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It is well established that there are three principal jet noise components for imperfectly expanded supersonic jets.

However, to this date there has been no reliable and practical method for identifying the individual components.

First, new scaling laws for the turbulent mixing noise component are developed from a comprehensive experimental

database generated by the author. The scaling laws are based on the explicit recognition that a) the variation of the

overall sound power level with jet velocity has a weak dependence on jet stagnation temperature ratio; b) the

variation of the overall sound pressure level with velocity at every radiation angle is a function of jet stagnation

temperature ratio. Therefore, the behavior of the turbulentmixing noise at each radiation angle can be characterized

by the two independent parameters: the velocity ratio and the stagnation temperature ratio. These two findings set

this study apart from past approaches and form the basis for the methodology developed here. It is demonstrated

clearly that there is excellent collapse of the mixing noise spectra over the entire frequency range. Once the

normalized ormaster spectra for themixing noise are established, it is a trivialmatter to subtract these from the total

measured spectra to obtain the shock-associated noise. Formoderately imperfectly expanded heated supersonic jets,

the mixing noise component has the same spectral level as the shock-associated noise, over a wide range of higher

frequencies. At the lower radiation angles in the forward quadrant, there is a substantial decrease in the values of the

velocity exponents as the stagnation temperature ratio is increased. Proceeding aft, the values start to rise and in the

peak sector of noise radiation, the velocity exponent becomes less sensitive to jet stagnation temperature ratio unlike

at lower angles, and stays close to the values for the unheated jet.

I. Introduction

I T is well established that there are three principal noise
components for an imperfectly expanded supersonic jet. These

are the turbulent mixing noise, the broadband shock-associated
noise, and the screech tones. A convergent nozzle operated at
supercritical pressure ratios always produces shocks in the plume,
resulting in shock-associated noise. The same situation prevails
when a convergent-divergent nozzle is operated at off-design
conditions. The intensity of shock-associated noise is dependent on
the degree of mismatch between the design Mach number (Md) and
the fully expanded jetMach number (Mj). The relative importance of
the broadband shock-associated noise and turbulentmixing noise is a
strong function of radiation angle and jet operating conditions. The
shock noise radiation is omnidirectional, while the mixing noise is
radiated principally to the aft directions.

Harper-Bourne and Fisher [1] were the first to provide ex-
perimental evidence of broadband shock-associated noise. Sub-
sequently, Tanna [2], Seiner and Norum [3,4], Norum and Seiner
[5,6], Tam and Tanna [7], Seiner [8], Seiner and Yu [9] and
Yamamoto et al. [10] carried out extensive studies that have formed
the basis for our understanding of shock-associated noise. The
experiments at NASA Langley by Seiner, Norum, and Yu
concentrated on the aerodynamic characteristics, near field acoustics
and far field acoustics of shock-containing plumes in order to
uncover the physical mechanisms responsible for the generation of
shock noise. The main characteristics of shock-associated noise,
summarized above, resulted from these experimental investigations.
The physical mechanisms responsible for the generation of this
component of noise were explained by the theory of Tam and Tanna
[7], and Tam [11,12]. A prediction method based on this theory was

shown to capture the experimentally observed characteristics very
well.

The characteristics of turbulent mixing noise have been examined
since the late 1940s and early 1950s. Many studies (too numerous to
cite here), both theoretical and experimental, have been carried out
since that time. In spite of all these efforts, there is no theory or
methodology that can predict the spectral characteristics at all the
radiation angles from a simple round jet. Given this situation,
empirical noise prediction schemes are used both for single and dual-
stream jets. The most common one is the SAE [13] method. Though
these methods provide reasonable predictions over a wide range of
jet velocities and operating conditions, the agreement with data at
any particular condition could be poor and hence may not be within
acceptable accuracy limits. Perhaps it should not be surprising then
that there is no validated methodology for identifying the component
of turbulentmixing noise in jet noise spectra from supersonic jets that
contain broadband shock-associated noise as well.

The objectives of the current study are as follows: new scaling
laws for the turbulent mixing noise component are first developed.
Two practical applications are then described. These scaling laws are
utilized for identifying the mixing noise component in spectra that
contain both the mixing noise and the broadband shock-associated
noise. This approach does not depend on any prediction method
and is based entirely on an experimental database. The validity of this
method is demonstrated for a variety of test cases from shock-
containing jets at various pressure and stagnation temperature ra-
tios, and the robustness of the approach is established. It is also
highlighted that a practical and accurate noise prediction
methodology is a natural by-product of the current approach. This
prediction methodology, another useful outcome of the scaling laws,
is described elsewhere.

