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The Combustion Characteristics of a New Cyclone Jet Hybrid
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Abstract

A Promising new approach to achieve low pollutant emissions and improvement of flame stability is
tested experimentally using a cyclone jet hybrid combustor employing both premixed and diffusion
combustion mode. Three kinds of nozzle are tested for mixing enhancement of fuel and air. The LNG
(Liquified Natural Gas) is used as a fuel. The combustor is operated by two methods. One is DC
(Diffusion Combustion) mode generated swirl flow by air as general swirl combustor, and the other is
HC (Hybrid Combustion) mode. The HC mode consists of diffusion jet flame of axial direction and
premixed cyclone flame of tangential direction in order to stabilized the diffusion jet flame. The results
showed that the flame stability of HC mode is significantly enhanced than that of DC mode through
the change of mixing characteristics by modifications of fuel nozzle. In addition, the reductions of CO
and NOx emission in HC mode, as compared with that for the DC mode, is large than about 50% in
stable region. Also, even using the low calorific fuel as CO:-blended gas, it is identified that the
cyclone jet hybrid combustor has the high performance of flame stability.
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Table 1 Detail design conditions of jet nozzles

Fuel nozzle Air nozzle
Din Area Din Area
(mm) | (mm®) | (mm) | (mm®)
Nozzle 1 4.00 12.57 200 | 294.52
Nozzle 2 1.79 12.57 200 | 113.10
Nozzle 3 1.63 12.57 200 | 263.90

(b) Nozzle2 {(c) Nozzle 3
<4— Fuel Flow

(a) Nozzlel
<= AirFlow

Fig. 3 Configurations of jet fuel/air nozzles
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Fig. 4 Schematic of the experimental apparatus
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(a) DC mode (mm)
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(b) HC mode (mm)

Fig. 5 Direct photographs of flame shape (burner
load=5000kcal/hr, swirl velocity = 30m/s)

23350, Soot FAE ARHL Aoz
d & F AN

HC #AdA =dgel 43 JEFdsde 5
Fo] FAdE g Hatd 9L FPsiof
371 wEd F dAE sHgol ¥4
ot Fig. 62 o] H33d HHY {5
g 2487 ste, TEY gl o
A AdBstge] RaF @ FFud
F9E EAT et Fig 6@ Y M3 F
23 ol @Al FHEY 09~1.6 Alo]
FoolA FF HAE FES P ¢ F
L EE 29 $50] At HodE A
shd o] Fusb 11 ool W A A

g AHE FAEE FAsUAT. 2 A

o

B
2

o k3o o o
o W €

Ade AlolE& AE slolrIE dar]9 25N 149

0.0 T T

0.5

10 / / / ]
Stable Region
1.5 ;

2.0 h

Eq.ratio of Swirl Flame

25

A

3.0 L . L
1000 1500 2000 2500 3000 3500

Swril Flame Load(kcal/hr)

(a) Stable region of swirl flame without axial

flows
0.4 : . .

Swirl Eq.ratio = 1.2

Swirl velocity=20m/s
Swirl velocity=30m/s
Swirl velocity=40m/s

06 1

40860

Total Eq.ratio

6000 8000 10000 12000

Burner Load(kcal/hr)

1.0 ’
2000 4000

(b) Stable regions of axial diffusion flame
with swirl velocity in HC mode

Fig. 6 Determinations of optimum swirl velocitiy
and equivalence ratio

AN F A FdxZol AAH o} =3
BAZtEY 242 Fd AEHY

Fig. 60b)= °] A3lstge] Ha FFu] F4d
F3u] 1204 AsHse s U WY
Fastgel 4L HEY Folth MLz}
20m/soll Al 40m/s2 F7HEOl weEl RSP HL
A Fbsked, ot M3 dEF o] it
stde Hid 9T Qox f59 Frtz A7
dRAEY F7H2 3ES o2 AN F 9
< nigct o] ARE B B Qe A
Sl ugd et digte A3 4Eg

