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Abstract

Experiments on laser ignition of flowing gases were carried out focusing on the influence of laser absorption energy. The

gas flow was created by filling a pipe with premixed methane-air mixture and driving a piston pushing the gas mixture. In

the experiments, we varied the fuel mole fraction in the range of 5.0-7.2% and the flow speed in a pipe as 15, 30, or 60 m/s.

We used a Nd:YAG laser whose wavelength and pulse duration were 1064 nm and 12 ns, respectively. In order to study the

influence of the laser absorption energy on the laser-ignition performance, we also varied the laser absorption energy as 7.5,

15, or 30 mJ. The probability of successful ignition for each condition was experimentally evaluated by observing the self-

emission of the burning gases. The results show that defining the critical condition of the ignition as the probability of

successful ignition of 50%, the critical condition was expressed by a constant value of the turbulent Damkdhler number

where the radius of the initial flame kernel was used as the characteristic length of the fluid motion.

1. i
UTAE, B TRE Rt 2 O EBO -0, h—R
Za— FIANRRDENTND. ZIITHEY, R
R CREF 92 S A IREH e & DA pUREE D B S
DEDSLNTWDE., £ LEAMRBEINER SRS
GEAIBREI O miE S TS Z &b, WK
FERE DR E M I3 CTEEL 220, N OB
FE VTR A R IGE >0 18 JE M LLIRBE L2 7 2> o Tt
ATND [1,2]. Ll ﬁf@i&mkﬁﬁfhé
xﬂ%7f§7mkfi PR AR 1 RIS
BT R X — @%k_oﬁ#@,mfﬁm%%
EBMEIEIINEED FRICORNRNBZ &G, EE
WOEFEZ IE S, A—27 7T 7 DREMILIC
DIRMWDHEEZLNTND[3,4]. D=8, A/—
77T 7RI D D L R E T OB AR
HHENTND

L—H— mk&mwﬁ%iwm$@#6hm%
NCT&El, BREDL—V—2 AP THELT DL
AR—=T DTEDZENII3EICHE SNTZ[5]. £
72, 1970MFED 6 L— P — R EBR O3 #H s S
N3 X5l o72[6,7]. T TITHEMN D H#ER, L—
P A A= NEIEZEQAA v F A L —H —n
R ENB], L—F—~y FOKRZZZHBHFH A
W= 75 TREE T/INULT B Z ENFTEE & e
D19], L —H— s KILFEAM 7 sk i & L CTfge
ENDLEIThR-oTER

INETELDL—H—
— TRk ERBE L L ——

FUKEBRDM T, AR
Pk DR &

©copyright 2025 by the author(s). Published by JSASS with

permission

LTCUTOE Y &BbhrosTETWVD., 7,
AN— I RRIC BB E LIEE LW, BOE
FESEMAMRA~DOBIR RN 2. £i2, @EA A S
CBWCL—Y—FR T - X oo RNiE&Eed
WIZEDRHE SN TWA[L L], £ LT, BREESRN
DEZONMBEL X OEEOREL T 2AN—27 Z1ER
%2 DG KOZEMIN) - WERIF 72l EE A & <,
FERILT DIV REBREFICRDEEZON
B[12). 2, F/hERKT AT =T —F — kD
FTFWAR—=T T 7 kI HREIVR[13], TR
Flzh/NEKRKTZALF =X b+ RERZ R
X—ZH2-e X%, L= = kIiTBIT 58S
WNOEHEFRAR—T 7T T HEKOGZELY b
N ENDho TVA[14]. B, L—Y—EKT
L — Y —E A EEA~OKOMENREZ D ED
ML LTEZLNDN, L—F—HEPNHEERD
HNEIRY RS Z L3 |ESNTEY[15], HE vk
BT,

FIERAET O L —F — sUK ORI 522 Y
DOH BN, %f‘%‘f@ﬂﬁkﬁg‘%w@m KA CHFAL
TN, flziFry a0 ik
MENHWEEUQ,X77AV1yFI/V/Tﬁ
ﬁ%mowﬁﬁmﬂ®ﬁﬂ®¢fmkﬁéz%#%