II. Experimental Database

A comprehensive aeroacoustic database, from unheated and
heated jets over a wide range of Mach numbers and stagnation
temperature ratios, has been developed using axisymmetric nozzles
of different diameters. Several issues that could have an impact on the
radiated noise, such as the effect of the Reynolds number, the effect
of the state of the flow (laminar or turbulent) at the nozzle exit, the
effect of jet temperature, the effect of jet density for jets at constant
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velocity, the effect of nozzle size on data quality, etc., have been
investigated and reported in Viswanathan [14–16]. Detailed
descriptions of the test facility, the jet simulator, the data acquisition
and reduction process, etc., may be found in Viswanathan [14]. For
the sake of completeness, a brief overview is provided here. The jet
simulator is embedded in an open-jet wind tunnel, which can provide
a maximum free-stream Mach number of 0.32. The takeoff Mach
numbers for all commercial aircraft fall in the range of 0.24 to 0.28;
hence, the effects of forward flight can be evaluated at realistic free-
stream velocities in Boeing’s Low Speed Aeroacoustic Facility.
Bruel&Kjaer quarter-inchType 4939microphones are used for free-
field measurements. The microphones are set at normal incidence
and without the protective grid, which yields a flat frequency
response up to 100KHz. Typically, several linear microphone arrays
are used. The microphones in each array are laid out at a constant
sideline distance of 15 ft (4.572m) from the jet axis. Veryfine narrow
band data with a bin spacing of 23.4 Hz up to a maximum frequency
of 88, 320 Hz are acquired and synthesized to produce one-third
octave spectra, with a center band frequency range of 200 to
80,000 Hz.

Aeroacoustic data have been acquired at five stagnation
temperature ratios (Tt=Ta) of 1.0, 1.8, 2.2, 2.7, and 3.2. Throughout
this paper, the stagnation or total temperature ratio is quoted. Unless
otherwise stated, the terminology “jet temperature ratio” denotes the
stagnation temperature ratio. At each jet temperature, the nozzle
pressure ratio (NPR) was varied systematically so as to produce jets
withMach numbers of 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.24, 1.36,
1.47, and 1.58. Thus, at each fixed temperature ratio, data were
acquired over a wide range of jet velocities. It is well known that the
jet velocity (or the velocity normalized by the ambient speed of
sound Vj=a) is a key parameter in turbulent mixing noise. The above
test matrix, by no means unique but convenient nonetheless,
provides the requisite range of jet velocities at each specified
temperature ratio that would permit the development of scaling laws.
Apart from this main test matrix, data were taken at other jet
conditions as well. Nozzles of different diameters have also been
used to acquire data at the above jet conditions. It is worth
mentioning another significant and beneficial attribute of this
database. It was demonstrated clearly in Viswanathan [14,15] that
the noise data are of the highest quality over the entire frequency
range. It was pointed out that the spectral measurements at the higher
frequencies were severely contaminated in most facilities, thereby
rendering them unsuitable for scientific applications. Consequently,
existing empirical prediction methods based on these data are
suspect. Many concerns with the instrumentation system and the
proper steps that would lead to accurate measurements at the higher
frequencies are discussed by Viswanathan [17]. The use of larger
nozzles and accurate measurements up to 80KHz, have extended the
Strouhal number range considerably in the current database. The
salient characteristics of heated and unheated jets at subsonic Mach
numbers were reported in Viswanathan [15]. The entire database is
utilized in the current paper.

III. Description of the Methodology

A. Characteristics of Mixing and Shock-Associated Noise

Let us first review the characteristics of the turbulent mixing noise
and broadband shock-associated noise from a supersonic jet at a
Mach number of 1.36 and at a total temperature ratio (Tt=Ta) of 2.78.
The spectra measured from a convergent nozzle and a convergent-
divergent (CD) nozzle with a design Mach number of 1.36 and at
various radiation angles are shown in Figs. 1 and 2. The polar angles
quoted here are measured from the jet inlet axis. The data are
corrected to a common distance of 20 ft (6.096 m) from the center of
the nozzle exit (coordinate system with origin at the center of the
nozzle exit) and lossless or standard-day conditions: ambient
temperature of 77�F (298 K) and relative humidity of 70%. The
atmospheric attenuation coefficients are obtained from themethod of
Shields and Bass [18]. The standard practice of converting the as-
measured data to lossless form and then propagating the spectra to a
common distance (of 20 ft) while accounting for the atmospheric

absorption at standard-day conditions has been adopted. Implicit in
this process is the assumption of linear propagation, with the sound
pressure level obeying the (1=r2) dependence. The normalization
process may be written as

SPL�20 feet� � SPLmeasured � 10log10

�
20

r

�
2

� r�AA�test day��

� 20�AA�std day��
where r (ft) is the distance of the microphone from the origin of the
coordinate system, [AA] are the atmospheric absorption coefficients
(which are frequency dependent) per foot. The above equation
provides spectra corrected to standard-day conditions; for lossless
data, the last term in this equation is omitted. The accuracy of the
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Fig. 1 Comparison of spectra at 70 and 130 deg from a supersonic jet.
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weather corrections and the suitability of the different proposed
methods have been evaluated by Viswanathan [19]; it was shown
that the method of Shields and Bass [18] was the best at the higher
frequencies of interest in model scale tests.

