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<, RRKRBECHOIELOLDEELYEZDHLD
LHYEALN S,

6G) FRE—EV, F4—EAREYFAELL
AR V=Y g VUVATARERILEINRT
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B, SEBECERTHILEATFEINRD,

6 BERARBERRTELLTIIAZ-E YV,

5 4 —ENABBO B OBMHEE L bR 5,

M HAE—¥Yv, F4—ELEBECEHLBHIE

WEEREMCIECERZODH D DL,

EROEREEL, T DM HIFEDHIBIZR 5T
AL TWBZ EREXHRT, HAX-VE
vV, T4 — ¥ EBCBEbL BB LTD,
“EVCERERR" & L TAKRHERG ILERTS
PIRE—TINZ, £1 S LRABCHEEIhDZ
Litote, B2 ZT5HEL R SETITbh
TWAH X5, BREORBEENPEHIEE 1 R
Y h 50LELEEYD D ETH I LTI,
HAZ—E VXL DWREENRED S DA I
DT, FOIREAENZDOREERZT B LTl
%,
7. BRHECOWLT
BHHEIIh B EE LT, SOx, NOx, X\
CA (TF) D3IFTH B, d-&bRECK
BDIENOxTH B, SOt 54T EHEE
PEHL, HREI MBI L - THHEDHH
HEENRILD, BFHROBLVHIETIL, b5
KENMESHX DMBHHEBARENMEL 12D, &
AR —EVOFHETIL, HBHEREOREI
RAEhaicd, BETRToHRHICHIETED B
DEBEbhD,

NOx, IV UCAZDOWTIL, R bHROE
POl eE—RoEEEIEDDLNR T D, &
AZ—EVIZRLTH, EREROARRIEY
EZRL, TOERAERE>BFLTHH V<%

A - AR

1o, BEHEEED LV OB Y 5 T, BE
DERMNRMERTOHR A A VL2 EE L E
T, BYLERNREER L B0 H L
BEDDHZ EETLoT,
BEEGEINTVWAHEII A —E VHRTY, *
DEFREK, EEEHEORI, BROMEEFT
IoTHFDOHHEERCIKERELRXDD, £T
2, A —EVOHEH ADHHBES A~
L, EXERTEOBE W EH L LTHRERZE
D2ELEDLDRRATHE, BEDORADK
SHREFHD NOKBE & LTI 186ppm AT, EW
CATIZ12lmg/Nm* A F & s, ok, HER9+
DEEZEEIZFY 16.2%, EERE1.1%TH
5, ,
TREHRL, HAE—EVOBRH AMERE
ELT, RSERTHEEDOHENELZDN, XD
BEREMOERLIBEL T, ThLOMKEEA
LEBEOER Y ABEY FRILIC, LTORERS
K 1T, NOxiZBREEBEEIZ X » TH0RERMTZ
T, 70ppm, BHEBRMRE 2 EA TH1E40ppmic
BRTEHZL, FLILTHEEXHATHIZ]
Sppm BEFTEML 55 Z EnTFHIZhT,
Frd W LA WL T, BRETEICX ST
#60%, EEEEYAVAIE 80X DERATEE
WZisb EFRIEZ R, 0.05g/Nm?* p’gRd b, &
BRBRAERLILDBRDOENBEES W HRES
s LT, Thi hE U\ IBHEIEEE

#£9 NOxPFhFEEME

RETHC ENTULEL bRk, FrofgoR _ EHE | KR | UERE) & 3
?&‘:"DL\TVI%%&%W:‘I %{Eﬁ&%j%ﬁé‘ﬁ'% . .. ) 70 ppm 02=16%
LRI o TERTEBKBRE, HROMHBCD AT —Ev | 190ppm | gnogy | O2710%
WTIRER L S S ERER OBES DI ILD T F_wmpn | 1,840 ppm ﬁﬁ?} 02=13%
LRERELT, BERARECRETHI LT 0 |
ET7 HRE—C VO ELHEEE

T AGn | FHOAK B K| B | EBREE| MEER

NOx 70 ppm 320 6 50.5 87

SOx 33  ppm 510 0 73.6 82

LA | 15 mg/Nmd 250 0 34.0 73

0, 16.0 % 20 14 1.3 61
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F8 HAX—-EVORBEFTEIZX HIE\EERAR
Al
ESKROBE LS ERY R mus. 54
% oBlE B
HOCARE S 0 %52
- B (%)
RRREFOUR NOx 3 0 wiEgo | © %
1% B,
—szRFAEoUR | BLEAREIORE | o | A
—RBEARONST | NOx20%EE o HC. CODBENRmMUDT .
BAIEE S RILT 5 .
, HC. CODMENTL Ctmun
Fmamms NOx50%REE o) CEETHY.
HBARMEO B EDNE NI,
NOxSO%EE
RS (Fizammurga| O
ATETHEOXKEE)
AWM. KEXME |NOx6O%EE o 0 |komEREHNLE.

(&) xEBBRIL.

