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Abstract

Abstract

Cycle-to-cycle variation (CCV) of combustion occurs in internal combustion engines, which
deteriorate a fluctuation of output power, fuel consumption, emission and drivability. Hence,
improvement of CCV of combustion is required in engine development. It is considered that CCV of
combustion is occurred by fluctuation of in-cylinder flow, fuel distribution, temperature distribution,
ignition energy and distribution of residual gas at ignition timing. Also, CCV increases in the case of
low-load and lean / diluted burn conditions. CFD (Computational Fluid Dynamics) is used for estimation
of these CCV factors because the causal relationship of these factors cannot be investigated in a
production engine. However, the detailed estimation of CCV using CFD is considered to be not enough
yet. Therefore, it is necessary to use an optical engine for investigate and analyze of CCV of in-cylinder
phenomena.

In the present study, low-load condition such as idling in motorcycle's engine was used as a target,
investigation of CCV of in-cylinder phenomena using optical single-cylinder engine and optical
measurements was carried out. As optical measurements, TR-PIV (Time Resolved, Particle Image
Velocimetry) was used for analysis of CCV of in-cylinder flow, and PLIF (Planer, Laser Induced
Fluorescence) was used for analysis of CCV of in-cylinder fuel distribution. First, the averaging methods
of in-cylinder flow were examined for evaluate CCV of in-cylinder flow. Next, the basic characteristics
of CCV of combustion was investigated in the case of stationary combustion. Finally, in order to analyze
cyclically, simultaneous measurement between in-cylinder flow pattern, fuel distribution and
combustion was performed for 45 consecutive cycles.

The second section describes the averaging methods of in-cylinder instantaneous flow for analysis
CCV of in-cylinder flow. Instantaneous flow includes two fluctuation components, one is by turbulence
and two is by CCV of averaged flow (main flow). In order to evaluate effect of CCYV, it is necessary to
analyze the fluctuation of averaged flow. Whereas, temporal-averaging and spatial-averaging exist as
flow averaging method, definition of flow velocity is quite different between both of methods. In this
section, comparison of the characteristic between temporally-averaged flow and spatially-averaged flow
is carried out. Also, variable filter sized, spatial-averaging method is proposed as new flow averaging
method. As a result, different characteristics on flow patterns, length scale and CCV component were
obtained between temporally and spatially averaged even though both of averaging methods have almost
the same filtering characteristic. Therefore, temporal-averaging method is considered to be correct,
compared with spatial-averaging. The reason is that this average method is theoretical because time is
used as a parameter as with the Navier-Stokes equation and Reynolds decomposition equation.

The third section describes the basic characteristics of CCV of combustion for 200 stationary firing

cycles and cyclic simultaneous measurement between flow, fuel distribution and combustion for 45
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Abstract

consecutive cycles. From the results of a stationary combustion measuring, the more decrease net IMEP
changed by throttle valve opening in the case of fixed ignition timing, fixed A/F and stoichiometry, the
more increase COV (Coefficient of variance) of net IMEP became. This cyclic variation of net IMEP
was affected by a phase variation of the early combustion. In other words, it is considered that the cyclic
variation of net IMEP correlate closely with the ambience variation until ignition timing. Also, the
narrower throttle valve opening changed, the weaker intake flow velocity becomes and the stronger
COV of averaged flow became. From the results of the simultaneous measurement between flow, fuel
distribution and combustion, equivalence ratio near the spark plug at ignition timing decreased in the
lowest load cycle, compared with the highest load cycle. The flow pattern which has opposite direction
of tumble rotation direction was also observed in lower load cycle. This characteristic flow pattern is
considered to deteriorate a mixture formation.

The fourth section describes the cyclic comparison of averaged flow pattern until ignition timing
and early flame propagation after ignition in two load conditions. The early flame propagation speed
became higher in the higher load condition, flame shape and propagation direction were also different
in higher / lower load cycle. The difference of averaged flow pattern was observed from BDC, it is
assumed that horizontal offset of tumble vortex structure, which is formed until end of intake stroke,
was occurred. Spatially-averaged turbulent kinetic energy (TKE) increased when the left side offset of
tumble flow was occurred (close to exhaust valve). As a result, a series of causal relationship was
observed that net IMEP increases when TKE increases until ignition timing and TKE also increases
when left side offset of tumble flow structure is occurred.

The fifth section describes the cyclic comparison of averaged flow pattern and fuel distribution.
Expansion of optical measurement area and improvement of accuracy about absolute value by PLIF
were carried out. TKE increased in the cycle, when net IMEP increased as with in fourth section.
However, this relationship was not observed in several cycles (irregular cycle). Although TKE became
higher, net IMEP became lower in this irregular cycle. From the result of PLIF, it was observed that the
absolute value of equivalence ratio at ignition timing is clearly lower compared to other regular cycle.
Therefore, CCV of combustion (net IMEP) was affected by TKE and equivalence ratio at ignition timing,
it is found that the influence of TKE was 80% and the effect of the equivalent ratio was 20% in this

measurement result.
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Figure 1.1  Cycle-to-cycle variation of combustion.
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2.2 EBILE
2.2.1 R

B 2.1 A Z ZTT D24 720 —B L TEM L2 {b A E = v 2R d. Az
LUy UNMUF L —UH) 1 F, T~y RICEED 2L 4 EEH Y ) P (HONDA
B) o1 REEEHAL, ZAUHELZ LT, Bay v 7 NMELBELOEEFEH LT
5. TRMETY VU ORIE LT, FNOKTEMEL S TRIET 570i, v br—7
B, LU H T TN T AROEB L) X I FEMAL, EREA %
BHT52ET, EARSTEHLLOR FLAE 2—IZ X5 AH(LONREOFAL ATREL LT
R THD. VYA FTAFOMBEICEGHEN T A N2 LT, BEOEA R Y LT
TEATZAENMEELTCLE 720, EA MY ZET7u @y o7 2 KL mEPEDm
bOICT 7 a CHEREIAALTE ) 7 2 RKOH A KEZFEHA LTS, RIS K NEE
AT 272D DEEIEEER 21T O Z LN TE 5.

Fo1lCAfbm Yo DT ERT. BT x 2 ha—7 % 86 x 86 mm, HEZEIE 500 cm’,

19
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I

0

JERMEIIX 9.2 TH D, Bk L7zi@ Y, ABFIETIE B OREEY 1 7 VEBOFIKFFEE B K
ELTEY, TEECIIERESK COEENARD NI ENDbya— A a—7 (R7T
Zbhr—7 <1) BERTHDH. —FH, Kb ¥ T RFENREN— 2 TRIES LT
WAHHEET, A7 2T (K7 A br—2 =1) O ThHhY, “EO—fRi7RET L
FERDHD. LnLRB6, A7 2T ORGP TREEY A 7 VEB O HAER 72
fRNTZATH 2 & T VUL I DB 2510, FHliCE 5.

PNVTHA I TIFE2ITRTIEY, WHFR VT DA — =T o FHIRIZED, — %0
72 THRECIE, REERRFIC XV 2 < OERERK S E D7D/ VT F— =T THIH AR
L EBNTZZ Do NHDEN, ZOLIRT VDA, TA KU VU TEIZHIY A 7LD
PR T ADEBZL DY A I NVEFPELCSLT V. T TETIININT A —RN=F v T % ¥
RETLHIETHRBIVABEHCL > THEINLITA I NVEBHZRLFHO L, EOft
DEFZDOFFEICHEREZ YT

TV y 8Ty T O E X 2.2 1T, = U UARIRIEEEHCER SN TR Y,
E—FERENC L VEIETHZENTED (F—F V7). FlmFAKRBI O Yo F A1
IFANAR I T ¥ B E) SRR E N E R S CWD. 7707 vy 7 Nl
lcn—% J—x>a—% (OMRON, E6B2-CWZ3E) %Z#fiL, T ZnbEbnbd s 77
EEAHIEIEEICATIL, RKREIENRE ORELZITo 7. KMPERFIirnT Lo, %
PERUE Tkt 2 > (Kistler, 4005B, 4007C), ~v RiZ =Y X+ 7)€ 4 (Kistler, 6052C)
BB L, FIENEEERT —4% 0l (YOKOGAWA,DL750) (2CZ 7> 7 f4 1deg. = & (ZFHA
L7-. HER P OZERE A/F I3HEXAE 1238 L7 A/F % (NGK, ZFAS-U1) # Ry, KA
FXiE L 7o 2% (Sheath K type) 1 A/F B & & HITIKE#T —4 2 (OMRON, ZR-45) |Z
£V 200 ms Ik TEHAZ1T > 72,

Quartz glass pent-roof window

Quartz glass cylinder liner

Quartz glass window

Extended piston

Figure 2.1  Optical engine.
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Table 2.1  Engine specifications

Displaced volume [cm?] 500
Bore [mm] 86
Stroke [mm] 86
Connecting rod length [mm] 139
Compression ratio [-] 9.2
Number of valves 4

Intake valve opening (IVO) [deg.ATDC] 361
Intake valve closing (IVC) [deg.ATDC] 586
Exhaust valve opening (EVO) [deg.ATDC] 133
Exhaust valve closing (EVC) [deg.ATDC] 350
Water temperature (inlet) [deg.C] 70
Fuel injection type PFI

Silencer :>
* Pressure sensor
Catalyst $8 Thermocouple
/ Dynamometer © AF sensor
= X
Tierod & Water
Engine head No » tank

N\

I \Water pump
% é;;g <j

PFI injector Throttle valve

i/Rotary encoder Tob view

Figure 2.2 Schematic drawing of the engine setup.

8

® i

QOil pump

2.2.2 “WEBEOTV I UVET~DEDEIALR

HIEiCHIR R XD ICAFETIE EDO T DU 2B e LTWAR, alfifbom P
XU AN — 2O ERETH D, ZTOIDPRESLART A MU L TIEE X 5 Z L idHbk
RNH DO, EERME 7R DXL T EOEITTIZIE DT R TUIR b ho Tz

TR L RO T D BT RESER DN, ZAry MANLRKASVT ETO
HKHETHL. WimHEOLA, BEZRENOHERENTVDH7D, K23 IR TLIICARr Y
MUV FRIRICRG T v N (R~ ==V R) B0, 2Ary ML ERK SV TETO
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BHENRKEWEE 2D, —F, ZWEOHAIIKRFEEHICMNLAR v MABRRIT O Z R
%<, K221 L L HIcAm Yy MAPBRRASIVT ETOEREN/ NS, Ary MUnb
WLV T ETORREE 1 RS20 O GEFKE) P11 1RETHDL Z ERZ.

ZDAT Y FANLRR AN T ETORBEDENT, A8y M- TARAR SO R
RUEBREICR & 8% KITT. 24 IZRKT ¥ o A G L 2RREBEEZ =T, /RIS
net IMEP = 150 kPa, #R#%(Z net IMEP = 350 kPa ® — O DIKAREMEZ R L, FERIZTF v
L, BHRICTF v B ORRERT. EROTF v o ANELOMR CEox2r) T
%, MRATRFICRE SEAERNME T L, IVC (Intake valve closing) 7> HIRDH A 7 /LD IVO
(Intake valve opening) (Z72MF THAUED KQE~ANT TEIEL TWD Z LD 5. KRR
#RC/R T net IMEP=350kPa S5/ CIFRKUE L THEIE L TV, —J, ROTF v o g Ok
R (WimEOT V) TIE, ZODRAMEKHEEL LS IVC BBEOENEE 5L, AL
DEFERD IVO ZHZTWDHZ ENRbnd. LLEOFERELY, TIVO 2817 2 WKL D%t
6] BF ¥ o NOFWMTCRE R DER L o7,

ZDOIVO IZBIT HWKEDERT, FNRENCKRE 2B e b2 67, X252 PIV 5HIY
IZE VT T M~y T DA A T —HICBI U 7o 8 R s R B 4 el U 7= i R & 7w 9.
HRCRTREKT ¥ A LOFRICH L, R TRTRKRT ¥ v ST ORRIL, REAITRE
FHZHRWDIREI N AE L CTWAH Z e b s. ZOREBEEIZMNHEDO T V0 T — KN TH
D, WREHZFERRAV IR LEEGER BIZENTSE b H 5. L LR b, TimeE CIIiRE) A
ELDZ VU T— R TIE WD, RNREIRITICS W CIREIO A H#IZIEELRER TH
5. X TAETIE, ZoORAMREOREBIREB S ZHEAEIERVWEDITK 22 [TRLE
MRRTF v oML 2FBRSGM L L.

Silencer
/ —
7,'\( Pressure sensor
Catalyst $8 Thermocouple
/ Dynamometer © AF sensor
I~
Tie rod R
_ %
Engine head N
\ Water pump
% O/

Intake chamber

\tﬁg 0y B 4G
©® © -
& TR

PFI injector

Oil pump

Rotary encoder

Top view ﬁ Throttle valve

Figure 2.3  Schematic drawing of the engine setup for four wheels.
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——— net IMEP = 150 kPa (w/o chamber)
----------- net IMEP = 150 kPa (w/ chamber)
— net IMEP =350 kPa (w/o chamber)
----------- net IMEP = 350 kPa (w/ chamber)

[T ]

110
100
90

80
70
60
50 -

40

Intake pressure (abs.) [kPa]

30

20 ¢ . . . . . )
-360 -300 -240 -180 -120 -60 O 60 120 180 240 300 360

Crank angle [deg.ATDC]

Figure 2.4  Comparison between with and without intake chamber on intake pressure.

30 ¢

w/ intake chamber
w/o intake chamber

25

20

Extraction point

Velocity magnitude [m/s]
>

In-cylinder flow

360 420 480 540 600 660 720
Crank angle [deg.ATDC]

Figure 2.5  Comparison between with and without intake chamber on intake velocity.

2.3 PIV T X 2 A RELEH
2.3.1PIV (RLFEBITE) DJRHE

2.6 \Z PIV (Particle Image Velocimetry) VEOBEIGX 27~ PIV (ZHEi#HI7Z2 DT, 3 Koo
TG B W THERE O B ONRY — o OB ERET D201, YU R L AR
TA V2R —H LR EERHWTY— MRICEBR LT — FERHWLN D, HJRIE
MR N72b DOPMEEE I DD L—FR L HWL D, HHPIR LIBRIZ S 70
AL —HFDEAETH L0, CW (HEfk) L—F2HW2GE bRERIS, fMUNREFERE Ar %2
AT T2 IR ORLFEE 2 B A T TR 34, 2O _KRZIEHfgR L0, K1 OZEMP K E) &
RO DHZ ENTEIUL, FEREEG At TBRT D Z L TRFTOMEEZ RO L Z ENTES. 2
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T, RF—2—20OBE&EL KD D IFIEITRFBENE (PTV : Particle Tracking Velocimetry)
EFFENTE Y, BIOFEICHEEND. PIVOFAIEH L TR FREZERELTEY,
TIRZNEHR R T “RITW DRIFRE OB EIE L BIGAEREN BIR X D, F DT, KERITHL
THOKE S TEMPEYEINARBHELZ KDDL Z L2 b. —FTPTVIL, kif—>D—>D
U S S5 E CORBAKITIEFICHETH LD, ki L OBBELZRDDH ZLNTE
L7128 PIV IC B WER S RREL 72 5. PIVICHRPTV B E 0 H b nEH & LT
X, MBEOHEL ZIZH D EB 2 B, PIV IXHRNEGICHT — & OB ARG T 57
e U CBUEREFHINZ BV TRS AnbhTing.

Tracer particles

Cylindrical lenses

High speed camera

o -
o ©0 o Image correlation

Image 01 Image 02 Vector map
(th=t) (=t +At)

Figure 2.6  Principle of PIV.

PIV ORI OBENEOFE HIEE LT, £7 H AR (Auto-correlation) & FHHAAR (Cross-
correlation) @ “FHFHIZFEIND. HOHBEOSE, 1 BBNIC 2 R ok 4% Bt S &
| B DEHGE B RLFHE N Z — 2 OFBAZAT 5 TETH L. HEMEOSE, ik L7z X 57
2R ORI &2 ZN TN LT o L, 2 BBROBEGIAEL & 2 HIETHD. AIEDOHC
FEERIETUE, R OBEIEN/ NS WGEITRI ORI LW WIS REDNH Y, RO
ATHROM ED 1 7 b—AWNIZ 2 RAFBEE S D BEMER R Ro720bH Y, BIET
(38 O 2 BHGAR AR PIV O EM TH 5.

