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1.1 HEER

PR, BREE - =L X — RO O B B) O L B B B OB 3 D ©
NWTWD. L LR b, oA o7 7HAF, B EBE TILI b ICFEREHRCHipe R
FICHER SV, BUROEMN T I EWRERE (o2 0) IWRET 22 L1 L .
2050 FFIZFBWNTH HEVEEOFEHUL RIF#E HRIC =P U E2FIHT 5 o TH (K 1-1 [1))
HHY, TUVUOENRTEIRE L TEERREE WR 5.

BIfE, BEIBEAT Y V= UV OBGNRIZ0%EETH Y, BEDFRF2F%Y 70 %D~
FNAF—FTHRELE LTRATITHETHND (K12 [2]) . BRIZE DEREIC L - THEXHRK,
WA, BEIRKL, N THEREICHEIND. AIFRETIE, =R F =T 2D 20—
40 %% DD E Wb AMAHRKLIZEH L. WHEHHRL S I3 IROBREET 2 h & R BE=EE
H~EBNEOND Z L THELLERTHY, BN LD OICm AR K ORI S H
Th5b.

AR AR AN 2 B T2 720I121E, T PV OBBERBER ICB T HBMRE A T
=ALEWBNITHIRERND D, 728 bIE, Wo, EZT, EFOkHig, EoLbno
BENAEC D0 E ELSERT 52 LT, GHBRKBOZ O ORI ELN5729 T
H5.

Fio, RO Ea—2HEOR EIZEWVERILL T HE I = v—ra v 2 H
W U D URBERRITIC B W T O BMRIEA W = X LAOMHANEERFREE > TnD. &K
A2l —ra rFlEDO 1 SICXEAFBREXEZET b7 L CHEEf#E< DNS (Direct
Numerical Simulation) 3% % . DNS (ZIEfMERGERE 5 25— FH T, a/LEda 7 A7 —)LOD
WG T E DT OWMRG B T 2R ET D HEND D - OICHAEARMNIEF IR,
TV U NOEGREE s 7 3 ROTHICIRZ 9 &35 LIRS I a L—F 2 & LT
100D HA 2 ET D31 SNTEY, =2 VU RBE~Ow TR EN TIEZRW. o Tz
VUVOEMEY R 2 b—a VEIT) IR AR EET VL, M I X 5 E
BAROBBNARAI R ERD. 22T, BT MRICBW TS 217 9 5 Old RANS
(Reynolds Averaged Navier Stokes) & FE{ZAL, Z2f]EHI 41T 5 6 DIE LES (Large Eddy
Simulation) & FFE#V 5. RANS X° LES OFFEILET /ALDIGEITKAF T 2 T2 DBl D b))
RETIALDRRD B DHN, BAEDOT Y LES THH SN TV D EMRET T /L3, 4] Tl
BT E 8/ N 5 & OFEMAHV[5], ETAVOEKENKLETH S, BERBYREILES)
T TRHNPPERET L VUM~ R E R EELZ KFT 2 s, BMREZ MY
ETFIAETELNE I NTIT Vv ab—y a VARKOEEN A AT 5 HE RS
L%,

AATIE 2014 FICHNBEFOFZ]IZ Lo THRISHY A/ N— 3 VAE7 v 75 A (SIP)
(HOFTRIRBERNT6]) 22 L, EE BT TSRERIRE T T\ a. SIP Tik2 2D
KAEZBTTEBY, 01 ONT P DIERBENIR 50 %DERTHY, b9 1 O0nE
PEDT VI a2 L—4 THINOCA[7]) OBRFETH 5. MAHRKRKRIC & 2885 m iz
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Nz, HINOCA TIX LES 21T\ 7 7 AEMICHEZ T I 2L — 524 HfRLT
Y, HINOCA FRFEH DBy D BEH IR B K OBR R OFEM 72 TR T — % OBUE, Zhic
O BEHEAMRIZEDET ALK A B = R ARPINEEREE L TRESNL TV,

UED XS 72 END, F—Hfdicbiz =2 UV BERBVREEIC BT D 84 7o 5E 03T
DNWTE, LLRns, BEOEMI LHIEDOH L SN ELDRKE 2D, RIEBRE
AN = RABFIAR RGNS L FEIN TV . %%%Witxh/ £ B JERMENEZ 3R K O
BElZ K- CIREE, ), wmEh, (bafl (k) BEdicZl+d 29 %, TAANZIE~A 7=
ﬂ%\)%—kwﬁ~&~@ﬁhmmﬁﬁﬁé.m11,t%%77ﬁzﬁﬁb<,ﬁ@%
BRM ) A RADOZVIBEERBREE LW 2D, D78, HEROFHAEAN CIEFE 22 E 23 K
Th Y, KD D WVITLEREEN 2R ST DR K Th o 7.

B FREEIE N ATREZR YD 1 DI, ITEORHIIN THA ORI X REI A EE
7272 MEMS (Micro-Electro-Mechanical Systems) &> #723% 5. MEMS & 35 Eic~ A
70 A— M= —OWHIEEEZER ST A ATHY, O TR HEIFEEE
XFCHNRIRPUA Z 54 L 72 MEMS it oY 28 H 3, BEBISE2~1/ 7 a X — MLk
O~ A 7 afpt—F —OnfE THIET 2 Z ERARETH D (B2 X, WBIERIAIEKEROEE
EFEERIED]). —F7 T, MEMS & > i3l TN o1 <, iyyy@;bﬁwmmwﬁ%
FEEL V. MEMS BoH a2 Uil LR ERERIE 2 349 2 72 011X, BmiRs
JElpexm Y VBRI 2 D7t U OBRBE DB LEEL R D,

MEMS & 323 72 U E R WIRRNIMEEM Bl Ch D > ) o &2 ik & LCTRIFT %
RICHD. £ TR TI ,w%%ﬁty%%AEﬁmL:%&Lté@%ﬁM&@t
CVHERRETSZIEICED, DUV VBBEERERICB T 2 BMRESY 2 E Tt mafif
BRICHIET D2 L&t Uiz, bEsREm Iz R TéﬁﬁLw%@%%%ﬂuﬁé_kﬁ,

FFEE RLHANTE OB A TRD, PRI HB AR FIEORBESHEY I 2L —va v
o EICERT 2. £72, AUFETRIE SN D e MEMS & > I3 O FE# 12
X U 72 2 B R B ORI 2 52 5 Z L L 720, fERO= Y UMREOFREBIZE S
THHLDOTHD.
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Fig. 1-1 Forecast of worldwide automobile sales [1].
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Fig. 1-2 Heat balance of automobile engines [2].
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1.2 REBEREEEBURZE DTS

1.2.1 =R OBYRE

PRBEERERNZ BT DEMEEIT, =2 ¥ OBRROPER, MR EZ RIT T EE RS
Thod. BEBEAZ VOGS, BT AR 3 hE T 2500 K & 72573, BREESEEE
IFREIKIZ K - T 500 K BRE IR T2 D, 16> T, HALBEMIZITK 2000 K DR EZEHNE
U, HANGREmA~EBNEEINDSZ L LD,

PRI SR BE R OBMBEIX = O ¥ v OTIROE IR LA, 7 T v 7 AR, (B> TRE R
BN, b RERBMEENA U D FIEAMTIC T 5 BYRE O A IR T L X
1-3 DX D7D, HAOFHITH /s 2B+ /s FRE[10]THY, v~ 7 uanbI Y A
— VAT — L OELNS, & &L, B A b A L DIEMEIERIC X - THfE SN D IEEH 722
LCTHY, BEERNBIIY T I VNIV A— MbA—F—[12-14]& \bi, 4 U DB K
FRHIC > T I0MW/m? (2T 5.

O XD e @mBAT AT B OFF O R VX — DL E U CEGhRE(LOFIK & 72 5 721
T, BUSHEGI SR Loy VUM~ A=V % 52 5. 1o T, BEmBMR %
LML, RO PRSI 72 O AR O LTV 5.

X 1-4 [ ZEEH AR DREAR T 2 AR LTV D, = DU OfE, BRH-CRE I 5
B, AT, S & 2 bRV 2, TEREIZARIC X A RS O, ke
TITHO5H15], BBEIC X 2884, KIEKSOBREI OB « ZA88[16]% DR BN EH I
B S o TEREENRE SN D, AT, HEIC X 2HHE0T T HORER) b 2L 5.
2 5[17,18]728, T DA B = R NFFEFITHEMEL 72 5.

Gas Walyl//

T, ~ 2500 K & ~1 66"L}ﬁ/1/"1/,mm

\—

lu|~1-10m/s \

o (), a0

2

dg,~10 um - 10 mm

Fig. 1-3  Schematic diagram of heat transfer on engine walls.
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Fig. 1 4 Factors of engine heat transfer

122 EBEEBVRZEICET 5 EBHEEXK

PRIE SR BE ] O BB IR 2 ZRARENK 703 B RITTIEF MR R TH L), 13 A
EOWE CIIREHBMRIE IR T 2B/ OR T OREBZYV 3T HZ LIFTETCELT, &
BAFE G, & H A L BER DIRE (T, - T) EFREO T 2BVRER h 2RO =2 — F OmH
R 6RO DRREITE E > TV D.

T,—T, -1

BRx g o D U TBIRRIEIE LA T COBE A EZ TR 5 7-0I121E, EBRMIZE LT
BRER LU R b L C—RIb T 20 ER S 5. —&m:%uriﬁmmﬁm@mﬁ
B ZMNENOELIREMRE LA, XBV NI NuZ LA J)VAE L Re &L 7T MVE PrC
RKET 2RO LD RABRKSBHCONTE ., 228, ¢, m, n [ IEREKTH 5.