BARXREHARIAIWETF - J N LI3HGOTERREL L I HOTUERL,

ERFE L ~% NOx 186ppm . W EA0.121 §/Nm SEELTV 3,

I IR L]

ot WIPICL DK K 3R

b3

15 40 70

1 #Ax—EvONOBHHBEHRESR

# 10

186
(ppm)

W UABEH 2 #E(E

i EE | KRR

e13eep: Jet L

MRl R(E W %

HRXE -
F4—¥L 0

0.12g/Nm?
0.17g/Nm?

0.05g/Nm?® (—60%)
0.10g/Nm® (—40%)

0.04 g/Nm? (-70%)
0.08g/Nm® (—50%)

02= 16%
02=13%

() SFIFEHERE L2, BRESMY (2 ) KL THARMERC N LERA s A

BEASHIHLWERETH S,

BREZ R E9, 10),

ok, REloEITie>0TL, FRORHR T
LTRBBRE3E2 A 1 B b & E ks, NOxIC
DNWTIL, BERESOMELIAE —E Vv A —

A =BV TEBE LT ST, &Ik
HABOKZ VR, FEEBRRvERTS
M T, BEBEDIC EEROBHERECHIET S
CEREEELEZLNBDT, ThALDEEITHEL
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-

F 1l FRERITHRD NOx HRHANE

3 X % Bmom 64. 2 é&z ;J
ﬁ%;)}tilm’/h 7 ‘ppm
5 A - 2t T "
HRE—E - ala : ‘ '
fg ,ﬁ()(;)‘}lilm’/h 100 ppm : ' 70ppm
AR | —— bt ; :
f; .ﬂo é‘o ﬁ o 120 ppm' 100 ,ppm ' 70 ppm
_ kM : : .
TREIKRT IO, BREMCEEEY L B 54ppm LI'F
L, BEMBEARDORERY*RDZ LLirsTe, : RKERA A 42ppm LL'F
HAR—EVORKT ABERFEZTHZ L HYT g N=T M
rh, RERFBRTIEBNCEOREYZ KR H A 9~10ppm LAF

FrZEinot, Tihbb, EE, KK, &k
T EDERIREEDOENEEE L A Hh Ak TIT,
THFIIFFEMEMC, BETABO AT EI
—EDORNTZD LR T VW EH, SEOERER X
h, FAZ—-—EVHERILTORNCHEANLSN S
LT ote, THIXBRRMERED 5\ ITEER A
AR EEL, REBERRE LIBREREYE
BLTHEEENHEINS D, ThSREIZY
FHBEDOHEFE TR LM HDT, BEOBLHERE
R THHEIND I b, EHTHELOHEALE
Litd, TTEERERTCHETIZ, A% —VF
v, Fa—ErBEoEBRERCR L, e
EWEEEI VB LVCEEZRRLTV5,

Bl HAZ—EVHEERBERERE LTRE

IRBERE D, TOBSTETERIFERAIL
VDT, SEOHEINSIBEINS, L,
AT RV =V e VYATARETIL, EREBE
LiahoEREZFRDLDOLH D, THITHH]
¥EFHI L LD, IeRENEDOIT AL —E v
DG T AHEENCDONTIL, RKAEDO -
O TRIEVH, 7AVATROED L SITHD
TW5X5ThH5,

. &4i{#&¥% (EPA)
RED YL LBBEOSS 150 ppm LA F
HEOHEOHAS 75ppm LL'F
-

=HF -t w ‘7}”

(A H0, 15 BH]E) ;
/=3 —r gy RTIRECTEBELTVWIEETDH
%, '
8. #& & .
FEORET O [ERBLYNROF I ieF i
BE] LWOBEITIBE, NO, DIREHAMEDE
BB THLVRIECH D, & KREREID
BITFIhTWABKETH TR, BENERX DR, 50
D LR DR Y ABDERWHSERI ATV S,
ZDRHDOEEE L TIRREROREN T THE—
T, FIROBRIISEIOHGEI L b TE DR EL
BECHL, IOTHEFORMTH LTSRN
AR AT AL EAEH NG, Fhav e
FU—Y g VVATADYERIL, —ETIZERSY
ARDOEVERREHEE LT, FLUVEPEH
BBREFCEERI ) HDBETHLHS, Z5LK/H
BB BRI TP EL Y LEA LN
ORIGTHZEDMETHH S,
SEEH
(1) TEZBRLYREOF P HESE) BET
 K&5HRE2R  BRI63FE 12 A
2) EEEARBEICHRL KKELRB TR R
BT EEHARBREAKE R KRS | B
F624E9A
R HARZ—v v, ¥4 —E/EENLLDITVE
BFHIERE L HHIFIE NBEBE  AFTLH
%, 24-4, 1988
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1.2 MZHAHAZ—

MEEAT A2 -y (UWT=voy) oY
242X, ICAO (International Civil Aviation
Organization, EEEHMZEHEE), XE EPA