FHBSEO T 4 B RSIE & FFT (Fast Fourier Transform) FHESENEICHOW LS. EH
SOMBIEIZENTS PIV OREET LT Y A AL LTE, M 2.7 17T X5 RAERRLN
L. E TP BB H D50 IR TR L 7R R o i A EIEk (Interrogation area)
EREII D /IMER AR T . ZOMEERNOR A DOT ¥ Z T — & & "4 H OB )
DA AEMBERBREZ MW THRAE L T <. HAMBEEDS S, FHRERED SV E i 5 M
FOT = NRE—=oNitnics, THBERE &b &< 25 &0 2 (BEE) ) Z283ET4L
HE2ITo. TOfE, HPLETOL I 7% 2 Wt~ » 723 %6, E— 2738 T
L FEAR SR A BRI N ORI T-REDS IR Z B ISR E) L2 BEE & 72 5. IEA9I2IE, B TSR
T & ITRAEFEIRN ORFEHE NP7 ML E LTRSS, Z ORAEHEERN O FH
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JEZRD D N, PTV ICBIT DRI — 2> —DDIfiE & Kb 5 FIEITH_RZE M S IREEN D D 1
Th%. PIV TiX, UUEDXKD LB E G A THRERE 4 ——F » 7S ER20
BB, RATOREFEZNER KD T <.

MRAESEIRANICBIT 27 VZ VT — 2 OMAEMEEZITH BT, gl L7z >0 HiENH
WHALD. RIE OEEMABETIX, MEEBNICB T2 7T — 4220 EMmoTr —% LA
FEREBEIS 2 W TR L TV HIET, SHRENZLSRIONPRATIESHH b DD, #%ikd
% FFT FHEE X 0 EHAE ISV E S 25, & O FFT fHR91L T, Wiener-Khintchine @
ERIZEDSE, TUVXNT —F % 2D 7— ) B L NRT— AT ML ERD, HBENLE
NONRT =AY MBI B AANY ML L, 7 — ) 2B CIIRORTIZET Z & THA
I~ 7236 5. HEMBE~ v 7 X0 HEBERENS ©— 2 2 B5 EBE» O B OB
@A RO L. BEO FFT HBNETIE, 77—V B A AT 284 TREAFERNO T —4
2 CJEMIRICEEET 57 EUE LA AT S . T OO AERNIEIE L < 22 < EEMARBIEIC
FBEDORTHD. £7o, MAEROY A XN 8x8°32x32 LW o722 DRFEM LA
WEWIHIKI S H D, o THEBAEBEI LGSR TZAAER IR 2323020, FFT AHRAIE Tl
LA ATRE L W HEREk E, EWNO PIV Y 7 b7 = 7 CILEHEMERE, BKIN-TIE FFT 85374
EHNDEVWOEEBH 72D, EFEa L Ea—ZMERROM FICKY, APEEICKE %
FES o CE D BEEMEZEMA LY 7 hy =73z TE T 5.

RN 5

ffﬁﬁ\\

Interrogation area = -..

Image 01 mage 2 ‘

2D Cross-correlation

R
! Interrogation area
Peak
~a Y Y
A A

= fw = J/ > X

At [s]

Cross-correlation map Displacement Velocity vector
[m] [mvs]

Figure 2.7 2D Cross-correlation method.
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2.3.2 HEXR

TR-PIV O F R %K 2.8 127, HIRICIXEEWR #7170 A Nd:YLF L'—H% (New wave
research, Pegasus PIV, 527 nm, 4 mJ @ 10 kHz) #fEH L, =T 07 77 v % 7 NcH:
limn—H ) —xzra—Zhofond s 77 AEREEIC, BEE VAR LE B
YTV AE NITTHZ L TP ERBUCIE CTe BB Z1T > 72, 7235, TR-PIV OFIRM
b (RS> f#AE) 13 3kHz (2deg. @ 1000 rpm) & L7=. #F 527 nm O & — A% 532 nm O
T —EN LR EE, ML XL E—AREERLTEDOL, —HFov Y RY v
LU X (7<) LD — M RICE/K L. — FMRIFIERE A P FIZERE L7z 2
7 — (7= JtBE, TFAE-5065R02) (280 K SHEAR M BANLFAENA~ERH L. B
L — R A ZIIRIEE 2 um D Si0, ZALE 2R (EARMIE LY, v FA—/1 B-6C) % H
W, X U7 NICHEER A LTREE CIEMZE A A Wil S EEIRICRYE, Aay hv B
A L, WMAITRF OWMAZER & R R ST, L—VRFHI L D Mie BELE 7 —
%, #A 7 uA v 75— (IRIDIAN, 495DPS, HR > 500 nm : 99%, HT 400 - 500 nm : 96.3%)
ZAL 90 iR &4, w27 1L > X (Nikon, Ai AF Micro Nikkor 105 mm F2.8D) %37 L7-
CMOS & / 7 u/nA AE— K4 A Z (Photron, SA-X2) IZX VR L7-.

PIV tracer

(B-6C)

, Throttle valve

_— 4 Tracer

H tank
| Dichroic mirror & Air
W‘ Scattering
! gy (> 50000
Mirror (HR:266) N ] 0 _____ ’ High speed
/ _________ Q‘ """ = —— irror 105 mm CMOS camera
___________ macro lens

Cylindrical lens

(HR:532 nm)

/L
Concave lens

Laser beam .
Convexlens ( SHG: 527 nm)

Double pulse
Nd : YLF Laser

Figure 2.8  Schematic drawing of the optical setup.

2.3.3 NU I REZ—

2.9 {2 TR-PIV HHNZ AW R U B SV A — 2 o) d, ik L7z#@bh, v—% ) —=
Ya—HnH0 1 deglsls (AFH) BDETORMELLRDL. F3 1 deglimz 100D Y %/
T a—F AW ERKICET Z & T 2deg MMRICHET 5. TDOEFEZ/ LAY 2R L—
% (nf, WAVE FACTORY WF1946) IZAIL, fLET 14 LA, (LERD/ VAR EER L,
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ZNEI NAYLF L—H® Laser 01 BX X022 O~ AELTHXD. 22T, RNKEO
TR-PIV T, WAATRTO®ETE (30 m/s FEE) 25 [EMET TRRE = ORF#E (5 m/s LA
) F CHERWGRFLH & 5 U A2 5720, PIV GHIICTEE & 72 D0 R LI
R Ar 1, TAr FPRISRL 423 5~ 10 pix BB T2 | BENREHE L STk, ko
BEIENAKETE 556, MAEISNE TBEIL CTLEVEBMEENINR Y, Ko
BEENNSTEDL5E, E—rayX o J LIRS 7 7 RIS E L fThh/
KIRDHAREENEL DR 2 TR TIE, BKATERF & EMITRP T A 200 B 52
& T, ATEEV O EHFGEEOVICRIS S, L0 @ E R A B S w2 BRI,

Laser 01 |{ZIX AT TR U R Y 7OV A% B 2, Laser02 IZ A5 U H/L AT Ar=25
ps & Ar=50ps D - OE TOMNELTEE, WKATERTICELRD TILESZ N AT E LT
452 & T, BKATEE DD O BDC ZHHAEZ CMOS 77 v 7 A A v F & W7 mIKIC
KON ZEG X HV—FIE N A%, VL—FRNHED Q AL v TFOT 4 LA (~
1030ns) ZRETHRIREND. NA A= RH A FX Y A ASIOFEIZ 20000 fps T 2 Kk

HRE (Fo XLty N NUA) &L, Laser01 © kU ATI% 295us DT 4 LA & 5%,

1ty NADOL—PHOWMELRIETHICLY, 28y FEHPDL2HEOL—FHELT L— L4
WIZID D 7 L—L A T R U I REE2ITo7-. B, WK TEMITRT At 310 B -
THRLZL—AL— b TIRETEDEI BRI AT T LA (295us) & L7z

5V 14
)

Intake stroke pulse

o | 5
167 uys @ 1000 rpm |

1 deg. pulse (A phase) ] ] 12 | ] i
from rotary encoder _J s_ J s_

2 deg. pulse
by division circuit (}(} —ss_
Triggerpulse
forLaser01 K «

At, =25 s 7 IAt =25ps At, = 50 ps 2

Triggerpulse —l —l —‘ H
forLaser02 { s_

)

Laser emission h A A A A A A
(4 (
of Laser01 S s_

) ).
Laser emission J A A A A A A A
of Laser02 _—j « 14
Delay = 295 us ” Frame straddling )s_
Cameraframe “ “ H “ U “ U “ U “ H “
(20000 fps) _s _Ss_
TDC » BDC

Intake stroke

Figure 2.9  Trigger patterns for TR-PIV.
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2.3.4 b+ U—YRF DB ENE

PIV GHANC WD b L—W R 1%, WIS+ IBIETE SRR LB, AU A Bt
it O% S, TEMECHRBERFOREICI A 5N D bONKE L 7%, £, HEphEER %
ToThEfliZe s Vo X 0T ARG T RWRIT 2T 52 &L b a %795 ET
HETHD. K222V PIV 21T o TeBEAFFFEEICTHEH L7z b b —PRi - OFR AR R
Aoy, RIORT ML —H X0, 2V a—rF A VROMEER N L—0 & SiO ROEIR FL—
FRHNLNTWADZ ENbnD. FAETT ALY A EEOITRWT L 2EHT 5 Lk
FL—YDBEHTHLZ 00, AR THLETITRE ML —F2RA L. WK L —H &
L TN UERY A7 F 1 (Dioctyl sebacate) ZHVY, T7A¥ 2 ) AnEHWeHEHDY —F
4TV R = (FHET VX)L A A—, Pivpartd0) (2L 0 =7 1/ LS, TAZER

itz oV IR &SR

Table 2.2 Tracer particles for engine researchl*[15!
Author Engine specifications Tracer
No. o Year Bore x Stroke .
(Affiliation) ) (Diameter)
Engine speed
] HMARIE , 1987 80 x 80 mm >)arvA4L
(REI¥K) 300 rpm (4 pm)
David L. Reuss - .
2 (General motors R&D and planning) 2000 92 x 86 mm Silicone oil droplets
Philippe Druault, et al., Qil droplets
3 (Université Pierre-et-Marie-Curie) 2005 1200 rpm (2~4pm)
TgEY- a=)LX  # 83 x 90 mm
4 (BEADE) 2005 1200, 2000 rpm Glass bubbles
5 S.H.R.Muller, et al., 2010 82 x 86 mm Hydraulic oil
(Center of Smart Interfaces) 500, 1000 & 2000 rpm (LIQUIMOLY)
6 Brian Peterson, et al., 2011 86 x 86 mm Silicone oil
(Michigan Univ.) 800 rpm (~1pm)
7 REE#H b 2013 86 x 86 mm SiO,
( AL ) 700 & 1500 rpm dv RR—)L
8 Wei Zeng, et al., 2014 86 x 95.1 mm Silicone oil droplets
(Sandia National Labs.) 1000, 2000 rpm (1 pm)
9 Carlos Alberto Gomes Junior, et al., 2015 82 x 86 mm Vegetable oil droplets
(UFMG) 1000, 1500, 2000 rpm (~0.5pm)
Balamurugan Rathinam, et al., 77 x 85.8 mm . i
10 2015 Oil particl
(RNTBCI) 1200, 1800 rpm ! paricie
1 J.Bode, et al., 2016 83x92mm Silicon oil
(Technische Universitat Darmstadt) 2000 rpm (~0.5um)
Minh Khoi Le, et al. 86 x 86
12 (Ixagin:;ris;n:)’ 2017 12)(00 r;;?nm Burning-resistant silica-based tracer
13 WHE , 2017 75x 112.5mm SiO,
(BEZ2X) 2000 rpm dv RAR—JL

N LR ORI R EBE 258, EIEC X VR FAHEA» DB L T LRV, Eik
RN E R < 72 DL RIFANBIEL TWADE I DEFRD DI, ki FREEH ¢ &
BH L, WMAOREHEA 7 —L L g3 2 HIER S 5. KLREEE 1, 13A F—27 ZAOXEEE
L, KQ.DD X HITEFREN, 1, 1T DRI JE ORI FR ILIREED b ZeR TGO T2 & Z 1,
i1 DIEFE u, DIIRDOIEEE ur D 1-1/e (= 63N)NIET D E TORRE #FT. 22T, p,
TR, d IRRLFER, u ITRIRETH 5.
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2

_pd
T =
P18 u

@2.1)

FERITEVESNTRFRFEE o BDIRNWVDKER A 7 —L T (= L/ Uk~ +40/hS i
X, B IXZERI A — v L O E G T 21+ 070812 A3 5L 525, L LR 6
ERFETIE, TH3IT/hEn] LW BWARSAERH Y, BIEMEZ TN 2 L THIER R
ZLVOBRRETHD.

Z I TWRIT, RLrOJEREREISEEZ R L, WMEROIRBEREICK L, KT ORE O
HEEL 5 d6 K OMIAHEN B & ROAUR, RN E TR EOREBIET 20 Z2 T 52 &
NS, n BEOBIEITFRQ2)~QR7)TrEEIT- 7M. Z OB, WIKERE pr IX1EEhRIAZ
72 e U 1.2kgim?, KI5 JE pp (XA VY A7 F LD 900 kg/m®, Rk d X 2pum & LT
HEAEIT-T.

=1+ f) + 17 (2.2)
—an | S
B = tan (1 N flj (2.3)
s=P (2.4)
Py
_ 1%
N, = — 2.5)
9 1-—5
1+ N
{ V2(s +1/2) S}(s+l/2j
f = (2.6)

81 , N.Y 9 ?
(s +1/2) (ZN" +\/§j +{1+\/§(s+1/2)NS}
9 -5) (yye, N
(s +1/2) ( N: \/_J
81 , NY 9 ’
(s+1/2)2(2NS +\/5] +{1+\/5(s+1/2)N“}

ERERHOCTEERISENEZ G L2 & 2 A, 3kHz OFRIERER I L, KT OiES)
IHIRME L 97.6%, NAHEEILIE 023 deg. & 721, S5kHz DA TH, RIEL 94.0%, WrAHEN 0.39
deg. L MVVEBIEMETH D Z &3 o7, RIR L72i@ Y, AMFFEICIIT D TR-PIV FHAIO W
7 7AW 2 deg. @1000 rpm =3 kHz T 5. & DA T 98%IT VW BIEMEZ Fio 729
=PRIV BT A 7 TFAERANDIDIZENTHHZENEZD.

L= 2.7
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TRV U F T TFAD L RIBIE N L= EROWLRROT AV v ML, &R THER
LTCLEIZETHD. K210 IR TIEMITRFICIT DR O Mie BELIGL/ % — 0 DB
BB I, FRNICASE T2 AV B4 7 FOOREIE, JEME ESEA E CIiEmE s
L CHETE T 40 deg. BTDC (TN BT LA X 2< 7o o T LE 9. K23 AU G40
BZIDZ &b TERWED, PIVEHII S AR &2 5. £DT, BBy F 7 F LD
KR L=, HER~ORBEEISEIZEF ICEmWNL OO, RNREGFHITIX, JEMREOR
FIGAFHT 5 LN TERNEYD, R Tho7z. F22ICHRLEX DI, IKFL—
P LTE<HWLNELDIZ, VY a—rFANRCEH ) —THANANH LD, Wiz ls
Licl A, BRVUVBRUT T ADTRENST2T2D, MOWEK N v—3 288 L THik
B[R UEEL 725 SR Lie. WS OBFZEBNIEA A V& W= FI03 & 0 7, s @
EBZDLNDD, FXFLOITEFEMN A TH S T2l OBRET Lo 7.

AW TIE, FEMEM (RUKIFHIEC) 23R L, BRBED 1 7 VEEh 2 55iE 9 2 MNiRE o K
FERETDHILE—DODHME LTS, EfE CHllT o2 LIZEETHS. £
Z CWRICEMARI 2 ME Lz, BRKIF & LT SiO AU F22hi+ GhRMIE T, v R
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&
Disappear
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&
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CA=638deg.ATDC CA=656deg.ATDC CA=674deg.ATDC CA=692deg.ATDC CA=710deg.ATDC

Figure 2.10  Direct photographs of Mie scattering during compression stroke using liquid tracers.
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CA=638deg.ATDC CA =656 deg.ATDC CA=674deg.ATDC CA=692deg.ATDC CA=710deg.ATDC

Figure 2.11  Direct photographs of Mie scattering during compression stroke using solid tracers.

