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Analysis of the Two Similarity Components
of Turbulent Mixing Noise

K. Viswanathan*
The Boeing Company, Seattle, Washington 98124-2207

It is now widely believed that the turbulence in free shear layers is not completely random, but more coherent
and orderly, and that turbulent flows contain both fine-scale and large-scale structures. Both fine-scale turbulence
and large-scale turbulence generate noise. Experimental measurements have shown conclusively that the mean
flow as well as the turbulence statistics exhibit self-similarity. Based on these observations, Tam et al. (Tam,
C. K. W,, Golebiowski, M., and Seiner, J. M., “Two Components of Turbulent Mixing Noise from Supersonic Jets,”
ATAA Paper 96-1716,1996) proposed that because noise is generated by the turbulence of the jet, the noise spectra
generated by fine-scale and large-scale turbulence should also exhibit self-similarity. By the examination of a large
set of supersonic jet noise data acquired at NASA Langley Research Center, Tam et al. offered evidence that the
turbulent mixing noise of high-speed jets does consist of two, independent self-similar components. We first provide
additional independent confirmation of the universal shapes of the two components of mixing noise for a single jet.
The significance of an important effect, due to atmospheric absorption, is illustrated with detailed analysis of The
Boeing Company jet noise data. The Tam et al. analysis is based on the examination of data from single-stream
nozzles. We provide evidence from the analysis of noise from dual-stream nozzles that the measured spectra in
the forward quadrant and near-normal angles conform to the shape of the fine-scale spectrum, regardless of nozzle
geometry and operating conditions. We clearly demonstrate that the spectral shape associated with the large-scale
structures of single jets does not characterize the noise of coaxial jets at large aft angles. Finally, we show that

the noise of hot subsonic jets at low angles also conform to the shape of the fine-scale spectrum.

Nomenclature

= area of nozzle throat

speed of sound in air

jet diameter

frequency, Hz

Mach number of jet

reference pressure for the decibel scale
observer or microphone distance
spectrum function

temperature

= jet velocity
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Subscripts

= ambient conditions

fine-scale structure

jet

large-scale structure

primary or inner or core stream
reservoir conditions

= secondary or outer or fan stream
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Introduction

HE noise from a high-speed jet is intimately related to the

turbulence characteristicsof the jet. In the early 1970s, detailed
experimental studies by Crow and Champagne' on jets and Brown
and Roshko® on mixing layers established that free shear layers
could support large, orderly structures. It is now widely accepted
that the turbulence in free shear layers is not completely random,
but more coherent and orderly, and turbulent flows contain both
fine-scale and large-scalestructures. Hot-wire measurements of the
flow, and acoustic measurementsin both the near field and far field
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by McLaughlinetal.>* provided substantialevidence that the large-
scale structures were responsiblefor the generation of noise in high-
speed jets, especially close to the jet axis.

Both fine-scale turbulence and large-scale turbulence generate
noise. The relative contributions of these two noise sources are de-
pendent on the jet Mach number, jet temperature, and the radiation
angle. For subsonic jets, especially at low and moderate tempera-
tures, the large turbulence structures propagate downstream at sub-
sonic speeds relative to the ambient speed of sound. For these jets,
the fine-scale turbulenceis probably the dominant noise source. For
supersonicjets, and subsonicjets at high temperaturesas in practical
jet engine applications, the large-scale structures propagate down-
stream at supersonic speeds relative to the ambient speed of sound.
Tam and Burton,”¢ by means of a matched asymptoticexpansionso-
lution, provideda detailed descriptionof the physicalmechanismby
which supersonically propagating large-scale structures/instability
waves generate noise. These structures are efficient generators of
noise and constitute the dominant noise sources, especially in the
downstream direction. Tam and Chen’ extended this theory and de-
veloped a stochastic wave model theory for the prediction of this
component of noise. With this model, they were able to predict the
changes in the noise spectra of a Mach 2.0 jet with temperature and
demonstrated reasonably good agreement with the measured data
of Seineret al.3 Their computationsindicated that most of the large-
scale structure noise was generated in the core region of the jet.
The intense noise radiation from the large-scalestructures was con-
fined to an angular sector with inlet angles greater than ~125 deg
in the aforementioned measurements. (Throughout this paper, all
angles are measured from the jet inlet axis, with the jet exhaust
axis corresponding to 180 deg.) Tam and Chen’ noted that outside
the dominant noise radiation direction, especially in the forward
quadrant, there was no strong directivity and that the noise radiation
was fairly uniform. This observationled them to infer that, in these
directions, the noise from fine-scale turbulence could be dominant.