(Environmental Protection Agency, R E
) #HEE aShTwb, UTEEARFOEER
BEBNT 5,

1. ICAO #H#IZE".

AEMEHE~ORKE LT, ICAOmEE (%
H, kH, 77 vA, #F&, @AM, KR, 1%
V7, TAEVFY, A—AFFVTIREDILS
6 »E) HHAINS, Vented Fuel (BEHZR¥D
Bz g v g v BER-TWBHE, TIT
Tz 3y v g VIZDOWTHRNS,

1) Wg=vov BEBEs-F Y=y, £—
BTy vzvov (F—E7 Ry FRIHENE
W) T, —EHE E12R) UBRHEEIh
b (f72L, 196541 A 1 BUBTCEREEH %
ZiteBRo= v o v ek,

(2) WBEEEHXSH - THC (RRK{LKFE), CO

At - B

E>®mﬁxﬁﬂcovr

FlBBEETHW £ B * &

(—BR{LRF), NOx (BERILY) KVORAE—

7o
3)
)

BEHE - R 1R T,

Wiz LTO 1 7 v (Landing and Take —
off Cycle) &b, IWKRT,
(5) fFHRK . EDLHATVS, @
(6)

#2 ICAOHHEREHX

(FR =3 yvg V)
T( EIxWix60T)
ERE N

Dy
PRt g =

Dp : LTO %A 7 AT BT 2 EEHDEEEE (gram)

Fyo » ERHES KN)

El:=3yvav -Av5Fy 22 (g/kg KD
Wit LTO %4 7 L& % — FORBIHE (kg/s)
T:LTO %4 7 &% — FORRH (&)

#1 ICAO HAE
BE=vYY | BERy HARM| B & Vv X v | @RV VYSHAR
% & | THC 19.6
4 = CO 1986.1.1 | 118 ERH ST 26. TN 8
L % NOx 40427 o i
F Bo|A®E-7 | 1983.1.1 8.6 (Foo) Lmyov
e BAHNE G0 DN EE
N # | THC 140 (0.92) ﬁ;s
3 e %
A e
; A AE—7 FEALELT
E1) BEHELV~<Ao#ff THC, CO, NOx: g/kN

AE-TJ I AE—

Do
~

T 00 . %@DEEjjtt
Foo® T (kN

CEgTE 2 A 2 BRRZAM

7+ R
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AEINTWS (THCIZ FID &, COIZNDIR %,
NOx X7 3 v i ¥k, A% — 27 3A&8 T AIA/S-
AERAE—27FvA_RELTHSLRD),
2. EPA B&$IZE®

(KERNTROREAT v viHE LB HA
YHETALEND B, [CAOREIE L KB LT,
THC RO A £ — 27 DA 254 (CO, NOx iixtg
") THB, ICAORKE, Vented Fuel R D'= 3 »
Y aVARB LI SoT WA, ZZTIE=3y
Y g VIZDOWTHRANB,

it -

1) WE=vovisz2—-—FFay,7, 2-FK7
V, F=FTzy b, ITADEFALT 5 3V,
JT8DEF 17 5> 3V, BEER WESEE, X
ZEFE-TWDH, ABRICAO LR L), FR
BEg=v o vRUBEFRA= vV,

2) NBEERS  THCRUOAE—7,

3) HHME k4, 51mr3T (26.7T kKNUER
UTSS 7 5 ADFHREE= v o Ve kT3 1984
£1A 1 BUERHIEZOWTIZICAO LF L),
@) BEHEEHE D ICAO LH L. LTOV A 7

#3 ICAO LTO %4 71 (HWHBERVEERERED
gw<_r| E E & B B & 4 7
HAOFE | EERNHE | HOHEE | EEEH ’
Taxi/ground idle T % 26.04% 5.8% 26.04r
Approach 30 4.0 34 2.3
Descent —— —_— 15 1.2
Climb 85 2.2 65 2.0
Take — off 100 0.7 100 1.2
1) HEORIEHFRIMECBTAISALETHAZ L (B LENE

FEi2 0.00629kg H,O/kg Dry air)
2) RBREUNEESEYE LA—TRHVEE, EDOALFECE N
Exdazel,

#4 EPARAIME (Ffl=vov)

& ¥ FERS | EABH B B B v X HE=v vy 4 X
TF (’"ﬂ":77‘/,5—ﬂi‘°)xvl“)
: T3, T8, TTS%EK e
ERrA
T3 AT3DEFA7 530 =vPVY) 19.6 .
THC 1984.1.1 2. TN LLE
T8 JT8DEFA7 5y 3V =vPY)
TSS (BEFRA=vIV) (0.92) ** BRI
TP (BF=RTw oy T e =vPV) 1984.1.1 187 (r0) —01e8 ERE1000kW L Epe=v v |
1976.1.1 83.6 (x0) -0z ERE 129kN Lt v v
TF .
83.6 (fO) —"M BB L250 |, , b D
1984.1.1 DINEE R 26.TKN LA E
1978.1.1 25
T3 AE—7
1984.1.1 *EEU *ELEL
1974.1.1 30
T8
1984.1.1 *rELU *ELEL
TSS 1984.1.1 *LEU *RLEL
E1) HHEV</ro®fr THC: g/kN 2) MRIEEOENHR
RE—=F [ RE=IF VA 1O ERHS (kN)

