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1 Introduction

Combustion oscillations caused by thermoacousstabilities are critical for operations of practica
gas turbine combustors. The thermoacoustic ingtalmiccurs when fluctuations of heat release rate
are in phase with pressure oscillations [1]. S¢ &alot of investigations of combustion oscillaton
have been conducted by experiments and numericallaions. Shimura et al. [2] applied a high
speed stereoscopic particle image velocimetry (RtVinethane-air swirl stabilized premixed flame
and investigated long-term oscillation charactmssinduced by interactions between large-scale
vortical motions and longitudinal quarter wave maafea combustion chamber. Durox et al. [3]
experimentally investigated acoustic energy balaimcderms of Rayligh criterion and analyzed
thermoacoustic coupling by using two types of costbrs. On the other hand, Nicoud et al. [4]
theoretically investigated the validity of the Reigh criterion and suggest a different stability
criterion in terms of fluctuation energy. As formaputational works, Tanaka et al. [5] conducteddire
numerical simulations (DNS) of hydrogen-air turlnileswirling premixed flame and showed the
importance of short-term pressure oscillation mddeflame wrinkling in the downstream region of a
micro combustor. Moreover, Motheau et al. [6] apglidynamic mode decomposition (DMD) to
results of large eddy simulation (LES) and investiggl oscillation modes in a gas turbine combustor.
Recently, Aoki et al. [7] conducted DNS of hydroegn swirl stabilized flame and investigated
spatial oscillation characteristics of pressure &edt release rate by applying DMD to the DNS
results. However, interactions between thermoaaouostillation and vortical motions have not been
elucidated sufficiently despite their importance tliermoacoustic instability. In this study, DMDdan
thermoacoustic instability analysis are conductedtiie DNS results to investigate thermoacoustic
oscillation characteristics and mechanisms of a@toasergy transfer by vortical motions.

2 DNS of Turbulent Swirling Premixed Flame

DNS of turbulent swirling premixed flame is condedttfor two swirl number cases of 0.6 and 1.2,
considering detailed kinetic mechanism and tempeeatiependence of transport and thermal
properties. The details of the DNS are shown in pnevious works [5, 7]. The size of the cuboid
combustor is 15 mm in the streamwise directig) With 10 mm x 10 mm cross sectidn, & L,). The
number of grid pointsNx x Ny X N,) is 769 x 513 x 513, which is determined so thkahé thickness is
resolved sufficiently. The shape of the inlet im@entric annulus with 0.6 mm inner and 2.5 mm outer
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Figure 1. Pressure fluctuation on the walls, het¢ase rate illustrated by a volume rendering nuetiwad
instantaneous contour surfacesof= 0.01Q,,) for S=0.6(a) and 1.2(b).

diametersD;, andD,,). The wall temperature is assumed to be 700 K.€thavalence ratio, pressure
and preheating temperature of the unburnt prenmgesdare 1.0, 0.1 MPa and 700 K, respectively. The
mean axial velocityu,,) and the root-mean-square (rms) valug,f of velocity perturbation are 200
m/s and 13.2 m/s. In order to reproduce realistftow boundary conditions, the perturbations are
composed of 120 sine waves with different frequesievhich are every 10.59 kHz from 3.159 kHz to
1263 kHz. The phase and its lifetime of each siagenare given by uniform random numbers. Time
increment which is limited by Courant number isteet.5 ns in the present DNS.

Figure 1 shows pressure distributions on the watistantaneous contour surfaces of the second
invariant Q) of velocity gradient tensor and the distributiohheat release rate)(illustrated by a
volume rendering method. The value of the contodfases ofQ is 1 % of its maximum valueX,ay).

For S= 0.6, large-scale helical vortical structures farened in the upstream region, whereas a lot of
fine-scale eddies emerge in the downstream regdiba.distribution of heat release rate is cylindrica
in the upstream region, and is complex in the doreasn region since flame front is distorted by the
large- and fine-scale eddies. As B 1.2, large-scale ring-shaped and fine-scaleicairstructures
can be observed in relatively upstream region hadlame structure becomes more complex than that
for low swirl number case. On the other hand, pnesdistributions on the walls clearly show diffetre
regular patterns for each swirl number case. licates that natural acoustic modes induced in the
combustor strongly depend not only on the shapgkeo€ombustor but also on the swirl number.