Based on this supposition, Tam et al.’ investigated the jet noise
database acquired with round nozzles, operated at supersonic Mach
numbers, at NASA Langley Research Center’s Jet Noise Labora-
tory (JNL). This database consisted of narrowbanddata in a 122-Hz
bandwidth and covered a Mach number range from 1.37 to 2.24
and a temperature ratio range from 1.0 to 4.9. From a selected
subset of this database, they developed two empirical similarity
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spectrum functions and determined that the empirical spectra fitted
the measured spectra over the entire range of Mach numbers and
temperature ratios. One empirical spectrum had a sharp peak with
a linear drop away from the peak. This shape was found to fit the
measured noise spectra at large inlet angles. The second spectrum
had a broad peak with gradual rolloff; this shape fitted the measured
spectra in the forward quadrant and at near-normal angles to the jet
axis. These empirical shapes, though derived from a supersonic jet
noisedatabase, were also shownto fit cold subsonicjetnoise spectra.
They verified that jet noise data from other facilities also exhibited
the same shapes. They also developed formulas for the peak noise
amplitudes for each noise component, as a function of velocity ratio
V;/a and temperatureratio 7, / T,, where a is the speed of sound in
the ambient medium.

Tam!? examined the noise spectra of supersonicjets issued from
simple elliptic, rectangular, and plug nozzles and found that these
spectra also conformed to the empirical similarity spectra obtained
from supersonic axisymmetric nozzles. Tam and Zaman'! analyzed
the noise spectra of cold subsonic jets from nonaxisymmetric and
tabbed nozzles and determined that the spectral shapes from these
nozzlescould also be representedby the similarity spectra. Dahl and
Papamoschou'? reported that the spectra from supersonic coaxial
jets also exhibited the similarity shapes obtained from supersonic
round nozzles.

In this paper, we first analyze The Boeing Company data from
supersonic and subsonic single jets. We show why the similarity
spectra as developed by Tam et al.” might not fit other measured
data at high frequencies. A thorough analysis of the noise of dual-
stream nozzles of different geometry and operated at differentcycle
conditionsis then carried out. It is established that the noise at large
aft angles may not be characterized by the large-scale similarity
spectrum. Finally, we analyze the spectra of hot subsonic jets.

Similarity Component Model

We provide a brief description of the similarity model first. In the
mixing layer of a turbulentjet, there is no intrinsic length scale. Fur-
thermore, molecular viscosity is not important, and high-Reynolds-
number jets are essentially inviscid. Hence, there is no intrinsic
timescale either in the core region of the jet. Experimental measure-
ments have shown conclusively that the mean flow, as well as the
turbulence statistics, exhibit self-similarity. Tam et al.’ contended
that the noise from the fine-scale turbulenceis also generated in the
core region of the jet, where the flow properties are similar. Based
on these observations, Tam et al.” proposed that, because noise is
generated by the turbulence of the jet, the noise spectra of the two
independent noise components should also exhibit self-similarity.
They furtherreasoned that the absence of a time (or frequency) scale
implied that f must be scaled by f., the peak frequency of the large
turbulent structures noise spectrum, or fr, the peak frequency of
the fine-scale turbulence noise spectrum. Tam et al.’ proceeded to
express the jet noise spectrum S as a sum of the two independent
noise components, in the following similarity form:

S =K\ F(f/fu) + K2G(f/f)l(D/r)?

F(f/f.)and G(f/fr) are the similarity spectra associated with the
large-scale and fine-scale turbulence, respectively. These spectrum
functions were normalized such that F (1) =G(1)=1. K, and K,
the amplitudes of the two spectra, and the peak frequencies f; and
fr are functions of the jet operating conditions and direction of
radiation. Tam et al.” also recast this equation in decibel form as

1010g(S/ pZ;) = 1010g(K: / p;) + 101og F(f/f.)

+ 1010g(K2/pr23f) 4+ 10log G(f/fr) — 201log(r/D)

Atlarge aft angles where the large-scalestructurenoise is dominant,
and in the forward quadrant where the fine-scale structure noise is
dominant, the precedingequationreduces to a simpler form with the
measuredspectracharacterizedby either the large-scaleor fine-scale
component.

