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‘Research and Development of Combustors for Gas Turbine
and Jet Engines in the National Aerospace Laboratory

Takashi TAMARU

ABSTRACT

The basic technology and experiences in the National Aerospace Laboratory for
the development of gas turbine combustors are described. Particular emphasis is
placed on the combustor development for the turbofan engine FJR710 for a short take-
off and landing plane and on the high efficiency gas turbine, AGTJ-100A, for use as
a power plant. Basic experimental techniques and knowledge for research and develop-
ment of the gas turbine combustors are also described.

Keywords : gas turbine, jet engine, combustor, combustion chamber, FJR710
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HRAE—EvETV 2y by OBRBERICET 2HEHFOBENFZIC OO Tl LI, HICHFEHRT
MEEFEAITT>7-STOLEAY — X7 7> v v Oy FIJRTI0E ST H 2 ¥ — £ AGTJ-100A O E R HE5s
e, BEBEOEKEIEBRE LAFEIRODOVTEERLI, HRY -V BBERHEICLELBEERTEDE

BoyERic oo ThR LI,
N Dr RERE[M](FE5E)
IRERAES E EHE T A L F [I/mol), BHIBEDE (F6E)
(ZDERIEHDORONS bDORELEICT ) El AT ABEIS B (g/kgfuer ]
A : W (m?], BEAM (m/s](FBT7E) F CHEAINI(EL 28), BZERH(BTE),
a : BEREE (=21/(cp0) }[m/s) FERIEEE (m/s] (BTE)
B : A7 — 7 O#iAEE(m] (B3E) f CREH (FE2E)
Bg oy —-Jk Fis BRBAZTH(FT7E)
C GEEAZARE ppm] (B 2E), HBFEH (S foz ERPRBUIBESE(ETE)
3EFE), MREARB(W/m?] (FE6E) fe DRICKEBEDORENE(FTH)
¢ : EEE# (kd/ (kg-K) ] F; BT (B TE)
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* FR6F9HI HEZ{ (received 9 September 1994)
*1 IRFEE (Aeroengine Division)
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s BGER (W/(mPK) ]
: RRHEAT A [J/kg]
HEAm/s] (F1E)
ACHERER (B1E)
EBRmMm] (F6E)
: ZEAME (kg/(m®atm®s), n=1~2]
R AIR (W/ (mPatm®) ]
Ry E(B1E), ATR(FE2E)
EHEHMA kgis)
CERE, EHR(FEIE)
X -k
2H [Pa), HABBINI(E1E)
: §8H [Pa)
(AERE (mP/s], BREER(WI(FE2E)
: B [kg/(ms?) ), BAIEBH7/- 0 OB (kJ/

kgl (F1E)

¥R (m], YREH(M*/(PK))(F1, 35),

SEHEBE (W/m? ] (F6E)

1 HLEEY A I VBOHNEIE (FE2E)
P27 - VER(EI3E)

HHBEZAD y P RE M) (FE6H)

s 4 U 5 KR (Sauter Mean Diameter){xm]
CRE—IFUN(FE2E)

D BTABEERE [m/s)

: BREEERE (m/s)

: ELARPABEERE [(m/s]

T ®E (K]

: By [s]

: EHEGE (m/s]

DR, FEAEE (m/s], RE R vF[kI/

kgl (E1%E)

: A (m?]

: HA# [m®/kg]
CEEIE(F2E)
SHEm](FE3EFE)

BRI (FR44E), MEFRB(ET7E)

T BEAES—-FR(HF2HE)
BCEE(W/m?)($Ee6E)

: £ Fi8% (Pal, £F [Pa)]

: BEE K]

B EENEENE (B T1E)
TKRSCHB(F6E)

D 2hE, HHFEH (Pa-s] (H3&E)
 BIROTALEE (T,- T)/(T-T)], &HA [

(®E3%F)

cHBHE(E1E)

A P EJH (F28E), BEYE(W/(m-K)] (5

3,6%)
v CEHEEH (mY/s] (FB4E)
n : EAK

o HE[kg/mP](FE2E)
EFEEARKI(FE2E), vy Fa-—FH,
BESR75 7 X (E3E), Stefan-
Boltzmann EH (W/m?] (FE 6E)

RER(s](ETE)

-

¢ : MEH

v : 78 =N3F 2 =% [(Pa—pj)/(Ps—Pa)]
BT

A 1A FEr—Y Yy TEORKEE
a 1 ER

f : e

J : ¥

L T 54 FRHE

r : REFI9E

1 :AD

2 :' Ho

W1 HRXI—CEL I o MREEH

RUDICEBREER L XS, EEORALLBEX
BB X ULENBICRAET 5 V= y b TV Y Y (Jet engine)
DEBERIL L IOV TKEIRY 3,

1.1 BAR - KRR OAN

HR&—E(Gas turbine) %ALYy bz Y
YOBRNRBREETH 10 Vv b VIV EHRE
LIt ZEROPIFRTIIINIFETH > S F LI, HR¥
— DR - ARICLBETABOBFOT - 2FBRE
< HII0ERICEHK TR SN TV B, 72 & AL, 19504
Rt tEsRE s, TO%RFEORSE Ithh » TRE
I J19x v U PEEERER 2 ~ 2 v F (Concorde)
AA Y v/¥X (Olympus) * ¥ ¥ ¥ DREREMNBBEI LD
M19528ETH B, L LlZTho Yz y b/ IVPHR
¥ -~ EVAHEREHPHEREOFAESOATEH
K> TWBHD058 5,

BEOHZY -2 - —TRHECOBELERE L
REzNoEBER/RLUILEHXEAMES LT { D know-how
WL T3, REHTEZOEEMRBTILOVTRAE
INTHOEDMBBO, DI, FhiTHRI—~-EY
BRBALAAMAR T I2E L - TERLTLEE - -BH%
BELIXE - BRI EHDH TN,
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BRI B 329~ BLrU Yz y b3 VD v BBETREER 3

CLRARY — € v RIMBETBRICHABIRS 2
BThH - EBNLUER %, MIZEHI Yy JR YY) —X
® FJRT10"?. 2hic >3 REAH R — £V AGTI-
100A*Y 2O CHIRBR AT -» T2 HEFHRHTE
A (LT, st ) oBRE EHEEEHTRERT 5, Mz
THIRY, @XiCk->THOMENL > T ZEARSER
L8N T 5,

B, BFHERERGE LBl sav—va itk
SHENPERBHEEDOFMMOAIREL b, —WEMETHER
KbHVwLNLIELTWE, UL, 2D E X
BEREFNORELBVETHY, £H-UTIRET LS
B ICBT AR AR L T & B 72Dk
ERNGSEREZCLDE VY, 201D LBRBOR
ANLERAERUBNTELENTEBLSIKERLE,

UTOEEDBRIBZRDLE I THE, F1ETIIHRY
—EYRY:y VI VI VDXEBRDRERNIL YA Iy
ZRNAL, F2ETHRHRY — Vv BBESBEE - BitoR
FPBEAHEL, BI3IBLUT TR ZODOHREH - HARICE
STEEORO(EIE), BB MHB (F4E), B
(FS5E), #ESHARICIHIOLIER(FE6E ) B
UER - SHUIER (B 78) wartaddd 3,

LR K-> THRY — v BESON KR I LB
BEEANF—9H20EBZOREABELHICT S,

1.2 IESEYR

BT TOHN R — & VBB TIRICE L - 1o X BT
XA TICRT, ELRREHERERLE T, B iHE0
bDOThH3H, AT OB EEBHNLSERE L THE
ERRICBIS>EEbIEREN TV S, F/, HO ol
AFLEVWSDDH 2 - DERNTARBRTE 350 82R4
32 ict3,

FIZERARY v v v ORBHESEBELR SIS0
T, Treager (1979)°' % Rolls-Royce ¥t (1969)°' (1992)" o
HRMIBEFADEREPHRERL TL OB LS
NA28EICHCTH EREOEB LM LTS, S
(1990) " E ¥z v hT VY vOBEEERIICSOWTEAT
SOPOPTOEILERICHEL TS, AR -y
TV DEAVEHPEREA 2B >OTER LD
Oz, MXTIREE19%5)", B - #1967,
R (1959)", 3k (1964)'7, =% (1993)Y oD b0, B
RULIZBDOTHRTF—F v (GRBHR, 1964) 13& 54
5., WINBEINENERIC OV TIIFMICELTH S
DAL ORI H 2R ZORRICE I ORI BT HH T
LIZV, BIR 1959 Db DI ENERFRFCERT
HL5(FAEBB), 56Vzy bz vy ricBALTE,
Dugger (1969)"*' 5543 % L 7= “Ramjets” #5 AIAA X icH
NP ORENLHA L EELZBHML T 3B,

MR RFTICESAEB 0 SDE L TIE Hawthorne-
Olson (1960)'® 1347 2 ¥ — & VR O/ESD O ER B,
MEBECE S $ TRty 2idb % LT 5, 7,
B (1963) " HEFETORMR LA 29 — & vigdhi
GCM -1 OBBERIC > THRB LTV 3,

EEROMBEBAFICEENITEIL DD E L THAGR)
SEMERAAZY —EV JRPFIR V) — X1 EORK
DBFFICHE S 1 BB BT THAT I B4 28855 (1970)Y,
HOCOEBRAMA I H RS - RERRH - BEBROTHE
(1982)°7%), zhoOMAEHA L TRIHE LTT LD
- 6D (1983)2 £FE L T 3,

ERENL ORI VEDOXBICE L, PUTOLOHES
N3, ERIN: D TRIBA~SSEFEDOERLTTE L1
Zuyev, V.S. & Skubachevskii, L.S. ® & @ (1964)*,
Raushenbakh, B.V. 5ic k3 6@ (1964)* 155 3, HE
Db D T3 Lefebvre (1984) 752 MK R B % & <
FLEDHTO D, FICHREEEE OBMBERIZICBIL T2 Mellor
(1990)*° MEBI UK EPHAEDDREE LB TV B,
ik, ORI SIHRNEFRBL T3S,

REDBRBERE S 2 BB O—HmIC OV TR E
ZREL SO T}, Smith(1967)"" % Norster (1971)%,
& %4 (3 Lefebvre (1980)°” O & Dhsdh 5, RIEEHRIC
LBEILLFENDEBBEERSRIC >0 TI950FER T TORBE
RREAE &0 bDizid NACA D Report 1300°° HBE
THb,

T R ORI (b & #R#812 B8 L T Lefebvre (1989)* '35
U Williams (1990)2 s 2 h 2 2 & /- bOAEBERNT
HRL T3,

A R4 — & 35S S OBRICBAL T Cornelius &
Agnew 8D D (1972) SR O ERIILET TL
bhHiFl X EED TS, £/, AGARD-CP-125
(1973 THRHZ T v ¥ Vit k 3 KEBELEMBEIC > 58
KRR, ZEHERLD, RESKEERRELD) SMIESSHICES
1973 HE TORLEV AN EZED TV 3,

INoORMPEFEDRLIBVE L OFREXEA IR &
NTW5EBbn s, DL LEXEBTHRY ~ €
VRSB ORIHARCHALABMIELNE EBbNB,

1.3 PxwbxIiLEHRI—EL

Pxy b I rERFELTHMERLSEICHOLNT
CBEEIABAREFHE L v v A0S,

HBEDYzy bz v I vVORBHBERELy - %
HZ2t, VHYBEHRI—EVTHBH, FROLDMLS
WA (Pulse) Pz vy bxvYy, 54 (Ram) Py bV
CURES Ty b v v OEBIRH S, ikt B R
7 & (SCRAM), =7 # —#+ 7 & (Air-Turbo-Ram) V=
PP IRESEDT, TRSOBENX OB AR
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A=

EERHRAS—-EY

1.1 HR¥-—-E,

1.1 IHBERHITRT,

1.3.1 HRI—ELITL D, UL

LTy bV I/ RBUNRI—EYI Y I/D
HA IO TRE L, SBEESoMEER Fici3apsE
HEHSAIRLTEL,

AR —Erxv Iy TRE GBS TE RS
A7 BHCSTH S, ZhaBf{b L84, K1.2
ICRTEDIICAKREZRAL THESEL, BRESICHBE LA
ATHEESE, SEOBENRTY - A 0lES S HH
ELTEEAEEHERE L2 E DT 20 L
B, TNHT VA 44 2w (Brayton Cycle) &5,

9, BERIVHEB U A RO GBEICL > TE
{ELEORL2 ICRTEHEY A I L2 EZTHS, K1.2
TRIZEWT, O—~QuEAlHlATHAE, O—-QHSHE
ma, @—@ILaFEBEEE 4 5,

BAO¥E1&lick s &

dg=du+pdv (1.1)
Zficx v % v & (Enthalpy) OEHR

h=u+pv (1.2)
HBVIEZOBmAR

dh=du+pdv+uvdp (1.3)
AEAT5 L

dg=dh—vdp (1.4)

L1135, TR 2094 2 LV THBERORIK TOEHIE
KIHEBVNSCOTEEMBAEEZ SOR (1.4) Tdp=
0THY, hi3FEEHBCc, 2T

dg=dh=c,dT (1.5)
EEDbE D, $HLBKL2T

Ty l‘I—‘/t‘/"/@ﬁEﬁ

e o ] ———
@ ®
: d
vk f'\
L1 B
E@R  mmes s-vv
P
® @
@ ®

A\

1.2 BHEEHEiIRsI 440

hs—he=c, (T3 —T3) 1.6)
RiILy —E v TOHNRAMBESRICL 2HEIR, KX (14) &
hdg=0& LT,

dh=uvdp a.7n
FAD vdp IIANFENHLE pdvd St LTI EAELE
EENn 5,
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FRBICEH AR -y BLU V2w bz v IV BRBERAESRE 5

X1.2 00-@DEREEZS L,

hy—hy= fpf‘ vdp (1.8)
g Y20 IO
' pu=const. (1.9)

ERAEDREL AT L ORFERN S L,
=1
b= pavs {(EF -1

=qﬂ{§5ﬁ{1}=cﬂﬂ—ﬂ) (1.10)

LZTeRBARADOHBHTE S, THHLEE>ORFRAD
EH, GBEEBENTEH, Ty reEbe LT
SEER#EZLOTEBROBELFE > TRHLT T EHTES,
EHO~QIET B ORERIC
ho—hi=cp(—Th) (1.11)
$@O-ORZEAHBIEARL, KA RE LTHRIBE
BRI
hy—hy=c,(T,—Ty) (1.12)
THbdo LIh->THA 7 VOBREIER 7,4 13,
WMZ(&%ﬂﬁ)—(m&ﬁé)
(Hhaae)
ch(Ta— T)—cp(Ty—Th)
(- Tz)
B4 4 7 VOBRKK TR 7 ot X TOEEHANEE
E-TEDLLRWEEZZEX (1.13) 13
n.-T
L-T;
SEOHBEER LIREFERALD

T Ts_ /P2 Nw-1«
-f_iwcagl' (1.15)
IXOBEDOREZD S

T-T,_T

-T T
& - Tom DRIT

(1.13)

men=1— (1.14)

T -
ﬂM=1—?i=1—(£?)‘”“ (1.16)

KN a 3R TEERT %,

- (1.17)
J 4

TP &P REOThEHEAD L HOOZESFE

THbd, INEHBEK(1.16) 13
ep=1—m D% (1.18)

INEHEBRY A IV TREDRIE I & « DAHDHE
BThHy, 8RR LiCBEAEEE T 5 LEBART]
RTHBIENDOIPE, c=14LLTHEAEriIcxT 5
RBPHRIN1.3DL DI SE,

44 7 tEgERl LD, ARy -y rvidi
LARRTEAOBRALBLENHE, M1.4@DHTA

100
80
b3
-
P
- 60 L —
& ///// x=1.4
40 //
20/
0
0 10 20 30 40 50

w
1.3 ®EEBfvy 4 7 L0 TOEARIHT 29F

{(a) Simple cycle gas turbine

|

s>

(b) Regenerative cycle gas turbine

B1

F B2
K 3 [i T2
Air Exhaust
(c) Reheat cycle gas turbine

B1 B2

v )

(d) Reheat cycle gas turbine

K1.4 #mzxy—-—bOBRH (K: EHEE B . #EEs,
T:4%—¥€y, N:/Xn, L:&%H, Th: #H)
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- VR ERRBILIEBAI B 1 71 TH B, K
L4b) R EICHAPH A 7 VHRABKES D120,
BEKEBZHBLFIAL THIA ALY M#T 5 H4E
%+ 4 7 v (Regenerative cycle) & LT\ 3, £7:K1.4(c)
F/1oR@ADE Iy - v EHFDHRDOBREME L FIH
LTEEAEICHB LRI L 5B Y 1 7 v (Reheat
cycle) bHWONE, Vxy bz vy I HABAYA4 70D
#4233 afterburner, augmentor, % 7:{3reheater(GE)73
EEFEN S,

HRE =94 7 vicBiT 23 XS L 28R
It

1.3.2. Pxv b DR

W # 7 (Specific thrust) B Isp ( 74 = A& — & FHtr)
tis5Ihr vy VERESHRBRIOET AHNE L TER
INhd, $75bb, #H%E FIN], ZKHESE m, (ke/s]
P X

Isp=F/m,[N.s/kg=m/s] (1.19)

HE, RBEMNTOERFABREZAC TV LLHEEEER

m,[kg/s) CENOMRE g, [m/s*] ZF LI bDT

km=Fﬂnugn[ng(%§€%)=S] (1.20)

THEbhb, BBBALEL - T,

IV DEBRUERTIREIREEER, SFC (Spe-
cific fuel consumption) BSAV L5, THIIERHESITH
ArEFREEL L 7o & S OHBRE L EBBATHRLIETSH
5, THDHL

_Mmirs
SFC== [nlj (1.21)

FLT2y bI VI VYOI LBRBRBABEELETEZRY
7 4 (SCRAM, Supersonic Combustion Ramjet engine)
BEABRRICHARINT VS, LA LINREKREERDOR
ADELINTOEY, CCTRERDS LYy by
YR DOTIRNE,

FLVay bV Y OEBRBRERIINILS IORT X
p)id

e Rl EE L R it L L

! Fuel injection A '
| Su
| Diffuser tme 787
G o

TN

A a——
mo Ay,my,ug ’,‘\‘\“;’J‘:"/ ——A¢,ue
Uo f‘i’ 32 ——“—‘.——:
: | ] Combustor

[ T?c_k_‘_"av_e __________________________
0 1 2 3 4 5

K1.5 546529 b2y TOHREKRN

() F7 a—4 (Diffuser)

(b) #AXLEAFR (Fuel injection system)

(c) #ABEE (Combustor)

Thd, BF, AlBHEIREO, UTikZzOHEEER DT/
A -9 %5T,

TR WRTHESERVT, EHBEAA2EDLT, +
RBILWERBBAREL N x v T Y EARKICHL 4,
DEETRITL TV 2BANOEL SR TV 2RAEEE X
5, ZRABOIPBHAEME 0L 6 EDOKHKDOE>E— 2 ¥
SLDEBIUREHNOEN T LY x w b AERILESSH
(A ElE-T 3,

TV I RYAIERN AR HIE, REOBESLU
BREOIDADTORARE ok DB 1E->T, B
6 TR wic1id, B m 2RI E1 P 2 RE
Bulclid, T YRIRATIERREm, 35,
E—AVILDER

F=(mo—m,)us +(my +my)us—mouy (1.22)
THbb

F=m, (ug—uo) +mysue— (mo— my )(uo—us) (1.23)
R (1.23) OREKRARBA B A L 5 BEHRIBA T, LEE
Kihicgw s, X(1.8) LD CDOHAFEKELTBIC
B, RAZEER mE2E8{32LLEGITHTER us 215K
SHTPARER SR T E b B,

RICT LBRBANOREEL R T 5, TV IV iLHAT
SHNCEB LT, ADLHDEOENAERST S &,

F=m (us—u) +mysue+ps As—p1 A

={ps As+t(my+mpus}—{p A +tmu} (1.24)
L L THRDOHESIBAR (stream thrust) P,, % E&T 5,

Py =pA+mu (1.25)
CHRBENE =y ~"EORAME L TETIENTE S, §
bk,

Py =pA(1+cM?)

m RT

- e 2 kil
= M(1+xM ) . (1.26)
ICTHETEEXEDHEE T, OBEE,
5, %1
T =1+ 3 M2 (1.27)

EOoM-oTEBT3E, LB« 2802BT, EMEDH
HELTERbEINS, b,

Py, =P.¢ (M) (1.28)
T
+
P.=m “i”Rﬂ (1.29)
1+xM?

