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ASTUDY ON EMISSIONS OF GASEOUS AND LIQUID FUELS
FOR REVERSE FLOW FLAME STABILIZED COMBUSTION

5
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Emissions in reverse flow flame stabilized (RFFS) combustion were investigated at atmospheric pressure with
kerosene to study its applicability for the first stage of a liquid-fueled, staged low emissions gas turbine
combustor which is characterized by the reactions of ultra-lean to lean secondary mixtures injected into the
burned gas from the lean burn first stage. The fuel was atomized by a pre-filming type twin-fluid atomizer in a
co-flowing combustion air flow and the resulting mixture was injected toward the end wall of a tubular RFFS
combustor. The droplet size distribution of the sprays by this atomizer were found to depend on the pressure of
atomizing air but independent of fuel flow rate or air-liquid mass ratio over the whole range of the fuel and air
flow rates in the present study. Therefore, equivalence ratio was able to be varied by adjusting fuel flow rate with
maintaining atomization at several fixed levels. The effects of atomization level, air preheating to 373, 473 and
573 K, the positions for mixture injection and gas sampling above the end wall and equivalence ratio on the
NOx and CO emissions and combustion efficiency were studied. Global structure of the flames was recorded by
direct photography. Similar investigations were conducted with methane by feeding the fuel to the liquid passage
of the twin-fluid atomizer to investigate the difference of phases of fuel, gas or liquid. This paper describes
comparisons of the emissions characteristics of RFFS combustor with methane and kerosene obtained in the
present study and those with homogeneous methane-air mixtures in our previous study.
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Fig.1 Schematic drawing of combustor.
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Fig. 2 Schematic drawing of a pre-filming type twin-fluid
atomizer.



Table 1. Specifications of two annular swilers.
Inner Outer
Number of swirl vanes 6 12
Angle of swirl vanes, deg 47 45
Direction of swirling flow Countercrockwise
Swirl number 0.90
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Fig. 3 Atomizing air pressure-air flow rate characteristic
diagram for a pre-filming type twin-fluid atomizer.
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Table 2. Test conditions of drop size measurements.
water kerosene
Atomizing air
pressure 0.06 - 0.20 0.06,0.10, 0.20
(4P/P)na
Atomizing air
velocity 42 -81 42 56,81
Upa, M/s
Liquid flow rate 10,2030 10

Q.. , cc/min
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Fig. 4 Comparison of atomization of a pre-filming type
twin-fluid atomizer for water and kerosene.



Table 3. Physical properties of test liquids at 293 K.

water kerosene
Density py, kg/m3 1000 780
Surface tension oy, kg/s?  0.0735 0.0277

Dynamic viscosity py, Pars 1.0x1073 1.3x1073
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Table 4. Test conditions of exhaust gas measurements.

Total air flow rate m,, g/s 54,72

Inner air pressure (4P/P)pa 0.08,0.11, 0.15

Inner air flow rate m,,, g/s 1.0,1.25,15

Predicted SMD, pm 19,15,12
Equivalence ratio ¢ flam';lne:t:i:iet?/nlimit - 075

Preheating temperature T;, K 373,473,573

Injection position Z;,, mm 35,85
Gas sampling position Z,, mm 200, 250, 300
Fuel kerosene , methane
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(4P/P)y, =0.08 (4P/P)ya =0.15
Fig. 5 Photographs of flames showing effects of the air flow

(4P/P)ya =0.11

rates in the nozzle on the flame structures for methane for Z;, =
85 mm, my=5.4 g/sand p=0.6 at Ti = 373 K.

(4P/P)p, =0.08 (4aP/P)p, =0.15
Fig. 6 Photographs of flames showing effects of atomization

(4P/P)y, =0.11

on the flame structures for kerosene
for Zin =85 mm, my=5.4 g/s and ¢=0.6 at T = 373 K.

(4P/P)pa=0.08
Fig. 7 Photographs of flames showing effects of the air flow

(4P/P)pa =011  (4P/P),, =0.15

rates in the nozzle on the flame structures for methane
for Ziy =35 mm, my=15.4 g/s and 9= 0.6 at T; =373 K.