Analysis and Discussion

We provideindependentverification that the similarity spectraare
indeed valid, by showing comparisons with The Boeing Company
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Fig. 1 Comparison of measured data and fine-scale similarity spec-
trum: inlet angle =100 deg and 7,/T, = 2.78; ——, similarity spectrum;
x, M; = 0.86; @, M; = 1.05; and O, M; = 1.37, C-D nozzle.

data that were not included in Tam et al.’s” initial determination of
the empirical spectrum shapes. Details of the test facility and de-
scriptions of the jet simulator may be found in Ref. 13. The test
data were acquired in one-third-octave bands. The analytical for-
mulas of Tam express noise in decibels per hertz for each noise
component. By the integration of these expressions over appropri-
ate bandwidths, similarity spectra for one-third-octave bands were
first generated and compared with test data. This approach avoids
the errors associated in converting one-third-octave band data to
narrowband data. The peaks of the similarity spectra are placed on
top of the peaks of the measured spectra in the following.

Figure 1 shows comparisons of the measured and the empirical
fine-scale spectra for three hot jets at an inlet angle of 100 deg. The
Machnumbersare 0.86,1.05,and 1.37, respectively,and the temper-
ature ratio is 2.78. The frequencies are represented in terms of band
number, where the band number is defined as [10¥Log;o (f)], with
the center frequencyof the one-third-octaveband f inhertz. The first
two data points were acquired with a convergentnozzle and the third
one with a convergent-divergent (C-D) nozzle at its design Mach
number. The shock noise from the conic nozzle for the low super-
sonic Mach number (M = 1.05) is negligible. As can be seen, there
is excellent agreement between the data and the empirical spectra.

Figure 2 shows comparisons of the empirical large-scale spec-
trum and data at three aft angles for the M = 1.05 heated jet. There
is good overall agreement close to the peak and at lower frequen-
cies. However, there is a large discrepancy at the highest frequen-
cies, and the mismatch between the data and the similarity spectra
becomes more pronounced with increasing angle. The reason for
this discrepancy is now investigated. Tam et al.’ developed their
empirical shapes based on data from the JNL at NASA Langley
Research Center. In this facility, the microphones were laid out on
a sideline array, usually at a distance of ~3.66 m (12 ft) from the
nozzle origin, which is centered at the nozzle exit. At large aft an-
gles, because of chamber size constraints, the microphones were
arranged perpendicular to the jet axis with the microphone at the
largest angle closest to the jet axis.® In some of the older tests, data
were acquired on a 3.66-m polar array as well. Now, irrespective
of the nozzle size (diameter), the physical distances to the micro-
phone locations are fixed. In the experiments of Seiner et al.,? this
distance is 6.07 m (~20 ft) for the 160-deg microphone (66.3D,
where D =0.0914 m). When Tam corrected these data to (100D)
he applied only the spherical divergence correction, which adjusts
the sound pressure level up (down) when the new distance is shorter
(longer). This correctiondoes not change the shape of the spectrum.
However, in reality, the effect of atmospheric absorption should



VISWANATHAN 1737

g
\"\g\m\
5dB¢ / R,
FAP AT &
A N
' . . o o} \0 \' .
2 '009/0 \ ﬂm‘
3 o
& 1@0 ob\. i
L ]
VO\.\
o AN
vl
[v]

23 26 27 29 31 33 35 37 39 41 43 45 47 49
Band number

Fig.2 Comparison of measured data and large-scale similarity spec-
trum: M; = 1.05 and T,/T, = 2.78; ——, similarity spectrum; [J, inlet
angle = 130 deg; @, inlet angle = 155 deg; and O, inlet angle = 160 deg.
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Fig. 3 Atmospheric absorption per Ref. 14: ambient temperature
77°F (25°C); ---, relative humidity = 50%; , relative humidity
70% ; and - - -, relative humidity = 85%.

also be included. The atmospheric absorption coefficientis a strong
function of frequency, with the highest frequencies affected most.

In Figure 3, we plot the atmospheric absorption coefficient (deci-
bels per foot) as a function of frequency for three values of relative
humidity and at a fixed temperature.In Fig. 4, we show a similar plot
that provides the influence of temperature while relative humidity is
held constant. One may generate these types of curves for any given
ambient conditions of temperature, pressure, and relative humidity
as per the procedure given by Shields and Bass.!* It is obvious from
Figs. 3 and 4 that the atmospheric absorptionis very strong at higher
frequencies, with absorption coefficients of ~1 dB/ft.