¢ (M) T 2+ MZ (14 (e1) M?/2) (1.30)

K (1.30) TROLE N BB ¢ (M) IRE1.6 ILRT &L HT
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é (M)

0 1 2 3 4 5 6
Mach No.
H1.6 <9 EEe M) OBER

$2, PREE/ ANVEBBLIEVWS Yy FOHOR
HOFEEETH B, M1z vy IV ADXHHOTO
HNBAMDSKE K EADIR= 9y N1 LEFTHHOEREERSE
BoTRUHTEDOHNERET B LEERLTVEN,
7 o "B AZBZAHAKIFOEE @ T HEHEMID IS
WZEERLTWVS,

Z T THEHHES (Fuel specific impulse) S, 8L UZE R
HH#EH (Air specific impulse) S, #E& T 5,

msSy=mgS,=F; (1.29)
INSRBRER EBEDRIUKF LT B,
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21% 15 (1982/1)~(4) 5 5 (1982/5)
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F2E MRSOBELKREOEE

LLTRARY -/ BBERET 5 2468 %21EET S
fooh, HAHIEIR L BEREORIBIC OV TAENS, BH
BicBd 233 RETICR~XS, £/, Bick{HVLh
LRELNERDEERPEREZEEL TRT,

2.1 BER~OERER

AR - BRESRL, ERERICE > TMES QTR
P THREA MBI TSR RE2RESEZ, TOBESIC
BRI NZHEEECHE TR G ERNLIBIHEE,

© BEEHEEE

@ HFEHE%

®@ WAH
Thbo

INoDHH (NS ERRORBEEATN S,
BB OPTHEEED SO XS N ERICK VB2 #REES
EHRBEAEZ LREES, 9 — bt (Turbine) CHAT S
HZDBEN A Y — € VRAH FOERD SAEDK
T8z 5, TV VA7 - P BIUSTEEESARNTHE
KDBBETHEETSH 5, (FHHEBAOVHIIEEEET HIES
BB ED S EELEBRENB N Z 5, KIJBRYHE,
THbE, BHE REBSERLAE (THC), —B{bikFE (CO),
XY (NOx) 15 EDHEtH D 1so,

[EAB%k] BBAKTH D LERBOL LILERELESE%:
BEL, EAREEBNICETIE 51044 7 vhE%:
BTx€5, Lichi-> TRHHBREERI 500D,
INETEXBLORVIEILENH B, —MiIC, SAMN
SNBERBEE (I, EESBESKE (LEDPT 0,

WA ERA L, FEHBIUOEREOBRAD LK
LEREIND, MIERICE O TIIS00085EI M — GO BREK L
WHNTH B, BPEBIZ200KEBR 5 KKENEAST 571
HIBESS 7 1 + (Liner) DAY %R L& €5 L Htic, #
— b AOA Z{EE (TIT, Turbine inlet temperature) 43

HEBIEICTEEILE>TY - EVHBHREHLLEIELL
LEBBREND, 71 +HMpiE, SEBLICLIRED
BL LR UIMBIC K B{E4 1 7 VEEY (LCF, Low cycle
fatigue) iILE DI DUEINDORELENRR LB, EX
B354+ 0 XTOBRHIHFBE (BRELT
1OKEE ) PLERE LBV EBHRETH B,

2.2 MIKBEE

BEBI BRIy OBELSEITERBRIISZ L
S-TbBAS TRV, FABMN, BREXOKEE, EX
RERKL-THADEELZLDIEHS, ThENOBH%E
BLTW3,

HRE —EVRBOTHRRBIIAER 2.1 0 ERIiIKRT
LOICHEE Y — OB S 5, TORBEEZR
DOEBREROFRO X HicKE bYTIBIRHYTX
%, §1ibb

(@) &% (Tubular type, F7:i3 Can type)

(b) BRI (Cannular type)

(c) BRiK (Annular type)

ThH3, BLRLE [HH) L6Fbhf, ThbDHB
@OREBRTHEAT IHEOBHD > b—ALMRINIETZD
FEREBEORNELOH RS — v OBARMT RIS B
e, ARBERABRBHOBOLU b -ODY = » b
vy VrvicE RN, BETOHNBROEES E
HEXBROE, L, EERADH 25—t rikB LIELIEZHE
WshTwh 3,

MZEAOES, M2.100ER2AERMAE(HHE

{a) Can type

{b) Can-annular type

(c) Annular type

A-A' cross section

(:) Casing (:)
(:) Cross-fire tube (:)

21 fiZRAFRY -y BBEine

Liner(Flame tube)

Engine shaft
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BhbhIE,s, BARARIOWAKRNIOHKERL ~
CUYTRBEAEROOWE (1, NEHID~Y 2T %
M) 118 APU (Auxiliary power unit) 75 & T3 8
WROLOMELI TS,

EBROLOTIRFZ: - ABOE B X, Afit, 486
bEILFEEOHEI~OHE R EDEAL S 2. 1(a) 24
— v v ¥ (Casing) ®» %@ OBEKEE L REIRG)HH
EHECHVONTVS, MIZAI Y Y Yy TREARLLD
AR RIRCORIREH B L,

HMABATREOLORKN 2 2ITRTHBBESMS Y v
— (Slinger) K &L BT 260" TH 3, DL, BRE%:
S&mEct 5 b oEET 5, BEBRITOBEAORHE
CEBIREL >TWE,

BN, &L ERBNEROF R, ORGSR %
AFTBHLE, 74T E -V SHORKBEROZEZRDHR
AL B EBBEZAHO A2 OFENARL—~BKL T3S [EHFE
ol EezhoBRuAEO BHFE] KRXNTEX 3, £
S>DOERBREZNENR2.30) EbILRT. KBEOHMEH
Ry -y TCREENERLD/NS WETREDS KEB5
Thb, NUHRY — Vv THRLOEODTEHRPI -tV %
AVicbDTid, BELORBELOERESBZ(HLNS,
ABRERARI —EVIABOOATN 3494 o (Silo) 2
BEZLL-1-006K2.30) 0—BLNRTE 3, EX
HOAKRHARY -V Tl 7 v+ 4 (Plenum) B ( BAE
TREZECH )ARKEELEHBE LK. 3C0DEELS
(Rohs,

BRoEEL SKST 5L, K2.41RT X ICAEIL
T3/LEIULB, $7HDOBN2 4@ IKRT AT -5 LLEH
BHRATERI €25, M2 40 iCRTRREEL SWmE
KEho—HE Rk L TERBZEKRI 555, 8L
U2 4(c) KR THAERBAR L > TR a@BEFIAL
TEHEREBSH B, D4 TREBRNRNOBREERICR
L b, :

B E 747
y -
I &5 B
7 Rect
ﬁ’
A R RN
A
(&733
L://J
# 5

K22 2Y)VyA-RFEMEBELZOL Y /R

PR EOBRIC L - THMT 5 LE/ARE L SR

BRALEICABITE 3, ChoOHE - BEEOFMITE 4
BHRdT 5, E/ABERBEMEC L3I F ¥ —%
S FIA L ENERF AR5 50T, HkEL—
BHICAVONTE o, [RMIALERSERRICL 28
FALIER AR L DT, BHHEHE FoRIEnEL, T
DILEREEACE L0 13, ToEED TR
DR, FEOICRKIFEMIALIC L > TRASERETS

LeEbhoTh5, Bk, ) v -BORKEBTRE

HEEnd 5 T#h SBEDEH S N5 BKAFMBBALIEAD
RBeEKERICHEFS LT3 LEbOS,

2.3 REAMRELEREE
Eﬁ@%#tzv—a&ﬂébﬁtﬁﬁ%.wb@é
[RE| 2MAT-bOBLIUSHESHATFINIEFR

s

7

a\:!

b) WAL

-

NN

() ZAREES

K2 3 mhzmEbOFFELIARY -/ REES
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RIEXDBBES OBANERE - B4 BHRT 5,
¢ ;LfD\\k\dj& \i 2.3.1 ENMMEFHF / R7—SEXEIRINS
K - MZERHET O v BBBLE LT, BO—BNSERR
‘<Q\\\\\-\)/77'\[' %38 (29— Air swirler ) 1 FE 7705 81 97 66 F BUOk A
' HOMTEHE % FIRTI0/600 > VDb E LTH
@) EHBSHE ) 27— 5 2.5 d. ZO#BEER 7 1 + (Combustion liner) DAE

EBREARNDL SRS 1 FBRABTIOBFE2 207 h
X12.6 £2.7TiTRT, LITK2. 5 it > TZOMEEE g

Al Q IZHAT 5,
AN \ ; H2.5iCB WV T@RESNBESF (Pressure atomizing
' Y f nozzle % 723 BT Pressure nozzle) & FERRE 11 2 Bt §2
\ /S ANTH B, HEBREEMEICL DKL L, BRBEEN
KRBEE2, TOENIZER0.1~5MPa BETH 5,
b) SFmmRALi FJR710/600 D&, HEtHTIRIT1MPa Th- 12,

H&BDL OMATIZERIII0m/s ik DESETH S/
HR2.5DF 7 2 —+ (Diffuser) OB L UBTHREEH

I
“5////7 +ARELRMERRTE BB+ m/sH T OREICHES
i // / ) - ; B3, £1, DFHR (Cowl £72iF Snout ) BiIL k- T
_ / —IRABEFAIR (Primary zone) IC A BEK (— RS,
_\k Primary air &5 ) & 5 4 5 filfn ® 2 KTl (Air entry

hole) D73 Ep SBMERICHA T 5 RS (Secondary
(c) EEHEHRRIE e T e
air) BLUHRBZEK (Dilution air) B ER YIS 5,
X2.4 HzRy-/BBBRZEEIER

/[P T T T

ro T % - -"‘k
- 2 ‘ ‘:, “ _ ;: ,,‘:'% B g‘c 4!% -,

1

—

'gﬁﬁ* ﬂy

@ ® @ ® ® ® ®

1. Prediffuser 7. Air entry hole 13. Diffuser 19.Inner casing
2. Fuel nozzle 8. Cooling slit 14. Liner head opening

3. Liner head 9. Liner 15. Fuel spray sheath

4. End plate 10. Outer casing 16. Air swirler

5. Heat shield plate 11. Combustor exit 17. Inner annulus

6. Outer annulus 12. Combustor inlit 18. Inner liner

K2.5 HR¥-bE/BEBORBELH
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PRSI AW 35 ) 5 EHE0EIL 10~50m/s BETH
%, RIKZRBERESKOBRBEEEE IR RV &R
W (EREAL) &HTH->THHK10cm/s, ELRTHH
m/s i ER NI, KEERESEIEADERORK
BEANE, COHBRKI2 5 ICRTORBRREE LTRE
)75 & D TESERE S ¥ 3 BRTMRE D27 — 7 (Air
swirler) T %, %@ L ESUTRRIFEEERL,
Zo 5> ¢ OBERBICHR, BATAHENICK D BE
BEREAE S D, BREBES RT3 RBESKOMSE -
BRKEEDD, BERFBRGLBICEO TARELZEICR
Do X2. 4 DO)RC)DER TR RO D ICEREFIAH L
BERAERATERS & 5,

FEAEICH - TRIAIOZES L SRBEEOZEKILIT
F 5 ERBEFIE TR A RBEKOHBEITORE OTEMR
BEA 3B, BE, FREHERO A ZRERBRNTHS
HS2000K LA E & 755,

BEEZDOBRETH, Z5AL OBA LLFERELRL SE
DBEH R & DRBICEL > TREEBRT 23,0, 5 -V

2.6 FJR710/600x v ¥ V/IRBESS S A +

7 ZVADTERBEMIRE L TRBERIDO L O RIS
#5, ZO—BAEENTERRK2.8DERDL I TH %,
5 —EVREERRICE > TE LV SR IENEZUR
WEBidE & LTHEY (Fatigue) 38, 20 LRI ) -7
(Creep) 753 & D 4 — v MRIBERRIC K > THIREZ
5, ZD1HK2.8 DL O IMBRESMIE L U THEZHR

Lo ELTVS, BREBESD O OFFHRAL LT
WTIREBR (2.4.30D0)02R) 3 5,

REDS - ADH ZBED EFICHECGEY - v
BAAWVBIEBEVE, ZORICIEDFERFREPLFL
WIS BMAE S > TL BHANBE O,

5 — v v EIEST 2 OB RICER{ LS W RE
IKWEEBINEM, ¥ -CEVEADKEBELTHS , XD
BARRESHONE CORMRSERESFHGEZIEN &
T3, I—EVADOARBEZSL LILGRADH XY —E
TR D s Xv (Nozzle) bZESKKRE Uik » THEHI%E
Ko TWBNIOBHERIIY —EVADH R BEAET
SHEDTHBESLETH S,

X 2.7 FJIRT10/600 T v ¥ v iRBER 5 4 F{RREBE N

N Profile factor
— 2 -
Average temp. profile \F—Tip
o i \I erosion
9]
b
g l
o Creep /
o
o X /
— Fatigue /
©
ot - Local
° // max. temp.
& /
Ve
Root X 7/
0 1.0
Non-dimensional temp. 6 Pattern
!: factor

(K2 .8 #gEsh OBMIOTLRE N & REAHO AL S Z 5 M EHEELZER T
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2.3.2 ARWEEABER
AREERRBOHFY 2B~ 3 1 HEIE LB NER
LERRBERHAMGREREN2. 9 107", T hidks
$E324mm, S 70mm OFE 5 4 + Odic TERRRS
TA4KRM G- b D TENFNOEREORTIC 25>
DESEERI-bOTH 3, BRETHRINDICRS,
ARICAHCHEER (25188 ) OfIERE 24 L1
BEEZK2101TRY, COMWBELEIRSOVTIRESEL L
ek 2

KBV VIR U ARERIC OV Tid Sotheran
(1983)"° B3 HE LTV 3, Thick 3 LERBEBETD
BEOMIL « RRBERDLDBOC LARIOATL B,
R, THNiICL2BRREHOBE L FINHSEB HsigatBD
RIRSER LICERRL TV 3 LRI N 3,

2 3.3 MARREABINS

2113 EHREREARERE L T8ELILEI S
(Sector) FARRI (2.5.12 1 ), FEFRASI25' OMERITH 50
72° €279 I 6 XD TFRASEKE LHATRNIC 168
DEXHBHFEMRA T 5, AB1LE 1 FIRTI0/20048
RBOKAK LB LT RAMMBBOLEREL T 3,
M2.12ic 3Rk 5 1 FrEBAEAE, FeER6.4icks ¥
BRO 7 4 rABETRT, K2.1200)i1I1H2.11 0888 %
BRKIEL 60", EROIR ZhoBHESBRAE K
(Lt ER- 1 ERTH 5, BERSERERARD
BICR2BORAKE DV &L DHBEABRD THALRA S
., LOEOTFRARKEOBBILZEIEL:, ChooE
ROMBER ICx 2B OFMIMBHER" "V L’
EINTW3E,

=
L4
:0)
Q

@1

A-A H®

AREERFICER A - 30 TH W/ BRERIRER

© BRFAERS 7 ® HERE @ BHR=E

@ BEMHBE ® ZESH @ ZESA

® MREER ® 54+ (REM) @ 54+ (ARA)
@ X ® #MESHO @ HOoBRE:t

® 71 +%HB ® r—-vry(AE)

K2 9 ZAREMIBRBJBEDGEHRS L UBEIK
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2.3.4 BEREES (Reheater, Afterburner) OBERETLTO S, RAHNZARSETH D REEZ
Uy bV IVTELAVONEHEMBEBOTE 3 HENESTH 5, M2.13()DBERMRBEDBET LT
FRER2.181073", WEWERRICRERY S LB TH B, HAKRHE

COEOREESS T £ EE L THICRES =& BTH 315, BMEOS/ILORAGEETH S, X2.130)
%5, M2.13@)d 5 — VDT ROBBET ZARTHREEE D 3 LEC 2R OPHIMERET, (), OmEORELR S &
EITHOEND B,

T 5 OB RIS OIS & R o EE TR K2,
14TRT £ D IKEHOBIL LR T L RIROBEMLEE» S
WA ZBBEA 26 LR [UmBhIKES L, ZOTHRIC
BREBDOH v 5 (Gutter) B TEhHO—WBHTH ',

T 78 == FORREEMAERK2ISKEETRT, C
o3 o vyTOEABOHSOMSRALbDTH S, 2.
15@D & 5 IR RBEEZBRICHEARE L b0 RGO
LD ICHERAENICHEHRICEE Lz d0hd 5,

EERAOA2y — v TIRHERA X ZEH AL L THA
T3 HARBEROBRTIC Y — v AREBET L, DB
BIEFBRRES I EUORKOBERESRSEHV 2, B

K 2.10 AFEEMNSFERREEGEELD FAoOBKTHAE - FILERZT-7cBHA (L e— 1+, Re-
D@ @ @ 66 O G O (?18
\
| =] |
T 1
&
e (('2 By v r—LIJ )" Za—
24 X )

o

DN\
200 R

@
256.6 B
223.9R
=

T

126 . S E
285 \\ -
O FAERSHULE © ARW54F
@ EFEBB <=k ¥ O AOD75vY
@ FMHHBE @ FAEBEEH S
@ EBRE/ v Q siEEm
® ZKR¥7 ¢t O HFELEEEK
® 3—F—~—v G A"AEMS4F
@ A4+ @ "Er— v
NPy -y O HWE 7 (ATl y )
@ "MHE @ tHOBESHI R
K 2.11 KFss b N R AR v 7 & S
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Engxne exhaust gas

\.«,cm-w

<\..~v/

C—
s

an.,A,.»