C

op gl



150 UM - FBE - )7 - 0B

kst Y FU4 Ao AW Bujg
B3 Bdse FURNL ¢ Ye Aoz
Aol Atk E& Fig 6b)% AR ZoA
AFgel e wsel N T Fus
o ARHe AES A3k, nadol FIUIL 2R

i3] AN WAE g e IS
gsgict ole Wi P B W
3lo) A% FFgRGE HNIRY Fil2 Q3 IF
=2 Yl fg & %L ¥ gEez A}
SH 99 AAES vigoz B dFdAE ¢
Astd BEY =A% Y] 129 7% 30misE
AR AeoH ZE 4FL Fasigch

Fig. 72 DC% HC 49 stgddRg Aol&
ol 7] 95t9 Nozzle 1& o g & R&s

6.4 — T — —

Al flame blow out region

Totat Eq.ratio

08} 4

ol 2

4000 6000 8000 10000 12000
Burner load(kcal/hr)

Stable region Unstable region

(a) Stable regions of DC mode

7,
“<

Unstable region

Stable region /

1.0 L st
4000 6000 8000 10000 12000

Burner Load(kcal/hr)

Total Eq.ratio

0.8 F

(b) Stable regions of HC mode

Fig. 7 Stable regions of DC and HC mode with
burner load for nozzle 1

of o@ RGeS Faulo] ol EAF Aol
o 27] A5EHE 5Y A 571 Aatel DO
o4 AR Ae

=2
Al Unstable region 3%
U AR gtEsle JHE vtk De HC
wale] 3 3 AFGL
22 & aolE RolA @A HC W
5,500kcal/hr Bt} @& gdr= A5 FHo|
DC W] vl3] v]4stA Hou, Ralgo] 2 9
HolAe Bt <AE AFgS IS & ¢+ Yok
ol FalEo] 2 A-fof, HC Haex 2A1H
= dE&g 43534979 Nozzle 13 22 & =&
A HBAEHE ZUd FAsEe 43 Aol n
23 7] gEeg sgdc 183 DCY HC
A RE BAWgoR FAdG AFHFol TF
Hol 7] #4418 M3=E 2 HAw, HC ¥
9] Afde g o HAQ FItE dRA=
o] 4t zHEo] ARAox AanE AP
NPE AZE F Aok T Axgao] kAFA
UAE E & Ao|HE DC P49 H4:
7} F71E5E BAAS dgdA A7 5
€5 = Blowout 990°] F7sh, HC 4] ¢
= 4 oAdE B4 os) ZE 2@z
Blowout @42 2AHZR ¢+ AHES

-

o > o

B
B
ol

73

fo o2 1

i)

Fig. 8& DCS} HC Aol A %3 F3u)d
b NOxs} coel wi7] 54 vetd

iy A ,
Z B3l 5000kcalhr® TAZPTH co A
200 T T T 100
—e—— CO (DC)
—&— CO (HC)
160 ——e—— NOx(DC) 1 80
——é—— NOx (HC)
£ £
Q.
g g
A 41 60 A
S [o]
g s
k) 440 &
= 3
3 2
1 20

0
0.6

Total Eq.ratio
Fig. 8 CO and NOx Emissions of DC and HC
mode with total eq. ratio at $5,000kcal/hr
for nozzle 1



Az

o] ¢ 5.0ppm T %HA) A QG Hel A
7t #AE+E HC ¥4l DC A =
o] @AF #Fides AL ¢ F JoH, &
3 FZ BFHIE 075 F2AA =
gol o 50% AXZ HAHE F
At coe AFYHNAM F Ay BEF v

s wAEY, HC W40l D $4nd Cod
Yol 44 2&E B 4 Utk 3 HC PA
N QE9 dRES AEF PHO2 A2

7} 2ol DC Wale] vl cot Noxe BAF
o] A #FaFL d5¥ & Ytk ot FT T
Ful7} 0.75 B} &S A E Fig. 7904 o
9 uvle} o}, HC Wale @& FaFdr 9
EidAdd oz Aso cort w¢ EelAE A4
rolm Qr}. ZHEZ HC Wale AHIE
AfA e sHho]l ARE FFoA 9 COo% NOx
o ARELL fAsHEA, 3E dAHFEE F
7EA Ak @t} olE 93 ds # I EF
23 A3 4ERSAR AE FA5EFY B