. ZDED, EIRAEFICBT S L —— S kD FF
ﬁﬁ%ﬁﬂgzﬁ 52 }:75>EET&>5

TRENRR DS SRR I °¢%@i$ﬁ%&ﬁh

IR DB LRI BT L AEELREZ D
N5, RKICKE T R )L F — ®§Apﬂﬂéﬁﬁ



B TIRIRAR T R =/ JSASS-2025-2089
BASEMAEFFHBAEY I 2 L —> 3 VHEHTY VRV T A

20254E7TH2H~4H

&7 —h— U (B0

1%, ARX—277F 7 RKTIEI0? SEEETH DDt 1000 mm, NFE20mmTH Y, £ X880mmD T 7 U /v
L, L= =K TIXI0sFRETH D, Lo - T, A T O X60 mmo FEERE 1 7 & B L
SEHFREM10-100m/sD & &, THRAF—%HALT 72D THD. FUKNEITRGES O LD 5450
W BRIk 3B BN A EEE, L —P—8 mmThD. BEIE A FEIEEE1000mm, PNEE101
KTIE0.1-1 um, A/X—2 7Z 7 5k TiE10-100 mm mm®»D 7T 7 YA TC, NI CEEZLI00mmD T A 2
Thbd. ANRX—=7IZLo THIEREFICERI LD VEIEZ R UREIK KO T DL BREER O T
WA R DORK X SI1E] mmDOA—&—[18]TH 5 1~ i & BRI A b O BRICIZEASH L 7R
W, A= T T T EKTIE, TRAFX—IEABEN 5 NR20 mmo [T EE 235960 ms T2 2Bk T2

PR RN K> TRESEEINDLDITHL, HFEWMZEE/IVTA, BRARESHTNS.
=P =K T, =X —E NRRILEA R 72 IRBESRNOFEAITBENT 5 A b2k > ToK

MU Lo TUEE A EREBINRW. LTER-T, b BILD. BIEZ VICERTAZTHL, ILTA,
— P — B TIE = R T — B AR O SRR 72 BZRIFFIZBL . @EX 7 BB R b U EICH
L BRI OBENIEH T 52 LN TE, BRI ANTEREETANE A 2L TEINL, AN
NI AR—=7 PEFFEARICEET 2 BEICB VTR H AT = SNSRI E>< 5. BE#Y
NOEENENDI LD EEZLNS. A RO FRREIZIZ A e — FBABRY TSN TE
MERE, Fxld, A& v - B/ TRAKEHY, WY D, BIEZ IV IPBIRATOIERT AT a—7 &
TARAF—%15,30m] & B S, FAGTE & REHE HHZETBEE R N AICRAT D0 A D&
NG REBSE T —P— S KRFEBREZITV, ELIR — Bk o T, BRBERR O Tt HIX T A RHEH S
H T T — BB R #EE BT 5 R LETH N5 AT, AN OBEET XNV ET S
D &R LIZ[19]. ABFZE T, EREORBRICE 7 AT (SONYHEEL: FDR-AX700, 960 fps) THS L,
T RV —P7.5 mID FERFERZ M Z, RN T R/ FOT—HEPLERACEIT D EA N OBENEE
F—DOREIHLBELH LWKEER CEIZOW BRI T ADFRAE IEEAFETEI & E L, ABE

THETS. RN TR D T A DY i 2 ¥ A b o OB EhE
Z(101/20)*f% 925 2 & TRD7=. An—rEBIDV
2. ERALE B L OVERGIE RIEX 7 DIENE, TRFIERICE D, BREERN T

N R B O ERILEOREKN & ERIEE O EOVERENRFOND &9 ICHRE L. TER
MK EEZH1, M2iczhEhond. REERETaR

Energy monitor B V?ige $

Dump tank N\a j“ Moving-Piston Section , High-pressure tank
e
7
Combustor Section
y & Mirror
Mirror == Wedge 3°
» Polarized beam
/ splitter
Energy monitor A < 1/2-wavelength
plate
<=+ Laser