Let us reexamine Fig. 2. The data were taken with a linear mi-
crophone array at a sideline distance of 4.572 m (15 ft). Unless
otherwise stated, all of the data were acquired with this microphone
arrangement. For an array at a fixed sideline distance, the micro-
phones at large angles are the farthest away, and, hence, the noise
measured by these microphonesis subjectto the most absorption.In
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Fig. 4 Atmospheric absorption per Ref. 14: relative humidity = 70%:
---, ambient temperature = 50°F (10° C); —, ambient temperature =
75°F (24°C); and - - -, ambient temperature = 95°F (35°C).

the preceding measurements, the microphone at 160 deg is at a ra-
dial distance of ~13.41 m (44 ft), which is substantially longer than
thatused in the determinationof the empirical spectrum. This is pre-
cisely why the discrepancybetween data and the empirical spectrum
at the highest frequencies becomes more pronouncedin Fig. 2.

The shape of the similarity spectrum for large-scale turbulence
noise has a steep rolloff away from the peak. The peak value of the
large-scale spectrum noise for these model-scale tests is ~2000 Hz.
The piecewise analytical expression that Tam et al.” developed has
a linear variation for (f/f;) >2.5. The JNL data have a built-in
atmospheric absorption dictated by the microphone distances; Tam
etal.’s analysisand subsequentdevelopmentof the empirical spectra
have captured the resultant high-frequency rolloff. Note that the
slope of the high-frequencyportion of the similarity spectrum would
not match data where the microphone distances are very different
from that of JNL. The same arguments apply to the fine-scale noise
spectrum as well.

To avoid this problem, determine the similarity shapesusing loss-
less noise spectra. The result of a preliminary attempt with this ap-
proach was presented in Ref. 15 (see Fig. 5 in Ref. 15). A lossless
version of the similarity spectrum was first generated with assumed
typical weather conditions and the microphone distances given in
Ref. 8. Comparisons with the same set of data shown in Fig. 2, cor-
rected to lossless form, eliminated the large discrepancy seen at the
higher frequencies. However, this approach is not entirely satisfac-
tory. First, uncertainties associated with the absorption coefficients
and the applied large corrections could produce upturns in the spec-
tral shape. Second, the lossless spectra have unfamiliar shapes and
could produce trends inconsistent with measured trends, potentially
leading to misinterpretation of data. The following alternative is,
therefore, proposed. It is standard industry practice to convert spec-
tra to standard day conditions. This is defined as 77°F (25°C) with a
relative humidity of 70%. The spectrain Fig. 2 have been corrected
to a distance of 100D [D = 0.0879 m (3.46 in.)], properly account-
ing for the distances and weather conditions that correspond to the
standard day. Comparisons with the similarity spectra are shown in
Fig.5.The large discrepancyat the higher frequenciesfor the spectra
at 155 and 160 deg are considerably reduced. However, the adjust-
ment in distance from 5.974 m (slant distance to the microphone)
to 8.79 m (100D) for the spectrum at 130 deg, reduces the spectral
level at the highestfrequenciesby ~8 dB, magnifying the mismatch
with the empirical spectrum. It is obvious that the empirical shape
must be redetermined.

Next we address the question of whether one should apply the
weather corrections to narrowband data or one-third-octave band
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Fig. 5 Comparison of standard day data and large-scale similarity
spectrum: M; = 1.05 and T,/T, = 2.78; ——, similarity spectrum; [J,
inlet angle = 130 deg; @, inlet angle = 155 deg; and O, inlet angle =
160 deg.

95

920

85 AN
o o o \

75

70 ¢ ~
® ) N
65

60

SPL, dB

55 @

50

45
23 25 27 29 31 33 35 37 39 41 43 45 47 49
Band number

Fig. 6 As-measured and corrected (to 100D) data: unheated jet, M;
= 0.9 and angle = 145 deg; O, as-measured data; ——, corrections ap-
plied to one-third-octave data (standard day); - - - -, corrections applied
to narrowband data and then synthesized (standard day); and - - -,
corrections applied to one-third-octave data (test day).