(a) Turbojet afterburner

Fan Fan duct Cold fan flow

—

L Sbo=
[=U

— e
<

— . e

(b) Turbofan mixed-flow afterburner

(a) BRIRRGESE 7 1 + AS260

Fan Fan duct

VA

<&

(¢) Turbofan duct burner
X213 fiZExy Yy BEAEBOITERE

K%

G RS vy ﬁ%ﬁ:ijﬁxwﬁ

(b) BRIKIREESS 7 1 F+ AS350
K212 KRB B FR A R PR e SR B R AR 10 4 0 X 2.14 E@%ﬁ%ﬁ/a&ﬁx%@%x&

&

(a) BRIKIRAE | ) HEHREAR
X 2. 15 #EEHET 75 —/v—+
heat) # 4 7 LA 25 — & ' DI AR 2161074, T 2.4 BBERMEELRER
i3 4% >~ (Methane) 2T &3 5 KK XA BEE L L TRBBESEDOLARMAEE IS 2 FTRIELSEN
726DT, HBEBICGEIHETRATAIN ABERE (K WSRO —BNTEES L OFEL A28 d, 27—

12% ), & (1020K) TH 5 T EicE#ssy 5, 7, BRIERFH D OIS E L S L OBRERICES
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BaMpns

wu®r

FEMRS
BHRT

! g)
PIEHE

I

—(
t Y- NERGHE

LPCA 72+
T s

216 Lb—bHRY—E/HEBEEEHEEK

L: boRBEDRFBICTHLT 5,

2.4.1 {fBHAF
—RICBRERDORETERTIRARES N, B0 id&ET ORI
124 BIEEISRM/ 5 # — % (Parameter) RRD L H L
bDTH D, —MWM, FHRFLEL, ThoDXBlidZ 5
BEL D TR,

ZERRB  m,kg/s] 123 @, [m®/s]
BEHEE mylke/s 27213 g/s)
ADZEK[BLUBEES B, Pr[MPa]
ADZESEE (28) 7T, [K]
HOEEH 2 EHEE (28 )
THEBEBELER 47 K]
OB 2 BEDH
RyEss 2 Ei|% 4P [MPa)
MR 7 R4 (CO, CO,, O,, THC, NOx)
[ppm, T3k 1kg b7 D OWRK AL g 8]
@ HHE SN [AIA BHEIRE )
ZNoDIbO~POEFINRETEH v v vERICK
STT, BOXSIKEMERTESNSONE ENE
WAZDBE T vV VERIEEDO D ERREZD T
ENCBREERADE 1, HO% 2 & L, ZOMMRIZEL
T, BRBE, A FBRABELSHERLSEKRENLMMSE
NnNaLEMBH B,

2.4.2 HHFERT

AR AL AT 5 - DI FBIRE A BEST 57 £
-4, BBICEIRIEOHHEFMT 2201275 718D

@® @6 6

T, [K]

®@ Q@

HElic 25 X - 3BEBERD OB L HN SN B,
(1) REWEFHEE Ur 7213 U, [m/s] : UrOEaE
BB R ANEROELEE, U, 0B&R 74 +oA
g EE A RS ADBOE S, BERHTRLIZLD,
Hic— BB L O EBEE VD, HRY —E VR
BBROFHRGFRN2ITICHRT 5 LI ICHRAZRDOES,
BEZAFICE CTRIBICED 30, REIHENE{LS
B, K2.181TRd & O IKEEDOREI BB DTk,
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4 ¥ Y 2 TI19364 3 A iC Power Jet #E AR S 1,
Frank Whittle 3 Z D@D Ticx v ¥ YRR ZED I,
Whittle (21936 3 HRBRHID Y —F7 » vOHFLH-
TWw5, 1937%F 4 128, X2.28iC;R4 #715.34kN W-1-
UBxyyyoiiEkick L. z20®I vy Y YV KEB
ZMZHS3.78kN, BE283kg DWIA 7 —F ¥ = » b
18K Gloster E28/39iC#5#k LT, 194145 H15H 117
MOYMAITER S #12", #0%, 4 FY 2D Lucas

AIR CASING FLAME TUBE
-

<
<
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23

HOBAR b—BRICER S TV 2 BB FIE R
BORFWBELEIL AR -V RTORBEE N,
—7, MERREREER L LT, 5 F. Whittlehs 2
b=TDNR—-F oy FEBT, BEHEEBRREENICD
TAALTREOBER 2SUEL 12, TOhRBRNENRT
—F VS LEDERERILEDLTHIFELAWhlibok
£ THB, TOH®, VW HW B Walking-stick B (JFH)
DEREEHAI D% 4 ) 2D Armstrong-Siddeley
HDEAL Lo, DOEMSERTIDTBERL /- HF13.7kN
DERIST VY LI DEREZ2FEHAL-BIREBKS LA
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#2.3 EREEZZALCERBI YV
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Mt pros | Tuvsrover [y | Noof
Python Armstrong-Siddeley 5.0 (3,023) 1943~ 11/11cans
Mamba ” 5 (1,300) 1946~ 4/can
Sapphire " 7.5 | 34.6 1947~ 36
Viper Bristol/Siddeley 4.1~5.8 | 7~17 - 24
J-3 Ishikawajima-Harima 4.5 14 i 1959~1981 30
Pegasus Rolls-Royce 14 95.5 1959~ —
T-53 AVCO Lycomming 8 (810~1,400) 1966~ —
RB199 R-R/Fiat/MTU 23 35 1971~ 13
Larzac SNECMA 10.6 13 1972~ 10
Ms53 ” 9.3 51 1972~ -
Olympus 593 R-R/SNECMA 16 45 1974~ 16
M45H ” 16 33 1975~ 24
RB401 Rolls-Royce 17.8 24.5 1975~ —
RJ-500 | R-R/(IHI, KHI, MHI) 32 10.5 1982~ -
(- : unknown)
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(1) RALKFE#RE
BESTHEE (CH)n T 54, BEMTLRICER{LE
nEx

(CHZ)m+3_;n"02_'mC02+mHzO (All)

14 48 44 18
CLCTRBHETOREIIERY TH 5, BEEAZEK m, [kg/
s], K mslke/s] 2RI L L, ZROMNBRHDL
ToRERETHIUE, BUERKRH-VONBRERR

48my
32

T . 48 [kg/s]=
g 48Lke/s)=70

[kgmol/s] (Al1.2)

EIP m ICETNBBHEIL (32/29%0.21) m, [kg/s] TH
a2 oREEERR,

m
—33-0.21 m, “‘—/~48

29 14 (ke/s)
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_ 1 (32x0.21m,

T 32 29

- ~—~ 48 ) [kgmol/s]
(A1.3)

Z oDt ARR,

9 ——mg,[kgmol/s]

28 0.7
Nz :0. 79x5§ x mglkg/s] = %

I _ms
CO, : 14 44 [kg/s] 12 [kgmol/s)
Iy -mr
H,0 : 14 18 [kg/s] 14 {kgmol/s]
Lich->T, BEO, OHBEEEE x% L95&,
021 48 ms
N 29 "7 32 14
100049~ m/ 021 48 m
20 "t 1a 72t (g me g1y )
3.11
:021 n__021-(1-9) (AL4)
1+ 1.04 1+0.07¢ ’

n
CTZT n=my/my THB, I LDOHEORRERILI
14.8TH 5,
(2) # 4% v (CH,) 8%
(WDERAKEZEBEEOBE LERICLT, BEO, D FE

ER=des

021 2
X 29 " 16
100 0.79 my 0.21 2
59 Mot g3+ (Sogme g™ )
3.625
_ 0.21 -—— _0.21.(1-¢) (ALS)
1.8125 1+0.105¢ ’
1+
n
LDBEDEBRTRIIET171.26TH 5,
(31 7kFE (Hy) 78t
LDBE SRR HBETEE O, ERETIAR
021 1
X 29 " Ta
100 0.79 my 0.21 1
29 Mty X2+ (Spg ma=ms)
29
C0ZTU 021.1-9) (AL6)
B 29  140.21¢ )
1+==
4n

LOBEDRREMIEI34.52TH 5,
fistA2 NOxBHHEORERE

FRALKEMRE C Hom 2EHRT9%, BFE21% 0K T
THREIHLEEIFELICEBBELTCO, & H,O i35 6D
E4 5L,

0.79

01 (n +%)N2+ Air

CnH2m+(n+ )0+ ——

0.79

nCO,+ mH,0+—— 0.21

( +—>N + Air

(A2.11)
ZZT1 ELDBHERA/LTEEIL 2L EDHEA X
NE VT x%0,TDNOx KEREHD C, [ppm] LT3,
K (A2.11) T3 NOx O EBRRBREMSRICY, EkOR &
H& L THELDOTERL TN,
BB LIS - 122K (Alr) B A, ELTH 12 E
45
(NOx £ )

Cr=—"—""7x10° (A2.12)
E+A;
x% ODEFO, &
=214 100 (A2.13)
E+A,
xE
_ A2.14
As 21—x ( )
ZhER (A2.12) TRAT B &
c, = NOXENW) 0 (A2.15)

E{1+x/(21-x)}
RlIICy% O, TD NOx KEBE % Cy[ppm] £T5 L&,
(NOx ®n) 108

- A2.16
YT E(1+y/(21- )} ( )
R (A2.15) & (A2.16) Dltx &5 L
Cr_21-y
oA T (A2.17)

ZOR (A2.17) B ERALKFRBE O H ok
NF 5B, Lichi-> THEREy%¥0, TO NOx Hid 21/ (21-
M) EETHIEICED 00, BBEBDO NOx{EL L5, FE
FCi yDEELTI6Y ATV 5A, KETR15%7
EMB,

OXICEEBERTRO NOx BE 2 s BUIciE T 5
XEBHT B, x¥DEREHREBELRAF TCORE 1L EvH
- ofEtiE % Cx [ppm] £ T 5 &, BEBIEROERIC X
h

(BER T2 ) x (NOxDEVEIS)
x (53F&)

(BASEEERE (kel)

EI(NOx)=

_ (E+Ax) X CxX Myce
- 1000X My

ERBREMBEDOEZOB 1 =l DA RE TR
(A2.11) OB T

(A2.18)

E=n+m+ 28 (A2.19)

0.21
TH5b, R (A2.14) 2fEH &

—(n+m/2)
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E+Ay= E(m'x) (A2.20)
R (A2.18) it (A2.20) AT B L
EI(Nox)=£: C"( 21y Muor (A2.21)

21-x Mfuel
%tLTX97%%ﬁ3€TOMh&ETHDwm®
NOxTH -7 &L &3 EXT x=0, =100, E=1052 & 7%

5h 0,

100 46 10.52=3.02

EINOx)= 156576~

{gNO; /kgcns ]

L1355,

—hH, RALKFZREBRE (CoH, TRE) 2B X 11
$4, [T 0%0; TCy=100ppm D NOxiZ, x=0, Mfy
=142, E=719.3TH5M5RD L H L B,

100 46 - 79.3=2.57

I(X)O 132 [eNO; /kg fuer ]

EI(NOx)=

BIE IZCCRAZREBRBAORN

SRDH A ek E T2 EERBBEDH R — &
Y TR, BEROHESZOATD [Fh) oBEiIcL->
TRIEFREINDZ LV ->THRETHRE O, BEBRD
(fin] oER, EHE% BHESNOZTEKEBES. #
BELEN, BEKIEHRIEE S L SRS 5 TR
LEHETHD, CITHRATAIEROHNEF 7 2 —
(Diffuser) fifl, BRI OENEL, BRESNOLKER
B LUHRNEROFE L ik ov Tidikd 3,

3.1 X%
WETERINIHERATZAY -y TRIBOT(M
RAZSHEEHRBICEEBEE5 2 5BETH 505, FiITAHY
=y bL YUY TRRKOBRE, HH, HE#EELSEHBK
EL BT B0 v U B L TEBESORICK
ENEEREL 5,

1 BERS
AROEENISFFHIL JIS [W 0201 (1954)] 5 &2 kb
EDLNTN D, [FBERS] QR L-EETEE L
TEZLNIRDEE b2,

o M3 FIEHESGE T, =288.16K (15°C)

o MG FEESKRE P, =101.3 250kPa

o fB HEREEE o, =1.2250kg/m®

3, BRLIFSHT [BEER] v -1880E,
293.16K (20°C), [£7/1101kPa, HXIEE 65% XK T,
FE31.20kg/m* TH B,

BHEASO A AEHIT

R =287.04%10* erg/(g-K)=287.04 J/(kg-K)
ERDOMBIIEE, BE, TATy, B EDED

THIELORFHRABESATOEY, BRBELEZZ LT
REABRESISELT,
e TFK : 19%
o BEFE : 21%
ELTELW, RADIC0.9B% SENTVETAT VIIEE
LEEHTH B, CORKDRILFORTRIL
M =28.966 g/mol
Thb,
2) BETORR
BEAITHEIN TV 38 EEICNT 28R ESFR
KOBYTH 5B,
T=Ty—a-Z (3.1)
LLTZRA—-MAVTEDLLELSETEE11km 2 TR
a=0.0065°C/m
TH%, ME1Lkm HEOKRE T*RB—E LT 3,
T* =216.66K
S[HEPIIESE1Lkm £ T

——=O—a%9" 3.2)
LT

n=G/(aR)=5.2561 (3.3)
=& 11km L1 Eid

10310(_‘) nlOglﬂ( ) ( )(Z Z)

(3.4
TH s, LREEEIC L 3EHOMEE DAL 5 EE LI
bOTHBM S, BENHEDE 53 JISOREERRY
BULENE B,
PED &S I BES M BEAKOBEIHT 258 &
HEHOZEERXS. 1 i1TRT,

EH (P/Po)
0 0.2 04 06 0.8 1
30 : - T T A T T
Y A EH (P/Po)
: — RE (T |
20 | §
£ .
o | .
e
10 .
I \ |
0 1 1 T l-\"‘
-60 -45 -30 -15 0 15

wmEE (°C)
K31 RROBEEBRERUEHOGEEAL
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(3) HBEZES

A FHRHBEREERATIBIHNEL L EE, &
BAZAOMUBERIFRICKRD B CLHRETH B, HKD
LT LOEEERNEOEENE L, 729 - EVBRET
ik BASPRES A IFBFUEABRBEALUDOTE
KREAUBLTHETILEMH D, K3.2~3.41C2500KF
TOEZOWN R, AEZREBIUT 7 v b BETRS,
EBIHEOEKYHEBIZO VT Sychev (1987)")
Prabhu (1988) D X#ktid %5, 1 E5FIRBF (L%
EEtEYMHEIET 2 XEMoBEY oo 7 -4 2R AT
22 EbHEB,

3.2 MREBAOQHOKO
F7a—FBEITEFA FARAORAREFERTH 5,
BEEBICHEATIZEROBER, 2 VvV VEIRD 7. ©
Lo BEEREREFER LA TKRD B LD
T3, FEBIIRASNIEKOHEN T, EFEEOM
BYRE. ETEE, BESADOEIHE (~2E) B
Tﬂ:ﬁl:(rr}“”"—l) +T; (3.5)
L1155, 7,=80% DIBAOEBHEBADBELTET S LN
3.5D& DI B, BEBOHATRHEELENDT T,
B2ETHERBEFLVEAELTELNY,
BEROSLETOHEAENHEZEALL LTREILL ST
LELRIGEHIVCBREDEMREETHS, X3.6
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BI3.5 HAhlicstd sRBREEADEERE

IZ FIRT10/20x v ¥ v DB ZEHABR O 7 — 7 THICE
BL-BESHESKEHEZOREERT, ThickbE
RIT7 v KO A BEOESHRALEPLLEEMSECH LY
HEKEHTH 5,

77 2 —FEHRTRABERICEIE/BENET 5,
F7 2 —FHLUBOHENOENEKE, FELTKRD 2D
PHlib,

1) HBRERERKIGERYT 22K NFNEIEL

2) BEEANTOREORESLEBE LRICXARENEBR

INSDIHILHEIHBR, Qr—vvrEif+ick-TE
RS NABRIGER L OR%E, QKA. @QKIEESE,

(@ (o] EF7a—¥E [{BIFL] EFHR

ED5 4 FHOBICL - TETIENELETH 5, b TBf) 77— T#i5H] 25K
EHRBLOHRAT IR EE R EF100m/sHiE TH 5, 3.7 F7a—¥ESHREeE

—F, —HBoBE / ZRRASOBREER, KB TH
S THHm/UTEEHLDTEVIDTF 7 2 —FIREDHK BRATHIERBEDRAKESUNEELE5Z 3 EDRAHH
FAEETIHRBRES A TATOBRBROLER I oL 1o 1, BEBTHRBEX DS LTS, BBEREHMD