] gl

High speed camera Digital video camera

1 EBRLEE KX

©copyright 2025 by the author(s). Published by JSASS with
permission



BT FR AR FAEH  /

WASEMZEFFEHBEY I a L —Y a VEATY VRV D L
2025%E7H2H~4H

27—k —fihdE GRE)

Dump Tank

(id=230, Valve A

L=800) Combustor Section

(id=20, L=1000)

JSASS-2025-2089

High-Pressure
Tank
(id=310,
L=1000)

Moving-Piston Section Valve B
(id=101, L=1000)

550 450

" Turbulence grid

Gh¥

Ignition Position

d-----

d
N

{ Circulation Pump

P

Throat

Gas-Supply I:.I

System
Atmosphere High-Speed Camera
2 EBR
80F T T T =
g 40F -==-- ignition timing|]|
s :
20 : al
(0].3 N 1 L 15 L 1 N H
0 40 80 120 160
f [ms]
3 TARFEER T D AT it O I ] B I
EIEH 7 DJET) 180 kPa
Anm— Mg 7.5 mm

TR D 7o R BEAR N OO 24 3 R D g [ 224 o 51 A (%] 3
R, P EER TR E L 7= et C R 2 3[Rl 0
WL, BEANUREIEIED TH L REEEN OFEN
AT DFIED+10 % DFIPAN & 72 5 ReZ & K Z A
UL LTz, FEBRFFOBRBERN OE)REUILLS,
30, 60m/sTH Y, LA L2 (Re) 1319000-74000
Y5 5.

EBRTIE, BWEEBECL A 2V XBITIS U F
LN AR T 5720, BRBESR O LR ELTEHE
FHRE LTz, BRI, ik To< bk
FLAVDNEE 2> 5 HI150 mm DAL E T 1/100%2 B (2 8=
T 5 & 9a&kEFL72[20].

FUKESOFMZ K 4 1289, sz Ly —9—
EEXTDHLOD V/z“&@i&;‘ﬁ%% W25l E 7=
WOV XEREY o Tns. L—F—04
SNL BT BREERR O L EN ETH Y, Lo TR AR
BEDf = 15.00 mmD L L > X (PR 1064 nmlZ %3
% RO R B IX15.62mm) AR L2 L—H
—DOE—ARIINSmm21]TH Y, B DA OELIX12
mmThsb. H L L —Y —IINEYAGL — % —
(LOTIS TI#E#Y : LS-2131M-10, #%F1064nm) T

©copyright 2025 by the author(s). Published by JSASS with
permission

\

Moving Piston

=]

Digital Video Camera

Leser

5 mm

Lens

4 BT

0, ERhNIR L AMEITAI12ns TH H[21]. [ U L—
P— i Lz EOER TIX, EXEEROFMEMN
81.89/150D & Z\TEMHIILEN AR » FAEDKI68 pm
ThoT[21]. EHAR Y MEPERKFROFHEIC
BT 2 EAE L CHET D &, REROEN LS
FAROFEIF15.62/5Th B 72D, REBROENAKR Y b
BITHB39umE BAEL b, L—F—D A=
X—E, L BB RN X —E 0%, FTNTh, B —AR
AR e A (=== /A N B A AV A

(OPHIRF:# : PE25-C) % » THIE L7z, RIN=x
IVF — B\ BUEL = R L — 13 1+451 :/J\éu\[w]a}j
EL, BURRE s = Eip — EquelC £ VRO, Wi, &
JEDOEIE L 222K Tl E ntwwﬁenabs(:
Eaps/En) R 51279 AL TIZL —F — DRI
T RILX—MNT5, 15, 30 mIOFKMETERLTED,
P2 DRI T R L2 — D +10 Y% 0D 8 [FH PN 0 FLBR ik 5
DHEBFH L.

