission characteristics

gasoline fuel for different injection durations

Fig. 1.11  Retarded fuel injection timing concept and engine performance results (Example 2) ©%
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DEIRERLEG FROMERFIZ & o TH ERBRBEH LN BN 272 L CORNWZENRK & 2 His. FEER
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WIZ, ZDHEMARF D SOLIZBWT /w7 & AREL->-D, [EMEE 14 LRI DL L7228 e R SR BERE
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L1313 d . JEMEE 14 OBRBEE Ll L CRRBED BRARITEN TV DH DD, ZDHIZEIRITIREET 52
ETEWIZIEIE IR AL TS, ZOLE, BEHBIEND K ETOFARIRIT 2 msec L72->TEY,
B CIRE KA T HMRENEREND. £, BRBEHIRIZEHE 14 D 45 deg. CA %2520 deg.CA
FTIZHAET DUERHY, BEFOTL U hh 2.25 5L EORRBERE 2 B350 BN H 5.

UL EA BARE LT R BE BN 2 e N2 92 28 C, TR IEME B A5 K& DT 228 CIEMEEE 16 2R BIL 7
TV EING, SR 1 ARA L ME RSN 17 1280 ThH BEREEA AL S>>, EH
AR MERBAAEFF LT TV 2 D DSBR LRGN AT REL IR D e TSNS, £ DT2DITIT,
BRI COIRERIERZ FTREL T2 YU D EE S i, a2 SHIZZ RN K RISFEDINH
R LT RO RBE R AT N L BE & 705 . IREILARETIE, ThBDFATHIRIZ DN TE KT 5.

SOl (Start of Injection) a7 IG and Combustion Duration (A8.,,)
. 0D-Calculation 0D-Calculation
o 2000rpm WOT M1 % 45 [ 2000rpm WOT A=1 CRe14
%) 0 r - =
*s I %i 23 9 deg.aTDC 20, 245
2A - Ex> Lo Yo A
G50 [ S12deq.albC  _a—"" = 2 41
£ g [ -
% g {‘_;ﬁ 39 | Knocking DOe=30 25 20 15
—_ | T
= 20 Pre-ignition £ a7 \//‘ﬁ
o SOk -12deg.aTDC
30 35 1 1 1
14 15 16 17 18 19 20 0 5 10 15 20
Compression Ratio [-] Ignition Timing (IG) [deg.aTDC]

Fig. 1.12 Requirements for avoiding pre-ignition and knock at compression ratio 17 29

(Left figure: SOI advancement limit, Right figure: Ignition timing and combustion duration requirements)

— 9000
© CR =17 2000rpm WOT A=1
& 8000 | SOl =-12 deg.aTDC KFr)mcking Limit |
© 7000 | IG =9deg.aTDC ]
5 Bcomp= 20 deg.CA |
¢ 6000 - cro14 -
<4 | IG = -6deg.ATDC / ]
@ 5000 g L Lsdeaca 250 —,
5 4000 200 §,
S 3000 150 =,
O 2000 7 SO) IG_ [ E 100
1000 F [+ msec, .20°deg.CA {150 =
0 L _ VI‘/ \(CI L 0
30 82/ 0 9145 0 45 60
Crank Angle [deg.ATDC]
Rapid mixing Rapid combustion

Fig. 1.13 Estimated heat release rate and combustion pressure at compression ratio 17 for achieving the

same thermal efficiency as that of compression ratio 14 %

-12 -



LR ¥ i
122 YV OREBRICET TR

TIRARDKRAGTRIRBEEATO KL BRIV 2 N BN T, BREIOMS Rk kD7)
VEBHEL, 2R EDIRE RO A BB T, A BEIZIBWTL, TARALE EIFED
LA ETOEILGFIISC TRAZRENRRKESET D0, BRIV TR ZALISIVES
L[ TELIDNTHE B I BT 20 ERHD b, RIAN—DT 7 /VEEIBHREL T
IERE A6 T 22 L0 RO DIND. SSITITAFE T, HER T OA EWECRERE E R OISO B
BPDERSNDIRA RO EIEL BB B Lo TRY, REIOMK LSRR, L TERED
RBAFTEBIEICHET2MLERNSD. ZHLEF T, REIOMFR AL 1970 FRETIERER RO -
IR T NI O K LA AW DB EF Th o720y, Bl & 5 oM R BT 0O 56 i
(\ZfE- T SPI(Single Point Injection) 235515 Z &0 PFI & LW NICHEIT LT E COBREHILKA 522
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1% Daimler-Benz #1:23 AR —>71—0> 300 SL FIIZ[EHI] 6 KUFDEME AT V)T P ZAEFEL TS (X
1.14) . BHIR RIS T 70 P —ROFIAR 7 CIERES L, BREESTE /11X 4.5 MPa f2 CTh o7
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Dol D%, 1960 F035 1980 FARUIHT TXEME S ROBEAXIEHMERRICERL, TVYrxr
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Fig. 1.14 Cross-sectional image (left figure) and performance comparison against a carburetor engine

(right figure) of the direct injection gasoline engine for the Daimler-Benz 300 SL (¢)(62)
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Fig. 1.15  The parametric operating mode map of a recent mass production direct injection

gasoline engine 7V
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Fig. 1.16 The effect of injection pressure against break-up time (left figure) and SMD (right figure) of

a diesel fuel spray ¥
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Fig. 1.17  The effect of injection pressure against liquid and vapor phase distribution of diesel
sprays (left figure) and a comparison of the evaporation ratio for each injection pressure

(right figure) ®9
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Fig. 1.18 Historical trends of fuel injection pressure of direct injection systems in

passenger car engines #3935
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Fig. 1.19 Droplet velocity and SMD of high-pressure gasoline injection up to 50 MPa ¢7)
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Fig. 1.20 Breakup time and temporal changes of SMD of high-pressure gasoline injection

up to 150 MPa 9
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Fig. 1.24 The effect of coarse-body turbulence on a flame surface proposed by Damkéhler (%9
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Fig. 1.25 The increase of burning velocity normalized by turbulence intensity as a function of

Damkéhler number (comparison against experimental data) ©

R(1.10)DTr &1 1 TZNENELILEAL A BUS D FEPERE ], LIZELALDFE > A — b, 13K R RS
THY, F-RAND)DalFTT IV EE LS. 1 1.25 15, Da BN KREWEEIL CTIES 13w (SCTURIE
eI BfRE2 D03, A 1 & FEIDHIL, T7ebbithOR R I U TS O TERE 23
FLIRDEMITBWTL, (S7—S)/w'id 1 2 FEY, SLAVTELTEAGE S E A 1KD 5 b EH 35
AREMED DD LN 0ND . REFIIZR B EE LIS, SO Ar— /L ek R ESORRLEEESH

-22 -



FBIE F ia

TEY, UTFORITRT ey YK, SRS Y A7 77 200% v CLDIRE itk 28 PSR o 2k
RIFRELIEFLSN TV, Z2T, il o i/ NAr — /L ThHaL 07 « 27— /)L Thb.
12

_ (1’)3/2 (li)” (112
n? Sy, l

LA E S AT 77 MZIESITHE, KaZihd 100 & _EEIDFEE CIEELALO AN KRN O S22
L, Wibipd 55k 2% (Broken Reaction Zone) &7 > CHHREZ R K P8 MHERFS I/ b &N TEDY,
FERMTIEKaZD 1 % LRGUEZEE e REEI X R #E L 722000,. —J5C, EEEROELNE K KO AAE
FNZOWTIERAEI 2 1%L, ERRBIZORETHL-0, ITETITRTOKREEITIERL
TEEAI SRR L 3 YT DNS (Direct Numerical Simulation) Z iV /=3l EER 12 LA
TW5. ZOHT, JEBOIEELZH ELAVIRE & ELIRREEIE B O RIZITRVVEBIE LN T, EHRIC
HSEO O HEES NEETHHZEEERL TOD0D. ZD IS, FLITIRE % & 52 TELITR
BEIR T KT 5708, ZOAH=ANIEHETHY, FRTELNDSTROIGIZIB WO TUIZOFREIT L TH
FIHNC K RACTEDMEHES LD D LXK RS20, IHIZ, Bk T 5I0IZEilhosi b e ffdTED R —
BT 2ZEDOFMELEZ BTN,

CZZETHRAIZEIR KRBT 58T, BARRZ i KRR — RS LN A REL TS
0, EBEOT VU RN TIRK R E PO EREJER SRR DRIE T IEE H Bk ke 7o
THY, SLDFA b4 THD. ZOIOE, VI KRETEND AT — NV OFEN R DL
RSN TERY, = P UATB W CTELTRBEIE 22 B RO 512 DIIXZ O BEL B E T 505
Wb, Ting BIX, KROY AT TREDEIIAER T DEAD AT — LB EAbL, KRR
BED /NSO K RT3 U TUEIRER IS/ NS W AR — )V D ELAVHSRBE S E D 1) RIC%F 53 5EL T,
1.26 OBEEXAZRL T2, F72, KBRS LOIEIGIE, B 1.27 (R T IO O 7 7 % 2
T RBIDERBEIZBNT, 77 OV AREEZHIE TR A r — NV OELNGETERL, 1
F OB FIRERDEIRKR DT LS 2V —L BB I IVBIEEL T LU0, 20858, Fim A
—ILDINSWDGAETIER K D RO B TR R B HN 7R LD TE RS, FrICRBEDO WIS
WTERBEITRI N SN D 28 AR LTS ZOIIIZ, BREBED W I TR — L D/NEWELILA
PRBEIREE D) BIZF 575281, = DU EROERNDH RIS TOS. Hill 1%, BRE TP
BWTHEEEE Y B e 8 OS2 2 S, BEROLIL TODELILTRSOBAEPHNZEE ST
TAT— AR =N AEHEEL, RAKEDEKENWHHZT, = A,/4S, L EFR LT ETLLU N Of%
B AR R L TODIM, 22T, viZkiMRE TH5.

To=ﬁ=l 15vL (1.13)
4S5, S, 16w

X (1.13) 20, B AT — L D/NEWELNE K SJEAVICIERR T 52T, Rk k0 KiENIH %
B PR 2 &350 % . EBIZ, Hill HiX EFE KENIE 2D E B 0o \2b HLBIBIR A HHZ L% F
BREGICH L, LA FOBRBRRAEIERL TWH109, 22 bk, A7 — /L O/NSWELIIT IR EE 2 (e i
SHLEEBHIT, ZOVATNVEBORIBICH 5T HZ AR L, B RIBERNEED 72 6O 12 FUK IRFI
TR U EER AT B CIX R RS,

Ka

-3



FBIE F ia

(a) Small flame kernel

(b) Large flame ball

Fig. 1.26 A schematic image of the effect of turbulence eddy size against small and large flames (10
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Fig. 1.28  An example of combustion rate enhancement by high pressure air injection (!'4)

(Left figure: Engine test results at 1500 rpm, Right figure: CFD analysis results)
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Fig. 1.30 A comparison of spatial mean TKE (Turbulent Kinetic Energy) histories between motored

and late fuel injection conditions at SOI=-90 deg.aTDC, 1300 rpm (19

-27 -



2/

F1E P i

30E ELfcy
COV_without injeclion\ g g
___________ 20 ' 20%
sl 1000 rpm COV_with injection -4 7~/ 0 § 13 b. 2000 rpm  COV_with injection-="" ¥ 0 é
11 4 Injection Injection
— 10 4
791 -
E — Example 1 —Example 2 —Average] 2
= 7 A E7
o I~
5 -
4
3
= Example 3 =—Example 4 — Average ‘
-70 -60 -50 -40 -30 -20 -10 0 -70 -60 -50 -40 -30 -20 -10 0
Crank Angle [°CA] Crank Angle [°CA]

Fig. 1.31 Measurement results of cycle-to-cycle variations of spatially averaged flow speed (V) with

fuel injection at 1000 rpm (left figure) and 2000 rpm (right figure) 129

Table 1.1 ~ Summary of characteristics of turbulence induced by intake flow or fuel spray

Intake flow induced Fuel spray induced
turbulence turbulence
Integral length scale 4 ~ 8 mm 2 ~4 mm
Turbulence intensity (@ 2000rpm) 2.0 m/s 5.5m/s
Peak intensity timing -60 deg. aTDC Injection timing (variable)
Dissipation rate Slow Fast
Spatial distribution Bulk Local
Cyclic variation Large Small
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Fig. 2.1 The schematic image of the ghost-cell method (12013
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Table. 2.1  Summary of the calculation method and sub-models used in this chapter

Base code HINOCA
Mesh structure Cartesian Grids with IB method
Governing equation Favre filtered compressible Navier-Stokes equation
Advection term SLAU2 ® with reconstruction by 3rd order MUSCL approach ©
Time integration 2-stage Runge-Kutta method
Turbulence / SGS model LES / WALE model (19
Wall heat convection Han-Reitz model 9
Spark ignition Hori model 19
Flame propagation G-Equation model (1)
S Pitsch model
S, : Giilder model fitted to S5R

| Set geometry information and calculation region |

| Initial setup or read restart data |

|
| Set cell information and boundary conditions |

Calculate spark ignition

Calculate flame propagation

(Propagation term of the G-Equation)

| Set boudary conditions of B cells |

| Update geometry |
|

o
o : : 2
8 Update species concentration and temperature °
S : s
= Calculate advection term, viscous term, etc ... :%'
g (Include advection of the G-Equation) X
o )
8 : 2
c | Update conserved values | S
© | x
= >

©

®

N

| Set cell information and boundary conditions |

Fig. 2.2 Calculation flow of HINOCA with combustion sub models
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3D, EEEOT VIV = AZEBW T, Corrugated flamelets & Thin reaction zones 23 ELITE K& DT
RELLT—RIITHY, ZnbIFFRIEL CEHRRET VAW MIT S FIRETH D, 72721, LES I
BOWTHWAEII TR EZHCL7-0DICS 2T T MLV 52 50BN HY, £ ARG AT
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DIV IRAr — VD BIGITRIRE T /L TRV FIEDR ISP,

10° ¢

Broken reaction Kas =1 _
zones (Ka=100)
102 ¢ =1
£ n<lts Thin reaction zones
A Ka=1
~
~ 10 Re;, =1

— Flameletregion
(Able to be solved by G-Equation)

=1 Typical engine condition
=F

Corrugated flamelets

Laminar
I flames Wrinkled flamelets
0.1 NG i

0.1 1 10 102 103 104
/g
Fig. 2.3 Turbulent flame diagram by N. Peters *» and the flamelet region where G-Equation is available
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(2.17)
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T, Kim DI FORAHRELTHH09,
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qgc Vgc
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Tbh, MERKMRIZIOV, KT UL, BEKA~OT X — G225, 7ok,
AL TR KT T LV CIIER B R EIT U CEME BV, 2365 —ELL LD AL
B, IVFEWEREICB W THRENEZLINTET MESN TS, 2 IRE i, DRFZ(IZD
W, SkaAND 2 MOV T 72 A% LELT, HET RV —E D,

o= == (2.21)

ELTHELNS. Fo, 2 REIFEOEGUEITEMFHRGLE LB L ONSER TEXH720, Edddm kT

INF—Eq L FELNBDLUET HIENTE, TORRZIZLL FOIINFHR TES.
Lo Oy 10 (2.22)

AWFZETITRK RN F —DYIIEE (00 &L TRAIANVDREHMETHD 60 mJ 25-2 7=

UL ED BB O FH A T IEDOBETHY, RIRFHIZHIIH K RO R 234 B RL 1230 T DPIK
(Discrete Particle Ignition Kernel) &7 V@IS XFHHEND. FIIKRED L& LT 5L, ZDHk
Rl K RENOIRELE N B R L7256, SLITIRBEIERE s, & 7T X~ 1T KD B il B
Splasma P EFHMEEL TS RNTLL T OB TR IS D),

dr, _p
E = p_: (St + Splasma) (2.23)

IsVge

47‘[Tk2 [pu(lk - hu) + pg_z]

Splasma =

(2.24)
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ZITC, py pRIZENENRRIBERDOBEE, LXK RED NI RLX —, h IRRIESRD
b 2 —Thn. X(2.23) CrIR ST K R R BRI, piicar DA B TR0 T RERIT KRR
ERRET NA~BIT TN, AL TIIEFIEEAL L Creiticar = A 5-272. ZOEE, K 2.4 1R TX
N IR DERIR D K FME D @GR _EIZ6 TR D KK EG = 0 ESIND.

Spark particle Transition judgement of
DPIK to G-Equation

Tk = Teritical = A

Initial flame kernel growth
modeled by DPIK

Fig. 2.4 Schematic image of a transition from the spark ignition model to G-Equation

() GHFERET LN @)

GHEXET LTI, X 2.5 OHFRITIRT LI Flamelet BRFRIZEE DX KR ERIREBERZ 3 BET S
HE[R A T A EL, FOEEE AN T—EG THEITS. +7abh, bR, frExicB
TUUTOHERDBRONLDEE, KREOIFIEDHIESNS.

G(x,t) = Go (2.25)

Gol KRR, G < GoAIRT, G > GoWSBERIBE D, Gol XK R IHi% iE 383 HILE D E I
ENDHD, REFFETIXG, = 0£ L7z, Z2C, AR L CRERIERASI Mz Ll FORXOIHNTE
=95,

__ G 2.26
n= _W ( . )
ZDEE, KEMD MRyl UL FTRDENS.
VG
kcurv =V-n=V- (_W> (227)
KROEREERE Zdx, /deeT U, Q26)DIERASI LA FINWT,
dx
d—tf = u, +nS, (2.28)

E72%. ZIT, up3BNRE G T O AW THY, S I ETABERE Th 2. :(2.28)& et
IZOWTHA L, SHICE(2.25) 8 2(2.26)05,

s

G de

TART 229)
aG
=+ 1y VG = 5,|G] (2.30)

BEHND. RQ230)DANE 2 HITxiELY, A iMefFEEE£o 3. Lo (2.30)%, Lz
FAKRE O M52 R CEXAILEAITB W TO LY. Shim HiE, KKDOTT72 )VEEIC
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HEHL, DNS IZED FIRA LK R OFEIZED KRR E DA T — Ty M TR — v iavedn7
A —=m®D 10 fFRETHHILZRL TRV, LT TERSND Gibson 27—V IZX->ThH S
HIZER TEH,

3 3
| =L = l(ﬁ) 231
& u

Kobayashi S, mERHAKEGIZETSH Gibson A —/L&2FERHNICTIAL, TR ST ERLIRS
O EFIIEC TR/ INTHIEERLTNDE®), i Pr o STV IREEBIZBW T, 16130.1
mm Z KE TR, 20X A — N O35 G R TR T 572D 11 R DL T OF1-1F 2 5k
T5. LIE3->C, ERAMIZILLES IZBWTHARED RFTHRE i E 2 TRE TEDIZE DN RIEL A
7, KQ230)ZELIRAKDFREIZHNDZ LI R THSD. ZAUTKIL, Peters HIFF(2.2) DD R
FFELRRICK RIS TV Z— B EE L, 5 D R IR LU T O N 22 Kk R mfE D HE N
DN F%E SGS OELFIABERES LU TEBRTIHIEEIREL TRV, ZOLH72 74 VHA) T ENT-6
FERA O LES (XD AL AR O FHRITRE 2 DO JEATAFFEIC 35U T HEMFI3EH 5960, il 5%
X EIAIERIC Favre AR WD E, pa LR ELL T, 74N Z— 1 DRESIMAILGE,

ou
i = % (2.32)
. 5C
¢== (2.33)
D

ELTZ BT, LFTORXDOGHERXD GO, FHEMK 7 TS TEX720 SGS O ELITIREE R S % 1R
EFTIICTHEZHZET, LES ICBITDELR AR DOIBIRN A FEL 72 5.

W8+ w(puc) = psq|va| (2.34)
G A ST OB & T BRI L TR, 7285, AR TS — RIS TG

Biih B R OO B L FIRED A% — A (SLAU2) (Z LB FREIIZfi\ -

Distribution of

. Flamelet concept Filtering Full modeling
reaction zones
. . RANS +
DNS + Detailed chemistry DNS + §; LES + S; ¥ generation & dissipation
G <G G > G, A
Q i O, ) = V
SL H ST

) QQQ QDQ
¥
)

G(x,t) =G, - ¢

A>0.01 mm A>0.1mm A>1mm
J
Y

Direct calculation G Equation CFM (Chapters 3 & 4)

Fig. 2.5 Description and filtering of the G-Equation model
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H(2.349)DEHIT LES TGHIEAZ Level set &L THWAE A, FERIBIZEV KR E D HEITTT S
ERRHE LI (G (x,t) # Go) IZBWTLL FORDGO BRI S EL COME D HAND.
VG| =1 (2.35)
ZOBEIEDT=S, HAEEEED M EEL7e s, AR LT, Osher 33X TN Sussman 5L LL F D
AL R RE O FIEER R L T AHCDED),
0 .
=L = sign(G(x,6) - Go)(1 - VgD (2.36)
ZZT, gIiEHAIEMEEH R DT DR D BERERIEL, signl3fF 5B CTHY, LT DIDITERSND.
1:6G(x,t)—Gy>0
sign(G(x,t) — Gy) =4 —1:G(x,t) = Gy < 0 (2.37)
0:G(x,t)—Gy=0
% (x,£) = Go&THUE, sign(G(x,t) — Gy) = 08720, KR MENEAERE ) ND. D%, gD
REHIFE B DN T(2.35) &0l 72 T E THRIVIRLEHRZITHZE T, BRI 25E T 7%, Level set 1513
il 2 OB OBBR WG, B2 IXKUREE S 200 5 B I IR & 708 B 72125 U TR R
;AT DEE 0385, Sussman HIE, T EELEET 572D LL FORIZR T smoothed Heaviside B4
a0 HZ & CRIMRE B2 2 MH R 2 SES L FIEEZREL TV,
1 G>A
0 G<—-A

H(G) = 1[ G 1 (er'

(2.38)
1+—+ Esin —)] otherwise

2 A A

ABFFRUINN T, KR FEEFIREL TR LRI TR ERIERD LA T D2 LMD (2.38)%
TR O K AT A MR D LA RS o2, 7238, FHUISHMEHRAFIT A SRR ORI
EFATD, FAFRE LI T e ELL. ARHFJETIE, Narrow band 1O LD ALERGH L
EWRELT. COFETH, KEHEZ RS ORO R AT, 35K RO 6 el
72) % Narrow band L EFL, FDREIENIZIBUNTOD G H R OMEIEE T LEREE1TD.