Nu = cRe™Pr™ (1-2)

T2 TIERATIIRE 2RV RS 2 & CEIROEO b2 HA L L, FrICE4 72 FERAH
B CTH % Woschni D19\ DWW TR T 5. 7eds, =0 VUV BEmMEMaEtE £ L7z
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H D& LT, $Z1% Borman & Nishiwaki (2 X % L B = —[15]X°> Heywood D& EH[20]23% 5.
Woschni [ZX&/L M E LA /A ZEOBFRAE LT, X (1-3) 2EKELE. ZiuE, K
(1-2) IZBWTT T v MEBOENITNZINWE LTERER O TH D.

Nu = cRe™ (1-3)

TREBENRERES, RFMEL w e L, TAOBMRER k LREE uh 1 ARE T ORI
E LTk T, poc TOZLAES 5. JET) p ITHABKUADIRIETRAUTHE D & T4,
(1-3) PHEMRIER h ZRO X DITEBTE 5.

h = CBm—lmemT0.75—1.62m (1_4)

RETE wlZOWTIE, WX EMfE. PERATRE S, RBE - IRITRE T TE A 5. Al
T wITE R b R e, \ZHBIT 2D EMRE LT, —5T, BRBEBMURIIE X oo
EENZ LV B S IRENCIN A CRRBEICER T 2B AELC 5 & LT, BREORREZE
FTHEw. 2B, 22T, widE—Z VYV TWOE I pp & 77 ATV TEEDES p D
ZOMELTH AT, DEaElHdd, REMEwWITROLDITRD.

VT,
w = Cﬁm"‘%ﬁ(? — Do)

(1-5)

6.18 0 (for the gas exchange period)
c; = {2.28, Cy ={ 0 (for the compression period)
2.28 3.24x 1073 (for the combustion & expansion period)

ZITC, VARV U U FREE, pr OY T RS AN U T BRSO RBE B AR & o 7o B
LRDIRTE MBI DBRFDES) & HARETH .

L, RICAU— L OREEZEE L, Woschni H HIZ X > TRIWNA 2D JE TR cu %
WL T OB ERADBREIINLTND

c
6.18 + 0.417C—u (for the gas exchange period)
¢ = o (1-6)
2.28 + 0.308C—u (for the rest of cycle)
m

X (14) ITBTA2HEE mIZ08 & LTWAT2®, HwEHIZ Woschni O ULLL F TR EIN
5.
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h = 3.26B_O'Zp0'8W0'8T_0'55 (1_7)

AL 1967 FITHRBE S NN, 7 T 07 AEGOBRERZREANTRD i 5 FIEM:
MWh, REVA I NI 2l —2a ETASFAINLTWS., L, Woschni O H D
FEERESIIT A 7 NV OFEMEICK L THEHA SN2 O TH Y, BRRFEO TS E M S
TV, F, REEREIZER R AREHEZ 52 DT D0, BREEEROW
KRR — MERPEZIVZERERN BT 5 Z LIRS I B TcE 5. Ma<, #ibd5
DNS 92 TlY, BMREEIC KA/ A 5 % 2 OV IRER AT H I OB Tl <, B
EHEOREITh 5 LRI TEBY, R NS JEF MRS % DI % A5
Woschni O CIIIRENINR Z 1E L < F-lC & 7o WA REME N EV Y. S2FE, Woschni DT
ENDHEMRERNERE & A Dl & OFERIEZ <[22, 23], iEh & BVYRZEORBRMEZ IS
ML, BERFEMRERE L @RBEIC TR 2H RO T 5.

F 72, BT OWFE241C X o TIEMATRE OBEFITER OE FEBE & 13 Blasius OBESE T
WIRDEENWZIRY, = P U RN EIEE LIRS TlERn s tns 2 &%
fiEL TR, T2bb, X (12) FEFICOIZY = VU BMRZEOMHBEXDOEME L LT
AVbnTEen, S%IIRNOENS RE S 272 b WAlREER H 5.

BUREA N = AL EBEICRIAT D L0 D Z 8, &7 T2 7 AEIZBWTEDORLE D
MED XS BRIBEBEIREIZ L > TEZIESNLE 0 EEBENCHALNCTHZ L THD.
Z DI, BEl & KAOME 2 HBRZFEMICBIZ L, S OIdEEY I 2L —va v
EDHRFEZ BT T BERH S, L LN L, BURITERMICB G225 2
ETHEELVWRITH Y, ETIEA—N"—F— L OBEREZ D & 2 A0 HIFENTT
HIvTWD. FEREYRBARE A T = X LOMEI O T2 DI21E, [REELG & @O ffRE TR 2. D
BIEBAN OBRFE R —DORRE L 7> T 5.
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1.3 REEREEmBGTUROHEE

i AT HKIREE DZEAL) B R 22 AR 7 BB G 8 % 5k D 53 [25]%0, 1-5 127
£ 9 72 B AW EFE BRI E R THOI T\, £0% 7 T 07 ABEEOIEE
HO(BERE) BRI ZFANE D & I A TEIIL LTz,

BT, T VRIS W TR 2 RO B IAITBEm N OIEE R 1| WrEMriE A5
2%, ERUT-BERIRE T — ¥ 28R4 & U CBUBEMATIIC BV E R (1-8) 2 ff X,
B O IRE AR DB R Z BT 5.
=55 (4 55) 1)

o T, BRREENGE R 2 3R D 2 72 DI IX BRI AL 2 BRBE SR BE R B 2 I E 3 B BN
b5, E, MR GITENES RO 1 Rt D L9 & o PEt o akiE s
FZTRLTWD OO, FEEIT 1 IRTTOREDEY)ToH D NITEEM D ES.

F 7, TOMODITEE U THIIRANT & F O 72 B SR L [15]5° Duhamel O E B % VN2
FHERTINAM SN TWD R, ITED 3 B o—Z PERED 1) B BMRE 5 R A Bl it
IR FHENEIRIC > TWDH K o Iclbils.

INETORWT U UBERBMREFEOEL OH T, £ OMFREIC L > THEix 22t
VU RBR SN T E . AR I RE IR O JIE U L o TEREX, —F /1
NV, BPUARICHBETE 5. AREICILIATHIZE CHHZE S 4T & 7o & FE O BRREEANE AR E H
Tz oOW TR 5.

L7 A PNz EA
+ ﬁ1 L stk
[ ﬁ ‘ ]
| sl
¥
24| ' 1og
Tl
[ wle
AR
.4 (Y o
| ' L |
[P ¥ —
| ;vf i s
2 oL
41 2] =
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= AR ¥
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P 1| RSRY | l
fRSEN N f 1
L e ) T—r¢1/50

Fig. 1-5 Sensor for measuring steady heat flux [26]
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131 BESNKE Y

TV VRABGRECE LT RS RO L OIEBESEFHA LD THD. B
P REOWEE R A HERE TR T 2 2 & TR RERL /NS L, JREHEE 10 - 100 kHz FREE
LU VBB W T R REEE AT D b ONRZ . — T, BEX X TIIEE
BHORHENS, & INEEE 2 e U 72 BV SR (2 5 1) 2 MR- B BT O e )
S (Z L OWFZETIE 1 IRTTHI R BT & S 2B 2 5UE LT D), & o OERZEIT RS
TERNWI ENBRE SN, FONDIBGKROREEIITRMNES. 2O 0MEE, B
[CBERN OBGR IR 2T 545 2 & 28 LU 72 DI BR RER IE T IEN RIS STV 2
CWFERR S D, BERKE TR ER IR S TT TR 4 LV F BRI IR E) A
BN RE =D FA SN TEY, BIEEOHMNSEENRt o Ic L 2 BUBEA B
= ALHEZEZTH ETOREEFED 1 2Nz 5.

B 1-6 (2”9 L 512, BEXA o HIEEIC Ko TR, X7 U A Y8, 7 Va8
RIS H[15]. BAFIC, &EEO' HIZHO W TS,

Coaxial type Pair wire type Film type

Fig. 1-6  Typical types of a thermocouple heat flux sensor.

(1) [mlHhRY

[FH T P IBE S AT 2@ BO R F RO E L, bORFEEC TR ET 5.
KEOWRBEROIEKSGIEE LT, H2EREFZAH LICERIC L2 b oPhmm 2070
MIFHELTTED “E< 2FHLIZbORHS.

AARIZIE W TR TERY: (B - TR OEARSOWEZ7 Vv—7 (I 21328,
29]) MA[AIEVRIEAEE XF OBAFEICEL Y fL A, BR A ARG N R HGIIE & 1T o TR /e
FREZELCE. W 1T I3EARS OB R 2R LTS, Ao VUi
ELTRT AIEE&EE M E L, DBMENCIZa A X 2 BTN D,
FRPEAITE S 710 um OFFEFIZ K-> TR T 5 Z & TIRBEMEEZ R L TV D, K 1-
8 IIAREV Y EZHNTHIE SNIZEERT r —BL = DB 2EEmiRE & Bl %
RLTWD, KF—H1L 256 VA 7 NVOT P TR ERD Z LT o P OREN
REGEARIEE A TER Y, WK, EfE, Wik, JEROBITRIZK T 2 BRI R
TWo. £/, K TIEE 19 1Z7R-7T K 91T S/N LoD BV BRRFRE fE EE O RIE TR L
TW5b. LoL, IR 2 RENRBM A EEZR L5 L2 HEE LT\,
(Y1 7 NVEBOH DI TIE 1 YA 7 VOBRRERERE ) % OIS T 5 BE
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F BRI 3 L OBESCIRREZ 1IN 2 Z L3l CidZevy) 3018 LT, K190 kD
YA T NVEEREEZFEL AL Z LIXS TR,