mlo

2482 FHN7Y 9 95 =39 Aol
a75o] Ak,
3.2 HC YoM =& gatuisto] w2
AL EY

HC W40l A Nozzle 10] 3 L¥ A $o=, DC
whalol wld] NOxot co9) AZREITE AT,
A FHAAM Z Hol7t Yow, &3] HalFF
o] & AL AAGRAo] FopL EQIEFY
o ol A E Ndstr] A5k, Table 13
Zo] A48 =F9 F FAWUAHL Nozzle 134 Z
0‘:’4/\1 4?94 L&Y OF 259 AEdg I8

AFAE R Wi EHE 7\%56& AOlD} Flg. 9(a)<>ﬂ
] Stable Region I & 2= A9 =Ed tf3ly
St 3 gHo|u], Stable Regionll = Nozzle 2%} 3
gho} ARG gdojct HdEAdirrld F2 HE
HE 2 23] 0894, Nozzle 18] A$d+=
ok 7,000kcalhr o]/F2] g o)A shFo] B s
itk 289 Nozzle 29} 39 7

]‘_ 742 E.fl:
2

AA
e FEAY £FFAZ d8 HJRIs g
5l A= B3 AT 15,000kcal/hr o] Aol A = 9FA
3 dagol —’éxﬂﬁ— < A3} oA
2 Nozzle 29 39] 7$, Nozzle 1o v|sf &3

2AAHAE AT ANEY A28 AE FolBY=E da7]e] 925 151

0.4 T T T
o Nozzie 1
Unstable Region o Nozzle 2
9 v Nozzle 3 |
v
TT 59
.2. 3 Uuuooe,uau l
o 06F %o o
% o By
g . ]
g e
2 .
08¢ 1
Stable Region I L4 Stable Region I
I L]
10 ) —ee .
4000 8000 12000 16000
Bumer Load(kcalfhr)
(a) Stable regions
50 T T ~——
O CO(Nozze 1)
m] CO(Nozzle 2)
40+ L] CO(Nozzle 3) |
g A NOx(Nozzle 1}
[ v NOx(Nozzle 2)
6"7 A NOx(Nozzle 3)
< 30
<
g
s 20
z
3
Q
S
10

4000 8000 12000 16000
Burner Load(kcal/hr)

(b) CO and NOx Emissions when total eq.

ratio is fixed by 0.8
Fig. 9 Stable regions and emissions with burner

load for three kinds of nozzle

o2 EAFE 989 IR F7t2 Qske) &)
3 Flsidn R Az Fgo) Frksly] b
olgt Algd®rh =3 Nozle 29 3& A P9
s Ao 22 dAs FFL A, v2EH
Nozzle 30] Nozzle 29] Bl&] BT} ¢IAHG &
=

Fig. 9(b)E 7 =5 st F% 3HHE
082 1AE Aejolr] Balgtd w2 coe} NOx
9 HH%%*% A3k Zojt) 3E GG M =
Nozzle 1°] T8 =3} v|ug o), NOx = oY
& disl] fA1eE A¢S Rolx glon}, raek
7,000kcal/hr S o)A E9H A4 98 cort
FAstA S-S ¢ = Ak Nozze 29 39 7
o= FaEo] FUME4E co9 uvla A
e & Wil gloy Noxe ASol= FarH o
2 ZaseE AL B 4 Atk =3 Nozzle 39



152 QN - $BE - o7 - oY

A97F Nozzle 29 B84 NOx A Azl o
qAE B & a7} &S ¢ F Aok

Fig. 102 HC oA F3%FS 5,000kcal/hro}
10,000kcalhrZ Zt7 AT & F& 3] W3
o @& wri54& Yebd Zolth Fig. 10@)E
5,000kcal/hro} Z$-24, EE =9 dis <¢A
A9 H(0.8~1.0) oA cox A FAHA o
o, F3n7l ZA2EFE NOoxE HaHoes
2288 ¢ F U 4 x=F9 wrIERe
Nozzle 39 7 $-0 NOx9| 2AFo] 713 FHow,
Co9 LAZFL Nozzle 29 FAIE AFE Ho)
3 9loh Fig. 10(b)= 10,000kcalhre] 7A-$Z A,
5,000kcal/brel] ¥jE] 4 Y2 HeldA ¥ co
¢ NOox9| WEFE JEehiz o 3 4G