(3) Btk 7 L

ELI K R E AT DA THHERET S Flamelet FLFRIZIWTIE, FROIRE, £, MR
LS TR IE IR DB TR 2 561 R D, Z A ELTBER FEE 7 TR A T 52 L TIEBRO X
JACHEHE 2152 . R R OIEREHRIEIE, BUSH O S M Lo bt T B~ OBMEE, 1)
ELHEBOME A HNTAERIL, L - [E A5 00 27 b PIREHILARIC Lo Th R &AL 5. AR5 T,
CHEMKIN-II /47— COp 0> PREMIXC9% V= 1 YR IE O % & BTG O M A F LA g ik 25 0
PR, CNE BT DIICRIROIEE, £, M fa A EL TRV DB O E 0 <7
A—HEHEETHIET, 3 YL VARSI SR AR OISIA B 57, LTS, PREMIX
(I DB | YITED TARATE W K Je D KRS A AR
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M = pud (2.39)

.dT 1d dT
e o WSS YT LS

ay,
Md—k+—(pAYka) Ad W, =0 (2.41)

pW
27 2.42
P ="t (2:42)
ZIZTC, xlE 1 o H MO ERE, MITE ERE, TIXERE, VIS REEkO g &EEE, pldt 7], wiik
BROMEE, plIFEE, Wit F kD51 &, WIKIRE KO o1&, RIITAER, MHEER
DEMRER, C,ITRA XKD EELLE, c,,kzifhi@k@m}ftt?ﬂ, O [T FFE R D BALIRFED 720 DAL
RAED BNV R, h IRk DT 20—, Vb TR OEBOREE, AlT kKA BWY
FH TR R EIR OB E R THD. X(2.3905, BHFREEEEIILL FOXTHELNS.
pA

SL ~ U= ﬁ (2.43)

SEHEREIZ DWW TIE, ARFFECIE = SOREEELT- I YV ARE D 35 KME K KA TR L 2 FFBLL
5 WGV al— MREL O B AL SOCHERE rev. 1.0 ({BFFEEL: 110, SUGH:347) COCDZ
C ARBUCHERET, & KEIR O BI85, JETRABEE B 2OV TH IR AV MR EE S ) D EEBRAEIC

ST TEWEBRMESHERIN TND60, KREDT DV ERTIIL X2 T7— VI &2 VTR, il
AHRICH T THZOMIRZFSEL 723 2.2 D S5R OREHIARR AR E LT, B EEEE O FH R I

biz->TIE, WO B BRI KR EREL, ] 2.6 [ORTINHEHER 2o 20 O EE e Z B L=

BIRDAIRIREE < JESD 4 TR DWW TYEILOIREZFHR L2, [¥.2.7 18, FHRICTELNI- AR
EIENGMZB T D BIRSEREZ RS, F7o, X 2.8 [ZWEVKRIBET, &, RIRBEAET, L TULT

DR AB LD B ST K SRS %
Tb - Tu
lp = dT (2.44)
max (i)

JEBFEIRBEEEE 1, Y Bihp=1.1 ITHE R AMEEL T, AERSBRMO M BN TR T 5. 72,
IR L CIEIEDMBI A, N CUTADOHBEE R T . KERHEIIZOWTE, A TE b
MKREL, $=0.7 LLFIZEWTEAICEINT 5. =220 O FEMERIT< O AER: (10 atm, 550 K) Tl
$=1.0 DEE, 51% 0.06 mm THHDIZXHL, ¢p=0.5 TlX 0.22 mm FTHEINL, AESME TFIZBWT,
AN I IKaps I 25— K E7D., — T, IS BmEOENGAITIE, KRFFEIHHER
D12 KaD¥EMNZ I L2 DELIVIREE 5D TELRRBE R A4 @b H LN TED. £z, E DR
L, TREE DB I LB D IR R L 70 .

oo
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Table 2.2 Composition and octane numbers of S5R gasoline surrogate fuel G9G7

Fraction
Constituent RON MON
vol% mass%
Isooctane (CsHis) 100 100 29.0 23.8
n-heptane (C7He) 0 0 21.5 19.9
methylcyclohexane (C7H14) 74.8 73.8 5.0 53
diisobutylene (CsHie) 96 82 14.0 12.1
toluene (C7Hs) 120 109 30.1 38.8
RON 90.8
MON 82.9
Density g/cm? 0.7545
2.0
1.8 r n=1.32
1.6 Compressmn curve Spark
< 14 t (-20 deg.aTDC)
o
= 12 | 300K 1.0MPa 550 K,, 1,0 MPa
o 10 | ------ L S RRCTEEEEEETREY SRR
> ! i
a 06 r : :
04 r ; :
300K, 0.1 MPa 550 K; 0.1 MPa
62 | . ’ ______
00 E 1 1 E 1 1
200 300 400 500 600 700 800
Unburned temperature [K]
Fig. 2.6 Calculation conditions for premixed laminar flame, based on a typical compression curve of a

gasoline engine with compression ratio of 14
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——1 atm, 300 K —#-—1 atm, 550 K
10 atm, 300 K =e=10 atm, 550 K

0.4 0.6 0.8 1.0 1.2 14

Equivalence ratio ¢ [-]

1.6

Calculated laminar flame speed of S5R gasoline surrogate mechanism

1.6

10 2800
€ 3 I
£ < 2600
=1 )
I o 2400 |
» 2
3 © 2200 1o Y
g 3 ~
3 g 2000 1 e
2 \N—N—‘—‘_‘_‘—. g atm, 300K
S 0.1 2
g | e
atm,
s 1600 ¢ / —e— 10 atm, 550 K
0.01 : : : : : 1400 : : - - :
0.4 0.6 0.8 1.0 1.2 14 1.6 0.4 0.6 0.8 1.0 1.2 14
Equivalence ratio ¢ [-] Equivalence ratio ¢ [-]
Fig. 2.8 Calculated flame temperature and thickness of S5R gasoline surrogate mechanism

RO 1 WITTIRA E H KR F IR @ i ies A R TRELT 5. (RE
H72 @R IREE R E DT /L LT, LA FIZ/RT Metghalchi-Keck OSBRI CYNRESN TS,

Sp = SLref (

Ty Py

P uref

)

Tu,re f

B
) (1-21Yy)

(2.45)

ZIT, Sprep (FITERERIRBERE, T, LPIARIRBIELIET], Ty rer EPyrepl FIEERELETT, Yoy
EAIREERG THD. yBLOBDOIRE - E M EIHIT, TN Y@L DBAKEL T, LFD L)

ICRISND.

y=218-08 (¢ — 1)
B =-016+022 (¢ —1)

(2.46)
(2.47)

FLYE S RIRBE R LS, o pld, LT ORTEH RO, YV EMHIEDITNNA Y 7 2 AREHZ DN T
F 23 R TR RS IR RSN WA, 7B, TNHORENT, E/P, 73 175 8atm, {EE
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T, 7% 300 725 700 K OFEPHOEEREISH LT, i/ L2 O TRESI TN,
SL,ref =B, + B¢ (¢ - ¢m)2 (2.48)

Table 2.3  Model parameters for the empirical formula proposed by Metghalchi and Keck ¢®

Fuel type bm B,, cm/sec By cm/sec
isooctane 1.13 26.3 -84.7

Metghalchi-Keck FZ&5EIT, X B IR DEEA Gilder 238 L THhY, LU T ORD EEHERF A
BEH FEIZ OV TLL F OSSR OXERREL TODE). 0,0, & olx 2 TET AVERTHY, 147
S AREHIX L CTIEER 2.4 OEPIRESN TS,

SLrer = wg"exp[—§(p — 0)?] (2.49)

Table 2.4  Model parameters for the reference laminar flame speed formula proposed by Giilder ¢%

Fuel type W n & o

isooctane 26.9 2.2 34 0.84

INHDET VL SSR GHEE D LS A X 2.9 1277 7. Metghalchi-Keck =%, Frlcomr v
DIRBE T RN B W TEE LD E I - RS 36 T iR EE 2N KIZ Tl D, Fiz, X
& b, AN W TR RTEE E DIR T3 LS, Y& ¢=0.6 LL F CIXADMERSD. st
L, Gilder OFUIAHAMNZ BN TY R EITKT T DME N UESIL, 9728 0.6 LL T THRDEZ RGN
7, EMERZRRFHNIB O CUIRWELTH CHEMATED. LU D, RIREL CTHaxHEIZ DWW Tl fr
R B ES B W CEBMFIEL, [E - RESNRESE T D DU FH R A~Ow I mIT T
BCENNELRD.
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——1atm, 300K  —=—1atm, 550 K =+—1atm, 300K  —#=1atm, 550 K
100 =#4—10 atm, 300 K —e=10 atm, 550 K 100 =4—10 atm, 300 K —e=10 atm, 550 K

. 90 E)] Metghalki-Ke%(,D"D\ . 9 | b) Giilder ,D"D\
59 9
3 80 5 80 |
2 70 Q 70
53 O 08 o[
g % 50 r % g 50 r
T 40 =8 40
e 30 2 30
i.E" 20 | E 20 |

10 10

0 0
0.4 0.6 0.8 1.0 1.2 1.4 1.6 04 0.6 0.8 1.0 1.2 14 1.6
Equivalence ratio ¢ [-] Equivalence ratio ¢ [-]
Fig. 2.9 Comparisons of calculated laminar flame speed of the empirical models and SSR

(Solid lines: Results of the S5R reaction mechanism, Dotted lines: Results of the empirical formula)

AHFFETIE, Metghalchi-Keck KT Giilder D FEBRIZHAZ, S5R SUSHEZ FFHL 95 D124l
BT NVEBEMIEHEDONTA—ZRHEE L E LT, BARENZIE, X 2.7 D S5R OFFEAERLL THLIL
T, R, JENORRHEF 44 SUTOWT, S5SR OEIMBEEEES, ssr, 51D A
BEHEZS) empricia & LT2EA T O RO ERAED ) lop ZRAT BB L L, 2.49)D S, o plZIBANL
TH(2.46)K 247Dy BLOBDOWE =S IEIEA ZOT-AF 11 BE D/ TA—2HEEEITST-.

1% |SLempiricari = SLssril
- NZ S1,55R,i

T A—=ZHETEIZIE, ESTECO S.p.A 10 modeFRONTIER“Y% VY, MOGA-II (Multi-Objective
Genetic Algorithm 1I) @2 {2V 5000 R ETOREFHREZTT o7, K 2.10 (2B HARORHLEIH D
JBREZ 7. FHRIRAZE AR 3000 AR T/ IMED 7%I2EZ=ET 5.

T A=BHEE I IO, EAHIEEZ R Q2.51)EX(2.52)12, (2.49)DS, yer DT A—
BEF 25 N\RT . Fo, TNHD T A—2E W B % OET Ve SSR SIS L FHR S
JE VIR BEE FE D LElG 2K 2.11 (2. X 2.9 | RULIZRERDET VLl L TRk CRAZENE/INL,
FRZmo P ORBESSIZITV IR RE & (10 atm, 550 K) T, S5R SUGHERE O J& Jit REEH E 2 42Ty
BILZOWTURFEEEIICHFIL TODLIEN0D. RET L% HINOCA (ZHLAGA R, AR
FEDOFHRICH L.

x 100 (2.50)

Yy =2.06—-02(p—1) (2.51)
B =—0247 — 0.04 (¢ — 1) (2.52)

Table 2.5  Optimized parameters for the s ..r based on equation (2.49)

Fuel type W n & o

S5R 48.4 3.05 2.36 0.49
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100

10 B s dese

e

Relative error [%]
w
o

Relative error [%]

1 1 1 1 1 0
0 1000 2000 3000 4000 5000 0&

Generation [-]

Fig. 2.10 The optimization process (left figure) and relative error against the SSR mechanism (right

figure) of the empirical laminar flame speed models

——1atm, 300K  —m=1atm, 550 K —o—1atm_300K —=—1atm_550K
100 —4=10 atm, 300 K —e=10 atm, 550 K 50 —4—10atm_300K  =—e=10atm_550K
9
A 90 r = 45 L
3 80 | o 40 |
[0} n
a_ 70 | « 35
NG @2
o2 60 5 30 |
S E 50 | & 25 ¢t
— O —
5 40 | g 207
= 30 o 15 ¢
= 20 | % 10 |
10 ° 5t
0 ® 9
04 06 08 10 12 14 16 04 06 08 10 12 14 16

Equivalence ratio ¢ [-] Equivalence ratio ¢ [-]

Fig. 2.11 Comparisons of S; and relative error of the parameter estimated laminar flame speed model

(Solid lines: Results of the S5R reaction mechanism, Dotted lines: Results of the optimized formula)
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@) BT BEEEET v

K Q23N ITIRLIZEINT, LES IZBWNTIE GS LA T OFELTEEENZ LD K RO MG INE 5 S H720,
SGS DEIABEREZET MLV 52 DU HENBSH. SGS DELIMABEREET L LTI, SGS
ELIRIR B u) O AR INE L CRBLLIZ M S R T DD, KROT T NVEEEICEE SN -ET L
D FETRR 2 22 FEFAET D75, AWFFETIE, LES O TRAELITA R DI I BN TELDFERDH
% Pitsch HO ELITRBES T 7 /L WE0% Fu iz, Pitsch B, Peters (2856 HFERD KR Y 5
HANT —EG Dk, BIOFEIMICEDOT 7, BIRBEEEZICEDE T, £ L THRECC i RICLD L
D 3 SOEEDNRAERBLLIZ RANS D HRAIZ BT, LES FITHRIRELIZ LU T O ELIIRGE
WEET VERELTHD.

2 2
Sr_,_Gbsd [(“4”3 A (2.53)

1/2
upA
S, 2b; I 2b; I

2
+a,b?—
) * 35311:

ZIC, NIHETIE, upld SGS DEFEEE KT, [T K RHESTHY, BBV +OIRA X P OYLHEL
TR ERIRIR A R OBERMEAR BV DO TH DY 23y MESe = v/D% | HELTHE, JEHERED &
JEFEIRBEIR LS, DL L THEL T OXTERSN, BUREHL, BN EC,, #Ep, BITIRBERELS, %
FAWTRDLHIENTED. 22T, IWFOILUSHICIITDEE, uwlIRRIEERICB T HEZRT.

I, = D _ (A/Cp)o
St (S

F72, ay, by, b3l TETNVEETHY, £ 2.6 DIEERELT. all3LL FORITRT I ELFRIEEALR
D ERBTDHET VERTHY, WEVRTER S, EELTEY 22 MESc (S U TR T 5. AHFZET
1ESc, % [E EAE (0.7) &L, Pitsch HOIRET 5HSc La, D Hirba, = 0.78EL TN,

(2.54)

D, = a,u'l ~ a,u\A= —— 2.55
t 4 24U sc, (2.55)

Table 2.6  Model parameters for the SGS turbulent flame speed model proposed by Pitsch*®

Parameter Proposed value This study
Sc; 0.4 0.7
ay 1.37 0.78
b, 2.0
bs 1.0

708, KQISNIAZRFEESELIZUL FOELRY 277 —8Dayz Vi, (2.57) O IZEEE T
X Hw1EOXA0.11) LFEOELEA.
S.A

u'ly

Da, = (2.56)
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1/2

2 2
Sr a,b3 N [<a4b3 2.57)

2
Z—leaA> + a4b§DaA

T72bb, FHiEREELIREIERE Dayh b 3255128V, SLITRRIBE RS /S, Dupy ~Di1B7¢E
PERIEALT 5. ZDIHIZ, SGS D ELIEHEREup EF TR — VA /L DL BETH2ET, X 2.3
@ Thin reaction zones £ CKI T HET /LEIR>TNA.

7ok, R(2.53)DFFEICIVTIL RANS (BT HELTE R Eu I2F Y 325 SGS M E LB Duy x5
RHOMBEINBHDHD, AFFETIE(2.58)1 _mﬂ“xv:)/xﬂ%—ﬂaww1>0>z%*£¢$1@5wt%ﬁﬁ W,
(2.59)2 &0 5.z 7269,

v, = (C,A)? Sij (2.58)

V.
Uy = Ft = CA /zsi,-sij (2.59)
S

ZIT, SlERQRI0) THASNDOT HIEE, CIIATIV L AXF—EH THD. 7235, RANS 25
T D ELIRBEEE O HAED VA HIIZBHR S ARET VI, #TIRIZE0u A O ELIEBRBEE B ~D
FANEACL, B2 BT ARML P QRN RSFRIE T D . 22 CTRD 720w/ 41, SGS 55 T
KRFHEROEMNAEA T DELNRSTHDHN, FiedLd SGS R OELNAM T L Z U T 52T
PRGN, SERL72391T, 777 F NI SRR B O/ NAT— )V (A F =Ty N T A —
I IFEK R ES N3OS EIZIT10 nfRE L7250, — 75 C, Hiraoka HIIARFE THU - Pitsch
HOD SGS ELITBRBER T T AT DN TT AL Z A X%20.3 nk40.6 nD 2 KHELLIZE O KKK
FEOBE N % DNS ([CXDFERELLEIL, 74V 2V A XD340.6 nDO AT @O FHBI 2 FERE L

TN5W . ZDLEOnX 0.011 mm THY, 74X ARTH 0.45 mm E725. BERAIIZIE, nd 30 %
FREE DR — )V NEIR D MG E 5 LS TRV, LD/ NSRS — L O ELIVTIER(2.59)D
IRE R ET M) 2SHR AL, SOICITM XAk i DRI B CER 75720, G HFEADHITET
&% Flamelet BER S ANL LR WG E 135 2 LD, E72, Johanson X, =2 P RN O LDV IZXY Taylor
REIZIEESW TR RN T G T HENDAr — /L EHAE L), 0.7 mm FREE DR — W60 Tl
EZEY, 2L T O — L CIXRIRICFH 5 EME T 752 L2R L T0D. 2T, BB TlEdh5
KR ORI TG T HENDOH DA — NV E R T HEELFE R THD. (-, Gtk
KR DA — VR K RGBT T NV ORiiHE, L CEBICKRBIEEE OB AN AER T
LENDAr — VRGN R T D8, REAT7—LEH) 0.5 mm EL7Z SGS OELINIESZEE T D
LTI THQR SR ELEABEEE DI FF 595 SGS OELNMRE, 3725, 4 D RANS
BT BT AERIZIEV U ZE YN R DT ENREL 0D L E 2 5. UL ED, AR Clrdkiko
222 HiICHIRARDINTHE FHEIE 0.5 mm ELT- EC, U UV FHRREOBREEIT ) )N 3% B9 &
NTIRBIFH R LML TCs = 0.23% 52, FHMREAE T2 O TNDZEN D2 IR SCFH H AT
07, FERNC IS TEITAL 2V O LU CHEEMBICH E L.
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(5) BBEET v
INFETITRARETT I, GHRERICIDZ U DU RN KRGO E N HEL 2D, 67
FERUT KRN AL TR SOE DB R OB E D B 2 <7, KR OBEFTIT LD LRI EE D
BACIIHIEFH R T D MR H D, KREDOFET D E BT, MROZLEELY,/dtZLL FOL
INTFHRTES.
dy, Y™ —Y,
dt Tf
TIT, Yo 3R, VI UTEEEIIC BT D PRI ThD . o ZELTABE IS U7 b
FONFEREE T, ELIRBABE RS L8 TP A XA% AT, LU F DI EHRSILD.
A
ey (2.61)
72720, ZAUT KR DIERRAR T MV D88 T 25 SRS AT RGBT BV TO A LD L.
FERTIE, K’ 212 1R TINTHE KRR AL G AN L @i R 25 b 95728, AAFFEClIk
RIS IRALTZER D BBERIE G %Gy | £ LT, BUSKAERFRIZ LT O SO E S HAZ T2
_2-|Gyl
Tf = ST

(2.60)

(2.62)

Different passage depending on the
flame entering angle

‘/_\IA: lame passage

Flame passage . \//'\
o @ 1 ° ° ;/\.
e, | “Tx 16,

Fig.2.12  Relationship between |G;,| and the flame passage

X(2.62)% W (2.60) 2B L9 5L, L TFORBEFLI, BUEOHARZYLEL T, HDHRMZ A At
% OMBRY B EHND.

S
=10+ (Yieq _ Yio)—TAt (2.63)
T2 |Gin|
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ARIEHLFRY; o | TEAEDHARLY, 305, FHHIARY, !, SUSHEIT ez VT, LT ORDLHH T 2.

Y0 —c- v
Yo o=t - i (2.64)
Lo 1-c

L7e3o T, RQR.63)NTLLFORUTEFEZHZ DD,

eq 0
Y-1:Y-0+Yi —Y Sr
' ' 1—c 2-[Gul

POGTEITEE I, A BROE IR 4 O S H 2 IE L, 2(2.38)DHiEERI%G ™ smoothed Heaviside
B A W CRELT 2 HIEDNIREIIN TN,
c =H(G) (2.66)
IR ZAIZ DWW TR, RIRE R B DAL EFOSFFPE R ] 2 SR N = L F — D& &
ROHZETHLND.

At (2.65)

T eq _

T, uCUR RS I B T D LN = RV —, ug (IRBRIBE IR I AN =L —, €I
BAKOERLETHS. XQ.67ZBEBILTIUE, L FORXB GO, HORFMZIAAtH% DN
N —y N ZFA(Q2.63) TR O T Z G2, £ DOMHIEIZBIRFZOIREET A8 A L7- 1T, Newton 1%
ICEVIR LR EITHZE T, FILWIRETI N ELND.

(u1 - uo)
) 2.68
pCy (2.68)
B, BRBEFUSICAEY B AR /dtlE, A FORTHETIHZENTES.

