297 BARAZXZ—E>F425 Vol45 No.4d 2017.7

-4 $itTEm -

WEEE DR I — RIRBEIC K B IRBEA A 2 kT i PR B D IRBEX
JSCFIH U 72 Z B BERIC & % @B IENOXVEB) $E PHIL K

Extending the operating range of ultra-low NOx emissions by enhancing the reactions
of the secondary lean mixtures injected into the reverse-jet stabilized primary stage
combustion products
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The lean-lean two stage combustion, characterized by the enhancement of the reactions of ultra-lean to lean
mixtures injected into the hot combustion products of the lean-burn primary stage, was investigated to show its
potential in achieving low NOx emissions while maintaining complete combustion over a wide range of power of gas

turbines. For single-digit NOx emissions, the stagnation reverse flow combustion was employed as a means of flame
stabilization for the primary stage because of its robust flame holding capability at very lean conditions. Methane
was used as fuel and emissions measurements and direct flame imaging were conducted at T; = 373 and 573 K and at
atmospheric pressure. NOx emissions less than 5 ppm (15% O2) were achieved for a primary equivalence ratio of 0.5
with combustion efficiency greater than 99.9% over a range of gas temperatures ranging from 1400 to 1900 K.

Key words : Lean-lean two stage combustion, Stagnation reverse flow combustion, Robust flame holding, Ultra-low
NOXx emissions, Perfectly premixed methane-air mixtures

1. [FUIC

HAY = OIEFH AEIL, & —¥ DD
RN L ) BB TSI TOXRKREL D 27 0 KL
W oNTWD, L7z T, WHTRARBEIY A
7 — VISR H L Z2NOx#E I EIR D 7 71 —F
EWwzb, LAHL, MsTIRAMREEC X 2NOHIMIX
WRBERIE OBIFNC DL b DTH B DT, RIS D
PEI2SBR LR T WE W) BENED Y, TANWTFE
e o TH T RABRBEDFEONOIPHIFE T % 153 51
TE%W, H25VIEINOxHFH % M+ T & % ) #EpH 23
vl WML H B, TOREIL, HETFRAMREY
HHTAHEOWETETHD, MMTPIRAEKED AL
Y PRBEREIRUZ N 2 CRABIRE A & R 2 R 3 B IR %%
D234 Ty MRBEFISZ LR L, EERREBICA DTl
IRBEFIRA DR O FL 5 % UK B RE A 77—
YTIIBWTO YK, AT 5. METPRAREICL -

JEiARZAs 20164E11H29H
st 7 201746 1 H
* 1 IRBORFRAFEBE
T184-8584 /NAIFliHeErNr 3-7 -2
®* 2 FHATZEOIE TR
* 3 EECREE

TNOxHE 2 &2 F TS E 52, &2 F CIrEE)&HIPA
ZPKTE 0%, AHEMRRIUEWTFRARE W
PICRERES LD P> TVD EVSTH X,
COMEIIH LT, WSREIATF—Y Y 7D 2EH
PRBEIIC BT, 1 B H O M IRBES A & O BRI L
Wl HE L PRAATHES L, £ oS RAEIZIRBE
0B e I T v e 2RI T Sleanlean two-stage
combustion (LL2) Z#EFEL, SAEELE X ONARE
ZHOILBERIE T E MM E R L2 TR L,
BHIY Y Y TOFRFEZH I LT, ZolHAo
e, 2B H IS SN AREXASHMTIIEK, &
BVITRETELVLSSVHHETH N EEL I LT
& BT, MRIZIR WEE) i PH TRBNOxHE I 2%3# 5
ENTWD, F72, WL FREAEREICBVTH
R IR LI TE B 2 LA RIBINT VS,
Ay UEFEL T RIS TIEem ASH L S
M, BIEE RO 2 P IRASIESLASE T B & OVl
HINZBT SN B34 7% Bl S 7ML UK
BRI E T BB KEN—F R W oo SFURIR %
r LICREHO 1 RAETFIRAZDF/NKEPRE S I,
ZOETHIBW TR A E R 2 KRTPRER
MG SN Do WMINIEARNIZ, 2 RELEANOPRFL R

Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/28.



