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INTRODUCTION

External-Coanda-type waste-gas flares represent a considerable improvement in
terms of combustion efficiency, pollutant emission and noise when compared to
the older sonic pipe flares and vents. WNevertheless, despite this improvement
in noise level, the environmental restrictions on the design of off-shore plat-
forms make further noise reduction highly desirable., The present study of the
noise generated by the Coanda flares has been undertaken as part of a research
programme aimed at developing suitable noise-suppression’ techniques.

Brzustowski [1] and others have discussed certain aspects of external-Coanda-
type flares. However, apart from Ref, Eﬂ in which some of our preliminary
results were presented, no information on the noise generated by such flares
appears to be available in the open literature. The present paper is concerned
with the Indair flare which is designed and marketed by Kaldair Ltd, Noise data
measured in the field and from model Lests are used to assess the relative
importance of the various noise sources and to elucidate the main feature of the
high-frequency sources.

ASSESSMENT OF MAIN NOISE SOURCES

The overall flow field and combustion zonme for an Indair flare are depicted in
Figure 1. The flare tip is a "tulip-shaped" body of revolution. The flare gas
issues radially from an adjustable exit slot located ar the base of the flare
tip. Turbulent mixing occurs between the flare gas and the surrounding air
immediately on exit causing air to be entrained. Owing to the Coanda effect the
air/gas mixture adheres to the surface. Flame initiation occurs fairly close to
the maximum cross-section. ; .

A typical frequency spectrum Eﬂ for an Indair flare is shown in Figure 2.
Direct combustion noise is probably the main source at the low frequencies. The
low-frequency peak cccurs at or below 63, Hz, When the differences in scale are
taken inte account this seems to be more or less in agreement with equation (11)
of Strahle Ea which was based on experiments with a burner of 10 mn diameter.

Indair flares are operated at pressures up to 12-5 bar but the most frequent
operating range is 1-7 to &-0 bar. Consequently the flow will be supersonic
near the exit slot for most of the operating range and a complex pattern of
shock waves forms near, and even inside of, the exit slot. (These shock waves
can be seen in the schlieren photograph shown in Ref. Eﬂ). Thus the two main-
sources of high-frequency noise are thought to be turbulent mixing neoise-
generated by the fluctuating turbulent stresses in the mixing-layer and wall-jet
regions; and shock-associated noise-generated by the interaction of the turbu-
lent shear flow and the shock waves. An experimental and theoretical investiga-
tion of the high-frequency sources is described in the next two sections.

The presence of the solid flare-tip surface can affect the radiated sound in two
ways., First, as shown by Green and Carpenter Eﬂ, the geometrical constraints
imposed on the turbulent shear flow lead'to considerably higher levels of turbu-
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Fipure 1. Sketch of overall flow field and combustion zome.

lent shear stress and hence to more powerful noise sources, as compared to con-
ventional round jets, say. Second, as showm in Ref. [2] , the scattering by the
flare tip of the sound radiated by the sources is equivalent to the presence of
additional sources inside of the flare tip. TFor low-frequency monopole Bources,
such as direct combustion noise, there would be a scattered field of dipele form,
comparable in strength to the incident field. ¥or high-frequency quadrupele
sources, such as turbulent mixing noise, the image sources are similar in strength
and form to the real scurces.

THEORETICAL ANALYSIS OF THE TURBULENT MIXING NOISE

Consider an acoustic source locared within the mixing-layer or wall-jet regions. -
According to the Lighthill [6] theory the acoustic intensity of this source, in
the shsence of the solid surface, would be given by

Ievo 2 g*/{bed (1 - M, 50)5 ROZ} | (1)

where p and c are respectively the density and speed of sound of the ambient

196 Procl.0.A. Vol 6 Part T (19p4)



Proceedings of The Institute of Acoustics

THE CENTRATION OF NOISE IN EXTERNAL COANDA-TYPE WASTE-GAS FLARLS

$PL
[ T
da
Q
o] . o Q
o o
\ 1ods

M " ~ i 1 i "

&) 125 250 300 1K K aK BK

FREGUENCY Hzx

Figure 2. Averaged octave band sound power levels taken from field data for the
full-size flare. Operating pressure is 2:6 bar.

fluid, t denotes the turbulent shear stress, U is the maximum local mean velo—-
city, b is the local width of tha turbulent shear layer, M_ is the convective Mach
number vector, & is & unit vector in the direction of the observer, and R, is the
distance from source Lo observer.

Since the source is a high-frequency quadrupole and is close to the solid surface
an image source can be introduced in the same way as for a flat surface, Thus the
actual acoustic intengity is given by

1221, cos? (k8 cos 4) : ¢ < o, (2)

where ¢ is the angle between e and the normal to the surface passing through the
source, § is the distance from the source to the surface and k is the wave number,
appropriately Doppler corrected, is the angle between the normal and the tan-
geat to the surface pagging through the source. I ¥ 0 when ¢ > ¢H.