200 T T T 100
—6— CO(Nozzle 1)
—+— CO(Nozzle 2)
160F —@—— CO(Nozzle 3) 4 80
——— NOx(Nozzle 1}
g —%— NOx(Nozzle 2) g
o
2 120 —&—— NOx{Nozzle 3) {60 Z
S (o]
8 {40 &
3 3
(¥} b4
4 20
= 0
1.0 0.9 0.8 07 0.6
Total Eq.ratio
(@) CO and NOx emissions at 5,000kcal/hr
200 — T T 100
——8— CO(Nozzle 2)
—@— CO{Nozzle 3)
160 | —<—— NOx(Nozzle 2) 4 80
——a—— NOx(Nozzle 3)
£
& g
i 60 &
S o
8 40 &
<] 3
Q H4
20
0
1.0 0.9 08 07 0.6

Total Eq.ratio

(b) CO and NOx emissions at 10,000kcal/hr

Fig. 10 CO and NOx emissions with total eq. ratio
at 5,000 and 10,000kcal/hr for three kinds

of nozzle

H0.7~1.0)l = Nozzle 3°] Nozzle 29 #]3|
NOx ZA=o] Az, vlAdt CO SAYFE Hojn
V&E ¢ F Ytk Fig 394 B F %o
Nozzle 23 Nozzle 39 H3| Az SHAA 24
sto] B2 ojggo] glo, Aoyt Im WHo)
FL =52 A% dHEAT A3y FAH
AR AEFE FAERY aHEE =& §
P Adx7] e EEEA 2 HIE
Al AT t]Eo], Nozzle 39
Aoxe REIL o]Fojzjol &

JReapyec Y E‘i
2
=
o

S ox o to

33 COE Z&$H N2 HEol st HAEN
a&

Fig. 1€ ¥& 8434 E 713 £ 4479
284 7t54E AEFI Y89, CoE 40-50%
AT ¥ AFAEY LFG(Landfill Gas)E ©)
4oz g AFAFE ZAIF Aotk Agq
Al & B3FL 5000kcalr® AL, 95
of H7tEE CO,9 Fuuld @E 39 Blow-
outo] ZAFE T FFHE AU 2
dA DC W49 Nozzie 19 Z$ol £ Fuy)
1014 0.87kA1= €95 F CO, H7M&0] 50% ©l
ol H9A Yol EFsAE AAE e
th =g &9 AsA FFol st £
27 0.8914 0652 A, 30% ©]AY
CO; #7te 39S EUASIA & ¢ + Yt
DC ¥4 o M= Fig. 7(a)ol A et Zo] 382 29
Azttt 2= Blowout Hu, Fig. 119+ E&
8 @gtoh Wkl HC WHale] Nozzle 19 2%

Stable region [ Blow out 1
Region

0.80 %

Total Eq.ratio

o
@
<)

' ~—&— Nozzle 10f DC 1
—6—— Nozzle 1 of HC
———— Nozze 2 of HC
——— Nozzle 3 of HC

o
©
7]

1.00 ” » £
c 20 40 60 80 100

Volume Fraction of CO: in Fuel(%)
Fig. 11 Stable regions with volume fraction of CO,
in fuel at 5,000 kcal/hr



Agdst IR E A ANGY ApojEE

dl& DC WA Blsl Cco, F7t Hl&ol < 20%
ol FtEtA BS & -’F ATh E3 HC a9
Nozzle 29] 7 -9l Nozzle 19 A% Bo £
BFEFH 0.75 ool thh WHE AAUAE B
o]u}, Nozzle 39 Sl d5 Fd 2% 80%<
COE ETPANALE EE FFu9 oA H4E
o] tB=H YSE A T F AUk 9 B
E upgog £ dAv)d JHdE ds5xE9 &
42 SAMRA "o ALl ojFFol AA
9 AFAse 89 7|9 Aoz JdEh