E2) BH6.TKNKHEO TF 7 5 ALK LTI EA ATV 20, SRBMRFRHARTO | FELThTV2,

Download service for the GTSJ member of ID, via 18.190.152.109, 2025@5/1'72 —_



mended Practices, Environmental Protection”
Volumell, Aircraft Engine Emissions to ICAO
Annex 16, Aircraft Engine Emissions, First
Edition, June, 1981. |
(2) ICAO, EFELwx$ % Amendment No. 1,
March 1988.
(3) EPA, “Code of Federal Requlations 40
Part 87 (July 1, 1987).
SEH|

BARRNCHESZ TR,

vy vg CF6—45

VO VHEIR B RRE KT 5V

GTS] 16—64 1989 - R
%5 EPA #H%IE
FRF=vY V)
SR | BERS | HARY | BHELVSAV | A=V YA X
TF Af— 1976.1.1 |83.6 (rO) ~*™ | E#129kN LIk
T38 1974.1.1 | 30 LV
El) BEHEEBLVSNLOBE xe—2FvA
%6 EPA LTOHA 21
TP TF, T3, T8 TSS
Hpge | EEmE | HORE | A6 | HIRE | EGKN

Taxi/idle ED) | 26 4 EL 26 & 1 26 4

Approach 30 4.5 30 4.0 34 2.3

Descent  — — —_ —_ 15 1.2

Climbout 90 2.5 85 2.2 65 2.0

Take — off 100 0.5 100 0.7 100 1.2-

H1D BETXRE, BLEMLNE LI BRRIBEIIA - HDOHEE
WITFE 6 1IZRT, NA R 4.4
5) FHARE . EDLRATWA, BEL, BREMIR Ehl (re) :27.1
DFAEMAICAO? L RHETF RS, ERHS (Fo) :202.8kN
6) F#lHE ICAO LRELU, (20.7ton)
g H (1) #HHIE
(1) ICAO, “International Standards and Recom- ER=vo vz LTELIZRTICAOHEE

2, EEEALLTKROAD L5,

THC : 19.6

CO:118

NOx : 40+2 7 0=94.2

AE—7 183.6 Fp) ~*=19.5
BIEMES L OB BB HE

D=V VDTI g a VORIEME (=3 v

v e v, AE—I7FVARTEROBEN TH

%, AFCEROFE 2 12RT ICAOBHEEH

RICESWICHHE DR,

SEVE

(1) ICAO CAEE-BIP/29 (1980.11), P9.

v)
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e — p HOZE | BHE | RERE =31y v VIEK (g/ke) AE—7
(Foo) ) (kg/s) HC co NOx F+ v K
Take — off 100 %Foo 0.7 2.126 0.1 0.7 30.6 4.8
Climb 85%Foo | 2.2 1.770 0.1 0.8 26.6 4.4
Approach 30%Foo | 4.0 0.605 0.7 4.4 10.5 3.0
Idle 7%Foo | 26.0 0.202 0.2 19.9 3.9 7.5
BEH B Dp/Foo(g/kN) B A \ME A £ — 2 + VA (BK) 0.9 35.3 57.7 7.5
#okt L P5

KFE/RERFHL ©1.92
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2 %ﬁﬁ@ﬁﬁﬁk?&f
2.1 HEREUEREEZS
2.1.1  IEEEIBREER (T (T 3 NOX EREH (2D 1)

ISETR @ Hmprsm &F 2 B =

NBETEeTIT, PN A2 - Vv OFE Phase 1 Tix, NOx EF&%‘EE@%HEE%J?&B?%%
BIz—RERL, HRMRLEDTETHN,  EHUNOxDARA » =X A% HE LTV 52,
FRFN 52 S D F) 5 HEFEFELIK 2000 B3\ RFE AR SWMHAEA LTS 1+ + vEREESRY,
¥ELTVS, 20OKEE, NEEE, AR N4CEBEIFBEHECHT 5 NOBE K 2 —#
B, BEEL o BBRES LR AREE (LUTRE LARELRT, Phase2 3, kHEK
BAOEATH Y, Prr ANOSARICEIEL 7 = LB TOME NO TS h®, LRIt
Y5 EEEEE LTOBBMIRESI,  OBICELTW 5, BEE, Phase3, 4 OH%E

L L, SRORIGEE LT, 1§ NOxREER
TDoOWTiE, BLOOETHRYERLTETE i—;xmmt: KM RRBAHR

b, LT, BEABROBELEALVAKLDHD —xmmn ARERL :
IRBREURIE 2R D5 NOy BffFIC DL T B, AN - \_-,,7; '
1. 4E NOx A (CRE Y 2 BB IAR > &

B14x, NOx EREOHEERLALDOTSH L % e
h, BiciX, £RCHIE L YmOmEER%: R Fa— A — -
T
R ABRBICOVWTIE, RAMEA A X~ VI . 2 ? e
BRATHCE, RERERENORES A - I\w———‘ !