At 70 deg in Fig. 1, the turbulent mixing noise may be identified at
the lower frequencies (f < 1500 Hz); the contribution of the
broadband shock-associated noise from the convergent nozzle is
clearly evident at the higher frequencies resulting in minor humps in
the spectra near the spectral peak. TheCDnozzle, built with a straight
divergent section instead of a contour, is seen to produce weak
shocks. At an angle of 130 deg the spectral shapes are identical,
indicating that the turbulent mixing noise is the dominant component
at this angle. Figure 1 also indicates that at the same fully expanded
jet Mach number, the turbulent mixing noise from a convergent
nozzle is identical to that from a CD nozzle. That is, the presence of
shocks in the plume does not alter the turbulent mixing noisemuch, a
trend noted earlier by Seiner [8]. At further aft angles, Fig. 2, we
notice some interesting trends. There is a well-pronounced screech
tone at 2000 Hz at both angles; a higher harmonic at 4000 Hzmay be
identified at 150 deg. There is also broadband amplification of the
turbulent mixing noise, indicated by the slightly increased levels at
the higher frequencies. That is, there could be amplification of the
mixing noise when screech tones are present. Similar trends were
observed in the experiments of Seiner [8] andmay be seen in Figs. 17
and 18 in Tam et al. [20]. For the unheated jets in the NASA Langley
experiments, therewas a	3 dB increase in themixing noise levels at
almost all frequencies, both at the lower angles and at the higher
angles where themixing noise peaks. For the highly heated jet shown
here, there is amplification only at the higher frequencies because the
levels are comparable at all the angles at the lower frequencies.
Though the underlying physics for this phenomenon is not known, it
should be noted that the mixing noise levels could be higher when
strong screech tones are generated.

The above approach, wherein the noise from a convergent nozzle
is comparedwith that fromaCDnozzle at its designMach number, to
identify the turbulent mixing noise provides unambiguous results. A
similar exercisewas carried out byTam andTanna [7]. However, it is
not practical because one would have to design, build and test
numerous CD nozzles. Clearly, a different approach is needed. It is
well established that the intensities of the mixing noise and shock-
associated noise have very different dependences on jet operating
conditions. The overall power level for mixing noise scales with the
eighth power of the jet velocity, Lighthill [21]. The intensity of the
shock-associated noise, on the other hand, varies as �M2

j �M2
d�2.We

exploit these different scaling characteristics of the two components
to identify the mixing noise.

B. Review of Existing Formulations

There have been several attempts in the past to collapse spectra
from heated and unheated jets; most of these have relied on the
acoustic analogy, together with other theoretical considerations. In
many of these, scaling laws for jet noise were developed for a
radiation angle of 90 deg, where convection and other effects are
negligible. We briefly review these first. Fisher et al. [22] proposed
the following scaling law for intensity [the term intensity was used
loosely to denote the overall sound pressure level (OASPL) in the
past studies]:

I90 / A1

�
Vj

a

�
8

� B

�
Vj

a

�
4

A1 andBwere functions of the jet temperature ratio in some fashion.
Vj is the jet velocity and a is the speed of sound in the ambient
medium.Morfey [23] startedwith Lighthill’s equation and invoked a
different set of assumptions and proposed the following relation:

I90 / A1

�
Vj
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Morfey [23] further suggested that the high- and low-frequency
portions of the spectra would behave differently and would have

different dependences on jet velocity. Lilley [24] derived a wave
equation that accounted for convection effects to obtain,

I90 / A1
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Again, A1, B, and C are complex functions of the temperature ratio
and the functional forms depended on the assumptions invoked, with
several empirical factors introduced. Tanna et al. [25] examined all
these formulations and developed master spectra for the
contributions from the Reynolds stress and temperature fluctuations
and proposed the following functional form:

I90 / A1

�
Vj

a

�
7:5

� B

�
Vj

a

�
4

They further stated that the two sources are not statistically
uncorrelated as assumed in Fisher et al., Morfey, and Lilley [22–24]
but appeared to be highly correlated. Morfey et al. [26] developed
scaling laws based on geometric acoustics and examined the
importance of the three assumed sources of monopole (V4), dipole
(V6), and quadrupole (V8), and their contributions to the total noise,
with and without these sources being coherent. They concluded that
the combination of dipole and quadrupole sources with zero
coherence best represented the data. Morfey et al. [26] introduced
additional empirical constants that varied with temperature ratio that
supposedly provided better fit with data. Tam et al. [20] suggested
that when the variation of the OASPL at a particular angle with
(Vj=a) is considered, a family of parallel straight lines that
correspond to each temperature ratio would result. Goldstein [27]
derived a variant of the Lilley’s equation without introducing
additional approximations and represented the sources as the sum of
quadrupole and dipole terms. Goldstein [28] derived a different set of
linearized inhomogeneous Euler equations that produced quadru-
poles and monopoles as the source terms. He also cautioned that no
set of equations based on the acoustic analogy can be used for the
identification of the noise sources. It is clear then that there are no
commonly accepted scaling laws, with different researchers
invoking disparate theoretical arguments (and associated assump-
tions) to support their formulations. Perhaps the most unsatisfactory
aspect is the need for the proportionality constants and functional
dependences to vary with Strouhal number at a fixed radiation angle.