TH=T°%+

‘Z_‘g = At — uy) (2.69)
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2.2 FRATIV T DB DK RASTRIRBEDIRNT

2.2.1 LES IZEBERHSIAINVREEHEDOFIE

REIZBIT LT VU BBER R TIL, HINOCA (2B D K RASTRIRBEDISE T HIOMGEE T,
FEEH BN EELND KRG RIE T B O TR 22T, REED 2k L%
EALICE 5T DENOELNDOREEZB NI THZEE HIEL TV, 2D, RATEPBHER
TRRFTORITRA G L CEEV A7 NVEEL, BLEOREED YA/ VA8 % & &I HEBIL-
OO ED LY ENRHD. LES ORKE/LBEMNIEEHIEEBE TEXHRIIHDHT-0, HITL T T
NET= o DU RIC BT B IEE Y I DIEE A 7 W IED RN S TE 7260, BRARMIZIE
WHESAR—FNICBITDIENAREI DO EEB ETEBEL, FROEANDLIERDOT — VT RETDIR
VBB A FHRRS - L TR DM ELVD, Md CRIBZET L7200, A2V OFHE
XBLE EREEE 225, — 5 C, WHFRE S CAFH AR TLLTEEL, RS A 2 VB OE T
RN 2 5% 7 LT G AL T TR D VA 7 /L [ O PR B 235 7T RE72 2 LB AERR S T D662, KR
AW IE CHENT R G LT DIER AR I 5 A SRR &4 T - T D T8, RE N OIE S IREN TN
SEDOEBHDRBE KT TEII/NSV., 22T, IR TP D)2~y RN DR — M
METEL, VAN OT oA TN EEORERB I OEDIRE 5 RGLMEE L CRRELT. 7B, [E
fiE B L OHERATIE PO L HERAR — F OB F- 1R L > BB Ak 175,

WHER DB RSN OREHT->TIE, ® 2.13 (TRTINTHERITITE S BE) O B AR
EL, WRIZOWTIZ IO W AZER B a EME R T 50 B &t EORMBRARELE. Zh
LOENBIOVEEORMIBREIL, 1 ROTOWPEK IRV OMEHT 25 A HE7: Gamma Technologies 10D
CFD =—RTdhD GT-POWERCIZ FVV TR, 70k, BERSLMEICHITDIRED 1 WotiFfE RN D
ROIIRERY T — 2% 5.2 1. $£7c, BEEEB U OV T2 A2 ROEVELE R L.

1D intake and exhaust flow calculation

GT-POWER

Intake boundary Calculation model Exhaust boundary
Mass flow rate HINOCA Pressure (static) rate
Temperature rate \ Temperature rate
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0.030 4 e ExPort

=== InPort-F

0.020 == |nPOrt-R
Bj\; 0.010 A
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Fig.2.13  Boundary conditions for the LES calculation
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FHREAEL T, £ 2.7 177 JAXA @ JSS2 (JAXA Supercomputer System generation 2) & V>, Ft
BRE Y B E 358 LLC, I T 8 a7 DAL v RIESINC LD, 2,864 CPU 27 2 flL7=. ZDEEES
IZBWT, MRNBIERATRETO 1 A7V K7D OFHERFR 13K 80 CPU e L7 o7-. Zd 1T,
AR FETIIZ U VRN O IEE H R TREN K RARIE 2 SN AR ZE S AT RETH DAY, IREELL
FEICBIT DRI TG EL TODEET VY E R 2 W @R L= P DR BER /v V£ ThE
JEL7- ECBURMNR R ORI 2 2L IXNEECh . 7eds, AN OJEHE, IZIREIEICLD & FHE
T DEBO SN EAET DD, TIUTEED CPU Ou—R T 2D NEIBMIIARZE CliA J2ik
DIz AL TR, ZD72, M FEDOWAD % FIE AT HZIBNTUIT AR /VIRREE 725 CPU 23
BT D, REIETZECIRBES S DR R EZZ NSO CPU ~ S22 L 3R O MG ICE k5.

Table 2.7  Specifications of the supercomputer JSS2 ¢4

System SORA-MA

Model Fujitsu FX100

Total number of nodes (used) 3,240 (90)

Theoretical peak performance 3.49 PFLOPS

Number of cores per node 32

Memory size per node 32GB

Interconnect Torus Fusion (Tofu) Interconnect 2
(12.5 GB/s in each direction)

222 HESM

KEDFMT O RELT-T P D TE2FE 28 \RT. B 4R GO~ AR L3RG oy
VENR—RAL, RSB TR RCR, REERZ NS, RN E TR A5 E LT PFLIC
FotiasnadoicdaE Lz, ERIZ U ML—TBITHY, B 1 KA OAMOEARAEREL T
JEMELEA 15.6 LL TS, ERASREZ R 2.9 12, WO ALV T T a7 4 — V&K 214 (TRT. =0y
EIEEHIE 2000 rpm EL, HEIKIREE L 90 °CCOREXUIRBEICBWTERT — 22 BUGL7I-. AT
RAFEZ-30 kPa (7 —VE) —EERDINTREURDF (A ML) I THREEL, BRBHE ST Bl K2R
W RAEEE LIz, F7-, UKL ESE AT 20 deg bTDC [EEE L. MNE L, Kistler flOE =
VHBEARE Y 6125B EF ¥ —T 7 5011B 2V, £ 52 VT 200 A2V EHAIL-. £
72, W22 R T m AL oD J i A 22 A B3 LFE-300B, PRBHRE Bl NEF ) 25 L oo 25058 2 i
HER FP-213 Z AV CEHIIL 72, B FEFRIEE OFERILE 3 TRV THik 2.
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Table 2.8  Engine specifications
Engine Mazda L3 in-line 4-cylinder gasoline engine
Cylinder # 1 (Analyzed) 2-4
Displacement cc 2,260
Bore mm 87.5
Stroke mm 94.0
Tumble ratio 1.37
Combustion chamber shape Pent roof type
Piston shape Convex Flat
Compression ratio 15.6 9.5
Fuel supply PFI DI
Fuel Regular gasoline
Table 2.9  Engine operating conditions
Condition Stoichiometry Lean
Engine speed rpm 2000
Intake boost pressure kPa (gauge) -30
Intake air temperature deg.C 26.3 27.3
Excess air ratio A 1.0 1.3
IMEP kPa 523 397
Fueling mg/str. 17.8 14.3
CoV of IMEP % 2.0 10.9
Spark ignition timing deg.aTDC -20
External EGR ratio % 0
10
9 - — Intake
_ 8 —— Exhaust
g 7
E e
£ 5
2 4
g 3
>
2
1
0 I I I I
-360 -270 -180 -90 0 90 180 270 360

Crank angle [deg.aINTDC]

Fig. 2.14  Intake and exhaust valve profiles
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7 2.9 © 2 DOEEZEIFIZHONT, M 2.15 12777 1 RILD GT-POWER E7 /L& HW TR HER D
BEREMELCANTDIES), B&, IREORRYT =243 H LT, 3 IOTRIRIZIIT DT R 51X
F 1 KREOHRTHHN, FERIZ OV IR F L IEDO~ =R — LR 2L THY, K[FEROPERT
WNENRENC R ET B EETINERDS. TDD), 4 [AETETT /MEL THEELZ. %
72, BFEICBIT DIRBEE 112 OV TCIE, GT-POWER (Zfifi4>% TPA(Three Pressure Analysis)PN 0D ZEAFE
AR HEERERE A OV CHEBMEZ - EL 20 FELZ. K 2.16 12, GT-POWER (ZXVEHELZHAN
JESERED EBRE LD RS, BIOATHOF R K577, MNENTER LIcG 6, WP
AZZHIRNC BT RAF 72— B RS, AFIEICIDEH L7 RS LR O Bhi 2 HE R 2
a2 HBLTETODLO LRSS, 3 IRTRFRICEW TR, BERmEICHS T A EOE B ELR
FE DR RN T — 2 EWRU, £ (FIE) SIRE DR R YT — 2 PRI A L.

Mass flow rate Pressure rate
Tempreature rate Tempreature rate

ary
¥

.= Intake bound
e ol

lurgeT2. InManiR2-1 IN-PORT

urgeTs InaniRE-1 NP OR]
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Fig. 2.15 The one dimensional model for estimating intake and exhaust boundary conditions
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. . Experiment I Experiment
[} =
§ 1 a) Stoichiometry — GT.POWER § 1 b) Lean — GT.POWER
O = 3 0=
&¢ ag
52 g=
2 o1 : 2 o1
3 3
0.01 — —_ 0.01 — —_—
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§ 0 [’—A—Lx,\,A'L‘/_\ AR A R A 5’7 60 5 § 0 [— O AARRARAR RS BS 2 ‘*h: 60 5
o .5 ——InPort-F L V4 ¢ PP — InPort-F L Wi 40 o
g 10 InPort-R L 0% & 0 | InPort-R I o0 T
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Fig. 2.16 Estimated boundary conditions by the one dimensional gas exchange calculation
(Upper row: Cylinder pressure, Middle row: Intake mass flow rate and exhaust pressure,

Bottom row: Intake and exhaust temperature)

217 IR DU OIRE T VL BEV ARSI RE RS 1A, o 210 ([CHHE SRR
(FLHOEENE H 3R 2.1 ITHETD) . M FIRIEFERFRD 0.5 mm ELTREL, ZOHEG O FEITT
FERUZIBNT 6,965,6321 &72%. FHRIOEFAIZ] AMEIE 0.0025 deg.CA [EEE L. BREHZ DWW TIE, 5
BRSRRBE AR O EIRICEWT PRHICEW A S AT, FHRTIISE O FIRAREL T & (A
USRI R OA VA7 B2 ATTIRBESE TRASE 2. 2O, LRI SV OREEFHRICI VLT
Az BRI FE D i MR EER 72 7 F (1CsH s, N2, Oo, H2O, CO,, OH, CO, Ha) #5 [ELT-. IA K[ ORE RS
1%, ZISDOMAEIA TR U B A VSIS, BEFEE RIS TEIRBESEE LT, Ao Han 35
LU Reitz OJERFIEREBI BN L0 BMR L EE B LT, A7V ERIL, RENDT-OOBELL T3 W
A7)V, ZDOHOFHBAIZ 10 A7 VDOEF 13 A7V EZEZBRFIFEND 2 KON TERL
7o BE A7 VICBITAEANO IVC RN I E &, IR T AEIGEZX 218 ITR~7. 3 A7/ H
IZBWTENENEFEICHTIL, 1 RICRHERGIRICIDEROHEE BEEb R —BT 5. G
FEDRRFEE A2 )V DIRBEE B O 34T1E, 4 BA27 v B LR 2 XS E L 7-.
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Exhaust

Intake

Engine geometry (STL) Generated mesh (Grid size = 0.5mm)

Fig. 2.17 Engine geometry and generated mesh for the 3 dimensional calculation

Table 2.10  Calculation conditions for the LES multi-cycle 3 dimensional combustion calculation

Mesh resolution mm 0.5
Time step deg.CA (sec) 0.0025 (4.16667x107)
Boundary conditions Intake Mass flow and temperature rate
Exhaust Static pressure and temperature rate
Wall boundary Iso-thermal + wall function (Han Reitz model) (>

Wall temperature: 400.15 K

Chemical species iCsHis, N2, O2, H>O, CO,, OH, CO, H;
Calculated cycles 10 (Additional 3 for Run-up)
0.36 20
0.34 | _ 18
o Measured (1D calc.) X 16 |
=) 032 r™~_ /] S 14 f
§ 0.30 S 12t Measured (1D calc.)
£0.28 © 10
Calculated B
3026 2 2 -
[oX - 9 ® L ]
F0.22 g ot Calculated
0.20 L L L 5 0 L L L
1 2 3 4 5 1 2 3 4 5
Cycle number[-] Cycle number [-]
Fig. 2.18  In-cylinder trapped mass and residual gas fraction trends at IVC during the run-up cycles
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2.3 HERBRLELR
(1) ZEKOBRISRIT L OPRGE ) 22 B S PRIGERF 0D 7 I R

IZCWOIZ, HINOCA (2R EREDIRBETE ) LIETE HRIZ2 YA 7 VRO ZE B O TG L 27 L7,
TAPNEAOFHIMEL RO A XK 2.19 LK 2.20 (237, KIANOERIRIT 10 A7 0707
IR TS, FHNSIVESBIEIZRIL T, AFHRCIE RS 22 E BRSNS TRY, 225H R
DEAITHIBIETE TS, FRFMTET MREOFEITERL THH T, AjtHEa—RNIIhZER
W TR DIRBED AL A2 B Al B/ ZE N BA L Te o T2, FtW T, BRI NE (IMEP) L%
DEENZR (CoVyypp) P HESFERZK 2.21 ITRT. CoVipypp 2OV T, BRCERAMHIZ OV TRIIE
ERANC, FME I IS BRI HHENTOD. MO E S AR/ NI L - Bl e L
T, FHEV AT NVEREBROF RS A7V LT, FEBRIZB W TR AT HIRIMEPY
AV NERZHN TRV REM RS ® 5. X 2.22 12, FEHED 100 P A2V £ TOIMEPEGHEAEDY A2
IVIBFED Hlg L, EBRIEDCoVyyppZ it B EFRRIZ 10 VA7V O X CTAEE L TEHL L= 45 F4
R 60 VA7V HETITRFEREHEDCoVypp DETNT—EL THDHDOD, BFREAIIMKIMEP
P ATINVHPHAET D 70 A7V B LABETCoV ypp D TEAEDIER TS, ZO X738 A E DIRNBISR
% LES THIEA D=L, FHEV A7 NVBERINEE LML, 4 RIBE TE TR R PER ST
SOV A7 VLR, PRI IZEDBAEIE T DR — MNEE [~ 75 LR O % & O T R B &
DEETEET MMETHUERHLLDEE X LD, 7o, IMEPOfExHES FERIZK L TRdies
TWDHDS, ABFIECIIm AR IR ORGE - %A FEH L TR5 T, BhR%EDERNRT X —ILK
DT RPNZK L TUIFEDDHLHEF 2 D.

Feu VT, 22RO R FRIC K DRBERME D AL OB HMEIIE B Uz, A bIC K DRBEZ BN O Rk
ELTC, fANEKIE I &ZDALER, BEE &HIAGNEOEGITE B LB DS, AR THEMEIC
B DRBER D BRIV ATEZR T 5720, ™ 2.23 IZBWTENLD EBR KL FHRE D i &4T -7~
TR N B KA (Pray) &F DALIE (CApmax) V&, ZE FIRIZ I TIECAp oy PIEFAITIE U TPyax
THEL, REEEBRICBWO IS OEAZ R T ZEIVRENTNDESY, Fio, RLZERFORBERED 5y
HreU T, BRBEHLOLE (MFB50%) (2472 10%R 588 EHI G2 E (MFB10%) & 90% A GEE &H1 4
{37 1 (MFB90%) O H 8t 24T ~ 7= IO T3, s 512 X657, MFB50% & & MFB10% 35 X (8
MFBO0% N B IR AI72 BIER AN b, BRBEA B A 5| & 2 3 SRR BEVI O W1 K Kl R D
B THOLILIERSN TS, RIFRIZIBWTE, 7 OFEEIZ IV TIBREFHR 0O [ i C Rk OEH
MZFHL TS, LLEDD, RiFHEa—RETIE T, ZRBEIRE IS U TREDO VA7 LA
BT D EEROBIG A @ U KRB ATRE/R b D LTS D.
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Cylinder pressure [MPa]

Fig. 2.19

Cylinder pressure [MPa]

Fig. 2.20
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Fig. 2.21 Comparisons of measured and calculated IMEP and CoVjygp
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Fig. 2.23
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VIV DEMEENY, KRAGTEO SLITIRE R DA BN ZELEND, ZAUTE 1 =X (1.9) 12
IRENDINB TR BER S, EELF RS Y OFEL TEZDIENTED. BFREEHE X, X (2.45)
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Fig. 2.24 Description of phase and focused areas of cycle-by-cycle combustion variation analysis
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Fig. 2.25  Correlation between individual residual gas fraction and IMEP under throttled condition ¥
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Fig. 2.26 Cycle-by-cycle variations of trapped mass, residual gas fraction and temperature at IVC
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Fig. 2.27  Cycle-by-cycle variations at the local spark plug point (values were taken at -20 deg.aTDC)
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Fig. 2.29 Contributions of S7/S; (SGS) and S;/S; (SGS +GS) to the turbulent flame propagation
speed (Stoichiometry, cycle #7)
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Fig. 2.31 Traces of C oV of cylinder average and local values at the spark plug gap
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Fig.2.32  In-cylinder distributions of flow velocity during the compression stroke

(Lean condition, cycle #1 to 3)

Lean

— 10
2
E 8 Intake valve lift Cycle #
< —_—
=)
o 6 —_2
& —3
5) 4
[e 5
X 2
®
Q.
? 0

-360 -300 -240 -180 -120 -60 0

Crank angle [deg.aTDC]

Fig.2.33 Local traces of u, in the cylinder at the spark plug gap

(Lean condition, cycle #1 to 3)

-74 -



52T VU RO K RACTRIRGE D FEUERI AT

ZC, IMEPOY AV NVEEB D KREWAHRIFIZBITDEREGEOYV A7V EE) R —ATHE
HL, H%ﬁ@@ﬁ Tt — L A& AT, BV ATV DIMEPEY A 7 VEEIC IO IEREL, 3HE
FEROHERLZ 10 VA7 VOt S A L TERRED RMS (Root Mean Square) #2724 7 EAL7-. A5 %
#X 234 1R A2 20 A2 1 [BIOBERE TREZEDME/ N5 8 0MFEL, EFULSNZIMEPD
o H— b R BAFIC— BT 5280 o7,

0.25
=£0.20
50.15
2]
E 0.10
0.05

0.00

Lean (A=1.3)

0 10 20 30 40 50 60 70 80 90 100

—e— Measured
—e— Calculated

Relative IMEP []

80 90 100

Cycle # [-]

Fig. 2.34 Coherence of the variation pattern of normalized IMEP of measured and calculated data

(Lean condition)
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Fig. 2.35 10 Correlations of spark plug gap u, with MFB50% positions
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Fig. .2.37  Correlations of surface averaged u, acting on the flame surface with the MFB50%
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Fig. 2.38  Visualized results of uj, gas velocity and S;,/S; on flame surface around the spark plug

(Lean condition)

-78 -



52T VU RO K RACTRIRGE D FEUERI AT

1.6 T T T T T T T T T T T

L CRITICAL A N |
RADIUS I L}
\r / u*
h L]
12k I . -
L]
.
3 . SPARK ASSISTED
| o 2 PROPAGATION B
Ao
ke
0.8} . 4
-
-

0.4~

RECIPROCAL STRAIN RATE, s-', (ms}

FLAME RADIUS imm}

Fig. 2.39 Variations of reciprocal strain rates with flame radius for laminar (broken line) and turbulent

(solid line) flames about different spark input energies (CHg-air, =0.6) ©¥

() AL BEE B LD A

ZIT, EmAt o/ b T AL T, REEEESHEMT 2B M A B L. £, AAKBO KR
M IIT DB R NERES, & SGS DELTEABER LS, D 2 DIZFERL, TNENOIEHENRZ (65,
0Spp) DIT 018 B R R e B L AT M S I C W T HE I LT, Bl SR A X 2.40 (9. 22 RITiE,
D ILAEL U TRIEDGIFITIIT 27 SGS DELIRMABERE (Sra ape) EEANHIE (V, 1)
ZoRUTz. S LSy DEEHERZZD LI G, £9°S, OZLERILS 70D 1/10 LLFD 1 em/sec L-/LTHY),
PREEZ BN T DB TTEA L TN ERN D, T, X 2.26 (SR U2 EAGB AR REO (R BE B 28 )
PIENEWOFERNPOLFHIITED. —H DSy OEBEIL 10 em/sec UL EEFEERO K RARTREE 2+
OB A B2 DFLE IR EL, WD CupOEBR XA ThHDZENHER TEDN, i At
DO CHEEAER IS AT R b,

1000 E AN Stoichiometry
B : i sk
g 100 ? : TA ave.
5 A
— 10 E \~‘: ----------
[7p] E ]
e} o ]
3 i
(/')_ 1k r":— ____________
o Ssal U TUNT
)
)
0.1 .

30 -20 -10 0 10 20 30 40
Crank angle [deg.aTDC]
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Fig.2.42  In-cylinder distributions of average velocity, uy, T, and C oV, for 10 calculated cycles

at-16 deg.aTDC (Lean condition)
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Fig. 2.43 Iso-contours of probability density as a function of Tl against the cycle averaged u, for

10 calculated cycles at -16 deg.aTDC (Lean condition )
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HZ5N, GpliudFE#ata(V-u=0) LT, k, DEENIMLELTHZHNS.

k, 6,=0  vme {0,1,..,M} (2.76)
F7-, HRiEqg,,13:(2.71)? von-Karman Pao A7 MLEHWTLLTFORXTH L5,
qm =V E (kyn) Ak (2.77)

7B, ERIARKFEZHBLL THOWDT2O12I, E 2k T 20203% %, Saad HIE, udIEH
[ZOWTHEBIL T 7 A1V, 2 VY, UTORICEEHRA THDHE),

M
Vy-u=-2 Z AmOm * Ky sin(ky, - X + Py) (2.78)

m=1
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22T, B TIEAEE AU, Rl i FO TRDENS,

km = (km,x' km,y' km,z)

= sin (S temkeno). Zsin (k). Zsin (ks | =
LQ2.76)IDY, 6,2l FOIINCK,,DIREARZMNLELTEHZHIET, B NME-NS.
k, 6,=0 vme {0,1,..,M} (2.80)
RIS KO/ NDWE I K g Ehe oV R R FEIR D R S L g e EFETIRALY,
kmax = X ko= 2 (2.81)

A, o Lspace
THHOT, RELFHEER CIIT—RFEMIZIEC TmE B Ok, I FOINCHRESNS.
¥, AMFZETIE, M = 500017z,

Kpmax — k
km = ko + %O(m —-1) (2.82)

2.3.2 FHEZEMH

FHRSRIEIC OV TR, AFFETIE Ting O ERBArE W AZ L TR G KO EKELYE K R OB
FREFRVE B E IR E LT, Ting HIE, X 2.46 (29 134 125 mm DN FTERD ERREIZBNT
ATV —NERBNEFESELETIHNGEERL, @MDY 2)—L UREIEICIVERR KR
DIGFEEBRELTWD. 2TV — O RERLEERELZE T TLHILT, oA —/VL =2, 4, 8
mm @ 3 KHE, FLAVRE U 13/ KT 2 m/s ETHEMRAGELL TS, BEOTA XL EZD, Zibidn
T VU RNIZBITDELNLORHEIZIT . SCRRIZERW T, Y &EEbg=0.9, FIHATEEE 300K, K
RUESM FICB W T OELIVIRS 24 2, FE AT — VA2 R TR K RACRTE LA FFAl L TV
5. ¥ 247 OF FITRTIEY, FE AT — VDV NSOFEH TR RO R HELIV O
WRNEDD, KRIGFEHE L LTI A — WA TR — OfE R 72> T D, 3720
B, ¥ 2.47 O FIIRSNTOD IR —D K KA TR L 7235 5V FE 7 A — )L DV NSO SR
VEEELPERBE R EE SR X Vi L TR TE S,

Inlet/Qutlet valve

Perforated plate
(at end position)

Micrometer _—
electrode B
Iy Spark
electrode
Pressure
sSensor ————

i

Fig.2.46  Cubical constant volume combustion cell with a perforated plate turbulence generator 79
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Fig.2.47  Experimental results of a turbulent spherical flame propagating in a constant volume cell 7%

AW CIE, ERROFEBREZFEILZR 2.11 OFMHIOWTHIEFFEEZFE L. FIHOTLGRS
X 1.2 m/s EL, B A7 —/UIEL=2 mm & 4 mm @ 2 51 (Case A, B) EL7=. BREHIF R ECidr e
kL, BEHG=0.9, FIHIEE 300 K, FIHIET) 1 bar DZERED TRAREIMSEMEEL TH X
To LT VEREREEER 2.12 IO T . KRBHEET VL, =0 DU FHRRFERERIZG R
& Pitsch 5D SGS ELITEABEEEZ WY, €7 WV EHD AU, JEIRRBERE IZ Wi, Y&
b, FIERREE, /)& B B LTS, =38.4 cm/sec DEEMEEL CTASILT. FHHEME IR, Rz Ab T
DVURRERRLF O EEL. 228, RKET VA E CIIEAE T, B 1L.0mm OERKROG =
OS2 S AL BRIk OO P Y | CFC -2 2 CIABE A BR AR S E 7.