2.3.5 X7 pAw v FADUE L =T — X7 FVkRE

ARIFFNCB T DR EBEN DR b~y T~OMBIIHIR Y 7 7 =7 (DANTEC,
Dynamic studio 2015a) ZfiH L7=. KV 7 MU =7 TiL, FFTtHHAMBNEZHWTE Y, &
BHEIRIIHIDICERE Lo KRE SN LEREZ T TS LTnE, XY/ hHoMEZ &5
TNAITYRALERS>TWD, AR TIIVHOREEROKE % 128 x 128 pix. b L, =2
2B 64x64, 32x32, 16x16 £ T3 EFFICEMSERP LM AEMELTI -7, F7oRAENRE
ERENSELBEOA— =T v IEIT 50%E LTzT2®, 8pix.d7= V) —DDJiIEY hVnT
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T T —_7 MVOREIZEBWT, —RIIII M B 2 5%, BIELL B F 7= 13 EEE L
TOREITT T — AR LRET L HIERS D, FHFENS —ESRMORIARBR 2 & Tkt
DFEDHEILTH 505, Bk Lz L 5 ISR ENIR XA TR & JEMETI TR TP A 55 242
fbL, Y1 7 VEBHEH L. FFHlT 70 7 AHICBN T T —xX7 MURED D ORE%
FAEEDLDIIRETH -T2, KR TIEIAT 4 77 4%V 7 (Median filtering)
LD T =7 MOBREEIToT2. K212ICAT 4T 7 4 VO Z RS, AT
AT T ANETIE, WARETDHT—FOEET —Z Z/NSWIRICIER, ZOHREEZID
TUNETEHDL. KTANEZDAY v MIASA 7RD ) A4 ZFBEITERTEY, BEIEY
REICHRZ T =TI WVWIELWT =X IZIE 7 4 NV Z U T OSSR D v, P T
XS5XSDRAT 4T T 4 NE Eamd 3, 7 — 2 FOIJEF &I 62N R 22 28l () 1 X)
W D56, AT 47 AKX ERICENEIE~E T2 Y 7 ERD (100 — 5). K
FRNC T EEOFGER 7 M~y 7 ~#ALEFL Y, ELWRESGICIEE A S EEES
FIEFFT &<, RAW T —X THRLNDHT T —_X7 MLERETETWAH I ERb0b. 2
DFEROGE, RICEEEZ RWZREZIT &, <7 MVRIENZ AT 5 0E L @iidis
HTT =R L ERERE STV - ORESRTLE ).

AT, BRRAT 4T 7 4NV H % RAW T — X 2 TITIBLT 5 Z & C, BEHOT
— & ZWRREIE N7 b~y e LTI .
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Figure 2.12  Median filtering.
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PIV LIRS, TR-PIV ZHAITCIE, K m, 2= ELLICb Ry v 77— 0
HLHZEDND, EHLLORTITHFEEMEEITI ZENARETH Y, KM OEE AR 5
TENTED., LMLARD, —EIZ PIV IZ X DHMAEIFTEIZ WV AL T 2 kI ZE
EHETH Y, REEEREE O TN BIII5E £ 7. & 2 CARFTETIE, REZERPEREO
etk 2 WeiR 32 L 3kie, MWNIRENY A 27 VBRI L7 SEEEORET 21T .
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N A= RO SEOWNE T v, REREINGE Uy & 7 23 o 7 VEEE (U1
[ AR CRITRER & 72 5.

YA ITNEBNRD D (u,,#0) 5, RQIYBLOKQHEAKT S &, RQANPHELR,
R TSR Uy 1377 23 2 7 OVPEIFOER (U)o \ S A 7 VABIERSY u, (o PN S 7= Bl
BEThDILnbnd. [2.130IRT & 518, R CRI MR U, & HRTRTT
VYU TV FE(UY o\ FEDVE U Z DB A 7 VEBTEHE u, ) & 725

~ T ’
Uy, = Unp+ U, (2.8)
~ ’
Up = <U>(,) Ty + Uy (2.9)
Uw=(U), (2.10)
Uw = (U),, + @.11)
f{ Instantaneous velocity f{ Instantaneous velocity
Turbulence Time-averaged velocity
sl AT A M g
B \/ v j B Ensemble-averaged velocity
VTNV :
Time-averaged, ensemble-averaged velocity
>t >t

Time Time

(a) w/o cycle variation (b) w/ cycle variation

Figure 2.13  Definition of instantaneous flow velocity.
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2.4.2 BFfESEHE
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PIZAT 9 . AL THW - ERRPEE)E O BARR 22 FIEZ K 2.14 12T X & ik~ 5.
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Flowchart of temporal-averaging method.
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B 2.1512H 77 CZEMEEOIE A2 R L, EOFIRZ RS,
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BNOT —2 & HOWCRIFCEST 2581388 FEE &5 0n, —RICITEAFE D
WHEATH. EZCHICRT LS 2 R VU A EZEAE LTHEL, HHEE%E
19 (BT 7).

ORI 77 PO TH Y, IRZAT i, b IXZENTNX ZJEEZ R LTV 5.
N x N BNORZEMEHT — 2 BINC T U AR OEL wr 80T, £ OFREE A EA
Wt DFEFMETHRLIZ ORI o7 L 72 5.

BoNTAD 7 ERREIE, BHRLOMEE 725 O TEEHZOFRBEICEMHL, Z
DIFRE RAW T — X% D RJEETITH Z & T, X7 M~y TRIKOZEREE)Z1T ).

ZEMPERETIEBMEN 7 4 V2V A X, TRDLZERBL “RES” THDHH, HEGHA
F—EEEE LTERATE, M~ORDFWPRAETHL EE5ZD.

Processing point N x N window
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\

U RAW velocity

- Wt Gaussian weight
3. Calculate Gaussian
average
Gaussian 2D weight J i
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4. Restoration to array

Figure 2.15  Flowchart of spatial-averaging method.
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(b) Power spectra

Figure 2.16  Filtering characteristics of window function.
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Figure 2.17  Gauss function's shapes.
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Figure 2.18  Cut-off criterion of rectangular filter.
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Figure 2.19 Comparison of filter characteristics between rectangular and Gauss on same cut-off
criterion.
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Figure 2.20  Convolution.
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Figure 2.21  Examples of low-pass filtered data using convolution ( f. = 100 Hz ).
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Figure 2.22  Variable sized, spatial-averaging method.
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Figure 2.23 2D Gaussian weight patterns.
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Figure 2.24  Spatial cross-correlation of flow field.
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Figure 2.25  Example results of cross-correlation.
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Figure 2.26  Vertical correlation and horizontal correlation!?",
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Figure 2.27  Example results of exp and exp*cos fitting.
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Figure 2.28  Definition of length scale L.
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Figure 2.29  Temporal auto-correlation of flow field.
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Figure 2.30  Measurement area of PIV.

Table 2.3  Measurement conditions

Engine speed [rpm] 1000
Water temperature (inlet) [deg.C] 70
Minimum intake pressure (abs.) [kPa] 37
Ignition timing [deg.ATDC] none
Injection timing [deg.ATDC] none
PIV measurement timing [deg.ATDC] 358 ~ 714
Number of measurement cycles [cycles] 45
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Figure 2.31 Comparison between instantaneous flow and ensemble-averaged flow on power
spectra and integral powers of time-series velocity data which are extracted fixed
point Eulerian.
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Figure 2.32  Filter window size for variable sized, spatial-averaging.
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Figure 2.33  Comparison of three-averaging method on integral length scale.
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Figure 2.36  Comparison of integral length scale between direct correlation and calculated with
Taylor's frozen turbulence hypothesis.
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Minimum intake pres. [kPa]

52 kPa
49 kPa
46 kPa
43 kPa
40 kPa
37 kPa
34 kPa

80

70

60

\\\

50

Intake pressure (abs.) [kPa]

40

30 L L . . . L L . . L )
-360 -300 -240 -180 -120 60 O 60 120 180 240 300 360

Crank angle [deg.ATDC]

Figure 3.1  Intake pressures.

3.2.2 EREOHERIE
AKAffb= o v T, WHFRA— MCERE L7ZE N o HIidEA R E Y o5 %
Ay, RNEOFHANC iti/tmfﬁt/#%%wt F O ORNEN T TR Y
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IR KU 7 R LW, 22 CEHMBOT — X I OBRIC, BPFRTEE L LI2HNED
HoHERIE 21T 9. K32 IZ3HA AT - 72 3 DDENERE (ERE, WRE, HRE) 221
ZHRd. K@ d L 912, CA=-360 ~ -180 deg. ATDC DWEATEEFIZI T D AE & fF
WHE, % LT CA=180~360deg. ATDC OHXATRFIZEIT DPRIE &L FNEL, FhEh
VT NREIE, FUHEOENZFIIL TWD Z IR D NERNHRTE D, £ 2 TANSE
T OIZRT X 512 CA=-360 ~ -180 deg. ATDC DWW XA TFEHFIZ BV TRAUTE & {7 N @ I
WELD X EfEEERAE LT 272, TOME, BEKITRPIE %7 208385 1REF
DHERIE ERNEICITEZEZR R D 72, Lo Lans, Kb o rofis L, X
A= RFED B ZOTIRICH DPRE OWIHED T R/NENZ Loh, FNER IO ET
DELIRDIENEZ DI, KERITIHYTHD LW LTZ.

200 200

In-cylinder
180 (gauge sensor) 180
160 160
g g
140 140
= Exhaust =
8 120 (abs.sensor) g 120
> o}
§ 100 § 100
S 80 + S 8
: | — %
E 60 + \ E 60
40 T Intake (abs.sensor) 40 T T T
20 T 20 T T
OFFSET
T I S 0 —- - b
-360 -300 -240 -180 -120 -60 O 60 120 180 240 300 360 -360 -300 -240 -180 -120 -60 0 60 120 180 240 300 360
Crank angle [deg.ATDC] Crank angle [deg.ATDC]
(a) RAW data (b) Calibrated data

Figure 3.2  Calibration of in-cylinder pressure.

3.2. 3LIF (L— Vil s o)k o i H#

LIF FHICIX, $5E OWEIZRE DR O 62 B L &, 2 0omE S ERREBIZE D
BRICH T 2800 2R 2 2 & T, HOGIREESA ) O IR PR & W\ o 7 PR &R D3R~
CHRT DFHINETH S,

=7, 33 12D FREBLCOMEAEEHNOBIEX TH LV 7 v o 2 F—Xar
FTU H22MEIR XX (E=h) 2525 &, FEERRE So»Obk LS 1 bk — EIR
HE St F 72135 2 bkl — BT S, ICERB T 5. B 121X bk R B I I IR B MEAT. (Vibrational
states) 3F(E L, AR T IK GRS IRV ENL, B EHITE o REEMZ R L TN D.
S (BB LTIEGE, REBEMA R CE e iRB)EN £ TERB L, £ 226N (Internal
conversion) (& & Y fREIREA]C Sy D[R] CHRENENL £ CTEAD % Hi L 7e 2 b R 51 E R (Non-
radiative transition) 9 5. S; IR 272, So FTCERDIBICR DX XL LT Tak

(Fluorescence) | % Jigt L7e 2’ g4 #ER (Radiative transition) 3 5. F72, SiIZRE->7-1&IC
B e iREERL) & bl = EHEIREE Ty O SREVE ~EENER T 2580360, ZxHEHMH
7 (Intersystem crossing) & MRS, HEAZZ L7, Ti b SR DERICR ek F &
LT gt (Phosphorescence) | # fittt L7272 HERSATIER T 5.
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AR, TR ZZFED D D Ty — So DRI 0 D A ¥ ZEFERREAZEAT 5 72 1A
Th o0, A CHHEHAEN OB THENIEERDBMND Z L TAE U REE LR S So~
WHEBT L2 ENTE D, ZOBBOAEIC LV HEE L HEORIITIE So % TOEBIFH

CRERENEL, TNENDOFENFMBRERD. FHOHE, EFOALRENELL
BRWEFEBT D -0FFmITT  BRELES, Btona, AU KERICRERA D57
DEMIIVBNLEH LRV, £, S1v06 S, £ T 28 H LT So~R 5 IEBMERIE
WHEZ L > TR, $ 0D So, ~DEBHERD @\ VIEE, AR BN SO DS U &
W) R R,

A Internal
conversion
S2 i E— A————— Intersystem
l crossing
51 — T Vibrational
l state
E=hv T
—
Absorption Fluorescence Phosphorescence
\A 4 vV
So

So : Ground state

S; : 1stexcited singlet state
S, : 2 excited singlet state
T, : 1stexcited triplet state

1 Excitation ‘ Emission

= = == 4 non-radiative transition

Figure 3.3  Jablonski diagram.

LIF FHCIXENE2IRE T D 2 & T, FHIl L2 WELE 2 86 E 2 B E 'R T
<. W ELERMICE T DBICHW @R Sp O EFRNT, BFEHFIZ L > TROF
DMENZ R 208, FEARBNCITET), IRE, BECI-STENT S, £ TRBMILTIE TR
G THNHE L E 2 T

E 3.1)
Sep =M —7 ” //1 n, (P,T)-oc(A,T) - oA, P,T)
P
M = X (3.2)

KBDEY, HDOD fope 1 TIFRIEAF ORI TH D, EWZL—Y OEIR) OHALHEFE ML= D
TRVF [Jem?], he /2%, T E 2 1B 2RI FOZFLF [J] THD. WIT nas 1
Wy OBBEE [em®] 2R L CEBYVENERBEOBRETHS. o IWREKIHAE [cm? /
molecule] THIEKE LIREDRBBMTH 5. ®mEIC ¢ TEFIER (BhEIZ L > THRIE ST
T 0L, RSN AFHOK T E D) T, 25 bEENE, £, BEOMETH
5. FEARGOCART LI, WHEEAGEy EES, B nws & HHIBAR L 70D,

P EoRXNS, EARMIZANTHEIREOTF XN —E, hEWEDOREL —EThh
(X, HOCIRE S IREME OENASE (SRE) LIBIBERE D, EmEMEDOENL S
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RN —ETHIUE, HOCHREE S 1TES) SR ICEE] (REF) BfR & 725720, FHllo 5%k
W T, BESHUIMTEENSAA, BESMERDOD Z EIIETHD. 72720, Enn
—ODOYWHET T EEZDZ EITIRARETH LD, [MENORECHIEIINETHD.

3.2.4 BHAIDEE

LIF GHHI CEEII/R 500, Stz BUHWE (BOtA) O@E L, TosotHz ik S5
WEZH LIEAEROREETHDH. £ 3.1 1 LIF #HllZ AW B ZERlIc B W Tl Sz
A& IR, & U CEHABE SR DA RS R A <=0,

LIF # W2 GH T o DU BpICBR D &, BRBHREE A OFIE 232 <, FRICHREHRE
BERRKEWERE (DI) T2 ¥ B0 2 REHRE AR FHE 23 20—, ARWFE & [ LA —
NS (PFD) &ffZxtg e LgHIBNITIEE A E 7. ZoFHE E LT, PFI CIEAR— A
TR L THORRAINDTZOREAEN DL AFHIC/ NS 25 2 & & (dEHR
JERFLA/INE K FHUDSEE L VY), DI SR bR IR EE A AR BE IC B B 5 JIE 4 2 &
R GHEM 2 BEHENMED) ZEREZLN5.

KLV, =TV LIF CEREO® DAEH LR E (L—3) OMAEGOEITLLT DM
nEib.

¢ Acetone / 3-pentanone (Diethyl ketone) / Toluene + Nd:YAG (FHG 266 nm)
¢ Acetone / 3-pentanone (Diethyl ketone) / Toluene + KrF excimer (248 nm)
¢ Dimethyl-aniline + KrF excimer (248 nm)

¢ Biacetyl + Nd:YAG (THG 355 nm)

IO OENE, FIPNBREHRE S OFHIITE < A bz, 2 2T, LIF & W7 REHR EE A6
FHAICI, RRRHEOEAIE FREHIRG L, THOLKIORE =Bt ORE] L LCERIIT 5 Z
LT D, DI, FRCER E D OIXFERE L OZAFEMDBENTH . LIF TIEEFHS
BB THRMATHARETH D2, FPREHRE DM CIXEICKMHERN LR L T5. £2CTE
BRBE & AOEHI DR, RSB RN K E S BARDGE, dOCAIOREE D FREL DR E Z —
LW ATREMEDRAE T 5.

