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1. Introduction

This study focuses on studying reacting and non-
reacting flow in a nonpremixed swirl burner. In order to
reduce harmful emissions, the current trend in burner de-
signing is to operate under fuel lean and swirl combustion.
Combustion efficiency and pollutant emissions of gas
burners are strongly influenced by the fluid dynamics that
controls mixture formation and chemical reactions [1].

Swirling lean nonpremixed flames are used in
modern combustors because they offer the possibility of
controlling flame temperature and thermal NO, emissions.
However, these flames pose a continuous challenge to en-
gineers as they are unstable. They exhibit low frequency
large-scale coherent structure and turbulent fluctuations [2-
4]. These fluctuations could trigger non only noise, but
undesirable combustion oscillations and structural damage.

By the use of swirl vanes which contribute to the
creation of a tangential velocity component, a swirling
flow will be generated. This swirling flow contributes to a
better and fastest mixing of methane with air because of
the induced turbulence and when the burning is taking
place provides the flame stabilization.

This paper describes an investigation on the
thermo-acoustic instabilities in swirling nonpremixed
flame made by acoustic correlation between numerical
simulation and experimental results. These instabilities
arise as a direct consequence of the direct coupling be-
tween heat release fluctuations and combustor acoustics.

Many studies have been carried out to obtain
deeper understanding and control of swirl combustion sys-
tems [5, 6], and numerical simulations of nonpremixed
flames [7-11]. The phenomena are very complex as many
physical, time and chemical scales are involved, therefore
turbulent combustion instabilities constitutes a multi-scale
4D problem (space and time) [12]. The simulation of tur-
bulent combustion is particularly difficult, as the phenom-
ena involved are highly nonlinear and unsteady. The meth-
ane-air mixture flow and combustion will be analyzed us-
ing a RANS method. The closure assumptions of the k-¢
model are only valid for high-intensity and nearly isotropic
turbulence. In this case there are the zones where the turbu-
lence is intense (mixing zone) and the zones where the
flow is almost laminar [13-14]. Therefore for this simula-
tion the turbulent flow model chosen was RNG k-¢.

The RNG-based k-¢ turbulence model is derived
from the instantaneous Navier-Stokes equations, using a
mathematical technique called “renormalization group”

(RNG) methods. It is similar in form to the standard k-¢
model, but includes the following refinements: RNG
model has an additional term in its ¢ equation that signifi-
cantly improves the accuracy for rapidly strained flows,
effect of swirl on turbulence is included in the RNG model,
enhancing accuracy for swirling flows; the RNG theory
provides an analytical formula for turbulent Prandtl num-
bers, while the standard k-¢ model uses user-specified,
constant values. While the standard k-¢ model is a high
Reynolds number model, the RNG theory provides an ana-
lytically derived differential formula for effective viscosity
that accounts for low Reynolds number effects. These fea-
tures make the RNG k-¢ model more accurate and reliable
for a wider class of flows than the standard k-& model.

2. Experimental investigation
2.1. Experimental setup

A nonpremixed swirl burner of 50 kW capacity is
used in the experimental investigations. The swirler con-
sists of an outer part, with 8 swirl vanes which contribute
to create a tangential velocity component for the primary
air and a swirling flow will be generated.

In our work we have used an external sound board
Creative Professional model E-MU0404USB (Premium
24-bit/192 kHz A/D and D/A converters* (A/D: 113 dB
SNR, D/A: 117 dB SNR) E-MU XTC Class-A ultra-low
noise Mic/Line/Hi-Z preamplifiers (-127 dB EIN) with
48 V phantom power and ground lift switches enable you
to plug microphones ultra-low latency USB 2.0 drivers,
hardware zero-latency direct monitoring (mono/stereo)
allows to record and overdub with no annoying delay plug-
and-play operation, cross-platform support (Windows
XP/x64 and Mac OS X), and microphone AudioTechnica
AT2010, 20 Hz-20 kHz, with line sensibility, unidirec-
tional, capture solid angle 15°.