Heichal ez al. [311& Marr et al. [32)i% Al 2 — A (b S 72 E R & 3 DFF >tk o3 %
LTz, ZHUIEEOMD IR BES K YTl OZ8 EE > TH Y, Marr 5
OE Y (K 1-10) ORIESMOBEEEL 45mm & 72> TW5., AT VIR E =
VARZ B R EBGERMELE L, REEERZERE TR L T D, Marr b IFEEEIR
FEaEREEICET 52 L2 HE LTE Y BURRORE HIIIT > TV WD, R &8
P DRI D a0 A2 o 2 MR DAFAEIC K o TRFERIRE DR OB D6 & R
o TLEI Z AL, BMRERO B W2 ) 708 S Clid 5 2 & CiRE %
oL, ERECERRBEZIECEDZEEZHEI I 2L —a Vi TRLTWS. Z
AU, ERFIEEVE X OBMBEMANT TIThb TE 72 1 RIEDREDELZEHFETH b
DTHY, REDOKEH D WITE P EE KBS 2 RouBMREE T LVE TOFHHE
DUETHDLZEERLTWD., —FHT, Marr HIIAREV 2T VAL TERE
To7bDOD, 3 KORERE TOWEOLEFEIIIT> T, £, KeHiE /A4 X
DFEET 200 Hz DA MATZJEAEE A RO — A7 4 V2 &2 LCESEIRY H LT
D72, BERFOBEmIREZENIIIEZ DTV,

AR EEHIHIR SN TV D L0 LH H[33]72 0T v ¥ DBMRENFZE T b XL < Fll
HAEnstrHEnzd. LrLans, BOREERITEZCH 00, T7bb, BIZH
ESNDDILTEZDIRENEWSRBIENSHS. £72, Marr B3R L7 K D28 FNEE
AR STz 2 WLET VETERRZR LT RETHLICHLELLT, WEDOHEL
U721 ROtOREICESFHENBIED L AT b, RS8R ROREIC
BV TR

Hot junction Copper thin film
Loex body. / (7~10 2 m)

¢ 0.15 Constantan wire
| (Insulated by 10z m
4= / thick teflon)

S
>
=

T
w

Heat insulator
(Resin adhesive)
/

Combustion

>

£

=3
T

chamber wall

>
w
o

T

Instantaneous heat flux [W/m? ]

¢ 0.15 Constantan wire
(Insulated by glass wool)

42 — -1

/ —5360 -270-180 -90 O 90 180 270 360

TDC BDC TDC BDC TDC
Crank angle [deg.]

$0.15 Iron wire
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Instantaneous surface temperature [K]

'S
3
=4

Fig. 1-7 Coaxial type thin film thermocouple Fig. 1-8  Heat flux and wall temperature

sensor [30]. measured with the coaxial type sensor [30].
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Fig. 1-9  Cyclic variability of engine wall temperature [32].
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Fig. 1-10  Three-point thermocouple sensor [32].
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Fig. 1-11 Hot junction temperature with varied copper film thickness [32].

12

W

p={1118

gl
S



B
s
=

(2) T UA YA

RT T A YHRNIBER 2L T2 2 BEOSRBNIEA SN 3T, TR e
BERHIAMR SN T D, REOEERITE 3 O@BRERD 2 WITE UL > TR S
nNTn5.,

Hara & Oguri [34113 4 1-12 \ZRT X7 U A PRI 2B L, = PO R FCTHEA
(BT DEEEIRENIE 21T o 72, R idgh a v 2% U2 A2 K- TEVEXM DR S,
TV R X o TR SN TV D, X 1-13 1 3HIE S N7 BEERE 2R L TR Y
JEI 7R ) A X% Ete b O OBRRHR L 2 3l T & 5 RAF72 SN HLOT — 2 B35 T\ 5.
— 5T, BkE a U A B ATEERERDK 3T 5872 D (ko= 2.3 X 10° m¥/s, acon. = 6.3 X
100 m%s) 728, T AZLZLUAY EOREIIERT A ¥ EICHRXTHRICKRE S8 5.
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a) Insulation of thermocouple wires in the b) Construction of the hot junction in piston
conical pin head

Fig. 1-12  Pair wire type thermocouple sensor [34].

Fig. 1-13  Periodic temperature change on piston surface [34].
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Fig. 1-14  Film type thermocouple sensor [35].
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Fig. 1-15 Thin film thermopile sensor [36].  Fig. 1-16 Schematic diagram of the thin film
thermopile [37].
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Fig. 1-17 Heat flux measured with the thermopile sensor [38].
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Fig. 1-18 Thin film resistance sensor on a Si substrate [39].
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Fig. 1-19 Adjustment of measured heat flux to excited heat flux by changing interfacial thermal

resistance for heat input at 2 kHz [39].
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Fig. 1-20 Wall heat flux measured with the resistance sensor in a laminar premixed combustion

[39].
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Fig. 1-21 High-speed direct photograph of combusting diesel spray impinging on the wall surface
(top), measured 2-D temperature distribution on the wall surface for combusting spray (middle) and
for non-combusting spray (bottom) at different timings after start of fuel injection for injection

pressure of 120 MPa [41].
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Fig. 1-22 Time history of wall surface temperature and heat flux obtained by time-resolved

lifetime-based phosphorescence thermometry [41].
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Fig. 1-23 The maximum wall heat flux on the lower wall as a function of pressure in the small and

large vessels [44].
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Fig. 1-24 Temporal development of the heat release rate in the center plane and turbulent vortices

near the center plane in the small vessel (O* =0.01) [44].
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(g)

Fig. 1-25 Distributions of wall heat flux (a, b, ¢) and mass fraction of H>O (d, e, f) on the lower

wall. The color bars indicate that ¢, and Yfj,o are normalized by their instantaneous maximum
values. Separation of unburnt, reaction and burnt regions (g, h, i), three regions are determined

based on the corresponding Y20 distribution on the lower wall [45].
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Fig. 1-26 Mean values of wall heat flux through the lower wall of unburnt, reaction and burnt

regions (a), instantaneous total heat loss through the lower wall of unburnt, reaction and burnt

regions (b), temporal development of the surface area on the lower wall of each region (c), temporal

development of total heat loss of each region (d) [45].
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Fig. 1-27 Velocity components in the (a) azimuthal, (b) radial and (c) axial direction at a horizontal

slice at z = -0.375 mm and 346 °CA; (d) heat flux distribustion on the cylinder heat d at 346 °CA

[21].
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Fig. 1-28 (a) Axial velocity and (b) temperature on horizontal slices at z=-3.75 mm (" = 180), z
=-0.9375 mm (y* =46) and z = -0.375 mm (y* = 23) at 346 °CA [21].
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AHFFETIL, F 1-1 OFERZGET 58 V& B U CORBE=ERE R OBVRE Z FHIZ R~
%2 &T, PERIZREMEE A 1 = X L OFF M AR JARIREAT OB %6, Bhagm E~Ek
THZEEHET. 2, M TERASCT VW EDICEB~OBEAN S LS T&E 2
MEMS t o P&z Py~ 5 2 & T, MEMS &2 o> 7 Bl o AR & v )
B HAO 1 DIALER T T D,

Table 1-1 Required performances for an engine heat flux sensor

Sensing performance Durability
Sub-millimeter,
- Spatial resolution - Pressure ~ 10 MPa
multipoint
- Temporal resolution Sub-millisecond - Temperature ~470 K (~ 200 °C)
- Heat flux noise ~ 10 kW/m? - Heat flux load ~ 10 MW/m?
Others
- Calibratable

- Small size (comparable to a pressure transducer)

- Similar thermal properties to those of engine walls

- Flush mount and attachable to engines easily
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L DIREZAIZ 0001 -0 1 KRETH Y, BEERIZEELZ 525 bDO TRy, £, A4
e TR % RTD Bl v IR R OE L&A D AC Y THDH T8, FEIZ L D E
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: : X 5

Q Left Right x

e i y
Measurement point u=llt S T
Left _ Right §
"Ir"lir/ Tir w2 ugpe = "; (Ucepe + Uerpr + Uer pr)
a) Single-point sensor b) 2-point sensor c¢) 3-point sensor d) 4-point sensor

Fig. 2-1 Relationship between number of measurement points and derivable information.
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um), L (& ¥4 X 1000 um, H#E 25 um) D 3 5O RTD Z#H# LT\ 5.

ERIER AL 256, Si RO X O IR RE & RO A AFT 5 2 LI L
WD, BROICHENFRE 2 A S 0.03 um FREE THIHE L=, Z0%, 7+ FL P&
NEAT, @B, B, ARy X UL U7 hAT LW D o MEMS il & VT Si0,
fekxiE, Pt VE, SioRER AR L (M2-3). 72, EWRIZIAE HIT T Auiflifiz
WL, Kb TR & OMifR A A LTI DEURZ B T EmARRIC L 0, RICER
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C) Passivation (SiO,, 2 um)
RTD sensor (Pt, 0.65 um)

Insulation (SO, 2 um)

Insulation
Feedthrough wiring (Au)

Substrate (SUS430, 4 mm)

1000 yum

Fig.2-2 Flatplate shape sensor with a SUS430 substrate. a) Top side of the sensor, b) Feedthrough
wiring, ¢) Schematic diagram of the layer structure, d) Sensor S with the scale of 250 um, e) Sensor
M with the scale of 500 um, f) Sensor L with the scale of 1000 um, g) IR image of self-heating
sensor L. The sensor L. was fabricated without short, and it produces heat in the RTD area

homogeneously in a self-heating operation.