550, GREBIEI, TR LBE0ERENICE DHT L & T
FT7a—-HDEHIVEODOERENL S 1 + DM LTS SEHICIRIE S50,
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FAE MHLIRATR

4.1 HRY—ER%H
1937TFEICHZR A R 9 — £ v OR B2 L 72 Ohain
BEY, BEELTkELRVEY FiIZBI Y v~
FKEREHE B O RTREMEIC D WO TIZ19505E 4, HZ M i
Licx vV v ORRERBRRS ICOKEBREAHE L AR
LEEHH 27, 190FEROAMTRICAIENS - 128
KR BEEOBEBAIOKEFASRH SN KAETHO
v7 (IHVE) TOREMSSLNEYY, o v TOHET
BEROY v 7 b BRI HAEEAN LT vV /1E
BERLIEBONLEDTHS, LL, BEHNKELE
TALEBBMBHAEL TE CKREREA BT OHMERIC
FATAAY) y FRABEREOVTO S, B TIIKERE
O¥HEEL L TBEEROBEEERAKR, ko
BEAR L REGR2ARB L CEBRBHHE L THKES
FIALLS LT 2HRORA 155,

2y -y RABRBRERAE, ThFodSEdmn s oRE
e AR — BV LN TV S, EXATREERAK
HACEEAMBAS V) OREABEML T3, ZOBEH
IR EFENE S S HBRER{L A R TH 5 CO, DHEHERDS
5B, MEBOEEE L THRAN AT HORNNFIED
Ko v T TIHbOATH B,

Z0MOFTZERIE L TT oy HRIEERH RS -
YEBOMEEREOF B E L TRERILKEBZEOSKL

KRELRELTAVE LD L TbAhBY,

1969 FIC HABRMF AP TR AR, S0 r o BRE
ICE BRSO E, SkrE~b,

FROUBEOFHE MBI 2Bl L& 4.1 TR,

KRERE DS b1 - g s LT,

s BESKOHREEL LV,

e BHAKIANKE DB LD D EFNE N,

cHEMNEHLHTINE O, BETHE—FEARICL T

MO 4 fEDEEE b,
cHFE L THAERIREILI R M hbh B,

* 9 I,
e BRI ANF-HBKEL,
s RFBNADIEC, BHER CO, 75 E ot itk p
QAN ’
s BREMICHBENE BICEET 5,

F o BEi,
s AL LR, [UbIHBIbKERHORBE LT
RERARL L ICHY B,
cSYLLTHERIDEL,

HAY —EVICRAORBRIKRIKERENT, BREE%icEH
ERADBE-120, SEBEEHLS - LR E
AEDIBEIERVWE I EDNTE S, 2DHHEBRA RS
— Y TRERHEOESL O HENEGT OB LHECTY
%0 —H, MHEHIKL > TRERIZRDPARF ZABL U
T3/ DT RATZBERELROTH S, BETR

#4.1 BEHOBH O EHE"
= b, S Ayy Tany P A w =

5} :}" it Hz CHl C:HB CnHZn
5 ¥ B 2.01594 16.043 44.097 128 $Twiid n-CoHy & L 12
A (K) 14.4 90.68 83.47 230* * Bl
#e (K) 20.39 109.16 231.09 430* PR
BEEE (ke/m® ) 70.9 423 585.3 795.2* #ETOM,* 15/4C
g GREk)  (kJ/keK) 9.5(20K) 3.4(100K) 2.3(235K) 1.98
SeR /e a6 000
Hr#ae (M/ke ) 116 50.0 46.386* 43.1 +25¢C
K[EZE (kg/Nm} 0.0899 0.7168 10.35
FEEHES (kJ/ (kek)) 14.19 2.15 1.675 1.655* + 25T
SMUZEER oW/ (mK) ] 168 30.2 15.7 11.6
R (Pa-s ] x10® 8.40 10.18 7.50
SiEHEER (n%/s) x10° 94.4 14.22 0.725 1.88* * 15T GEtk)
BRES (atm ) 12.797 45.7 42.1
BREE (K) 33.24 190.7 370.01
75 v bV 0.67 0.82 0.89
VEEORE (em?/s ) 0.611 0.219 0.0863 0.05** A
BRBRAE (EHEBLHD 34.3 17.3 15.6 14.8

(HRBREE) 3.38 9.55 23.8
ARRE (%) (PR 4.0~175.0 5.3~9.5 2.2~9.5 0.8~6.0
BEERAE (n/s ) 3.06 0.33 0.42
Hi A REE (K) 2318**(31.6%) * 2148 (100* 2198 (4.2%* + () RRBERE25°C
THIERE (mm) 0.65 1.9
BABRIZAFE (n]) 0.02 0.29¢0.9) 0,27(1.25) () RIRYEH

RO WEIZ0T. 1atm COHM
TR R, BT A BEkE
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o M DOWAIL, BRI EDBIENA S N DRTLER

RIBEL{TE 3,
s BELERDBREBBEETH 571:%, BELBRMRTE
ARG BT Etk, FRAIEOVES  §HRgE
al§ETH B,
c BMREHBELNEOEREBZBHO I 7 v+ v 7
(B ) s &Iz b,
o RRFAEEHENSERICEL LT, TERBEL 3L
DE-1AW

c BEKOEKIZANFE—BDIETT L,

R, BERE LR XTERBEEOESBAIAL TS
WOT, BERENOSBSRETHY, EEHIHOR
BENDIIODTHEIANE UBBHA R - b BB BELL
%,

CZTIHIMZERNZ 9 — & v L E MR A O 5 e
BBV TEITLEE L B3 BBB R O TR LD
HEBEEZEHT 5,

4.2 #WEHBB~OER

FMZEBRBAN Ry -/ 8EHE LT Jet A 7203 Jet A-
10N S, THSIEKERE ASTM D-1655 (1958)
KE->TEDONTWBERT, Jet A & Jet A-lidzh

MEFEBERPIRFAER 676 5

FNEEE SN —40°C & —50°C T & 24T (Kerosene) &8
ESNTV 3,

Jet Al DY EAFEA.2iCRT. THII—BKETH
WOLNAATHMICE LD TEVYHESE &> T 5, KE
HRBBO JP-5 (Mil-F-5624) 535 & L HIGEOBRETH
5, EBUSAA OB OHEHA~NOHERITHBELTE, &
BB THHEN L1 DR EABSN T SRR L
£ 5,

BBEZENNOREBREHEA OBRICHBE T~ EBIAR,
RN &3 2
HHE S iR
HIEZNTONHES
o3 SIRS R - 3= bt
EAESRFTERAR, BFICBOROREEN
ETH D, UTRZhoDBHAx v Y v Off#ERK
BAESE 51 D0HERIcHO>HTET,

®@e e 06

4.3 BERA{LORX

BB - Z AR TRIES 50T, Bikickb
hERBRABASE, BLATH 52K E0EMTmRO®
RKEBEBEBIPDHILEDLD B,
BRULEPOHBLICRAERE I HIBE, D3 RE
BERE NS, LbLEZODHREBREZRO>NAKES
O EABAOER[EDHEMNEEICL » TR LB Ebh
3 (R, 1949)%, H 2% — €Y ORBER ICABILK+
am ~ ¥ 100pm ORRICER AR L AT S o dicid sk %

£4.2 Vo MEETIEMHE

# ¥ W\ B W % 5 &
I &= (15/4C) 0.7875 ASTH D 1298, JIS K 2249
1.B.P. i 155.0 ASTH D 86, JIS K 2254

10% Evap. ¢ 172.5

20% Evap. C 178.0

SEHER 50% Evap. €  191.5

90% Evap. C 220.0

F.B.P. Tt 235.0

REE v/ 1.0

wEHE (at 200C) v/vi  66.0
51K T 41.5 ASTM D 56, JIS K 2539
E0ESH wt¥ 0.003 ASTM D 1266, JIS K 2542
Fo%—-52 ¢t ={i3 ASTM D 484, JIS K 2582
#F R 25.6 ASTM D 1322, JIS K 25371
X N ug/100m1 0.4 ASTM D 381, JIS K 2261
i T -53.0 ASTH D 2386, JIS K 2277
B FEES O vvi 185 ASTH D 1318, JIS K 2536

Agafusr  v/vi 0.1
KA EEHTE 92 ASTHM D 2550, JIS K 2607
L2215 (at -34.4CT)m?/s  5.65%10°° ASTM D 445, JIS K 2283

EHRERR mg/100m1 0.6 JIS K 2278
R mg/4 4 0.7 JIS K 2581
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Main fuel

Primary fuel

\=’"L_)‘T;-‘

Main

il
. |

X14.4 FJIRTI0/600x » ¥ v HF 2 7 ARBEEH 4S5

(1) EAEHFOHE

B—DREDCLBIMEEHAEL S VT Ly 7 2 (Sim-
plex), Z DARICRIOMICIRE A S H>—D>RIARBRE
MNEBDHIFTEELLSDEF2 T4 ) 7 4 2 ( Dual
orifice #7213 7 a 7L 7 X Duplex ) & F & 1, BE
OFIELTFIRTIOT v ¥ v OBBEHEOEE 4K 4.4
IKRY, Lhid, Bk oBRARHAETDI—v 5o v )
(Turndownratio) # K& ¢ 54HLDEHH2HoDR
BOREZELZHESOEIHEHF LB - TV B, BEML, B
EDERTHANDGS 2 E 00, EERABHETIH
Ry —EBREBIKRESILCANSNATYL 3,

2) EAEHFORE

HLEHAOHERBOK XX (FEL VD) 2EHT
2LEBHENOFEABBI-DOHEHETH > TRt
ah37 o — 3 2% FN (Flow number) T,  DEHIiT—
BIRBTABRABRQTELLQ/VIP KR LEETH
505, BREGKEEm TELm/JIP;THOoHbL T3
HabRons,

E, ThoOBAE, Gal/( psi-hr)™®, ml/(/kN
/m?-5)"", &%, 1b/(Jpsi-hr)?® ke/(J/KPa-hr)™
BEEBLIELTHS, EHQISIHAT, BEDSTED
FN &, fEROBMNOELPFRIEOAIZEDELSHEL
ml/(V MPa-s)* 2 iV 3 T & A MR L 120, MERMEK
AVEHIMPa 0BBNHHEENTRAR LI 2 0EH S
OOHFERECHSEATHOMDPT W, ZOEAOHKE
i, SIEMLOHHICH - - HAADE LI mm®/(sV/ Pa)
KEBEE—HT 5,

BEDLDIZ, 2BOREMLEI-—KT7r vz rIvE
FJUREMABEH RS — €V ICHO 3B HFED FN

1
. |
N sre-eceocmmeoo- et
: ¥
7
Shroud air 7
300p—
le—— 100 MW power generator
10 100 E_ gas turbine (main)
- - 100 (main)
5 50 —
| | 50§
-, = .
L'& - = 1 ” Turbofan engine
~ E; & thrust; 20 ton
'c: < (primary)
a 3 <
e e (main)
- C - C . Turbofan engine
b = o Z 10 thrust; 5 ton
0.5 }— 5 =
u - w L sk (primary)
2 ] o S
5 [~ E I -E
e F 2 =
& &1 s&r
I g o
0.1 L 1 L

| § S

4.5 MHEHAFWZED Flow number & BT H ¥

EORILIZBMFZTOHE S, K4.5 IKHIRT 2,

(3) TEFEAEH
BEANRETHL LEKARR, BEALE, 54+0
BeE, HDBEAGOHAL ELNBE L, —BiATHL L
ZEALIGEIKE, 0.1 MPa DLEOFE A TIRIF K &
BN, ZhLEUTTHODHLWS (b dbAl Kitli-T
FLABBALY B H T 3, EEABEETIBHES
ODENRBICL > TOBEEADLIZANSE S, LIZTAH
IS0 AP, & FEHKE Pa & THBABHASH 2% %),
Parsons & (1986)°" i KGHEH 5 1.4MPa O BB K E /7
ETOBER, T3 280%H~, 30mm FHTOERE
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¥ yoo Pa % DRA%IS7:, Dodge & (1986)°" IXEH
LA TEEOEE LA,
ELXOZRBRTRERAENEHFICEVT, BEESERN
DEEICE - 1285, BRARESHAO Y2 7Y FER
(Shroud air)EFICEE L THEABALHIIDLLEMH 5,
COEBIIY 259 FEIDFNE BILEEOBEIRE
A HBIN, BRETRIZPHOHILEINTHE,
BEAICHEEL THBAERESY Z2EHARHOVDED
X9 3 —av -(Patternation) MHb, ¥ x— a3

YIAEHFMEPLLE T HSBRENHDIHES ERT HOT,

LFHENEL~Z2 () DELEDOSRA.6 DL HITHERE
AEEL T 2XKEPR/NOBRRERLARREBRHE L XKH
DBERTER L. %¥ TE . FIRT10/600SHAHESE D /10E
HEDONSY 2 —va VOBRIK 4 4IRTLHIKHF1
MPa ot HHED & &, 2% LLEABERL TS, /¥4 %
—va YABOBRFRIHOBESHOARBL T 1 + O
|Axs5lEECT,

(4) PERLRIR

e NI AR CEFARRRRREBICR b
BEOLSEEARIIERSFOEESH/UTH S, T/1HE
HEIC L ZEFEORSEIL Simmons & MBILARBBIEE A{E
STHR LI, Thitk 3 EEBEA$EOART IR EHATH
ijx:f)§*ﬁk'65528'29'36'37l0
BEEBRLAOEEREAE T ICIRIE - ERVIEN
RThHdSMDTRELTRTZENE L, ENHEHFF
HOEELLREICEL > TZOEBPERZFLEZTERS
o—#iL,

SMD=67Tv"%°m P 4P, **® [um) 4.1)
L1 2®, T, SMD, 4P;, my BXUv OBALE,
Zh#FH um, MPa, g/s BLU mz/s.’C‘&-éo

Z0ERHERAREICIVELORADRRENTL 50500
— B EARAL TS A EHEVIKEHD THEUD

H4.6 FHEEFOD/ 97— ¥ 3 VA

ReEMM->TV B, BRAEOEY, FHOBTORNI
AL S ERT 5 & Bbhb, LLIoRicksde,
—SEDOFN / AVTDSMDI myit KOREEOTLE
S Eicsb, L LREICIITETROKRE VL, ANVT
14 SMDKIEASKZ L, Simmons 5DHE™ it k5 &,
BEHFEA ) 7 « AW TORKBEIC & > TPORENE S
%. Lefebvre & b ZhicE S REBHERRLTHVS
p, ERE, BEAMSELINETH B,

RESENSEICRIETEBICO L TIRES™ 50.6
MPa BEOBESKE N ToBE2ZdILHEIC K-
TEBRMICAKEN PO AL 2EREE .

— R RS R Y — € RER IR T 2B OB T
Bi2 SMDIKLT20~100xm BEEOHEBRENB L, C
NEVHRTH B ERBERADE , TRV BHE
TH 5 L BEZHAOBERES LN T, RFRETR
EhAEAENER S N TR/ EBES BV,

EEHEHSBRENR & FESBGHEEESY CL3TES
habs, BERIBEZOBRPEDRGC L > TREBIZE
HLLDTHBETD 5,

G) EAEHFHT (@) FHKat

EHERFOITENORNRBERBESOLENAS
W LS PLNEbOD, EF VY VENOEBREN—
2 L TERICE DL Syt o BAFIE LR
/K (1951) BT 0 S FEHEE (T T T TKEEBED)
MEBROEHIFRITITEIL D,

[6 UtE Radcliffe (1955)%° 138 % DR D 5> FE % -
THTERREEEFERN & OMREERMCKRD I, LB
izid, Z0HRBEEDOD T Carlisle ® Frazer 15 T DR
AEEBLAS L CBEREARDIOD (TR TRELE
H)DHTEROGERTH 5,

4.4 FIRTIO/600T v ¥ v BENBERIFHE

Supply pressure

MPa Flow rate
Test g/s
Primary Main
Flow rate 0.345 0 1.95 ~ 2.06
1.034 0 3.16 - 3.42
0 0.345 14.88 -~ 16.12
0 1.379 30.08 ~ 31.94
1.793 0 4.03 - 4.37
1.793 1.793 38.73 - 41.12
Spray angle 0.345 0 90°+10°
1.034 1.034 95°+5°
1.793 1.793 95°+5°
0.138 0 Record spray
0 0.138 angle
Patternation 1.034 0 63 % up
1.034 1.034 72 % up
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AP¢ = 1.5 MPa
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T \
°© \
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0.1 | 1 1
1 5 10 50 100
s cm/s

4.8 Radcliffe DFETHEICK B D FE T

HILRABTBOBEILOWT HEORHELPRIc L 3
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I
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4.9 [—FRitmicdd 28R 5 & Radcliffe
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®70 __
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APg = 1.5 MPa
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fuel nozzle pressure drop AP, , MPa

54.13 FaTaad) 7+ ABRBESRFICKDEY -~
VA A Z AL

TREZRNICEE LIRS EBRBELTHOLENH LD,
HARALERENM DS LEBHET L, —RICKET
ATEVTABREBLE-ENTRAHHFKBRAER ST ST
HERFEAV SIS, BEOENEHFOBEICREK
DT 4 Mo (ldle) Bz R EO/NFHEROBE L ALESL
muE X, MEENET LESEPERNEREAREL S,
ZOLHBEERHEL LEE LD, FTaTAY T 4
2EHHE(4.4.10BB 1 E2AW3, EAEHF, $65D
b S FEOHHA R L HHBHKE DER 4P, O
Bl Fld 210, mxEED 77 7iIczoftEERT &
BB TEbLIND, [4.13i1C FIRTIOOE/FBEHFOEE
A7RT o

[EB LU BHD 120, BREHLEE L EET
ZBBMEADEHEDE, THEbEREHHER 4P, 3D
72< & H0.1MPa BABETH 5, 4P, O LIRIBEAENE +
v 7O, ERICRBEHEE L E OB RBEOEN
BELBRCTBEIMEREAILE > TEE %, X4.14IZFJR
710/600S DIEEDEREL £ v T Do HE H15> & HEIEEFH
D TOEHBRREOAIETRT. OFTIREREEES,
HEE, NELLEOBKEBRERNEIONLD, £T70
BIEtESID S Hi3i1T30% L 4P, & LTHIHTERNC

This document is provided by JAXA.