C. Proposed Scaling Laws

Viswanathan [15] examined the velocity dependence of overall
power level (OAPWL) with the acoustic Mach number (Vj=a) at
various stagnation temperature ratios; see Sec. 4.4 in this reference.
He correctly pointed out that though the overall power seemingly
follows the eighth-power law at all jet temperature ratios, an
excellent collapse of OAPWL is obtained by grouping the different
test points as per their jet stagnation temperature ratios. For the sake
of completeness, Figs. 23 and 24 from Viswanathan [15] are
reproduced here as Figs. 3 and 4, respectively. When the OAPWL
variation with (Vj=a) is examined in this manner in Fig. 4, the
velocity exponent is clearly seen to depend on the stagnation
temperature ratio. That is, the jet stagnation temperature ratio is an
important controlling parameter:

Sound power /
�
Vj

a

�
n

; n� n

�
Tt

Ta

�

Viswanathan [15] also investigated the velocity dependence of the
overall sound pressure levels (OASPL) with the acoustic Mach
number (Vj=a), at various temperature ratios and at various radiation
angles. As with the OAPWL, the OASPL was also shown to depend
on the jet temperature ratio; see Figs. 32 and 33 and associated
discussion in Viswanathan [15]. Again, the effect of the stagnation
temperature ratio on scaling the noise radiated to a particular angle
was demonstrated unambiguously. That is,

I� /
�
Vj

a

�
n

; n� n

�
�;

Tt

Ta

�
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Note that this relation is valid for all angles (�) and not just 90 deg. As
the jet stagnation temperature ratio is increased progressively, there
is a reduction in the velocity exponent in general. Further, the value
of the exponent increases as the observer angle is increased from low
values to the peak radiation direction in the aft quadrant. It is pointed
out that the velocity exponent could be significantly different from
eight, see Fig. 16b of Viswanathan [15] for an example. These two
important observations, that both theOAPWL and theOASPL at any
angle are controlled by the jet stagnation temperature ratio and
velocity ratio, are new findings on jet noise and form the under-
pinning for the approach adopted here. The power of these original
observations is demonstrated in the next section.

The various normalization parameters that collapse jet noise
spectra were examined in detail in Refs. [15,19]. It was demonstrated

clearly that with proper scaling factors for nozzle area and velocity,
good collapse of both narrowband and one-third octave spectra are
achieved, both for turbulent mixing noise and broadband shock-
associated noise. Excellent agreement of spectra acquired at model
scale with those at engine scale was demonstrated at all angles and all
frequencies formany power settings, both at subsonic and supersonic
jet Mach numbers. It was shown conclusively that model data
faithfully reproduce engine data, thereby validating the scaling
methodology. The application of the methodology is demonstrated
with concrete examples in the next section.

IV. Results and Discussion

The effects of jet temperature and jet velocity on the radiated
spectra are examined in detail to determine the value of the velocity
exponent at each radiation angle. Sample spectra from jets at a fixed
jet temperature ratio (Tt=Ta) of 3.2, corrected to a polar distance of
20 ft (6.096 m) and lossless conditions are shown at an angle of
90 deg for a wide range of Mach numbers (0.7–1.58) in Fig. 5. The
spectral shapes at the four subsonic Mach numbers are similar; with
the correct velocity exponent it should be straightforward to collapse
the spectra. For the supersonicMach numbers, the fully expanded jet
diameter is used instead of the geometric or physical diameter of the
nozzle. The fully expanded jet diameter for both convergent and CD
nozzles for any jet Mach number can be calculated using the formula
developed by Tam and Tanna [7]. At the four supersonic Mach
numbers, the contribution of the shock-associated noise is clearly
evident, with the spectral shapes being very different for Strouhal
numbers greater than 	0:4. Before we extract the turbulent mixing
noise component at the supersonicMach numbers, it is worthwhile to
reexamine the effect of increasing the jet temperature on noise at
fixed supersonic jet Mach numbers.