3 Frequency Characteristics of Vortical Motions andPressure Fluctuation

Figure 2 shows power spectra@fat representative positions shown in our previusdy [7]. These
power spectra are obtained from time series da@airingt = 337.5us ~ 561.Qus at intervals of 1.5

-9 -6
1-4x'('1§'|""""""""I""""_ lo-:j'(s)-;]'l""""""I""I"""":
F(a ] 8 3
1'2; ] 8.0c 3
1.0_— = F =
0.8- —' 6.0 3
W F w o E 3
0.6 E 4.Ck E
0.4 = E 3
0.2 E 2.0 E
0. IA X Ly M LA, III: O._ E

50 100 150 200 250 300 350

L1k [ L [ YT Y 'R

50 100 150 200 250 300 350
f [kHz] f [kHz]

Figure 2. Power spectra Qfat representative positions r 0.6 (a) and 1.2 (b).
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us. As shown in Fig. 2(a), peaks are observed &89 142 kHz and 196 kHz. Here, large-scale ring
shaped and helical shaped vortical structures, lwhie the representative structures for low swirl
number case, are generated at about 90 kHz and2B0respectively. Therefore, the above peaks
appear due to the periodic large-scale vorticalonst As forS= 1.2, peaks are located at 71 kHz,124
kHz, 196 kHz and 311 kHz. These peaks are alsoidenmsl to correspond to periodic large-scale
vortical motions in the inner and outer shear layear the inlet. Moreover, it has been found tifat
frequencies indicating peaks in the power spectr® @gree well with those with peaks in power
spectra of pressure fluctuations at one point walafor both cases [7].

4 DMD Analyses of Pressure and Heat Release Rateskls

In this study, DMD proposed by Chen et al. [8] pled to the DNS results to investigate dominant
oscillation modes of pressure and heat releasenatéo extract their coherent structures. In tMDD
algorithm, the relation between two consecutiveetiseries datay and x,.; is expressed as the
following equation by using linear mappiag

Xy = AX,, (k=01,2,....m).

By calculating Ritz values and Ritz vectorsfgfthe time series data can be decomposed as follows
m
X = 2 AV #1301 OSpan(Xy, Xy, Xp ).
j=1

Here,}; andy; are Ritz values and Ritz vectors Afr is a residual vector anilis the Kronecker's
delta. The frequencyX and growth rategf) of each DMD mode are defined By argg,;)/2nAt andg

= In}|/At, respectively. The Ritz vectoy represents a spatial distribution of a DMD modg. &t the
present study, 150 samples of pressure and heaiseerate in the whole domain every ds5during
337.5us ~ 561.Qus are used for DMD analyses.

Figure 3 shows amplitude spectra of DMD modes efpfressure field [7]. Fd8 = 0.6, the peak with
the largest amplitude is at 14 kHz, and there #hergpeaks at 47 kHz, 91 kHz, 125 kHz and 197 kHz,
which are indicated by arrows in Fig. 3(a). Thekpatl4 kHz corresponds to the longitudinal quarter
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Figure 4. Amplitude spectra of DMD mode of heatasle rate fos= 0.6(a) and 1.2(b).
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wave mode of the combustor and the peaks at 47 ¥HkHz coincide with the transverse modes. As
for S= 1.2 shown in Fig. 3(b), the largest peak is oesgtat 124 kHz, and there are other peaks at 72
kHz, 196 kHz and 248 kHz. Thus, the peak correpundo the quarter wave mode of longitudinal
acoustics cannot be observed in the spectrum &br &virl number case. This is because the growth
rate of this moded) is very small. Accordingly, the quarter wave mddeS = 1.2 rapidly decays.
Figure 4 shows the amplitude spectra of DMD modeseat release rate fields [7]. F&r= 0.6, the
first and second peaks appear at 91 kHz and 197 fedpectively. As for high swirl number case, the
peak with the largest amplitude can be observe®® &Hz, and other peaks are at 123 kHz, 196 kHz
and 247 kHz. From the above, there is no peakaatnar 14 kHz in heat release rate fields for both
cases. Therefore, it is considered that heat releasillations interact with the transverse aceusti
modes rather than the longitudinal quarter wave endthe details of the dominant DMD modes are
shown in our previous work [7].