248 ICARTFIEIC LV ARSI IO 3 ILOMES A 7. F7-K 2.49 1213, REFE O
At IS EIRD TN F — AT MV E 3 RIS D P AT MED ELiTE =L F— A
A_XIMVEFFELUAER, £ LT LES #HHEICI DR RIE % O L= f LT — AT ML AR T
2.49 10, ISR TRl E T DAL O RFENR R BLCECWAZ LD MR T 5. F7-, FEfH
BB % DT RN —ARTNUCHEH §58, ZOZE)IIX 2.50 |Z757 Lesieur 50 Bachelor HLHED
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FePEIZUTV N 3 IRIT D ZE PR ELIE O DNS 5 ROVEE I —E L, FEFFGRIZEV R K= /L ¥
— A WEEDME T LW ENHEGR TE 5. 72771, AED LES FHEICBWTI T AT AMNRERGE
5D @I AR IO B R D B L o N A IS LD I M/ MEIR IS 31T DI E S K&V ME
WIZHD. 708, TAFANMER L, EOW O ELITRITE T HEEGRICESX 2.2 Hid SGS Duykl

TH~o7-.
Table 2.11  Calculation conditions for turbulent spherical flame evaluation

Case A B
Integral length scale L mm 2 4
Initial turbulence intensity u’ m/s 1.2
Fuel propane (CsHs)
Equivalence ratio ¢ 0.9
Initial pressure bar 1
Initial temperature K 300

Table 2.12  Calculation settings and sub models
Mesh resolution 0.5
Time step sec 4.16667x107
Boundary condition Symmetry
Chemical species C3Hs, N», O2, HO, CO,, OH, CO, H»
Turbulence / SGS model LES / WALE model !9

Spark ignition

Forced ignition by spherical G = 0

Flame propagation

G-Equation model (1)
Sr: Pitsch model 4344

S;: Fixed (38.4 cm/sec)
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Case A (L=2mm) Case B (L=4mm)

Velocity m/s

B ke

Velocity m/s

lé

Fig. 2.48 Distribution of velocity magnitude of the generated turbulent flow fields with different

integral length scales as initial conditions

Case A (L=2 mm)
k;. Nyquist limit

Case B (L= 4 mm)

k;  Nyquist limit

1.E+00 ¢ — 1.E+00 ¢ T -
F——von-Karman Pao spectrum: F——von-Karman Pao spec:trum:
1.E-01 g—D-Generated (Initial) i E L.E01 g—D-Generated (nitial) E
LE02 E05 msec E : LEO02 k505 msec E i
LE-03 £om1 msec L LE-03 ko1 msec Lo
& LE-04 Eerim10 msec h o LE-04 k10 msec =\
) F ©v F H
F LEO5 f- - 20msec £ LEO5 f20ms ;
= 1E06 [ = 1.E06 E ; lt
= 3 o d ! i
1.E-07 E 1.E-07 E i '
E 3 i —>
1E-08 1E-08 E 1 SGS
1609 E 1.E-09 E o odel
1.E-10 Eooovimm o oo o L, AUV | 1.E-10 TP ... Lo
1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03

k [1/mm]

k [1/mm]

Fig. 2.49 Turbulence energy spectrum of von-Karman spectrum and the generated flow field

E(k,t)

Fig. 2.50  Three-dimensional decaying isotropic turbulent energy spectrum calculated by DNS (71
(Mode number: 256°, E(k,0) o k& for initial condition at k — 0)
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233 HERBRLEER

] 2.52 12, FEBRBERHEIC BT DRt E IR O LV IR Sw, ORI EREZ 737, 22T, u'% GS 12l
LIHFEEE R ucsl, T (2.59) IZXVEHEEND SGS DuyDOEFHEEL TS, ug oW T, Eii
HWEZPrELT, [AEROELITERIR K R 2 FEBRANCFHI L 72 PIV (285 2 R DO FEHE S 1ECY
ZHEIZ, X251 \ ORI RHEEIR R Oxdh EIZEBT5 3 55 O (u, v, w)D RMS fEEL TLL D

RATIVEH L.

1 2 2 N
Ugs = [§ (u;c,GS + Uy es” + Uggs )] (2.83)
N 1/2 N 1/2 N 1/2
/ 1 2 1 2 , 1 2
Uy s = Nzul Uy s = ﬁzvi yUx s = NZWL
i=1 i=1 i=1
3
5 | t=1msec Uy as —ux
1 AR R AVAY =
) uz
E0 freDen sf\q%N Yol
i \
_2 -
-3
0 20 40 60 80

Distance [mm]

Fig. 2.51 Probe line for RMS of velocity in 3 directions and fluctuating velocity on the line

1.2
— 10 o y = 0.9868x 017 oCase A (L=2mm)
é ’ c R?=0.8734 oCase B (L=4 mm)
—~ 08 |
§ Y oov 0o oo UeeRL
(-}-) 06 1 C fit UUUOOOUUUUQ
e 04 r (Ex| onentialIJr;/e :'oximation) Uy Y= 0.9771x8
= P PP R?=0.9216

02 r :1:1__‘_\___“_____ _____________________

0-0 1 1 1

0 5 10 15 20
Time [msec]

Fig. 2.52  Temporal changes of u' = ugs + u, of turbulence conditions with different integral length

scale (without combustion)

F MR O ELITE =1L — LELIVIRS ORFRBIZ G, UL T ORUTR T IOIKR IR L TR
ITLBI R R E LR D ENR BV TEY, h = —5/27% Kolmogorov (ZXVIERIIL TS,

2h 10 h 5
Ex(t+a)l-h=(t+a) 7, U x(t+a)t-h=(t+a)7 (2.84)
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Fo, UTFoRITTEROSNDINT, FLfi= R — ORI 0 K SAT— /WIS %
ZENEZ B TNDW,

3
iE ziu’z z—gz—u
dt dt L

2.52 OELINREORERIN72ZAGIZIE B 3758, Maffhebu IERFRIZ L TRBIZRIEZ R
LTEY, FIETAT— A/ NSNS A TIEEORRERDIOREVFERERSTND. 5T, &
PERIZIIAGH RIS B W TEHMEELIR O B R A B CE WAL O LI SND. 728, uy
WZOWTIESRME A IZBWTESHERL, K0S ELR TR T =2 E P L THDZEN D, SGS
DOELFTREEEFE 135544 A THRED.

T, EFRLOELNSGHZIBIT DERIR K RIBFEOFFAERLL T, ¥ 2.53 IZKKIFEORERSITD K
RABRERRABTRIRE 27T K IBEEITBERES (T > 1600 K) ORFED D HEERIR O PERHEEE L
THRQRINTIESOTHEHL, KRR E T2 ORI LU TR L. KR ERICHOW TS
FCRERZETALNZRND, BREHEIZIEH 35& 2msec £FTILRERETHLLDOD, ZDHIIFE
GIAT—IVDINSWVGRAE A IBIBEDEED, i B 1ZZ AU TEREL TWHIENHER TED.
ZD#%, 5 msec ZMXDEGM A TILARBREHRE DO HIABLB AL, G B BNiflsd 5. Z0%
PUZBITHEM A OKREFFEREDOEHIARAL, K 2.52 ITRDSILTNDINNT, ELNVREDIIEFEIC
HOREREE ZBND.

2.54 12, [X] 2.47 O Ting HOFATHFFEREROOLIAIRRIZ, KA A CREBEL 72 JEABERF O BLALIRE
&, KRRAGTEFH RN LG O T ELIRIABE I FE & BT B O B (S /S,) DGR AR T, 22 TS,
2.28 TRUIZSAER72 K RAGTRIREE S[R3 CHY, GS ilisr &5 D7 EBRO LR BEERE Th 5.
Ting HOFEBFEREFERIZ, B A7 — /L O/NSWERIE TRl — KR ERRITRT U TRLIVIRS IR
DO, ELTRBEEE LU QAL E2HERIL TRY, 27—V ORBIZLHEE R RBR IS,
R, BT ARMEEL T, ML KRB 5 mm ETIES, /ST 52 L7a<IFE — & THE
BL, TOHRAMIHENT 5. ¥ 2.55 \RT IS, SKBOYII KT O ELTTIRBEEFE 13— E O REH]
ENE o THEBLZILIT AR~ EEBE T2 ZE0MERMITIB X DTN H009, Z ORI 72 Feik s
FEP A — VO TE B B ARG R KOS b7 o T2

(2.85)

35 6
30 | ——Case A (L=2 mm) — 5 |
= —C B (L=4 e
g 25 | ase B ( mm) £ L
= =
220 | 3,
B 15 | g
[}

% 10 | £ 2 ——Case A (L=2 mm)
e a 1 F ——Case B (L=4 mm)
O 1 1 1 1 1 0 1 1 1 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time [msec] Time [msec]

Fig. 2.53 Time series of flame radius and burning velocity of turbulent spherical flame
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1.2 3.0
11 ——Case A (L=2 mm) 28 L ——Case A (L=2 mm)
' ——Case B (L=4 mm) 26 | ——Case B (L=4 mm)
1.0 oa |
- 0.9 o 2:2 | Turbulent flame transition
Eo0s @ 20 —
207 ® 18
1.6
0.6 14
0'4 1 1 1 1 1 1 0 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
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Fig. 2.54  Turbulence intensity u' and turbulent burning velocity S;/S;

flaépe ‘Iaminar laminar.  fully
radiis ignition  turbulent  turbulent
phase phase phase

—

transition
critena

- turbulent
kernet growth

J”’ R
-~ \ laminar
kernel growth

1 ' asymptotic iarrr|;inar
| propagation pHase
rSI l : ’
0 ty t, i time
-

N
T spark duration ts

spark timing
Fig. 2.55 Description of turbulent flame kernel growth speed of a spherical
flame ignited by spark ignition (7%

2.56 12, SLAVIC KD ELIEIEBEEE OB E LT, SLITIRBEE B L& Ji R BE B D #257 AS =
Sy — S LU D (AS /') THEEPRUI A Ram T, BBITIE, & B 2L L C, B A — V& HE /I
L7226 A IZBITDAS/u' DN Z R LT, S A TIE, KRR 5 mm Z#8 2 72 RF 5
AS /U DSKRESINT 5. ZOBBEOBALLT, K 2.57 (& RLNC BT DIRE A & 2 Rt KW
i (G = 0%l ) 27~ 9. F72, X 2.58 ICKROE L AR O INFEOR R EREZ~3. 22T,
KRFE OB T (2. 70) DB ARFEN B3R 6D HALD ELERHA R O R O R EFEO H & AW T
Afiame/ (Amr )L THEILTE. Apjgmel T, KRAGTEFHHIFOEERD 3 RITKROEXHEETHL.
2.58 &0, B AT — N D/hSOSEE A T, RO ORI TApgme / (4mr2) HHEIIL TH
B ZhUE, ) 2.57 D3R RE OO E DO OT G KRB Z AL R Th b
S25. Thbb, PG THERRARICEBOTUL, K PRIIKIT DR AT — A A NSOELILT
HDHIEE 52 DT ELAIVIRSIZ KT T~ D ELTTABE R FE O HE N3 EL, KORIITIREEZ (et T&5
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ZhlTheD. ZORERIT, PERMLEBRIICEX DIV TEIZFRLE—F L0, KED LES &6 R
FDIRHTIZ BN THEDIOZRERIR K RFr A OB A BRI BRI 2 &3 37Tz, 7283, X 2.58 TlE 3
msec VLS CR OGS CTRIEOE &I ENRON2250, ZHUEK 2.52 IZHRSILTWDE
NFED AT — VDV NSNS A TIHELIVIRS OB D RN, N — AIZ LD HTH O R IEH
B IGN RDT HIHEN DT LB X DD, Feftf: A DA BITKTDAS /u' DEETRIZGE,
RAEE 3 mm FREDNDAENELD, 2 10 mm B CE—24301%, ZORITHWME F95. ek, k&
10 mm (X 2.2 HiOT U DURROGE, BIEAEROND BRI YL, X 2.36 ([ZHBWT
MFB50% & & K R I AEH T 2uy OB DRV L B0 D, ZORERNS, AT —/VE 4
mm 75 2 mm (ZFETHTHIENTEIUL, FITu' Tho THEHIZ AUk DOBREED IS UWTHEL
EABEIE % 20% L EEbHil, MFB50%% A CELRIREME N HHZEN hoTc. DT v
BT AT —VE, 5 1 BTHIR 72X 4~8 mm FEETHY, A7 — L Offi/INZ XL DH)
HIPRIGEH FE DUGED R HNFET D,

Propane ¢=0.9, P=1 bar, T=300 K, Ujpitia1 = 1.2 m/s
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Fig.2.56  Comparisons of AS/u’ (bottom figure) and improvement in AS/u’ with smaller integral

length scale (L=4 to 2 mm) versus the flame radius
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Fig. 2.57 Visualized results of distribution of velocity magnitude and flame geometries of turbulent
spherical propagating flames for different turbulence integral length scales
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Fig. 2.58 The comparison of flame surface area increment ratio Agjgme/ (4mr?) between case A and B
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2.3 ¥£&¥

REETIL, BV DU ORRBEE RN, BE OV A7 VB ORI B FLFRE O R A S
DI, TIRAH IV TP O BBER IR BEMRAT &L E R A S B LT E W 5 2B T D ERIR
ELIEKRABHE D LES & AW Bl G H A SR LT BUEF R O EMEIZH Tz > TL, =D lHke
BB R A MERIIRIZIBN TS LES ISROOIDEWHE i E COfT A ATREE T2 IB E&2~
—AELTm VU M 3 IRIE CFD YL N—"TCdh 5 HINOCA % W, LES I[ZRIGLIZ K RARIEET L%
FASATeZ S CTERIEOIREEE FHHLATREE LT, £/, ERIRELFE AR OFNTIZH 7= > T, (LB O ILFTHT
FHEAMEE ATRE/R T A L7 — ) = — RIS SHE A B O LR TFiEE WD ZET, AT
— VBV DELI K RAGTRIC RIET AR AE L. L FICAREOwRATE Y.

1. ARETHEMABLIOMEL-Z T A7V OIEF IR R FIEICLD, Y'EHEVORMFICHITD
A NIE 1B, IMEPZEEYE (CoVypgp) DHEIN, BRBEE REIS (MFB) (L& O L BIRAESE, FEb%
DOHREFH - FRTDHIENATRETH 72, SHIT, ALIVFEEZ LSBT B OERIR K RO
FHRICEY, = VURINICEBIT DIEE BRI LR TR RIZB T DL K RIBHED
TERZ YN R TELZ LA R,

2. WMRATRRICEV ARSI Z 7 AU, JEMI TR IS NSWAR — L OFELIUCE S, iR
ELT SGS DELtBEuy S mEDH. ZDEE, [RIRFICuy OV A7V HIZEE N, R %EOPIH
BRBENZ DR X OB D2 L TIRIEO VA2 VIZEBNAE LD, £, FINOuyOMELZD
%@ouza:zﬂa&%iaﬁ&)%n, ELADTRIGIZATREL CTEDOEB DN T D2 ENP G772,

3. PAZIVENCEIT HABERE L (MFB50%) (B DO EE, Rkt 4 deg.CA CKARHAEA) 2 mm) 2
FE DT KRB E I D KR OELIR TR Euy OEB A B D, — 7T, JE itk be
FE DL LA AT AEG, MR, FREE &L A2V EIZIITDMFB50%NE D%
ENaPSE SESTEA RGNSy aRAVIRoY

4. BEamEATERMOM T SGS DOELITIRIER LSy D ZEBIE Z 721 TS, A LI ZD A 7LD
PRIBEZS BN IEAL T DR KT, MFB50%N 8 A BN x5 2 Spa BB OEEE R AR ORFZIRIZHED
BR K RACFRFEEEO SIS U TR BEIIC R EL R D20 THD. 20728, FKT 77 Y
DRI ELTR R E 2 B0 D2 & T, RBEAR O Z 7259 A 7 VB O RBEA BRI CE 5 A AR
MERH5.

5. ERIRARERECIE, SARICHEZELIZELRARICER T2 E COM TEARRAFET D, 20
L, HNOHS A — /L EE%E 4mm 205 2 mm ([CETHETHLITIY, [F—EhmSickirs
FLTTRBERE 1T R T 20 %I bEND. BV TP AZEBWNTIE, RO PREE DR 24T B
I EN L CREMES LD, ZORERITR KT Z 7 HVICFE 5 A — VO /NSWELNETE R T
HTET, ZhHRMNTHRBEI 2 HE CE D ATREM 2 RIE T b D TH 5.
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NELND. 728, BEHI% R 2= DU EBRICEBWTHL WD T )  F E R ERR 7z &
DL LT,

Control system

— ~haree A: % =
Driver 3 CharseAup.  Comnecter : Scattered light (liquid)

ke ﬂa Conctantvolume
chamber

Ignition
system

Gas charging system

Fig. 3.1 The constant volume chamber and optical system setup for spray measurement
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Table 3.1

Fuel injector specifications and injection conditions

Injector

Diesel type (Piezo pneumatic driven)

Hole number

Single

Hole diameter mm

Refer to Fig. 3.10

Nozzle L/D

Refer to Fig. 3.10

Injection quantity mg 6.08
Injection pressure MPa 20 60 100
Injection pulse width msec 3.198 1.269 0.834
Fuel Regular gasoline
Table 3.2  Target ambient gas conditions for spray measurement
Assumed SOI
Density kg/m? Pressure MPa Temperature K in a gasoline engine
deg.aTDC
4.84 0.783 564 -40
6.79 1.250 641 -30
9.74 2.057 736 -20
13.3 3.173 829 -10
15.3 3.815 872 0
100

E 80

=, Co2

é 60 H20

-‘g m Kr

g 40 = N2

8 =02

g 20 m C2H4

0 .
Initial Combusted
Fig. 3.2 Charged and combusted gas compositions in the constant volume chamber
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3.1.2 Rz Vv

ATV M S BT K AE KR BE D FERE R 72 e M2 A 21 H 720, BEAFOIERMEEE 14 D4k
R 1,998 cc [EA] 4 RIFH YV 2 DU m R —RIL, 1 RROWRR, REES R, LU AR
FIREEF L% 3.3 O e r iAWz, BREEEOW SN L E LY VY g3 nlRE7 R £
3.1 OEEBEMEAL =T ZDMEDY, ALY =72 OME SR &0 FH XBRE) A 52/ L TR D=
vrarba—ZI B IICHIE SIS . TR LS R SR T T T RS NS 1L,
H 1 KEOHE 33 NRTEVRIROE AN ZERAL, FoBRO MDD, mEA Y= 2%
TERBRRBREFRRICHEMELE LT, 72720, BEALA L V=7 2 TIIE R BRI A S D729, PFL IZ
FOBRBHMIHAHATOZ LT, TRA R ELEM TSN &4 E ORISR TREE LT-.

Table 3.3  Engine specifications

Engine Mazda PE in-line 4-cylinder gasoline engine (modified)
Cylinder # 1 (Analyzed) 2-4
Displacement cc 1,998

Bore mm 83.5

Stroke mm 91.2

Tumble ratio 1.7

Combustion chamber shape Pent roof type

Piston shape Convex Cavity
Compression ratio 15.4 14.0
Fuel supply PFI + DI (diesel type) DI
Aspiration NA (Naturally Aspirated)

Fuel Regular gasoline

| Spark plug Piston shape

. High-pressure
fuel Injector

Fig. 3.3 Combustion chamber configuration and piston shape of the test engine

-102 -



93 mEA YU E W K RASTRRBEDE TV 7 LT

3.1.3 REREEE

3412, = v of FRBEEE KA R T, 8§ 1 RMO PFL &g+ DI, 20T 2~4 K0
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PRBHE s H I3/ N B oo 25 FE AU &0 4 FP-213 & FP-2140H % FH\\ /. &£ DI IZ-DU T
X, AMEBIRERR L 7 IS J 0 KIS S E S 100 MPa £ COMERHEERD Al AEL 72> THY, BREE K E 7
TFRER Y 7 2= NI 2 L — VOB TR AT DL F b —22 X0 BEEICHRIES LS.
7235, REHZE RON 78 91 OLF 2T — YV AREHT, AT RORGEDT D I EERERS 4 (B 7Yy 7
FM-6) % 500 ppm ¥RINL CTHEAG L7z, BREFOIR L, KN ROBAHLZRIC I —EITRT= 5.