F£72 NO, K H ADOWRESAFHITIE, LLTFosEHBRHN LTV

¢ NO + ArFexcimer (193 nm)
+  Di-tert-butyl silfide (DTBS) + KrF excimer (248 nm)

NO A RHAICI, BRBERFICAER SN D NO 2 EHERIRE S EEHIT 5. 2072 bR e
HANIMLTE L L7203, 200nm LLF QSN NDB LT L 22D, 5% AOFHITIX, Di-tert-
butyl silfide (DTBS) % AV 7= #HAIFIA & - 7=. DTBS H{&1Z 248 nm THhEL L 72\ 43, DTBS 78
RBES D Z & T SOy &ERT D, 2D SO4A% 248 nm ThHIEL 5 Z & THOtL &M L, MR
(ZBER T A DREEFHT D 2 N TED (b L—HERK LIF).
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AWFFED LIF FHUTIE, BREHRED MO A 7 VEBZ T+ 20 %2 B L L, RN
Nd:YAG L—HF LR E W58 abd v, 2RI
% L C Toluene Z M & L7z, BKIEL ORI L D L, 2 b 3 2OEAAIOFEITENE
NE32ITTEEBY THD. 3 2OHHAIC (TR e & i
o (EO) WRIZF LN RaR D, 266 nm BhE T 400 nm /i OEL A Mt L, Toluene 72
13X 300 nm w2 OO AT 5. F 72, #hsilE 3-pentanone @ 102 deg.C, Toluene @ 111
deg.C 1T HLHZAITVMIETH 578, Acetone 1% 57 deg.C & LD EHNT L~ 5 IRV, AHF
TETILERENC T V) D FERST TH D iso-octane &3 5. iso-octane DAL 99 deg.C
THDHT, B HIBANIT < ZRFFFIEN TV O 3-pentanone 1272 5. B S OFHA L 728908
SR LI TIE, R KD Acetone DHILIRE & FEE L L7454, 3-pentanone (X 1.3 %, Toluene

I3 Acetone, 3-pentanone (Diethyl ketone),

FU T, Acetone & 3-pentanone |

TIE 33 15 OEERETH Y, Toluene DFHHIHIZE

(CHOLHEE DN R D OV, HifT Tl A~ 7R RE D
N AL S T ~HR ST D HERD3 5 <, S1— So DHOEER DR DME.
, AR Z HOC IR A3 &

S — So DHECER MR R

AV

TLEBNMR DD EERD.
ER MR DENZ

D&
HY, TILTE R, 7
—J7, b=
DD THD.

Table 3.2  Characteristics of LIF tracer excited by 266 nm'?
Boiling point | Absorption band| Emission band | Relative LIF intensity

Molecules 1

[deg.C] [nm] [nm] [mol]
Acetone 57 220-340 300-550 1.0

3-pent
-peranone 102 220-340 300-550 13
(Diethyl ketone)

Toluene 111 220-290 270-370 33

FIBHNAOBFICRIT, BT HBROFMKIRE, EHICL >TSS,

(A eloka

ML - TEMKAFIE A FF > T 5. )1 513 Acetone, 3-pentanone (Diethyl ketone), % L C Toluene

TNFNEFEMKIEE, ENEE 2K
WF 2 Z & THRARFIED i 21T - 728

WAL - IR S v e

UEEy,
DARFERE L, W H R

7% ClX 3-pentanone (kL) : 266 nm) Z &+
Modica & 23FHH] L 72 266 nm [EhiEEFE D 3-pentanone 7> & it &L 5 8 K2 w3718, =

KLV,
ZEnbnd. OFD, EEOFHAIT
A NVFIZEVEBREL, dOLREOR %

TRLEE & 77 00 F A P A3 8

NT 248 nm B LN 266 nm ZYER E LTt a3

Z DOfESR, Acetone, Toluene |Z kb 3-pentanone |3

VD FERIE B LT

W U BN

70

IBWT, FREITch TV v
AP L » THEICOREEE DN/ S
ZHWT-.

JeAlE U TAMIT

X 3.4 \[ZREAFAFTEHIORER & LT,

Dk

3 ODESFATEHMI L TV D 0N HEAR)IZ iqﬂfu{&ﬁz420nm$£r“0>a;’u7b>%%mza
SIS YETR 266 nm (2 K B HOEHIE O Mie #ELYGIZ 7
REZTHVNENDD.
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120

0.1 MPa

LIF Intensity (au)

300 350 400 450 500 550 600

Integration band of S¢
Wavelength (nm)

Figure 3.4 Fluorescence spectra of vapour 3-pentanone in nitrogen at 437 K for three pressures!'®.

3.2.5 HFR

3.5 {2 TR-PIV, PLIF [RIFFEHAOE RS A7~ TR-PIV ICEAL TIEHE 2 mLF T
THDHN, =R FITEIROE R VB AT FNE T AX Y ) AVERWTZY—T
VIV xR =X (FBIET X NA A= T, Pivpartd0) (L0 =T ay AL L= b D EfE
U7z, RiZRIEH9 2 um, 72 S EEIE 900 kg/m® CThLT- O S B BUSENEIX 97.6% & 5y 7Bk
EH LR THD.

PLIF ##I T, XIFIZH 7L A2 Nd:YAG L — (New Wave Research, SOLO120, 15 Hz,
25m] @266 nm) DOF U (FHG : Fourth Harmonic Generation) % fV>, 266 nm F DY
537 — (7 ~H, TFMHP-50C08-266, HR 266 nm > 98%) (2L VW 90 FEKE &H 5. K
YAG L — XIS IC K DI RAH L T 572, 266 nm LSO @i Kk sy &8 )
WCRIESND. ZOREDHITRT XL 12266 nm D 7 —%2FiwT 5% (SHG : 532 nm)
NHY, ZONIFHIRT 2 E—LEEMEICHWE. 27 —% K8 L7z 266 nm @ B — A%
TR-PIV DBELFERICS U RYUBIALL U RTE D — R~ B L, ERA N FDIT
—BILUOER M BE LR~ E RS LT

HICHNT A A IREFCTH B iso-octane & RE L7IKAET PRI A > ¥ = 7 & ~PAJE 350 kPa C
AE Lo, A— A ¥ = 7 X OEH ST B K OHOEANTIFANTIRE L, L—F R
FzrLv/monsaiix, e 7327 4 & (7 <tk SCF-508-37L) (2 &Y 370nm LA
EEZBIE, L—FHIETH D 266 nm K713 7 4 VZ RIS LD, 7 4 VB adlm LT
370 nm LA EOHOLIE, A 7 v A v 27— (IRIDIAN, 495DPS, HR > 500 nm : 99%, HT 400
=500 nm : 96.3%) % i@iET D Z & T 400~500 nm DK BEE L, @RS — hA A=A >
T 7 7A% (LLFLL) (Efad h=27 A, C10880-03C/F) % %35 L7-m#E CMOS /1 7
— 41 *Z (Photoron, SA-X-CV) 2 XV #lgE, 5.

b= L3R, REX VY %Hﬂi‘b Z I CEFRFHKOBRELHHIE)— T
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IRASAEVER L7-. PLIF OMisHEx vV 7 L—3 g VERCIE, Ay MNULASRIC L7-IREE
T, Ay MLV FRNOEZFIREZ[ AWK IEDL ZE T, FOHt% PFI 50 & R IR
L, B8R EE G S MIEE T 72,

Fuel compositions
iso — Octane (82 vol.%)
; 5 3 —Pentanone (18 vol.%) PIV tracer
( DEHS)

Uniform mixture
<= Ar

Throttle valve

High speed Long pass filter
CMOS camera | . | (> 370 nm) Seeding generator
! Wall Reference  Screen @ : I \\ Dichroic mirror
' beam \m P e A Scattering .
i | | | N (> 500 NM) ) High speed
E /O . o ; —‘/ \ CMOS camera
i Mirror /- Mirror (HR:266) """ ___. 5,
: . ND filter” 220 Py SN Mirror (40000’9% "~ macro lens
I e WA YA S Laser sheet 80y e
—————— h Cylindrical lens )
Mirror S WAt T

(HR:532 nm) N ™ Laser beam ( FHG : 266 nm)

N -/ Image Intensifier
Concave lens

Laser beam\\ )
Convexlens ( SHG: 527 nm ) “ Double pulse Nd : YAG Laser

Double pulse
Nd: YLF Laser

Figure 3.5  Optical setup for TR-PIV and PLIF.

3.2.6 NI RE—V

3.6 I[ZBRBETR-PIV /PLIF [FFREFHANC VN2 B U 85— OS2 7~ 9. B ks
TRTOMNTR-PIVD N HZ—2ThY, 2deglillm (Vo7 V > FJEEEf =3 kHz @
1000 rpm) THREATREAIO 2 5 KRR 1 deg AT E THRE S H7-. /b “REZIMIE Az 1TA
ATREFIX 25 us, FEMEITREHIL S0 ps & L7z,

PLIF FHHITIE, Nd:YAG L — ¥ DR RIEIRIEREN 15 Hz ThoTlolzh, X TNV AD
2 EANDLZETHFFHTRT LI YA 7RI 2 BRI E7. BIRFEHIL IVC &
SRR 2 deg BT & L7=. PLIF TiT LLIC X 0 #4908 S CTHOLEE 2 E SE 570, 1LY
— REEEh & L, YAG L—HRREFREC 50 ps BRIL LR 21T o7, 72d, M AICRT R
IR OPEKRIK L 0, PLIF FHAITRKD A= 7 475 LTZ5A, &EFMICH 5L 2> TL
FUVEEIREE AR OWREE N TE Ao 72, E£72 PIV D Nd:YLF L—H D58 /)72 Y6l % LLIC
WTOLERTH 72720, ARIRT L IICENEN Ldeg. 75 L TRHAIZFT > T 5.

T, B2ETHEMLE SIO BRI SR e, AFHITIIRIE N L—Y &2 EA L2
T2 OJEMATIRE YT M L—Y 3 FE LIz, £ D72 TR-PIV 1L CA=660deg ATDC ffiITETL
DEHAIT 2 2 ENRTEP, FKRENCBIT DA T —Z 1% PLIF IC X2 Y &EHGMDOATH
5.
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In-cylinder pressure

X / Spark
\’\ lgnition timing

IN valve

IT = -5 deg.ATDC

[gnition timing I'd

T TR-PIV
Injection timing T

| TR-PIV

PLIF
I PLIF
-360 -300 -240 -180 -120 -60 0 60 120 180 240 300 360 708 710 712 714 716 718
Crank angle [deg.ATDC] Crank angle [deg.ATDC]

Figure 3.6  Trigger patterns for simultaneous measurement.

3.2.7PLIF ¥ % ) 7 L—¥ 5 U5k
(i) E—LIRERMIE
AR L7= & 912, LIFFHACHW S D L—HIZ1E, Nd:YAG X° KrF excimer 23— T
5. FAIRH, N&YAG L —V & HWIZHE CRIEHR S 2 00, L—F e —LabDv 3 v M
OHNEENTHD. AR THEH L TS NAYAG L—HF DA% a1 7 TlE, Energy stability
3£ 9% Tho7-. OF VANRE L EEAICH O LIF T, L—Fo0T gy MEZRESIR
FEOFMER£9%EE L CLE D Z Ll d. A 7 AV EHEBRICTIVIHETE 5 L 00,
ﬁﬁnfi%ﬁ#47W%ﬁ%kTétb,Vayb%@@ﬁE%ﬁﬁﬁgﬁ%é.
#%m B — ABREOFHTIE, JLE ﬁﬁ%(7ﬁbvw%7?4?)%7fkﬁ4ﬁ
— RFIZXhEHEE— A@tﬁf%* BRICEL, T—HXahH—TIUET DD HIEIC L
/a/bﬂ®Mﬁﬁﬁ%ﬁ@ MIET 5. Lo L7ens, AFFECHEMA LY — #i%%ﬁ
ff1725 3 ns LMEL VA ThoTolod, +oRMnfERa o7+ N A A4 — Fon j—
EHETDZ Lk ot £ 2 THIO I ETE — ARG L O IE 232 7.
B35 IR LIZFROMMEK LY, L—FE—LZ K IE2 266 nm X 7 —%FZHT 5
N5 Lk, Z ORI TH 572729 Nd:YAG 5D 532nm THDH EEZD
o, ZOI7—%FERT L0500 &K L TRINA~ BB S0, HEIERZRD D
DD, vay MEOHDEENIFERANC =BT D ERE L, MTIRIGRE TR A TZEHIRIC
XV, IT7—FFRLICEDEAY V= ETHE, BEL, ZOE—LZAKy MEED A
WCEOVRET D2 LT, BENOVEEEMEN S OLEEZ ALY, MERKEERE
L“CELK?‘: (X13.7).
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Figure 3.7  Shot-to-shot variation of beam intensity.

(i) ZEHMEME

Lambert-beer DIEANZ LB &, HOEND T HREHASINT- —ERELG~L—V X2 HE LT
Yify, @i LTV FEEEC RG] LTt S0 2 SR IR < 72 5. 2Tt o 7z
AN HED =V FREIES TR S D LTS B TH D, X 3.5 IRT X IITKR
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Figure 3.9  Spatial-calibration for PLIF.
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MBI RN EC T, ZORRITIEFREZ RIS ETFMETEHHT L N TE
RONETHD. I TERRGOFBRMER T, BRILLBEORRNY =TI12hb L
EHERT D2 DR E L, EBEOAMGUL= YT, Y& 1 O ey MAERTH L0 ICHE
FRITEL U 72 AR ORI EM A VWD Z &z L7z,

WIZ K (DI~ T DI, Koch B 23 FEERAIIZ K 8 72 3-pentanone DR JE K 7 DG T H 519,
RN IREE, MRS 297 K RFOHOEIREIT T DM 2~ 7. ZOfRELY, FAKIE
FERYEINT 512240, MRFECBEIME T3 MM L o2 2 Lnbnd. 22T, AT
ERPIREEIZBE U CIEEHII AT > TR, 2O EBRFERN O/ O NED & ic
T2 1 RITLfENT Y 7 b GT-POWER (Gamma Technologies) ? TPA (Three Pressure Analysis) (Z
LV RNEIREZ RfES 72, BFonRII%ET 5.

[X|(c)IZ Modica 5 23SEBRAVIZ R 8 7= 3-pentanone DT K AFHE Dk 5 2 7~ 3 U8 il 2 7R
RIET, HERNCAR AR 2R T, FEMREMRIRREHRANE S 1T R 220, IRE DI
WIBRES U =TI DA & 2o TS,

BRI E Y = FORE e ERRMIC L VMANTRERE RS, 22T, ER1F
FHAE L OZERFFHRICB W TENENHOGIRE A FHT 5 2 & C, BESTAHRICLHME
KT ZkH. =0V AICEIT 5 RBERITELFERAR 2D T, K@hrbhEbiz Y &ikic
*L, BEE 6DIREMEIERVMEDS RKFEFAKREDOY B & WD Z L2725, LLEOMIERRM
% VN, PLIF FHAIRE 2 & B EE Ok il & sk 7.
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Figure 3.10  Calibration curves for PLIF.
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L7z. F£7=, PLIF fiEH O REECRE X > 7 HhHRR ST THIRE L TIRAHEIRIE,
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Figure 3.11  Flowchart of simultaneous measurement.
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3.3 EBRS&M
3.3.1 AZNVRY =TI LB ERRERR

AWFZETRIGE LTWD HREDT A R U 7T, %< ORI TA AR E &,
DADZERILIT A R A % (BEERZERIL) ICEESND Z LB, RRBREHETH 913533
T L 91, sUKEE] (IT: Ignition timing) 13-5 deg. ATDC, HEXI A/F XA hA ¥ (Y&
D ICEEL, Aay MBI L ZORFOR AL RIC GO TREMER M A RET 22 L
THEIRAMEEE Lz, L L, RUKEHEE CAMRET D L0 ) 2 LIFARMEFEIZE -
THRBEMAEAZE D> TLEY, BRIBREBOBRLEEL TLEY. = VU RBERITICB T 5
—ODOFFIE L LT HRBEE.L CAS0 & —E ) 12 LIZi i T ERN & 5. BEE LTS E RO
FENEERD 50%IZE LR (770 74) 255, T2 T, AR THRETN Lz THK
WA E S E ) otz TCAS0 EESRME] [CBIF 294 7 VEBORHEHIT-o7-. & 34 1
CAS0 [EESM 2779, Z 2 TiE CAS0 = 45 deg. ATDC (2725 L 9 ICBAMSIMEICHE WO TH
K2 RS 5 2 L TRl E T 72

AR TIIA "R v MVBEZZE X TCBEOEFRIEREOE(LETRD 72Dz, YV FT
AFTIEAZNAY =T ERHW, ZHICEVBIC R D07 AEEZBE L2 THLTZOE
e OBERBEN AIRETH D, L L s, BA MU I afibr & kDT 7 a v
FMEMA LI27e®, BOREOREE LT O Z ERHIRR V. & 2 CERFREERER T,
FUKBRIEN BB X E 2 A IEHERR & L, oK 200 1 7 LV OBEEY A 7 V% FHll
Lz, 7pds, BRBHCIZ—py7e “iwEICHWOND L X 27—V ) U2 LT,

Table 3.3  Operating conditions for stable firing (Fixed I7).

