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Positional Relation of Flame and Vortex Filament Soliton in High-Speed Flame Propagation

along a Vortex
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Abstract : The unsteady 3-D numerical simulation was carried out in order to clarify the relative locations of flame
and vortex filament soliton in the high-speed flame propagation phenomenon (the vortex bursting) along a line vortex.
The position of vortex filament soliton was determined by a peak point of curvature distribution along the vortex line.
The position of flame was determined by 3 kinds of physical properties, respectively; a gradient region of temperature
distribution, a peak point of temperature gradient distribution, and a peak point of heat release rate distribution along the
vortex line. In the 1-D analysis of flame propagation speed and in the 3-D visualization of helical vortex lines around the
flame top, it was confirmed that the vortex bursting occurred in this numerical simulation. Furthermore, in the 1-D analyses
of vortex line curvature, temperature, temperature gradient, and heat release rate along the vortex line, the peaks of vortex
line curvature (the vortex filament solitons) were observed at the same locations as the peaks of temperature gradient and
heat release rate (the flames), and the flames and the vortex filament solitons propagated in pairs along the vortex line. Due
to these results, an evidence to support the vortex driving mechanism (the interaction between flame and vortex filament
soliton) in the vortex bursting was obtained.
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Fig.3 1-D premixed flame structure [33,34].
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Fig.4 Numerical simulation model.
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Fig.5 Temporal change in flame propagation distance.
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Fig.6 Temporal change in flame propagation speed.

0.005

DIRFMZA L Z R, BERNEIRGR ¢ [s], #efili K R SRR
Vim/s] 2R L TWw5

MOSELEL 2\ T = 0.00 ms DBAED T 57 %[5 L,
KBACFRHRPLIZHIHY V=20 /s BRIEEIC R > TE D, JEiR
PRBEHE C4TELE ¢ = 1.0 DX ¥ v — R TRARDETR
PEHEFLIL S, =04ms LT KD BKRELHZH->TWE, 20D
PEHIE, O KBRS 12 R E 72 1 T 7% <,
WRBED A DIREE R EDEFN T EXDTH D LEZ
515, RICWHFELET % T =0.10, 0.15, 0.20, 0.25 mY/s D
YBaD 77 7%/ 5k, Y0777 bR KERPSLLD
MHEKRBEFGEEEDNF EA ERIML 0Dy, & 2R H 7
D25 AT UIRYD, 75 2 BERMEHRT 2 &
WRAZIEEMPBIEE > TRTER B %5, V7 72H5
BRO T, fERPKE VI ERREFBHEDD 123D 1%
B, Z Ok, EHIRBISEL 72 & O KRBIBEE X
REVEOVIRHEDS D 5. EFKREREEER, 1EED R
LSV =0.10m%s D & FIT V=70 m/s FEE, TEBIHR



et 2y, WS - 7o @K RIEREIC B I 2 KB LR Y ) b v OAZIERIR

(a)r=1.0x107s

(b)1=2.0x107s

Helical vortex lines

(c)1=3.0x107s

Fig.7 3-D visualization of temperature distribution and vortex lines.
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Fig.8 3-D visualization of heat release rate distribution and vortex lines.
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vortex line.
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Fig.10 1-D analysis of curvature and temperature gradient distributions
along vortex line.