48 MZEFHBERRARFHEN 676 5

, %

Available fuel press.
for atomization
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Fuel controller
Fuel pump
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1 ) 3
A N
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10 9 8

1. Ring 8. Metering Plug
2. Flange 9. Strainer Sleeve
3. Frame 10. Ring
4. Body 11. Ring
5. Spring 12. Strainer
6. Nozzle Stator 13. Spring
7. Main Insert 14. Support
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Cross Tube
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Exit Leg

Inlet Tube

Fuel Divider
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® End Face
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O3B EAENEAPEI N TOROLDOTHE
RAARS - BRBEESEE B L T fuel NOx 1350 B8
i L7, —7, thermal NOx ®—%% i Fenimore
(1971) itk » TRBI N RAKERBO L ENB #1360
RTEHMONICFEET 3 prompt NO® & EITh 2%
Btmhid b, IABICE > Tid prompt NO % thermal
NOx EXBILTWBDE 03, Prompt NO i NEF-b8
CHN X A2EHLTOHERIELNO KT B, 2O
RIS RERBOFEH T X BEKEE LDV, BFEOD
BAPEEIERICL T0~ 1g/kgiue BETH 5, O 50D
RIEOERER LI NORAKGZDPDO, R L -» THILE 1L
NO, ¢ B, H#x9—E VO[T AP TREENEZ W
NO, BBIEE N 35, 2O—RWRIEN T o - T TOR
IBicERG B EEZSNTH B,

(2) BEHID MM &R E

Lyons (1981) i3 #8K / ZQDRED R —L 4 FH~I,
ZOER, YEBHO0.TLUTICL TroBEREaRE LY
W& +5378 NOx (BRESTERLOW T E%RL T, Anderson
HFRS, TERNSN—FTTNOxHHEZKBIIEBRTEA
LEEERBRMICRLE™, L L FRAHRTREDEX
PHK TR R Y BRERTIIE
HHOFE L Z2HEROBRLOFEANSRETH 5,
FIZEBHZY -1y Y yho0 NOx O il ik
HEAODZEK{EE O L TEELBRICS 5T &% Lipfert
(1972) " 1s#E#E L 1z Odgers & ™' id NOx o HFH F#l= &
LTHRAVTW b0 2RFLERNEBRICE SV
RERR LIz, ZOROARLSBBERD 7FH M vick-
TEHETOHEMHMRILZ SDDIFITHE T 7 7 L TEHEII
AODZESEES L I3BESEH 2 BEO LR iTE-> T NOx
DEINT A EBAMSNTNS, TR ZTHE TOMET
YU vBERENTORMSILHARETH D, NOxOBEH A
IV VYENRIEKE LUBREERAZROBE LENK
EKHFELTORCEERLTWS, TOBROFMIEHTRLS
2 =7 -DR/RYT % NOx iR OfHFEEH ICETO
HENSSND, 1LEAEMERAI RS — B8R I
LTROMZEHH 5™,

GE #t : EI(NOx) o P,%%exp (T, /194) (5.15)
P& W # : EI(NOx) o< {P,*5 Tyexp (T, /288)}/Ur
’ (5.16)

ZIT, BFL 23 ZNFNBERAD, HODEAER
To CNSOWBIIRD &5 BBERORTBRICERS
5bDEEZONS, R(51)DBESRIAEITEKELEL
M OBBROBEIT 2E ICREEN 2 OBROTbhis e
HimECED NOx OERMSEITLLEVERESREELI o0
%, K (5.16) DBEB OB ARIHO A X EE® Ur icBb%
LTHEY BB D ZBENS <, HREFMHOEMIcK
> T NOx AR DEEI NS bDTHBEEL N5,

ZDRXEDVEDLZNZ O ADBEOKEY £K5.
10D Greenhough-Lefebvre ® C, 28R L TATH B LR
(5.15) £ K (5.16) TR KA M BH S ZH ZFH0.55¢&
0.78ICHY L, BEORENRBESHEVE N E AR
®BLTW3,

A5 VMBI L TRBAS 3BERREOSTR
B icky,

EI(NOx) < { P™*exp (%+% }rures
(5.17)
FHASERHTCOREBERARY T
EI(NOx) o< {Tyexp (T, /269))/ Ur®** (5.18)

WEABTL S,

LORKIEHHERRIIE—RBESOEZBREAADOHE T
HIC3ERATH 20, LILOEHD O OBREERD NOx
BHL <A FREIIRAV ABE5ICBEE LETHIEE S50,

NOx HE U N v D BT 5 O THREESHE, /- 1384
ATLE (1007) L DOMEBEETH 3, BESRI+4H
TR EKRBEMEL, KBRS, THOLBILHRS
DEFELTVWRZELS NOx OBHERIET 45, 2D
HLIELITRESI B EDE > - DK NOx - 5
WINHIBREAET D, BB O NOx OHEHFM T34
TREEDLRE 7213 CO 11 & RIS HEHE b0~ &
THb,

MR SEL RITHS 2EEHIREII AL (1982)%, Al Al-
Shaikhly (1992)%’, Ohkubo (1992)%3 7z EHHOTW B,
BHBoEIOTd 2HHIEROAREZ R 3D ICBERT
HbB, —BRMITITMBATLEHS K& & NOx HitHid &
DB, VEFORBERSTELEMS 1K EIT T, o0 NOx
B Tah aBESIKRDLNTW B,

Wk REBEICOHT 2HHEIERE BT A b LITL
Bfrbh s, XEMIKENLABESOBHEREHRARE
ETHELTA5EKS5.36" 2 0L 5ThH 5, MR
REDERIHBH COPHUBLETHMET LTV RLHT
DORBETE 1o THNLTREDRHEVHORIAKTETO
ABERTH S, LOHBEICLAHBETRERARLLER
HHERASKEBES HIABEMOCEN~OERESESKE OB
FHRTREELET S, LR TAREEOS L
FRIR TR b EVHEH AR L7 5% & Al-Shaikhly® o 0 #
RMEBN LI STFREERE LTI T EHSHBEEEN,

Tacina (1990)® & TRAER & LU vBRE#BE%
Direct injection & ¥R L, FHRA FZEH (LPP : Lean-Pre-
mixed Prevaporized) #R B S 2UERR (RQL : Rich-
burn/Quick quench/Lean burn) 2 EXHIL TV 5,

(3) #iZxzvYvd NOx BH

HAMZERICHT 2RBRTHALICBERIZT &
2B L CESERoE- FicHLTEDYLNTVS,
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#5.2 MIZHARS -t & NOx SEHifE

EI (NOx)
SEE il e WERE w % t
P&W  JT9D-70A 20 BESNE, v/ Sturgess (1992)'*”
GE CFM56-5A 12.0  28.0 Bahr (1992)""
CF6-80C2A3  11.7 344 Bahr (1992)*"
CF6-50C2 18.8  36.5 Bahr (1992)°"
THI 5 Dual dome, Y #°  Sato (1986)""

v &% (1982~ 1 T mm © CPMSE a9

O Ali Alshaikhly (1992)" o cre A TAY .

A Settelmayer (1992)'" 100 O ITSD T ALF502R

A Settelmayer (1992)* P ITED —_— 159(,5_‘\3,

v s (1991)™ . 80 - Q P¥- 2000, 4000 vzs-nin\_/ —

] Cowell (1992)*" g T o L xmE
—=-— Semerjian (Tacina 19‘1))’” 8 60 +— = % % dj@o et
----- Sasaki (1991)™ = =TT o2 o
——— EE (9~ S - 2. S o s%EE

40 - BTN c S oSS
Open key : Natural gas or methane VT easonas
Solid key : Liquid hydrocarbon "
10 T T I | 1 T 0 ———
' r ] 10.0 15.0 20.0 25.0 30.0 35.0

0.2 |-

1 ]
1200 1400 1600 1800 2000 2200 2400

Emission index EI(NOx), g/kgfuel
I

Adiabatic flame temp. Ty , K
§05.36 MrE KRBTV T BAHER NOx BHHIEE

bt, BED ICAO O ED 5 EMEBERERE S 26.7TkN LI £

DY —FEV2o+rBIUI—E7rvzvIvitwd s

NOx B&NIHRYEE 75 2B %5 DpglEd5&
Dp/ Foo =40+2 74 [g/kN] (5.19)

T T Trg 3IERBERT Fy (KNJTOT I %47
VEHRTH 5, ZORENCMZBADICAODREERERR
(CAEP) T, 199%6FLBOFHE L v Vit LKS.37D &
HSIEBERHLD 0% ERL -HEREERIPLE5ELLS
h" F 1 EERHTIIEEIOmm M EORITEME
BES LV, BATIMEROEMIC L SEKR N 2
HEBOEMAEBE L TKEEOHHE X BORIDED S

¥5.37 xvvvEHRICtzwd 5 NOx BEH HH

hTw3,

iZex v v vicad aHER A R BH o5 b, NOxid
BUHBEKEROBEAEDL v VAT E LR ITE
FxhTwa?, T3 1970ERIZIZIEICD I AR
A bbb od NOx ERE®HMS L v I v RBTERAM
KRN B SN D TH D, L L NOx FEEERPRK
JBEA v OBERL LLEHKB LB v EMORRA
LbINTHY, BERHSSLETH S, Bl KO
HEEBORA L BEHARISEDLNTL B,

My v ooty ~vo—fl%%Es 2" P ioR
T, HRBEOBREBINRBEMARREENORESHO S
HAEZT NOx BB ER - 74" 55% 5,

BAMSERNEREL LT, fiZrx v Y yOHLEHTE
AR sE2R- L0, XKEOE (/—%a-ty
yret ) B B Y UECCP 7a v x 2 2 TH B,
ZZTP& Wi EGEHIZZOZEhT#H R & FEEAE
ICRBEREIR & oy HEE % 3t L TIE NOx bR o 1o,
ZOWMELOFRE LI TAT =2 5 EROBESILERT
ORBOIE NOx = v ¥ VitiRAS T3, ZoER
TREBHBANOL XFEATE M0, MABELSA
FDOLEEEHITEAA VIREAMA TN D, TNHIT
LD LFHRTEERBLER L UHP S HBNFTERRER
OBBELEBRIETNEEELLND, K538 DHEE
D% RT, BEIM()iE GE #® Boeing 777TH D GE
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¥ VIR L1 B BITREEE % 5 1 2085 > e
JANERBLI:SOT, NEMSEBREEE CARRIL <
A0y b (TI34=7Y YBRETH 3, COBTRT T4
TIBRENBTEERE ENB DB ESAGEELE
TE5TA FPVPEEBEAEBICHLLDOT W EERZ o h
%o 19955 ICABLICEBK FEDCFM-SBL v v 1280w ¢
DOEXHIEA SN S (Bahr, 1992)", —%, E5.38(b) D
P& W ICk 5 V2500-A5 = v ¥ ViTiZ ¢ 2 R T3
FHGEICBARMAME AT S LB E LEIGEuR
BRA NS oy MRS 115 TV B ALK EE S
B CKEDHR L P OBEAROKEORETHIE OB
BMELMATE 3, BEAFTOSZVBRHEOEL TRy -
EYTRRKT ZHBIAZRAUTEEDSV I ICK LA
BLPFEBRxTH S,

RETRBEEROSETO NOx HE A BRL LS &
LIOBR biIThh T 3%,

4) EERAAFRF - rD NOx £k
METEGINIELAARY - vicon TR, Bo
BE DB EBT DA B EOERDB L 15
S THY, BBIL-> TRAEDOREINTTATHS,
REFTRARY -z Ivyhsm NOx S 8%
%2 168 REMEORET 10ppm L HFIL T3, —4,

MEFERRFRFER 6165

WHHEETHE BRI ZhLIOBLOBREEAERL TV
B0 PIAIENK2.21CHR LIz &S ICEFE T 2MW
AMOLY Y/t 0 BREREZREHRETISOppm, 2
MW Ll ED $Dicid 100ppm BIF & LT 3,

A i = Y

R4 oy bRE
b P&WAHR
X15.38 {& NOx 2B L /- 517 ARKMEER

#£5.3 FEEXRH RS — 2D NOx HEHOBIR®

GRI GAS TURBINE LOW NOx EMISSION COMBUSTOR DEVELOPMENT MATRIX
(ncludes only engines sold in the USA)
April 1992
Manufacturer Modal MW NOx NOx rotolype |Production] CO #mgmm
Goal |Guarantee | Operation Date GOAL Status

(PPMv) | (PPMV) Date ePMv) | A ] [} D E F G
ABB Mannhelm GT35 17 15 40 - NA - - - - - - X
GT 108 24 15 25 - N/A - - - - - - X
GT 8 47.1 15 25 - 25 | - { -] - - - - X
GT 11N1 83.6 9 15 - -{-1-1-1-1-1x
GT 11N2 107 -9 25 - : - - - - - - X
GT 15 160 A - N/A N/A 6/94 N/A = - - - - - -
Aftison 501 KBS 3.924 .25 None 3/95 3/96 None - - - - - - -
GE Schenectady Fr3Retro. | 3.510 10 £2 - 8/94 8/95 N/A - - - - - -1 -
Fr6 38.3 9 9 6/91 11/95 25 - - - - - X -
Ft7E 83.5 9 9 £/91 11/93 25 - - - - - X -
Fi 1F . 159 9 9 None 11/95 25 - - - - - X -
GE Evandale . LM 1600 13.42 25 None 5/95 1195 25 X - - - - - -
LM 2500 21.79 25 None 11/94 6/95 25 X - - - - - -
LM 5000 33.06 None - - - - - - - - - - -
LM 6000 41.5 25 None 6/94 11/94 25 X | -1 =-1=-1- - -
Waestinghouse RS1 812 46.5 25[75 None None 10/.94 10 X - - - -] - -
(GagLiquld Fuel) 501 DS 105 25/15 25/100 6/92 10/.93 10 - X - - - - -
. bo1E 1532|2575 None | None 6/94 w | - x| -1-]1-1=-1-
Nuovo Pignone  Fr 1 Retro. 5.2 10 75 - 6/94 10 - - - | = - X -
Fr 3 Retro. 10.4 10 75 -~ 6/94 10 - e - X . -
Rolls Royce Avon 14.42 30 None 6/93 9/94 30 - - - - X - -
RB 211 24.94 25 42 11793 12/34 50 - - - - X - -
Slemens KWU V 64.3 61 - 42 - Now 10 -]l -f1-T1T-1=-1-1x
v 84.2 103 - 9 - Now 10 -l -] -1 - - - X
v 84.3 139 25 25 NA NA 10 -l -f=-t=-1-1]- -
V 84.4 155 25 42 N/A N/A 10 - - - - - - -
Solar Satum .13 25 None 12/94 12/94 None - - - X - - -
Centaur 3.88 25 42 492 6/94 50 - - - - - X -

Cnt Recup 28 42 None 11/9% 12/92 50 - - - - - X
ars 10 25 42 4/92 6/94 0 | - - - - - X -
TPM (UTC) FT8 25.42 25 None 9.94 1195 Noae | - | - | - | -+ -1 - -
F1 4000 46 25 None None 1/95 None - - - - - - =

Program Status:  A. Scaled down bumer test C. Sactor rig test E. Engine test G. Production N/A — Not Available
B. Full slze single bumertest . D. Full combustortest F. Field test )
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BT AHEYSITbOTVE, L Ly —EVIEE~DR
VL EE BT L HILEREKESRICET 210 E K
a2 b hEl, BAMICRKEELZBVEYL, WhwaF
5 4 {E NOx BRI T3, BATRIER AR

K TIR—B I LD ERDY — v ADBREICHET 5
Y BEEEEEE TR L TO 38BA8EL, BIKTRE
(DA —H—3KEHPHEH A X A BRHEE TUET S
L1sLic25ppm LT EBRT 3 L ARRBRBROBE
ELTV3,

EERH RS -y THEKPKEHES LT NOx &
DEAEL L1 & bEPAAAGOHR A BB
MHOTEZBBEBRNTE T2,

Solt-Juzson (1993) B EH MR KE A LS. 3 D L HicH
ELTWD, BBETHHHT ROBUEL LIEC &bk
BE%E 7 ) 7T CEXAEREERL TV 5,

205055 ABB*'™, Siemens/KWU''SLUGE ™
D& NOx Hi#fix zh % nK5.39, B5.406 LUK 5.411C
Tdo. ABBOEAIR, # #+ /IROEKHERIEEHFN:
BASE(EVAA—FEHLTWE ) EHVTVS, 2O

Atomization ( 8
{Swirt Nozzle) Gss lnjection Flame
Holes Front

@) B/ ZEZJESH

Pt

streamlines

tangential velocity w
b BREXREHRN
X5.39 ABB tHic & 218 NOx R EH & 0N

axlal veloclty u

D 75 TIRRE « ZRDTIRE T 5 729K NOx ks
alfg L 78 - T %, Siemens/KWU D D3/ ¥Af oy b
-+ -DABORESERE L L EAXREBEZ1T00KHI
{2{# - T thermal NOx O &R AZMFE L T3, GE D05
&3, FRASEANT /M oy FERRTARIUE UK
BE/ ZROTFREEAT -V VI ER-> T 5,
HHEOIE NOx /LD BRI HL (1993)”'h5F &H TV
%o i B E—FicalEHHEAL RV TE NOx L% %
RN H B, 120 B LU 80'™ MW 7 5 2D #7 R
5 —E VT, 60ppm (16%0,) D4 — ¥ —CHOEHEITIT
FEL TV 00U LA BIGEOERL Nvici3 B
EL TN,