The audio signal was captured at a sampling rate
of 44.1 kHz, which we found to be enough for this signal,
audio sample size is 16 bit, and audio format is Pulse Code
Modulation (PCM).

For each analyzed case, 30 audio signals with the
length of 1.48 s randomly selected from the entire recorded
audio signal (Fig. 1) were chosen. Fourier analysis for each
of these samples was made.
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Fig. 1 Unprocessed sound signal

2.2. Nonreactive flow

To capture the ambient noise, the fan and the flow
interaction with a solid structure, the audio signals cap-
tured in the nonreactive flow case were analyzed with Mat-
lab using Fourier spectral analysis method. The results are
presented in the next figure (Fig. 2). One can see that the
most important spectral components are situated around 40
Hz and 300 Hz. The same frequencies can be seen in all 30
analyzed Fourier spectra.
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Fig. 2 Frequency distribution for the nonreactive flow
2.3. Reactive flow

The next figure (Fig. 3) presents one Fourier spec-
tra for an audio signal captured in the methane-air reactive
flow for lean combustion conditions. The dominant fre-
quency in all the analyzed audio samples is around 300 Hz.
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Fig. 3 Frequency distribution for the reactive flow for lean

combustion conditions
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The same analysis was performed in the reactive
flow for near stoichiometric combustion conditions.

Fig. 4 presents one Fourier spectra for an audio
signal captured in the methane-air reactive flow. The
dominant frequency is around 300 Hz in all the analyzed
audio samples.
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Fig. 4 Frequency distribution for the reactive flow for near
stoichiometric combustion conditions

The same results were obtained after processing
audio samples from the methane-air reactive flow for rich
combustion conditions. There is only one important spec-
tral component and is situated, the same, around 300 Hz

(Fig. 5).
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Fig. 5 Frequency distribution for the reactive flow for rich
combustion conditions

The power spectral density is very low for the
nonreactive flow case, compared with the reactive flow.
Spectral sound analysis made with respect to the equiva-
lence ratio reveals that frequency does not depend on the
equivalence ratio.

In the Fig. 3 we can observe that under lean com-
bustion conditions the frequency spread spectrum (more
than 10% of maximum power) is the largest (240-340 Hz)
and also has a tendency of being more intense for lower
frequencies. The spread spectrum is narrower when the
ratio is near stoichiometric (250-330 Hz) and also the fre-
quency distribution is much closer to the Gaussian distri-
bution (Fig. 4). In the rich combustion case (Fig. 5) we can
observe that the frequency spectrum tends to get largest
again (240-340 Hz), and its intensity has a tendency to
move towards higher frequencies.

Under lean combustion conditions we found some
other frequencies 225, 238, 258 and 280 Hz. For near



stoichiometric combustion conditions, some other domi-
nant frequencies are 237, 247, 265 and 280 Hz and in the
case of rich combustion case the dominant frequency is
around 240, 260 and 285 Hz.

3. Numerical simulation

Having the real burner geometry from Fig. 6 we
created the 3D geometrical model (Fig. 7) in Gambit [15]

Fig. 6 Burner geometry

The grid consists of tetrahedral elements, a high
density of elements being constructed in the interest zone
(mixing zone, burner head) (Fig. 8). The total number of
the elements is about 1.2 millions.

Fig. 7 Burner geometrical model

The studies were performed by the use of CFD
software FLUENT [16]. A segregated solver formulation
was used for these computations (equations are solved se-
quentially instead of simultaneously as in coupled solver).
Using a control-volume based technique; Fluent converts
the differential governing equations to linear algebraic
equations that can be solved numerically. The control vol-
ume technique consists in integrating the governing equa-
tions for each control volume by obtaining discrete equa-
tions that conserve each quantity on a control volume ba-
sis. The solver stores the discrete values of the scalars at
the cell centres and in order to determine the scalars value
between the cells centres, second order upwind scheme for
the momentum, swirl velocity, turbulent kinetic energy and
turbulence dissipation rate were used for interpolation.
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Fig. 8 Geometrical discretization