R, BIIT Ve =T REEO-RAERY <k | 0 |
DOV PV v I EOEMY, BENRENS —_ 180
<, EHHTHD LIS Za\, K3 %+ vEIBREES
NO. ERF&E
HAI—-EV/ARE FamE
2 KRE
tﬁf:(i mEnRE —mms
FREMS RGP A | | B BB
Emom €4:¢..¥:)) FiRSs *_?Iij:n

X1 NOx{ERED IR

CERETE# 1 A 18 BEREZA)
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H - B

NOxEHICMTIHREAR

75

PHAsEi
(NOx s tt) o e
PHASE?2
(NOx EHERHER)

PHASES3
(FTReBMBEFA)

PHASE4
(MRBRERH)

PHASES
(BERXGTENOX W)

' 80 "85 $ 90

A A

-------

X2 JI|EET D NOx ERLHSE -

7 .
u (Prowe[1s - 35
g6 Ti_* 1390~600
% Ur Msj10 -~ 20
%5 25 % [90 ~100
2 n__[55 =150 5%
‘ b
Q
3 -
2 be
g, NOxa =Anax P explql)
1t xUr®.(1=(1- )
0 : : A . )
0 1 2 3 4 5 6 7
NOxe; calcu.

K4 NOx BN
(& NO, ppm (0,=16%) =10NOxz)

PhOCIFRERAED LR TED, K5, 61
FRENORERS A FDODEERXRT,
2. HLEEIBREEIR D NOK BB i
BB IR TV ARG R & — €V REE
BIIBEREERTH Y, BVWRETEREZRFD
o EERpRERERYELTVS, —J, NO«
BEH MO WTIL, 41 ZAVRBEC X DFRAE
BE-TLELV, REBHAC T A FHROE(L
Wk o TARMAE NOx BRI RXBH L 8L
U,
BEXIHEh--TWwWb2—E v AODRE (T-
iT) 1200KEDp/NRIH A &2 — €V Tik, AR
BT, HOER NOx=~60~80ppm, EHR{L%x

6 ARELREES

HWE LTHERIEEh>25H 5 TiT2<1300~ 140
0K $H D & D Tix NOx==T70 ~ 100 ppm, $FkD
TiT 2 1500K £ D & D Tix NOx=<100~ 150 ppm
v kTR, Fio, BESKEERED TiT~160
0KEn+v35 3y 2 #H A& —E Tk NOx==<300
ppm 2z 5 VAR BEESI RS,

W T, Thk b NOxA 20~30 %M+ %
B H 5,
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2.1 BEBXE (FF4) ([TLD NOLER
M7, Av—58% K& LT, —RBFER
BOZEREYBRBEHC LBEORERBER
ThHb, NOx DEEHH B, FEEMBERR X » 20~3
0%IET LT BA, CODBEEMAHEINT AEDE
HELHD, 81X, TREZEYRIT T—RERSE
FURD 2R % TR TR I L TNOx D AR %
& L flT, =8 n (A/F) O/ BREHE
BT NOx 2 20~30 %A LT\ 5,
300PS#k» 7 #*SIAF A2~ VI X BFR
FEERBER OEBER YK 9 R T, BAMK
D NOx DHEMMEEL X 2 CODBEH b 47K T
HIENTEDHZENHD, MO, FALLT
BERARERDOEATH S,

WH TR, DX 57 F54FHRC L DIEHE

REEBR DIENOK L EMOERILIT & b, BREFH
B TEDLLDEE LTS,

{ {N0x | CO
fomemae | O} O
'27-5mx [ 2K J

o
(=]
]
o

P.*35ate
1.-593°%
Ur*20 mss

COt1 (9/xg fual)
NOxLt (9/wy fuel)

Sor Sr

SB 100 150 200
n (A/F)

BT U=y A7 —FHRER

P. =35 ata NOx | CO
T,=593°K
Ur<20 wrs

100 10~

oriGimat | O | ©

FIEREX | O | &

COet  (9/x3 fueld
NOXE) (9/kg fuel)

Sop Sk

B
ng::$::?::::::§

50 10 150
n (A/F)

oL o0

K8 THREEAMSES

A+ AERR

2.2 K/KETHES (v b) ITLB
NOy & 5

BB DA & — € VIRBER WK E 13 KEE Y
MBS LT NOx B SIS # 5 Bffi2, ENOKHED
RLMEREHEL LTERLIhTE D, Yt
BOWTLEFRFALEAT 4 v 7 CESY ZEiz kT
BREIATWS, K11, 121, KEHEIT X 5 85:
HEEE MIA—0l HAX—EVIZ L BEBRAERD
BREYRLELDTHSD, AR, 7 ARE