PR ZIZEAEEZ B LR EBICEAICEREL TW
259ICRZ%. HBEWRTIE, IREARLHKEEED ©—

7 (Fig.3) DR 2 ZE 2 TNLE BB T 2 BIRTH 5 K58

HiF®,

H Lz,
(k%) LR o Y —7 (kY Y v B8

—fDY Y Fv

v AR THDHESHoTH X
L L2 2 CEERMZ, BAEEOE—2
EAERBE VAT

WCHEEL, WX T I > TEAIEBELTWwEEATH S
WCBIFBFHEEEED E— 7 1%

% B Fig.11

F1g100)t—20X10 sl

0):=20x10'3

B2 HEARD € — 7;0%%



248
2000 7.0
} F 6.0
1600 {
curvature 5.0
—1200 ——m— =====- heat release rate [+ o
g KIH 4.0 E
< I' 3
< ik L 30 O
||",: 2.0
400 s
I - 1.0
0 - —J¢¢\~ . 0.0
-0.02 -0.01 0 0.01 0.02
s [m]
(@) r=1.0x107%s
2000 7.0
curvature
------ heat release rate | 6.0
1600
I\ 5.0
—1200 =
= F 4.0 E
= i ] =
2800 :' A F 3.0 g
|: .: >
i i L 2.0
400 b L
J i [.- k L 1.0
[ [
i A
0 el = 2L\ 0.0
-0.02 -0.01 0 0.01 0.02
s [m]
(b)1=2.0x%x107s
2000 7.0
curvature
------ heat release rate | 6.0
1600
5.0
N A\ =
— 1200
g F 4.0 §
= . =
? 800 : " F 3.0 9.
i i N
] :: r 2.0
400 h L
/ " L J [ \ F 1.0
[} (AL
1 'R
0 Lt =t 0.0
-0.02 -0.01 0 0.01 0.02

Fig.11 1-D analysis of curvature and heat release rate distributions along

vortex line.

PR - AR ERNCE TIN TR B X I IR 228, 20
IR ERUR I, JBI0R L 7 PIRA KRG O BN (Fig.3)

s [m]

(©)1=3.0x107s

THHALIZEY TH 5. WAV Y b (7 ROMWER) ~
DEHELE O BLED 5 1%, BBERISIC X 25 Z DL DT
1370 <, WM X 2HEZA - B2 L EENICE
HThrEEZOND 7O, WRIIROE— 7 7ElE, ¥
BEoOC—7MEL DD, BEAROE—7HELE L »
IEAH 2 kI IcbBbhs, 7 Figll @ 1=1.0x10"s
B2 A TIRATRAEBRIZO E— 7 27K E {Bln

(62)

HABE & 555651775 (2014 4F)

TWw5H, ZHUFRKOBICIRTINIC G 2 7L Edg) O
WEEZITTwEbDEEZ NS,

DI_E o Figs.9, 10, 11 DFERD S, KR DNE % L5516,
W ABL A, 2 L CREEEE A D 3 D OY R TIE
LEZNEFNDOHEICBVT, RIVT v I A N—AT 4
VARBF D KR LAY Y b DOLE IR IR I3
LTED, ZNOVEIIXTICG>TEIFEL T e
MERINTEEZD, LEDoTHHEOREIL, KR LR
£V U OMEERBHEPICKD > TWwE I E, OF
D, »5HHETOKRREDOENEZE (KR K 2 EIREE) A3
SR UMTTHEAY Y b 2ERT 2 E, BRI
FV U N VIFASOFFARE GERIC X B MR 12 ko
TRRZHTANEEL, X6 ICHITAEE S L KR IZHE
BOBIERICE > TR Z2EsichlhiFs tw) Lok
TEDMHEAERDHEPITR D 3> T b 2 & &R TRkl —
DERDH, ZLTHADINE TOWFFER8-321ICH AT,
S OFERS, ARV VI X 3 EEAREEO T A T
7 AR D Z M2 R TG R O —D L7 5 b D I
INs,

4. #&

AWFZETIE, %Y Y P Ik B EEARGIEO T A T
7 AR OMEE D 2 7012, KL LWLV Y F oM
SIALERI R ZE X DL C IEMEICHRZ 2 L2 HIWNE L
T, Bty 2 av—ay - 0L - BT To . 2D
O, DTk RARBES N,

1) KRAEFRIEEE & KRIBIBHEED 1 RoufbT T, s
FIEL R WIGE L URT, WBHET 28560 H KR E
TP IL 3555 SRERESCRD, MOEHRPKEL KD
13 EEFEKRBEEEORELS B2 b ot, HlZIE
it 5 r =2 DWOFERD 9 B, Heb/NSOIFE T =0.10 m’/s
DA DEF K RACTERELE L V,=7.0 nvs FLE, ROKRE WL
BRI = 0.25 m%/s DA D EH KIAGTRRE 1% V;=11.0 m/s
BEIGEL, Lo THROEfEY S 2L —>a vz
BWTHE» IS > 72 KRBT (FVvTy 7 A -
N=2F 4 VYRR > T3 2 EDHEEI N,

2) AL, FEGHEEE X 0o 3 Zonrrgih ik, 4mE,
P EEAROMMEZ TG L2 8T, MEMKT 2%
BOMBORDI KR AT T 7 2 IR U s
WA PHBICR SN, 207 VRO, Kz
D ZNFE TOWK[28-32]TH & N7 L FkkIC, Fou
TV IR N=RAT 4 VT DWRBE A A = AL TEHER
PEEIZHEIMAY V) P L) BIGIKETH L EEZ 6N
7-.