data. This issuehas practicalrelevancebecause the measured spectra
must be reduced to some standard conditions. We examine thisissue
by considering a measured spectrum at 145 deg from a Mach 0.9
unheated jet from a nozzle of diameter 0.0381 m (1.5 in.). We cor-
rect the spectrumto 3.8 1 m (100D) from the microphonedistance of
7.97 m and to standard day conditions. Narrowband data with a bin
spacing of 23.4 Hz were acquired and synthesized to produce one-
third-octave spectra, up to a center band frequency of 80,000 Hz.
The data have been corrected to 100D in two ways. First, the at-
mospheric absorption corrections were applied to the narrowband
data, and the corrected data were synthesized to one-third-octave
spectra. Second, the absorption corrections were directly applied to
the synthesized one-third-octave spectra. The results are shown in
Fig. 6. The symbols represent the as-measured spectrum and the
solid line the corrected one-third-octavespectrum. The thick dotted
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Fig. 7 Comparison of measured data and large-scale similarity spec-
trum: coaxial jet, extended primary, A;/A, = 3.0, and inlet angle =
150 deg; O, NPR, = 1.4, T, = 587°R (53°C), NPR, = 1.4, and T; =
541°R (27°C) and A, NPR, = 1.8, T, = 568°R (42°C), NPR, = 1.8, and
T, =536°R (24°C).

line was obtained by first applying the corrections to narrowband
data followed by the synthesis. Note that the two methods produce
virtually identical spectra; in fact, the thickness of the dotted line
had to be increased to four times that of the solid line to make it dis-
tinguishable. This comparison shows clearly that even if there is a
sharp change in the spectrallevel within a one-third-octaveband (for
example, the bandwidth for a center band frequency of 80,000 Hz
spans 70,770-89,160 Hz, with a drop of ~5 dB in level between
the lowest and highest frequencies for this case), there is no dif-
ference in the corrected spectra. Similar good agreement is seen at
otherangles. Therefore,the correctionsmay be applied to either nar-
rowband data or one-third-octave data. The dashed line represents
the data corrected to 100D, but at test day weather conditions. The
differencebetweenthe dashedline and the solidlineis due to the dif-
ferencesin atmospheric absorptionbetween test day conditionsand
standard day ambient conditions. Note that the agreement between
the two curves is excellent in the low-frequency regime, below a
frequency of ~8000 Hz. This is, of course, expected because the
atmospheric attenuation values are very low at these frequencies, as
seen in Figs. 3 and 4.

The importance of the preceding analysis is twofold. It is evi-
dent that the empirical shapes must be redetermined from data cor-
rected to some standard conditions. There is also the larger issue of
standardizing data that would permit direct comparison and assess-
ment of the quality of acoustic data obtained at different facilities.
Whereas the standard day ambient conditions are well established,
thereis nounique way of defining a standard distance. After a careful
examinationof the availableanechoicfacilitiesand testpractices, the
author would proposea standarddistanceof 6.096 m (20 ft). In many
of the laboratories, microphones are located on a linear array with
sideline distances of 3.66-6.096 m (12-20 ft). At The Boeing Com-
pany, the usual practiceis to use a linear array at a sideline distance
of 4.57 m (15 ft), though other sideline distances have been used in
some tests. The choice of 6.096 m (20 ft) would ensure that the differ-
ences between the slant distances to the microphones and the refer-
ence distanceand, hence, the corrections,would notbe too large: Al-
though the distance corrections would be negative for microphones
at near-normal angles to the jet axis, they would be positive for
microphones at oblique angles in the forward or aft quadrants.

The other issue pertains to theoretical models of jet noise. Most
models completely ignore the issue of atmospheric attenuation. All
theories contain some level of empiricism, with the empirical con-
stants optimized to produce a spectral shape that fits a certain set
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of measured data. As shown, the rolloff at the higher frequencies
is affected strongly by the atmospheric attenuation and the distance
to the microphone. Just as the measured data need to be corrected
to standard conditions, so do the theoretical models through proper
accountingof the effects of the atmosphericabsorption. Perhaps this
would only requirereevaluationof the empirical constants that con-
trol the spectral shape. Note that empirical prediction methods, as
well as analysis tools, used by the aerospace industry, especially for
flight certification with very long distances to the ground observer,
have always incorporated the important effect of atmospheric atten-
uation.