(4P/P)p, = 0.08
Fig. 8 Photographs of flames showing effects of atomization

(4P/P)pa=0.11  (4P/P)p, =0.15

on the flame structures for kerosene
for Zin =35 mm, my=5.4 g/s and ¢= 0.6 at T = 373 K.

43 e A5
431 KUK L OVRIREREL D HEREIE O HLig

KRB X OMRIRR B O PR E A e L e iR 2 X
9 (a)-(c) (27~ L, Inner air O\ OZEALE L OWE AL E
DFENOEBIZONT LI ORT. Y&, AT
BERIORARENZZE L CHEEEE LR
FE Ty &7 7 7 OfflH, NOXx (15% 0z) 35 Xk OMRBEMR %
fitd & LTR L. iTHrstle]l THRETIRA X
(premixed mode) DRBEREFITMARCT 2y FLTW5D.
9 (@)-(c) 1T/RT &L 9 ITHRIRBREED NOX HEH L~ vid
SIEREI O T LB L CEL oo T D . ZORRIE
W2k 25 IR O & PH 3 X O Inner air D B LI % LT
EbbIZ Lid7e<, ETREEAYESE ZIZF U vz
D EWVD T EiER. I KRIERE T loxd 5 NOx
P OMEEIZE BT 5 & [URBRE OB & I3RS EL O
FNEWET D ERENT ENZND. RIZKIKBREL D
NOx HEHIZ 2T, Inner air JE OB ANZ LN IETIRE
D NOX HEHI L~ idiid L, Bmic TiRA X
CRICETIZENLI VRS B EnbhoTz. 2T
RBET D RATOIREL & SR OREPMEE S, RATICE)
BRREENER SN0 TH D . KR Ty ok
% NOx et ICERT D L&, FTRATXOME
ETFRAEFROEN ERBEICR> TN,

TR REL O BRIEIZ I3 1T D Zin = 35 mm D NOx HEH L
ISR YERB IR TF R T, BEEREEOEITH L
T—ED L~V EHFEL TS, —F, Zn=85mm TD
NOx HEH L~ V322 R AEE D BRI THA L,
Zin = 35 mm O NOx HEHH L ~LiziE-3< . Z o A LT
WOX 6 DAKEETHLERNTEY, BLELKELD L
FAC L - THREBEOBWD BRI TS, LL,
Zin = 35 mm DKREEZ R D & FCERLEED LHIC
L BEEREFEORAILH 505, NOX HEH L~ iZidz o
HENKB TR,

HETFREFRUITBIT D Zin =35 mm O NOx g L~ 1
I Inner air JEEDOFPAICIB NN T Zpn=85mm DOZ L L v &
{72 TS WHED LV DEITKRIEE T, © EHIC
o T/hE< 720, 1800 KHE TR LE—8T 5. £7-,
NOx HEH L)L & I & o BfRITIR IR B Ccoo R
R 5. FETIREFRITEBIT D Zin=35mm TOE
k& R DORATE Zn = 85 mm L0 b EEENENEE
2D, REMICERT DL, Zin=35mm OJ5 M 7k
lETHRAELTEY, BMHL T OJEEE TOHRBENE
VME E R FTHIIZ BB EE DB DR AR E T
EEZEZLND. ZHIEAEMTH LN DRBESFEOIK T
IZH DB > TWND.