Engine speed | Min intake pres. | Ignition timing CA50 Injection timing | Injection duration | Equivalence ratio
[rpm] [kPa] [deg.ATDC] [deg.ATDC] [deg.ATDC] [ms] []
34
37
40
1000 43 -5 Variable 180 Variable 1.0
46
49
52

(Fuel : Regular gasoline)

Table 3.4  Operating conditions for stable firing (Fixed CA50).

Engine speed | Min intake pres. | Ignition timing CA50 Injection timing | Injection duration | Equivalence ratio
[rpm] [kPa] [deg.ATDC] [deg.ATDC] [deg.ATDC] [ms] [
34
37
40
1000 43 Variable 45 180 Variable 1.0
46
49
52

(Fuel : Regular gasoline)
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3.3.2 —% Y VIR ORI ANRERNT

APNREIORYT CTIL, £TE—2 VU 7 GEBEE) FFCLY, ey PABRERGZLT
RGN DZER N A 7 NVEB 5.2 DB OV T Lz, 235 SISt 2R9. 2
T, 3 o0AmMGEERGE L, RIZIRLEFIZHH D 2 oOR/INEATELRMSE AR
> MV4BH (WOT : Wide Open Throttle) §:fF&ii~7. £—4 UV 7 &MEROT, =P
W, SKEITDRODY, 52 B 2.1 TR LI-REIEE 2 AV, BEM X 70 deg.C IZHRHE L
TRMTE—HZ Y T EIToT.

Table 3.5  Operating conditions for motoring.

Engine speed | Min intake pres. [ Ignition timing CA50 Injection timing | Injection duration | Equivalence ratio
[rpm] [kPa] [deg.ATDC] [deg.ATDC] [deg.ATDC] [ms] []
37
1000 52 none none none none none
WOT

3.3.3 H7ARY — 7 X R EABE PIV+PLIF 3B

PIV DB DIRBEFTHALIRIRFGHR &%, BREIN 72D, 3K 3.6 ITRT PLIF O6, #0tHI%
fEHT 5720, BABEIT iso-octane % ~X— A |Z 3-pentanone Z # LA & L TIRA L72H D& i H
L.

Table 3.6  Operating conditions for simultaneous measurement (PIV + PLIF).

Engine speed | Min intake pres. [ Ignition timing CA50 Injection timing | Injection duration | Equivalence ratio
[rpm] [kPa] [deg.ATDC] [deg.ATDC] [deg.ATDC] [ms] [-]
1000 37 -5 %0 180 2.9 1.0
52 35 4.3

(Fuel : iso-octane 82vol.% + 3-pentanone 18vol.%)

3.4 AFZNRY—TIZXBER 200 VA 7 VERBEMRNT

X 3.12 \ZH ARSI E T D 200 YA 7 VO SERNITE DR 2783, [X(a)lZ Sk
BT FEE S, OITABEE L CASO BEESRMFZ R T, SMEITKTIZH 2 L 5 I/
JETHY, BEIZERAR, BAIZERAKRKEZRLTWD. K@IRT ITEEOSHA, Ak
REH11X-5 deg. ATDC Td 573, TDC fHEDEMm CIXIZ & A SENEFEML TE 57, 10
deg. ATDC D HIRFERZIRIC L D E WM ER CTEX 5. Z OB DOIUD B — 7 ZIREE Poax &
T2 &, BRBE P DOLEITARARRIFIZE Y ¥ — 8 (BA) 72560 & 72 5. K(b)IZRT CAS0
EE DS, K(a) & FARICIRARTARMIIE ETE S OMHEIZIR T LTS, BHBE Puw ONLE
X E DA THIZIER CREIC 22 5 7.

X 313 (I BT OB ARBRE 2R3, [T OBIEAESR | LI3E B b FH L7z 24
BREEAIZEFAERTH Y, BEIOFREE (BB EROEORRAE TRV, Z07d),
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JEMEA TR O BT OBFEAERITBEROLBEIZL VAL RS, M@ IT BEESRMAETIE, K
AMEHIZ EBIEROMMENY Z— L, =7 IR TFTHMHHmERD. 3.12(a)lcR L
ToJRBE Pax DAARDY Y 2 — R LI BRIZ Z OBGEAEDENTH S . HM(b)ITT CAS0 [EE S
PECUE, fRNIE DR & [FERIC, BIAERONMAITAMIC LV L TN ERbnd.

[¥] 3.14 |Z net IMEP OB 2 /R~3. FifhZ net IMEP (XURTFHIAZNE), #iEdlh i #ise 200
B A 7 JLH D netIMEP @ COV (Coefficient of variation) %7~x9°. Z Z TOD COV [TRRBEL &2
DHLDOTH DI, AFFRIZTZ O COVREMLTLE I RNZBIRTLZ L1k d. Kf
oy MIET oy MCITEE, 70y M2 CASO [EESEERL, SAMEKtETERTH
3 EIFHN LR E#E. EHDORMMICRBWTHEARAEN & LT, KAMEFITE
COV [FHMT DM & e o7z, Fiz, IT EEFR LT CAS0 [EE Z2 35 &, {2722 CAS0
[ E D H3A U net IMEP T 6 K& < 72 235 A7,

3.15 12 net IMEP & CAS50 Okt z r9. B7 vy b IT BESMETIE, V=7 728%
&7 VAR AMGE ERBEN A SIS . — 7, CASO EE S T MR CASO IXIFF—E &
72%. 22T, AlE CAS0 DEEMEIX 45 deg. ATDC & L7273, :@@ T IT B E S net IMEP

=150kPa SEDETH DH. DF VXD D b net IMEP= 150 kPa {10 T, IT [EEF L O CAS0
EESMED CASO DIHIZIZFIERI U THD Z Enbnb.
Z Z T, net IMEP = 150 kPa {53 & net IMEP = 350 kPa {32381 5 IT [E5%E,/ CAS50 [EED

PRBENAHOZRIZHEER L, K 3.14 1Z/R L7z COV @F%%ﬁé &, net IMEP = 150 kPa 3T ™
COV DBEITIZZIUT EEZNTEN 3D 5. ZOREFILIT & CAS0 EH 5 HiEVMETH -
TleOThD (T —2 DX H DX ITILFHAR %ﬂ)aiﬂé) —7J5, net IMEP = 350 kPa f{-}i/T
DFERZ D &, BIH2NMT CASO FESRMDO A COV B2 Einbnd. ZOMEmEY,
FERNCEHARGEEIZBNTE CASON LY U Z— NLIZEKEDOHTR COV IiTEm< 20 Hune
HIWr9 5 TEDH. OB E LT, BREMHPEND &V Z&F, EAMETFIZEVIK
FERZ8R R T 2 CAREBERE LT ude e, K0 BE RS~ BB L
PRBED RN EMEDHEINT 56 ThDH EEXBND.

U EOFRER IV, ITEFEIZT DL CAS0 BE L, CAS0 #2525 & IT b netIMEP & 21k
LTLFEW, MEOBGRELMICT S 2 EIME Cik2n. X 3.12 IR Lz COV DOFER
iZAvay MABEICERNT 2R/MNMEREE S T —a v — L LT R A X 3.16 [TRT.
LY, BRETRT X DICHE UR/NREIE & 72 5 54T, IT BESRMEE CASO FEESRME
T net IMEP "L L CTLE D, FURKESRMEE LTEZ D E CASO BERMEDO IR #
— RL2RTIERBRW2), COVIEMT 5. 2F 0 Ay MBI ZZ 2 - BEOxiy
72 COV OZAUIFMII R T L HIZ2~8% & 72203, BRBEN AR DI BAKIE, A U AUTE CEbig
LD I ptRETHD N EZD.
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Figure 3.12  In-cylinder pressures.
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Figure 3.13  Apparent rate of heat releases.
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Figure 3.14  COV of net IMEP.

81



93 RRASTERRER ORBEY A 7 VR Eh AT

50

st 8o o ® © © ® P
5) o,
= @
< o
& 35+ &
S, L]
B 30 | i
<
1)
25 +| O Fixed /T (5 deg.BTDC)
O Fixed CA50 (45 deg.ATDC)
20 s s s s . . !
100 150 200 250 300 350 400 450
netIMEP [kPa]
Figure 3.15  net IMEP versus CAS50.
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Figure 3.16  net IMEP versus COV which are colored by minimum intake pressure.
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Figure 3.17  Cycle variation of combustion phases during 200 cycles.
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ZNEIRT. 22T, CAI0 &) DIX RN OBFEAROFEMEA RO 10%I1253E L=k
BEREHACd 0, CA90 ILIAIERIZ Q0RABERF I CH 5. K7 1 v bEITEIRA R & 72 5 F/ A
JET®H 5. MLV, CA10, CAS0, CAY IZZNZAURIT Y =T REARMEL o TV D Z &2
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5. Tibh, CAL10 NENIUE CAS0, CAI0 HiEND & W) BERE 72 5. AdikleEssc
BWTIE, CAL0 (T OBRBERTH IR U TH CASO AR DBREER I ZERNE L, HERENF
CHA 7 BN THIRBEENEE T2 Z L T, IMEP OV A V7 VEBNEAT D2 & 03H
BEINTWVBR3, REFFETHEEE LT D A M FRBEOGE, FEARICITYIHIRBEDOAL
D OMRBEE TREL T <.

F72, K318 T K 9 ICKREENLAR & net IMEP & ORRMEZRT. #EfilZ CA10, CA50
% LT CA90 Difge 200 Y 7 )L T & OAAARLHE), fitdhiZ Y1 7 )L T & D net IMEP Z 7R
X T — 2 — 3 N REE R L, Y rRLE LToll CAL0, AlZ CA50 % L Toll
CA90 %/~ d . 2IRRefEm & LT, EAMIIZAE PR O E2Y, MFHAY X —RL
7= A 7V TlE, net IMEP 2ME T3 A & 725, 72720, ZAUIARGHHISA: O SRR 2
MBT (Minimum advance for the Best Torque) £V H U X —RLTWA0HThHDH. MBT & X
MV PR & 70 2 Fei KR o0 Z & 2 FR L, — X7 ST = ¥ Tl CA50 = 8 deg. ATDC
L7 D XD 7R MUK MBT SIS Z E B2V, RIOFERNHDND L 51T, CAS0 I
EDOIEIGEMFIZB VTS 8deg ATDC LV HIENTWD. ZDTOARFHUSHE T, R
ZHEf4 5 Z & Cnet IMEP |39 5.
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Figure 3.18 Relationships between combustion phase and net IMEP during 200 cycles.
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2y hCHY, K314 IR LIERERE KT 5. FRKESMEICB T LR LA T Ty ME
FHEFROOBEM L7250, 7oy MBAAICAET DI ORI A LS & 72 5.
XX, AR TR LD net IMEP =200, 300 kPa D7 A > & 720, net IMEP = 200 kPa
DA, /NREITE 38kPa & 41 kPa DEMHIEH 2 mkIFHIC L > T—%9 5. netIMEP=300
kPa DA LR THS. Z DM, net IMEP @ COV Ofix 7.5 &, [ U net IMEP T % fx/h
WRJEDME L, o sk 21/ U725 08 COV Idvh & <, BRBEY A 7 VEBDIIHCTE 5
ZENDbMD. Z OENIE net IMEP 73 200 kPa, 300kPa &H 5 D&M THHER TE 5.
B BORS CHb 7=, TEEOT A RY RO mUKIFIL Y # — R CHEE S
NTW5HZ EnZW. Z2oRBIEEE, SENCEhbETREAr Yy MVEZRE~ATLZE
D, IRAERIFICBNTIEERELZRY ST, kA ) 2 — REE5 2 & CTHERKE
B AR L TWDENLTHDH. TOHE =LY, Ay MLad iRy, hor kR % it
A9 5 Z LITREE COV MIfilchRITH Db DD, BIERHTIIRNEFZRD.
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Figure 3.19  Result of COV in various ignition timings and throttle openings.

ULEOFREFR LY, net IMEP Z&E)IA BN AHDOEENZ Lo THIEH Z 4, FRBEAARIE
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72 net IMEP A& A v hLBHER G 72 Eﬁ"&%f%@ﬁﬁf&%ﬁ IR B EEINT A E RN

%. 15T, net IMEP B#hZ T4 5 7-HI121%, A v v MUVBHERSWIHIREEN A ~5-2 5
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3.5 —% Y v IR ORI NTREIENT
3.5.1 fANENB L ORRERERE

=XV U TREORNIREN YA 7 VBT CIE, k45 A 7 v Extgil L, £351C
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Figure 3.21  In-cylinder pressures of individual cycle and ensemble-averaged.
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Figure 3.22  Ensemble-averaged flow pattern in the case of Piyare = 37 kPa.
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Figure 3.25  COV maps of CCV component.

92



%3 ARRATERRR ORBEY A 7 VAR BT

3.5.4 JLHRMOEB = XN F B L CEREB =RV FX DOV A 7 VEH)

PRBEY A 7 VEB TIZWHIRBEDOZENC K-> THl X = &N D L RT3, FIHIBREEIC X
KREOERI\ZRFTRE), FHIENA BRI, 22 TRIZ, B—F U 7 ERFICBT
2SR o #EE = R L ¥ KE 3 L OVELIEEE) = % /L ¥ TKE (2 2\ T~ 7=. KE ¥ L O TKE
FREHBLOKBOIC L VRO, = 2 TiE, PIVRHEHE SR EZ LML T2 L CTER
BNZFEM U7z, $£72 TKE IZXXQ)IZHE S, BT & FRIEYmoES2ilhve L, e
T RILF|THE LR -,

I 491

KE s = Wgéa( Ghk.cay T W(l k CA)) (3.5)
LA B ) B

TKE .y, = NN ZZE{(”(:‘,I{,CA) — UGk ca )2 + (W(i,k,CA) - W(i,k,CA))z} (3.6)

oAV, =1 k=1

¥ 3.26 (ZHFf 3 O ESh = r L KE JBIE % 7”9, [X(a)lZ 37 kPa 5/, IXI(b)iZ 52 kPa 5%
f, & L TI)IZ WOT &EofE R a2 2 2hn L, B ORI K~ EMEITR, TEX
O BDC DABEDEAMEITRRICE B LIcfRER~T. £, P OMBRICERR 45 1 7 L
DFER, BARRICT vV TN ORE R 2R~

YO KE 1 ZRAA TR EIECTRAMELE & 208, Rk L7277 3 v 7R OFER D
LD E I, RAMEHFIEERKIEHME T 5720, KRAFREHFIFZE KE bIKFT5
ffia & 72572, BDC LABEDFERZ LD &, A 7NV KE BENAKES LB L TWDHZ &
Wbond., FTOEH (1IX52°X) 1E, 3 2OAMEEICEBWNTEIUT EERTND, E)»
37T kPa SN IR B AL TV D L HICRZD. HodHl bIKRARME/ NS RDHEm D70
FEXTHNAR AR SR TR EB O BN REVWEF R D.

WUz, ¥ 3.27 ([ZELESE) = )L TKE B 2~ 3. TKE BEIEIZH W\ TH KE B & Ak D
2R TE, WERATER T D TKE O KIEIHMEARRMHFTER T L. ok, 6N
ANA T ) ARXD LI IRFERP N O BN DY, SLAVIEBEREGTE & R O 2000 5
ROTNDI0, BREERICT T —_7 MR E-S> TOEAICBRERENFESATLEY
i7~&ﬁoftio.%@k@:ﬂ%@xﬂ47/4XMﬁﬁmﬁwf%ﬁbk.mmu
D TKE OZEBNIRARRIIZ /NS RDEMDE B, ZAE TOMFA (RARTIZEE
A RE ) EIETEEEDN B o T2

B L7z Y, SLAVIZBRRRGR & BB D=5y F L7, SEATH ERERPEY ClIE, v—
Ax74w&_%wtﬁ%ﬁﬁ%#_W%ﬁekat.ﬁii/y/E%ﬁ%¥ﬁmL
A=, REEIMICHBIT 2 L 0o E 2 b H D 2 LB ARHE T K 5 R EE
Th AT T HHMENENH D DG LR, ZOoA RO E T, KARIEE TKE
DEBP/NS L IeoTzdd, ZNETORRNDLELRT H LIKANSEMH TIX KE OLEOHHE
BRIED COV ODEMNKEL oo/ 2 L &EBET 5L, TKE OLBEIREGRARIZEHEMNT 5

93



73

KA R I OBRBE YA 27 VIS B AT

RN D DTV EHERI L TV 5.