51 RE O BN ZE R A WA R oD JE i 22 SR e E LFE-300B A FAVVCEHAIL, E-HERUH
i L (CO,, CO, THC, NO/NOx) Z- 335 S E AT R O PR BE 404 51 MEXA-7100 IZKVEHAIL7-. &
WIEDRHINCIE, 5 1 &I Kistler BORNE 7Y 6125C EFv—2 727 5018A WV, Fiz
5 2~4 KR TIE 6125B & 5011B A Vo, & 713/ N B ZR EREBEREAT o 27 2 DS-2000 (280
300 A7V EHIERL, ZEOMOPERFR AR 0% FR O 1T National Instruments F0> 7 — X I4E
(DAQ) ¥ A7 L PCI-6250 IZ KW EEERELD. B IFHIIIEER 7L v/ ¥ A FEA—F 150kW-FCDY
ZHV, TPV REREA—E LR DI ARTRIEEND. £, =P OMEIKIEE TR O
RS ON/OFF FEREFRHIEIZ LY 90°C—EITHERFSIND.

_Fuel tank for cylinder No.1
i MEXA7100
Fuel flowmeter | Fyel temp. data(PFI) | —

Exhaust throttle
\ Amplification ;] temp. data

~

______ ’ '. 24 LabVIEW Combustion

- analyzing device

Data logging system

Fuel tank

Fuel Pressure M}@

indicator No.2~4
e - Q Fuel filter
| — -
|

E ! m&agul&mr l Fuel feed
| 1 1 :

* — ANV
Vi Water-cooled fuel cooler- —T'VWV'I
1

Fuel flowmeter

Adjustable regulator pump
i Water-cooled fuel

Fig. 3.4 Experimental setup for engine combustion and performance measurements
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3.2.1 KIVA-4 DfE

KRABTEBR G A BUE TR ZVFEMIC o320 BT, KEmIcBITELN DI E F IR EHE5E
EEIZITH A FEATHEZ DNS <0 LES ([CXOMTZATHOZENEEL . — 5T, FFEOT DR
MBI DK RASTERBETIX, 26 2 ﬁ@l ¥ 2.41 TRUZIDICHIABEII I 310 2 R0 7 L as
SEPRBER DA TV IRE BN A & Do RIROBE 7 1 AT K ER A Z KITL TS, 20728, Kt
ﬂ?i’aa@foc%wmz%oT%i@a%&fﬁ%éfﬁ@] IEETHIET, TV RINOBBEA T =X K% 5y
W4 DT LITAE R E DR R ILG G 2 BRE TR S RIS LD, RETIE, @EREHZ Aok
AE R KIRBEDO BT %2 525128 72D, Los Alamos National Laboratory CRHF I /== H 3
&It CFD Y/L/3—"Td % KIVA-4ODZ 2. KIVA-4 13, 3B FEAEL T RANS &R L7 IRFfH]
FE)OIETEH 3 RIE Navier-Stokes THERZ MY, M2 & Te 2 VU O SUSTRALO T A3 7T REZ2
TTRT = LEUTREISNVTWD. ARAFHEZ SEIZL DD, 7770V a2 BB B Lk 08
B Zxt T 5728 ALE (Arbitrary Lagrangian Eulerian) IEO%8:H L, Bt L OWEEE O RFREIFE 531
(YT A7 AEL DR T D5MED, 100 EE O IR O RF 7 12 I L fef#yE L L C SIMPLE
(Semi-Implicit Method for Pressure Linked Equations) JEO2N W NGILD. KRERRFHEL T, A—T7
—ATHLHORFY 7T ET L OBMPLE RNEGIZEM TE, FHNOTATIFRIC BN THERM LT
B & DM ZEE T VA FIC L OB BB HED B TEI=0®), REFETIX, @mIET VY

T K RABFRIRBED T RN ST 2729, FrIEFEET LV EKRERETT VO RITIESLE.
K341, FHAEFELANIE THER L EERET VAR T,

Table 3.4  Summary of the numerical code and sub-models used in this chapter

Base code KIVA-4

Mesh structure Staggered grids with ALE method
Governing equation Reynolds-averaged Navier-Stokes equation
Advection term Sub-cycled explicit method

Time integration SIMPLE method ©

Turbulence model RNG k-¢ @

Fuel spray model DDM

Spray breakup: KH-RT model with,
Modified breakup length model
Particle collision model (19

Gas-parcel relative velocity interpolation (19

Spark ignition model KIVA default (specific internal energy addition)

Flame propagation model Modified CFM with the effective turbulence delay term
S.: Keck, Giilder model (fitted to S5R)
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KIVA-4 TiX, BREWE S Z0m e (N —10) LU CRERBYDN DT 77V 284> DDM (Discrete
Droplet Model) AWV TS, ZHUZ, RO ETEC R, £ U CTRFBIBEENET Mbsnb LT,
TV TR IR SIVTRE D 22 R E DIRE DOFFR A ATREL 72078, FHIZIR G RO G L CHEE
RBIGDNRIE D 53T D, RWFSE T, R RGERRO @ EGZBNTH VY O @ EE S E1TH72
W, MERRELL UIT 1 —EBMTEW. 22T, T4— BV OEFEF R TILHWLI TS KH-RT
T NVEAELT.

3SR IS, B B i O SV IRAE DR T, JEI P22 & 0038 B 22 L i U T
BB DIERSI, ZRBKEL TOLKZE TR NSRRI ~ESHTH (1 R . 2T
(X, R CVER 2 B 22 R0 DO T OHL ) ENNEEFE ISR C CRmE ARSI, 1| koA ERRE
IZENDRE T HZETEBIT/ NSRRI~ &3 R A0 T (2 R4 . KH-RT £7 /LTl 2
DINTHEFED 1 53 54T Kelvin-Helmholtz (KH) DR E A, LAEOHRED 2 k453442 Rayleigh-
Taylor (RT) D RZE E M %1 H L TR O Rt A€ 7 bl Tha.

KH breakup model
Q. O_3 2BoAky
Breakup length L, u_rel
Nozzle diameter L e
_'-;7-‘:. CammkS Q
=0 NN
d { ‘ré RT breakup model
N TN
i ~—” 4 \
»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»» (T : ©
T emnl O RT U A
Primary breakup | 7T e O@ RT
Secondary breakup

Fig. 3.5 Description of the KH-RT hybrid breakup model
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AKH

3.1)

. - 034+ 0.38We,"* | o
KL (1 +2)(1 + 14T%) [p1,3

(3.2)
ZIT, nlHR R, p TR OEE, o TIRHORE RS ThD. Wegld i HRAEDY =—/—

B, ZITA—INVTHE, TIZTAT—HTHY, i DY =— N—EWe lL A )V A Re % FHIVTELT
DR ITLHELTH 2O,
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Uy 2T, We
Weg=M, Zz_l’ T=Z’Weg
g Rel

Wel — plurelzrp ’ Rel — zplurelrp
0y M
ZIZC, U [ TR & JE B RUR DAL, (X OB THD. ZHUTEY, KH RET /MZE
DD 55 B B by oV FA gy E Qe IOV T FORCRO DI LN TES,

Bin,

tb,KH = 3726 (33)

AgrQxn
FTo, 53 R%E DR D F e, g TR A gy DU FORTEZHND.
Texn = BolAgn (3.4)
LA EnD, KH 4 H RO R 132 F O L7223 B LT
% _ o —TekH
dt tyxkH

K (3.3) DB L (3.4) DBYITET NVEETHY, T N TEER TETCWRWVIEILNDOILNLFvET
— ar OB G0, EEEOEFERHECE DY CEYIIR N TA—2 5 52 5B RHS.

KH 43 [AARIZ, Bellman & Pennington 513 Rayleigh-Taylor OS2 & M D < Wi 25 i % D B
KRILFHRQpr L D RAp ITOWTEL FORAFZELD), Su HIZID T —B/EFEOFRISEAS
TNB04,

3.5)

3/2
Qpr = |—2 [~alei—py)] (3.6)
3/30, Pitpg

2m 30;
Apr = 77— = Cpr2m

— 3.7
Krr a(pr — pg) 3.7

ZITC, CorplTETNVEL, alTiKFEOIEE THY, BARAE LTI ICAER 75850 /1B L T D
AUTERES.
3 pgurel2
a=2C 3.8
82 o (3.8)
CplI B3 THY, TAB (Taylor Analogy Breakup) <€ /LVUNZ 31T 5 ik D Mk 5o AT &Y % H

WL FoRiIzEh 5z 65,

Cp = Cpsphere(1 +2.632Y) (3.9)
ZZT, Cpsphereld Stokes DIHTHNC IR DL A/ VW ZHERe \ TIEE T FORUZLVRDHT LA
TED.

24 1 2/3
CD,Sphere = R—el(l + gRel ), (Rel < 1000) (310)
Cp sphere = 0.424, (Re; > 1000) (3.11)
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LUEIZEY, RT 53331 253 Ity pr &5 5% DT OB, pri A FOXTH A BND.

ty rr = G 3.12
b,RT - QRT ( N )
A
TerT = _RT (3.13)
2
E77, RT A ZFIOWH B, L FORUICLIZ AW LT,
dr, T, —r
“v _ _ P C,RT
It - (3.14)

22T, KGBI2) DCATET NVEETHY, RUFFETIXC,~1.0 EL7=. 72385, KH /3%E RT 5# T

L2 AT DS —R/TE ENDIETE OEIIRAFET Db DL, HE&RAFRID O O &5y
G D= VT E FNDIRT D KR ED.
ULED 2 TRRED /3 SIEF NG5 KH-RT £7 /LTI, IO R SIS T 552 ESL,
ZEALT KH 32E RT DREOEREEZGIVEZ TD. JTuAx DFET VT, RESEBZDER
DU AN TOI RT W8EEZETHOICR LT, AFIECII DR XH B2 /2 LB OWKE TH
ST, KH 32U Lo TRAED DR U CThHILE RT RO RETHIEELT. 2IROLIEE
LT,

=

We, > WeberLimit, Tekn < Tp (3.15)
AT IS DN T, KH AN EMED R R ey (IR Z AR de 2 N L, E72,
Agr < 21, (3.16)

AT HRRIC DOV T, RT RLEMD R E R ] tpp (CRE A A tg d e 2 INE 5. 72720, 22 Tidsy
REXEMA2OEI T 1 [BILLED KH 33 E I TWAZEEHESRMITMA%. LT, #hE
NOFEEIE Bty Etpr D35 B ) o B L Oy pp BB TR AT BA LT, 2O, HARSL,
1, T ORIE THRRFRTHIE OB SRR Z KH 7300 RT 3RA~EGIVHRZ 57201 VS, 22T,
HIER(3.15) HOREHD = — S —HWeberLimit IIAMFIETIL 6.0 LL72. 7235, BREESL,IZONT
RHTI SR DD LTl W Ch D2, #ERXE W TE X DD G 13%<, Levich BlFmIZHE
SEUTOXTTRTED, 22T, diFELH ODEL, CIXET VEBRTHAS.

Pi

L, =Cyd |2 (3.17)
Pg

(2) ATl BELLEE L L EORME T RO T

AWFFE I, RIEICER SNREIEZ IV ELN AR L, KRBERRBEC 51T D LI e
DI A, 2L, A2V = ZTIFREHE 22 R D ESEIE A TN A, KRAGFRZ et 4 570 D &5l
FEOENETER T DEED RO ONDTEEEW T 5. REEE O R — 3 OMhi LR,
ABFZETHE B L CODBRBHE S E OIS, 422 =7 ZOMEILTGRIZE > TH RELE LT 5. K 3.6
1%, TA—BILVHDAL D=7 ZZONT, BFLOT A7k L/D (Length / Diameter k) 2728 8 L7-F%
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DRI — S ar EE B A E R BRIC B W THRAE L e TR 5] T 500, L/D 23 KkEL7RBIZo0,
TR ITHE L, SRR — S ar NN AN H A,

13.5 S type base
(I/d=8.2)

Short type(5.8)

Spray angle deg
@

Long type(9.6)
12
34 35 36 37 38
Penetration mm
Fig. 3.6 An example of penetration length and angle of sprays with different nozzle L/D (9

(Diesel fuel, nozzle diameter: ¢0.083 mm, injection pressure: 130 MPa)

ZIT, R EBLT OBLENG, REICHHET NV ORTA—=L2EHEL T LD ORIRHE
T L, ZNTNO Y B EELITET LT — D505 B T 5 Kk A OMeE 2 LIk
ERRETLIZ. #3518, MELIZ 2 DOEFEDHEET VDTG A= %773 . KH-RT €7 /L0 KH 47
HOZHREME RT DHOEREENRE, TL THHEIICADI N\ FGA—FEERSHZLT, LD O
BV EZE (Short L/D) &RV VEZE (Long L/D) D F7e M B R EA L 7=, "5 E ) (Pyy,;) % 100 MPa
ELIZLEDINODMEFZE DI IGIT BT ML LR IO —a BEEK 3.7 ITR-T.
Short L/D T, JAAMEFEN DRI D 1 T HOHEATIZLVEZEORADN S @ BIED LS, ~3%
o—al B3 filsinsg. —4 T Long LD TlE, 3R EIDESEADDREEN T ALEIZ IV CJE PHZE

KEDBAMWHIED 2 WAHB L L THEITT5.

Table 3.5  Breakup model parameters for prediction of high penetration and high dispersion sprays

Assumed nozzle type Long L/D Short L/D
B, 0.61
B, 40 20
Crr 0.025 0.0125
C; 1.0
(4 24 12
Spray cone angle deg. 12.5 25.0
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100 Long L/D Short L/D
—Long L/D Dist _

,g 80 | —Short L/D mlrsnance Distance
= 60 | 0
S 10
©
C
& 90 | Py = 9.74 kg/m3

P, = 100 MPa

0 1 1 1
0.0 0.5 1.0 1.5 20 25
Time [msec] t=1.0 msec
Fig. 3.7 Simulated spray and time histories of penetration length of the two different spray concepts

(Non-evaporating spray, p,=9.74 kg/m?, P;, ;=100 MPa)

T, 2 DOMEFEDOWES B IR 2 msec 1235175 Y &HLEFLIE /L — (TKE) D434z 3.8 I1Z
7Rk, Long L/D ™ *%c;’c Short L/D &L T B D @ OB LIS, RIRF IR G HIEETT
'ﬁ—é ETCRFTIR Y EEME T T5. $72, MEOUBNI BT 22 S EFTOILR TRV X—H 8L,

A EELN DR N TE TS, —J5 T Short L/D OWEFE T, BHICEULZBIAT 20 EiticE
#é%)ﬂﬁﬂ’mégtt T, Lt = r/L¥—I% Long L/D DML L TR AL TVA. [X13.9 12

I, BEEN (¢ = 0.1) DFEKTICE ‘HéﬁLiﬂfz*»ﬁe“~k%%kh%¢—TKE&EP?/\%E&LTWEL%:
F%éma‘ BHYRBER BT D701, JEHBRIEE 3 e KAE A HD Y B kb= 1.1 RO
DELE =R N —Z2EDLIENH fb&%z%né 2 DOMEFEREICB O TY ELE L=/ ¥ —
ILEBIRAMRIZH 573, Long L/D TIEFE—KREZNZIBNTED = 1.1 EEEOBEED &<, DTN EL
TARAFX AN A L TND.

Distance Long L/D Short L/D

mm

0

Distance Long L/D Short L/D

mm

10

TKE m?/s?
0 200 400
t=2.0 msec ! m—

Equivalence ratio
0 1 2 8
t=2.0 msec | om—

(a) Equivalence ratio (b) Turbulent kinetic energy (TKE)

Fig. 3.8 Equivalence ratio and TKE distributions of the two different spray concepts
(Evaporating spray, F;= 2.0 MPa, T;= 735K, P;;;= 100 MPa)
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w
o

Long L/D Short L/D

o
3

N

o
n
o

Equivalence ratio [-]
(6}
Equivalence ratio [-]
[&)]

1.0 1.0
0.5 0.5
t=2.0 msec
0.0 # 0.0 +
0 100 200 300 400 0 100 200 300 400
Turbulent kinetic energy (TKE) [m?/s2?] Turbulent kinetic energy (TKE) [m?/s2]

Fig. 3.9 Equivalence ratio — turbulent kinetic energy (¢p — TKE) PDF of the two spray concepts
(Evaporating spray, F;= 2.0 MPa, T;=735K, P;,; =100 MPa)

LU EDOFERND, LID ORWEAFRIZED SRR —a RIOW A FE B T 5 2L TR ki
W CELTEAR A RIS D, i@ II7R ELIRIRIE AR E TEDb D LB X DIND. 7ok, WMHEDEE &
D ESITRA R E RS ~E SO D D720, EEEO = DU RBERIC R EME A 55
ECHOEFIREEE2D. RE T, kA T/ Z L TR RN —a ORIFFTE5K 3.10 12
TRTMEFLEEG=0.111 mm, L/D = 7.2 DME LG IREER I LT-.

$0.111

Fig. 3.10 Geometry of the test injector nozzle (single hole)

() ®ETIVAGHEOBIERL P HESTRIRDOB R

3.10 OEFLIZIROMEA L V27 X220, 3.1.1 BTl /e DU RN E SR LT @ LD E
BRBNOEZEBIEFZRICIVEBERMEEFAEL, PRHEIL,O TRIRZMBEL-. 37, EHEEN
FRIZIVIF DN MG E ) Py )8 OME B D RRRIBIRIZ OV T, IR BAAG72D 0.05 msec [H]
@ C 0.4 msec TTOLLIGAE, F-785 I 0.2 msec [FIFET 0.8 msec TTOLLEITHT2. X 3.11 12K
FHOFHRRE R, K 3.12 ([CAKHHOFHGRE RAR . 72, K 3.13 120F, mEMHETICI0ELN&
RO EARTAHD R — T a RSO R AR, FHANE, £ 3.2 [ZRITLFRARE
9.74 kg/m3 DEAEL 4.84 kg/m? D 2 oI OWTHESEL, T2 v ONEHFF#L I C-40 deg.aTDC &-
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20 deg.aTDC (T35, 7235, MRARIIL —W —3 — M X AME FE T i DN B L AR LT T
BV, ZKKFTERS LED WGIEICIVIRE LT RTh .

pg = 4.84 kg/m?

|

I -1 0 mm

T

20
P,,= 20 MPa P,,= 60 MPa P.,= 100 MPa

1
N
=)

Py = 9.74 kg/m?3

- = 0mm

VLR -

Pin=20 MPa P.,;= 60 MPa P,,,= 100 MPa

Fig. 3.11 Visualized results of gasoline spray injected in a CVC (Liquid phase, 0.05 msec interval)

P,,= 20 MPa Puy

Py = 9.74 kg/m?3

et - L Ll 2 =7 R . B g . - ; _. R alel i S "___ ".'. i 60
P,,;= 20 MPa P,,;= 60 MPa P,;= 100 MP

inj—

Fig.3.12  Visualized results of gasoline spray injected in a CVC (Vapor phase, 0.2 msec interval)
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Py : 20 MPa ——60 MPa ——100 MPa Pinj ! 20 MPa ——60 MPa ——100 MPa

= 3 = 3
Liquid phase pg=4.84 kg/m pg=9.74 kg/m

<
\
<

Liquid phase

Penetration [mm]
Penetration [mm]

cmmemmm=====%

0 1 2 3 4 5 6 3 4 5 6
Time [msec.aSOl] Time [msec.aSOl]

Fig. 3.13 Variation of liquid and vapor phase penetration of gasoline sprays under different ambient

conditions and injection pressure measured in a CVC

%: FRIESRE R KD, RO R SIZOWTEER E NI REREMITAEL TORNIER 5H
L MESHE NS TR OME SR FE 13 B R/ 223, RIRHIHR L E AR BIRES D0, o)
*mefﬂr@:%Ejj RTF LW R oo B 2 DD, — T, FRIHRE IR ESIZREL
ZL TS, 2, SEEY CTHHIZE, EPHZEREOHET B MAMEMHEI I CTEZEILREEEL, 2

BN RS NSO THD. ZRHDORERIL, WEROT 4 —BAMEEIZI T IR OBLEH F
DA L[EREDEANZHY, @ EME S STV M ORI LSO S E AR CREEC
HHES 2D, KK HONWTTL, FEFEICEY iR LR <7D, EOIERFMICHIAL

SR CODZENHER TED. [AICEL L7264 TIE, REHO 22 MR IR S 0ITEZE N A L Tz iE
B B L PEBOE E O A RAT T D120, T O RKE\ O E LR ChDHITE ZERIMR LA D3RR
5. _ngwﬁw/ﬂéﬂ:’ b3 IR PR U FE LV S ) D SR A R PR TR A X 3.14 IR T, IR
DN FRBEILIR IR R B O AN TERNE N BR < Es S5 — 5T, AKX O RRIHEE

M T ﬁkf LTI 2720, =020 D BRI O @B ES IO TR EE S £ ) %
EODHIETHEZEDORFEERE D REMEESNDEE R T 5.