'J"

1) Feedthrough wiring 2) Photoresist coating 3) Exposure and 4) Insulation layer spattering
and polishing development
mmm  Photoresist
,g&“’
‘ SiOo,
— _— P

5) Lift-off 6) RTD pattern fabrication 7) Passivation layer fabrication

Fig. 2-3  Schematic diagram of a manufacturing process of the metal substrate MEMS sensor.
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Sensor driver

/ N
Constant
current source
RTD f,.=10kHz G =100 Logger
H N— v
Low-pass =
filter Amplifier
PC
L
N 4

Fig. 2-4  Schematic diagram of the sensor driver.
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M35 & CHMORAEZELSEDLZ ENARETHDH. 2 2 THEIX 2-6 1ZRT & 9 72l
AW, 7707 arY o Rxb—4 05 RID ICEBEEAZHNNT % 2 & TR 2 F 8
AL S, #Bild 2BREMNTIC K > TR SN D BRI & FIIN L /2B - EHtfE) 5k
D HALDMGEGRR N BT 5 LI ET VA EET 5. LN BRI 28 EFIE A
w7,

X 2-7 \ZERREZIED 7 0 —F ¥ — M EoRnd . (RO REEWRPLZ AT A—%. Z D
AR I BRI AT 2 2 LT, & B OBWIEIEO ST & D10, SEE O R
T ERHT & VN o o AR R OB 2 MIET 5.

K 2-1 1Tk OfEkEE & AT ONEREER, B ORAZFMH LB REIEIEIC K- T
Kb 7= FEEEG T Z R 3. FE ARSI 3 2 BVAEAEITIC K 2 BRIV T,
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To=25°C, Ry=582 Q)

S

=

Q:::O.OB— —‘
x|

a=0.001968 (»

0 IR RS RO | TR
0 10 20 30 40 50 60 70

T‘To, K

Fig. 2-5 Resistance temperature characteristic of the flat plate shape sensor.

Circuit for calibration

a | ™
Function
RTD l & generator
Power amp.
(%)
Shunt resist "
unt resistor -
= )
Logger
N J

Fig. 2-6  Schematic diagram of the circuit for heat flux calibration.

A AC heating

Measurement | Voltage Signal V,,. (t) | Sensor specification |
+ Current signal I, (t)
A lAppIied heat flux : Qg () | | Design thermal model l

|Temperature change : Tmeas,(t)l

¥

ITransient Heat conduction analysis (Thermal model) l

Analysis
Measured heat flux : Gre,s () |
,/*\ No Modification
[9exc. ~ Ameas. | <€
Y Yes

| Calibrated thermal model |

Fig. 2-7 Flow chart of a calibration process using self-heating [2].
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Table 2-1 Layer structure and thermal properties of the flat plate shape sensor

) Thickness, Time constant, Thermal resistance,
Layer Material
um us m’K/MW

Passivation SiO, 2 4.7 1.4
RTD sensor Pt 0.65 0.017 0.0091
Interfacial

) - - 0 1.9
resistance
Insulation Si0; 2 4.7 1.4
Substrate SUS430 4000 22s 156.3
Total - 4004.65 - 161.0

233 1 RITHEEHBMSEMNTIC X 2 BMREH
At P TlE, RTD T L AVZBERIRE £ B ek & LT 1 IRouIFEH BMR B AT 217
VY, BURHRAERD H. 2T, BMAEET VI SUS ERK, Sios ke, Pt EN D
0, PtIE L SiO; i E O RIARAE O S im MRS 25, BIECHEEAMETEL 5 2 -
B, FOMDA Y 2 |ZT VT OYVEEE 5 2 7. SEARAE ORI DIRA L

7=

THEICRET D LTI A I 170 ms TH Y, Z 2 CHERTL&HITALR

ENOE+ ms BRETH L7, HiGEFUIIMES %2 5 2 TR Z1T o 2. BUEfifhr <
[Ty hr—ViR Y 2 — AIEIC XD HEBIL & e R MREAIC K DR RS RZAT - 72,
UV RE~RAT 22U HIE, BMSEMNT 0 OEZBES ML VRO SEND Pt

JE D LIEIRE AR L, SO hil)E OBBZE(L 2N 72 RATHRET 5.

qw

= —k—

dT aT,
+ 8ppc——

dx z=0

234 BRTESREEEICRIT 2 BFHREIERR

B L7 il o & W CER AT ERBR 21T o 7. BB gs (X1 2-8) (XA & [F]
BC, 77V LHE (B0 mm, & 100mm) BT 70 U THRALRIRTHY, %
2O EMO7 7 IO &R, v arI Ay — M CHESMICEAT, WET R

TP OANHBIICHE LA TH .
VOHEEL, MEININE LA ETHEB L L, Ao

-1

Z DOBAEECAHTE DBEDOMEI ZTEALTT 7
EE | ZFRIE L 72 k7T 71 ko Tk

G5 L TCRBIAEEZAEL S, EARE Y TR OB 2 IS UGS 7 & > Iz
FEE Lz, BREHCIZ 7 Z a2 v, YEiT 12 & Lz, ZEBEESOY 7Y o 7 JEM
BT 100 kHz & L, BUG L7277 — %% 10 508 UCTRRATICE R L7, KRBEEORE 713~
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DFEBRER A T
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4 2-10 (23 YT Lo TRE L2 B R & BE IR B A (A n 3. KRBIEERTIC
R A RXPFAELTWDED, KRBEFEERZICEREmIRE 2.1 - 24K <D EnD, 4
FEAIE 300 - 330 kW/m2 DB — 7 flix lo7=. 7% OBRBERE M 2000 K %8 2 5 DIT*}
L CEEHOFEEITD TN 2K RE TH 72, 4 BIOERORIE / A R %2 iR TR
% &, 10 kHz F TOEEHARISICIB W TIRE 2 A X 0.022 K, Z9iHK / A X 4.6 kW/m? Th
ST RIS O Si H Y ClE 5 kHz £ TR CIRE 0.02 K, AR 10 kW/m2
VoL b OREN AR & Bl S AU CTER Y, SUS Ebiit > ¥23 Si Fitit o3 L [RRRED 2
ARV THEERITAD Z EWRENT. 728, 4EOREREIIES &KL TRy, %
BROFBIEITIEL, B PRRFIC/EER L CWD Z ERMEGR T 7.

PR I K ARIERRORGEETT o 72, 2 2 TIRAREGEND 20 ms FEE IXHTED
DEBIT/ NS N EBZ, PRI S OMAT2]E FRRCED p 13— & L GEB T RERRITAED
T, BMREHL 2 F LT WML AT o 7o, LT ISARMITIZ 31T D SRR 00 3k 5 Re =04 LA
TR

dp dpu
R et 2-2
ot  oOx 0 2-2)
P ="Do (2-3)
dpcT OdpcuT 0 oT
pc peul _ o (k _) (2-4)
ot ox ox \ ox

T B IELTIRG R DOWIEK IR 2200 K THDHH AL 300 K D& W23l 5 %
WZOWTHNT 24T 272, 2 Z2°C, KAHMIERE L 2200 K 725 300 K F2 & TE(LT 5729,
YHEBOBREERGFEEZZE L, EHEOXNE =L F—RUTIBELIZ L 2O R %
B & L THEO . o, KT CTIALFBUS Z R 72N T8, BED B FEEES OHiPHIZ 300
K OKIBA A ZHET 5 2 & CTRELFE COMRIR 2 L. HFREXOBHbIcIE=
v ha— R Y a—AEE G, BIREICIEE LE, RERRICIISE SRR A L.
KA OFEFITITFR S (2200K) 5%, B P mIIWESEE L L.
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HZEEBEWRLTWD. T CIZREMIEE DN S XN NRARTH L=, ik —7
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WXL THHTCIE 15 K &4 —F—& LTIE—EH L T\ 5. 2000 K &% 2 50 A0k L
THEEIEEN DT K LA LARVDIE, H AR LEEBEROBRERDZEIZ L - Tt
IND. T72b5, 1 RTGAMRBERIZET 2 B EEMAROHEM TIE, FriRE IR TS
53]

_ VPgCakgTy +/PwewkuwTy
VPgCokg +Pwcwk

(2-5)

i

ZIT, JpckiFBRBFETHD. R Tl pgcgky ~6 % 10°J/m?s'?K (at 1200 K), Al &4
Tl pwewky ~2 x 10* J/m?s'?K (at 300 K) & 72 0, BE g OEYRE =1 X225~ T 1000 %
FEEERE W, ROWCBYRBR L EE T, = 2200 K, T, =300 K XA L CRERE T 2K
HET,=3006K &720, FIBEEIEE T, DIEE AL LN ENbhD.

YL EORGEE D SUS it I KD MER RIZFEEH BB L > TRHIATE S 2 L
Whmolz. Si BRI HMETHRBOMENFONTEY, Eitkbes 0BIR
EEREIDPORIEBLITWDE EEBEZOND. £, BEMERGWI &, FR A AL~
BT 2 0D, RS OB 2 JE TE 5 MEMS & > &2 & BN EIcBETE -
ECHIT L7z

Fig. 2-8 Open Chamber for heat flux measurement in laminar premixed combustion fields.
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20 ms NENCERI 10 ms 10 ms|
Flat plate shape sensor
10 mm

Fig. 2-9 Laminar flame propagation at ¢ = 1.2.

Wall temperature variation, K

Flat plate shape sensor (R;= 1.9 m2K/MW)
) | ! | ) | L | L

-10 0 10 20 30 40 50 60

|

Time after flame arrival, ms

Fig. 2-10 Wall heat flux measured with the flat plate shape sensor.