PLEofth, ERERNSKESAONBHE NOx LD 1
HORIEREER S AREH SRS LT 31271,

Fuel oil return line

Fuel gas fiow to the l | T~ Fuel oil flow line
pilot-burner nozzles ————Q.5

Fuel gas flow to the - r i
diffusion-burner nozzles i |

—

Steam injection
Fuel gas flow to the ’

premix-burner nozzle:

t Steam or water

!
l

-t

Water injection

f\,/(:ombuslion air

l
|
|
s
|
I
|
l

Diagonat swirler \ t
\\ / Axial swirler
' Fuel gas for
Fuel gas/air mixture for pilot burner
premix-burner operation Fuel p
uel gas for

Fuet oil diffusion burner

[05.40 Siemens/KWU #Hic & 5{& NOx #A#tds /¥ — &

PRIMARY OPERATION

FUEL IGNITION TO 20% LOAD FUEL

100% 0%

] 2
!
i

LEAN-LEAN OPERATION
- 20 YO 40% LOAD

Q

e

)
_

FUEL
100%

S
VRN

SECOND STAGE BURNING
- TRANSIENT DURING
TRANSFER TO PREMIXED

X5.41 GE & NOx #ABESHE s & {FEh & —

PREMIXED OPERATION
- 40 TO 100% LOAD
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5.7 NOx ERADSHDFH
K51 RKEBEEDHD A —H—REFBORETH S
23.8ppm (16%0,) %, RHEEL L CHES 8 HH
VNIWCELTWA, LhLZALDEBDSY -/ AD
EEIHEEMNECRRKICH S, K5.36 ik L 3 LK REBE
1900K D& THAIREI T b KA A 2 T b—HB st
KAEBHL T 5, Semerijan % Ali Al-Shaikhly &, Hic
AR EORROERICA{ES I rnuE, FHOE,
ERIEBRMHLOBESORB S 2 FEL TH200KEDK
REETHEDOE S D—~D NOx EE{thsalfe  HE S
05, ZOLHKHMERLD bEBEERLRHD, 8,
A AICHIRRO DI CEER R4 — v kB TH.IC
ABOE NOx {LOR A& ITb Rk 2R & B
bd,

5.8 HHEEEK

EORE, ERICOOTREL HORENSTIRTH B
T BAENICRSSS MBI 15~2 0 Lo R AR
TENDBEORETERRESERT 5", 20 HEH
HENBBEROWNEE L THBRHEEMA#CEEIOK S
WESIEHAKAL I &L T RIZEEAR O BREE 8
FABERRIHT 2 CLNEETH S, RREE L LLRSH
BHRALB TRBENELR/ETFREESL TV S0 TEDFER
P1sd Lichi-> THHE AT 0,

FJR710/600S A #E285 D5 &, 19765 £ TOFE—HBRREO
BASERRBESS ( FERR #0420, #06 (/& ) IIN5420 BHE T
FRTEHICBEBRB>EVEBBTEILRERCEELH
L Tuf, FIR710/600S DABESS 55 1 #% 8% HE 66 1% 12
Faitani''’ ©4O & 5 AR TR < B OBBEM#
KHEPRE LBOBETH-1-DT, 27— 505%HK
BEEA NI EREEOBRA L REL -, ZORER
5.4200 BN TR HEENOPE L RTIEE £ TR H
HTLEMTER, L LESI T EICEBEARD #6057
4 FTIRAER Lo p0BHEbicES 2B LI
74 FOLEBEENPPETL, EhTHES50BRHED
AlA BHERE 282 B 28R L - TLE -7

5.9 &KX
—RRiCEREHE, AREL T BEIRBF AL, Z0H KT
FF-FBRHOBRICEBO D TH S, [FPDRAL
IKFEDE KT DO TIE Affens (1966)" " Hs BN 75318
PORAXTV B,
HRE—-EVBBRETOEKE, B/ 2ARAKICE
HRAN—IIREIDEKESED, HAEBEBCRSEEEL %
WE-H, SGERESAAMF-BEIVEEES T2 v ¥
—BREAHCSATO S, MZERE LTRESES
IFANF-HBELHOONE, SARBIZEL VIREDE

70 : e —
BiERs4+ |/
7
60} ‘@ /, ///f/ —
& D _
§3/
\f/
10 7 &)

AIA smoke no.

rd

7 @ RIRTI0/60082S

T P . :g%ﬁﬂﬂﬂﬂ@_
f; o/ ? v } FIRT10/60058%
0 Al 1
0 1.0 2.0

Combustor inlet air press. P,, MPa

X5.42 FJR710/600S * v v v OHE{E AL

BEEZRAY, ZOXREITH-> TI000VIZEDEBERIC L 51K
ERITONARERERSACGNE, FHBERFAGER
THLOTIREE T 7 1<) EMHFICL D UK I8
FrERS €5,

X15.43iC FIRT10/20 * v ¥ v BB O UK R BB E
2R ENBHAT 54 < )V BBHEIC—HRIETHK
BERD 5, RARSBRESEHDICBELIVE HBE
EREHRBTEIEE, FAFDBBEELEDIDH LD
TZOINEZHBOCEREZER La#Y) » 72z
BT ALENEETHSE, EEXA Y- TR
RAKRE I EREE B KSR &5 S o Tl
EFRALTV 260655 BMERATRZOL Hsaj@ig
BT LI,

RKEBEE L TRAHMAd, 12d, 27213200 5 & DA
KEEHVE, ThoDT 7 Ve TOERM T A 0¥ — 13
DHMELD bNEAKSMDESITH B, Y — FHBELL
BICLIB>THREIANVF—3ETT %, H5.483 K5
EZHAIOERTH S0, 0.28FICHEL TRRBR L&
BHREAEIRZALVFE-REDLIIN,

BEI—BICHESBNIBEZEKLB VD, BifERL
LTHRRL, BELH#GESHE 31T, ZORRENDBRE
MERL L5, BRENOBELIH IBALBTERER
KEKTHBMBREET, Lihi-> TRERABETE LN

-118)
o
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AR SN

(5.43 BKAR & SAREKE ( RETABEA «=90°)

o)

=
~ |
§ Al , 204
% TTT— T
5 “\m\o\j_lz-]
=
8 2t—
#
N 4J
N | ———© —— 00— / e
~ . } j‘—
0 1 2 3 4
17=37 37 Y—VBOKE (m)

K544 ") — FOERSEEKTRVF—

K
30000 — P,=30kPa ~ (4
AN Y Y
. q
v
\/] O
40
\ \\\
AN
v NN | , 310K
20000 v NN
& 50 \\
= v\ \ ~
B v\ O
= \ b
= 60 MM < i
j \ N ——
\\ AN o O  IGNITION
70
10000 |- X ’ A\ NOIGNITION
80 \ N \ . ——— P,
(NN e
———— T
\\ \\ 4
90 \ ——— ],
100
U;=4m/s 6 s
0 | ! ]
) 0.2 0.4 1.0

FLIGHT MACH NUMBER M

X5.45 REES #605DFH KEH

[5.45:1213 FIR710/20x v ¥ v THEL - RITEE &
SECHEE, TOPTORBBAODRSEHETRLLD
DTHbB, 7-&ZITHFEMO0.8, FE9,144m (30000ft) T
DOEBBEBADEREMG I ES 47kPa, &E 270K, RFKH
HEE14.2m/s TH b, TD & = DIFAEES #6050 & KEH
ERGICRLTH B, BEHNES, BLXEORHTRE
KLEBN EBD 3B,

ARERETORESHMOBEHARBRERIL, K5.46iC
RETEL, —RBRICRENERED S BB ETIIEKE
OBEEBEE 2B TES LA EEHEKLIL( (L5,

FIR710/20 DA, #DHITIT - EBD T v I v 24K
DEXRBTRNG4TIKAZTEL, RITEHAARDR LA

EFDOEBTRFEBEKEHR LI, EXLIE» 720K
AV 1+2L 30T, ZZEK5.45THbhLLHIILES
BEBRAZABESBEVRHTHD, COERARLD
HRoOMEEIR, EEY ¥ F v (Wind-mill) £ETII#
HEE, [SHKoBE, BEAMLILEELATFIERAR
EREH-TWibL#EESNS,

5.10 H)RE/Z#RIREEE

HRY— bV BEREHICEOTRREBREOMOEE
BEELNBR L LY FRNEELRIET, TOENE
BEORITEEICOVTIRE HIRLBRSERL TS,
NOx KR D - HIC I MEFRROBE OB H LS HLE
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3
el b
°© | A
a =
I e R f
g o8/
Z 05 ;}
S 03 428
a
P N8
‘0\6— - Y
0.1f—~""m— ©
0.05 1 r L

1
2 4 6 8 10 12 14 16 18
U, fm/s]

X15.46 #6058 5 4 + DRZE TOE KHHE

THAMEFHCR (5. K EIc kD, REE/NS L, AD
BEPENERESL, HiAEKAERLNI(TEE
MERTHS, COMEEIRBAEHE, = o ~"KEET
SEBLLLEDSREANDECEHMTORBENER i b Ek
T& 5%,

RAZKOBEEENI v U M EBREDL SED LN
578, HEAFERAKOPNTEELNRBERELRET S
FERLLTE, REZETSHEBRESEOFAICLY
REVHEE*E<, FLREERAZAFAL#in%
RO ERRELEERT 2 TRBULETH 5,

B Ur OFRIZOOTIRELN, BEEHREE 7T & O
PoLBASNEUDI-BRETH S, 5%, HE0KE,
H 5V IEBREEEE DRI ES, BEPEH~DIKE
MBI IUE, ThonbsEhi Ur OREDH
DY, NELURKBETESIENTE 2EEsk2LE
bhAFF L0,

2 £ X ®

1} Gaydon, A. G. & Wolfhard, H. G. ; Flames,
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£6.1 74 FHMOBRS

HASTELLOY X HA-188
(Ni — base) (Co —base)
cr 22”7 cr 2
Fe 18 Ni 22
Mo 9 w 14
Co 1.5 La 0.08
w 0.5 C low

b 1,000K Ll Tl B#Miciisk 1B T 4%, HA-1883
&4 4 2 VS (LCF et LTHENT STk b, FiX
i3, 1,200K TOLCFHE TR —BE LEIT/.WLT AR T
o4 X DT 250 EERI%E D0

EindE&E#ME & U T Silicomp 3 7243 Compglas (sili-
con carbide monolithic/ matrix materials) 7S EHHA ©
T b, ThiRBEHEOKREIMETS 5H5%RMBD Seg-
ment BERL EIRIIAVWRETIENTE 5,

6.2 SAFARWEONE

54+ ELTHATE 32LBOMMEED 130K LT
Dicxt L, —REICHBEEH 2 DK KB 2000K 2R A TN
BDT, BRT74+428HNTI8E2TXT S, BRER
TR, EBOS 4+ iICERSH, d30E3HEABAA LN
TVWAHEHBEIE, KBILTROEILHLDHBSH Do

(1) BEHHN,

(2) 4 »Evvx v (Impingement) #$53],

(3) miL (FHEBIEHL) B,

(4) HEHH,

(5) W (F/WR@ME) 2—-74 7

PIFic LiRdois, X URHHIOWTHRT 5,

6.2.1 HSE (Film cooling)

Zhid 5 4 F MARIBEICETICE W ARICG EIZES %
FHERIHET, 74 FREAENHRGHIT S L HicT 4
FHEZ KPS ERNT 2RSS B, TOBEMPIL TR
5 —EVSHBNOERARELEDTHEK ORALH 5
0TI RFMIES ISR 6. 1IORYT . [ (a) 1T
THER TR - EVRERORENTNHICAVL S hicbD
TR OBERCRERYSEHIIERASN. CHEBET
MINESTHARE, VIREHBLD T 5 v 7 BRAMEK
TARNMIEZLHRETRERBEALFONRIEV, LHSE
PEic DU T id Burggraf & (1961)%°) (1967) Y 0#f%EH58 5.

X6.1(b)& (¢c) IRMEBED T4 FithiIbEL A OH
Lo TV B ERHEET, BUE- MIMBEETH 5. [H

Q) 3RS, $EBI0E LR Tic & D RIES DA
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HHBET, AHHAZSA (Metering hole) O 7 PEE
THEMISE 3 LiIck-> TEAMIKKBHERS ICHH - &
(LXHBTEMTEBRLEDD B,

R EH 3 E N DIV 11 B I 2 MBI B i i
BT AL EBERTHD, FLTHE.1()ILRTLHINE
HZESHARICHEE (Plenum chamber) 3%}, HAR
ROBEMEEE L0 -> THHZESEEBHFKICHE S,

(a) sv—7% (Louver) Hs

(b) BHSEH (Wiggle strip) H:&

()

@) WEBEHE (Metered hole) #:&

(e) 7 v+ nBNBEHHIEBE
K6.1 REMESIES

RVEBICO > THVWBERHIRERES 45 (H,
CF6—80C),
BB RIRATERSIN S,
71=(Te— Twad)/ (T6—Tx) (6.1)

L LT Two REBHERHEE, T, 358V 2EE, Tx
BEHEREBETH S, 7RIOMIZLERINZT LD
HE5OTHEETILEND D,

713306.1(d) IR BRENBS B E TRHBEH/ My
ADE—A VI LK,

M=(pu) cora/ (PU) ho (6.2)
KE->TEALT B, CCTullHETH 3,

b LK6.1(d) % (e) DB HAELBMA LS TIcT 330 L
DHEERFRATHIIB RO SV RO AL TIEETH
%o .

6.2.2 AYErT v AH (Impingement cooling)

K6.2i34 v EX 2 v b EHIYTBEE RS, chid
wmEf > 4 FEEGOFRIKKBHZERERE DG, TOE
MOGVBREERI L > THHBRE LEZbDTH 3,
FRRPABEEFROFAZIT L LVIEFICR OB LS
T&H %o Kercher DBAZER M ic &k » THE L -8 KK
DO—H%ER6.3ILRT . AHEHIBEHSH1.9MPa, B
HERBEST2TK T, #AH 5 1 FIREBEH1127TKE
2TV BEEZDRHBIHRQ A KDI-bDTH B, 1-7L,
HIZB TR LR v i3 —E & L. M6.3 D8RI, B&A
DR E/IBHMERALE v F Xn(=Yn) KEEHEIELE
L, ARV b7 o0—-HOF TOREL, BEVIZE QOBK
BRI ERIBZEERLTVS,

B16.4 iICR T ERARTIBSE S HRMEAR TR Lidost
BIESXA VI VAR L.

6.2.3 ZOHOANRE

(1) & LI (Effusion, % 7: (% Transpiration

Cooling)

T4 FBRECEHOALEEZRIBMET LRSS
CEILED 74 F+FHOEHE LD, HOESENRDEM
ZBIEILETIRATH D, WIB LEHI BB HEIC
0.3~1.0mm EEO/NEERSIALHTESLBHEES

6.2 4 vEYIAy MSHIEE
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Lt ic LRS- EVEBIT Y2y b vy v BEESBTI R 31

2000 l ‘ I :
D = 2.0m
dn = 6 mm
= 37.4 m/s
1500 l
NE . =15 m
= J/
s
I~ //~- 35
1000 o ~~ %
/
1 i 4

5002 4 6 8 10 12 14

Xn(=Yn) [mm
6.3 AvEvyIvIHEy FEBEIBES

X6.4 A4 IvTE

MAEFH L4+

HERECHOONTW S, Fall L —F —ic & 2 LT
DFEE LR OB FICT LA X S AEOBRE/NLEN LS

5T EMTREE TS - T &/, MM (mesh) REFHLER %
%bb\f:*/%?”“ bEOIIED TV S, Lo L—ficfE—

BONMEZRO T EOPZHEMER V- b DODIBE,
TABEAR D 7 A F R THEEFE DS KN LI H 12245
WH LESHICHE LW O THEELSSLETH 5, EBEO
BABESS D 7 4 F RIEFED G D—F1 %2 N6, 5 I0RT, 25
AR 1s ETHIEAS R B> TV b, 2T TRE
HEGQOBRIEDDIE IS DB AT B atEH S 5,

(2) #&HE (Hybrid Cooling)**™*"

lt, FIRERENICAL# AT (Chemical etching 73 &)
SEZESHE B A LA TR A 2 ~ SHISIES & B 7-FEd s
H35, EICHEREE RTINS X6, 61077 Lam-
illoy**™*® > Transply " AE S RT3

FATEH S NEH b oI, begment%m(PWA@ﬁﬁﬁ

INLET PRESSURE, per cent

0 50 100 150 ’ 200 250 300
DISTANCE ALONG FLAME TUBE, mm

-1 FLAME TUBE

X 6.5 74 FEEIEEEA O ET S =R

Combustion gas side

e (Electro—chemically
etched
36)

Cooling air flow

(a) Lamilloy

@
COOLANT FLOW

40)

(b) Transply
Me.6 HWEGH(FEE) BEDH

% Floatwall) 73 3 7%, 6. 71074 L9 e &A=
e, ML B < SOV SIHBE O B kT B A
N, FENEAVEVIAVMNSHTALDOTH B, EREE
s S 05, AMESEN T 20 TREFEMED S 2,
F100 (P&W) B LU b ESS0 L CEERLEBRZR L
V2500 oY ThE DI ATDTAF (K2.32) A5 FH
LNTW5, F-228RIRA L L THAETOFLII9T YDy
THIRA LTS

6.2.4 #E#I—5 1% (Thermal Barrier Coatiog)
WA —F 4 v B4 B AE LT Y VI ET
AMETHBL, ERALMMOGRELLELLDTH
U a— 5 v ORIEFNRSHE NS VT &b
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K67 wr/AxvrHE7a—r91—0
(Float wall) O#tS:

LIEHMTEROKX VBRI TEN TS %, 1o BHNEE
IR, LCF £REIEB LI -5+ v 7BOVUEND
HELLDREEIENDHE, 3-F 41 ¥ ID—HB

© =y Tir4F (BX0.1mm)

@ 35% =y NTHIFAF+65%LENINVI=T

(0.1mm)