A detailed analysis of noise from coaxial jets is now presented.
In the following, we restrict ourselves to as-measured data while
fully recognizing the effect of atmospheric absorption on spectral
shapes. As seen in Figs. 2 and 5, any corrections to the data would
not solve the underlying problem with the shape of the similarity
spectra at the higher frequencies. Furthermore, the mismatch at the
higher frequencies does not affect the main conclusions drawn in
the following analysis. The jet operating conditionsrepresenttypical
values that are used in commercial jet engines. First, we start with
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a coaxial nozzle of high bypass ratio with an extended primary
nozzle;thisnozzlehad an arearatio (secondary to primary arearatio,
Ag/A,) of 3.0.In Fig. 7, we show measured spectra at an angle of
150 deg. Both the primary and secondary streams were operated
at nearly identical reservoir conditions (cold), thereby producing a
single large jet. The lower curve is at a nozzle pressure ratio (NPR)
of 1.4, whereas the upper curve is at 1.8. As shown in Fig. 7, the
spectral shapes for the two cases may be represented well by the
large-scale similarity spectrum.

Now we change the jet operating conditions in the two streams
and monitor the changes in the spectra at four inlet angles of 70, 90,
140, and 150 deg (Figs. 8a-8d). First, the velocity of the inner jet
is increased to 438 m/s (NPR, = 1.55, T, = 809 K) from 244 m/s,
while holding the secondary stream more or less constant. As can
be seen, the noise level goes up at all angles and frequencies. At
70 and 90 deg, there is a near-uniform increase of ~5 dB across
the spectrum. At the aft angles, there is a tremendous increase in
the low-frequency noise, of the order of 15 dB. At the very high
frequencies, though, there is only a smaller increase, comparableto
that seen in the forward angles.
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Fig.8 Coaxial jet noise spectra, extended primary.A /A, = 3.0 and —, fine-scale similarity spectrum: angle = a) 70, b) 90, ¢) 140, and d) 150 deg; O,
NPR, = 1.40, T, = 587°R (53°C), NPR; = 1.40, and T; = 541°R (27°C); A, NPR, = 1.55, T, = 1456°R (536° C), NPR, = 1.40, and T = 560°R (38°C);
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For the next test point, we increase the NPR of the inner stream to
1.86 (V, =516 m/s), while holding the other parameters constant.
Again, the noise levels go up at all angles. In the aft quadrant, there
is bigger noise increase at the mid- and high frequencies, whereas
thereisonly a small increaseatlow frequencies.Finally, we increase
the NPR of the secondary stream alone to 1.8 (V, =307 m/s). There
are some interesting trends in the aft quadrant associated with this
change. Whereas the noise levels increase at the low- and high-
frequency ranges, the noise level in the midfrequencies either re-
mains the same or is actually slightly lower.

One of the striking featuresis that, in the forward angles, thereis a
near-monotonicincrease in noise whether the primary or secondary
velocity is increased. The spectral shapes remain more or less the
same and are seen to conform to that of the fine-scale similarity
spectrum. However, in the principal radiation direction, the picture
is entirely different. There is a drastic change in the spectral shape
when the velocity of the inner stream is increased (see Figs. 8c and
8d). The same similarity curve, which was shown to characterizethe
spectra when the nozzles were operated as a single large jet (Fig. 7),
cannot possibly fit both shapes.

Next we examine the noise characteristics of a coplanar jet of
low bypass ratio; the secondary to primary area (A;/A,) ratio of
this nozzle was 1.0. As before, we first verify that, when operated as
a single jet, the spectral shape at an inlet angle of 160 deg conforms
to that given by the large-scale similarity spectrum (Fig. 9). We go
through a similar exercise as was done with the coaxial nozzle of
area ratio 3.0, with the jet operating conditions varied as described
earlier. Figures 10a-10c show the spectral variations at three angles
of 90, 140, and 150 deg, as the gas conditions are changed. Again,
at 90 deg, the spectral shapes correspond to that of the fine-scale
similarity spectrum (Fig. 10a).

At the aft angles, though, the peak noise levels first increase by
~20 dB when the inner velocity is increased. The increase in high-
frequency noise is much smaller, of the order of 5 dB or so. The
peak frequency is also seen to shift to a slightly higher frequency,
as was observed for the coaxial nozzle. The spectrum at 140 deg
for the single large jet is well characterized by the fine-scale sim-
ilarity spectrum (Fig. 10b). However, at larger angles of 150 deg
(Fig. 10c) and 160 deg (Fig. 9) the spectral shapes correspondto that
of the large-scale similarity spectrum. For this low-speed jet (cold,
M ; =0.7) one would not expect the large-scale structure noise to be
dominant. The preceding results, which confirm that the large-scale
structure noise is confined to large aft angles, perhaps within the
cone of silence of the fine-scale turbulence noise, is in accord with
our understanding of the noise generation mechanism.
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Fig.13 Coaxial jet noise spectra with one stream supersonic. Extended
primary, A;/A, = 3.0; —, large-scale similarity spectrum: a) 150 and
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=1.8,and T, = 975°R (268°C) (NVP).