298 BRFR KRGS BRRAREZRAETRETORERDIHBL L BRRECLIBENOIERLEL BAH X2 —E > FREE

D72 TR TE 5. HETRAMIEC X 2R
RO EEZMH S EL 2L IZbbAA, 2RTRE
SESHC X B A T o W IR o0 SR 12 & A NOE
KOS > T 5,

=7, FEI VD RS TIE, 1 IRIRBE
BIZBWTIiE, PRABNICEKISEE Z2WE ) ICTR
SR R, BEAOEFETIEIAT =)V )
ANERCTIMEEZ L, BRI HGETRERD
KEDPTFRABEBOTMICRE SN, ZOMBET AL
IS, 2 RIRBE TN 2RO A ¥ P =7 & — 5
REHERE O T AL 2 A0 O BAH 2 FIRA XA
WEN5b, ZOMEBERZHERL 72171300 KWk #4877
AZ—¥ UL, FTIMRBEC BV T50% 2 5 Ef T
DIEBHHPAIC D72 D B IRBERDEE £ 10 ppm LT (15%0;
Htifit) OMBENOxHEH % &R L T 55,

INS—HOMZEIZBNT, 2B HDRARADIEE)
B —< UNOxZERTHIFEIEL RIFNIE, ZOR
JBAZ X ANOxEE O FZE M R BIME w2 &, FFiC
oTid, LAWY TLEILELDHLIERABEN,
CoZrid, 1BEHZIDHHICLTDBVIREER=RE
MEFFCE S 23L& 5% ANOxO Pk EIR A I
TELILZRELTWA,

HALZ =¥ VRBERICB VT, BEEHIRO FiiicBuw
TEIMTEREL B2 \VIZRE & 2R/ 2 35 2 & TR
NOxEB#PA Z# LK TE B T EDERTRENTEY,
Gtk CORROERPHELLEEZONL,

INFTORRFRLD DX VAELREMAICBVT,
REXROTHERLIREHERE OEB) % 21 THRE RO
W VaNR M aREFEE LT, BEKEBRRED
N — S BETHNZ )0 TS 2 R R ICEH L7z 20
FA TR, MWEIROIME & RBESERE L DR DRI S
N5 W IRIRBE T A O FHEBR FEIRASIE T DA K% HH - TH
D, ZHIMICLDHEIEDEAA, EAIZLDHELD
HHBAREMREICENR TV S,

WIS X AR, MZET Y Y v TR RIREER:
WCHIEE S S A ENTE 720 ARBREHIIRBEE IS
R L7 ABARBEOPTHEBL, ZREBAELTTELR
B IR A RAT B — L BECIANT TS S, shif L
THLAT % 225 Mt & 528 L CILBRR £ %2 BT %0

=7, FV VIBREO B S BINOXHE AT K
ENLHEEFRBEHL Y Dy OBBERIIBNTIE, Yoy
NRE O TIRA T ARFSIRBEO KL TBL & L CThfzE S
N70, F72, WEHRELBRBES ORI EICEL Y 2y
MRBIZE S R T a o v TR L 22 BB R R D AT D
N7zo —7J5, iR, Zinno ik, Stagnation Point
Reverse Flow Combustor & F-53BREE 2 O HE A4S % i
HLTWB", i, WH XVEhA 6 F— 2B
T CTOHBEA300 mmd H Y, KR ABRBERER O R
ELT, ETFRAEFICBOTOINOXLRIVITTFRSE
SO L AXVIEWT EE2RLTEY, BB

WTHEREZIT->TWh,

AL, LERowshoiiged EEENge T, 1 Biik
FEIR N SRR 2 5 & BRA L 72 LL2 5 SR BERR D BEHNZ
BIL7-b DT,

T DIFAILL2SERO 1 BEHICET A2 2 %
HigE LTRSS T A% 21T o720 2D
—BBEE LTAY Y EHWTTFREALFETFRELIID
WTEREITV, MOV TEREIT720 Thb
DRBAERICBNT, MEEREIRIFZZ L &, B
NOXDRT ¥ ¥ ¥ VxR L TV B, KigTix, Z
NS OREFHE R Z B LATREF LSRR EHLL2 5 K 2
BYRBEZR O REETIC BT 2HEHMEREIC O W THE T %,

2. HREkE

IRBERF OIS X % 1K 1 12R$, MRBERIZ BB S ON
££80 mm, £ 300 mm, JE & 2mmdOAEE TEHE X
M, PRBEZE F— ABEITH Y § % K1 N1EZ)E 50 mmo &
539777 AN—HHR TR EN TS, T AGH
DRI, KEB X OBREBET 255 OREIC X 5 BJH%k
I 2 728, PRI & WA B NS Tw b,
KEWGEOBRZIE, CoOMFEEZIY AL, F72, BREER
&) ERHEO B CAEE (KE250 mm) IZHU) 2
720