® LEEZVva=7 (0.3mm)
2BMOLICBRICBHT 5, UBREILIva =T &4,
ZrO; ® 1, 000K {11 TH & 2 ERMEEE MgO Bz & »
THELLEDTH S,

Zd3h, NASAHdULETE > TBFELYE, 1 v b7
(Y:0;312%) TEEN L 12 ZrO, 2565 (Ni ~—2 16%Cr,
6%Al, 0.6%Y)D LREET 2 BBl —5 + v IhT
ChifFtEERL TV 3,

6.3 S4FDERMIT
74 FEICHT A BnEORARI, BNEREEZA
&=,

R +C +4K=R,+C, (6.3)
tEHB(K6.88B), T TRBLUCHE, FhZFh
BEENOKEETHLAESEN R P SBHBLIUBHICE-
T4+ M O B3BBTHYD, R, BIUCGIIThTH
Afiici Lic 7 4 FRTHRIBIS N 3BEHE XU HERE
THbo dKIZFA T O EMBRINOBMEELRT, Th
BEFEZ A FEES SREP+SEWLEATEEN S
HEHT 5,

RoBRED BET/(KIOEEXLLPSEET, [K)
D 54+ ~DEFFHBFHE R, (W/m?] i3 Lefebvre-Herbert*”
Iz hig,

(1+¢y)
2

R1=U E/Tfl's(T){zs—Tw?"s) (6. 4)

Z TT 03 Stefan-Boltzmann SEH (5.7x107°W/m?), e,
HIA+BERMOERE, o BARBHETHZ, €73
vy 7 aA=F4 YT LEBEIE (1+6,)/2=05 L BV TL0
ELTWA,

e IZB L Tid Ballal 5 "MK DEE OF vk gicst
L,

er=1—exp[—2.90% 10°AP(f-L)*3 T/ 3] (6. 5)

EBHBELI, TITPRU fi}, ThEFNIEH [atm]

LILLLLLLLLLL LY o 5 4 445
ANER D W R G G GERARN

~ .
L

parrx WP (RCH) R GHD 1 mmEaD

Ry +Ci =R + C;

(6.8 74 HizBUER

BIUBTEHTHD, Li3k¥E[m] T, #AF—RBEEE
BORIEML0.6dET S, dit, BREBEROBESES 41
+AR, BRROES, 4x (HBREER)/(ELAEAR) &
2360D& L1ce ARBERKTIKE// KFoERBEEK C
/H>5. 708k Lk TS5 on3E LY

y =3(TCI—5.2 ) (6. 6)

Zhick 3 MRy 8K (C/H=5.7) Tiz 4=
17,755, Lefebvre (3@HE DA X 5 — & v —RIABERIK
TRINDBEYILEELTWVWB, —4, BAUrov %8
& L iBRssi ca2iE T COMERSEEL T - - Ma-
rsland 5 O EREER T, —KBEEHROD e iTHT 3,
R.(6.5) DADMHIT 4 L1i-TWWB, THEAXRRICLS L,
MAZKROBERE JEHMMR L KREE ICEENLTE
BrRkidd. BARRSBOBARAOARBELSEET,
By 2 BEHSEELT I, OO0 BEKTROSH
BORBILEROET & e BRAIIC L - THRS
HBRTH 5.

B OBEE S K REH~FIZ T HBIC OV T, Clark®™
% Moses-Naegeli "5 SE KR HADDIIVIEEE VT &
ZRLTV3, Zhitks s,

1) #HoKEZRSHEHEGOEVIELE,

2) BE - BEZHELE,

3) FmHARAREL,

4) WEmEHREOKRETNIZLE,

KREHRHHBDIENT ERR LT, —H, BRIIKZENE
 (Optically thick) l§ 5 & e, 213 &AL 1 E75D, BE
> THNOEROREINE BB %2R L. Kuni-
tomo, T.*" i3 205 E £ TOBR I HOF—5 ZRLTH
%,

COREL BEHRHAPKRE LAHIZIT> TWIEWES

i3, TN ZBE, T, 271 FBEBEELLT,

Ci=a(T,To) (6.7)
2RV, altid M1 F A EBERRE BRI HMMERSE
BHY 5,

BEiionsgicd, R(6.7) DT, O HLDILEEE T.q
EHWD, Top l3ER, BAHDE 7,4 2 RKDIEBEHVS
NOWBEMBE TH 5, 744 13

This document is provided by JAXA.



BRI B0 AR -V BLU YV vy bz vy vMEBRHRBR 83

Nad= %12‘1
TEHEIND, LT EKHEROBETH S, BEE
ISHIBEICT 5 7. DEBAKBAL TR, - VB
HRIZLIEbDHEHE L OHESH Y, Goldstein'>**)
Juhasz & Marek V'S iC k> TE EDPLHENSEINTL 3,
REORGLPHEHOEB IS b00EALLEIARER,

MUTizC ®itEd 181 & LTBallal-Lefebvre'” ® % ik
%39,
FERATI2MMERIERHNEREBEANZDE— 2 V¥
Lk, M=(osUs)/(p=U=) DRKESILE>THROODET
WERDBOGHTER S, 37bb, 0.5<M<1.30&HHI
SIEREE T VIR,

(6.8)

A
C; =0.09 (—x_) Rexo"] (Toa— Tw) (6.9)

M>130& X2 ICRESHNFOEGHELTIHLIDBODT
wall jet EF NV EEZ,

0. 36

C]=0.19(i—)Re,°'B )" (=T (6.10)

E3 5%, TNSDRTC OHAIIZ[W/m?], 1 R3EKDOHE
EHFE[W/m-K], xi3BEHBEE»SOBEE (m], si3fE
A0y bEE[m]THSB. Re, Farx{FXREELILRD
v NMEHIFEDO LA ) W XETH D,

PEORBEL ASAHV SR TV ES, BETIR, Tk
PEOIIICHT ZEEBBHSLEN, W OhBEEPER
HBEBEANDORBIREN LI T B

R,OBEY R, 354 +%km, 3Hudbb, AF~@
TARDLL WEETH B, SAFEAVEYIA V|
BETITEELIBAY, F++=a25E5 1+ EB THE
TRENMD S (4 FILEDHEITE, D5 FHEbIE
EAEIR/TEIIL,

74+ EABERLRIGER TH 5184, R.i3, BHET
DREEZZ 12K,

Eyéc O
Re= e, (re) (Au/AL)
ERAVEY®, CCTe AR, ThENABEEI1F
OHRASSHELIXREET, BFclwid, ThTONE
E54+%5Re,

COREYD R4 F-EAFORESSHRE S A
FE2BOMABEIBRRASSH L ENORVARENEMEL
57, FELSAMNUBERIZIE 1 FH5ORBIIH
BUE CICKE KT I 3518130,

B HOHRICBET 2R3 E  ORRBICE » TIRRS
TV EPEBROBBERRUE TRV FNOAELVERSE
i3, FIRT10/600T v ¥ v ODERREMA 5 4 + TORH
REDRRL TV BRICK B EOHEAK6.9 & 6.101TR
N

(TS -T) (6.11)

HE, ERHECESESRONEEBNEEL S,
AR EZEZ IMEBERELSHELET 20BN ES
TRALTHR UGN TE S, B3IFIZSEETTO
EROMHE, BEHE, PrEERLIG

I 4 F BHIEEDOFE RIS HIEE OB 73 f]
HESE LD, EHIA F~BHTH ICEBHIZRDOLD
NEWRDPEETH 5,

BEEEH~OEH
FHLLD T 384,

1) FIRalRELAHERE

2) SAFBELIXZIHEE

3) BfF-mIt

4) HEEE, MEHATEER

5) WAH, a2+b
BELTRRFNT ILEND 5,

HHIZEREIBEL TR, sidoLSics 1 +HMBOER
BEIEANS DI, GHAZEKRESERTAZOR
EhEEEOEhoEnicE- T ERT 30 TEEHR
ORI LS RICHEL S, Sjoblom (1980)°" Itk h
i3, BRHBED+ » = SRR O 4 FBELX—F
BRABICE D DICHLELSBINZESBEAR, s -EVA
O Géxt) BED 2.4, EHHOO0.8SFEICHEIL THART
%,

REOEAKIBETIICDRINEREA KIBICERT

HHGHBELRESE 71+~

CC63H/63.00-01

T T T

BALLAL & LEFEBVRE—-- —
300FJUHASZ & MAREK
ODGERS & KRESCHMER — - —
N.R.E.C.

[EXPERIMENTAL . ]
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828 4T. . K

1001

0 10 20 30 10 50
WHERERE (mm)
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o o BALLAL LEFEBVRE
& A& JUHASZ MAREK
1000 © ¢ ODGERS KRESCHMER
v Vv NR.E.C.
B % OUTER 2ND PLATE
FY.- | » LAST
9001
X
(3 800-
=
zd
24
+~
~
N
700+
6001
500L—1

1 1 1 1 s
9000 10000 11000 12000 13000 14000
FJR710/600%& /L % E45#N., RPM

[6.10 FJR710/600x v ¥ VEBNSHE 54 B2
FRGTEEER

x3L0vbnb, &2,

E.=(Tg~ T/ (Tu-T.) (6.12)
TER LB HNEHEICL, HAKH(ZDHE Lamil-
loy) DA AP RVBHERBRCRIZFOMEEES
EMNTERZELTW S,

Norgren & (1985)° (I EHHI 5 1 +ic DT 3EDE LD
K& % 5Ff U 7z Lamilloy 8 &% HH & (I BT 12
[EHBTEACEARLI, LML, RAVSAT
WANMGE 1O ~ADBHBEE, BENEET, #ER
BOERIELTA— 9 ) v IINLOBBI HEHE T,
SHHZERBEERTE 5 L, BHBEEESY 7 (Rib) &
L TR ZERTE 2806 » THENEGD DO
HBETRIENTH %,

2 £ X M
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RTARICREHE LORESEL B, L LREEREIRE
LBEESPBRESRORNE A EABE T2 C L3, s
OORIFER—EOIEM - WBICHRD TEYTH 3,

7.4 BEEE

L TREE L THETEE RIS O M EE T
DEFRERIC DWW TR T, BEESE I HRER, EEA,
N x—=Va Y, BRUBEBHNEPROEEIFELLT
BFon b,

BEHHHRE HERBIEHAEEEIRAE=—1
F=RICAN, E—ARBECETCEEA Ny Y94 v FT
AT A E L THREBEOEN T TO—~EREMicE i 2HH
WMEAFTAT T L, REEREL,

BHEANT WBEAOEEEEOEMRAT, STLAhx
FIERZUBEY NI IR EICEZE LIcBOTHEEMH
DUADBYAEIET IR I V. BEEEHEIIEIENTE
WHEAIRS IV 5 R FOBVWEEEROBESLEERE

(a) BAESE S A F BLUAET 5 2 F o 7 1R

(b) 5 KRBEEE PN O A R LT
X 7.18 FJR710/600 k4SS D 7K ol #R 4/ pAERY

X 7.19 EEHEEOFRESE

DR BEMT, K7.190& S IR, £XL VX, A2
TENE EICEET S, A A 0L Y RENRBEOEGBNE
CEE, 74 70BREHEEICEE S, M43 3ol E
TERELIZBEEECDH S,

HHED ERFHE D & S TidEEMEDS (Dbl K
W5 OMEMEMELE VDO OFRIUERE 3 208058
B0 bolbTDLHNUEMNE, EROBREENTHEEN
HEDBBHK[ROEEEZT B, fHMEEHE YTz
TEW,

AL T S NG F— g VIFEHEOTLEE D
DOKMEEAD DT, [0 OFELEEHHEEE
T 5. 7, M4. 6 CRLICHBERGEIC 6 5% L1z= 2D
MBS % BEAKREBICHT 28/NAED % TERT %0
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HEREE HEMEHFORASRTEEAICRESTIE
WS, BEESRRHICIIRE (BT 3 - DT EBROMIC
BLEILERES 5. ENBEEFLEBRHNBILBOMIAL
FHERANDIHELLT, H 0 OZIEHEDEHBRE
EBRV LN TE, LA LAIETRELICESBESKL
<, FEAMNEBESRONEZ L, BETHRSHTER
BRBLET L LIS EEM LRIENSE -7, Simmons
520, 7L EBMBMEELE L —FREN I & 3 RERE
HBREHEBL, BO—HEEZEL:,

Bltid V- RIHE# S L, SERELEETOM
BRESb 00X DB I, L ERICMAERBNZIOLD
TOMMNALBHYERRLZC LD TEB LS RIE>TEL
~27)

L= ¥REEFIGE L TEENEAE 584, BBO
FRHIRRE AT HH 5D TEDEBICOVWTHORIFSNT
VB, KEMKFREECTE— AhEE8T 30, i
TREOURNZHESH2FHL TV BI8E, #E0FL
HERBEW/H, FHREL L TR0 T -5 L1733
TeEDtEEsh TV 3,

7.5 EHEHM

HR G —EVBEREMRICHELENFRIEEOHREK
EAAROFE B SO TITAT XS BNERERS
URAAAN

RGBT ESRECBREHEEE AT A4 74
AERZRET 2BCHEIGRPLETH B, ZDIED,
BRENOHRNEEET BT 3BTELAIET 3
HEHBEL BB,

BBttt —HE L LTo TEHiEk] 2AlET 58
Icld, #HEEAORTIER IEERBSOHBTHST
b2, ERMBEEF, AOZESHEENT D ZESD,
EfERH O RS2 A8 U CREICO/H 2R T 184K
3, SWEARB UL LTESRE L5838 LEGH
I siin,

EHr HES BARE DRI X 7200 B4R
&£ D IIHEAZEHES (Transducer) = B\, EHEE&EDOE

KEBL, ThE2BRESKELI TAREE52A5, BER
TR — D 0.3% i TIIZHEEEBERO B D1 Hic
B+5TH%, MR FVs L TlEEFALNEY, FE
A #*+F (Scanner) 7243 57— 4 o #'— (Data logger) %/t
LTy aviBERANL, LELERLABETS, IS
T8 DENV Y ViKGEI2HNE, +OKEDH 3ESE
BHEMBTES,
REETABENERBICI EROBRD, GEYTL
FrEPKRRBT RV bO0H 3,

7.6 BEHME

SR ZBREFRIEE L TREXFHLFESHEIH
TWaY, —RBRICHRIZSEBET, SLEoFEILEED
HMARLTEL, BB LOHERIAFEL BT A4S
BB, TDIHEBEOBREEBEARICIFALEOALD S,
UTIKBRO—BNICERLYTL, EHTE, bOKE
DHERTE 3REHEEFICOVTHEA LOREERE %
hd 5, —BOIMEHEREL 3o ich 3,
HRY -/ BBREOHTARTHEL S 3B
BAXSOHTEILiILHT S 4BHd 3, Thon Bk
MIBlE LTHRT. 218 — K77 vV U FIRTI0/600S &
BARBD+EF 397 H R — Y CGT-100kW i8> i3
DBSORETEHETRT. TFEhoiHRlICET 25
BAEBRNS,

7.6.1 REHAHRETOEN

BREBADLELREE ZRUTOBEHFAIZ T 5 0%E
BELZORMEL Y IV OEEHESKELERARBRL L

Y—NWIATT7 5L
vyavzA4An
1

] o HE
r\ R BAEES

BRE2=5 b
X7.20 EAEBBORE

HREES —

£1.1 BBRESWRCLELBE T
pof BEGHIK) MElRs |—aniiTs L
BEHBAO] 220~1100 ER KB 3 %) MZERAUACRERLLE
BRI TUHESR
BRBESHO| 1000~2000 | #MEF X | (LRBSHEH | EATLIEESH
BHEHK &V
B EARN 300~ 2500 R # =z RBEREY #HBEsSCEXIFENRN
SCH - MEVRcER
5488 300~1300 | €BXRE | RERH AREHozL
KB 3| y-A BB 3t A5 fE )
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£7.2 HRy—EVREEOREAURAE

H H TH¥EE BE BEH <=
(n/s] [xi [MPa)
FJR710/600
BEBAOZERK 113 727  1.915 0.21
BESHON R 134 1528 1.838 0.17
BIERN -20~+20 ~12300 1.9 ~0
54 FE8 - <1050 - -
CGT-100kW
HBHEBAOER 38 1163 0.492 0.056
BESHON X 88 1623  0.477 0.11
BMKERN - ~2300 - ~0
B EER - 1773 - -

DEEXTHB, —h, 441 7 1vHEELEX-> TR
RERF-HHRHARS — VR ETRBEBALDNZ
BEH1200KLILEE 2158655,

—BICBREBRA O TOELREE IBHNTE—TH 51
HEBRAYLIWEER, BEOFHITHATH D, 1t
BEEHEERT.2000003LIR2 v "\ HBZEIKRE
WHDTIRIE,

BERHOFRBE #SERLOTOVZEERER
4 —bEVERREDTSNETRDLR2BLNVEZDHERE
HERHBEB1-HIKITI . ENEBFABEEHFLR 7
—sAHWEE, #eSsBOim bicky FX Ky b (Hot
spot) &#d ZEZEH mm iV L cm O/BHIE RS
H 1 4 — &/ X (Turbine nozzle) i & A $iHXE B L
b B, Lici- TEBERHOmMIcET 2 RETNERE
ELTHREmmERTAET 2T EBEE LY,

BEHRHOTZZBEN X EFRESOHELIBALD
Dd 51, BEREKCHEZOOEENSSH S, Ll
HRI—Evpips, HAEBEMNS — v 85 FEKEEIC
b1 ZA5EBEEHT LM, HEH U LoElhicER
T3EELXHICHT IRERBABRORIEELOHEL S
RVEETILERLT,

BEERTRBE  SBESAOEETRIIREESRERE
ZHLMICT BBICELT LSLETEL, L LRSS
BBD1-HIREPRICOEEEES, FREXFORE
K3 &, BESZSOBHEEZAILHDIBBHTHEYTH
337 RN ESNICR NS EL B TH - T,
HZ B GBRERICHETh ThEERY), EHRELLSE
BUHNATH 5. BRICL > THABROBHER LELE
T3, HRIENZADBERD I HBABH I HEZDB IS H
BT, MBI FBEICKREDTIEEBSLETH 5,
FHKREEI200KEHBZ 5120, S HOBELER
L3R olin, BEENTRRIEN R & RKBEEH X
DL BARBLTVEDT, 50u2m i3 &MV SENT
THIELIBE£200°C DX D TR L EELEHHA
FEhT3®,