42



H2E )R MEMS W Rt o OB %S

o)

1D heat conduction model Low temp. gas T
Combustion gas t Sensor substrate

-
o
o

2

42 =

R [ -

11 £

@®

J >

()

r =

— Exp. ‘5

o 300 |- —— sim.(s=90,m) || &

£ 3

Q

E 200 =

3 =
[y
©
[}
T

Fig. 2-11 Comparison between the transient heat conduction simulation and the experiment.
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S2 1%, BEMEEMmEEI T D4 OELIimORE M~ bNn D K 9 i & RFEDO R 7r—n
EL, BuY LIZEOHRAC LB EBIERICT A v Lz, BRI e 5 b
FARICE B ZERH L, > — L R —7 L% LT AD A— RETEFZED Hd
L7

BN T = P UMM & L TR ST g Al 54 (AC8A) vy, =P
BEEIRE & o P HIRENKIEICE DD Z NN K 21T L. —FH T, ACSA 1T IHfziyEL
IR LT WAEN T 5728, Si X0 SUS Mt o ¥ Tt - fRif@ii kbl & LTz Si0,
TIEEAMR & OMITRBEOENREL 2D (R 2-2), =2 TV UNOEIREEE T CIEEYL )
WX THBERHEEL CLEY> RN H D, 22T, BV oOMtAELZm ESE5720,
g & IRTEREAMBH I ACBA LT FLER I WERIEZRAR B A £ ALO; &38R L 72. ALOs/AC8A
DA DETIL, Si0/Si, Si0/SUS430 (T H~THIZIRIRERELAS 1 ITUT V. Sl 1S SR
Hrafrvy, BESRIC K > TA U2 51RIE T E MBI BIBRIREE D s b &R 4 Tl 2 23,
IO AT IR & O OMMEE BB T H2HERH L. S 6T, HET L7 I TH|
BREREENS 20 AR R E < e B L OWMBEM L H Y, — OB AL O OFEARIXEE L
W T, ARHFIE TITEAM & DOBIZIRIRE D MG & 72 DR B D 725> The btV ALOs ZfifE
MErzbe L. v, 7778t 056, %ikd 2 L9512 100 °C L-L o &R
Bt bIHRIZ A OGN T, = VU TORBR TH IERICFEET 25 Z BRI TV 5.

£ 23277 7B oY OGN S EORER, BHSiZR"d. JEE 4mm O ACSA
BERDGE, KRBFEND 20 ms FCHEHEARMICE O TEEEOH LB HKT —4 %
BHZEMTED.

7 B 2D 1 DThHdH 74+ MU A ROBUBIZEBWT, BURIKE ACSA MUG L,
ACSA R FE MRS D Z LN bhol-. 22T, 74 LY R b &@E LV B
L CHGR R 2RI LTz & 25, IR RITEHR 28T CEEEZTER T2 2 LN TE. 2
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2L, U7 MATRIC P RY — VO PUERERE LE R0 E WO RERL ST (X 2-
12¢)). 7+ MU YT I 7 4 HWTICHEREZ T2 L) 7rexadEL, ZhiCk
0 EWEDSE E D MRA EERALENGH D Z ENbh ot

oY Q2BIOEUY LIZHOWTE, ARO X 51T PtETHEELTWD kI, £FTT
WItR-CHAR & DRREDE Ulzlo®d, WEICIXERTEeh oz, —FHT, ¥ S1ICo%
28 5 Bl wil-w2 [l CIERE IS C & 2 REOEPUE (K60 Q) 23R Sz, Eft wi-
w2 BICEEZFN LT & EOFRBOKT 2 TRINEN A 7 THIEE (K2-12¢) T5 &, FEA
IARHITHD A, B S & 82, I HICEMRE Y TOFREADHER S I, WifdoHik & 0FL
FEAFIR & HER S v7e. HEE A EME THEEIER STV 523, ¥ 2-13 [TRT K9 ITR
v 7 AMETCTHPUREREEZTD L 0001627 K L7220, RIEH)HK 100 °C OHFiJH TLE
U7 IRPURE R E 2R L2720, BlRR wi-w2 Z2E IS Li-. 72038, =25 100°C %
TOEEEIO FFEIRIZIB W CHEIE OB CHBEIBIZE SN TE 57, 100 °C LV OEIR
I 2% 2 & DR S iz,

7T TR TR R R ENERE A R 72 72, IE L WEATE R E I X EHE T & e o 7.
o T, BRHRMIEOEEMEITHEATE TRV, 20k, #£23(21%, %ibd 2 Bitkees:
BRCOYARAE o & DHBIZIWN T, Bk e — 7 [l R i L5 REE & —
B2 X oI RmAEEUE (3.7 m>KIMW) Z/R LTV 5.

P A L 72 BoR wil-w2 B OHHUER 60 Q i2x L, EBFMEITN 2 mA & L2729,
HNE 230 WWIKFREE & 72 5. 70ds, BRENEIR IR E YL [H—Th 5.

M10 plug  Sensor core b)

Sensor S2

w2 ‘*‘ \ Sensor S2
A _! \.\

Sensor S1 w2'®

Sensor S1

1mm

Fig. 2-12  Plug shape sensor with an AC8A substrate. a) Side view of the sensor b) Sensor surface,
¢) Sensor S1 and S2 with the scale of 200 um, d) Pt pattern on the substrate surface €) IR image of
self-heating sensor S1 and S2. The sensor S2 and L could not be used for measurements due to short
and disconnection. On the other hand, the wiring w1l and w2 connecting with the sensor S1 has

resistance enough to be used for measurements.

45



CRE

) HEAR MEMS BAFUR & > DB %

Table 2-2 Liner expansion coefficient of substrate and dielectric materials

Liner expansion Liner expansion coefficient ratio, -
Material . P
coefficient a, 10° K~ alas; alasusaso alancsa
Si[5] 2.6 (1) 0.24 0.13
SUS430 [6] 11 42 (1) 0.55
ACSA[7] 20 7.7 1.8 (1)
ALO;3 [8] 7.7 3.0 0.70 0.39
Si0, [5] 0.51 0.19 0.045 0.026
AIN [8] 4.5 1.7 0.41 0.23
SizsNg [8] 3.0 1.2 0.27 0.16
Table 2-3 Layer structure and thermal properties of the plug shape sensor
) Thickness, Time constant, Thermal resistance,
Layer Material
pum us m’K/MW
Passivation AlLOs 2 0.27 0.043
RTD sensor Pt 0.65 0.017 0.0091
Interfacial
] - - 0 3.7
resistance
Insulation AlLOs 2 0.27 0.043
Substrate ACBA 4000 267 ms 28.2
Total - 4004.65 - (29.4)
0.14
To=25°C, Ry=58 O
012 |
01|
@oos -
0,?0.06 L
x «=0.001627 ¢
0.04

1 1

1 L 1

| L |

10 20

30 40
T-To, K

50 60 70

Fig. 2-13  Resistance temperature characteristic of the plug shape sensor.
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242 2 RITIHEEHBREMNTIC X HBWRE

ABFIETHRFE LIz o AR A Ce o P REREZWE L, ZOHEET —4
ERERGEE Lot U PANOIEEEBMRE TR LR 2 LI2 X - TREFEWE R Z R 5.
R Y TR P EROE M OR S A7 —ABEE A — Tkt L THaRE N
=20 1 WLBMEEOREEZEZ TR, 7778w o ClEmr DU ICEAT DO RE
S ORI B EAE 6 mm OIAR A L7272, FEROMIHED ST 5B BB & B T
=9, 2 RV E TR A R < MEEMNA U=, F 72, RTD ¥ X723 200 pm &/ SN2,
B OFREAE R L2 R EIZ B W T H RN D 2 IRITNZ2BMRE A2 EB 8T 2 LEN b
5. UL EOFENG, BRI OEIE K O T T /L & Hile Fr 2 It O BVRE R ~JRE L7z,

BB CIRIX 2-14 )23 T & 5 2 Pt 2 W8, ALO: #afzfE, ACSA FatkfE o =faks
EETNEEZDH. AOHARONERET —% % Pt VEOK FEIZE %, holER
SIS E L, 2 IRTTEMBERAT O HRD SN DIRENG % S ST REZRHT 5. 2
ZC, SEBEO RTD X PtAREAT L2 CTH D038, 2 IRGTRHT CIER LGl Lz, 7
B, BETF—% %52 HE0ZFEE O RTD OMHE - MEICAbETREL WS, FHL
Te B R LA EBGR AR 2 Hie L, E S —87 5 L ) ISR m IR A2 R ES 2 2 & T, #l
EREHR A ERINCAE CTEZ 5L 912T 5. HEHETIEay Fr— AR ) 2 —AEIC K
LHEERUL & e e iR X DRI R AT 12,

[ 2-14 b)IF BT AR E R OFRITE TV EBEREFEZ R LT D, THEH I 6 88 rr A
NOTEI I TRIERE T — 4 % 5.2 5. —5C, BT CIIIER & k2 S B FA T
BT, FIEIH_RTRENE L 20, WE SNIIRET — X ZEEREREN L LTHZ
52 BTG T AW, 22T, e L OAMUOBEEIZIE i L0 NIITTHEIE S D B R A
FREMELE L THEZDZ L E L, MIEOEREMFIE, THEHES 2= 2 mm £ TOREE
ZIFBE R A 52 5. ZhUd, o il & B M ORI ¥ v TR FEET 25 A1,
ZOX ¥ SICEIROBREET ANEANL, B HAIEN LA RAT D EEEET 5T
HTHD. 72F, HEND 2mm BHEOTERIIWEWEDOR WE T 2 v 7Ry RTEbh T
% (K2-12) 728, ZOMWMITREGME L Lz, B P RMmICTHEAT 2GR HIT, SRR
B b (z=0mm) O Pt @8N TEBES F~Hn ) BUEHRIZ, B & D ALO; fi#
JEOERE LM A 7= (2-1) K VEHTS.