Save- KE [M¥s?]

Save- KE [m¥s?]

Save— TKE [m?/s?]

Save— TKE [Mm%s?]

140

120

100

140

Colored thin lines : Individual cycle
Black thick line : Cycle-averaged

120

100

80

60

40

20

120

100

80

60

40

20

420 480 600 660

Crank angle [deg.ATDC]

540

720

420 480 600 660

Crank angle [deg.ATDC]

540 720

360

420 480 600 660

Crank angle [deg.ATDC]

540 720

30

25

Crank angle [deg.ATDC]
(a) Pintake= 37 kPa

Figure 3.26

Colored thinlines : Individual cycle
Black thick line : Cycle-averaged

Crank angle [deg.ATDC]
(b) Pintake= 52 kPa

30

25

20

600 630 660 690

Crank angle [deg.ATDC]
(c) WOT

Spatially-averaged kinetic energy (KE) of temporally-averaged flow.

420

Crank angle [deg.ATDC]

480 540 600 660

420 480 540 600 660 720

Crank angle [deg.ATDC]

420 480 540 600 660

Crank angle [deg.ATDC]

720

570 600 630 660 690

Crank angle [deg.ATDC]
(a) antake= 37 kPa

Figure 3.27

40 570 600 630 660 690

Crank angle [deg.ATDC]
(b) Pintake= 52 kPa

Crank angle [deg.ATDC]
(c) WOT

Spatially-averaged turbulent kinetic energy (TKE) .

94



%3 ARRATERRR ORBEY A 7 VAR BT

3.6 T ARV —TIZ & B 5EEHEREE PIV #
3. 6.1 BT 45 YA 7 L OBRBEEHHR R

328 BLUM 329 (24T AR Y —TNZ K Hiific 45 A 7 )L OBRBEFHRNRE R 2~ T.
3.28 [ZF-#) net IMEP = 120 kPa 55, [¥] 3.29 (244 net IMEP = 350 kPa Stk D fE % 2 h Eh
R E T, B ERBRICHEREEY A 2V ORNEEREZ R L, FERIZY A 71T L @ net IMEP &
CA10 DfE R AZRT.

328 FEEDRWNES LY, A 7NV TREREB DR TE DH. 45 14 7 L ORREE
EEIHE COV I 114% Th o7z, 723, HMPTIRBIL 45 1 7 L The b # (netIMEP) 728K
EL RolemKIEFEY A 7, FHTHRAMEEOY A 71, £ U TR 45 Y 7 )V fE
Y. FBISRTHRER LY, net IMEP 8 K& <725 A 7 /L Tlx, CA10 134 L, net IMEP
DINEL 2B A 7V TlE, CA10 TEA LT,

3.29 27”9 ) net IMEP = 350 kPa S DGR D b [AEROM M 3G i, FHNESO
MaRHMEILE < 720 COV b 3.1% & M 3.28 [ZH~/NE < 72573, net IMEP & CA10 OE A 1L
FHOEBREMF T L.

ZIT, ZOoOAMEHFIZBWTHRNENERICERT 5L, %) net IMEP= 120 kPa 544
TIERKRF/MEFEY A 7 VORI 43 B 7 L PIRIEHEIZ G/ L T D DI L, F
%) net IMEP = 350 kPa 51 Cl, e/MEFS A 7 AT MR 44 Y1 7 izxt L, B H0C
UX—RLTEY, FEANRYIA ILTHLLEEZXD.

P EO#EREERE R L0, RO AEALRER CldE K/ F/IMEEO A 7 oW TN %
ToTn<.

Individual cycle

w 600 Highestload
Ec_‘ 500 Lowest load
R Mean 45 cycles
5 400
[}
[%]
© 300
o
o 200
©
c
=, 100 T
2 o TPt ] COV of net IMEP = 11.4 %

-180-150-120 -90 -60 -30 0 30 60 90 120 150 180

Crank angle [deg.ATDC]
160 1 45
= 140 140 O
& 120 E
= 100 | 1% <
8o i 130 &
= g0 | =,
T 40 1®¢
c ] <
o MM =
0 15
0 5 10 15 20 25 30 35 40 45

Cycle number [#]

Figure 3.28  Combustion results on individual cycle in the case of Piyke = 37 kPa.
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Figure 3.29  Combustion results on individual cycle in the case of Piuare = 52 kPa.
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Figure 3.32  Distributions of equivalence ratio in the case of net IMEP = 120 kPa.
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Figure 3.33  Distributions of equivalence ratio in the case of net IMEP =350 kPa.
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Figure 3.34 Results of the highest and lowest load cycle in the case of net IMEP = 120 kPa.

77

-7 deg.ATDC

28

Equivalence ratio [-]

Vector velocity
— .6 [m/s]

/ / 7.
Highest load Lowest load  _120 deg.ATDC
(Cycle # 036) (Cycle # 029) (1vc)

Figure 3.35 Results of the highest and lowest load cycle in the case of net IMEP =350 kPa.
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53 FWEICRBWT, BRBEY A 7 VLB 2 RBE T RF RIS 5 Z & TR 21TV, b
AR L RDY A 7 VBT, FMWNMENCRER 2R Y — 2852, L LR 5, net
IMEP D22 82 3L B 72 ATHIRIE° s K R AT E O BN EHANIZAT > TR 53, AHHIZR net
IMEP ZE) DR EILTE o7z, £ 2 TRETIE, SRR £ TORANTE) & ik
BOMHIKR LR DAL Z R EHI 2 2 & T, KV FEMAR YA 7 VEBFER O E 217
7.

4.2 FEBREMH
4.2.1 HXF%R
ARFHITIX, TR-PIV I X 2 RERFIGFNIREY &, 2D A 7 VORI RIS & B
AZLVEHNT 5. 4116 R AR, 5§ 3 BT~/ TR-PIV, PLIF [FEHIOSLE,
A ruA v 7 T7—%RANTEEERE Mie BELEE 0BE L CRHA L7223, ARFHAICIXX
WCRT LT A aA v 27 —%HNT 400 ~ 500 nm O KK E & 500 nm LLED Mie
BELYE 2 0l L7z, @ KR, IRIRKK THHHFK (Blue flame) & O HFENIZ L HIER
(Luminous flame) 23& %7235, 500nm A FOKK ULNRET A Z ENTER0W=, Hohvd
KREMGIIETHFODOKR LS.
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=R, / & Tracer
u- tank
Long pass filter
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Figure 4.1  Optical setup.
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4.2.2 NUTNRE—

A2 ZARFHD R Y HXE—2 %7 . 2 2T, TR-PIV & EHEEHRE (Direct photographing)
EAT D 12O DOV ARY — 2 iR LTz, TR-PIV TIEH 3 2 & [ RS TRRAE D 20 & [EHE
ITREDY ORKFEH 1deg Bl & L, KFAGREDEERE O~ ) TIAKEZONS ERY %
FEHEITVERL LTo. SR DOBEIX R K SV ADIE B THE 2 5 7o o BLER . B AR Ak
HEDD LHINS &7 5. 7ok, W ARAEIX PIV : 2deg.Ml@ (3kHz @ 1000 rpm), [ELFEHR
¥ 1 1deg. M@ (6kHz @ 1000 rpm) & L7=.

Spark

v

In-cylinder pressure |

'ToC "80C
; ; Flame propagation R
! ' IT = -5 deg.ATDC H v
Ignition pulse 1 : ()()
Emission | ]
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Camera frame S
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Figure 4.2  Trigger patterns.

4.2.3 EiLH

£ 4.1 ICARFHUIOEER S 2 78T ARSI IR = 58 Tl ~ 7 BRBE rT AL [RIBe F)
ERBEDSMETH Y, F/NEAIE 37kPa 38 X OV 52kPa D D> OIRARTRMAIZ BV CTR-— Ak
el (IT = -5 deg. ATDC) 12 L DMt T 7.

Table 4.1  Operational conditions

Engine speed [rpm] 1000

Min intake pres (abs.) [kPa] 37 | 52
Ignition timing /T [deg.ATDC] -5

net IMEP (average) [kPa] 140 350
CAS50 (average) [deg.ATDC] 50.6 35.8
Start of Injection 8o,  [deg.ATDC] 180

Injection duration [ms] 2.89 | 412
Equivalence ratio [ 1.0
Measurement cycles  [cycles] 45

(Fuel : iso-octane)
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(b)IZ -4 net IMEP = 350 kPa §&f: %75 L, REBAIZH 1 2 /L 2L O net IMEP 35 X T8 CA10, F
B2 A RBEATFE & net IMEP OBMZ A 53, £ FEAICRT A 2L 2 & @ net IMEP & CAL0
ZR5E, H@), ()& b, netIMEP 2MEWA 7 /LT, CAL0 2352 LT\ 5 Z &atbah
. Fiz, TEURTEMRBENFA L net IMEP OBMR LY, v v hd44in s CAL0, CAS0
Z LT CAY0 DATFIZBNTHAOMEX TR 00, M) =7 RERE 8 oTHEY,
ISR B CEBULS. S E 0 ARG, AR ORI S H U AT A AT 5
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ZZTWIT, | 44 EBICET D EHEATHIcRE/IMEEY A 7 LB L OFRAL T T i KL
A 7 MO T YL ROIRET 21T 5.
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Figure 4.3  In-cylinder pressures and apparent rate of heat releases.
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Figure 44  Combustion analysis on individual 45 cycle.

4.3.2 PIHAREEOEERT BB

X 4.5 (A K RAGFE D E MRS B2~ 2 2 TIREY net IMEP = 140 kPa S:E (2 B17
LI R e/ MEEY A 7 v &Y net IMEP = 350 kPa S8 Dk I/ MESEY 1 7 L
DFERETR L, KRB OTEND CA = -5 deg. ATDC O KA B A5 IZ 1A T 5 deg.[H]
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K(a)F L ODb) L Y, F net IMEP = 140 kPa & D K/ IMEFY A 7 V&2 k4 5
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K(c)B L)LY, F net IMEP = 350 kPa & D K/ IMEFY A 7 V&2 ik 5
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Figure 4.6  Normalized projection area of flame in the case of net IMEP = 140 kPa.
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Figure 4.7  Normalized projection area of flame in the case of net IMEP = 350 kPa.
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Figure 4.12  Assumption of horizontal offset of tumble flow pattern.
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Figure 4.13  Comparison of cycle data on spatially-averaged kinetic energy and turbulent kinetic
energy.
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Figure 4.14  Relationship between TKE and averaged flow at BDC.
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Figure 4.16  Relationship between net IMEP and TKE, and between TKE and flow angle.
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iso — Octane (82 vol.%)
3 — Pentanone (18 vol.%)

Piy;= 350 kPa
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Wall heating
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PIV tracer

(B-6C) (423 K)
pse Throttle valve
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Figure 5.1  Optical setup.
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Figure 5.2 Spatially calibration method.
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Figure 5.3 Calculation of absolute value on equivalence ratio.

130



W5 E RTINS A 2 VAT~ 2 5

5.2.3 K| (3-pentanone) DIREKTEMMIE

5412 53 THWRHAIREORINIES) GHAIME) & RN TFERREERE (TPA FHEME) %
YLK 5.3 TR LTEARHHIE H15 T, PRI SR & Uniform S OERR G 2 —H S E TV 5.
FDlHAT Y MVBERF U THD Z ENLRIEOZERIIH L OO, FUKkATE TORN
JEJIERE L C—# L7z, 97245 3-pentanone D HEIRE OJE JEKAFNE 2 i 1E T 5 0 FAH
L otz Fie, B3 ETHERFARXOE —~TRAREZRK[ASE TN, AENIEESR
TR 72 DT, 3-pentanone DR 7 = F HAHIET D MBIV [ 5.4(b)IZ" T GT-POWER
@ TPA (2 X 0 FHAE L 7= RN X EJEIE Ik, Uniform Z5{412 Fb X PFI 0400 07 23R PN IR EE
PR T L7, ZAUEAR— MERBRHCBRBIN 7T T 2 2 &I K 2 7RG O B CRKIRE N
BRI TH5. 228, PFIEME L O Uniform 5185 5 % 150 deg.C TR AE INELT
ToTWND7, Ay MANLRRINARKIREICEZR TR, HETHA—MNITE
FAHHBHDENTH H.

Z DONEERREZEE W, 5.5 1279 Koch & 2AFEERAVIZK 7= 3-pentanone DI K A7
DR AR 2 Tlded, MEREZ KD, ZEUXIVC T 0976, AUKATT0.833 L7xo7e.

600 r 800 r

PFI /
Uniform

PFI
700 - Uniform

o
=}
S

400 r IG
600

500 r

In-cylinder pressure [kPa]
n w
8 8

In-cylinder temperature [K]

Ive
!

P 400 |

o
=3

o

L L L L L ) 300 L L L L L )
360 420 480 540 600 660 720 360 420 480 540 600 660 720

Crank angle [deg.ATDC] Crank angle [deg.ATDC]
(@) In-cylinder pressure (Experimental) (b) Mean temperature (TPA results)

Figure 5.4 Comparison between PFI and Uniform condition on measured pressure and calculated
temperature using TPA.
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Figure 5.5 Temperature dependence of 3-pentanone, referenced from Koch!!!.
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FHAICIX, T AN E T/ BRI 2 53 D i/ MR AT 37 kPa D 1 55480 2 TRHAN 21T - 7=

Table 5.1 Operational conditions
Engine speed [rpm] 1000
Min intake pres (abs.) [kPa] 37
Ignition timing /T [deg.ATDC] -5
net IMEP (average) [kPa] 155
CA50 (average) [deg.ATDC] 49.9
Start of Injection 8o,  [deg.ATDC] 180
Injection duration [ms] 2.93
Equivalence ratio [] 1.0
Measurement cycles  [cycles] 45

5.2.5 TR-PIV, PLIF - JI#5 5

(Fuel : iso-octane 82vol.% + 3-pentanone 18vol.%)

[X 5.6 IZ TR-PIV 3 LT PLIF @ L — ¥ o — MG E B L OEIFE 2 7~3. AGHITE, ©
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A ENEAR T FULWTE O Uk 7T 7O /PR 2 et Licnwo T, KSR X 9 IS RES
ALEIEART Fulv e U, 08 58 mm OFHUHIPH & L7z,

(a) Sideview
Figure 5.6 Measurement area for TR-PIV and PLIF.
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(b) Topview

132



HSE CHEILEEBMPREEY A 7 VEEA~G X0 RR

5.3 EBRERBIUEBE
5.3.1 3t 45 T A 7 VRBERNTE R

3, 4HETHoTEL DI 5.7 (T 45 Y1 7 L h OFWERER J O RN O
BORAERIEREE T, AN ETORRELEED LT, RKREH-5 deg. ATDC [EE D5
T, BEEYA 7V TIEBARON D EN Y BNiEA L, TDC HZORNEIIONE ER
D hiEfAT 5. AKFHANCEIT D net IMEP OZEEIER COV X 8.74% CTdHh > 7-.

WIZIX] 5.8 (2 A 7 V4D net IMEP 3 LT CA10 DFfEREZ R, AR CliEfhd &L HF
YA T NEEIY A 7 VRHBITL, A 7 NVEBEROREZIT O 720, P RERTRY
K DU 45 YA 7 VD net IMEP IZxF L, AREEFRDO+10% 7 A & FWARD-10% 7 A %%
F, TDOTA v EBRITA IV EAGULOM TSR L Uiz, ARFHHFERTIE, SthE S ¥
AN, BEEFETHA VDR 12 A4 7 v Ex G E L. 7ok, RAMSEH COFMEITI,
Filc-20%% FREIZVA 7 b5 0605 2 b H03, REHAERD 45 Y1 7 VINITIZAFE L
o7,

The highest load cycle
The Lowest load cycle
Averaged 45 cycles

600
COVofnet MEP |

< 500 =8.74% — 10
% g
X o 8
© 400 ek
@ 6
1%} I
O 300 o
s T
3 =
E 200 [ 2
= ()
> Q
Q
£ 100 £
0 NN R RN 2
-180-150 120 -90 -60 -30 O 30 60 90 120 150 180 -20 0 20 40 60 80 100 120
Crank angle [deg.ATDC] Crank angle [deg.ATDC]
(a) In-cylinder pressure (b) Apparent ROHR

Figure 5.7 In-cylinder pressure and apparent rate of heat release during 45 cycles.
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Figure 5.8 Individual cycle data on net IMEP and CA10.
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Figure 5.9 Spatially-averaged kinetic energy and turbulent kinetic energy.
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Figure 5.10  Two irregular cycle's data on TKE.
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Figure 5.11  Average flow pattern, distributions of TKE and equivalence ratio at 714 deg. ATDC in
lower load cycle.
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Figure 5.12 Average flow pattern, distributions of TKE and equivalence ratio at 714 deg. ATDC
mn higher load cycle.
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Figure 5.17 Flow pattern at BDC in the case of higher load cycles.