3) HEE, TREEARL, FEGEEE X ORI 1 Xon#
Brcld, THETICHWTE ZREST O ARER 7 T T
%<, SR, HIGREARSAOE— 2, % LT
ESDOE— 27 $MA T 3 DOYBEEOIERD & KE DA
EEZRE L, FRmBRs oY —22 0%V ) b

il



PR tIE 2>, WIS > 7o EE K RIBRRIC BT 2 K8 Lk Y ) b v OREBIR

VOREBEEZREL, Ik, ADINFE TONIE
[2829] TIEH T A TH > 7= kL Lk Y Y b v OfrE
BIfRZ KDL IEREICHRZ 2 &3 TE L X9 Ik -
7o, RHTORER, KROMEE 3 DOYHEETHRE L2
NZFNDOBEITBNT, RALTF v 7R - N—=2F 4 v /I
BU2KEEWAY Y by OMEIKIEIEERMIC ML TE
D, ZNEDFHITRTITE > TEEEE L T T L
5 AL,

4 DL Eo 2y BLU3) OfiHRIE, &5 7 —ADiEHDIEER
DAL, REWBIEE T =0.15mYs DEEDRERTH 253,
W BIEBROLE S EMEMICIZIZITRM R EZ R L 7,
L7 THRDFERIE, RAF v 2R« N—RF 4 v
IZEWTKE LAY Y F v OHEARDHEDP KD 7o
TWBZEZRTIHHLO 2RI 2, ZLTHEADT
NE TOWFIER8-321IC M AT, SRIOFERY, #M4iY U b
R DEEKRBIE E D) R E A A= XL DT AT
7 ARG D Z S R TR RO —D & e B T L osHIRE
INs,

AHE

FHD ) LARBROMR D B, HARZMHRE S - KAl
FEE RN GREE S 24 « 5802) DBIK % 52\ CTHEhi L
o, FREMOWRED L, AAREMIRES - BIfFE -
PRER BT ZEAFZE GIUE RS 25560177) D BIER % 321 C Eji
L7z, ZZICRlL TlEERT.

References

1. McCormack, P. D., Scheller, K., Mueller, G., Tisher, R.,
Combust. Flame, Vol.19 (1972) pp.297-303.

Chomiak, J., Proc. Combust. Inst., Vol.16 (1976) pp.1665-
1673.

Ishizuka, S., Combust. Flame, Vol.82 (1990) pp.176-190.
Ishizuka, S., Murakami, T., Hamasaki, T., Koumura, K.,
Hasegawa, R., Combust. Flame, Vol.113 (1998) pp.542-553.
Ishizuka, S., Koumura, K., Hasegawa, R., Proc. Combust.
Inst., Vol.28 (2000) pp.1949-1956.

Ishizuka, S., Prog. Energy Combust. Sci., Vol.28 (2002)
pp-477-542.

Asato, K., Wada, H., Hiruma, T., Takeuchi, Y., Combust.
Flame, Vol.110 (1997) pp.418-428.

Zhao, D. Q., Yamashita, H., Trans. JSME (B), Vol.67, No.662
(2001) pp.2567-2573 (in Japanese).

Nagai, H., Zhao, D. Q., Yamashita, H., Trans. JSME (B),
Vol.71, No.709 (2005) pp.2339-2344 (in Japanese).

Kondou, S., Yamashita, H., Shinoda, M., Yamamoto, K.,
Trans. JSME (B), Vol.74, No.747 (2008) pp.2387-2392 (in
Japanese).

11. Shinoda, M., Yano, K., Wang, J. P., Fujiwara, T., Proc. 31st

10.

(63)

12.

13.

14.

15.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

249

Symp. (Japanese) Combust. (1993) pp.249-251 (in Japanese).
Ashurst, W. T., Combust. Sci. Tech., Vol.112 (1996) pp.175-
185.

Hasegawa, T., Nishikado, K., Chomiak, J., Combust. Sci.
Tech., Vol.108 (1995) pp.67-80.

Hasegawa, T., Nishikado, K., Proc. Combust. Inst., Vol.26
(1996) pp.291-297.