Figure 6 shows lossless spectra atM� 1:24 at the five stagnation
temperature ratios of 1.0, 1.8, 2.2, 2.7, and 3.2 at several polar angles.
At the lower angles, where the shock-associated noise is dominant, a
prominent screech tone is evident whose amplitude is	25 dB above
the broadband noise level for the unheated jet denoted by the black
lines. As the jet temperature is increased, the tone level decreasesfirst
for Tt=Ta � 1:8 (red/light gray lines); at the highest temperature
(blue line, top curve) the screech tone is either barely perceptible or
has an amplitude of 	5 dB above the broadband levels. In the
forward quadrant, there is a near-monotonic increase in levels with
increasing jet temperature at the lower frequencies, up to a Strouhal
number of
0:5. At 60 deg, the broadband shock peaks as well as the
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screech tones (if present) are clearly evident at higher Strouhal
numbers. At still higher Strouhal numbers, there is very little change
in spectral levels due to heating. Previous experimental
measurements suggest that the turbulent mixing noise component
is dominant in the frequency regime where the noise levels increase
with jet temperature; the shock-associated noise is dominant at the
higher Strouhal numbers where there is very little change in sound
pressure levels due to heating. Proceeding downstream, the
importance of the mixing noise component becomes more
pronounced, until at large aft angles the spectra are totally
dominated by the mixing noise, except for the screech tones and any
associated amplification of the mixing noise highlighted in Fig. 2.
The tail-ups or the flattening of the spectra at the higher frequencies
are due to two reasons: the effect of the atmospheric absorption has
been removed and the noise from the heated jets is subjected to
nonlinear propagation. Viswanathan [19] reported on this
unexpected phenomenon and identified a value for jet velocity of
	1600 ft=s (490 m=s) above which there is nonlinear propagation
of sound waves, with agglomeration of energy at the higher
frequencies. The jet velocities for the heated jets withM� 1:24 are
1623 ft=s (495 m=s), 1795 ft=s (547 m=s), 1997 ft=s (609 m=s)
and 2179 ft=s (664 m=s), respectively, which are greater than the
threshold value. This point is discussed in depth in a future paper on
jet noise prediction.

Similar trends are observed at a higher Mach number of 1.48 in
Fig. 7. At 60 deg, again there is virtually no change in the spectral
levels due to jet temperature above a Strouhal number of 	0:5. At
this higher Mach number, screech tones and higher harmonics are
observed at all radiation angles even for the heated jets because of the
greater mismatch between the nozzle exit pressure and the ambient
pressure. Figure 8 shows the effect of jet temperature at a still higher
Mach number of 1.58. One-third octave band spectra are shown for a
specific reason: in the following results, the mixing and shock-
associated components are identified mainly from one-third spectra.
A sample case with narrowband spectra is also included to illustrate

the approach. Attention is drawn to the fact that depending on the
frequency of the screech tone, a single hump that contains both the
screech tone and the broadband peak could result if they happen to
fall within a particular frequency range that comprises the one-third
octave band. Two or more humps may also result as seen at 90 deg,
depending on the occurrence of multiple strong harmonics of the
fundamental screech tone. Furthermore, the averaging of the energy
over ever-increasing bandwidths at the higher frequencies to produce
the one-third octave spectra tends to emphasize the spectral levels at
the higher frequencies and accentuates the tail-up for the lossless
data. Thus, the intent of this figure is to orient the reader to possible
spectral shapes observed with one-third octave spectra. It should be
noted that both narrowband and one-third octave spectra preserve the
same total acoustic energy and are hence equivalent. However, much
of the finer resolution seen in the narrowband data is lost when the
energy is summed over wide frequency bands.

The turbulent mixing noise for the supersonic cases is identified as
follows. The lossless spectra from the subsonic jets at the selected
temperature ratio of 3.2 are normalized and the velocity exponents
at the radiation angles of 70 and 90 deg are determined to be 5.25
and 5.53, respectively. The parameter �SPL � 10� log�A� �
10�n� log�Vj=a�� is plotted on the y axis for both the subsonic and
supersonicMach numbers in Figs. 9a and 9b, at an angle of 70 deg. (A
is the nozzle exit area.) In the above relation, A is dimensional; one
could express this area in terms of square inches, square feet, or
square meters. Depending on the chosen dimensional unit, the value
of the spectral levels would move up or down by a scaling constant.
For example, the noise per square foot would be higher than the noise
per square inch by 21.58 dB �10�log10�144��. However, a consistent
use of the same dimensional unit should result in the correct noise
levels, regardless of the unit chosen. The dimensional area in square
inches is used here. For the supersonic cases, the nozzle exit area is
again calculated using the fully expanded jet diameter. In Fig. 9a,
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one-third octave spectra are shown. There is excellent collapse of the
subsonic mixing noise spectra (denoted by the symbols) over the
entire frequency (Strouhal number) range. The spectra at the lower
Mach numbers (not shown) extend the upper limit of the Strouhal
number range, because of lower Vj. This collapse also provides
additional confirmation of the excellent data quality; see Sec. IV.E in
Viswanathan [17] for a more detailed discussion. We further note
that the spectra at supersonicMach numbers (denoted by lines) agree
well with the subsonic ones at the lower frequencies. The cause of the
tones at the lower frequencies (at a Strouhal number of 	0:03) was
investigated in detail and reported by Viswanathan [14]; these are
facility related and are not part of the jet noise. However, no steps
have been taken here to remove them. Viswanathan [14] reported on
the impact of these tones on noise spectra: these tones were seen at
very low angles and were dependent on the mass flow rate and the
nozzle pressure ratio. It was clearly demonstrated that these tones do
not lead to broadband amplification, see Figs. 24–26 and the
discussions on page 1684 in Viswanathan [14]. It is also pointed out
that since these tones always appear at fixed frequencies, one can
create normalized spectrawithout tones through a judicious choice of
the nozzle diameter and jet velocity. It is clear that the mixing noise
component for the supersonic jets is given by the subsonic spectral
shape denoted by the symbols.