= 60 Vapor phase

(6]

é 50

~ 40

@ 30 | Liquid phase

c

Rel

® 20 1 S R - pgy kgim®
e 0 —m-9.74

0 20 40 60 80 100 120
Injection pressure [MPa]

Fig. 3.14 The effect of ambient gas density and injection pressure on the penetration of a

gasoline sprays (Measured timing: 1 msec.aSOI)
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L)LLO)@J%%%?M‘E%M z ‘b\fﬁfﬁa“éf: 21, RGQANITRULEEA R SZ I T 00 R ES
Ly Z R R IS U CRUNC TR o0 DD, 22T, £ 3.2 1RLIE 5 DOFHKEELITD
T KH-RT %TJV%H%b\f_ﬂE%u+§%i%??b\ EEROWEIRRENHIRSNTC, 2 L ttp,/pgfﬁﬁki@b
Tof A B 315 W RT. AREREID, TR EEL JSLT%?JW)CD IFRESEL, BEMEELZS
I DU RN D ST EE AL DB L5 THRESEHMUN TR TERNWIEN 50D, 22T, K
315 \R T RFLEEH O TGANYANDET VEEC, EW%LJT DD IDNTIRELE LIRS
FEEOREEL TEIIIC S, WA TR G ERE TR E COMR AR PR L O TR S 7.

p 0.676
C, =130 (—l> (3.18)
Pg

45

40 |
35 |

30

Cpl]

y = 1.300 x0.676

25 R?=0.982

20 |
15

10

20 50 80 110 140 170
p/pg [

Fig. 3.15 Estimated C, for predicting the measured liquid length under different gas density conditions

KB 18)& VT, BT T) 100 MPa DR/ 55 S O RS EFH R L, EEROFHAREFE
PR U A 3.16 1R, e, R IARHE EOES BHIA 1 msec [IZHBITHEZED YR —I7
TIEED E'Ef%*%é: FAE RO ZK 3.17 1R Lﬁ(ﬁﬁ@ JH S5 P2\t 3 DI A3 R

SNT=ZET, IR 31T D KRB PR 2R A O IR PR BE 5 IS DWW C R AR RS EE CHBLTE
TU5.
Py = 4.84 kg/m? Py = 6.79 kg/m? Py =9.74 kg/m? py = 13.3 kg/m? Py =15.3 kg/m?

o kel
3 3 5
2 L
© IS ©
5 3 3
o kS kS
i © ©
©
O ®) ©)

Fig. 3.16 Comparisons of measured and calculated evaporating gasoline spray images under different

gas density conditions with injection pressure of 100 MPa at 1 msec.aSOI
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pg = 4.84 kg/m® pg = 6.79 kg/m® Py =9.74 kg/m®
.50 50 . 50
i) i} i)
E’ 40 §' 40 + §' 40
:'E 30 =230 —=30
SE2 | 2 £20 2 £ 20
© = o Measured © ©
2 10 ¢ Calculated 2 10 2 10 |
o [ O
[ 0 ¢ o 0 . . . . ol 0 . . . .
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
Time [msec.aSOl] Time [msec.aSOl] Time [msec.aSOl]
Py = 13.3 kg/m? Py = 15.3 kg/m?
.50 .50
he) i)
3 40 3 40
5 T 30 5 T 30
B £ 20 B £20 |
2 10 ® 10 |
[ (5]
n_ O 1 1 1 1 n_ O 1 1 1 1
00 05 10 15 20 25 00 05 10 15 20 25
Time [msec.aSOl] Time [msec.aSOl]

Fig. 3.17 Comparisons of liquid penetration length between measured and calculated results under

different gas density conditions with injection pressure of 100 MPa

323 KREEHEETNVOHR
(1) KRAEREET L OME
I EAT ) WS A N TZ RN O B IR BE R G kR # RBIG A BB L >, EMRREHHERHICE
T ARRNT A RTREL T 57-8, AR TlE RANS R—2OHEEHE 29 i %. LES OHE41% SGS il %
PR, EHEEELILE KR OB E M ENFTHETH D03, RANS TIXETOAr— L OfLEL A /LA
SR TERIINC G 25780, KTk K R ~DELALOVE L35 #2 J D EL TR EEE B OB A&
B HILIETERY. 207280, KRBFEDOFREZATIOIITET VOEANRR AR ERD. RET
I, ALY 720 O LR KR OEREE THLKREFEELZLL TORDANT—ETEEL, Z O
5 REREMEL ZE TR RBIREIZ LD BED L T A2 P13 5 CFM (Coherent Flame Model) (9% fu 7=,

A
L=y (3.19)

CFM Tl Level set DG i L B0 H I L EEZ LB, FHEAR OB INEMHIL >
oD 2 H T —fE LRI i 7R A A7 T I ELIR A 28 DB IRA /] &iﬁé. i, —RIZUA T ISR T
s TR LT > TR SN,

g—f + div(@X) = div [(;TT) grad(X) ] +S-D (3.20)
t

ZIT, VA TELTENAERRER, Sc ALY 2y NI, W E I ML THD. CFM 12X D K KI5
DOFFETIE, K(B3.20)DEREDS I HIEDDERIRET VLD 52 DB RHY, KR OVE x5t
T LHENOIEHRCBE T COWM RN R EZEMUNCRRT DN EELRD. A ALTE A
WTIEER % 2B T VPR RIITWVDN, SERFE LB AR ERTREL TODE DR EL,
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TV URNORR % 18552 BT 5 KR DIEERLTHR i L TODEITIRBAR . FrITH 2 ET/mRLC
FNTZ DU RBESH B W TURIB K R D ELIT K R~ DB RF 0 3 AR DO PR BEIRFR 1%
L TXHBLHITHDMY, CFM IZBWTHZD LI REB MR 2@ N ET VL TRIT OB ENRDH L.

ETWHHERADIZ OV T, KR HE O A TR ED K R DD 2 Z 84 % Boudier HOET
JVROLBE TR C 31T DELHE K R DOIE R P RER] %5 7975 FIST (Flame Interaction with Surface and
Turbulence) 5 /L@ HESE, L FOXTEZ 7=,

ZIT, a llBIFETIVEETHY, a,~0.1, f=1 PEREIITNDHR0, S 1T EFTAEEEE, kit
FAF— OIIEERLREEN L OIREIR FRER DL, BEOEET, RIEKBET,, BERIRFET, (SHiE
KRIRIET,) VT FOXTH 2N,

T—T,
Tpy—Ty

Fiz, K(3.21) DDYIFRERIZ T DR DN FARBIL, HRIBIND KT, L IH IR ]

teE VW TLL FOXTERHNS.

0=

(3.22)

Dy =— (3.23)
to
aQ Vi tQ le
o =2 ) ==, t .
Q 1 ag + 1 ag Sc. 6,2 Q= s, (3.24)

TIT, STREEICHET DR MG T O KR EE L, v TR EREMEAREL, X KRBES, Sp13H R
JEIEETHY, XILHPer TSy = Pel, TH2HIL5.

CFM DA RIEIZ DV T, ELAVOIE RN L 2 BT RFHE S 720 D K R 19 FE DI %E B 89 5. ELik
OB, B Zv, L9 UL, KA FE ORI XELIRIC LD KRR EE LV DL
REL T FizkhFEbsha.

dX 1dA vy
e T 3.25
dt Adtz r z ( )

Z, K@) AL RO R R, = k/eZ2 WA ZETLL FORICE S Z HND.
Lry~x—y== (3.26)

FEEDOELFE AR TIL, MPEICZ DO TS KK DO =R IS U7 B LR EE TR BEE D 2282 J,
KE26)FAIEMILLRV. 22T, TRHDEMEZET VEREMIEHICIVBE T LU TORAD
ITNFS (Intermittent Turbulence Net Flame Stretch) &7 /L MR ST HED),

S=—air, (”—’,£>x (3.27)
K k\s T,

ZIT, alF®ETVERTHY, a=2.10 BEESNTWD. LTS AT —/LTHY, ELitREu L

TN F—k DRGNS JRFTP T UEL TUL R THERA6N5.
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u'’ 2
L= , u = =k (3.28)
£ 3

F7=, KGB271)DL,(W' /S, L/I)IFAHIETETHY, DNS fERICIvESNI- kKM EICxT 27—
JVEE (L)1) DERZE BT EILIZLL FORBREL TERSND.

logqo(I}) = — exp[—(s + 0.4)]

s+ 0.4
(3.29)

+ {1 —exp[—(s + 0.4)]} [01 (Z—,> s— 0.11]
L

1
_ (L) u'\ 2 " 1 u'\3
s = logy, L) oy 5 =3 5 €Xp 3

KGB27)DOHIEHTIE, B 3.18 IZRIINTWDEINTKR DRI KL TAT— /L O/NSIRELALIT K
REBEDOEINCEG LN EEEEL TS, ZO LI, ITNFS 1% DNS (2 L0535 7= B oS k
ROMIERIZ KT T HELEZREXEL CRUTHIET, ELTARICH T DELAVBRSITEML T %
WEILFE AT — VO ELZEL TODRERRHEE > TWD.

k=)
i LEBEND
. —Qurve it for Clr/LF) oo
Vortex pair: 1 G Direct simulotion
Slze: r |

Max. velocity v,

@pummnaf dormain |

Periodic conditions

10

Infiow at

s s, - }Cuitiow

o @" 1 Symmetry axis L :1—
\

Periodic conditions | Flame front:

Efficiency function Clr/lr)

Thickness I o
Speed s; ]
5]

sk10”  10° 10t

Vortex pair size / Flame thickness (r/lr)

Fig. 3.18 DNS turbulence flame calculation setup (left figure) and characteristics of the compensation

term I}, of the ITNFS model (right figure) 2
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Q) HRELNBERS LB IR ARG L2 CFM A RE O R4

B 2 BETHAINS, =P URINDO K RAEREEZE 25 ECIERELR A RITER LT EZ O PR
BE, TROBRBEED PR RIZBITDKRIK T LHNDIENEZETLLERHD. £, ZOX
HIRERAIR K RAGHE DA BB I TR, B A7 — /L S EL IR BE 1 |2 T+ 203 Lk o
ITNFS &7 /WZHBIT DR LT RRY, JD/NESWART— VO ELIV T LT BLITE K e ~DES 2 7.6
DHTENH 2 FEOD LES IZRDEIERIR KR DFHRICK /RSN, EBIT, fﬁkﬁéétﬁbsp+ Dt F
RF 1 BOEATHRFNOE ORI, MEICLIVFEINLELIUL, BRGRENCLVFESND
FLNE B L TRESY A — L DV NSV AR L 72> TV ZHUSHL, TTNFS &5 /LRI 3.18 (2%
LIz I8 R E Ul KR EFITEE L TS0, BRI T DR800 A — L D B A (V) e

ICHBLTET, @EEREZHWESE OBBERE LU THITERNW LN ERSND. 22T, &
WFFETIEI 3.19 1Z7R T 89IZ CEM IZB W TR R DETR K RINOIEZELTZELIR A RICER T5ET
D—ED Tt A% EJTXHINCKREBEDERELLEL-. FHELTL, BRFEL-IL
KR ZRTHRELTER(3.2T)D AR Z N — AT, K RITIBIT D KK 5 O & ELIE A ZE~
DEBBENETT-ICETNVELTEETA.

2 Lo

5 Ignition  Transition Fully developed flame

§ > >

2 Original model

E ST / o

8 ]

Effective turbulence delay
,‘SL ,,,,,,,,,,,,,,,,, ; I 'S ! 21 2/3
i s M= mnls(22)7]
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Fig. 3.19 The principle of the modified source term of the CFM accounting for the turbulent flame

transition delay caused by effective turbulence

CFM i, SKICEVEZNEZ 5 TYH, SLNORW IR TR R EE S INE I CE I LD
KRDAGFRITLN THF IR T 5. FEERITIE, ETURBER LB IRIZ IE DV TR A RITBREL T
WL ZONREIIUDIAEREEL TEINT 2. EROBIRKREAELTZHE, ZORKRBERIX
KRIZ 8, D HEZ O TLL T O X Ic R DS H@Y.

1dA_ 2dr
Adt ndt

SHIZ, KRECEEO R IRE dr /dti & TRIRBER LS, LR K OBENE & RO E p, & ppZe

TEZIELEE T 22T IRz LRdHNS.

dr  py
dt  pp

(3.30)

s, (3.31)
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L7zh3o7C, X(3.30) KB I3 DRMBORIE T FERE VDL LT, BRI KR D KK EHE L
DENMRIZLL FORNSAEDLZENTED.
d—2=1d—Ax= Zﬁ,&ﬂx (3.32)
dt Adt Ty Tk
ZIT, BIEETVER, T IR, T3 RREE CThD. BIZON T, KRFEOEREMICE
B R DB RO A FHE 35028 D =, 1 3.20 12, #(3.32)% CFM OARKIEEL THW,
B = LAOLFRELTZBED E R BRI BITH TIRA BT AR DO E L FEROE T BIEL K RASFEZE T
D g HE R AT GRS RIT RO E BRI RE BAFICHBLL, CFM (2L @Ak KD
FHENAIREL 72T,

CVC Laminar flame 15 msec 20 msec 25 msec

(A=1.0, iso-octane, P=300 kPa, T=403.15 K)

1.6

14 | ——Measured E !
§ 12 | ——Calculated B;=1.40 § \.‘
=10 3

[
Temperature K

508 r
éO.G - T o0
a4 | & 2000
02 | 3 3
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Fig. 3.20 Calculation results of a laminar propagating flame in a CVC @® by the modified CFM

(Left figure: Pressure histories, Right figure: Side view of flame geometry)

BT, BIARDLIELTEK R ~DOEBEBENETT VLT 5. AHFFETIE, Hayakawa HOFELILD
W KR OB IR 28 2D ELNTRS DO BERCYE S E 1, KR PRER AT — IS IR
L (ry, L) & SLIRABED A& RIS BT AZ & TS Lz, fiEEOXEL T, BLFIRT Wiese HD
WK R R DNV TOET L% H-.

’ 2/3
£ (%) = e =i [1,(2) / ] (3.33)

ZIT, U AFELTE KRR OFRE OB IZFF 59 5L RS %2 7. Hayakawa DI, SLIEAKKDZE
[ DV I 592 Hky FTOANELNIRSU AZHOWT, TDOWEETHEA T HELET L X
=B TFORAEERL TND.

5 (oo 1/2
u'e = [— f E(k)] (3.34)
3 Jk,
2T, BEOWEE /2Bl E, KIBEBEDOLUT TH2 N5,
o = T
0= (3.35)
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K(3.33)DCo [ ITFFEAREL 72D, I A& AT BRI K R ZFEE LT LK R & 72 D K IEARITIR T
TRETDLENGHD. A TIIAIELNIRSD Hu’, /u' lZ2W T, kol Ixt i3 20 & EFE 5
A — D 2mky /L% A\, Hayakawa DAVIEERL 7= B A FFHL 35 1012C,=8.0 LEWDT=. 21Ty
BN Ik TR ET DU, /u' %, Hayakawa DSEEPRU7-Fefh L LB U7 /E SR A 3.21 1R 7.
21k / LIZ KR LGy A — IV D T D21, /LERTIGL TN, fUKIE % O K RAGTE B AR HE
W Ju'=0 L7250, KMotk L TR T DI LW R 2 (2w, /u lIHE NG5, BeA&BIIC k28
BT AT =N D 4 fEOREIITEELIZR R, T72bb2rnk,/L = 8IZB WV Tu', /u' =1, = 1&72
0, BTORAT—VOELI KK OB T E T D8RR LI REL Tbs.

10 Hayakawaet al. Modeledin CFM
. T T T 1.0
Cy =8.0
08 |
=
3 06 |
S
04 |
02 |
2 4 & s 0 e
(2n/ky)IL, 0 2 4 6 8
(21/ko)/L

Fig.3.21 A comparison of the relationship of u',/u’ and (2m/ky)/L between the results of
Hayakawa et al. (left) and the present model (right)

L EIZ XOARAIGE THEZE L 7o Fe k& )72 CRMIZ 31T D AE I Z LL R IR T
S= a% L. (%") I, (%é)z + 251%%2 (3.36)

DAL E 1 HOET VERUZDOWTIE, EFEOT DU ORI EREFELT55512a=1.23 12
FHEET D, JlTRE LT AL 2 OB K RO KRN EZBIDALRHB, = 1.40EH R ELERSIC
23030505 1 DR (3.33)NDIRECy=8.0 IZHOWTITEEEE 2 bNAT- D EEE L.

K(336)D B L7= CFM ERED A RMMEZRER T D72, 5 2 D 2.3 HiDOF /3 A — /L iE (L=
2 mm BEO 4 mm) OPFRELIEIFIZI T DEIRERIR KR DOFHRAEIEL, PO K RNDFERFE
UL R ECTOBEBBENOFHRMEAMIELZ. 22T, %2 30 LES i E05585n 564N
FREUZOWTIE, LLFORITIDER L.

! !

u u
ClE, FEE LB K R IBW Tl 3 D ELIR A BE I BE D HE N =R 2 /R 3~ A — )V EHTHY, Da
BRI RENGE, 8 1 EORX 1.25 TRIILTNDEINC C - 21235, RX(3.37)I25D LES
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TR DA NI RS RO TG 2K 3.22 DA, HB L CEM ICEYRICERIRELTE A K Z7 R L
THRBIVZR(3.33)DIEB A 3.22 OHITRT . KEERITHT2ERS, L= 4 mm 5 2 mm (ZFF
Gy AL — VA INUTZBR O [F— KPR I T DA 2 LA USRS O HIN =R 13442 LES # R 2 3L, &
B CHEFLL T2 CFM £ 7 IV CHII K RAE DR R T DF8 0 A — VD B AR A E BIICRBLTE
TVWDZENER TED.

(a) LES (b) RANS - modified CFM
% 1.0 iu 1.0
= 0.8 =08 |
® ®
e e
2 0.6 2 06
2 2
S 0.4 —1=2mm *; 0.4 r =——L=2mm
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Fig. 3.22 Comparison of the variations of the effective turbulence against the flame radius for different

integral length scales (L=2 mm and 4 mm, u';,;zjq;= 1.2 m/s)

PLEDG, AAFZE THESE L 72 CEM TIXEBRDO T DU FNICB W TIEEE I REEDZEN T 5
ERIRELIE A R OACFE R E 2 U R B RETHY, = VU RN O K RAFRIABE R T 72
T ATHLUIABE R OELIE AR ~OBRBIRIRR, RIEN VY MEH IR S D /INAT— L
DENDOIERZZE LG RN ATREZRb D LMD, X323 12, RET /I FRIFTREZ K R TE
REDOFIPAIC DWW TKRIESY AT 7 7 2% W ORT . BRATO CFM Tid, J8E U7 fLin k&
D Fz PR TRERAFHE LTz, ZAUTKTL, EItARE I B I 2 BN L 722 &2 &> C Laminar flames
TEIRICE T PRI TR ALIRL , SOITKRIZ R (M 3R) 125 2 A ELVIRS O B A Ml IETH S
LCEIMTAHZET, mKEZOEKR KR ETETHIATREELT.

108 Original model

Broken reaction zones

102 ]
eaclion Zpnes
g | Modified model
= odified mode
iginal mode| ITNFS
Corruggted i e
s & Tk u b SL
! , S=a— L (=) L <—,—>E+2ﬁ——£
Lﬂaa"r::\ Wrinkled flamelets k ( L ) Syl Ty 1%
<174l @ @ Effective turbulence term (D Laminar flame term
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1/7% 11,

1Vl v
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Fig. 3.23 Extension of the CFM to laminar and cubic flames with curvature
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(3) EVRRGEH TR O E

ARETIL, 5 2 B OMEELT S5R GHMM SO O 8 A BE R B 2 P BL 2 IO I R LTS ik
Bl PRI AEFHEICH W, RET VT, YEbg=0.5~1.5 OHPH T TA—FHEELIZET /LT
BHHNY, AREETILRKERTO M TRRER I IVIRE KA TR T DI HEE SR O R A 2 722 &
O KR PMEIET HDEM THESND. £ZC, Pecchia HOHRET HLL T O itk Bk FEAf F €
T NNE¢=1.4 LL_EOEBEANE L.

_ PSFETih () - p,, + TSFTM(p, T,) - T,,
Lrich — Do + Tw

ZZC, PSFTChLTSFTCMIE N EHEIREAR B, p, LT, [ ZEAFTRETHY, p, = 1.0,
Tw = S.0MRESINTND. F72, Sy paralFH E LY = LA DMIERTOEIRASERE CTH 5. [
JIHEH SR A EI I E N2 Y &L OB EL TLL T ORE LS.

SL,¢=1.4- (338)

2 2
pgprich _ 1310 — L4+ 1ld — 141" + 1l — LA+ 70 (1 P Prer 19— 1-4I> (3.39)
T Dref 0.6
. Ty .
TSFETich — yrich _2_ 4 quch (3‘40)
Tref

K(3.39)Dry~r, emIFE T /VARE (5 3.6 (TRLHD) , plFHAEDIET), DrepIZMIET) (7 MPa) TH
%. Fz, RGAODTIIHRIRRIEL, TpreplTBHREE (550 K) THY, mMhEq,, p LN O Y kD%
EFUZEVELIL, rmhy~rmhybrqghy~rqh,l33 3.7 TH 25,

mrh = rmh,¢p* + rmhzp® + rmh,? + rmh, ¢ + rmhy (3.41)

q"" = rqh,¢d* + rqhsd® + rqhy¢? + rqhid + rqhy (3.42)

Table 3.6  Fitting coefficients for the fuel rich S, compensation model for gasoline over ¢=1.4%7 (1)

!

Parameter Ty 1} (o) T3 m

Value 9.989x10""! -2.197 3.363 -2.131 2.915%10°!

Table 3.7  Fitting coefficients for the fuel rich S; compensation model for gasoline over ¢=1.4C¢7 (2)

i 0 1 2 3 4
rmh; -7.163x10! 1.464x10? -1.122x10? 3.842x10! -4.952
rqh; 1.376x10? -2.781x10? 2.125%10? -7.278%10? 9.398

@)  KRAGFE AL F R R LD FH A
CEM 2155 k48 M58 FE DB I LE LSRR ORI 2V, k488 1% o BEBRED 2 SEfMnik e L 5]
THHEBELT, L FORICIVERERLT.
aY; SLZ% (Ybeq - Yi)
ot 1—-6

(3.43)
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ZIT, VIFBIEOMB OB 853, YT HHAR O E 8505, plp [ FHAEDO % FE LAPRIRED
BETHD. OIS EERIETHY, CFM TIIEE R KR ENLE D E R TERNZD, ET /UICED
B2 D0 ERHD. AL TIE, /BT PR EPOHRESNAF 7 A= RV — G5
AW TLL FORICEEFRLIZCY.

Go—G
Go — Gegq

ZIT, GolIRIRIRIEDALZER T L2V, Gog i T FHRIEDALFRT L v LT D, Gy KD DR
20T, B EA T ISR DY B DR AT 5. Z0LX, SR I Lo TUIRBERS
MHEITL CODT D A B R R OIR FE LMD Y E A SHZ LI TERN. 22T, JijORE b
Birq;, 7FUCEENDIRF OB, j, TOHFORIFEBAICRBITLEN3HREXELT, EADS
N DRFRIEZ DL T O E -2 7.

i (Xi iji,jqj) (g;>0)

_ (3.45)
— 2 (Xi iji,jqj) (q;<0)

0 = (3.44)

33 EBRERBIUEE

REDOHFRT L D ATIBNT, TV OGS T EVEG RN EFE A R RIT T B2 L.
7 38 IGEERSA A R, =V EERET 2000 rpm L, WOT SAEICHOWT, k242 To4k
T /o7 DIEELIRN 3 deg.aTDC IZIEEL, LB A L Y =7 X OPRBME ST ) LS REH 228 3
LIcBR D= DU FEERB LRI ), B AESRA TN L 2. 7eds, BB LA ¥ =/ 2 TIIEHN R EE
{BIZBR AR H D720, DI EHRRH I B2 B0 50 %EL, F80I% PFLICL0iBhL7=.