Hasegawa, T., Nensho Kenkyu (J. Combust. Soc. Japan),
Vol.122 (2000) pp.49-57 (in Japanese).

. Hasegawa, T., Nishiki, S., Michikami, S., IUTAM Symposium

on Geometry and Statistics of Turbulence, Kluwer Academic
Publishers (2001) pp.235-240.

Hasegawa, T., Nakamichi, R., Nishiki, S., Combust. Theor.
Model., Vol.6 (2002) pp.413-424.

Hasegawa, T., Michikami, S., Nomura, T., Gotoh, D., Sato,
T., Combust. Flame, Vol.129 (2002) pp.294-304.

Umemura, A., Tomita, K., 7Trans. JSME (B), Vol.65, No.637
(1999) pp.3169-3176 (in Japanese).

Umemura, A., Tomita, K., Trans. JSME (B), Vol.65, No.637
(1999) pp.3177-3184 (in Japanese).

. Umemura, A., Takamori, S., Proc. Combust. Inst., Vol.28

(2000) pp.1941-19438.

Umemura, A., Nensho Kenkyu (J. Combust. Soc. Japan),
Vol.122 (2000) pp.35-48 (in Japanese).

Umemura, A., Tomita, K., Combust. Flame, Vol.125 (2001)
pp-820-838.

Takamori, S., Umemura, A., Proc. Combust. Inst., Vol.29
(2002) pp.1729-1736.

Hasimoto, H., J. Fluid Mech., Vol.51 (1972) pp.477-485.
Japan Society of Fluid Mechanics (Ed.), Fluid Mechanics
Handbook (2nd Ed.), Maruzen, Tokyo (1998) pp.176-178 (in
Japanese).

Tatsumi, T. (Ed.), Science of Turbulence Phenomena - Its
clarification and Control, University of Tokyo Press, Tokyo
(1986) pp.259-261 (in Japanese).

Sato, Y., Shinoda, M., Yamashita, H., J. Combust. Soc. Japan,
Vol.52, No.161 (2010) pp.224-232 (in Japanese).

Oomori, S., Sato, Y., Shinoda, M., Yamashita, H., J. Combust.
Soc. Japan, Vol.53, No.165 (2011) pp.172-182 (in Japanese).
Sato, Y., Shinoda, M., Yamashita, H., Proc. 48th Symp.
(Japanese) Combust. (2010) pp.142-143 (in Japanese).

Sato, Y., Shinoda, M., Yamashita, H., Proc. 49th Symp.
(Japanese) Combust. (2011) pp.150-151 (in Japanese).

Sato, Y., Tanaka, K., Shinoda, M., Yamashita, H., Proc. 50th
Symp. (Japanese) Combust. (2012) pp.170-171 (in Japanese).
Mizutani, Y., Combustion Engineering (3rd Ed.), Morikita
Publishing, Tokyo (2002) pp.79-81 (in Japanese).

K., Araki, N., Makino,
Engineering - Fundamentals and applications, Rikogakusha
Publishing, Tokyo (1988) pp.49-54 (in Japanese).

Kobayashi, A., Combustion



250 HARASE 2238 55 56 % 177 7 (2014 4F)

35. Williams, F. A., Combustion Theory (2nd Ed.), The Benjamin/ Approximations for Methane-Air Flames, Springer-Verlag,
Cummings Publishing Company, Menlo Park (1985) pp.1-18. Tokyo (1991) pp.1-28.
36. Kuo, K. K., Principles of Combustion, John Wiley & Sons, 40. Kee, R. J., Rupley, F. M., Miller, J. A., Sandia Report No.
New York (1986) pp.161-230. SAND 89-8009, Sandia National Laboratories, Livermore
37. Patanker, S. V., Numerical Heat Transfer and Fluid Flow, (1989).
McGraw-Hill, New York (1980) pp.126-130. 41. Coffee, T. P., Kotlar, A. J., Miller, M. S., Combust. Flame,
38. Patanker, S. V., Numerical Heat Transfer and Fluid Flow, Vol.54 (1983) pp.155-169.
McGraw-Hill, New York (1980) pp.67-68. 42. Coffee, T. P., Kotlar, A. J., Miller, M. S., Combust. Flame,
39. Smooke, M. D., Reduced Kinetic Mechanisms and Asymptotic Vol.58 (1984) pp.59-67.

(64)