Cycle #032 (+13.6%)



BEV A 7 NVEE~H 2

N

25 B LT

=7
=

5

7%

o

e
o~

o
ST

N

{
»

m_
4

7

S

14.3%)

Cycle #034 (

15.7%)

Cycle #033 (-

Cycle #014 (-17.9%)

@ Compression stroke

W_
[
o
=)
=
c
[S)
@
S
>
=
o
o
o
>

2 3 4 5 6 7

1

0

11.4%)

Cycle #030 (

)

Figure 5.18 Flow pattern at BDC in the case of lower load cycles.

-12.3%

Cycle #002 (

BT YELSH
BEFETHA 7 1L

X 5.19 B3 L X 5.20

5.3.6IVC

IvC
BiF5

- RERD

5 5 91 7 /LD CA=600 deg. ATDC P

5

-
—

IZIVC 12

?

ETbREbNIZL
sy e

it

3
i

&%

kR
7 v
AL

G3AT % 71

v EMEL
H DRIV

/N —

i

=y

B 2 g )
YRR

-
—

¢

o

3

HHE FUTF > T
RE LT

‘\bh

7

-
—

LA

{

FERY —

v FT

)

3

EE LY,

bl

-
—

74

Ao THAN

TEALITY

LOEE EIF

A bR E D
VDRI D.

144



WS E CHRIEBAREEY 1 7 VEB~G 2 DR

509 T mEflEY A 7 0Tl SEEPE LB LY A 7 VTR TE 2o T2
D, WAEFELERSTROTF A 7NV THRBY v TFTHLHLIITRZS.

520 [ZRTIRAEF S A 7 L OFER L0, TVC OB CIXREREEE D434 & Mot o3+
INVEBIREL, BELTHWRWI ERbnd. —&IC PFI &tto Yo oifs, B
SATRRWER 21T 9 HA THORKIADICAR — FNIZH E o L RWIRERORR S 4, BLT
HEHCAT Y MINBASTEEZRBTMAT D LD, IVC OB TITREIEE N 2 < F#1E
T 5. IVC OEMETITENH 50, JEMITRPIIEG BES, 501 BELW 512 ITRLTZ
TDC fEDFERD L D ITIEFE A EE— LD, ZTDH IVCITBT 50 DY A 7 VIEEIT
1% IVC £ TORNIREN N Z — U NKEITH D E S 2 5. FRTHOI4 YA 7 L TiX IVC DB
BECldix b Y BINMEL 2207228, X 501 1SR L2 UK 1 deg BT Tl DY 7 v L2
DOORWIRE £ TYURIIIEIML TWAD., 20728, IVC 2B\ TY R MRV R T A
TAILZ L > TRWIBAERON R T HOKHENOEN T LESTZEBZXLND. —F, #033
FACKET TR Y B R BIEL A2 o 7228, IVC OERFETIIMO A 7 L EIEE A EEDPEND,
ZFD1=H#033 TIXIVC BRI NRER R H 5 & EZ HND.

Equivalence ratio [-]
[
0 06 12 18 24

Figure 5.19 Temporally-averaged flow and distribution of equivalence ratio at CA = 600
deg.ATDC in higher load cycles.
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Figure 520 Temporally-averaged flow and distribution of equivalence ratio at CA = 600
deg.ATDC in lower load cycles.
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Definitions / Abbreviations

Definitions / Abbreviations

¢+ AfF

¢+ ATDC
+ BDC
¢+ BTDC
¢+ CA

¢+ CAS

+ CAI10
+ CA50
+  CA90
¢+ CW

+ DI

+ EVC
+ EVO
¢+ FFT

+ FHG
¢+ HR

¢+ HT

+ IL

+ IMEP
+ IVC

+ IVO

¢+ LDV
¢+ LIF

¢+ MBT
¢+ PHI

¢+ PIV

¢+ PLIF
¢+ PTV

+ SHG
¢+ TDC
¢+ TR-PIV
¢+ WOT
+ CCV
¢ Save

Air Fuel Ratio

After Top Dead Center

Bottom Dead Center

Before Top Dead Center

Crank Angle

Crank Angle 5% burned

Crank Angle 10% burned

Crank Angle 50% burned

Crank Angle 90% burned
Continuous Wave

Direct Injection

Exhaust Valve Closing

Exhaust Valve Opening

Fast Fourier Transform

Fourth Harmonic Generation
High Reflection

High Transmission

Image Intensifier

Indicated Mean Effective Pressure
Intake Valve Closing

Intake Valve Opening

Laser Doppler Velocimeter

Laser Induced Fluorescence
Minimum advanced for the Best Torque
Port Fuel Injection

Particle Image Velocimetry
Planar, Laser Induced Fluorescence
Particle Tracking Velocimetry
Second Harmonic Generation

Top Dead Center

Time Resolved - Particle Image Velocimetry
Wide Open Throttle
Cycle-to-Cycle Variation
Spatially-averaged
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Appendix A FJHA K RA=HE T D 12 Y FREh R HF IR

1 IZC®IC

55 4 T CIR 72 TR-PIV & K RARTE OB ARG O [RIRFFHHEE R T, SRR 1 deg Al E T
DOFFENGEE & KB DOKRABTFEDO W EAT o 72, L LIRS S KRABFE T OFLF 7 —
FEHIT 2 Z LR TE R oTe. £ I TARETIE, AKED TR-PIV Z7[REL T2 R U HR4F
—VEBR L, BREEDD D PR RERE T £ TOWE) & I RBIERREO B 21T > 7.

A.2 FEBRSEM
A 2.1 ¥R

AFHUITIX, TR-PIV (2 X 2 RWNTEENFH & K REFHEOEERE ORIFEFAZITS. 207k
W, NFERITE 4 EX4TITRLEEZREF U O 26 L.

A.2.2 B TRE—
94 T CIE, UK 1 deg AT E C TR-PIV G AT o 7223, AFHITIE, B ALICRT X
NIk 40deg. ETHI &S L—VHDHD MU T &R L, TR-PIV 21T -7, KRG
DEHREH DO N U TIEKEZOND B3 R 2 ISR L, TR-PIV [FIERIZ Sk 40
deg. £ T3kHz OV > 7V v F AR5 CRHA 21T - 7=,

§ Spark

.
;
In-cylinder pressure x

iTDC "B0C
' ' Flame propagation _
IT = -5 deg.ATDC g
Ignition pulse ‘ ()()
\—— Extra
(40 deg.)
Emission i ; !
(Laser 01) i _ : _ :
i At=25ps i At=50ps —
Emission 3
(Laser 02) ;
i,_)%
||||||||||||||||||||||||||||||| ||||||||l| [ «
for PV (20000 ps, 2041657 x2) 3 7
Camera frame i ? | «
for Direct photograph 7

(3000 fps, 5000 s°")

Figure A.1  Trigger patterns.
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A.2.3 BRBEP ORFEIE

X A2 ([ZWHIKRAGHE T O b L—TRi D Mie BELE/ Y — v ZRT. ANRFERTIEAA
suaA w7 7—I2LY 500 nm & HEHECSE L, 500 nm L EOHEEE PIV AOmEE E LT
i LTS, g SIS BRI Mie BELYE TédH 5 Nd:YLF L—H D 527nm &, KREFEH
® 500 nm LA EDRL DI E ATV D08, BRBEBHAARTIS K OYRBEBR 412 DRI/ % — ITIT KR
T REAIT R <, AR PIV CRIT CE D REOHBR R 34 /0 Z LN TE 2. kit
IRB = VTRIRER, BEBRIEIC R & 7258 W20, BEZLIC K 2D SOEW BN,
X FR 0, D TR KL L S 5 S OEW S BHICHIE L7z kR #2879, KSR
0, %%%(k%m)@ﬁ%%%if:%ﬁbfvé:&ﬁb#é.#@b%,k%ﬁ@ﬁ%
FHElE PIV OJFERAYIC Sholo. T, AMFFETIIASRER & BRI A 10 5317 5 =
&<, FHAELPH A %@m%%@%ﬁ%ﬁot

CA =708 deg.ATDC = . CA =712 deg.ATDC CA=714deg. ATDC

CA =716 deg.ATDC CA =718 deg.ATDC CA=TDC CA=2deg ATDC

CA=6deg.ATDC CA=8deg.ATDC CA=10deg.ATDC

CA=12deg.ATDC CA=14 deg.ATDC CA=16deg.ATDC CA=18deg.ATDC

Figure A.2  Particle images during early flame growing.

A. 2.4 EERSEM

£ A IARFHANC BT 2 IR 2R, RMARIZIZ 2 E TOFH & AR H/ N UE
37kPa DA v hIVBHEEIC I T AUK -5 deg ATDC DJE#RSE L. 72721, ZhE T
DRRBE,/ TR-PIV FHHI O [FIRFFHAICI3adse 45 A 7 LV OFHNTZ 57225, AL ITRL7Z MY
TSNV AINE G D LI, 1 A7 E7=00 PIV 27 ) o JEENEM L. 20
Te O EIRE ) A T OERINET — 2 BOEE T, 40 1 7 L oFHE LTz,
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Table A.1  Operational conditions

Engine speed [rpm] 1000
Min intake pres (abs.) [kPa] 37
Ignition timing /T [deg.ATDC] -5
net IMEP [kPa] 152
CA50 [deg.ATDC] 47.4
Start of Injection 8o,  [deg.ATDC] 180
Injection duration [ms] 2,95
Equivalence ratio [] 1.0
Measurement cycles  [cycles] 40

(Fuel : iso-octane 82vol.% + 3-pentanone 18vol.%)

A3 EBRRERBLUEBZE
A. 3.1 #5245 YA 7 )V OBRBERHARE R

A3 BLUM A4 TG 40 Yo 7 L th ORRBEGHIRS R A7, 9 5 B &[RRI ATk
PR % R L7244 C, net IMEP =350 kPa DIE#A T, FHllE TICH 7 ARE T LE 5 ME
NI LT=728, 4El net IMEP = 150 kPa OIEfinD A L Uiz, £72, ZhE TLFEEEICK
A3@IZTANESEEE, B A3 T OBIEARERE, M A4 12K A 7 WIZEIT D net
IMEP 5 X T CA10 2 Ehnd . SEOFHTIZAKATOTREN D b R K% O FREN A REE Y
A 7 IVEEBNCRIETHBEEZHDL720, K A4 OB TR net IMEP (2X%F L, +10%2L
F, -10%LLFE LT20%LL F &7 o 7O TH AT A 7 MO TRIBERE R & Ok %
1T-o7=.

The highest load cycle
The Lowest load cycle
Averaged 40 cycles

600 - 10 -
COQV of net IMEP

7 50 =89% par B
£ g

/ ke
o 400 T S 6
S //f
» / [any
[%]
o 300 / 5 4
o x’ T
o} / -
2 200 / 3 2
= / s
>
: / g
£ 100 — ; N

A of SEEES
oo T
180 -150 120 90 -60 30 0 30 60 90 120 150 180 20 0 20 40 60 80 100 120
Crank angle [deg.ATDC] Crank angle [deg.ATDC]
(a) In-cylinder pressures (b) Apparent rate of heat releases

Figure A.3  In-cylinder pressures and ROHRs during consecutive 40 cycles.
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net IMEP
% li e CA10
Over 10% line 80 - LR
o © ©
ORI M WA OJERRELOJNE RSN RN ANERREAN SRR
Average line e \ 1 45
Under 10% line — preeefetopditinniopibontbboi b bbbt 1 w0
wo ol JEEEE AT I g
Under 20% line \O 0 [ ,:;
PR TR RAREREAREAREHRTARSRRARRRA RS THEE NS >
= k=)
L L © 130 3
100 | <
=
. M‘ \|IIH|\ \‘ HI [ Rl -
60 |I ffffffffff . | 15
0 5 10 15 20 25 30 35 40

Cycle number [#]

Figure A4  Cycle analysis data on net IMEP and CA10.
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TP, SKEOFENZ — 2R T D720, HH 40 A 7 AOT Y TR &
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X A5 IZAUKIEEA 1 deg il (CA=-6deg. ATDC) 75 ikt 27 deg. (CA=22deg. ATDC) =
TOT YT NSRS — % 2 deg [RIBRCTa~d. SUKEREHTIT = -5 deg. ATDC 72D T, 2
BeB OB Rk, BRBEDRBME LT\, sUKIEEEL ORNREN S 2 — 13 v 7 ik
DRZ— b2, 77 ZTHEANC R GHE O ORI R TE 5. ZORI I F — 1%
TDC fHif & THER TE 5. F£72 TDC FHEH b RABOWMKRIRIER G E W, HAT 7 70
D BAMAIA~[A T 2RI SHEED 5. 2T K RAGTRIT A E - 72 BEBRER O (AR TR 1 &
HIEIRMIC L DB TH L. ZOWRRIZY 7 v 7 AORKE L I, MU~ EERE L TS
N, FOFEITEKETIOZ L TLHED bEW. F0), X2 T VRNOIEI KRGS
2 DT, KREPKRE UKRERE LGS 5 Rk E O deg. L <, T KRIED K
R L7 RE TR E BT L 0 bIZRIEZE O b ON AN/ D 2 ERNbnd. X
VIV LT VT, KRNV Y T AT SRR B RE T A RS
DM ARG D L D 72554 T NVEHETIE, A 7 NVEEE L CIER TE 20,
BIR e & L IR E ARSI RIGRE LT,
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Velocity magnitude [m/s]
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18 deg.ATDC 20 deg.ATDC 22 deg.ATDC

Figure A.5  Ensemble-averaged flow pattern after ignition timing.

A.3.3 RiNY KE, TKE /B

A.6 |2 PIV FHAIREFR A0 & FH U 72 PR O E#) — 1 /L % KE J6 L OVELIEE) = ) /L
¥ TKE OZEMFHEERE AR~ 22T, K A4 55517 net IMEP 23 FEIfEICK L
+10%LL E, -10%LLF, & L T20%LL F&2ofeth A4 7 VvDBhZzFEr Lz, K()lird KE @
a5 E, SUKEEH (IT=715 deg. ATDC) (Z351) 5 KE 1L net IMEP 23@& < 72~ 7241 7 b
(R TR ORTIEIELIY &<, net IMEP MEL 7o o724 70 Ok, HH) 1X

BRERLY QIR o TND T Ebnd. LLRRb, EMTEPIC-ELTZED X

I RBRIZIR > T DD TIE AR <, A2 H45 DIE 710deg ATDC 1025 T, HHE TR
T/ MEFEY A 711X, 640 deg ATDC {13420 KE (T FHfEL D b RE 2otz
X (b)iZ7~9” TKE JBIEIZR VT, FEARMEHEIT KE JBIE & [T, AUk T net
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IMEP & OFBIMENR R TE 228, ENLIRTOJEMETTFE 1L TlL net IMEP & KE, TKE DO FHE]
PEDFHU.

JERETTREYAE D KE, TKE & net IMEP OAHBIVEAMEWRIEEIZ, PIVIC K Y &2 1 W L it
BT WD THh D (RFHIOHA, A7 HLEm) . WG AT < f/1atE 2 R - 7=
MU THDEE, 2 IRTHAUSTE VR Z 7 ABNER S, R 7 bl oT — % 27
FNZBEF L TH netIMEP & OFABIMEZ HIC/L Z LN TE L LEZXLND N, KAFKED A
By ML ERRS TR TIE, 3RO © 2 < Abi, BIZR 7 Fub 2T 2815 L T
H AT FLBIEIC AT D DR A D 2 BT 5. 207D, JEME TR O HRER
Ri%, WERAIAZ - T L THEITHE LR,

—J7, BUK#%O KE, TKE X EH b HEIMEN & e o7z, ZAUTACKRTORENG IR L k%
BT 52 & THUZ2BERICER LZiEEmaEZE2 L s b0 THh5H. RAKRTET
I% net IMEP & OFHEARMRAHER TE 5725, mUkBILE OB ST net IMEP 725 =\
A4 7NV Th KE, TKE DMEL 25 %A I VB oT=. ZiUZiX PIV dHAIWrE 2310 5 2 ot
KRACTERE N LIFLTVD EZ 2 BN, 3 WIC KRB & net IMEP (213 WM
BAMED B 2 EHERICTX D03, AW OAIZEH LIeGEI2iE, HEREMLILEEZ 5T
BROWGERE D L EDI, RFHHFERTIIZORENRELLEBZITND.