Figure 9b shows a similar comparison using narrowband spectra;
only two subsonic and two supersonic cases are shown for brevity. It
is readily apparent that there is excellent collapse of the subsonic
spectra (shown by the dark and light gray lines) and that the mixing
noise component for the M� 1:24 heated jet is denoted by the
subsonic spectra. We further note that there is a screech tone at a
Strouhal number of	0:20 for theM� 1:58 case, with an amplitude
of 	6 dB. An examination of Figs. 9a and 9b indicates that the
mixing noise levels at the lower frequencies for the M� 1:58 jet is
higher by	1 dB or so. Therefore, it might be necessary to move the
mixing noise spectra up by 	1 to 	2 dB for M� 1:58. As noted
earlier, screech tones could lead to increased levels of mixing noise,

as seen for theM� 1:58 jet. The scaling method shown in Figs. 9a
and 9b also provides a measure of the amplification of the turbulent
mixing noise due to screech tones. A further conclusion is drawn
from these two figures: one may use narrowband or one-third octave
data in scaling spectra, also see Viswanathan [19]. The shock-
associated component can now be obtained by logarithmically
subtracting the mixing noise component from the total measured
noise.

In the literature, it ismentioned that themixing noise component is
“to the left of the broadband shock peak or the screech tone,mainly at
the lower frequencies.” However, it is well known that the mixing
and shock components radiate noise over the same frequency range
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and no method has been proposed in the past to identify the levels of
the mixing noise at the higher frequencies. Figure 9 also indicates
that when the shock is not very strong, as for theM� 1:24 case, the
total noise is only 	3 dB higher than the mixing noise over a wide
Strouhal number range of 	2:0–10:0. Figure 10 shows the two
extracted components and the total noise for the M� 1:24 case at
70 deg. The mixing noise component has the same spectral level as
the broadband shock-associated noise in this frequency regime,
contrary to the past belief that this component is important only at the
lower frequencies (“to the left of the peak”). Interestingly, this
radiation angle is within an angular range where the shock noise is
dominant and themixing noise levels are low. The observation that at
the higher frequencies, themixing noise component is comparable to
shock-associated noise from moderately imperfectly expanded
heated jets of practical importance is surprising and somewhat
unexpected. Figure 11 shows another example of the two extracted
components for theM� 1:38 case at 70 deg. The dominance of the
shock-associated noise at the higher frequencies is clearly evident for
this higher Mach number case.

Figure 12 shows normalized spectra at 90 deg for the same heated
case with Tt=Ta � 3:2, both for subsonic and supersonic Mach
numbers. The nozzle diameter for this case is 1:5 in:, whereas it was
2:45 in: for the spectra shown in Fig. 9. Because the effect of the
nozzle size is removed in the normalization process, it does not
matter what nozzle is used; however, the Strouhal number range is
different for the smaller nozzle. This particular nozzle size is chosen
in this figure to illustrate the point that the Strouhal number range can
be extended by testing nozzles of different diameters in the
construction of the normalized spectra denoted by the symbols.
Figure 12 indicates that the identified velocity exponent provides an
excellent spectral collapse for all subsonic Mach numbers and that
the mixing noise level for the M� 1:24 case is identical to the
normalized spectra up to a Strouhal number of 	0:5. At higher
Strouhal numbers, the contribution of shock-associated noise can be
identified easily. It is trivial now to carry out the subtraction of the
mixing noise component from the total noise and extract the shock
component. Figure 13 shows a further example at an angle of
110 deg, with Tt=Ta � 2:7. As seen for the previous cases, a velocity
exponent of 6.72 is seen to collapse the data very well for this jet
temperature and angle. Note that the mixing noise component is
dominant up to a Strouhal number of 1.0 for this angle and
temperature ratio.