FERTIE, ATRMET AL LTAZ -
PEEA L.
#120°CTHDH. AKXV -
W

ERTIRER
WHEST100 kPaTH Y, FIHIEE T
EKTRGRITSEEE R
L, AH U ENASRDNS.0-7.2% (Y EHI1Z0.50



BT FR AR FAEH  /

WASEMZEFFEHBEY I a L —Y a VEATY VRV D L
2025%E7H2H~4H

27—k —I)UiE (R0

7250.72) OFPATEREIT-72. Z LT, £L&MT
MUK EBRZ 10 AV E11 AR Y K LTIV, sk
IR ZFTN LTz, 7o, A ¥ L EKROBRAITIIE
BRARCTEMERL, THEREZIT> THRAEISOR
EEENDT. PFERTIE, A¥ 2 ZRTRAR
DRV ICEEFE - ERTRAREAREREF L Hik
TR, MEREZHE L. TOMEE, FEBE10
BV L& 25, BRBRRES0%D HEEEIZRT L
T, FEEIMED3.0%, FEERED0.12% Th o7z, ZD
FERMNDS, BRAKOEEIIARY—IC X5 RN RE
LOXEED, 02%L 0 H RV LA LT,
FERTIX, REERRN D KR D B R % Eil A A
Z (Photron fH#! : AX-50) THiZ L7-. HeiZifEIX
1000 fps, FEIEFEMIXI msTH S, KEPIEF THZ
PUREERS Tt £ CRIN D2 IRE T& -5
B mUK D &I L7z

3. MR EBE

UL = 2 L X —5330 mJ, EHIWED30 mis, A X
VEIGTRING.0%D SR BN TEBEE S A T Tk
BT RBESR N D k5 O H B D6 & X 6 12T
K ORI T V—20 X0 o3 E 2 AL LR
ThY, HROEXTE»BETHS. K6 ()i

100 T T T T T T

80 seee®eeee®

Mabs [%]
5 8
w-&

Ok i i
0 5 10 15 20 25 30 35
Ein [m]]

45 R - ORI K THIE S AL

)

— I -
M6 ko HINAH

(@) mUKARY) (b) MK REL

©copyright 2025 by the author(s). Published by JSASS with

permission

JSASS-2025-2089

RINDGZETH Y, KRB T £ TR s h
TWVWAEETBRRZ 5. —F, K6 b)F AR DOEGE
ThHY, KEPWENDIEF THEA TR TR AL D.

FER TR DIV KRR D A & )V BT
PEZX 7127, X7 @), (b), TN~
HINVF —E s N5, 15, 30 mIDFEERFE F 2R LT
5. M oSHTy e FEK

100
1+ exp[—a(x — b)]
TEBERE 7 v T 47 LR THD. Y&
1 DAY EASRITICHNTH Y, IR E
LTI, EREN VT E, B DV R L
F—D/NEWVIFE, BKARER SN Y B UZED
{HEREIp o7z,

FimlcBnT, L—F—mHkDEEITA/ S~ )
EREKRCEET BRI OREREND Lk
NI, L= — DN E DR BERS O T T
O LEEBET DL, FHRRIRNOTH AR O

Nignition =

(a)
100 — T
E s =7-5mJ g
E‘ goL —@— U=15m/s J
e —— U=30 m/s|
= 6o} —A— U=60 m/s| 1
=
2
= 40
i
< 20
0
50 52
(b)
100 :
E s =15 mJ]
80
60
40
201
0
50 52
(©
100 T = — T
Ep=30ml 27T /L7l
80 1
60 .
40 .
201 3
Ok 1 i

50 52 54 56 58 60 62 64 66 68 70 7.2
B 7 RKEENFRD A X Vo AR
(A)Eaps = 7.5m], (b) E,ps = 15m],

(€) Eups = 30m]