——— Averaged net IMEP
——  Upper+10% from average
——— Lower-10% from average
———— Lower-20% from average

S.ve kinetic energy [m?/s?]
w
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Crankangle [deg.ATDC]
(a) Kinetic energy of averaged flow
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(b) Turbulentkinetic energy

Figure A.6  Spatial-averaged KE and TKE.
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A. 3.4 TAKRARTE /TR % — 2 /TKE 5346 O ik

X A7 225X A0 sk O % — 2, TKE 752 L CRRARE I BE O B2 RS D
AR, SER O T — A= iF 0~3mls TR L, TKEIX0~2m%s> T/RLT-.
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SN, BESRIAERET 2R L o7

M AT BLICASITTRT oD EMHEY A 7 L ORERETIE, AAKRE% D-4 deg ATDC D
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4 A9 TITHEFREE MRS, ¥ A10 DA, TRV SN TS DD, 7775
DERHEN & 5 70 E OFER D O YR BERE S BN - b D EE X Hb. F£7z, TKEIZBE LT
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UbomzE s L, @EEYA 7L T, RKTT 72 LD RERE DR
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WIBBRTENAEE L CTH 77 7B HEBER S 256, OIHIREEICIZ S A CEEE RIF S0
ZEnbhol.

Flo, BKEOKREEREL T S5 L, K AT BIOAS IZRTEEFTA 7 L0
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FHENZHE LTS Z ERbons. [ UBHOVH A Y — 2 /5 L, KEENMIETD
FIENZEF 2B SN TN D Z ERbnd. DF 0 ZORKEHEICIZRNICET L
T RN X RS P RAEEE RIFL TV EEX LR, KEFEY A 7 v TIERA LN
WSROI TH D, o T, EEEYA IR B0 ) —ODHER E LT, k&
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Velocity magnitude [m/s] TKE [m#s?]
HE T e HE & 2 e
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Averaged flow patterns
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TKE distributions
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8 deg.ATDC 12 deg. ATDC 16 deg. ATDC

Direct photographs of flame growing

Figure A.7  Comparison of flow, TKE and flame shapes at #014 cycle (Higher load).
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Velocity magnitude [m/s] TKE [m?/s?]
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Direct photographs of flame growing

Figure A.8§  Comparison of flow, TKE and flame shapes at #035 cycle (Higher load).
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Velocity magnitude [m/s] TKE [nm?/s?]
[ |
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Averaged flow patterns
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TKE distributions
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8 deg. ATDC 12 deg. ATDC 16 deg.ATDC

Direct photographs of flame growing

Figure A.9  Comparison of flow, TKE and flame shapes at #028 cycle (Lower load).
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Velocity magnitude [m/s] TKE [m?/s?]
| [ |
0 05 1 156 2 25 3 0 0.5 1 1.5 2

> e
AEAAR S CR RN A |
N SO aAda FY

TDC

“~vy

8 deg. ATDC 12 deg. ATDC 16 deg. ATDC
Averaged flow patterns

TDC 4 deg.ATDC

8 deg. ATDC 12 deg. ATDC 16 deg.ATDC

TKE distributions

-4 deg ATDC TDC 4 deg ATDC

8 deg. ATDC 12 deg.ATDC 16 deg.ATDC
Direct photographs of flame growing

Figure A.10  Comparison of flow, TKE and flame shapes at #038 cycle (Lower load).
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Ad ELD

ARFHRICHE, S DRRIEHEIAE & PS4 — > & TRE S OHB & ikt 5 2 L T,
CIE T Ao 2 KT ORISR & netIMEP & OFIBINE OB A1T > 7. b
RESRE UL FIRT

1. ToH T NPEROFEREY, Rk OFEF S — TR KRB/ E - T
RREIZRICER L7z ik 77 7l & UL THSHRDOTISE & 70 5.

2. AUKHETO KE, TKE BEETIE, 5 B TH LR L IZIXFERIZ, net IMEP & DOFAR]
PERFER T E 2. L LUK O KE BRE CIIFEBMEN S S e < e otz ZHUTIL PIV
ST O K RIGTEERE DO FBERNRKENNLTHD.

3. mftEB LI OERASE YA 7 VBT 2P/ N2 — 2, TKE 5341, £ L CKRISFEDE
PREBRA R LI 2 A, BEEY A 7 AT, ST 7725 LD iRtk s
Ffo 12 E OB WIRBIE MR S TEB Y, TKE b, —J, KIEEY 1 7 L0854,
BRI DR WIEBRINAFIE L CH KT 7 7 b OBEREER TR Y, P AREREIC
ER Lotz £z, @EEY A 7L Clddb 2RBREFHHRAEEFET L Z Enb, k&
BIREFH O KRKAFEDWENC LV ME SN DT E R LTz,
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Appendix B 5% T IVERAFOBREEY A 7 VEBNRYT

B.1 [IC®IZ

RPNIREN A 7 VEBOMGIFIED—>2 & LT, &< b AT — A0 v 7 Vg ki
K WK ERIE M T T D AR THW A b= o 2 Tl IREE TlL & v 7L
ORI ThH D720, AR TH Z 7 g b LTcBED Y A 7 /L EINHI R O fife
REAToTC.

B.2 FEBREMF
B.2.1 ¥ TN HE

Z T NVETIE, — AR IV TICRAT DRt AT 5 2 & TEETLHZ &
NN, ¥ a—/LA5IE TCV (Tumble Control Valve) & FEEN A3V LY, REA—k
DOTFZESZ LIZXY, KA — N EBOWHEZ E D, WRATRFITR SV 7 Tl
AT By 2 i, T ORIV T BRI S AR A E A BN F AR
FRRAR— FNICKRIT 28D /S ANVIBRERAL, dz B2 2 LT Uo7tz igins
WL IR OGRS HITELE LT, WHGIIRSR A TSI AT 5T A7 > ME
WEEZHZ LT, R—=FM¥na Ay FTEIEIITL, R—F HMAlOy#EZ H N s
Wbl 22 TR T LRSI EE LT, MIBIICRT X5 ICRE A TR IR A
TOMH AT FOREZEZ, R— MFHBEOK 50%%22E< &0 RIBROT A7 > b 2fl
MLz,

Intake pipe

Intake port
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= 100% = 50%
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Normal Strong' tumble
gasket gasket

Figure B.1  Strong tumble gasket.
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B. 2.2 FHIGMAR L OERSEH

# B ICAGHINC BT ISR, Z TGRS TIE, RIRFIC W KRR+
2B DN EN N2 — b EHI LT 7o, 8k 40 A 7 NV OFHINZAT o T, BE T AT v
N B3% 7)) OBE, H/INEAE 37kPa (abs.) T net IMEP 2335 X% 150kPa (272 %73, [A]
UK G TH o7 Nt a21T 9 &, BRI X 0 gIIRBEEE 28 L, fhFbme
7o, ZD7=8 netIMEP %854 o 7 VEIEIZE DT 5729, F/MEREIEIL36kPa & L7z, D
OB IR i@ S LR — & L7z,

Table B.1  Operational conditions.

Engine speed [rpm] 1000
Min intake pres (abs.) [kPa] 36
Ignition timing /T [deg.ATDC] -5
net IMEP (average) [kPa] 157
CA50 (average) [deg.ATDC] 46.5
Start of Injection 8o, [deg.ATDC] 180
Injection duration [ms] 2.86
Equivalence ratio [ 1.0
Measurement cycles  [cycles] 40

(Fuel : iso-octane 82vol.% + 3-pentanone 18vol.%)

B.3 EZRFERBLOEBLE
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Figure B.2  Calculate results of tumble ratio and swirl ratio by CFD.
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Figure B.3  Comparison of aperture ratio on COV of net IMEP.
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Figure B.4  Comparison of standard deviations on CA10, CA50 and CA90.
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Figure B.9  COV distributions of CCV component in the case of 100% aperture ratio.
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Figure B.10  COV distributions of CCV component in the case of 50% aperture ratio.
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Figure B.12  Individual cycle combustion data.

B.3.7BDC 28T 5 EittEF /MR A 2 L DR B gk

B.13 (Z[¥] B.12 C net IMEP N K& < E&E) L7 6 Y1 7 /LD BDC (21T % Wi F3y3ii - <
S — 2 Zd. [K(a)lZ net IMEP K& < 2oz @ftFv 4 7 v, OWREEY A 7 V52 %
NZEIWRT. XT MAVDT—A7—1E0~Tm/s TRLT.

WF RS TI, B R A 7 L TR RS —  DE VD HER TE 1223,
2 7 RS TTIE, K(a)d6 L OB(b)IC R 22~ 2 — o D ZERITHER TE I o Tz,
WEWREE TR LN E LT, REFES A 70 TIEE R b Ui Biiu sy w2 ih
I LK FEEFHA~OFiE e -7, L LIX B.13 OFEF T, #006 35 X U#037 TED
I 2SR T X 22034023 OEEFEY A 7 L THLETE L 5 it 3% — U 3R T, net
IMEP & OFHBEAMER VW E T2 5.

2 7 NSRRI BT BDC DOit#) /3% — & net IMEP OFHBI R TAVZR W ERRIE, &
T EFWRNONEICH D LB BND. BERISEEOSGE, EX M Egiinb o0& BT
FEAVTFHAEEFR R S AR & 720, FaEDY A 7 B W CEHUEEEANICHER T 5 2 &2
TEz. L LR o7 Absclx, Eot A 7 v chim Etiud R oK
ERAEFRNE 2D, BE P WRAVUIFHNEFSMIALE L. 7> TARFHMEFE TIX, net
IMEP & OAEBAN & 5 i X — o bR TR ns o & Bbivs.

B.14 |Z7~5% BDC 7% 30 deg.#%it L 7= CA = 570 deg. ATDC DR Td THle 45 &,
EfEES A 7 VO YA N UERTRAVIERRE TR T X D IR0/ SV Bl & ofin &
o THEY, KAEFEY A 7 LT, EREROREWEREORNE o7, DFV, @HK
R TH B ALTZ net IMEP & R NURENOFABAME: & 7] CHHBIASE T,

180



BEVA 7 VISBHFEMT

1\

BT IVEAED)

=

Appendix B

Velocity magnitude [m/s]
@ Compression stroke

2 3 4 5 6 7

1

0

.

Ly

e
A4 aA

g A

A T
o ARy W s
x s
NS e 7
S s T S TG KA AN,

T
T
R

o

o

"

g |

#023 cycle

#019 cycle
(a) Higher load cycles

#011 cycle

7
- f;'if:s

Y%
7,

s

7,

#037 cycle #038 cycle

(b) Lower load cycles

#006 cycle

Comparison of temporally-averaged flow pattern at BDC.

Figure B.13

181



2 3 4 5 6 7

1

Velocity magnitude [m/s]
@ Compression stroke

0

BT IVERNEDIRBEY A 7 VIS B RAT

=

Appendix B

S~ >
N uwu S

¥

N
A IS
O N T

PR N
e N

s NN
Wi en -
« “ V\V\\»\ \\\»ﬁdm‘rm 8
[ Kor =30
'} Ywﬁ TSty
i L L
y A e
S v

AN e
Tk

=S M

#023 cycle

L

WD
] \\\\wﬂ
ST

- IS N

e Ve ‘(ﬂ4l /4(4, N “‘lllli"l/

Q \\Y!\\Wﬂﬁ:}ﬂ%fﬂ RS W T IITIIE
i

RN R . A e
\ { ﬁ AR

g \ BAN Eaa
Yh\ N \ IRy
Y o

N
A by

T

wu‘wwv i
o v YV A 4 )
ST / { \
w //,/nuv\hv:x ot W7 i
g Mr/i/i&\\ f

N iii»ﬂy.»xﬂ(

NN

} AR Y
ﬂ/,r\/ww,/ N /)
DN Nt 20

et ANV

PN

#019 cycle
Higher load cycles

6
vy
s

¥

iz

99
y i

(@)

AL T2
Tomi
4

e AN
AT

St

- IINT
N

-

ey

R
\\:‘ RIS
Vi
A4

#011 cycle

VA A AR
TS AA A AN
NN T T A
R 7

#038 cycle
570 deg. ATDC.

182

#037 cycle
Lower load cycles

(b)

f temporally-averaged flow pattern at CA

#006 cycle
Comparison o

Figure B.14



Appendix B & % o T IVEAEDIRBEY A 7 NVASTHERKT

B.3.8 RABDYER/NZ — /TKE 55340,/ KRAGE B L

Appendix A T HAT o 72 R AKE DO LR RO g & &2 o 7 Vi LS B W T T o 7.
B.15, K B.16 ([ZmiftgEd1 7L 2 1 7L, M B.17, KBS IR HES A 7 L2 A4 7LD
FEREZNEIRT. UK 1 deg. % (CA=-4deg. ATDC) DR/ 4 — 2 Z i+ 5 &,
A2 A 7 VT, A D EICHT KT 7 7% < XD RV RS R TE 5.
—J7 CIEAEEE 2 1 7 LTI, X B.18 D#037 DFEFR TIX, & > 7 IVEELR TN - 7o Rt
JEHY oG LRy, EEEY A 7V ERIUTH D0, PR NK. F721X B.17 D#006
DOFERTIE, BB 7 VAR L3R & ORNDBTER S TR Y, fWiER 2 Rt
ARE— 2 L7 TN NI ERBZBINLD. 2D O net IMEP & V¥ O [7 1 Appendix
A THRARTBEFERKRSKETHE LA &L Th o7z

F72 TKE 5 bRETH Y, @tE 2 A 7 VCHABEFE 2 P 7 VORERE RS &,
77 A RIS TKE AR IR TE 720, @t Eo#011 A 7 L TIE 7 7 740
2, #023 TIEL7 7 7N Em TKE R TE 5.

Appendix A TR/ I@HFH RS TIE, @EFEY A 7 VO KRIGHEIBETIL, KREHE
mChHBGmR (T NEHHm) ~ORKRIEREPFEAL, FRRFIZRPTHN IR S iR
TE 7. ZOREEREIE, Z 7 AEEETIIA b7, X B.15~B.18 DKk
BREREA T 2 &, BEBRAS LY & EMAOEREEE DEV D net IMEP D72 L LTHR
NTEY, ¥ TAFRICKIT 546G 0~OKREREEE LmtFE IR Fr A 7 v Tig e
IMEBEDBR.

BERR E 2 T NRIERIFIZ BN TR RARTE T AN 2203 U TR AR 22 UKL, X B.7,
X B8 IR LT ¥ TR D CA = 690 deg. ATDC DR % LD &, Z v 7 il
NMEPHONCRZDRICHD EBZZOND. BHERREMETIEBmTNIET 7 76, %~
TIVEILSRE TR T T T EMNCALE T . 2D Z Enb X v T AsbETlE, EARICT
7 7 HEMTITLERE OWABTERR S, AUASKRIGHE LIS WERFEL o2, —F, @
RS TTIE, LN T 7 7HEINCH D Z s, P IMLEO LB OFEEZI1F0T <,
KRRIGTE TP LRLTWREThHoT2 2 EZ BN 5.

PLEDRER MG, Z T VEEMTIE, D72 L b KREHETROZELNEIL, £
DR THEFERREM LY B net IMEP ® COV MEFLIZEEZXDND. LLRRG, 77
TATEERAV S — DN A 7 VEBNC G- 2 2 BII K& <, REMICIT@EF RSN
2T NG B IR R A2 R D, RKRENC B W TR T 7 7285 < X 9 iV R
WIFET DY A 7V TIE, EO%RDKRITEHEND ML, net IMEP 2380017 S fifl 7] & 72 -
7-.

183



Appendix B 5% & T IVERIEDIRBE A 2 VIR EhfiRAT
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Figure B.15  Comparison of flow, TKE and flame shapes at #011 cycle (Higher load).
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Figure B.16  Comparison of flow, TKE and flame shapes at #023 cycle (Higher load).
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Figure B.17  Comparison of flow, TKE and flame shapes at #006 cycle (Lower load).

186



Appendix B & % o T IVEAEDIRBEY A 7 VASBHERKT

Velocity magnitude [m/s] TKE [mP/s?]
EET T 2 aaa
0 05 1 15 2 25 3

U

8 deg.ATDC 12 deg.ATDC

Averaged flow patterns

8 deg.ATDC 12 deg.ATDC 16 deg.ATDC

TKE distributions

TDC 4 deg.ATDC

8 deg.ATDC 12 deg.ATDC 16 deg.ATDC
Direct photographs of flame growing

-4 deg. ATDC

Figure B.18  Comparison of flow, TKE and flame shapes at #037 cycle (Lower load).
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