Table 3.8  Engine operating conditions

Engine speed rpm 2000
Throttle position WOT
Overall excess air ratio 4 1
Coolant and oil temperature deg.C 90
Intake air temperature deg.C 25
Fuel injection pressure (DI) MPa PFI only 60 100
Fuel injection duration (DI) msec (deg.CA) 0 5.5 (65.8) 4.3 (52.1)
DI fraction % 0 50 50
Fuel injection quantity mg/str. 27.8
Fuel Regular gasoline
(with 500 ppm of lubricant additive)
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FERFERLLC, X 3.24 IZFEEE ] 60 MPa & 100 MPa (233N THESHE OV & ik R O [ [
(EOI = IG) Z/RT A—R LUT- B DR BEEE L (MFB50%) (LB D b &7~ Heieb L C, 48 PFI s
RF DR RERETRL TN, Fiz, X 3.25 I[THEZREEE &HIE 10 %AE (MFB10%) L LI 6
D, MFB50%35 X O'MFB90%E DFEBAZ R~ ZNHDFERMND, HEHENRWINEE, £72E0I — IGD
[ BRI E PR BER [ A 32 28033 7vD. £72, MFB10%&MFB50%, MFB90%IZ (3B 72
FABINRN R HNDTEME, ZORRBEGITE O FEHME ZATIABEIIHR] (IG — MFB10%) 2N EMES AR T
LEHWIEN, 5 2 EOOWLETIRA TV o Dr ORREELRIUEHEThHS. T7bh, VYD
e R ST 2 PO K RABTR R BE I I T, WIIIIRBE DS il 0D HID 2L TLAE OIRBER 12T TD
HMbLIBREL THEMiSNDZEIT2%. EOI — IGRIFRIZ DUV T, ITH2REED 0 deg.CA 23t B BRIE
{EDHFENREL, BIET VG R/ 2 O S5A IR ELN OB S E Lo R BE A Bl AG S T A DB
HIENGID., — T, I RK IR A SOICHELSE T — N\ —Tv 7 &5 L, B 1O Rt
I (MFB50% — 90%) 2" EHb35. ZOKiD CO & THC OFEHIREAE] 3.26 (259, WEEHIE &
SRR A — =T 7 HIXE T, CO & THC FFIZHWTHEMA RS, REHEZER0IRE
REM ORI R, RIBBI BN 72b D LB 2 s, I HEE S BRSO 7= D OED
DEA:E72DH, [FIRHTIRA S 0D TR AR A [RE T A UENRH D, Ak v

Crank angle [deg.aTDC]

TIHRARUGEIZOWTUIRIIR THLMN, EERICHE 4 B CTRARDEEN VU MEFHI R L LT R
BERTDHRICID R EEB BT HIETEILRLREEI M O BAE N EOLD TREMEZ R T 5.
P,-,,j=60MPa
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30 N ] 7
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The effect of the delay for the end of injection and ignition on the crank angle timings of 10,

50 and 90 % MFB for PFI, DI-60 MPa and DI-100 MPa injection pressures
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Fig. 3.25 Crank angle timings of MFB50% and 90% versus MFB10%
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Fig. 3.26 Exhaust gas concentrations of CO and THC measured by an exhaust gas analyzer

4 3.27 12, EOI — IG= 0 deg.CA |ZI\J DMES I NEWO R NE ) LRI A F A m . mEE S S
T ERERZEO R K TH THOEREDOEVRBEZ FER TETCNLIEN DD, £z, K 3.28 1245
SR ITDE BIRBEEIS OV A7 VR AR BN E KRG E (IMEP) DZEEY=R (CoVypypp) R T
B ORI T, Sk B OB AERDSL S ER0AHNET TS, %@W@JM S
V. ZORER, CoVipypplZRIC UK TH - Th PFI &bl KERBS Tn0D. 2o dkHic, B
LAYy 2% AW R TR ELDOBERIL Tlho T, YU O EME ST ui@%ﬂ%ﬁ%kﬂii))jﬂpm S
DHOIL, EIRORRBEIITE O RHE LIRBEZ EMEDUEEIRFOND LN G772
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Fig. 3.27 Measured in-cylinder pressure, heat release rate (bottom figure) and mass fraction burned
histories (upper figure) for PFI, DI-60 MPa and DI-100 MPa operated at EOI — IG=
O0deg.CA

100

;
]
75 !
H Average
50 ! g
[}
[}
[}
[}

IG PFI

MFB [%]

257 CoViyep = 5.14%

100
75 1
50 r
25

DI60 MPa

MFB [%]

CoViyep = 2.81%

100
75
50
25

DF100 MPa

MFB [%]

CoVivep =2.96%
0 20 40 60 80 100 120
Crank angle [deg.aTDC]

Fig. 3.28 Comparisons of mass fraction burned histories of measured 100 cycles between PFI, DI-60
MPa and DI-100 MPa conditions operated at EOI — IG= 0deg.CA
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3.4 BAERFICIDREEAT =X DFFHT

3.4.1 HESLMH

RIEI DT VU FEEROFER, BB E ) O S EAL, M L KR OB I JORBE O K
TEZR AL R CTETZ. 22T, YV O @ EEGFIC IR RED I ONWTEET D720,
FEIRBEIZ LD R R &K RARIRET VA VTR e R A L=

TV RHRICHWIZ RS A2 3.29 1SR T. ASFIRIER) 2 mm LT, BERRAET U AR
ITEET DU A BB R —MELOI VX EF AL LT, HIEIRENCIE, K 3.30 TR
FTINCF DK T NN FE S W MEROTREN A 5%, ELITE =R — O P Ek I Fo RIS
IR PR O RV S Uz il shsu (T Y 5% 5 2 7.

3

3
ko = Eulz ) (M " Vo)? (3.46)

ZZT, Ml TV E ISR DELAVBRSOEIE THY, n,=0.2 LLTz. £, IO A —ic>
WTEERDEIA Y T 550 L T, WRDOHRRK/ L7 V7 RES(10.1 mm) EFAHIZERE L.

FHELE, RN OB DR BIEC /340 & ff AT T D70 D IR BERH R L, @ET Y UEHIZ LD K
RABFE DI TN DT DIRBEFH R DO K EL 2 FIFITOWTERMLZ. 2T O E S
ZF 3.9 LK 310 (R T. M E X, FERRBERTHR CIE 20, 60, 100 MPa 0 3 7K, F7-RBERHE T
I% 60 & 100 MPa @ 2 KUEIZDOWCERE LTz, FERBERH R IR W CIEaHIiRe 14 BB RICEREL,
EOI — 1G= 25, 15, 0 deg.CA @ 3 /KYEIZDOWTRHRND Y &L B I OELND M A F i L7z, — 5 Ok
BEFH R CIL, EOI — IGIHIRRZ =0 ¥ R ClReb BN ELRE S 72 0 deg.CA ERREL, AUKIRE
HEBRIZEDE T 3 deg.aTDC LL7Z. 7ok, FHREFERNOELNDELVIRSY EFE 5 A7 — VLT
B2 L= WE L.

Exhaust side Intake side

Injector pocket

Fig. 3.29 Calculation mesh (at TDC position)
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Fig. 3.30 Initial velocity field inside the cylinder on the y-z cross section

Table. 3.9  Calculation conditions for motoring calculation

Engine speed rpm 2000
Tumble ratio 1.7
Overall excess air ratio A 1.0
Fuel injection pressure (DI) MPa PFI only 20 60 100
Fuel injection duration (DI) deg.CA 0 110.3 65.8 52.1
DI fraction % 0 50 50 50
Total mass of injected fuel mg/str. 27.8
EOI-IG interval deg.CA 25,15,0
Spark ignition (evaluation) timing deg.aTDC 0

Table 3.10 Calculation conditions for combustion calculation

Engine speed rpm 2000
Tumble ratio 1.7
Overall excess air ratio 1 1.0
Fuel injection pressure (DI) MPa PFI only 60 100
Fuel injection duration (DI) deg.CA 0 65.8 52.1
DI fraction % 0 50 50
Total mass of injected fuel mg/str. 27.8
EOI-IG interval deg.CA 0
Spark ignition timing deg.aTDC 3
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3.4.2 BETVVBEILVFREINIFHAOELLORNE

B EA VS LA RN O ELIGIZE B LI FRRBERH R ORE RELC, K331 IC8RDE0] — IG
R, B R OERDMEHR NI DR N ZE M OELNRS, FEG AT — N DI 7 g~
T EOI — IG%E TS DD, EHE /1% mHHILICED, RN EHOELIVT RE G bEnbsZem
53735, [RIRELZ, SRR OFE 5 A — W IEE S E ) EELAVTRS OB IS U T/hEL 725, REOHE
AT DU T, B ALA Vo2 % VTN DT, IS ELNV ORI E N O J& TR 72 ik
IZBRESND. LoxLAends, 20 @\ Ol s £ 10 BB 7R fE N2 & CRMIL b @ E B S 2170
72U PRI S & bie U TR 2203 R T 72, X1 3.32 18, EOI — 1G= 0 deg.CA (233175 EOI(TDC)
R DRI N O ELINRS LFE 3 A — L OWES ETEW O3 Ai% R~ 3. RNOELNO S5ARICEH 5L,
KK O R[FTHIZR 8ISV TREN &L, O AT — DV NS e TWDIENR 30D,
DK RINZBITDENRSEFE AT — VDI F 0 7 A EIEREZ X 3.33 (-7 . MENRET HHEK
[ZHEE LISGE, SRR 21T O R REN D 40 PRI SO ZE L EiTd TREL, fm AT
— DWW TUIRKIRE D DY & D3 OKEITZET . 7005, WUIRFEEERF I A4H5 2L T,
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Fig. 3.31 Calculated in-cylinder averaged turbulence intensity and integral length scale histories for

different EOI — IG interval and fuel injection pressure
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Fig. 3.32 Calculated in-cylinder distribution of turbulence intensity (upper figure) and integral length
scale (bottom figure) at TDC with EOI — IG= 0deg.CA
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Fig.3.33 Crank angle histories (left figure) and instantaneous value at TDC (right figure) of calculated
local turbulence intensity and integral length scale with EOI — IG= 0 deg.CA
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Fig. 3.34 Comparisons of measured and calculated crank angle histories of in-cylinder pressure and

heat release rate for different fuel injection pressure
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Fig.3.35  Comparisons of relative combustion duration normalized to the PFI condition between the

measured and calculated results
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Fig.3.36  Distributions of flame surface density X on the propagated flame for each crank angle
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Fig. 3.37 Calculated TKE distributions at TDC (3 deg.CA before ignition) under motoring conditions
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Fig. 3.38  The effect of fuel injection strategies on the histories of integral length scale and the effective

turbulence term [}, of Eq. (3.33) on the flame surface
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Fig. 4.1 Simulated equivalence ratio and turbulence intensity inside a gasoline spray injected into
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Fig. 4.4 The effect of spray impinging angle on the penetration length at 1.5 msec.aSOI

Spark plug 1 Spark plug 2

; Valve Recess
(Intake side) Injector (Exhaust side)

Clothoid curve '

Fig. 4.5 Combustion chamber and piston geometries of the concept engine

IRBEE DN H A~y RAIDTZRIZOWTIE, MEOFE, IRG OBEEL XY ET (TR T D720,
TIoMERELTZ. 2120, RBVEREREROBLEND, ALK DTN RIINE RO ML —T Rl
[F&E DL EICR O MBER DD, 2T, W—NEIRIZ LT 5 cOX TV Lz i &
FREC(Cp) R—=RELTRET LI, ZORER, 2 K, 77y MERISHIE T D720 SR K LV 7 %
i/ Uiz BT, ) 4.6 IR T I F T VU LRl —R T B35, LT ORI R 3K A 20 W i F
Appr L TIIRIF 2R LT

Agpr = 2C;m (%)1/2 (4.8)

ZZT, dpawe 7V TEZTHD. X7 VI, EMELE 14 ORX—Z22200 D 1.7 726 0.4 IZIE T
T5. 2O, BBEEIZT Ty NERE T HZETEFZE LK RIBTEO L EMEABIEL, @ik &R R —
MZEO TR AR L DD, 7TV MEIRT I~y RIZED X TV FHE T ORI~ 2 X
WAL OELALTHIRT D Rl 0k, mIEMEE = P UATB W TIMm AR OB N AR
REE72203, WA OB LA TRE I BT DRI BVRER ORI FF 5L, SHIZ7 TR
THIVUTIRBEE O R EIED RS AL, BABEE RIS AFDOL (S/V) MR T 32720, Ka 27 b
ZDRIZBWTHHEFIERS.
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® Tumble ratio m Flow coefficient
Effective area r'\g‘
20 1000 ¢
Sge 15 190 3
20 | B oottt o =
£5 —~ {800 g
0% 0 @ =
E O g 1 700 =
F 2 S £ g
5 05 ®q o
[T o5 1 600 >
S5 8
0.0 ' 500 =
Base Concept
Fig. 4.6 Comparisons of tumble ratio, intake flow coefficient and effective area

between the baseline and the conceptual engine

4.2 EEBRFE

421 R VUL ERIEE

ARETIL, WHEKUZHMIE B EBRE) LT S AT DA 2 5 B IR RO PR & 499 e, [ 17.0 D
BRI P 2 IO THEREDRRGEZ M LTz, B E P RIS & EDO T V) g5 & " Res 3 o8y
KoV TFR—NA V2 B ez, REWE R IZIET 4 — B L= D HOa® b — U H R 2
Lz, o OtikEZR 4.1 OFEFNRT . £, R RIZHWZERE L 14 OB F= U O i
# 4.1 OLEFNIRT . ENEIIE Kistler #OKMAEANET Y 6043A &F +— 77 5018A
ZRV, £ERR — MBI A E SINRENZ Kistler BLOHEHE Y 4005B & 4049B (2D EHAIL
72 BRIFIZIBUNT 300 YA 70 2/ NEF 3 RUBRBERRAT S A7 1 DS-3000 [ ZRVFHAIL 72, RRHT &1
AVL BBREHHEE &3 AVL730 (ZEVFHAIL, HESUREE (CO2, CO, THC, NOx, Oy) FHAIZ (35S %J’E
A MEXA-1500DEGR, AE—7{REFHANCIZ AVL 87 0L 2 AT — 7 A—4 AVL4A15S Z -,
TN, AN DTy R akZ A7 R ECU (Engine Control Unit) (2K HIEISIL, WEHE ), M
S, R, SRR A TN EIUTEICERIETREEL T, IBIRS AR 4.2 1TRT. =0 v
[EIHAHEE T 2000 rpm &L, Ay MLBHEE I3 4B (WOT: Wide Open Throttle) , 2250 I ZEA=1 |2 TiE
HRL7-. AR IO AV O IFAMBOIRFEIC I 90 °)C—EIZHIEL, WAURET 35 °C—
(ZHFAEIL 72 REHE, RON 728 96 DAV UABREHZ, "I RIRGED T DI BEFER] 1A (7> FM-
6) % 500 ppm UL THHG L7, Elom s g, MEBRENFRIZ LD RER DSV T 2 AT B IO
TN BB BRI HIE FTREE L TR, N T XA T IIH RO BRE R MEN R R SR D HER B A
(EVO: Exhaust Valve Opening)RF EW HES NV 7 A — =T o 7 BICREL, WK AT IVC) 1220
TR RS IR R L2 HRHNICEOE L CEIRL . ) 4.7 (AL IV T T a7 — &
EapAStiluae S USRS SIpRAL) €2 i) |EEWak:ean
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Table 4.1

Engine specifications

Concept engine

Base engine

Engine type 4 stroke, 4 valves
Number of cylinders Single cylinder In-line 4 cylinder
Displacement cc 499 1,998
Bore mm 83.5
Stroke mm 91.2
Compression ratio 17.0 14.0
Tumble ratio 0.4 1.7

Fuel system

(Common-rail system)

Direct injection

Direct injection

Number of spark plug(s)

2

1

Aspiration

NA (Naturally Aspirated)

Table 4.2  Engine operating conditions
Engine speed rpm 2000
Throttle position WOT
Excess air ratio A 1
Coolant and oil temperature deg.C 90
Intake air temperature deg.C 35
Fuel 96 RON gasoline
(with 500 ppm of lubricant additive)

— Port pressure

Valve lift
10 140
Exhaust Intake {1130 &
8 120 &
T 6 110 ©
E 100 3
£ 4 20 £
2 S i 80 5
cavensing 70 &
0 ' 60
0 90 180 270 360 450 540 630 720
Crank angle [deg.aTDC]
Fig. 4.7 Intake and exhaust valve lift profiles and measured intake and exhaust port pressures
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4.2.2 B BTk

TV OVERERM A FE T D128 720, BB 2B R A2 B L B ERO =L — TR
AR T D283 CEETH L. BN RW AL R A7 BT DR B RNG, ROV A
TIATEBW T EICRRIBLR, MEEL, JExHBER, N7 8%, Btk 0B AEICIV A7
HFEEITED 35, BUEOT YV T P OBEGHRDBELS TS 40 %Hith ThDHZEABE T UL, 759
D 60 %Lh EiZ EFLOHERICTID ED B, TNOONRERKA T HZE TEERSCHIFHE N DO TeBEA
BAKMNC T T 22 IHEE 725, ARBFSECIX, BNRELE, RINIEIERE, 2L THER AR /3 D
3 ROFHREFRAE W, X 4.8 12 HEKBHFR (EVO: Exhaust Valve Opening) RefilIZ 3517 2D
TR NG ADFEEE LI E A IR LT-.

Input fuel energy | Unburned loss
x : il
Available energy Coolingloss
[ Apparent heat release_: | __y Exhaust loss
i Indicated work
Indicated work

*dV

Energy balance [J]

L Evoi
(Exhaust Valve Open)!
1

90 60 -30 O 30 60 90 120 150
Crank angle [deg.aTDC]

Fig. 4.8 Cumulative histories of differential piston work, heat release, available energy and fuel enthalpy

KFETIE, FNENBENLRDOND BT ORI A B LB ABEN O RRIB R AR
BB LD ZENLRHEREZ LS. SBIT, AT ORRBAEELA TR EDZNOHERBERE
RESS. 2072, fRINESFHUOR B ER RN REALAFT 5. ARz & T IEMEZR RN
JEDOFHRNZ NG T, RNES DT TV T a2l 5070 7T a—2 0 TDC L
BT O TDC AEZ IEMEC RS0 E R HD. £2C, FHEREXO TDC o4
ZHW, EAN ORI AT A28 T, ZORMAFER L. X 4.9 12, [EAEL 14 & 17 OF—
2V TIEERRHZ BT HRINE 1L TDC B OESEREO kA =7 . RWNEIIE, mEE RS
PRI CT2E AR A8 FE D FE AT LB 72 TDC K0 WIS i KA1 %, TDC Bo-&
DA ZEFEME A RIS E BN 5. ZOENBRMAELBE LI a—Z OF AR EL ERL,
B EAT.
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1000rpm, Motoring
Throttled to P, = 1.5 MPa

5
©
o
= 4 1 4
o =d
=} [
2 3 35
g 5
o
n
EZ -28
C
£ =
=3
01 1
0 - 0

15 -10 -5 0 5 10 15
Crank angle [deg.aTDC]

Fig. 4.9 The effect of compression ratio on the actual peak pressure crank angles

Fo, RPBERIZOWTHIEMIC ARG 5729, JERMAREL TEHIIL TW1% CO & THC DOIREND
HEESNAERERIEIC BT AR e —, BN TIERBREL TSN - R ICHER BN
PRBELT= RS DAL LR 2V E—D 2 D% AU CTRRBAR S L. %51, EJV\?E#J#EA%;HL
HIEMTERNZD, 14.10 L@ NTRT IO, HER VT ERZ EPERAR—R T id 2 S OIREE
ZEHHIL, ZOXRBNZRBITDINFEDEDLCYEN TN D EL, FTM A LN B KT 32,
AR TELLDOLIUEL CRE EFIZEDNE =R — B A BIRZ OBEL L TR L.

Gas sampled unburned loss Lco THC

CO, THC

post oxidation
Post oxidized unburned loss

Total unburned loss
unburned  exhausted from cylinder

Fig. 4.10  Definition of unburned loss estimated from post oxidation through the exhaust port

Lunburnea = Lcoruc + Lpost oxidation (4.9)
ZZT, Leo e IHERIREE ST RHILVEHAIL 72 THC L0 CO DIRENLELNDRBE RO
Y IZNE =, Lpost oxidation | FHFRA =D 2 gEIOIEENORIFESNOEBMABRTHY, ZhEth
UTORTRDHND.
Leorrc = Qex(PruacAHrucYrHe + PcolHcoYeo) (4.10)
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Lyost oxidation = Qexpexcp,ex(TexZ — Tex1) (4.11)
K(4.10) T D Qo FHERDERFETETHY, pruc, AHryc, YruclTEHEN THC OB JE, B3 EE,
RFEIRIE, F72pco, AHeo, Yool ZZNZEIL CO OFEE, HAFEE, (KERIE CTHSH. THC OMARIE
BTREF(CT.9) LIRE LTz, Fz, K@D P DC, ol FHER D EE LB THY, HERAMAE IR DB
ebmﬂrﬁw_ Tos1 EToxz (IPEKE N D Lt FER VT ER) & TIROATARE THS. UL O
0, RPIZB O TIERRE EL THEHENDL OO, JEREN ORI SPER IR
%Jriﬁuc::m\Tfﬁméﬂfxu\ﬂ%kﬁiﬁi%%ﬁ%mt.