10% ¢ 1100
: =
N =
L 80 <
= 1§
% 10! ¢ m,=54gs | 5
n £ L7 Zy=20mmq{ 60 &
= . T, =373K k)
E_ (4P/P)ya = 0.08 s
2 > =
) 10° #7 Zip.mm 35 85 E
(@) C kerosene ® O "g
Z _ rnon-premixed A A =
- methane - air [ premixed ——_—— &}
10—1 N " 1 " 1 "
1200 1500 1800 2100
Theoretical gas temperature T},, K
(@ (PIP)na=0.08.
10% g 100
: 17 =
N >
L 80 <
= 1§
N 10! E m,=54g/s )
n : 82z, =200mm{ 60 =
= - T, =373K )
g L A (4P/P)pa=0.11 _g
o 10° ' Zip, mm 35 85 ?
O o kerosene ® O "g
4 _ rnon-premixed A A =)
methane - air [ pretued p—— &)
10—1 N N . 1 N N
1200 1500 1800 2100
Theoretical gas temperature Ty, K
(b) (AP/P)na: 0.11.
10? ———g—OALPACAKIRD—O— 100
i A ] S
2 il $;4Ar£¢%apg 182
X 10t 3 m,=54g/s | -°;"
= : Z, =200mm- 60 &
N’ z S
T; =373K )
g 3 (4P/P)pa=0.15 E
= 10° 3 Zipmm 35 85 ‘é
O r kerosene ® O "E
Z _ rnon-premixed A A Iy
+ methane - mr[premixed T &)
10—1 " N L L L 1 L
1200 1500 1800 2100

Theoretical gas temperature T, K
(©) (APIP)a=0.15.
Figs 9 (a)-(c) Comparison of NOx emissions (15% Q)
for methane and kerosene.

432 TEREEZELSETEED NOX HEHIC KIET
R ERE D 2
TRIRREC & 2 AT IIT AR B 2 1R T, BBZER DR
RE TR kAl L IR G UBRBESUG 1T 5 . ABEBR CIRIR IR
BEOZERE D FEL E % NOx HEHIC KIFE Tk LiERED
WEEE L. TEWRE T % 373,473,573 KIZRE L
7=. 1 0ZRT X 91T Zn=85 mm DT, TE
IR 373 & 473 K ICBW T LK EEEREL TS
ENOx HEH L~ Wididid 4 4. LA L, PEVRE 573 K
TIIMBALIERE D B A Z 1T 72 < 72 . ZHUTIT IO ZE

ERFIRES I, HMHERIZAATEAIELTLED Z
EnEZLND. T2, (APIP)na=0.08 T? NOx HEH L
AUUITPRIRE D LRI Tl LTV B, 2T
MOEFRBER, REE BEROBEMEEINTZT2DT
H5. —F, K1 11237 X HIZ =35 mm TD NOx
HE L~ i3 &0 T EUREIZ % LT b ek bR RE 12 K
FLRWFER & 72 o 7. WHINLE Y E N9~ & CTlohz
{EPERERC T BVE 12 X 2 AR B O BB YERFHEIC RN
WS WATREEDN B 5 .

KRRIRE Tol2xt 425 NOX HEHIDMHEE ICE RT3 &,
B 1 1IZRT LI TEIRE 373 38 L U473 K TIHH =
NABETH D, TEIRE 573K OGAEDOHMHE N K
EL 2o TS, ZHUTTEURE 573 KICBWTAT D
BRBIOER L DORESOMEIZL > T, 1800K £ D &
VR REI T —< L NOX RS K 0 iERIC R -7
e LRSS, —J, M1 0 T TRRENMEL #
EZERFEERN /NS DR TIHITHOE RS LOEX L
DIRAEPMEE S T SR TO Y —< /b NOx ko
FOGBHEFE 72728, NOX HEH O X 23/ S < 72 o T
LEBEIZLND.

BUZIZR L TWRNA, TERE (LI EhEad0
CO HEH I BRI T b LM RE D BT R b 72 hr o 7.

103 —maﬁ? 100
A ]

=T g d 1995
Zin =85 mm 1

Z, =200 mm

NOx, ppm

&
o
Combustion efficiency,%

10% |
1 _ (aP/P)yy 0.08 015
i T,=373K ® O
rA 43K A A
r 573k W 0O
10!

1400 1600 1800 2000 2200
Theoretical gas temperature T,, K

Fig. 10 Effects of atomization on NOx emissions at various

air preheating for kerosene for Zj; = 85 mm.
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Fig. 11 Effects of atomization on NOx emissions at various
air preheating for keorsene for Zj; = 35 mm.
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