MIESE SRR ONWT, BRI Z 5 2 28RO IE S PNEH SN BWERICE 2 558 %
Rt L7z, B 2-15 12 2.2 ffi & [FERODILE - otk FCHIE L72BGRIR &, & o Hetkdrm
RESAAZRT. ISR S E LT, T XTEEVE LI5S (,=0mm), THE)OE
S 2mm £ CEGREHRZ 5 212556 (z;=2mm), T XTEGRE 5271256 (z,=4mm) %
RLTWD., 22T, 7778t o CIIBGRRIRIEZ E L S ETE RN 72728, Ptk
Bl o LAY E — 7 A B 5 L) REBEGUE R % 3.7 m>K/IMW & a87E L7z, il
7> D DOFZHIE S N PR K0 KR EED D 10 ms FRECIE, MlmbEREEIC
X OTF CBURR N E N SN DD, £ O®%ME DORETEG RO TRE L, B RSt %
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5 2 DA IR ME & Y TRE TOBGARIIR E <FHE L. Ziud, Ml ozE
R G AR T 5L, B PNOREL A S 28TT X T FTEE AT
HEVHEREIZRY, BUVTHEICK T 2R A BRI T 2720 Th L. BrdaTr
DT I v IR RCEBDIVTWRWEENTHE ) 2mm ThH 2 & (X 2-12a) &,
SRR o E DN S, 22 Tl z=2mm BARYETH D LMW L. 7el, X 2-1512
BOWTCOERAE Y LR TT T 78t o ORERGEROBEIENLTWD. ZHxY
Z 78l Y OSE R IR RTD $BI2N 2 E@ECHE OfMefgis EIZ bR ST L%
Slefed, WEREDIKT2ELS 22D, BURROBESENTZ DO EHEH S 5.

2 [1=Twa) [d=0] b) [rer..] [4=4,]
0 ++*+’T + 3mm 5 ) + f] + 3 mm .
2 PLOBSUM. — |nterfacial resistance ——Erme F1.0.65.um
ALO,, 2 pm ayer (1171 Al,O,, 2 um -
-G

—zq—2mm

ACB8A, 4 mm ACBA, 4 mm

AN AN

Fig. 2-14 Two-dimensional heat conduction model for a) heat flux calibration and b) heat flux

calculation.

3mm , Temperalure distribution in Cross sectlon of substrate (z =2mm)
" 25
20
1.5, %
1.0 ’:§
05
ns 40 ms 0
—— Flat Plate
—— Plug (zg= 0 mm)
—— Plug (z; =2 mm)
- Plug (zq= 4 mm)
E
<200 -
x
X
=
—
o
® 100 -
I
e,
o Plug shape sensor (R, = 3.7 m2K/MW)
| . I . ] ) | . | )

0 10 20 30 40 50 60
Time after flame arrival, ms

Fig. 2-15 Comparison of wall heat fluxes calculated with different boundary conditions given for

the sensor sidewall.
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243 TUVUBEICRIT AW RAIERER
(1) FEBRSRM:

TV D 1 YA TV EEE T E DR EMEZREEE (RCEM : Rapid Compression and
Expansion Machine) [9]% V>, &JE - @B AR AMEREE N2 W ARt ) O /EEEER
BiTolz. W 2-16 IR T KD, 7T VBl oA RS MEEICRRE L, *tmd A&
TR D RN AU ZLG R o > Y (Medtherm, TCS-224-AL-KU(KU-.156)-“Z”-11443) % #% &
L72. RCEM D A= ZADHEEN S, BRI A b BN EAMTICH D L X, &
UHREAE RN AUEEIZ L) 500 um D7 U T T 2 A& L TEDILAALEIZERE ST
W5,

RCEM [ZART X A hr—27 =75mm X 112.5mm T, JEMEHIT 134:1 TH D, EfiB L
OMZIRITREIZA 30 ms (1000 rppm FHY) TITVY, JEMEBAAARFZIZ t=0ms & EFR L72. 5K
IXAAERKIZ > TITV, FkBEE r =25 ms & L7z, BB OBRBERARITE A F AL
B2 L —YEMNEHCTRIET D Z L TRDOEE. VU o FNOHREINE, WIHIEZ OBl —
CRIESFT, ORI L 2 LBy 2 vy RIENFHTENENRIEL, TnbE L
BB bZ ETROE. FERSMEER 24 (RT. T—F VL 75MET20I0M0E, 7747
Uo7 12 |, 32 BFEREZITo 7. BREHZIZT Y U e — K S5R [101& 4 H
L, BEIEIX —E ClAR, EFOBELZHHTH L TCYREMEZHTE L. RERTIE, X
MM FHAIZH DIRRETHRNABELES & LTEE, ZIICYaEb2#lgS L2 TIRA T A
EWSRLTCRICE A b2 BRE) S 7o, AIHNREITE—2 Y VIS BTIEE=EREL, 77 A
TV TEETIEE—ZIC K WA A, RCEM BEmIRE 232 80°C & L7z, o7V v
7 JEWEIT S00kHz & L, %1220 s A 1T - C 25kHz £ CF7 — & &2 EMfE L7z, 72k, #4
AT Ri=3.7m*K/MW, z,=2mm & L7-fi#TET /L TR L.

Thin film thermocouple sensor Combustion chamber
Cylinder head

BDC
Piston
(Top dead center)

/ i : Ignition plug
Hydraulically actuated

500 um
Y

'y

/ I ——

MEMS Heat flux sensor
TDC
Cylinder liner Combustion chamber liner

Fig. 2-16 Schematic diagram of the cross-section of a rapid compression and expansion machine.
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Table 2-4  Experimental conditions of the durability test of the MEMS heat flux sensor in a RCEM

Intake gas Initial temperature | Equivalence ratio
Category Number of runs
pressure po, MPa To, K @, -
Motoring 0.1 Room temp. - 20
0.05 353 (80 °C) 1.0 3
Normal
Firin 0.07 353 (80 °C) 0.7 3
firing
g 0.1 353 (80 °C) 0.5 3
Knocking 0.1 353 (80 °C) 1.0 3

(2) FEBARE R M OEES

FT, TV R TEERE T COFEMREZITo 7. X 2-17 IZFR—5M4TT 3
BT > 7eF—% U o ZRBREORNIES), T ARE, REEAREL RS, 22T, HA
RE LR NE S & REOREM A b &1, KURDIREEF XA VTR L. JERER 4G
ORINEDND LA L TnE, FREAMEICCTREET) 28 MPa L 72> 7. —J5C, IERITR
D% ETIHEOBPEMN 0.1 [IERE L/h&L<7eb, £z, RIATTT7 74TV 75
HECIIET) EXHE) N LR BB RSN, ZOERE LT, L=y RE
JIRT CEMRANEL, ENPABRIARRIE SR d 5. UL, ZOREITE
D2/ NIFHET 57 mTH 0, BURHE o OMANMEZ R KEHET 5 2 L idZenied, 2
ZTIEZBMEE L CHATHZ L L L., T AR T H S TR 600 K & 78> T DA
IHNHENMPBEHL TN A7 dEBELVES AL LN TV,

B 2-18 1277 7l I X0 JIE U 7B iR B 25k & B AR M OV R D R 4512
Ko TRO DN HATEAEY 72 0 Ol R 2R 9. JEMEIC X 2N R IRE D ERICHE
VY, BEMREIIR 3K EH L, HKT450 - 600 kW/m? OEREFRARE &=, 3 EOHlE
FRIZRS —H L TERY, £72, B FOBESCHBLO BT A LN T RW D, 757
Bl RN EFICFEE L LT 5.
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Fig. 2-17 Pressure, mean gas temperature and combustion chamber volume under the motoring

condition.
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Fig. 2-18 Heat flux, wall temperature variation and transferred heat under the motoring condition.
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WIZ, 77 ATV P& CRlERBR AT 72, WS 0.05MPa, & 10 & L7me &
DOFENITES), ¥ AREE, BREEEARFEZ X 2-19 127 L, K2-20121E7 7 78z iz X
0 RE U7 B R 25l & B o K OB SR ORI Y 12 K » TR 7= AL RS 720 O
AR A RS, FNESN &P AR BAESARE TR E 22D, ThE 2.0 - 24
MPa, 1000 - 1100 K Toh o7z, HBEMIRE & BGRRITRARTS - 11K, 1.7 - 21 MW/m?> T
bY, ERITLICEARDWENG LN, ZHET 747 U 2 TRETIERE—IZERE L 725
TTHERRKRBREITEDRAEL, KRBGERORBIN R 5720 ThHD. £z, A
RENDR LY 600 K B FH LTWD Z E2E 2T, BEmEEO FFIXbTNTHh
D, ZOBMEOAGEERITEAMBINCH D Z LoD, BEmIELE, BRHRO ' — 7 (1
135 kHz FREOIRBI R 50, EOIREIEENZI1 - 2K, 500 kWm?f2EECTh o7, 12
YE(RZECRIME L72IE /A R1%, TEERIE T 0.026 K, ZAFTAHHIE T 6.9 kW/m? & 43/ &
W, B HEOIENT 2 A XA TIER L, BRBES OB O R TR el A K L7215
FThHDHEZEZLND. AR AR L RO 7= B & 72 0 Ofis 2R I ET
FETIRFTS9 - 77K/m? TH Y, E—F U U ITROKI 25 & 7e o7z, Fiz, PERGLHR T
RINBER 2R FE L7 E, TEMRITRRICR T 28R &I, BEIORF >R L ¥—0
9.7 - 109%& b bz, 72720, MERITIER oM EEAMTICHD L EIZEA B
EETCEDNOE Th 5728, HEBGAUTF N EHEGER & A TRWEE X B,
FEEROBRAEIZZ ORI L REVWEHR SN D.
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Fig. 2-19 Pressure, mean gas temperature and combustion chamber volume at pg = 0.05 MPa, ¢ =
1.0.
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Wall temperature variation, K

Heat flux, MW/m?2 Transferred heat, kJ/m?
o
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Time after compression start, ms

Fig. 2-20 Heat flux, wall temperature variation and transferred heat at pp = 0.05 MPa, ¢ = 1.0.