5 Thermoacoustic Instability Analysis Based on Acaatic Energy Transfer

In order to explain the reason why the above madesdominant in the cobustor, it is hecessary to
elucidate the mechanism of acoustic energy tran&ementioned in the first section, thermoacoustic
instability is induced by the coupling between tiations of pressure and heat release rate and the
product of pressre and heat release fluctuatiphar{d q') has been considered to be one of the
acoustic energy sources. In this study, DMD is applied to the source ternp’’) of acoustic
energy equation. To capture oscillations with higfrequencies caused by the product of the
fluctuations, 200 samples every 0.3&bduring 450.37%is ~ 561.Qus are used for the DMD analysis.
By using the DMD mode; obtained byp'q’ data, acoustic enerdy supplied during the above period

T (= 110.62518) can be expressed as the summation of the eBgsyypplied by each mode as shown
in the following equation:

Figure 5 shows contribution to acoustic energydf@mnby each mode whose horizontal and vertical
axes represent frequency and the norm of the dcarstrgy f|| supplied by each mode, respectively.
As shown in the Fig. 5(a), there are clear peal8¥d&Hz, 139 kHz and 203 kHz. As f6r= 1.2 (Fig.
5(b)), peaks are observed at 123 kHz and 304 kiHms,Tthe frequencies where acoustic energy is
actively transferred agree well with those indicgtpeaks in the power spectrum®f{Fig. 2) for both
cases. Therefore, it is considered that large-seaitécal motions deeply involve acoustic energy
transfer. In order to elucidate the relationshipMeen vortical motions and acoustic energy transfer
local acoustic energy supplied per cycle of a miedevestigated by focusing on the mode at about 90
kHz for S= 0.6 and at 123 kHz fob = 1.2, which are dominant frequencies in vorticaitions,
pressure and heat release rate fields. Figure wsstitee DMD modes of pressure and heat release rate
at 91 kHz forS= 0.6 [7]. These DMD modes are caused by transveasural acoustic mode®;(o »
and®; , o and the large-scale ring shaped vortical motgeserated at about 90 kHz. Figure 7 shows
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Figure 5. Contribution to acoustic energy transfeeach mode fas= 0.6(a) and 1.2(b).
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Figure 6. DMD modes of pressure (left) and heatast rate Figure 7. Instantaneous contour surfaces of
(right) at 91 kHz foiS= 0.6. Q and acoustic energy supplied per cycle of
the mode at about 90 kHz 8= 0.6.

Figure 8. DMD modes of pressure (left) and heatast rate Figure 9. Instantaneous contour surfaces of
(right) at about 123 kHz fd8= 1.2. Q and acoustic energy supplied per cycle of
the mode at about 123 kHz 8= 1.2.

instantaneous contour lines @f (left half) and azimuthally averaged distributiohacoustic energy
(right half) in the upstream region supplied pecleyof the DMD modes gf'q' at about 90 kHz fo6

= 0.6. In the right half figure, acoustic energysigplied in red regions and is taken away in blue
regions per cycle. From these figures, it is fouihat the red regions are distributed in relatively
downstream region where large-scale ring shapeticesrgenerated in the upstream region break
down and a lot of fine-scale eddies emerge. AsiflerDMD modes of pressure and heat release rate at
123 kHz forS= 1.2 in Fig. 8 [7], they are caused by severauatic modes®; ;5 D40 andd, ;)

and large-scale vortices generated at 124 kHz.r&i§ushows that red regions exist in the inner and
outer shear layers where large-scale ring shapeite® are generated. Thus, the periodic largesscal
vortical motions play an important role in acoustéinergy supply and the acoustic modes with
frequencies corresponding to those of vortex geerare induced and continue to oscillate.

6 Conclusions

In this study, DMD is applied to the DNS resultshydrogen-air turbulent swirling premixed flame
for two swirl number cases and thermoacoustic biktg analysis is conducted by using DMD. The
DMD results of pressure fields reveal that dominawides forS = 0.6 are not only the longitudinal
quarter wave mode, but also transverse acoustiesiodiuced by large-scale vortical motions. As for
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S=1.2, the quarter wave mode is not a dominantarasdl much shorter-term mode caused by large-
scale vortical motions is most dominant. On theeptiand, the DMD results of heat release ratedield
show that oscillations of heat release rate intena@inly with transverse acoustic modes for both
cases. The thermoacoustic instability analysisaisvihat large-scale vortical motions in the ugstre
region and fine-scale eddies generated in the dogars region play an important role in acoustic
energy supply in the combustor. These results sidghe exsitence of interactions between transverse
acoustics, heat release rate and vortical motiopsactical gas turbine combustors.
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