SAFTEBE SATEEAEIBRESORAMLES
FTRIFLGMBLILZ, AMELIBEESR S 1 FOREE
BEREDBTRENTH 3 052 BESRTHET ILELD
%, iH#A 4 DHasteroy X HA-18871 F DM CBIfF &
n7: 514 FTHRICEEEE I 110K T icRichhl
oW, MBIy PvD574FTREBHELEESIED
BRI, BEBATRTHEEEBEY 1 7 vEHICE-
THBLEENLSELY, 54 FHNEORB2—F 47
DORIBEHHES B,

BERRBROBO 7 4 FRELRSICE, BADLS L
BoBEE 43, RERHOBTHENT S, H30L#
BUTHAIT 2L EDHENH 5,

7.6.2 MEMNEEYH

(1 BEHOBE

FTARPEEOHANCR S —BNICERINBJIIS T
HESN TV 28EGEERT.3 BT 5,

gD, ROSETROARERADREAEIE, HE
HEEBNOAE VI HBREREPLPRIEZHIPTL AL
ohb,

BETRTHIV, TROPEENEO2EMHZ0D
TEEAHTHERABICIRELZET, L TRERLSE
ERAKIcE, EZE, Bt SxFHAKicdbhunHt
L7,

SiEE BIEZHAKTLOLNELENTE S, 1300K
YL EDBFARTIREAHRN,

KR3MIFBHRKIEECROERSZ(BICSELLS
piEEry, HOZKBRIZEAEOBBEREEERAIETHE
e 52 LDTE 20BEPCRLFTHAKICIITHE,

Fnonidh, BREELHET SHOMEFIEET.
AIBF B bDNHE, B2 - oV LRBLUI-RhE
BENIBOFASICEC, 9 7R T v BEG IR
BUEBESKICTE VI, BBERRICBIT ZAEICHV BB
KRBLLEREESVLETH S, LrLZoBYIMEL
BODOHBBRTHD, BE - oV LREZESHIEESR
BREROBREICHT AEBEHNEXT.21° TR T,

(2) ARBEHABES ZOXEK

BEMNICLZBEFRI TR, OZF/IMEH, @ix

£7.3 BMEOMEHE LM (IS C1602)

547 +4 — il {55 Al i B (K]
B Pt-30%Rh  Pt-6XRh 473~ 1873
E Ni-9.8%Cr Cu-S50XNi~Cu-35%Ni 83~1073
J Fe Cu-50%XNi~Cu-35%Ni 73~1033
K Ni-9.8%Cr Ni-2.95%Mn, 2%Al, 23~1533

1X5i

R Pt-13%Rh Pt 473~ 1673
S Pt-10%Rh Pt 273~ 16173
T Cu Cu-50XNi~Cu-35%XNi 13~ 643
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H 05<CH, OFBLEHE, OMBEHRLESCL->TE
EDBET S, UT, ThooBESAVWEBERIZEN
LEEOLDL L THEEBRTEZRL ThicHd 258k % R
EE

ZEHMARERE SHEOK[REHET 2BICZEHE
SMAOEEBTRERE, TULLR2RLETREDE
ATaDHT B, k% u, FADEEE#Ec, LT3 L&,

u2

2Cp
LT T, ZEDcpid1.0kd/(kg-K)[=1.0mY/(K-s?)] T&

4Ta=(1-a) (7. 1)

£17.4 SRAKEH

+ il - @ FEARRIK)
Pt-13%Rh Pt-1%Rh 18173
Pt-20%Rh Pt-5%Rh 1973
Pt-40%Rh Pt-20%Rh 2073
60XIr-40%Rh Ir 2453
50%1r-50%Rh It 2413
40%1r-60%Rh IT 2363

¥ ¥-26%Re

¥-5%Re ¥-26%Re } 2589
W-3%Re ¥-25%Re

b0 T3 HBHER, v o \BEM T 2 k028
ELTERTBL,
{uqymMzT
1+{(e—1)/2} M? °
L TREFRN e 3REDOES T 2 LB E NI S EE
KBBINIDERTIRETHED 5 » F V(P EE
B OERICL->TEL 3HBTH 3, THbb,
-1
LTy
TEHEIND, LRT; 37 0—-7TIEREE, T, 3k
DLEE, Ty 3HREOBBEETH 5, ZRITEVWHHOR
fRicd L Cii s EET A
THNICEITICRE L84, «=0.8610.09
MNICEEICE V2 HA1E, =068+ 0.07
DEEE BT EBAMONTLE
BERBESERNICTITRERBE Lt X e=086 &3 3
&, BIMBAK L 3BERIRT.22CFTEOBEEOH
Ay - BBESERRTRER T 2 BuEDORAM 150m/s D
HRAFOETSH 2K LIFTORZIRKLBIZT XN,
HEHRE  BEYERE AT R, BREKEKEOREE
REhe, ABHOMBEBEER L d;, BEAHRTOBE
RO LRERE CORXE2FNENT, ELET B,
Tr—Tu

4Ta=(1—q) (7.2)

(7.3)

4T (7.4)

~ coshL(4h./d;)**

MILLIVOLTS

vs P40 Rh

1000 1500 2000 2500 3000
DEGREES C

X 7.21 BAEWORIEHELEES
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0.15 T T T
£~1 .,
LT (1-a) 2 M
01 } & Z(+——-:2l M? i
=
=
o
)
0.05} i
a=0.86
0 1 1 i
0 1 2 3 4
Mach number
(a) HEIEHEEO LR
10
8l
x 6FfF
&=
=
4 -
2L
0
0

u, m/s
(b) HIEEIEICLZ2RBREER  (c=1.007kd/(kgK))
[7.22 Hho#BE:EE

C T TEMEESR he BROBRITBIZER Nu(=a. dj/ks) £
DRHB, TCTRjBABNOMZERTH S,

ABERBHENICEELIGE

Nu=(0.4410.06) Re™*° (7.5)
AT BHENICETIEISS,

Nu=(0.0851 0.009) Re®*"* (7.86)

Zh 5 DRI3 Re (= djw/ v) 755100 ~ 10000 D& PH THAL
ERN

BRD v — ABBHOREE LTS ST —
2D+ EBELTOTERIC OV TOARMCEEEH
3355, > —2 (Sheath) EEDBEIERF Y LANE
L0 4, 5ELBEHRHBIFLUOTEEEET 5,
BRDLIICEELP MY U 4 (Iridium) TEREI 24
ZEUHET BB L ENOORMEER D IMOSE L BT
BEILKEVLWOTEET 2 LE0H 5,

SCHBERBRE SCHIER AT 35 CHEXHICRE
FT2RERETNTH A& Ac, S SHERGE S B
BEHEETrTNThKE Tw LT3,

£17.5 ALO25NHE

BBE[K] & I%]
500 7.31
600 8.41
700 9.48
800 10.5
900 11.%5

1000 12. 75
1100 13.4
1200 14.3
1300 15.2
1400 16.1
1500 17. 0
1600 17.8

Kroe AR(TJA—TK?)
he Ac
EERTEMTE B, T T T2 ot Stefan-Boltzmann
F¥(=5.67x10"W/(m?.K*%)), & 3E@mSSHETHS,
BE, BEMSEELUSCHETHRARNCI Stk
BHMBMENTRK=1, Ar=Ac & LTHRBOBRERE%

T 5

HEHEWHOSL HEBEZTHET BOBELLT, H
£ DXL S { B (Total emissivity) eZ & 7.510R,
ZThiREB3EBEAEDEREEERT30.2LITTH
Do L LBMEARICE-THENDEZD 2~ 3FEDEIC
1WHEEEEDLND, KEEEND¢130.6 ~0.8E K&V
TEEBOFEHATREERT LELD B, LWTHRICLTH
g dFEHL, BREARICIEZFEALEEICEBINEL, Z
DERKIZERELTLOFEZIL L,
SHBEEERRNET B ICRREROEHEICHE%#YE,
S FHREH > — L K (Shield) £ T3 EBEMTH %0
King' it L 2 L5 BHRH# Y —~ LV F A2 nfBET 5 &5 4
|ER1/(n+1) T B, Y= FORORKRER» S A
T0.04 25 5 Y7~ (Radian) LI F &9 3

(7.6)

JTK':

Rl nE COBEFZARENRBI S/ REE
EENSSICHIBIGEH LI W itk 3 BET
dﬂ=ri? (7.8)
LT LR, ik
r=pcd/(4h.) (7.9)

THb, Lok cBENTNRABEHOEELHATH
%, 138, EE 1mm O ERE v — AT WO ERIE
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1BTWETH Y, 2HT380BEHHicoV T,
Bradley 5 ** %> Ballantyne & **0sg s LT 3,
ERKINICE58BZE AEHICKIIEFEH A LIE
TRERERF LR EAL L, 922~1366K
$ TOGERADORBRTIRE A LHEII o 12 &V HHES
BB, AL EHEINZ A9 BB ick 2584 H#
ELTAHABE, UTDLHTH 3,

BN - EHIE 3O FTO X ¥ v ORERIGE
B3

-E
F=Aexp (FF) fd‘Xcm (7.10)

TEENBE, CCTARBERKTLIXI0 cm/s, Eid
EHAL T 2 Vv FT80kd/mol TH B, TOERIITICA%

Y DE NG Xy, 710.4mol % (=4000ppm ) T1T - 7= H3[E
BRI R D CH, OFBIRETLEATE3 b0 LT3
&, @E1200K 40ppm THRHUER 20kW/m?L1i3, Th
BECHPERICL ZREBHRELRAEZEDA — 5 — 8%
BT EERL TV S, ARG EAMERT 2 B4 o34
REANATZRBERAEL EHZORNRESE B S IR
Bicti 3,

R IC3FERE )3 (SI)Ta—-F 47T
BUEND B, TOHERLEZRBEIAF vty Yy
(Dimehtylsiloxane ) F 7213 > V) 7 » i (Silicon oil) % F.%
EH/2130KREDAK R D BRI ERKHICHER 5 R
BOo -5 4 v VBEERS €3,

(3) #R&— & BBEBMMEHAE SO

FRIR LI X S UREFRREB R L & B
SHERETESR ICBd T 2 BEHRZTH. — IR
DERE Yy — 2 HMBEBHOFIHLBERITH 5. AKR0.2505 3
mmBETI TOXF Y UZR, 43 % (Inconel) T 12138
SRETHBLI Y - 2B HOSHIREI N TV 5, 2hic
dR7.231R T & O I REHE, BHlE, #8Fo3&
PH 5O THABKIC L » ThERERL:BIRG 5,

zhoFFH L CEET 2 BT BRI &ic
DELUTIERT B,

St s iR

C——

Fe b Ry

SeimIE R
X 7.23 ¥ — XAEXOERIIK

SHEEOKX WETOHR BEBDFT 4 72—
PESALLEDERAROBICHENEEOH NS LR 5
LEWH3, FOBROEBEHIROBHEIABHLETSH S,

EIMARELBIEINEBEICIKT.241R TR E
45 LBERHEEREECT I ENTERY, LbLL
no50EE, RENREBMTEOHESE TS 2 0#E
ERHBETL, BEMICBERLE S HBESHAT S,
ThHRS -y BBEBHDOL S ICRWERNE TS A
FAEET A RBENIEL,

2y 0205 09F TORHEANTHER L KB E Y
BT T3 1200K OKFEE OB, 5 §HBEEHKT.24 ()
DR TIRRT.25D & 5 IBOEBDBED 1/2BEDR

X724 SESKHEE O

Ay Iy L MEX
(EH&E0.875mm)
#h
//m@iﬁﬁ

$13

X7.25 BEl4Y) Iy o@EE
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ETH-TERELTV B, S<HBRHEONEE DI,
SHRBMZE AR S H B 72D ICRE | 24T 5 & EIEGKEITE
Z0.3%BEICTHLENTELEDWE 15 2,

W3 HFROBEEEHL7.6.22) DO ~@DBEL/DII L T
B0, SROHNZAERE | 5O HReENERILT 3,
ZatRE, SEDREMD D, —7, FEEKT.250 IrRh
BEFH TR KRR 2400K, </ 50050 B EERE0H T
2B TH > DKL, £ < SHRIEH 183 I biE L7
[EIERE % 0.86 L3 2 EBEH DA R & — & v e REIS
BT 5 BuE CHEELI T OMEMSSBEIC BICT X100,
REDKEAISCHELREHICLE bDTH B, L
BoT= oy " EORDEL BV EBFBTOEE IS <
MERELTBNERE 2 L ICHETNETH S,

MEEE A O A 2 BIERIBE  BEERA BT
BOHOTH O BEERIEI0MM TH 32 %0, L
7o THT.26(b) IR & 578 % SMTEIEE T4V,
BHCBNTc LD e o ABRZF NIBEE 7 BRI D
FrEZLEGHCEBEFIFLEEANEZBENAETE S,
OCLAEEREAES LED LT3R 0BROAE VAR
ARV B & ERER T O RES 7 D —M A 180 TR 8%
BESSRFIEICBEWEELEZ 2, C C TORIESMAR R
RENT LD ORBIZELKE {, Bk AETRE

(a) SIR

BERBECEONTOROEEIBEL HER/NS T B &
DBTE B, —fRiC, &<EH, BREINESYE, MRz Es
\ERTELEDBTE S,

pEss BB INEBARS — & vigkgEgRicBio
SHEENMOS> L THROBEN, BEOELHATH 3,
BRI, T bb s~ AOTOREEHE N X BE
DIEFD IO EE D S B EOBREEEFZ 2, Wb
5[ LMD BEHRE M 5, K7.260b)~d)15 %
DRITH B, CNEBERHICEHARETIESL,
BT VAR B AR ERT 3EEMH B,

BEGRH O 2 DEERREVWHAERTH 70D KT.2
KRG L=y NS T L EE Vv, Lichs- Tl
BEREESL T E1DOBRONERALETH B, L
AEEESCHITHT AT E, ALEMICH K 3 72 R4
RS HFE NS,

K7.26(b) D&DE N 7 bV JRI00 DBREESS 1T &
DEHIFE DBV 7o KB iR T H < U RIAE S EE 5 (FFH,
E1K) TREEHO AR BESRDEL B 1l®, 5<
B &3 T - T s, X7.26(c) 13 FJR710/600 v
DRSS DBIR DB W - REVEEEE (FEH, E6R) TH
5o B7.26(d) (T REUX%A K 7.27 iz, 2EMI~T iS4 57.28
IR DT, MINEH RS — &V BREESRIF A ICRET L

(b) EIK

(¢) E6R

@ ETR

B 7.26 7 RBEEETRIEREG OB
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fo@EA 2 HBE (%8, ETR) Th 3, HicZ hidkkn

TG TAME (B L THHBENHENOER E L S0

EHEEL T3,
COEIRBMGSEANAABEHRToBEAE,

* 1800K £ TO N R 5THIH iz JIS- BRIBME X % FL T 3,
BV EEFGHKE T2 DR NICETICREN S RE,

c BREBNOBMEERLGH B - DFEET B, i
POSCHEETORDEALR Y — 25 L1,

s Gimby, R LK LBRISBE SRS, fhoTo
v 7= VEBT B8, HNICETIR (Pt—-10%Rh)
XHBEE L, .

BN R BEE, SEEOBESOEREDHIHIEDT:
HIIRE G LB R~ — 2 BB A FH,

X 7.27 SEEEAARHBEG ETR

15

44
38

st

|

$19

Radiation shield

Sheathed Thermocouple

B FH RO 676 5

cBROHABH TE RO AETY - nBEF L — 24

B1lmm ObD% ERRICHART T 2HEE L1,

c HERABERHBEHEROSAXZ OO TEORMERIELE B

BYRERERMATREDL/d =6 BB L,

BILEMENEBRORMICS  HERBEEL DT 12,
« Bk, ERHOMBE ETFL L5 HEHEOTHABICH

N—-BOERG I,

CDRE % MY L S ARSI ES 2 KEER
[ETOBEF % FMEL 1, ZoRO—BEK
1.291T7R% e T;, Tw BLU T; BEhFtBKmEE, 3
Mo+ BEBLVOATRBHETAE TH 2, RGLE
EEETSIRIIRBEBA R 7.26(a) 1T BEEFA Y X EEE B
EHDOLDTHRERLBBR/ FHroEH L EROBE:H
THd, LhidRAl—Lv A/ WX (ROBTRELBWLERL
HoTW3, RePOBERIIMBENORBEE L5,
ETRDBED A2 — AT E Lz,

X17.29(3 Re LD /NS 73 544 T i3 30 o 80z i X 2 8
EdED S DERRBHDT IH D ICEEPS Sick 318
KM 519, KEUBEXESF B EERLTVS,
BEARESIITIE» SR LEN/ SIRDSR AL
DIz, BEEFT 0 -7 DI 5 TEIR BE—RBEXKET
BROEEDPIIWEREE ST,

ETREFBI CRABMETEUEL BB A XRAER 7 8R4
VO9a-ady s BEH (REDK B HIr(60%) - Rh(40%)
TG Ir (100%) D b D) 2K 730174, DS, 3
HOLHK HREEZHENRBGORABIEfTI TV 3, &
BRRY)VTHRFIRE->TREIH, B8H04 ) oL
XHEICRMT Sh T3, K7.313 2 DRE % KRS
HAHQTAMKECHAR LI ERTH 3, RIII600K
J[URPTRRBE L B S BT 2 b BEEH TS

Protector

Supporting plate

Main shaft

(7.28 @B ETR DFHETEE
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0.2 llll[ T T
T, = 400 ~ 1000°C S E—
Us= 26 ~ 126m /s QO sir
015 O EiK i
5 O O E6R
v D o b ER
& oo O Wall cooled
S . % N
& 0] on0
i
g %qyun3
0.05 890 A
0l 0F
Aty
ﬁ;ggém
o Lol L1 Lol
50 100 500 10000 2000
Reg
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