BB, XU TRMEORE - @mBTRAMRE T CHERBRZITo72. K 22112/
X U RMETORNIES, T ARE, BREEREEZTRT. /v X0 VRTINS
(R 2 BB W TR AR B D O JERME 2 BAR L 7o, IEFRBERS & BT A il 2355 <
BT, KRETENIELS 720, JENE—7 BEFEAICE A ICHNATWS . B — 2 (T D)E
T =230 10 - 5 kHz DIREIDR AL, / vFXF L IRAET TSI ERNbNnb. 20
i D e E11% 9.1 MPa, fieim 7 ATRE X 1790 K T - 72, X 2-22 (SIFBEmIEE, BARR,
R EZ R LTS, J oF U IRECBO T HEEmOFEEIZ30 - 40K BRETHY,
PRBET A DIRE EF L HE_ThTMhTh b, £, BELBAFREONE ) 4 XixxhTh
0.023K, 59kW/m?> T o7z, HEREEI IR TRE TRET 152 - 19.9kI/m? T, £—X Y
> WDKK 5%, IEEREER (WAUE 0.05 MPa, 4EH 1.0) OFI25fF& -7 F7-,
BB KEIIREIOFF O XL XD 2% TH D E AL bz, K223k v¥o 7
SRR T DB, BEmIREZ L, FNENEEO Y — 7 fEAIE KL TRLTWS. =
ZTE, B LT — % % 5 mOFEE L TR 72 100 kHz FHY OB TEZ R~ LT\ 5. JEHEH)
DA & —FT 2B REBNRE SN TEY, BREE B8 v FREOE L)
IC L DBGRRE L ZIE 2 HLD 10 kHz FRE DISEREZ RO Z L Nbnb.

X224 121X 7 7 A 7V > 754 (R 0.05MPa, ¥ & 1.0) IZB 577 78t 4
& Medtherm D E#EZ 7~ LTV 5. Medtherm (2 DWW TIX /A X3 E - 727-8, 500kHz T
B L7RE T — 2 ICOWTBEPEY 280, 1 kHz A4 LB 2R LT\ 5.
77 7R I X AHMIEMEIE Medtherm & [RIFRE &b 7o 7z, 7T 78 Y358 BAmFE Y
AR 7= DI EHEOBEIXFEMTE T, PRt I OREME —E S D5 L9 IR ER
EHUEZRE L2y, X224 OFERPNOREZRRY R BRAREZRWETETWDLIHDLEE
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2ohb. £72, FHIC L 5T/ A4 L~V E TRZIZZR > TV D S DD, Medtherm
OREMIISE D LAY R0, FEHRRICAI L2 Clde< oo T D . ABFZE TR LT
RTD & 9% S/N LA @\ oo, @B LR LA 2 3 & T, R OB IR T — &
rHGTET.

RCEM T L7z T X TOEBRIZBNT, 77 78t T OiRE K OBRFRRE ) A X
(35T 0.044 K, 11.0 kW/m? &3l S 7z, B > id MPa A — & — D+ 7] & MW/m?
F— A — OB R ZIB TR IR LIE AT o 7203, HIROREER & OmdRIT7e <, 4+
BUlCREBREMIIA SN/ -T2, RCEM TOEBRZHEA T 10 » A% IS ERPURE R
ZHE L72AE SR, 0.001627 K205 0.001894 K &9 116 5880 L T\ iz, BIRBREES T
BB Uiz A2 58 10 % AT 0.001968 K 225 0.002087 K & 1.06 {580 L
THEY, BANBRE~ORE-CREBIC L > T U RIENELT 2 2 Eibhotz. L
MU S, ZOETEE R b O TR <, MURMRE ClRIELZ £ T 5 2 & TRIERZE
EHRNBIZEO LN EEZLND.

U bkXv, 77 78 P id MPa A — 4 —DEF], MW/m? 4 — & — O R ARTERELIC
B THY IR UBAGRRE &2 Fhi T DMttt FFo = Evbio7-. £/, 10kHz £TO
JE e Bk g CREmIR EEIE A X 0.044 K, BAGRHGIE 2 A4 X 11.0kW/m? &3l S 41, —
VY U NOBBES BT 2B OB R ZJE TE 5 2 ARSI, AR CHEM L 72
T Y HEEHE ORET & O RCEM TOMERER S, = 2 120 H T EEZe MEMS 24
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Fig. 2-21 Pressure, mean gas temperature and combustion chamber volume at pp = 0.1 MPa, ¢ =

1.0 (knocking condition).
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Fig. 2-22 Heat flux, wall temperature variation and transferred heat at pp = 0.1 MPa, ¢ = 1.0

(knocking condition).
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Fig. 2-23  Oscillation of heat flux and wall temperature caused by knocking.
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Fig. 2-24 Comparison of heat flux measured with the plug shape MEMS sensor and Medtherm.
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Fig. 3-1 Three-point MEMS heat ﬂux sensor on an Al alloy substrate.
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Fig. 3-2 Resistance temperature characteristics of the three-point sensor.

Table 3-1 Specifications of three thin film RTDs
RTD Size, Stripe / space Resistance Temp. coefficient,
um width, um (25 °C),Q K!
Top 161 0.001955
Left 315 15/5 164 0.001947
Right 167 0.001953

Self-heating observed with an IR camera.
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Fig. 3-4 Heat flux calibration by using self-heating (black: heat flux generated by self-heating,

color: measured heat flux adjusted by tuning interfacial resistance)

R; = 1.34 m2K/MW

f=0.3kHz

Heat flux, MW/m?

R, =1.34 MKMW

f=10kHz

Heat flux, MW/m?2

1.2

Time, ms

Time, ms

a) 0.3 kHz b) 10 kHz

Fig. 3-5 Heat flux calibration of Right RTD with changing heating frequency (black: heat flux

generageed by self-heating, green: measured heat flux at R; = 1.34 m’K/MW).

Table 3-2 Layer structure and thermal properties

) Thickness, Time constant, | Thermal resistance,
Layer Material
um us m’K/MW
Passivation ALO3 2 0.27 0.043
RTD sensor Pt 0.53 0.011 0.0074
Interfacial resistance - - 0 1.34
Insulation ALO3 3.5 0.82 0.076
Substrate AC8A 4000 267 ms 28.2
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Fig. 3-6  Cylindrical three dimensional model of transient heat conduction analysis for heat flux

calculation.
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Fig. 3-7 1D heat conduction model for evaluating the effect of the passivation layer on the heat

flux calibration.
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Fig. 3-8 Heat flux flowing to the substrate and passivation layer.
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Fig. 3-9 Ratio of heat flow to the passivation layer.
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Table 3-3  Uncertainty of heat flux measurement

Exs Ey Eg E; Eoror | Esowor Eri Emi Eqw

Un-

>13% - ~300 % - ~300 %
calibrated
On

- - 10.2 % - 10.2 %

calibration 0.018% | 0.15% | 0.11% | 0.012%
Calibrated
(change - 1.6 % 10.2 % 55% 11.7 %
over exp.)
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a) Open chamber b) Schematic diagram of sensor installation

Fig. 3-10  Open chamber for heat flux measurement tests with gas turbulence.
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Fig. 3-11 Combustion field under the quiescent condition (upper) and stirred condition (lower) in

the open chamber.

—— Right I e <
Left W 44 § S
Top T — 1 & ®
s 12 & S
> >
I [, 2 2
400 10 5 400 5
[ 5 ©
2 “Es300 g
E 3 £
2 =0 &
© x ©
fn )
= 2400 =
©
(0]
T o
L | I | L | | I L | L L L L L s "
30 40 50 60 70 8 90 100 30 40 50 60 70 8 90 100
Time after ignition, ms Time after ignition, ms
a) Quiescent condition b) Stirred condition

Fig. 3-12  Wall heat flux and wall temperature variation simultaneously measured with the Top,

Left and Right RTDs measured in the open chamber.
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a) Cross-section b) Bottom view of the cylinder head
Fig. 3-13 Laboratory engine used for heat flux measurement tests. This is a spark ignition type
gasoline engine and has four valves and single cylinder. Bore x Stroke = 75 mm % 127.5 mm, and
the compression ratio was 15 : 1. The MEMS sensor and a pressure transducer were installed in the

cylinder head with adapters.

Table 3-4 Specifications of a laboratory engine

Engine type 4 stroke type gasoline engine
Bore 75 mm

Stroke 127.5 mm
Compression ratio 15:1

Table 3-5 Experimental conditions

Motoring Firing
Engine speed 2000 rpm
Intake valve open/close -377° / -82° after TDC
Exhaust valve open/close 109°/330° after TDC
Coolant temperature 353 K (80 °C)
Throttle WOT 82.3%
IMEP - 800 kPa
Air excess ratio A - 1.0
Ignition timing - -5.0° after TDC
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CR=15, 2000rpm, motoring, w/ tumble adapter
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Fig. 3-14 Pressure, mean gas temperature and volume of combustion chamber under motoring

condition.

