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AFHSCIE TH R 2 — B BRBERRN OB EER 22 EME & HERIELIE A il & 2 B3 2 JLpnomfrge ) S8 L, ITD 7
FELORRENS.

B1E i i, TEORE - =X —MEICBEE L T, HAX—E U BREERO BRI & KRB Al
IERMETHD xRN, AL — BRI T D BRE AR 28 L, R3O BREZI LN
LT3, T7bb, HAF—E UREESICEIT B AE TIRAREEOE A IX Nox HEH B % 28 v fe7e —F
T, IBERSEEAE LT NE WO RERDRH D, BRIELZECICHEMPREN I N TWD . ZOEEFRT 5
Wi, PR & L CTHW S D ZReEO RO ERIELTLS: & KR K NEDGZOMEIERIC L VFHE SN EE
BREEHSZOMFANLIETH S & &I, R K RIEEELE N L CEGEA R L IE I %2 RIEThE
EIELIE A BAEE DM b METH I I L AL, TR X —E U REESRIC I T A BT R 22 B4 L FERI LA
RIGEEIRFT D Z ERARBILOEHTH 5 Lk T 5.

B2 KFE - FRIERELR PIRS KR OBEBEEMHE ] TIiE, HEERESRNICIER IS KE - 2250eEEL
MTRA KR OBEBEMEE (ONS) 247V, JERELFTFIRA K OFE) « BREERFEICH 95 AT — Sl Y&k
DEEEPLNCL TS, Thbb, YEH1.0L2 0.6, AT—AH0.6 & 1.205%2xt5%L LT, ERELR
BUEARNT T 1% T2 SR BERR N O FERTELTE TR A KD DNS BTV, FRHERE L L CEE L 722 5 NIIEEER
REIE & MR BRI DO ReiE, RPTEIE AR, AL D S5, RPTELITREE eSS 1o x5 2 U — VR
DY EBILOFELFALNIL TN 5.

%3 F ERELE TRA KX OERIFEHE] TIE, 28 2 3D DNS #5212 dynamic mode decomposi tion (DMD) fi#AT %
WSS LT, mER), ) OB A RAEE) OFLE D B IERIELTE T IR S KK DBEEEA B 5N LT
W5, Thebh, REEERNOIE S L BRI, RESINICRIFT 5 EA T — ROFEIC L > TERoeH
2 LA A RT &G, DMD BT &9 = & THECHIAREBGTEE — R2BEL, KEKLED, HDHWZE
IEE) & ORR AT L, BREEZSN O KBREBRIRIE O A RN R 72 BT Bt — RO A & —8d 2528, &
B ATRET) O F NI EGE B — RO BRI EENCRE LW 2 EEEZ LML TN 5.

4% ERELRPRGARICB 5 HE T 3L —MEH8E | T, DNS #ERE2 AW THEER T 3L X — 77
O Rayleigh ERRIED G L2 MG L, BB 2L X —{GHEI0 T2 AT —VEOEELZH M LTV
5. Tihebb, EHEG)EBFEAREHO DM BTN D, SIREIT— REONMAEZE, Rayleigh ARED AR
EIZRT 2 HIEERNE— NOFHELZRFT 52 LT, 5 3 ETHLLIZ LI XBMNREEEE— RO—HTh v
TV TPREL TERT XV MG NThND Z EEEZHLMNILTNA.

95 E [BEEARL TR 2 A8 = 3 VX —fT) T, DNSHEREZ AW TEERAH T XX —DIN L%
Betd 52 LT, BTV —0EREBRICHFES T I2HEMERZELNIL TS, T72b5, JEmEEL
RGBT DB 2 BT R X —IN LN DS, = e B —FENER T HIEE, B4R, BvmEL ORI
BOREENCEKRN T 2EHBZNENLEH =RV XF—DER EFRICR D RERFGERTEEHLNITH L L
Hiz, XA AT R LX — AR ZEMESE EBINEHEZH LN LTV, S5, XEMREE =R
XF—AEIEH AT D 2 &I2 LY, Rayleigh OREMSIIZMRD D, L0 #EHEEHOILOHT - 2L EMNSM%
BRLTWAS.

%6 2 [FEMIELITE TIRG KL O K Iehhis L F$EEE | TlE, DNS #5505 456 - FERIELTE TR S K LD SRk
REEE R ZHICRET 2 2 & T, EA T — VS TORIRM 7B AR T OBER & Z OBREEER S5 E 125
HEBEHONMIL TS, T7hbb, OFTAREZT 2 BIAR EERELR RS KRO KkKHEEE T 5 =
LT, BRI OT R EN TR R BN G AT LS A Z L ZELMNCLTWS,. £, SERELIRREEIC
BT 2 KRBT ORBRMA~OYERDS, BIKRFT OB TIETHEIN2WEARERORE R EREZ5 2R 232
LEELMNIL TS, 5|, BREROMECREMITMICEE T2 2 LT, OTAHREEIZ X 5 RFTRE
HEE DAV DR BEBR BN B 2 DB 2B 52 LTV 5.

BTE R T, SFECHLNERERIEL TV 5.
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In practical gas turbine combustors, lean premixed combustion is employed to reduce NOy emission and
swirling flow is utilized for flame stabilization. Although the lean premixed combustion can significantly
suppress NOy production, it has a propensity to cause combustion oscillation, which leads to a high level of
noise and structural damages of a combustor. Establishment of prediction methods and control techniques
of combustion oscillation regquires understanding of thermoacoustic oscillation characteristics of swirling
premixed flames. Understanding of heat release rate (HRR) characteristics of swirling flames is also
important since fluctuating HRR caused by turbulence-flame interaction can dominate an acoustic field in a
combustion chamber. The main objective of this study is clarifying the thermoacoustic oscillation
characteristics and flame structures of turbulent swirling premixed flames. For this purpose, direct
numerical simulations (DNS) of turbulent swirling premixed flames are performed for two swirl numbers
and two equivalence ratios. Local turbulent combustion conditions of the simulated swirling flames are
classified into thin reaction zones in the Peters regime diagram. Three-dimensional oscillation
characteristics of acoustic and HRR fields are analyzed by applying dynamic mode decomposition (DMD)
to the DNS results. The DMD analysis reveals that several acoustic modes with three-dimensional
structures are excited at frequencies where large-scale vortices are generated. Thermoacoustic stability
analysis based on the Rayleigh criterion shows that the mean values of the Rayleigh term are negative for
al the conditions while several dominant DMD modes of pressure and HRR indicate the onset of
thermoacoustic coupling. Disturbance energy analysis reveals that the source terms caused by entropy and
heat transfer fluctuations are respectively the dominant production and dissipation terms of disturbance
energy. A new stability criterion constructed using the reduced forms of the dominant source terms
characterizes well the temporal evolution of the exact disturbance energy. Comparison between the
swirling and strained laminar flame structures shows that HRR variation in the swirling flames comes from
effects of strain rate. It is also clarified that strain rate affects the source of combustion noise through the

response of an exothermic reaction, which consumes molecular hydrogen and produces atomic hydrogen.
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