Attention is drawn to the different velocity exponents used in these
three examples to collapse the data at different angles and jet
temperatures. This study and Viswanathan [15] explicitly recognize
and bring out the fact that the velocity exponent is strongly dependent
on the radiation angle and the jet temperature ratio. As such, these
two studies represent amarked departure fromall the past approaches
that relied on the acoustic analogy and the assumption of a dominant
V8 effect somewhat modified by additional V4 or V6 dependence to
account for the presumed changes in source strength due to the
appearance of dipoles for heated jets, and other effects such as
convective amplification, Doppler correction for frequency, etc. All
these approaches fail to provide satisfactory scaling laws. The
velocity exponent for a fixed temperature ratio at a particular angle is
obtained from the OASPL; there is no guarantee that there would be
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spectral collapse at all frequencies. In fact, additional factors and
empiricism were introduced in the past to obtain collapse at different
Strouhal numbers. The biggest difference here is the functional form
chosen, where the velocity exponent, rather than the multiplicative
functions, depends on the temperature ratio. It is clear from the
examples shown above that this particular formulation successfully
collapses the data at all frequencies, which is the goal of the scaling
methodology. Additional results and discussion are provided in
Sec. V.

Typical examples for unheated jets are now presented. Figure 14
shows a similar plot, with normalized spectra at 90 deg; it so happens
that the velocity exponent has a value of 	8:0 at this angle. It was
pointed out that this nozzle (D� 1:5 in:) generates intense screech
tones, especially at unheated conditions, see Figs. 6 and 8. The
amplitude of the screech tones is	25 dB even for theM� 1:24 jet
and it is well known that strong screech tones are common in
unheated jets. It is readily apparent that there is significant
amplification of the turbulent mixing noise, as evidenced by an
increase of	3 dB over the normalized subsonic spectra at the lower
Strouhal numbers. Similar levels of amplification of the turbulent
mixing noise have been observed in the experiments on unheated jets
at NASA Langley and have been reported in Figs. 17 and 18 in Tam
et al. [20]. Therefore, the turbulent mixing noise levels as given by
the collapsed spectra from subsonic jets (without the amplification
due to screech) must be adjusted, as symbolically shown by the thick
dashed line, which represents the normalized spectral shape moved
up to higher sound pressure levels. The levels of the shock-associated
noise are more than	8 dB at the higher frequencies over the mixing
noise levels for these unheated jets at the higher Mach numbers. For
the sake of information, it is noted that at a lower Mach number of
1.24 (not shown), the shock noise is 5� dB more than the mixing
noise for Strouhal numbers greater than 0.4.

The narrowband spectra at an aft angle of 145 deg are examined in
Fig. 15 for this unheated case. An exponent of 9.64 is seen to collapse
the subsonic spectra, denoted by the dark and light gray lines; spectra
for only two subsonic Mach numbers and one supersonic Mach
number are shown so as not to clutter the plot. There is a strong
screech tone with amplitude of	17 dB at this angle, with a resultant
amplification of 	5 dB at the spectral peak. Thus, the presence of
strong screech tones could amplify substantially the turbulentmixing
noise as already noted. This problem is severe for unheated jets as
seen in Figs. 14 and 15, but not amajor issue for heated jets as seen in
Fig. 9b. For the heated supersonic jet at a Mach number of 1.24, the

screech tones are entirely absent or barely discernible above the
broadband shock-associated noise, see Fig. 6. For thisMach number,
there is excellent agreement of the turbulent mixing noise with those
for subsonic jets, as demonstrated clearly in Figs. 9a, 9b, 12, and 13.
It is clear that one would have tomake a distinction between jets with
and without strong screech tones. The robustness of the current
approach for identifying the turbulent mixing noise and extracting
the two broadband components has been demonstrated with the
above examples. It is obvious that the use of data normalization and
scaling of spectra represent a superior method for accomplishing the
above objective and removes the guesswork associated with other ad
hoc approaches.

The velocity exponents for all the temperature ratios at all the
angles are presented in Fig. 16. These values change slightly,
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depending on the data set and the number of test points used.
However, the trends remain the same. There are several notable
features: at the lower polar angles, there is a substantial drop in the
value of the exponent as the jet temperature ratio is progressively
increased, from 	8:0 for the unheated case to 	5:2 for the highest
temperature ratio of 3.2. Further, the curves are quite flat in the
forward quadrant for all Tt=Ta. Proceeding aft, the values start to
increase, with the highest value of	9:8 reached for the unheated jet
at 155 deg. At an angle of 130 deg, all the heated jets have the same
value for the velocity exponent. At further aft angles, the effect of jet
temperature is minor, with the values of the velocity exponents more
or less the same for all the temperature ratios, heated and unheated.
That is, in the peak radiation sector, the effect of jet temperature on
the velocity exponent is weak and the radiated noise depends only on
(Vj=a). Now, in the computation of the OAPWL, the OASPL in the
peak angles would play a major role. As seen in the directivity of
OASPL in Fig. 2 in Viswanathan [29], for example, the peak angular
sector would contribute themost energy to the sound power. Perhaps
it should not be surprising then that the velocity exponent for
OAPWL approaches a value of 8 as the jet temperature is increased
and has only a weak dependence on temperature, as seen in Fig. 4.
Viswanathan [15] also showed that the power spectra from highly
heated jets with Tt=Ta � 3:2 and at several Mach numbers can be
collapsed with the velocity exponent of eight; see Figs. 26 and 27 in
the above reference.