BT FR AR FAEH  /

WASEMZEFFEHBEY I a L —Y a VEATY VRV D L
2025%E7H2H~4H

27—k —I)UiE (R0

EEL NSV LDEEZLND. LERST, L—VW
— O FKIBRRICR & < EEE KT T OO ELIL
ThHHEEBEZBND. ZOEZITIHV, TIRA LT
BEOWIFE CR R SN D ELIRIESY A Y7 7 4 1
WCEBRO R RKRRGME Ty N L. EBROZR
FUK RIS, MUK HR350% & 70 5 FBREeft: &
L7z, 728, MKRIIERS0% L 72D A X L EILGFRD
Eix, W7OEREREZL 7T, NEETT 40T
4 T LT RUKRENER50% D A &2 U E VIR E
X 7 D F2ERAE R 2 AR L TR 72 AR D #50%
DAL ENGREDFEMELE Lz, FEERIZRE K
RAGMEEZ 7 vy N LRELIRIRBED X AT 77 Kk
K 8IRT. EBEREZ T vy NI 5720, ELITHRE
wiE B u’ = 0.087Re~%07°U[22] (UILRBEH 2 D
SRR, Re = Ud/VIZRBR T AFD VA VAL,
AITEEL, VIZRRAT A OBREE23]) TRMEL, &L
AR A — VL3RR ER L = 0.08d[24] CREAM L,
B K DIRBEE E S, & KR HJE X 6, 1% Cantera[25]
b2 &€ T /L I1ZGRI-mech3.0[26]) % f#iH L T3
BT, 7ok, KEHEISIE
8. = (Ty = T)/IVT | max
WL TEH L. 22T, TyXEBT Z0RE, T,
VERIAT A DIRSE, VTITKREFORE AR TH 5.
K SIZRTEIBRBED XA T 77 AEEOMEME L
T RITATUE EA NN L 72 5.
WEIITENEERRICBIT A= F5 7 8
KOEBRTIE, skiBfEs XA 2 MWk s LT
BLIE A D 7 — 327 BLR A V1 o g Y EL 28]
Ex b TE e, LY A7 7 —8i%

pa=lt b/ _ (u_’>‘1 (%)
Ten  OL/SL Sy oy,

TERI, B E T 0w Y EIE

3 1
_Tch_aL/SL_ u\Z /Li\"2
m‘i‘uw‘&)&)
TEHSND. 22T, MEHHOTA F—~ 1 s 1
A= NThBH. £, 1= L/ulEKE RIEEO

FrPERER], 1 = A/u I3 KRRMR ORERER], 14 =
Su/SUMMEFLSIEDRMER I TH S, Mz b o

MER TR —TE & 7R D IEM (R« ELiit & 2 7 —4%,

FHR BRI T 4 V) B LT, LA AT
T —8DaP /NS B L, ALFEIG O FRFERFF I3
L CRE ApiiEsh O FpER R A < 72 0, ks
BRELEEINCTL B, —F, Gl re vy
VHKaNKEL 2D L, KRMEDORERICK L
TS O FFHERE AR < 72 0, BRI ORI
XL CHREANMIZA DT, HELLTL 2D,

M8 oMK ItEAY RTEMOBEEE AL E, L
— W — UK D KRR R LT 2 R T B AL

©copyright 2025 by the author(s). Published by JSASS with

permission

JSASS-2025-2089

4" A 75mJ
B 15m]
" @ 30mJ

R

W

u'/SL
“ﬁ
| NN
' :
<.

10 - & i

L/s,
X8 ELIMBREED XA T 7T A

BN T —$ThDHZ ENbnD. @, ENEEHE
T HRE L AL AR Tk Rk ORI R I3 & B
5L, ELIOFES A7 — KR HORER X

VbSO, ELIROIMEB)N TR ZE D b
DEDHSELLY BMRESELIORELHOHD L
Exbind. LL, MIHIKREORE S[18)IFEL
Ry A —v (KEBROLE1.6mm) &R CA—4—
Thn. 2O, ELIEOWIER) O R T K i % i
REEDHLED LIV bARBERHEETZV RER
SEHDLEIICENDHDOLEEZLND. TN, ELit
Fa g4y TR ELIRY AT T — B iEh
SEHFIZET D b — Y — Sk 2 3EL T S B &
EZHND.