=4+ INOx|CO
omGinall O | @

1.0 { ] Mol wae| & | &
,// \. [ ETIES AR J /
/ A
/ fo, /"
N 3

NOxt1/HOsew ., COpy/ COrim
o .
w

r\w\\‘
\% ®
L .\
—
0 . 1. i il
0 1/4 2/4 3/4 4/4
CRLC

M9 FrsE LEEE

(8 No.154%

(b) No.254 7
X 10 FHRESMREESE (K9
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A A EHEE L CHEE X PLORE Avhb
BEINLKEBFREAGIEONRE (BFD
A XA 7)) BEANEESR TS, ¥, B
R A KEHRIL, HA X - vOARCEk
el —EBcicd L oickli AT 2 EHALTY
%, ®13i2, kErH VS 2V ADRFATIHT
BTV 5 MIA — 03 # A % — & v D KB4
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ABSTRACT

The evolution of GE dry low NOx
combustors utilizing the concept of
fuel-air premixing began in the early
1970's. A prototype combustion system
was successfully demonstrated in an
operating gas turbine in 1980 to be
capable of meeting the U.S. EPA New
Source Performance Standards and has
since been refined to be capable of
meeting 25 ppmv NOx at 15 percent
02 in an MS9001lE machine fired on
natural gas fuel. A description of the
system is presented along with emis-
sion performance curves.

TEXT

GE began development of dry low
NOx combustors for heavy-duty gas
turbines in the early 1970's. This
initial work was directed toward the
development of a dual fuel combustor
capable of meeting the U.S. Environ-
mental Protection Agency New Source
Performance Standards (NSPS) of 75
ppmv at 15 percent 02, with allow-
ances for gas turbine efficiency and
fuel-bound nitrogen. The first com-
bustor capable of satisfying this goal
(Fig. 1) was laboratory tested in
1978. This combustor mixed the oil

CERTE 2 A 15 BRMEM)

fuel and air, with partial prevapori-
zation of the o0il occurring prior to
combustion. After considerable devel-
opment, a prototype set of hardware
was successfully operated in an
MS7001C gas turbine at the T.H.
Wharton Station of Houston Lighting.
and Power early in 1980. The hardware
tested at Houston (Fig. 2) represents
the modern dry low-NOx combustor
configuration. As reported by
Washam[1l], the combustor met the NSPS
requirements on oil and gas fuel. The
low demand for gas turbines in the
U.S. in the early 1980's resulted in a
decreased emphasis on the need for dry
low-NOx combustors, consequently
development activity decreased
markedly. '

Beginning in 1982, GE entered into a
program sponsored by the Tokyo
Electric Power Company[2] to develop a
combustor capable of operating with
extremely low levels of NOx emis-
sions at full load conditions. The
initial development effort comprised a
feasibility study to determine if it
would be possible to reduce the NOx
emission level to 30 ppm at full load.
The initial concept was based on the
successful design developed for U.S.
EPA application.
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Figure 1. Dry low NOx mushroom
combustor

Figure 2. MS7001 Dry low NOx combustor

It was apparent that meeting the

goals of the program would be chal-
lenging, although theoretically
possible based on studies of NOyx
formation and carbon monoxide (CO)

A - N

burnout characteristics. Analyses
showed that if the equivalence ratio
in the burning zone is within a
specific range, both the NOx and CO
would be within acceptable limits.
Experiments were carried out to
measure the degree of fuel-air pre-
mixing and hardware modifications were
made to achieve the desired mixing
quality. After many tests, the
combustor operated at full machine
airflow, pressure and temperature
conditions and gave NOx emissions
only slightly above the program goal.
Thus the concept proved that a practi-
cal premixing combustor could be

designed to meet the desired emission
levels. Further, the fact that both
NOx and CO could be reduced simul-
taneously was one of the significant
results of the program.

Given these positive results, the
second phase was initiated to bring
the initial concept to a practical
system through laboratory development.
This effort was segmented into three
areas: first stage, secondary fuel
nozzle, and second stage. These three
individual developments were carried
out independently, with the components
joined into a final design for full
pressure testing. To ensure success,
three separate final designs incor-
porating alternative features from the
component development were carried
forward with full-scale hardware
manufactured and tested at simulated
machine operating conditions.

The three final designs all demon-
strated good emission performance at
full operating conditions. One config-
uration was selected for additional
development because of superior mech-
anical design features which would
promote production manufacturing for
machine grade hardware and reliability
in operation. This system underwent
rigorous refinement with preproduction
hardware procured and evaluated prior
to releasing the design for production
manufacturing. It has evolved into a
system that is capable of meeting 25
ppmvd NOx at 15 percent 02 in
MS7001EA or MS9001lE machines fired on
natural gas fuel. Development of an
MS6001B dry low-NOx combustor is
well under way.
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In addition to the natural gas fired
combustors described above, GE has a
number of other low emissions combus-
tion systems under development. There
has been a resurgence of interest in
the use of distillate oil. For this
reason, near-term development will be
conducted to allow the use of water or
steam injection to control emissions
on distillate while operating the com-
bustor dry on natural gas. A further
program will restart the development
of a dual-fuel, dry low-NOx combus-
tor derived from both the successful
Houston system and the subsequent
gas-fired combustor. Development of
low emissions combustors for GE’s new
generation of gas turbines, the
MS7001F and MS9001F, is also under
way. Completion of these programs is
scheduled for the early 1990's, when
the machines become widely available.