Regarding accuracy of results, we have imposed
10* convergence criteria for the residual energy balance,
continuity, x-velocity, y-velocity, turbulent kinetic energy,
dissipation rate and for the species. The governing equa-
tions represent the conservation of mass, momentum (Na-
vier-Stokes), energy and additional species. Fluid proper-
ties are calculated from local gas composition. The RNG
k-¢ model with associated transport equations is applied to
account for turbulence because of the different regions of
the flow of low Reynolds number alternating with high
turbulence zones. The combustion model used for this
simulation is species transport with mixture material:
methane-air-2step, the reaction is volumetric and the turbu-
lence-chemistry interaction is eddy-dissipation. The stan-
dard wall functions option for the near wall treatment was
applied as well as the no slip condition at the wall. The
time step imposed was 0.001 s.

The pressure fluctuations in time in 7 points dis-
tributed as in Fig. 9 were monitored. First monitor point is
located on the symmetry axis at 50 mm from the burner
inlet. The second and third monitor points are placed on
the same symmetry axis at 100 mm and 200 mm from the
burner inlet. The following 4 monitored points are located
in a plane situated at 50 mm from the inlets, monitor point
four at 40 mm in OX direction and monitor point five at -
40 mm in the same direction. Monitor point six is placed at
40 mm in the OZ direction and the last monitor point is
positioned at -40 mm in the same direction.

&

&

& &

& ® &
e
Fig. 9 Monitor points distribution

The evolution of the pressure in time for every
monitor for 4.7 s in the nonreactive flow case and 3.5 s for
the reactive flow case was recorded. In the nonreactive
case, the flow has stabilized after 3.5 s, so the interval cho-



sen for Fourier analysis is from 3.5 to 4.7 s. The flow in
the reactive case has stabilized after 1.5's, so the chosen
interval in this case for Fourier analysis is from 1.5 to
35s.

In the next figures monitor 2 is being analyzed.
For the nonreactive flow case, frequencies for the fluctuat-
ing pressure for monitor 2 are found around 6, 22 and
43 Hz (Fig. 10).
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Fig. 10 Frequency distribution for the nonreactive flow for
monitor point 2

For the reactive flow, fluctuating pressure fre-
quencies are 6, 47, 236 Hz. The other frequencies are har-
monics of the 47 Hz frequency (Fig. 11).
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Fig. 11 Frequency distribution for the reactive flow for
monitor point 2

In Fig. 12 pressure fluctuations for nonreactive
flow over time for monitors 4-7 for a domain of 0.2 s are
plotted.

A6

pressure [Pa]

L L L L L
39 392 381 396 388 4

time, s

L L L L
38 384 3858 388

-58
38

Fig. 12 Frequency distribution for the nonreactive flow for
monitor point 2
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In Fig. 13 pressure fluctuations for reactive flow
over time for the same monitors for a domain of 0.1 s are
plotted. It can be seen that intensity and frequency of pres-
sure fluctuations are rising in the reactive flow case. In the
case of nonreactive flow there is a clockwise succession of
the monitors at 22 Hz frequency.
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Fig. 13 Frequency distribution for the nonreactive flow for

monitor point 2

From monitors 4-7 analysis, the conclusion was
drawn that the pressure fluctuations frequencies for the
nonreactive flow are around 22 Hz and 43 Hz (Fig. 14).

x 10° Pawer spectrl density
4 . . : .

35F B
<18 4

2.5F B

N I/ I

25 30
frequency, Hz

LN
a 45

3‘5 S0
Fig. 14 Frequency distribution for the nonreactive flow for
monitor 4

For the reactive flow, fluctuating pressure fre-
quencies are 6, 47, 236 Hz. The other frequencies are har-
monics of the 47 Hz frequency (Fig. 15).
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4. Conclusions

The power spectral density is insignificant for the
nonreactive flow case, when compared with the reactive
flow. Spectral sound analysis made with respect to the
equivalence ratio reveals that frequency does not depend
on the equivalence ratio.