F1, RixEhzFh, 1ERHBIUO2EHOA »
Tl ¥ — ORI WAL, S X R
AW Z R T, WEORMIOmKIIELWICHLETH
5o 1EBEHA Y27 % —1% —EMEHSEICZ-TB
D, FRAFKZGZEMNENZBEY, BRHICBVTHE
BEVZ SR I IS RE CHUY fH Bz 4 KoLy (N
10 mm, JEX 1mm) OHOA SIS TES X
bo 2BBRAA vV sy =ik, 1BAA YV 2275 —D
MNAEMNICFENCEE Sz, Bmd B L2MfE T, 20
S v EB O MRE L2 VX ST FL A 7 11 1210 mm I FE T 4 B,
ZOKBEICAEMT OB MERTRE SN, Zhon
52 B H PRASAEEINA S ICENY S NS, BEILO
JE A E L, EEEA S TIEHE 2BH, 3B
HE 4BHED, ZhEnfF—7T, MEIZSLEITNL TS,
2BEHDA Y27 5 —OBEILOERIL RiRIZERE
{roTwd, SN 2EHOTFRERELVZL, 1
B HOMBEFIRICHAG S 2ROV H 5,

1BEHE2BEHDA Y2y ¥ —DBBEEN~D N
B3, LBz oMb, UBROBEIIIBWT, HREE
FIRM 2358 L U7z 1B H OBEHLOIIH OALE % Zin,
2B H O S IKIHZ ) OB ILOHOLE % Zin, T A
RINNLHE % Z, & 5

FTATZENC BT, 2EBHOFRARKEFEZ 1
B H O PRASMESIE 12D 2 L RBERER AN 1§
LIEDIEREINT VWS, TORPERFFHIIWL, 1
BHOA Y27 % —o LR )i mah i obix &
ZERT, FZWC2BEHORD R OB ILINE T S

Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/28.



Vol.45 No.4 2017.7

BRFR KRB BMBA R REETFEER

DRERIDICHA LA ZBBAIC LS RENOK BB EHA 299

L9 L7z. 2o#R, TnooflidihmTlEED
MEGHFLIZ 5 mm F T sz,

PREMCIEA Y V2L, ©—% —TFEL-2A%
AT T4y 7 IFF—TRAESE, WHETHRERAZE
WL, 1BERHE2BHDA VY2 7y —I1MG L2 1
BEHBIU 2EHZRAmME (na, me) (&, & 51254
g/sIZEE L7z

Gas
Heat sampling  Quartz
insulating probe tube
material \
\\ L
d80
Secondary
mixture
N" —Ia -3|_.
[y o =P
of
T .I_'_ “
2 Prima
E -
N N—E mixtu:‘i

Fig. 1 Photographs and drawings of injectors used.

Table 1 Dimensions of primary injector.

Outer tube and wall thickness, mm 32 ID*-1

Inner tube and wall thickness, mm 25 OD*%1
Cross-sectional area of mixture passage, mm? 313

Number and diameter, mm of holes 4x ¢ 10
Total opening area of holes, mm?® 314

*Tnnlnner diameter, **OutOuter diameterer

Table 2 Dimensions of secondary injector.

Inner diameter and wall thickness, mm 19.7-1
Cross-sectional area of mixture passage, mm? 305
14X 3
Number and diameter of holes®, mm 4x¢3
(From top to bottom rows) 4% ¢4
414X 8
Total opening area of holes, mm? 308

*10mm interval
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Fig. 2 Photographs of flames showing effects of primary mixture P2 WHEBITMAE ING Z L TRIDHIMRAESI NG Z &8
injection position, Zi, on flame structure for Zi,»=55 mm RENTWS,
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Fig. 3 NOx emissions and combustion efficiency vs.
overall equivalence ratio, ¢, for different primary
mixture injection positions, Zi1.
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Fig. 4 Photographs of flames showing effects of secondary

mixture injection position, Zi2, on flame structure for
Zm1=10 mm and ¢1=0.7.
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Fig. 5 NOx emissions and combustion efficiency vs. overall
equivalence ratio, ¢, for different secondary mixture
injection positions, Zina.
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Fig. 9 CO and HC emissions along the combustor axis for
secondary mixture of different primary equivalence
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Fig. 10 Concentration of NO and NO; along the combustor axis for secondary mixture of different primary

equivalence ratios for ¢ of 0.5 and 0.6.
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