4.2.3 BRBHESN RIS LR KR O E FIE

AREBRIZ I VT DIRENES & KR O EDFE 2 AKX 411 17T, ETBRBME S R X 46
L FICBID T VAT = ar by xRl 578, FAE AR OBRBEE AT E CIEIE LS DT EN
B NE7 D, — 5T, FKRFNIRERO KL R KR BEL RIERIC R B DT, BREEHR LA
WY E FCTEAIEDLIENLEELV. ZIT, AUKRFZ _Lﬁafé& TJ:%/E'/\POD sk
F7 ~OERENEICEDTITRADBFAEL, IHITIE, REEELEHZK[ORA RO R RIZE-
TRE—TORBRIBROIEIMZAL. LIe3> T, Mihe Ek@?‘iﬁm%:_ime)@lﬁﬁ CETHEAMLIZREE
(BRBHIE IR L E T D) 12BN, Sy 7RI E TS & R R A A U7 S A e REE R s
BRDHZEINTED., Fie, ZOBREHR LRI IXME T O ﬁ‘ifﬁ“ét&), WEL S ) DS m R E A F]
L7025 BB CIEZORE FIRITIEDWT, BB BT D= P MR AT L 7=

Increase

injection pressure
TDC :

RHR

Fuel injection Spark

Pre-ignition ["52 SE"] Combustion CA
& knocking Minimize advancement

avoidance

Injection timing [deg.aTDC]

Pre-ignition Ilmlt
Spark timing [deg.aTDC]

Fuel transportation limit
Limited by miss-fire and smoke production

Fig. 4.11 Strategies of fuel injection and spark ignition timing settings at knock limit
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AT EETVUAERE A SRR DRSS LA
43 FHEFEEERBEOTHFE)

ARETI, TP ERLHET 3 IRITOMRBERUIEF R IO RPN OIRBEA T = X LR 23,7 % .
BAEF R —RITE, % 3 ETLMEM L RANS _R—20D KIVA-4 ZH, MEBIOKRIGEETT
NEGUREY7ETAGE 3 ETURBIOBELI-bOEMEN 5. ok, AETIIERICEE
i e AT B W TEMA TR AE G I K2 SR R BED BIEE IS SOV THRGEL TV D720, BfiEs!
RIZBOTOEOBERBLOAN =X LOHIEAT). & 43 12, FETEMTDRHEIEO THET
NG RV RET VOMELZ R, £72, K 412 ISR = P DR R AR

Table 4.3  Summary of the numerical code and sub-models used in this chapter
Calculation code KIVA-4
Fuel spray model DDM
Spray break up: KH-RT model with,

Particle collision model by Nordin
Gas-parcel relative velocity interpolation

Modified breakup length model (from chapter 3)

Spark ignition model KIVA default (specific internal energy addition)
Flame propagation model Modified CFM with the effective turbulence delay term
(from chapter 3)

S;: Keck, Giilder model (fitted to S5R)

Chemical reaction Detailed chemical kinetics
ODE solver: ERENA ©®
Turbulence interaction: Partially Stirred Reactor ©

Chemical reaction scheme: S5R (reduced) (19 (17)

Intake side Exhaust side

Fig. 4.12 Calculation mesh (at TDC position)
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YV 2P ® 3 WTURBERH I W TR RS Z 1 BFEREES HCCL O X572 A CE KD T
PFIEICOWTE, FHRARMOBRIEEZ LI 2 2 FEMERIN TS, FlZIE, THEKENL
T =7 W EHBELCEFREE T OREIE 00 LW 02175 TR, 5 ]GE) e T L O—F
TdH% Shell EF NZ MG HHEAERICEDE THRLUAWDTES, KRR G0 KB R
ISR AR AR E L, /3T A—Z ORI I T U E A MR T HFIEOENRETOND. b
DELDFAEITFHFREE LA AN B O L~V TN T AL A RS T 5L 00, BJE TIRA Y& x5
CLUTHEREBIOW BRI TODIHANEL, R THRET DL AREE CIHEF DR GIC
BOTHEN T 272DIIZL DG E¥EEZ LB LT 5. FRTRBEAT = X LR85 5121, FI6E
7RBRO S — R A7 FIE TRIREL, BIROBRA BT RETHDHLEE 2D, LT ORI TIE, M
IR PO £ CEE B LA T SOSEN ) 3R IE DWW TR RBED Tl 21T o7,

FER S EARE DR IEZHT- > ClE, CHEMKIN-II /3or — VIO EFEY 7 L —F % KIVA-4 |2
FRETEHZETITH0, 2721, 55 3 MERETIIL AV EHNTIE-S< RANS THIRISFEEE VT
BEBULZAT > CODHDO T, & FHERE T PIZZE MBI — & e S, {LFBOEE WSR (Well Stirred
Reactor) &L TREDLD. FEBRIZIX, RO AXE 2 mm)Zxi L T U O ELIE I3 0 &
A —ipHanEdn 7 A — )LVETIHFELTEY, ZRHOELEIRICEL K U728 B L ONRE 0 A
DPFIET 5. 2072, FHER FNOALTF OS2 FER L0 KIS 2 W REMED DY, %5RELT
LI A FRER RN EE S W TSR SUG R FE 24 1IE 3% PaSR (Partially Stirred Reactor) &7 /L©% ]
WL F e, JelR U2 iSOG E) )RR CIE B T AL L S SRR U TR & R
DD, 3 WICFHR CIIRIERFH R R O A< BEEEOIRY M7 RO F 5y
DIFEIZIIREf#E D —FE T2 VODE (Variable coefficient Ordinary Differential Equations solver) D723
JRSHWBIVTWDD, IR IGREZ SN — A U gl L O B S HEA.0203) ) VODE (2% LT 100
LA EO @B LA HERR S TODM. RIFIECIE, Bif#iED—FET CHEMEQ2 ZX—ALT DD
@ ERENA (Extended Robustness-Enhanced Numerical Algorithm) @i FHL7-. X512, & FHEME 11
B AL SOGIGFHREIZX LT OpenMP (Open Multi-Processing)(Z DB ELAL ~ R ] O B L ALEE &
FEL, 65 mEmE b 57209,

TV AR OZEREEHIEIC OV T, TN ETHE 2 BRI 3 BICBWUBIMREEEE DK
HIZHWTEZ =460 S5R VU B —MEREO fHALARIO0D (L AR 110, ROSE:347) &
MAWie, 727120, KEOEBRTHEM LAY I REIDO RON & MON Z#Hl4 <, TPRF (Toluene
Primary Reference Fuel) JAEIEL T T 48T 1 (S = RON — MON) DS FERELE —E T 58912
Kalghatgi HOFAEHIAE FIE®ZHWTHAZE T L. & 4.4 I[TREHARE R T, £72, RS
ML CHEMKIN-II /X7 — N D SENKIN 2 W CRHFE LB KBNS O T L = 27 vy e[
413 1R

728, FEMBUSFT RN EITSNDRIEICHOW T, FFHEE TI2B W TDah 1 = FlabgA L
7200, F 7o b, KRIGFEET /L (CFM) DK RIEFERE > 022 2Da > 1 ThOHG AT, KK
FAETDLO LU CREMIUS R RIZEI TSN T, CFM O ST EEIZEE SO CGlRRB L ONEEZE L%
AT, F2, BIZIERBRERO T REICBWLTIN 0 THHHAETY, FEFMMUSHEOR R Da >
1720, FHHREE FNOY ELbpl OH OAERRAX )y /dthbDBIEE B 25512132 % 52 C CFM
~EATEED. ZORED Y B OBIEIZg, > 1.2, OH DAEREDBHEIZdX oy /dt, > 200& 172,
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Table 44  Compositions of the TPRF fuels for numerical calculation
TPRF91 TPRF96
Constituent
Fraction vol% Fraction vol%
isooctane (CsHjsg) 71.2 10.1
n-heptane (C7Hi¢) 12.6 18.9
toluene (C7Hs) 16.2 71.0
RON 90.8 96.0
MON 88.5 86.1
Sensitivity 23 9.9
1.E+04 ¢
5 t Constant Pressure
é 1E+03 ¢ =1.0,P=10atm
oy —TPRF96
=) [
S 1E+02 | TPRF91
£ :
> 1.E+01 |
© E
S . /
§ 1E+00
S
1.E-01 /
: /
1.E-02 1 1 1 1 1 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Fig. 4.13

4.4 EBER

4.4.1 PEREFHEAS R

Temperature [1000/K]

Ignition delay time of the model fuels (reaction mechanism: S5R reduced (1))

JRBIE ST E ) Py, =60 MPa, 80 MPa, 120 MPa (22T, 4.2 i Tl <7 @i 7 PRI LD MR Rl A
FEhi L7, kA =7 ZOMEFLRE T, 12 WAL, MEFLEEP0.10 mm Thod. X 4.14 [THEHE T E
O fie B IEHR ST I T DI A R L2 DR OMEST B AR - 46 T REH] (SOL, EOI) , K IRE H LR JGE F O 25
(MFB50%) Z# X35, 72, K 4.1512 PV #X%, X 4.16 I&FEMEREEA R T, HiREL T, [Efgk
14 OBEAFT P ORKATIRE S IO RO CR LIz, 22T, R Enpey 1 $LL T ORUZHEW
BHUT. Quax IRKBIEA R, Vg |3 FIERUCBITDRNEFE, Copare & Cona  TIAHERAA LH& T I
W, kIZEEELEL, dQolVgldr T 7 A FEOIZ BT LRI A R EBNEFE CThH 5.
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k-1
1 Cona 400 [1 - (VZZC) ]
NMpcv = O J;smt L (1)k—1

(4.12)

&

e FE O JEAEA TARRME S 22 TN AR GE T, RBE R 23 KR I e S CTasl), I E ) o LA
JIGCTEOMRITBAE L7025, 2T, 8 3 BICBIDRFHRVOZRTHY, KAz zBnTii %
NEFLAL OB R DM A E A B LT BRI IRE T 528 T, mEESIC LR BED TR O Raf
INIERA T HZENTETCND. Eiz, MFENBEETHHIEE /v I BFERE I, PRBEE L OBEMA A
A[RELZ2 o TS, 2T, RIEMES THOHIIE SR E N W L3572, M &SR O kA
AIREL72D, U R AD KGR SOOI AT ST R EHELR SN D, [RIRFICAE — 7L IE T /71
JEU TR RS CE, BB ANEBTE TV, fERELT, X 4.15 &K 4.16 (2R3 T EHICHESS
J£77 120 MPa I[ZBWTEHEE 14 OBEFETL VU b AT —7 DB A LS [R50 RE L
AL, B T OB BRI T AR B S RO A ER BN 072 ST, CO R
THC OFRBKBRLYEFZL DU PO RESE(LTEL T, IREGRDOIEAIEREIC W Th @ EME H o
FIMED RS, 12720, BUREGN N [TEMEEL 14 1281 T 2.8 Y%opnt RS R 7oz,

I, BURBGHED D W TEREN oy \CFVEEBL LR A X 4.17 1R 3. Bl EL T, FED
EREZRBIT ARG R R U, FERETITER 17 12380V T 120 MPa O & BRI LD B F R
BED[ELEELRBEMI OEMEICEVEM L 14 JVEWERELZER L. B INs0 Re2EE
T 5L, BGHHFEIT 2.9 %pnt.iLET D, LLRns, FHEICB W TG ENE(L T D5 R Lo T
5. LIzinoC, RO B TH 7= @ [EME A LIZ B DR E O T I, &rE SR bIc LA @
DN CETD, ROVIZEERFHE TIEB B TE TRV AEINL CAZ a2 RIB T 5.

p .
8 60 MPa SOl _/I EQI I\ Injection & Spark timing
a'c " Ignition o
2L 80MPa | | | MFB50%
T 120MPa (I
Z 1 1 1 1 1 1
_. 8000
©
S 7000 | -
© 6000 . <
2 3
@ 5000 | 1 >
s o
S 4000 | . 120 3
© 1o
2 3000 | 7| Piniz120 WP X 180 T
6 2000 /,~"’(’3R=14 P|n.J=.80MPa N 100
1000 [ Base Enging ’ ,__E’J?J=60 MPa | 50
0 e = 0

30 20 10 O 10 20 30 40 50
Crank angle [deg.aTDC]

Fig. 4.14 Comparisons of in-cylinder pressure and heat release rates under different fuel

injection pressure conditions at knock limit (2000 rpm, WOT, A=1)
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() : Degree of constant volume

8000
Py=120MPa (0.862)
© o Concept
9‘4.__, 6000 + Pi=80 MPa (0.848) CR=17
g Piy=60 MPa (0.845)
@
o 4000 r
o}
g CR=14 Base engine
£ N oS
=, 2000 - -
o o
0

0 100 200 300 400 500 600
Cylinder volume [cm3]

Fig. 4.15 Cylinder pressure and volume diagram under different fuel injection pressure conditions

2000 rom WOT A=1 Knock limit

40 2.0
T e \CUTRFERRREEERE
oo?z- 30 ) \ _ 2 15
‘C—D% 20 L CR=14 Base engine o 10 E
D3 1o G ° 0.5
| N — - -
L .
0 ' ' . : 0.0 . . . .
04 2000
= 0l ]
» 0.3 & 1500
P 0.2 (j:) 1000 [
"
0.0 1 1 1 1 0 1 1 1 1
40 3000
38 [T g_ 241010 I
o A 2.8%pnt. a 2000 r
> 36 f 5 1500 r
S S 1000} e——*
500 r
32 1 1 1 1 O 1 1 1 1
40 60 80 100 120 140 40 60 80 100 120 140
Pinj [MPa] Pinj [MPa]

Fig. 4.16 The effect of injection pressure on combustion and exhaust gas emission characteristics
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55

itical
< 950 t CR=17 T.h_eormca ;
= CR=14Theont\ca\ P
<
> 45 |
C
2
Sl
3 CR=14 Measured ___ - @------
e e
5 i = od e
§ 35 [ CR=17Measurel . ,\ |
£ - /.

120 MPa
B 30 | \
S Pinj =60 MPa
2
£ 25 |
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0.82 0.83 0.84 0.85 0.86 0.87 0.88
Degree of constant volume npcy [-]

Fig. 4.17 Relationships between theoretical and measured degree of constant volume

combustion 1pcy and indicated thermal efficiency 7y,

4.4.2 BEELEINBEIZID oI

417 \TRUTIZIDINT, AR BE 7 N CITE EEN 2 WS ZE TV B EREEL 14 DORRBEL[R]
SEPL EOEREEFRBLLICE DL T, BUhEMIEE R L o7, TRINCB T BRI 50T
WERB OB EDORAENE 2D, TOFNEZHLNCT D0 B EE2E L. JEMEL 14 OBEF
TV EDOEENE D EEHE R A 4.18 (T, JEMEEE 17 OB 2 Tl m M b & B H A
BEDRIREIZ L DBABEHE A O RIZLY, BEKBRIIREURBSN TS, — 5T, RIRERNE(LL
TERY, ZOTDIZBURBGRITEML 14 OBFT 0% TRDHIREZ2> TS, Fiz, ZOFRK
HIDOW 4.0 Y%pnt. 1, PERE N TRRBESIIARIRZ AR (Lpost oxidation) CHODIEN G312,

Constituents of unburned loss

2000 rpm WOT A=1 Knock limit
] i Sampled CO, THC
80 4.9
§ 50.2 45.5 Posion
@ 40
o 60 |
o
®©
2 40 r Pumping
@®©
[0} Exhaust
T 20t
Unburned
0 = Cooling
CR=14 Base CR=17 120MPa m Work

Fig. 4.18 Heat balance analysis results of the baseline and the concept engine
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BRI RPN R R AT AE T 5720, HNOBREEZ R 7 Aa—7" LEKE CCD I AZIZX0#]
L7, CCD # AT, BYREMZ 0.1 msec ELC, 1 A2 1 7L —2OFIEBEREZITV, AT
A=K S KT T 7 LIV PSR A LT, 20720, REFEHIHER MO 1 Sk k0 iEls
LCW5. g ReliE, EVO RO IR TRE. - (108 deg.aTDC) IZFXELT-. Fiz, I hl->TE=
VUVRETLE AT UG 4.5 OERRICEE L. IR REX 4.19 (R, RNOBIERORE
F, BZRATRE L ORI B W TR N OB AN K O JAFPH CHR DB S, ZOMR O
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Table 4.5  Engine specifications and operating conditions for in-cylinder visualization

Engine type 4 stroke, 4 valves
Number of cylinders Single cylinder
Displacement cc 499
Bore mm 89.0
Stroke mm 80.3
Compression ratio 18.4
Number of spark plug(s) 1 (Exhaust side)

Crank angle = 108 deg.aTDC

Visualization Setup Exposure time = 0.1 msec

Bore scope

CCD camera Exhaust side

LUmipous flame
from piston surface
Back ground image Combustion image

Fig. 4.19 In-cylinder visualization results by the use of a bore scope during the expansion stroke
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Fig. 4.20 A comparison of rate of heat release (RHR) between PFI and late-DI combustion
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Fig. 4.21 Comparisons of degree of constant volume combustion, indicated thermal efficiency

and exhaust temperature between PFI and late-DI combustion
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Table 4.6 ~ Measurement conditions of the constant volume vessel (CVV)

Gas pressure MPa 2.5

Gas temperature K 550

Charged gas N2

Assumed pisiton positon deg.aTDC -10

Piston temperature deg.C 200

Fuel injection pressure MPa 120
Fuel injection quantity mg 3

Table 4.7  Spray impinging distance and angle settings in CVV

Injector position Base configuration Offset configuration
Impinging distance”™ mm 15.8 (11.6) 19.2 (16.1)
Impinging angle deg. 21.6 —

% (1): At the timing assuming TDC

Base Offset

Fig. 4.22 Piston and injector positions in 2 dimensional optical measurement rig cavity

SRS R L TR O E 4.23 127537, 1.0 msec.aSOI B SICTER LIRS, Ao Y= s 2 (i
AR BT ICA 7By hEH, WEFEO @B ZERREER JE R L7 ARIC B C, MR OBE B 22 2K F
DIBAIAL CWAZENS DD, 2L, 1 IRy LIS DML T DRI AR R AN EEMET 284528
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Fig. 4.23 Comparisons of fuel vapor mass distributions measured in a CVV with a

two-dimensional cavity

2.5

= Py = 120 MPa
£ " .89
= 50 | Pgas = 15.3 kg/m? 13.8%
g Offset
€ 15 |
D
2
s 1.0
/)]
8 o5 L
S o
O-O 1 1 1
0.0 0.5 1.0 1.5 2.0

Time [msec.aSOl]

Fig. 4.24 Temporal changes in fuel vapor mass of different impinging distance configurations
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—————— Base ——— Modified

" Wider spray angle with

h'eight offset

Fig. 4.25 Piston cavity geometry, spray directions and spray impinging positions of the baseline and

the modified configurations

Table 4.8  Modified injector specifications and spray impinging distance and angles

Configuration Baseline Modified
Injector hole diameter mm ¢0.10 —
Injector hole number 12 10
Spray cone angle deg. 90 100
Impinging distance mm 11.3 18.0
Impinging angle deg. 21.6 25.7

W BARDBIER B LA P2/ X TOT DU MERETRS A 426 (TRT. £7-, BERS
RaX 42712, RINESEBFE AR EZM 428 17T . RIBBROUEIZLY, RREGhRIZR—A (L
EED 35.6 %0 5 37.7 %E T 2.1 Y%pnt.thiFE L7z, ZOWFEZLY, JEMEL 14 O P OBGNFRITHL
T, BUREGhERAET 0.7 Yopnt 22 FE THiE/ LIz, [RIFFIZ, BT Py = 80 MPa 2\ THIERED AL
ISBRIEFN&720, ARME S FEA I L OB T ORI, R AT LD T IR CEHRE R Lo 7.
72720, RIRERITFEBFEDOR—AT o DU LG L TH L, RO KRR ORI TN,

PLRIZED, FEMEEE 17 \ZBWTERIET VU S O ZURIEA L 2R BEOREZ -V, BRI
[EBEL DD, [EfEL 14 OBEFTL DU ERIEDOEBGNREPERIMEREZ T VY O EE T KO EBL AT
R CHHZ AR LT, FRCEREICOWTIIIEMEL 14 22 THRY, 5% IbHRARYEL
HHZET, XR—=2AT VUL FOBGh A TR CEDL RN DD, 5 1 O 1.4 ITRSITHODE
T, RELATIZ HCCI BRBEE DA R T A A B 52 LT, mAmO L B bEE52L
7RSI D KIE/2 B RUGED TREL 70D,
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Fig. 4.26 Improvements in smoke and thermal efficiency by modifications of the piston cavity

geometry and injector specifications
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Fig. 4.27 Heat balance analysis results of the baseline and modified combustion chamber design

Base 120 sol | E0||\ Injection & Spark timing
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Fig. 4.28 Comparisons of in-cylinder pressure and heat release rates of the baseline and the

modified piston and injector configurations
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Table 4.9  Calculation conditions for in-cylinder mixture and combustion analysis

Combustion chamber configuration Modified (Fig. 4.25, Table 4.8)
Engine speed rpm 2000
Throttle position WOT
Excess air ratio 1 1
Injection pressure MPa 120
Fuel type TPRF96 (TPRFI1 for knocking evaluation)
Fueling mg/str. 35.8
SOI deg.aTDC -9
EOI deg.aTDC 7.8
Spark ignition timing deg.aTDC 6
Tumble ratio 0.4
Wall temperature K 450
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Fig. 4.29 Cylinder averaged turbulence intensity and integral length scale under motoring and
DI-120 MPa conditions
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Fig. 4.30 The histories of local equivalence ratio, turbulence intensity and integral length scale

under motoring and DI-120 MPa conditions
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Fig. 4.31 In-cylinder distributions of equivalence ratio (top), turbulence intensity (middle) and integral

length scale (bottom) under motoring and DI-120 MPa conditions
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Fig. 432 Temporal change of in-cylinder distributions of equivalence ratio (top) and turbulent kinetic

energy (bottom) under DI-120 MPa condition
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Fig. 4.33 Comparisons between measured and calculated in-cylinder pressure and heat release

rates of a firing condition with DI-120 MPa (Fuel: TPRF96)
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Fig. 4.34 Comparison of measured and calculated mass fraction burned histories
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Fig. 4.35 Calculated iso-contour of flame surface density X on the surface of progress variable 8=0.5
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Fig. 4.36 Monitored positions for knock analysis
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Fig. 4.37 Crank angle histories of accumulated HCHO, equivalence ratio and temperature at the 5

different points inside the combustion chamber (Fuel: TPRF91)
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Fig. 4.38 Crank angle histories of averaged equivalence ratio, TKE and temperature in the end gas in

the front region of the combustion chamber
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Fig. 439  Consumption of unburned mixture with high HCHO concentration by flame acceleration due

to high TKE generated by a fuel spray injected at high pressure
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Fig. 5.2 The effect of nozzle inlet ellipticity on velocity magnitude and frequency distribution inside

the orifice with high pressure injection of straight-run gasoline
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Fig. 5.6 Life Cycle CO; estimation of passenger cars in Japan and Europe at 2030 ©
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