Under lean combustion conditions the frequency
spread spectrum (more than 10% of maximum power) is
the largest (240-340 Hz) and also has a tendency of being
more intense for lower frequencies. The spread spectrum is
narrower when the ratio is near stoichiometric (250-
330 Hz) and also the frequency distribution is much closer
to the Gaussian distribution. In the rich combustion case
we can observe that the frequency spectrum tends to get
largest again (240-340 Hz), and its intensity has a tendency
to move towards higher frequencies.

In the numerical simulation the pressure fluctua-
tions over time in seven points distributed in the flow re-
gion near the burner head were monitored. A similarity in
the nonreactive flow for experimental and numerical case
for the frequency around 43 Hz was found. This frequency
represents the nonreactive flow characteristics. For the
experimental setup the 300 Hz frequency in the reactive
and nonreactive case was recorded. In the nonreactive case
the amplitude of the signal is much smaller. For the reac-
tive flow in experimental setup it was found that the domi-
nant frequency is around 300 Hz for all the studies made
with respect to the equivalence ratio. This frequency seems
to be the combustor internal frequency. The 300 Hz fre-
quency appears in the nonreactive case and is amplified in
the reactive flow case. Also it was found that other fre-
quencies are around 240, 260, 280 Hz. In the numerical
simulation in all studies a frequency around 6, 47 and
236 Hz for all the monitors was found.
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F. Bode, R. Benea, V. Hodor

TERMOAKUSTINIU NESTABILUMU SUKURINIAME
PRISITAIKANCIAME DEGIKLYJE TYRIMAI

Reziumé

Siuolaikinése degimo kamerose naudojama siiku-
ring, i§ anksto nemaiSoma liesa liepsna. Si liepsna jautri
termoakustiniams degimo nestabilumams, kurie atsiranda
del silumos issiskyrimo svyravimo ir degimo kameros
akustikos. Termoakustiniai nestabilumai yra dinaminis
rei§kinys, pasireiSkiantis daugumoje Siuolaikiniy degimo
sistemy dél didelés amplitudés bei zemo daznio slégio ir
Silumos i8siskyrimo svyravimo ir palaikomas automatiskai.
Siame straipsnyje atlickama degimo siikurine, be i§ anksto
nemaiSoma, liesa liepsna termoakustiniy svyravimy nesta-
bilumo i8pléstiné analizé. Tyrinéjimai atliekami atsizvel-
giant | termoakustinius degimo nestabilumus, priklauso-
mus nuo stechiometrinio santykio, kartu taikant skaitinj $iy
nestabilumy jvertinimo metoda. Analizé atlikta taikant
akusting koreliacija tarp skaitinio modeliavimo naudojant
3D RNG k-¢ modelj, ir rezultaty, gauty eksperimentiniu
blidu. Vyraujantys dazniai 20-50 Hz diapazone fiksuojami
esant nereaktyviam tekéjimui ir 40-300 Hz diapazone —
esant reaktyviam tekéjimui.



Siekiant jvertinti spektrinius duomenis, paSalinti
nereikalingg aplinkos triukSma, eksperimentiniams tyri-
mams panaudoti daugialypiai akustiniai jutikliai.

F. Bode, R. Benea, V. Hodor

INVESTIGATION ON THERMO-ACOUSTICAL
INSTABILITIES RELATED TO A CONFINED
SWIRLING BURNER

Summary

Swirling lean nonpremixed flames are used in
modern combustors. These flames are susceptible of ther-
mo-acoustic combustion instabilities, caused by the cou-
pling between heat release fluctuations and combustor
acoustics. Thermo-acoustic instabilities are dynamic phe-
nomena that represent a major threat for most modern
combustion systems. It consists of the coupling and auto-
sustenance of large amplitude and low frequency pressure
and heat release oscillations. Analysis of thermo-acoustic
combustion instabilities of a nonpremixed swirling flame is
presented extensively in this paper. This study is concerned
with the evaluation of the influences induced by the
equivalence ratio on the thermo-acoustic combustion in-
stabilities, as well with a numerical method for determin-
ing these instabilities. This analysis is made by acoustic
correlation between numerical simulation using the 3D
RNG k-¢ model and experimental results. The dominant
frequencies are located in the ranges 20-50 Hz for the non-
reactive flow, and 40-300 Hz for the reactive flow. Multi-
ple acoustic sensors are used in the experimental setup in
order to account for spectral acquisition and to help elimi-
nate the irrelevant environmental noise.