Thus far we have confined our analysis to jets where the inner
stream is faster than the outer stream, the so-called normal velocity
profile (NVP). Now we examine the noise of nozzles operated with
the outer stream faster than the inner stream, the so-called inverted
velocity profile (IVP). Figure 11 shows spectra at 160 deg from the
coplanar jet of area ratio 1.0. The three curves correspond to those
from a single large jet, an NVP jet and an [VP jet. For the IVP case,
there is a tremendousincreasein the mid- and high-frequencynoise,
whereas there is only a modest increase to the peak noise level of
the single jet. As for the NVP, the spectral shape is very different
from that of a single jet. At low radiation angles, though, the change
in the spectral shape is minimal.

In Figs. 12a and 12b, we illustrate the effect of the area ratio on
the spectra of IVP jets. The spectra from a single large jet are also
included for reference. The total flow area is constant for all of the
nozzles. Not surprisingly, when the velocity ratios are maintained
more or less the same, the absolute noise levels increase with in-
creasingarearatio. That is, the levels scale with the larger secondary
jet size. All of the spectral shapes at 90 deg conform to that of the
fine-scale similarity spectrum (Fig. 12a). However, at 150 deg, the
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spectra exhibit a double-hump feature, very different from that of
a single jet. Obviously, the simple two-component model for the
noise of a single jet does not apply for coaxial jets.

In Figs. 13a and 13b we examine the effect of operating one of
the streams supersonic, on the spectral shape at two aft angles of
150 and 155 deg. For this nozzle with A; /A, = 3.0, when the outer
stream is supersonic (M, =1.37, M, ~ 1.0, IVP) the spectral shape
seemingly correspondsto thatof the large-scalesimilarity spectrum.
Presumably, the noise contributionfrom the smaller and slowerinner
stream is not important. However, a closer inspection reveals that
the rolloff of the noise at lower frequencies, to the left of the spectral
peak, is different from that of the similarity spectrum. Indeed, there
is a 5-9-dB increase in the low-frequency noise, compared with
the levels given by the empirical spectra. One can easily verify that
this increased level is real by examining the low-frequency portion
of the spectra when the operating conditions of the two streams
are switched, as seen in Fig. 13a. When the Mach numbers of the
two streams are switched, with the inner stream at a Mach number
of 1.37, the spectral shape reverts to that of subsonic coaxial jets
(Fig. 8d).
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Fig. 15 Comparison of measured data and fine-scale similarity spec-
trum. Single jet and M; = 0.90: angle = a) 80 and b) 90 deg;
——, fine-scale similarity spectrum; O, T,/T, = 1.0; O, T,/T, = 1.8;
Xy Tp/Ty=22; @,T,/T, =2.7;and A, T,/T, =3.2.

At a lower area ratio of 1.0, the situation is very different. We
show similarresults for the coplanarnozzlein Figs. 14aand 14b. The
noise from the IVP jet has a double hump, as seen for the subsonic
conditions. There is a screech tone in the spectra of the NVP jet;
surprisingly,the spectraof the NVP jetresemblethat of the similarity
spectrum for this area ratio. Again, there is an increased noise level
at lower frequencies, which is even more pronounced at 160 deg.
Thus, the arearatiois seen to have a significantimpacton the spectral
shape at large aft angles. The spectra at lower angles contain some
broadband shock-associatednoise and, hence, are not shown here.

The noise of a coaxial jet is controlled by many parameters.
One could identify three distinct noise sources: the inner shear
layer between the primary and secondary streams, the outer shear
layer between the secondary and ambient streams, and the fully
merged jet farther downstream. The characteristic length and ve-
locity scales are obviously different for each noise source. Lu'6
carried out an extensive investigation of the jet noise source re-
gion of coaxialjets throughthe use of an acoustic mirror. The results
of this study are illustrative in explaining the noise characteristics
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of coaxial jets. When the relative velocity of the secondary stream
(secondary-ambient velocity) was greater than the relative velocity
of the primary stream (primary-secondary velocity), most of the
noise radiated to the upstream and near-normal angles is generated
by the secondary shear layer. However, there is a tremendous in-
crease in the noise radiated to large aft angles. In these directions,
the primary shear layer is dominant.