AREFFETIE, RAKRRE T DELIR Y L7 T —
BIIE s = 7.5m]D & X Da = 0.25, By = 15m]D &
&Da=021,E,,=30m]D & ExDa=0.17CTH-7-.
LIS 5T T —HDands/ NS < b b, KRIEED K
ELAINRT 2D, W= R L F—RREWVIF
E, A RN KREL 720, Sl THIHK LI
K 72DDT, FKRRFMEZEZTELSY 27 T —H
DaldS/hNEL b bDEEZLND. 2T, WK~
I =N =P — KD SKBREMFICG 2 D%
BEERBTHID, FrFLOVERTEE LTEESY A
7 —BDa HEHAT D, L HATHEES L
7 —8x

, Tt Rex/u VAN Rpg

ba = T s (s—L) <5_L)
TEFRTSD. 27701, RedZL—H—kiZBIT 5]
HKREOERETH Y, BEEX LT 7 —HULE Y
L T =B OEGRE S A 7 — VL& VK REZ O
PRp CEEMZ =K ITETH H. L—HP—rikic
BT DM kKD B R I Rg =
CoL VBE MRV TR T 5. 7272 L, o AK L




BT FR AR FAEH  /

WASEMZEFFEHBEY I a L —Y a VEATY VRV D L
2025%E7H2H~4H

27—k —I)UiE (R0

JSASS-2025-2089

T
® 7.5,1530mJ

10 F [ 2 .

u'lSy
e o gmyp
®

789 2 3 PR

Ryx/dy

9 VK REORE S ZHEH LT
BLIRIRBED XA T 7T I

—HP—DORU—BEETHY, CIIEHTHD. FA—D
L—H— %o THRIE SNk REDO K E &
[18,2911FE s = 16 m] (& = 1.15 x 101 W/cm?) D &
ERpx = 1.77 mm, E,p = 26 m] (&, = 1.47 x 101 W/
cm?) DL ERy=211mmTh-o72. T bHOEN
b, OLEW/em?BAL TH X, Eg#mIHEAL TH X &
X DRpg [mm] %KD DHEHKCOMEEC =293LF 5.
B, RERTIE, AHL—VF—0U—FKE X
Eps =7.5m] ® & X 13 &, =0.71 x 10** W/cm?
Eaps =15m] @ & & 1% & = 1.23 x 10" W/cm?
Eaps =30m]D & X3, = 2.24 x 101X W/cm? TH -
7o Fiz, b LK BEE LIk ko K X
SXEws =75m] D & & [LRpg = 143 mm, Eys =
15mj® & IRk = 1.75mm, Eups = 30mjD & &%
Rpx =213 mmTh 5.

B OELRBE L A 7 7T KO ELEE 7 A 7 — v
L % R K RAEZ 8 R T I8 &8 2 73 L WELTE A BE
EAT T T MIERO I RKBRE A7 2y b L
bDEH AT, RPIEEY LT T —8N
Da' =023t R HEMAMI TR LTz, ZOME RS
&, BIEX D 7 — 802 K o TRIL = R L X — 035

KIRFEHCKIETHBERBITE LN b05.

DFEY, WU R F =S FUK R KITT

BT RE DORE SIS TVDBZ ENbD.

4. fEw

RN 72 oD A & v« ERTIRARDE NI
NnNEHSL Y, BT R LF—2 2 IETL—H—
RKFEBREAT o 2. AW RV F =280 T, Rk
RENFES0% CESE L7 sUKBBFILELIR & &7 7 —4%
DLW EETRENZ. £, WU R —

©copyright 2025 by the author(s). Published by JSASS with

permission

DPRKIRA SR ST, MEED ORER
ZELIA Y A 7 — L DK RIS E LT
BIESX L7 7 —HTRASN, AEROEEZOHE
12023 72 o7z,

2% 3R

[1] Ikeya, K., Takazawa, M., Yamada, T., Park, S. and
Tagishi, R., SAE Int. J. Engines 8: 1579-1586 (2015).

[2] Nakata, K., Nogawa, S., Takahashi, D., Yoshihara, Y.,
Kumagai, A. and Suzuki, T., SAE Int. J. Engines 9:
179-192 (2016).

[3] Dale, J. D., Checkel, M.D. and Smy, P.R., Prog. Energy
Combust. Sci. 23: 379-398 (1997).