®. bone, P. Benes, B. 'ogop

NCCIEAOBAHUE TEPMO-AKYCTHYECKUX
HECTABUJIBHOCTEHN B ITPUCTIOCOBJIAEMOU
BUXPEBOU I'OPEJIKE

Pe3womMme

B coBpeMeHHBIX KaMmepax CropaHHs HCIIOJb3yeT-
sl XyJl0€ BUXPEBOE IIIaMs Oe3 IpeIBapUTEILHOTO CMEIIN-
BaHUs. OHAa UyBCTBUTENIbHA K TEPMOAKYCTHUECKHM HECTa-
OMIIBHOCTSIM CrOpaHMs, KOTOPHIC MOSBISIOTCS BCIEICTBUE
KOJICOAHWH TETJIOOTAAYN M aKyCTHYECKHX CBOWCTB Kame-
psl cropanus. TepMoakycTHyeckasi HECTaOMIBHOCTh — 3TO
JUHAMHYECKOE SIBJICHHE, KOTOpOE OOHApYKHUBAETCS BO
MHOTUX COBPEMEHHBIX cucTeMax cropaHusi. OHO HOSBIIA-
eTcs W AaBTOMAaTHYECKH TOAJCPIKUBACTCS aBICHUEM
0O0JIBIION aMIUTUTYABI M HU3KOH YaCTOTHI, M KOJCOaHUIMH
TEIUI00TAaYu. B craThe IPOBOAMTCSA paCIIMPEHHBIA aHa-
JIM3 TEPMOAKyCTHYECKHUX KOJIeOaHUH CropaHus Npu BUXpe-
BOM XYJIOM IUIaMEHH 0Oe3 MpeaBapUTEIbHOI0 CMEIIUBAHUS.
UccnenoBanusi NpoBeieHbl YUYUTHIBAas HECTAOMIBHOCTH
TE€PMOAKYCTHUECKOTO CTrOpaHMsl, 3aBUCSIIUE OT CTEXUO-
METPUYECKOTO COOTHOILIEHHS] BMECTE C YHCIOBBIM METO-
JIOM, MPEIHA3HAYEHHBIM JUIs OLIEHKM YKAa3aHHBIX HECTa-
OubpHOCTEH. AHANN3 NPOM3BEJICH C MTOMOIIBIO aKyCTHYe-
CKOH KOppENSIMN MEXIy pE3yJIbTaTaMH, IOIyYeHHBIMH
METOJIOM YHCIOBOTO MOJCIMPOBAHUS, MCIOIb3YSI MOZICTb
3D RNG k-¢ u 3kciepuMeHTaNbHBIX NaHHBIX. [Ipn Hamm-
YU HEPEaKTUBHOTO TEUEHHs NPeoOiIafaroIinue 4acTOTh
¢ukcupoBanuch B muamazone 20-50 Hz. IIpu peakTHBHOM
TEUYEHUU IPeoOIIaflaloIiie YacTOThl 3aHUMAIOT JHAIa30H
40-300 Hz. Crapasich OLEHHTb CIEKTpajbHbIE IaHHBIE,
YCTPaHUTb HEHYKHBIM IIIyM OKpPY’KarOLIEH Cpenbl, Il
SKCIEPUMEHTANbHBIX HCCIICAOBAaHUM HCIIOIB30BaHbl Pa3-
HOCTOPOHHUE aKyCTHUYECKHE JaTUUKU.
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