CR=15, 2000rpm, motoring, w/ tumble adapter
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Fig. 3-15 Heat flux and wall temperature swing under motoring condition.
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Fig. 3-16 Heat flux noise estimation under motoring condition.
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CR=15, 2000rpm, motoring, w/ tumble adapter
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Fig. 3-17 Instantaneous heat flux and pressure for continuous 5 cycles under motoring condition.
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Fig. 3-18 Cyclic variability of heat flux for continuous 30 under motoring condition.
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Fig. 3-19 Distribution probability map of heat flux for 200 cycles under motoring condition.
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Fig. 3-20 Distribution probability map of heat flux for 200 cycles under motoring condition.
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Fig. 3-21 Gas temperature distribution in expansion stroke [10].
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Fig.3-22  Local heat fluxes distribution simultaneously measured with three RTDs under motoring

condition.
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Fig. 3-23  Pressure, mean gas temperature and volume of combustion chamber under firing

condition.
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Fig. 3-24  Heat flux and wall temperature swing under firing condition.

instantaneous - average), kKW/m?2

(

CR=15, 2000rpm, IMEP=800kPa, w/ tumble adapter, 1 =1.0

|
TDC

Top
Left }
Right :
200-cycle avg. :
[
|
|
|

Evaluation
scope .
| \
_\"'\f}'l/‘ A "
80 |
| [
40 ‘ ‘
0 Hli ' I
| 11
-40 1Y ‘ \ |
-80 MR A (1] !
-180 -90 0 90

Crank angle, degree

Fig. 3-25 Heat flux noise estimation under firing condition.
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Fig. 3-26 Instantaneous heat flux and pressure for continuous 5 cycles under firing condition.
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8 CR=15, 2000rpm, IMEP=800kPa, w/ tumble adapter, ;4 =1.0
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Fig. 3-27 Cyclic variability of heat flux for continuous 30 under firing condition.
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Fig. 3-28 Conditional ensemble average of heat flux under firing condition.
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CR=15, 2000rpm, IMEP=800kPa, w/ tumble adapter, 4 =1.0
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Fig. 3-29 Probability distribution of heat flux for 200 cycles under firing condition.
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Fig. 3-30  Probability distribution of heat flux for 200 cycles under firing condition.
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CR=15, 2000rpm, IMEP=800kPa, w/ tumble adapter, ;=1.0
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Fig. 3-31 Probability distribution of the flame arrival timing.
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Fig. 3-32 Local heat fluxes distribution simultaneously measured with three RTDs under firing

condition.
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Fig. 4-1 Gas phase models causing heat flux fluctuation.
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Fig. 4-2 Extraction of high frequency heat flux fluctuation with Reynolds decomposition (At = 1
ms, ACA = 12°).
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Fig. 4-3 High frequency heat flux fluctuations.
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Fig.4-4 Schematic diagram of the flow velocity estimation method.
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Fig. 4-5 Cross-correlation function of the heat flux fluctuation.
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Fig. 4-6 Relationship between velocity u; and u.  Fig. 4-7 Schematic diagram of the assumption of

1D fluid body propagation.
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Fig. 4-8 Zones for calculating flow velocity with 3-correlation or 2-correlation.
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Table 4-1 Coefficient ¢, to calculate u,

#4FE SRR A O E

No. 1) (o7} 2 C3
1 ~180° < O< -165° —cos(0 + g)
2 -165°< 9<-135° —cosf -
T
3 -135°< 9< -105° —cos(0 =3)
4 -105° < 9< -75° -
T
5 750 < O< 45° cos(0 +3)
6 45°< @< -15° -
7 -15°< @< 15° cos@
8 15°< @< 45° -
T
9 45°< §< 75° cos(0 — 5)
10 750 < @< 105° )
1 105° < @< 135° —cos(6 + g)
12 135° < @< 165° - —cos0
T
13 165° < #< 180° —cos(0 =3)
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Fig. 4-9 Spectrum of amplitude of heat flux fluctuation.
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Fig. 4-10 Probability distribution of turbulent eddy scale.

Vortex or fluid body causing low heat flux

Vortex or fluid body causing high heat flux

Representative velocity: 7.7 m/s

Fig. 4-11 Schematic diagram of flow estimated from wall heat flux.
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Fig. 4-12 Reynolds decomposition with various time windows At.
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Fig. 4-13  Spectrum of flow speed and turbulent eddy scale against cutoff frequency.
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Fig. 4-14 Reynolds decomposition with At =1 ms under motoring condition.
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Fig. 4-15 Wall parallel flow speed estimated from wall heat flux under motoring condition.
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Fig. 4-16 Turbulent eddy scale estimated from wall heat flux under motoring condition.
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Fig. 4-17 Spectrum of amplitude of heat flux fluctuation under motoring condition.
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Fig. 4-18 Probability distribution of turbulent eddy scale under motoring condition.

107



#4FE SRR A O E

X 4-19 D L 5 (TP 2 LT MY we & JE TS uo 2335 L 1% 4-20¢), d)D X 9
272 %, PRGN B ARTR E IR0 2L e LiofizmL, E525%139.7
m/s 205 47 mis & EERBOTNNEL feodz. AFRDICOWTIE, EAEAHTE TF
PMENZNEN 69 m/s & 24 m/s 720, EOFNR->TWD. X421 X787 H O
RO L RBNIE S O AR L CHY, FIEARIERTE HIZ 90 HF oA > TndH Z &
WD, AR THA LZERAT 20 TIEREITRICB WD TRA L 7 70 b HER S
T HRNEFIND X T ARBIEESILTE Y, X 421 @ 90° (XZF D H & —FH LT
LI, AT NVFOEBERZ TND LB LD, R CTERZIT > -#H TIx, k
WRIZBT DX T NVRETHRANZERIZT VA MeShd E ok rir A ond, k
FRRZRICODDBEDZ T AFRITFEMFEL TWNWDLEEZEZ LS.

B 4-22 (FELER = R L F— S B OERE R LTS, 22T, ELRER T R —
(XX 4-20 Tox L7207 ik & J8 07 misE O BBR Sy > H3RD, BT ELIVIRA 7 —L
dave DL L U T2 ELUTESs OVE MR/ NEUE CIRELTTEE) = R L — 35 0D -5/3 3 (~-1.67 )
BT D (areau7o-53FA) ZENMLNTWSY, mi#H 2 BEMT DR8I
ALEHL-0.57 &-1.19 L RD BTz, R FFERETNT I T i Uil < o BLjRER) = 1 L ¥ —
DWEPFESLNTH DN, /LTI n 7 0-53 FANTWEETHD LHBTLZ. 5% FER
LIENVETHDHOD, AL TIRE LIz U5 THEE S D SLITREFE O 2 4V % S Ff
TOHMREEZTND.

7 N
N
// S //ﬁ\\ N
s S, L \
i \ / Yo
;| Ex.valve \ | Ex.valve ) u
/
/ \ / \ 70 \\ u
\ / \ /
[ S ~ _ 2
[~ == e - IO
/7y -
1) )~ OO U
| 7 X \/// No 9
\ / AN 3 /
\ / \ g v /
% { . Turbulent eddy
\ o/
N / b
\ o\ In.valve \\ In.valve ,
N N - ~ v
N St \\-///
N A
N =4
~N 2
~ ~

- —

Fig. 4-19 Bottom view of the cylinder head and coordination of flow velocity.
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Fig. 4-20 Flow characteristics estimated from wall heat flux under motoring condition.
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Fig. 4-21 Normalized probability distribution of flow velocity under motoring condition.
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Fig. 4-22 Relationship between turbulent flow energy and wave number under motoring condition.

110



F4 T ELREMR Rl A OREE

2) Z7A4T VT

WIS, T7AT V7R TEIRFEDOHEE 21T o 72, 2 2 TiE-30° < CA < 0° D KAKE
AT & 30° < CA < 60° D KREFERZRITOWVTHENT 21TV, 200 YA 7 /LD 9 B K RENZERT
X 72 A 7 v, KREBIER TIX 107 B A 7 )V CELTERHE 2 HEE T 7.

X 4-23 (FHEE SHZBER EATIOE Z /R LTV 5. B—H U v 7B & [RRRICHDEIE 0.1 m/s
DA—H =5 10 m/s DA =X —F THA 7 VK > TRIEVEZ R 5 5. FHEE R
L&, KRBIERNT 63m/s THDHDITK L, KEBERKIL34m/s LIELS o7, BRI R
DIFIRIZ L > TH U7 AFMBIRE S 4L, TR T L2 mietEn b5, 612, -30°<CA<
0° & 30° < CA < 60° TITRBEIC L D @i AL TH A (B ENE) OBKEE R 4.6 x 100
m¥s 775 2.5 x 105 m¥/s & SfELLERE S o TEY, EHICKT DMMEOZE N RE <2
ST Z ELIHEIK TO— K EHERIND.

B 424 1TEABA T — L Z2RLTEY, WA =IOV TH 0.1 mm 25 10 mm FEE
EIRWEEPHIZ A LT 5. SERMEE LD & K REBGERTCTIE dpae =2.0 mm,  dag = 1.3mm T
B o T2 b OB KRBFER T duw=1.7mm, dpg=1.0mm E/NX 720 TNDH, DT
T—H YT EERThTINTHD. Z0EExDOT YU TR LB R EE O E
WEL AR DA 425 DX D127 5. KRBNERITBGTREE 3K & WD TREE D 5 <
720, EBIZAAT MV KRBEFNIZ AR ThTMARER N7 FLTWD. A
)V ORERZAMIER 426 D X 517D . KRBGERTOFRHIZ T L TRRBNESR OFEIT

-30°< CA<Q°
25
Average: |u| = 6.3 m/s

25 30° < CA<60°
Average: |u| = 3.4 m/s

20 20 |-
X 15 X151
c c
re] 9
© ©
©10 10 |
L L

5 5L

0
0.1 1 10 100 0.1 1 10 100
Flow speed |u|, m/s Flow speed |u|, m/s
a) Before flame arrival b) After flame arrival

Fig. 4-23  Wall parallel flow speed estimated from wall heat flux under firing condition.
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Fig. 4-24 Turbulent eddy scale estimated from wall heat flux under motoring condition.
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Fig. 4-27 Flow characteristics estimated from wall heat flux under firing condition.
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Fig. 4-29 Relationship between turbulent flow energy and wave number under firing condition.
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Fig. 4-30 Mean velocity distribution in the vertical plane [2].
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Fig. 4-33 Integral length scale /, Tayler micro scale 4 and Kolmogorov scale 7 [4].
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Fig. 4-36  Relationship between flow speed and heat transfer characteristics under motoring condition.
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