The modern dry low-NOx combustor--
shown in cross-section in Fig. 3--is a
two-stage, premixed combustor designed
for use with natural gas fuel but
capable of operation on liquid fuel.
As shown in the figure, the combustion
system comprises four major
components:

fuel nozzles
liner

venturi
cap/centerbody

0O 00O

DRY LOW NOx COMBUSTOR
OUTER CASING FLOW SLEEVE
gm \// -
e

N

FUEL NOZZLES \‘4,\
(€)

= CENTERBODY

LEAN AND

PREMIXING / ] SECONDARY ZONE
PRIMARY ZONE

1
SECONDARY — pum
FUEL NOZZLE | |

(&}]

END COVER

DILUTION ZONE

GT15050A

Figure 3. Dry low NOx combustor
schematic
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These are arranged to form two
stages in the combustor. The first (or
primary) stage is formed by the cap,
the centerbody walls, and the upstream
portion of the liner. There are six
dual-fuel injectors, each with its own
swirler, located in cups mounted in
the cap face. Atomizing air is pro-
vided for liquid fuel operation. The
first stage resembles an aircraft
annular combustor.

The centerbody ends in a seventh cup
and fuel nozzle arrangement. This
second stage fuel nozzle feeds a
mixture of fuel and air into the
second stage, which begins immediately
downstream of the end of the center-
body. The second stage is formed by
the venturi, the centerbody end, and
the exit plane of the first stage. The
second stage can be regarded as ending
in the plane of the dilution holes
located in the downstream portion of
the liner.

The venturi is a converging/diverg-
ing section which serves to accelerate
the flow exiting the first stage, and
provides a recirculation zone on its
downstream face to stabilize the flow,
The purpose of accelerating the flow
from the first stage is to prevent
propagation of flame from the second
stage into the first stage, so that
the combustor can be operated in a
premixed mode. ‘

In premixed mode, for natural gas
firing, the first stage serves to
thoroughly mix the fuel and air and to
deliver a uniform, lean, unburned
fuel-air mixture to the second stage.
The mixture is sufficiently lean that
only a small amount of NOx is pro-
duced, but is also so lean that it
will not burn stably and efficiently.
Therefore, a portion of the fuel is
burned in the second-stage nozzle to
serve as a piloting source of flame to
keep the premixed flow burning. In
addition, the recirculation zone on
the downstream side of the venturi
serves to stabilize the flame.

Distillate firing in the second
stage is accomplished by replacing the
gas-only, second-stage nozzle with a
distillate-only nozzle. Unlike the
natural gas second-stage nozzle (which
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premixes a portion of the second-stage
fuel with air), the liquid-fuel
second-stage nozzle is a conventional

diffusion flame nozzle. It is used for

operating the combustor to base load
on liquid fuel. Since the combustor
will operate with a lean primary and a
lean secondary, oil NOx emissions
are 30 percent less than from a
standard combustor, but they do not
approach the low levels that can be
achieved when firing gas. Recall from
the previous discussion that pro-
visions will be made for diluent
injection to provide emissions control
on liquid.fuel.

The spark plug and flame detector
arrangements in the dry low-NOx
combustor will be different from those
of a conventional combustor. Since it
is necessary to reignite the first
stage at high load (to get from
premixed back to lean-lean operation),
the spark plugs do not retract. One
plug is mounted in a primary zone cup
of each of two combustors. There are
flame detectors viewing the primary
stage of selected chambers (similar to
conventional systems), and there are
secondary flame detectors that look
through the centerbody and into the
second stage.

The dry low-NOx combustion system

operates in four distinct modes during
natural gas fuel operation:

Mode Operating Range

Primary Ignition, acceleration and

operation to 35 percent

load (fuel to first stage)
Lean-Lean 35 percent load to approxi-
mately 75 percent load
(fuel to both stages, flame
in both stages)

Staging at 75 percent load
(fuel to second stage only)

Secondary

Premixed 75 percent to 100 percent
load (fuel to both stages,

flame in second stage only)

The primary mode of operation (first
stage burning) is used for ignition,
warm-up, acceleration, and low load
operation of the gas turbine. The
combustor burns with a diffusion flame
and quiet, stable operation can be
expected. Combustor metal temperatures
limit the amount of heat release and
thus firing temperature of the com-
bustor in the primary mode.

After the maximum heat release in
the first stage is reached, additional
fuel is introduced into the second
stage. This is the lean-lean mode of
operation. When gas fuel is-being
used, this secondary fuel is itself
divided into two parts, with 90 per-
cent of the secondary fuel being
premixed with air and the remaining
ten percent of the secondary fuel
being delivered to a small, centrally
located diffusion flame nozzle called
the subpilot. The subpilot is used to
stabilize the flame in the second
stage. At this point, the second stage
is also burning as a diffusion flame
with the products of combustion from
the first stage mixing with the second
stage fuel and air.