[4] Soldera, F. A., Miicklich, F.T., Hrastnik, K. and Kaiser,
T., IEEE Trans. Veh. Technol. 53: 12571265 (2004).

[5] Maker, P. D., Terhune, R-W. and Savage, C.M.,
“Optical Third Harmonic Generation,” in: Grivet, P. and
Bloembergen, N. (Eds.), Quantum Electronics (Proc. Third
Int. Congress, Paris, 1963), Vol. 2, pp. 1559-1576, Dunod,
Paris and Columbia University Press, New York (1964).
[6] Lee, J. H. and Knystautas, R., AIAA J. 7: 312-317
(1969).

[7] Weinberg, F. J. and Wilson, J.R., Proc. R. Soc. Lond.
A 321:41 52 (1971).

[8] Kofler, H., Tauer, J., Tartar, G., Iskra, K., Klausner, J.,
Herdin, G. and Wintner, E., Laser Phys. Lett. 4: 322-327
(2007).

[9] Pavel, N., Barwinkel, M., Heinz, P., Briiggemann, D.,
Dearden, G., Croitoru, G. and Grigore, O.V., Prog.
Quantum Electron. 58: 1-32 (2018).

[10] H. Kopecek, H. Maier, G. Reider, F. Winter, E.
Wintner, : Experimental Thermal and Fluid Science 27
(2003) 499-503.

[11] Raizer, Yu. P., Laser-Induced Discharge Phenomena,
Sec. 7, Consultants Bureau, New York (1977).

[12] Ronney, P.D., Opt. Eng. 33: 510-521 (1994).

[13] Syage, J. A., Fourmier, E.W., Rianda, R., and Cohen,
R.B., J. Appl. Phys. 64: 1499-1507 (1988).

[14] Dale, J.D., Smy, P.R. and Clements, R.M., SAE
Technical Paper 780329 (1978).

[15] Endo, T., Okada, K., Ito, Y., Kim, W., Johzaki, T. and
Namba, S., Appl. Opt. 57: 10522—-10527 (2018).

[16] Heywood, J.B., Internal Combustion Engine
Fundamentals, Sec. 9.5.1, McGraw-Hill, New York (1988).
[17] Cai, Z., Wang, T. and Sun, M., Acta Astronaut. 165:
268-286 (2019).

[18] Endo, T., Takenaka, Y., Sako, Y., Johzaki, T., Namba,
S. and Shimokuri, D., Combust. Flame 178: 1-6 (2017).
[19] JIAFIESR, BARA, MAKE, WGm=E, &1



BT FR AR FAEH  /

WASEMZEFFEHBEY I a L —Y a VEATY VRV D L
2025%E7H2H~4H

27—k —I)UiE (R0

Sh, KR, FEe2MIREET LR Y T A, (2024) Al14.
[20] Roach, P.E., Int. J. Heat Fluid Flow 8: 82-92 (1987).
[21] Endo, T., Takenaka, Y., Sako, Y., Honda, T., Johzaki,
T. and Namba, S., Appl. Opt. 55: 1132-1137 (2016).

[22] Abdel-Gayed, R.G. and Bradley, D., ASME J. Fluids
Eng. 99: 732-736 (1977).

[23] Law, C.K., Combustion Physics, Ch. 4, pp. 141-156,
Cambridge University Press, Cambridge (2006).

[24] Abdel-Gayed, R.G. and Bradley, D., ASME J. Fluids
Eng. 102: 389 (1980).

[25] Cantera, available at: https://cantera.org/ (2024).

[26] GRI-Mech3.0, available at: http://combustion.
berkeley.edu/gri-mech/ (2024).

[27] Horstmann, T., Leuckel, W., Mauere, B. and Maas, U.,
Process Saf. Prog. 20: 215-224 (2001).

[28] Shy, S. S., Liu, C. C. and Shih, W.T., Combust. Flame
157:341-350 (2010).

[29] Endo, T., Journal of Thermal Science and Technology,
Vol.20, No.1: 24-00405 (2025)

©copyright 2025 by the author(s). Published by JSASS with

permission

JSASS-2025-2089


http://www.tcpdf.org

