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Combustion instability accompanied with low-frequency oscillations is one of the typical
phenomena in a ducted flame burner. This is due to the interaction between unsteady heat release
and the sound pressure field known as thermoacoustic feedback. A parametric study was carried out
through measurements of acoustic pressure and flame radiation at various conditions not only to
elucidate the effect of Reynolds number and equivalence ratio on thermoacoustic oscillation, but
also to understand the mechanism of the onset of thermoacoustic resonance in a ducted flame
burner. The results explain that equivalence ratio has significant effects on the magnitude of
pressure and heat fluctuation as well as the fundamental frequency. It is also found that the onset of
thermoacoustic resonance is strongly affected by the interacting mechanism between acoustic
energy and heat release. 899 Acoustical Society of Amerid&0001-49669)03306-9

PACS numbers: 43.28K, 43.50.Nm[LS]

INTRODUCTION phenomenon have already been published, some fundamen-
) S ) tal questions regarding the effects of flow and combustion
Thermoacoustic oscillation is one of the typical phenom-paameters on the onset of thermoacoustic resonance stil
ena in a ducted flame burner, and is usually accompanief,nain to be investigated. For example, Heitcal® found
with severe vibration and noise. This low-frequency oscilla-, ¢ the equivalence ratio has a crucial effect on the onset of
tion V_‘”th h'gh amplitude can result in structurgl_damage Ofoscillation, but no further explanation about the relationship
deterioration of the performance of the subsidiary systemyenyeen equivalence ratio and heat release or pressure fluc-
Thus the understanding of physics in thermoacoustic oscillagation was given. Understanding the onset of thermoacous-
tion has great importance in both combustor design and noisg. resonance requires detailed measurements of acoustic
control. _ _ pressure and unsteady heat release with variations of physi-
Different from turbulent combustion noise, the SpectiuMgg| harameters. Therefore, in the present study, a parametric
of the_thermoacqustlp osc_lllatlon shows dlscr.ete frequencgtudy was carried out through measurements of acoustic
behavior. The noise is mainly caused by the interaction besressyre and flame radiation at various conditions, to eluci-
tween the unstable heat release and the sound field—which j&:c the effect of physical parameters, such as Reynolds

called thermoacoustic feedback. If the energy release by,mper and equivalence ratio, on the onset of thermoacous-
combustion and the pressure fluctuation are in phase, thefi. oscillation in a ducted premixed flame burner.

modynamic and acoustic energy are fed to each other and
then the amplitude of oscillation increases remarkably.
Rayleight explained that thermoacoustic resonance occurs i BRIEF DESCRIPTION OF EXPERIMENT

the Rayleigh index becomes positive. The Rayleigh index A schematic sketch of the experimental setup to simu-

G(x) can be expressed as late thermoacoustic oscillation is shown in Fig. 1. It is a
1 Rijke-type burner with a premixed flame across the entire

G(X)= Tf g’ (x,)p’ (x,t)dt, (1) cross section in _the Iowgr haﬂapprommately at the quarter

T position of the pipe having a diameter of 60 mm. The total

. . . . L length of the pipe was 1 m, and a short quartz pipe was
where T is the instability periodq’ is the unsteady heat jngta|ied at the location of the flame to observe flame oscil-
releasep’ is the pressure fluctuation,is the axial location, |51i0n and measure the light emission. Bundles of fine stain-
andt is the time. Although many papérs concerning this  |oss steel pipes 2 mm in diameter were used for a flow
straightener as well as flame holder. A decoupling chamber
dElectronic mail: solee@plaza.snu.ac.kr (601) was installed for stabilizing airflow and for sufficient

3584 J. Acoust. Soc. Am. 105 (6), June 1999 0001-4966/99/105(6)/3584/4/$15.00 © 1999 Acoustical Society of America 3584



Computer
for Data Analysis

Temperature
Indicator

HV Power Supply

FFT

=)
=
=

Im
- ——
20T TR

Thermocouple

Photomultiplier Tube

— ..

N

/

Port

Microphone

|

@

Ll W*}— Quartz window

Honeycomb
Flame Holder

FIG. 1. Schematic sketch of the experimental setup.

B&K 3550
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premixing of the fuelpropané and oxidizer. Sound pressure nolds numbeffrom 3000 to 9000 due to the limitation of the
level was measured by a B&K 4134 condenser microphonéurner capacity the magnitudes of pressure peaks were not
located at the middle of the pipe. Since the temperature ofery sensitive to the flow rate. The broadband noise in-
the pipe was so high, an acoustic waveguide was utilizedreased slightly by turbulence as Reynolds number in-
instead of flush mounting of the microphone to the wall ofcreased, and as a consequence, total sound pressure level
the tube. The acoustic signal measured by the sensor wascreased by 1-2 dB.
transferred via a preamplifier to a B&K 3550 FFT analyzer. Figure 3 shows the variation of the mean temperature
A thermocouple was also installed to measure the timeftime-averaged temperature measured by a thermocouple at
averagedmear) temperature at the same time. the middle of the pipeat the onset of strong thermoacoustic