The machine then continues loading
with flame in both stages of the
combustor. As load is increased, NOx
emissions will rise and CO emissions
will fall. Lean-lean operation will be
maintained as the machine loads until
a preset combustor fuel air ratio is
reached, at which point transfer to
premixed operation can occur. Loading

will stop at that point, all the fuel

will be delivered to the second stage
nozzle, and then fuel will be trans-
ferred back into the first stage until
more than 80 percent of the fuel is
delivered to the first stage. There
will not be flame in the first stage.
This is the premixed mode of operation
for a natural gas fired machine. It
results in NOx emissions levels of
25 ppmvd or less at 15 percent 02.

The dry low-NOx combustor is
optimized to give very low levels of

NOx and CO emissions when operating
on natural gas and in the premixed
mode. This can be seen from the NOyx
versus load characteristic shown in
Fig. 4.
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Because the combustor is so lean at
base load, it has somewhat higher CO
emissions at part load when operating
in the lean-lean modes. This is also
illustrated in Fig. 4.

DRY LOW NOy, COMBUSTOR
NOy AND CO EMISSIONS

ON GAS FUEL
aoo
g 200 ;
: :
3 3
E 100 é
§ 8
[]
[] 25 50 76 100
GAS TURBINE LOAD (%)
ar18557
Figure 4. Emissions vs. load (gas

operation)

There are two modes of oil fuel
operation. The first is with distil-
late oil only supplied to the primary
stage of the combustor. It is used for
ignition, warm-up, acceleration, and
part load operation. The combustor can
be transferred from gas to oil at part
load (first stage burning only). Be-
cause of the thermal loading described
earlier, there is a maximum rate of
heat release allowed for this mode.
This corresponds to 50 percent of
rated load, depending on the ambient
temperature.

By replacing the second-stage gas

fuel nozzle with a second-stage oil -

fuel nozzle, additional fuel can be
burned in the second stage (lean-lean
mode) to reach full load. The com-
bustor is very well behaved in this
mode.

Figure 5 shows both NOx and CO
versus load when the system is oper-

ated on oil fuel. With the addition of
a steam or water injection system to
the primary stage fuel nozzles, NOx
can be controlled to lower levels.

- BB

DRY LOW NO, COMBUSTOR
NOy AND CO EMISSIONS
FOR OIL FUEL

200

NOy and CO (ppmvd at 15% O;)

[ 25 50 75 100
GAS TURBINE LOAD (%)
GT18558

Figure 5. Emissions vs. load (oil

operation)

SUMMARY

In summary, the current GE dry
low-NOx combustor has been under
development for the past six years.
The system has undergone numerous full
pressure, full air flow and full tem-
perature tests and can achieve NOx
and CO emission levels on the current
generation of gas turbines of 25/15
ppmvd at 15 percent 02, respective-
ly, at base load. GE continues to
develop the system, both to improve
its performance and to apply the
technology to the next generation of
gas turbines.
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To extend durability of the reheat combustors
of the AGTJ] — 100A gas turbine, we propose to
increase the flux of cooling air by shortening
the liner length. A single —swirler combustor
reduced to half scale of the actual size and a
five — swirler combustor shortened in half length
of the reduced scale combustor were fablicated.
Under the condition (vitiated air of 11% in
oxygen concentration and 800C in temperature)
corresponding to the full load of the reheat gas
turbine, the combustors were tested. It is
found that the multi —swirler combustor can
make complete combustion and gives profiles of
burned gas temperature at the exit better than
the single — swirler combustor.
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This paper describes a digital simulation technique of 1/LP gas turbine with a variable nozzle. A

model which has stiffness and nonlinear properties is developed to predict the transient response

including a surge behavior. The system’ s dynamic equations are separated into the stiff linear term

and the nonlinear term. The stiffness property is treated by making use of Padé approximation

function subsequent to being able to simulate the surge, while the nonlinear term is considered as

~ a disturbance to the system. Numerical results are presented to show the dynamic response of gas

turbine by the fuel and/or nozzle angle control that is a step or lump input function. System

parameters associated with the generation of the surge cycle are considered if the system satisfies

the instability conditions. The influence to the large amplitude oscillatory behavior of surge is

presented for inertia of shaft, inertia of duct flow rate in compressor and turbine, volume of

combustion chamber and compressor characteristics.
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Temperature. measurement of high tempera-
ture and high velocity gas is very important for
a gas turbine combustor development.

There are many stuies about the temperature
measurement. Particularly, thermocouple method
were studied very much, because it is very

r But it defect of

method to cause large error by radiation and

convenient. thermocouple
conduction to the cold wall around the therm-
ocouple. The conventional method avoid the

error by the radiation shield or suction probe.

The new concept thermocouple probe is

invented, which is designed to contorol the
error, not to avoid. The probe was caribrated
and applied to temperature measurement of
high temperture and high speed gas. The probe
can measure the high speed gas temperature
ranged 2100Kmax and 590 m/smax, accurately.
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