—_

42 B
B A7 3EERE S o EEE ARE
AT Ato] 28 AE slolm= dAir|Y A=z

(1) HC #41& pC 23 vjwg o, <t3g
3 A3 Fd o3 399 Blowouto] LA
A gorn, g A717F A3 Soot LTl A
9 ALE sk ®3 pC ARt co ¢
NOx WjEeol dA3 A2AT s50%)et3ch L8
U @Y dE =59 AR Al 34E ARGl
Hol A5 xE9 sidel aTEoIN

(2) HC WaldA &2 3] o082 24¢ €
AY, @Y x=ZFo] H]§] theNozle 2) ¥ o-F
> Z(Nozzle 3)2 o 5 o] gz 99
+ 7HAH, cogt Noxe] A7l & &7t J&
gzt o= =% g WiE B3 d=
o 379 EEEA 1A AE #§A3Ee A4

53449 Z7 9% g¥oz A=Y =
F xZo] b xZo| Hal AR JYolx
NOx AZdsol $55e, 481 SN B
o AE ATk Aasolor & Aotk
(3) DC W49 Bo] A2 F O, BTl
30-50% o4l A ol BtRsAT, HC %
A DC B M Bhgel 200 ol 3

COz ?}% l 2k 80%%
A @3 ol A E AFAdFY Fgo) IA
718 Aoz Als€d)

71

fo

e
2
-
o
i)
2

SR CEEZ PRI E

AE solRAE darle dA5A 153

deos FYPHAES AT, ol =gy

ikl
rar

e

(1) Feikema, D., Chen, R. H. and Driscoll, J. F.,
1990, "Enhancement of Flame Blowout Limits by
the Use of Swirl," Combustion and Flame, Vol. 80,
pp. 183~195.

(2) Syred, N., Chigier, N. A., and Beer, J. M,, 1971,
"Flmae Stabilization in Recirculation Zones of Jets
with Swirl," Proceedings of the Combustion Inst.,
Vol. 13, pp. 617~624.

(3) Kim, J. H, Oh, C. B. and Lee, C. E., 2002,
"Numerical and Experimental Studies on the NOx
Emission Characteristics of CHs-Air Coflow Jet
Flames," Transactions of KSME B, Vol. 26, No. 11,
pp. 1531~1541.

(4) Drake, M. C. and Blint, R. J, 1989, "Thermal
NOx in Stretched Laminar Opposed-Flow Diffusion
Flames with CO/Hy/N. Fuel," Combustion and
Flame, Vol. 76, pp. 151~167.

(5) Chen, R. H. and Driscoll, J. F., 1990, "Nitric
Ox- ide Levels of Jet Diffusion Flames : Effects of
Coaxial Air and Other Mixing Parameters,"
Proceedings of the Combustion Inst, Vol. 23, pp.
281 ~288.

(6) Han, J. W, Jeong, Y. S. and Lee, C. E.,, 2001,
"The Effect of Turbulence Intensity on the NOx
Formation of Hydrogen Coaxial Jet Turbulent
Diffusion Flames," Transactions of KSME B, Vol.
25, No. 2, pp. 147~155.

(7) Yetter, R. A, Glassman, I. and Gabler, H. C,
2000, "Asymmetric Whirl Combustion A New
Low NOx Approach," Proceedings of the
Combustion Inst, Vol. 28, pp. 1265~1271.

(8) Hoshino, Y. Morikawa, M., Noda, S. and
Onuma, Y., 2001, "Premixing Combustion of Fuel
Spray by a Cyclone-Jet Combustor," Proceedings of
the 39th Japanese Symposium on combustion, pp.
485~486.

(9) Yamamoto, K., Nishizawa, Y., Takeda, H. and
Onuma, Y., 2001, "Reaction Zone Thickness of
Turbulent Premixed Flame," Proceedings of the 39th
Japanese Symposium on combustion, pp. 7-~8.