In the combustion region, there exist light emissionsoscillation with respect to equivalence rati®=0.8—-1.6.
from free radicals. Among theng, light emission intensity This figure clearly shows that at lean mixtures the oscillation
from the flame can be interpreted as an extent of unsteadstarts at relatively higher mean temperatures than at rich
heat releasé® To measure th€, emission intensity only, a mixtures. In the process of initiating a resonant oscillation,
Hamamatsu R943-02 photomultiplier tulleMT) was uti- the mean temperature should be raised to a mininfam
lized with an optical filter, whose peak transmission wave-threshold value as shown in Fig. 3. To understand the de-
length is 516.4 nm. tailed mechanism, the time traces of the pressure spectra dur-
ing the process of starting a resonance were measured as
shown in Fig. 4. For a lean mixturéb=0.8), resonance
started at a relatively higher mean temperatedout

Figure 2 shows the pressure spectra of acoustic oscillat00 °C atl/2). With an onset of oscillation, the mean tem-
tion as a variation of Reynolds number at a fixed equivalenc@erature suddenly dropped down to 750—800 °C, and then
ratio of ®=1.0. The measured fundamental frequency wasecovered again until a terminal mean temperature was at-
far from the theoretical valuef.=c/2L) evaluated approxi- tained. During this process, the fundamental frequency and
mately with the geometry and a given temperature, whichts harmonics also suddenly shifted down and came back, as
implies that this phenomenon is obviously nonlinear. shown in Fig. 4a). Before the thermoacoustic resonance ini-

The largest magnitude of oscillation was obtained fortiated, there existed weak tonal noig least 30 dB weaker

the fundamental mode, and was over 20 dB stronger than th@an in the resonance casén this case, flame oscillations
following higher harmonics. With a limited variation of Rey-

Il. RESULTS AND DISCUSSION
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FIG. 2. Pressure spectra at the middle of the gipe1.0).
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FIG. 3. Resonance-starting mean temperature at the middle of pipe with

Equivalence Ratio

respect to equivalence ratio.
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As th_e equivalence ratio increased, t_he mean tempera§ 150 - Rayleigh index 1 200
ture required for the development of oscillations decrease s L 1
rapidly. Since the resonance-starting temperature was rel; .

; : : 146 | - -25.
tively low for a rich mixture(®=1.3), no temperature drop . . ‘ ‘ . . 0.00
was found in this range. As shown in Figlo}, frequencies 08 08 10 1 M2 13 a4 1S a8
of pressure spectra shifted up monotonously with a tempere. Equivalence Ratio

ture rise. The above results explain that the mechanism of gf; 5 (a) Spectra of pressure fluctuation a8 emission ratég=1.0). (b)

onset of thermoacoustic oscillation is strongly affected byariation of pressure fluctuatiorG, emission, and Rayleigh Index with

equivalence ratio. It is also worthwhile to note that a criticalrespect to equivalence ratio.

requirement for the development of thermoacoustic oscilla-

tion is that the heat energy should be sufficient to overcome

the energy loss from the system. At a lean mixture, the en- G(X)=f |SpqlCOSOpq V. ()

ergy gain through the cycle is smallghan at a rich mixture

since heat release is smaller. Therefore, the lean mixture ca¥ this equation,Syq and 6,4 are the cross spectrum and

takes more time to reach the critical energy level to excite #hase difference between the pressure and heat release, re-

resonant oscillation. Consequently, the oscillation-startingPectively, and the/ is the volume of the flame.

temperature of a lean mixture is higher than that of a rich  Heat release was relatively small for a lean mixture,

mixture case. From Fig. 4, one can notice that, at a leavhereas the pressure fluctuation is large. It showed a re-

mixture, the system needs an additional energy shift fronyersed tendency for the rich side. In other words, pressure

heat energy to excite resonance at an earlier Stage of Osci”HUCtuation is more dominant than heat fluctuation for a lean

tion. This is the reason that the temperat(frequency de- mixture, whereas heat fluctuation is more dominant for a rich

creased at first, then increased again as the system gaing&xture. This is a slightly surprising result because, in a lean

energy. On the other hand, in the rich mixture case, the sydhixture, a higher sound pressure was obtained in spite of

tem did not need a shift from heat energy to mechanicapmaller heat release than at a rich mixture. It could be ex-

energy for exciting a resonance since the system already hadgined as follows: the system energy gain is a product of

a sufficient amount of energy. pressure fluctuation and unsteady heat release. With a fixed
To verify this idea, the unsteady heat release was alsgondition, the total energy gain or Rayleigh index should be

measured sinc€, emission intensity can be interpreted asMmaintained at almost a constant value. Otherwise, the system

an index of unsteady heat release. Results of microphone a§ins more energy until it bursfthe index keeps increasing

photomultiplier measurements are shown in Fig) 5t con- ~ OF loses energy to be out of resonaritiee index keeps de-

firms that the two signals oscillate with the same fundamencreasing.

tal frequency and its harmonics. Figurdbshows the varia-

tions of unsteady heat release, pressure fluctuation, antl. CONCLUSIONS

Rayleigh index with respect to equivalence ratio. To calcu-

late the Rayleigh indexG(x) from the measurements, the

integral of Eq.(1) has been expressed in the frequency do{1) The Reynolds number is not a sensitive parameter for

main: both the maximum pressure peak and the fundamental

The results of this study are summarized as follows:
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