In the mixing-layer region U is constant, and as shown in Ref. (5] both b and 1,
grow roughly linearly with distance, x, around the flare-tip surface. 1In the
wall-jet region both Tp,y and U drop fairly sharply as x increases. It follows,
therefore, that the most powerful sources would be located at the end of the
mixing-layer region. Accordingly, in order to ¢implify the problem we have evalu-
ated equation (2) for these sources, numerically integrated the values of I for
the band of sources located at the end of the mixing layer, and multipiied the
resulc by the total volume of the mixing layer in order to arrive at an estimate
for the overall intensity. This appreach will lead to an under-estimate of the |
sound radiated to anjgles below the horizoncal plane but should preserve the main
features of the sound field.

EXPERIMENTAL STUDY OF HICH-FREQUENCY NOISE SGURCES

The experimental invegtigation was carried out on j-scale models of the flare tip
in an anechoic chamber measuring 3m % Jm = 5w. Air at high pressure was used to
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Figure 3. Sound pressure spectra from model data,
Slot width is 0-012 W.

model the flare gas. Eight B. and K. Type 4315 }" microphones were used to
measure the sound pressures simultanecusly at eipht separate locations on a
vertical arc arcund the model. The signals were fed via preamplifiers and ampli-
fiers to a eight-channel precision tape recorder. Subsequently the data were
transmitted via an analogue-to-digital converter to a PRIME 550 computer where
fast-Fourier transform techniques were uscd to process the data. The power
spectra were averaged 50 times to obtain adequate statistical reliability.

A typical power spectrum, for the low end of the operating pressure range, is
shown in Figure 3(a)}. The peak-noise frequency does not vary greatly with exit
slot width or pressure but is highly dependent on direction. For the particulat
slot width value of 0-012 W {where W is the maximum width of the flare tip] dis-
crere tones are generated at the slightly higher pressure of 1:7 bar, as shown in
Figure 3(b). These tones are only present over a narrow range of pressures
{roughly 1:7 te 2:0 bar). For 2+4 bar the spectra are similar to Figure 3{a).
At higher pressures there is evidence of shock-associated noise and discrete
tones re-appear at 6+5 bar. The wechanism, responsible for generating the dis-
crete tones at the comparatively low pressures, has not been definitely identi-
fied but it is thought to be connected with internal shock waves giving rise te
locally separated flows.

Typical directivity patterns for overall SPL are plotted in Figure 4. Apart from
the curves corresponding to 1-7 and 20 bar which are highly distorted by che
presence of discrete tones, the remaining curves show that the peak-noise direc-
tion moves upwards with a rise in pressure. This trend continues for the
pressures above 2-4 bar and is also predicted by the theoretical model.

SPL vs. jet velocity is plotted in Fig. 5 for various slot widths. Note the
increased levels for a slot width of 0-012 W at intermediate velocities; thege
are due to the discrete tones. Also plotted in Fig. 5 is the theoretical curve
corresponding te a slot width of 0-012 W. At the lower velocitiea the theoretical
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Figure 4, Directivity of overall sound pressure level
from model data. Slot width is 0-012 W.

curve follows Lighthill's Eﬂ 1% law, but convective amplification becomes more
important at the higher speeds giving rise to 2 steepening of the theoretical
curve. DBearing in mind that the theorectical curve can be moved up and down at
will, there is good agreement between theory and experimental data except when
the discrete tones are present. Field data Eﬂ from the full-size flare are also
correlated reasonably well by the U? law for the high-frequency components, {See
Ref. i]}. At higher pressures broad-band shock-associated noise probably makes
a2 marked contribution to the total noise but, at present, this is difficult to
quantify.

A number of factors affect the voriation of SPL with slot width, h. Firstly, the
total volume of turbulent shear flow rises, very approximately, as h®. Secondly,
the level of turbulent shear stress rises considerably as h increases. Thirdly,

the strongest sources tend to move further away from the surface as h rises.

This leads te a reduction in intensity because of an increase in partial cancell-
ation of the actual sources by the image sources {cf. the cos?(ké cos ¢) term in
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Figure 5. Sound pressure level vs. jet boundary
velocity from model data. Anpgle relative
to the horizontal is zero.

eqn. (2)}; but, at the same time, more sources can radiate to the observer owing
to an increase in Dy This combination of factors leads to a theoretical SPL
which, at a pressure of 2 bar, varies as hl'2 for slot widths ranging from

0-006 W to 0-0l8 W, For smaller slot widths the SPL rises more steeply with h
and for larger slot widths much less steeply. Both the model and field data
agree well with theoretical predictions for slot widths up to 0-018 W. For
larger slot widths, however, the experimental data continue to follow the h!°2
variation, showing no tendency to increase less rapidly with h. There is, as
yet, no definite explanarion for the discrepancy between theory and experiment.

CONCLUDING REMARKS

A comparison between the theoretical model and experimental data suggests that
turbulent mixing noise is the dominant high—frequency source at low pressures, at
least, At the higher pressures shock-associated noise becomes more gignificant.
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