When the relative velocity of the primary stream is greater than
thatof the secondarystream, it was found that the primary shearlayer
controls the noise generated in the premerged (the transitional re-
gion where the primary and secondary shearlayers have not merged)
region of the coaxial jet at all angles. Usually, the mixed jet region
is thought to be responsible for the low- and midfrequency portion
of the radiated spectra, whereas the secondary shear layer is re-
sponsible for the generation of the high-frequency noise. The total
radiated noise is, of course, a summation of the contribution of the
various sources over different frequency bands. It is clear that there
are multiple noise sources, with the importance of each component
at a particular angle dictated by the jet operating conditions and

geometry. Therefore, it should not be surprising that the noise of a
coaxial jet in the aft directions may not be characterized by that of
the large-scale similarity spectrum of a single jet.

Finally, we examine the noise characteristicsof hot subsonicjets.
In Figs. 15a and 15b, the effect of heating the jet on the spectral
distribution, at a constant Mach number of 0.9, is shown. Compar-
isons of measured data with the fine-scale similarity spectrum are
displayed at two radiation angles of 80 and of 90 deg, respectively.
The curves have been spaced apart to enhance visual comparisons
and, hence, do not reflect the actual noise increase due to heating.
The jet temperature was progressively increased from ambient tem-
perature to a very high temperature ratio, with values of (7,/T,)
correspondingto 1.0, 1.8,2.2,2.7, and 3.2, respectively. The spec-
tra for all of the cases conform to that of the fine-scale similarity
spectrum.

In Figs. 16a and 16b similar comparisons are shown for a jet at
a lower Mach number of 0.7. The temperature ratios are the same
as that for the M; =0.9 jet. Again, there is excellent agreement
between the measured data and the fine-scale similarity spectrum
at all jet temperatures. This is the first time it has been shown that
the spectra from highly heated subsonic jets also conform to the
universal shape. The implications of this result will be examined in
a future study.

Conclusions

The jet noise from single-stream and dual-stream nozzles of dif-
ferent geometry has been analyzed. The spectra of single jets con-
formto the self-similarshapesdevelopedby Tametal.” Atmospheric
absorption,neglected in Tam et al.’s analysis, has a pronounced ef-
fect on the shape of the spectra at high frequencies. It should be
clearly recognized that the slope of the high-frequency portion of
the similarity spectra would not match data, where the microphone
distances are very different from that of the initial database used
to generate the similarity spectra. The analysis has also highlighted
the need for standardizing data to permit easy comparison of data
from different facilities, as well as for providing guidance for de-
velopers of theoretical models in testing hypotheses and fine-tuning
the empirical constants. It is proposed here that all data be corrected
to standard day conditions and adjusted to a reference distance of
6.096 m (20 ft) forlaboratorytests.It was shown that the atmospheric
absorption corrections, when applied to either narrowband data and
then synthesized or when applied directly to one-third-octavedata,
produce identical corrected one-third-octave spectra.

The noiseof coaxialjets dependson several parameters. The spec-
tral shapes in the forward quadrantand near-normal angles conform
to that of the fine-scale similarity spectrum irrespective of nozzle
geometry and jet operating conditions. That any arrangement of the
nozzles, coplanar or extended primary, with any combination of
pressures, temperatures, bypass ratio, velocity ratio, and area ratio
has no effecton the spectral shape is truly remarkable. However, the
spectral shapes at large aft angles are vastly different from that of
the single jet. The nozzle geometry and operating conditions have
a strong effect on the generated noise. Clearly, the noise in the aft
quadrant from dual-stream nozzles may not be characterized by a
simple shape. In this sense, the large-scale structure noise is seem-
ingly not as universal as the fine-scale structure noise. Perhaps this
should not be surprising given the complex noise generationprocess
in a coaxial jet.

Analysis of noise data from hot subsonic jets indicated that these
spectra at low angles might also be characterized by the fine-scale
similarity spectrum. Careful examination of the spectra at 90 deg
showed that the spectral shape does not change, even when the jet
is heated to very high temperatures. The implication of this finding
on past theoretical models of jet noise is being investigatedand will
be reported elsewhere.
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