V. Implications for Modeling

There is no complete theory for jet noise that captures the
experimentally observed spectral trends at all radiation angles. As
noted in Sec. III.B, a variety of formulations have been proposed for
the noise intensity at 90 deg. At other radiation angles, the spectral
shape is modified to account for effects due to source convection and
flow/acoustics interaction. The theoretical directivity factor, as per
Lighthill [21] and later modifications introduced by Ffowcs-
Williams [30], is typically of the form

D��� � ��1�Mc cos ��2 � �2M2
c ��5=2

In the above expression,Mc is the convective Mach number usually
assumed to be	65% to	70% of the acoustic Mach number (Vj=a)
and � is an empirical constant with a value of 	0:3. Lush [31]
initially, and later Tanna [32] among others, investigated the validity
of the theoretical directivity against their experimental measure-

ments and found that the predicted variations were quite different
from experimental data. In an effort to establish the correct velocity
dependence Tanna [32] also attempted different powers of the
Doppler factor, a downstream location for the noise source, different
assumed values for Mc and �, etc. However, none of these
approaches, with any combination of Mc, �, and the value for the
exponent (�3 to �9 instead of �5), provided satisfactory results for
the OASPL directivity or the collapse of the entire spectra.

The current formulation is examined over a wide range of angles,
particularly in the aft quadrant. We concentrate on three temperature
ratios of 1.0, 1.8, and 3.2; that is, the jet temperature is increased by
	80% each time. Table 1 provides the jet operating conditions for the
test points considered. The static temperature ratio and the
corresponding velocity ratio are grouped along with the stagnation
temperature ratio. In the following analysis, only the subcritical
pressure ratios are considered, since convergent nozzles have been
tested. Note that the static temperature ratio (Tj=Ta) varies 	15%–

	13:5% for the subcritical pressure ratios. Attention is drawn to a
more important parametric variation of (Vj=a): the ranges for the
three temperature ratios are (0.287–0.912), (0.386–1.226) and
(0.516–1.643), respectively. That is, there is significant overlap of
the velocity ratios, with the jet velocities at the higher NPR for the
lower temperature ratios being higher than those at the lowerNPR for
the higher temperature jets.

The normalized spectra for various test points at 90 deg are
examined first in Fig. 17 in which the appropriate values of the
velocity exponent from Fig. 16 are used. The normalized spectra for
the heated jets are virtually identical. Viswanathan [15] showed that
the spectral shapes at the lower radiation angles have a universal
shape for unheated and heated jets at all jet velocities, provided the
Reynolds number is above a critical value. Figure 18 shows the
normalized spectra at 125 deg for two temperature ratios of 1.0 and
1.8, denoted by numbers and symbols, respectively. The normalized
spectra form two different families of curves. For the heated jets, the
spectra from the two lowest velocity cases (Vj=a� 0:386 and 0.536)
are also shown, denoted by the dark circles and the � sign. The
spectrum at (Vj=a� 0:536) is slightly contaminated by rig noise; at
the lowest velocity, the levels are higher by 	3 dB indicating a
higher level of contamination. However, the spectral shapes conform
to those at higher velocities. That is, the spectral shape for a given
temperature ratio has a unique shape regardless of jet velocity. This
point is further emphasized in Figs. 19 and 20, where the normalized
spectra for the three temperature ratios are depicted at 125 and
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145 deg, respectively. It is readily evident that there are three distinct
families of curves, each with a unique shape, for all jet velocities
within that group. Attention is also drawn to the use of the Strouhal
number without the Doppler correction for frequency
[f��1 �Mc cos����] on the x axis. See Sec. III.E in Viswanathan
[19] for more details.

It is well established that the spectral shape of the turbulent mixing
noise has a smooth parabolic shape at lower angles, with a gentle rise
in levels with frequency up to the spectral peak followed by a gentle
roll-off at the higher frequencies. At angles close to the jet axis, the
spectral shape has a narrower peak, with a sharp rise followed by a
sharp roll-off. For a gradual progression in spectral shape with angle,
see Figs. 18 and 19 in Viswanathan [29] for example. Various
reasons have been attributed to the change in spectral shape with
angle:flow/acoustic interactions or contributions from the large scale
turbulent structures being dominant at aft angles. In all of these
explanations, the shape change is associated only with jet velocity.
The equation for directivity, for example, relies on the convective
Mach number Mc, which is a function of jet velocity alone. As
already noted, an examination of Table 1 indicates that the jet
velocity (Vj=a� 0:912) for the unheated jet at a NPR of 1.89 is
higher than the lowest five test points at a temperature ratio of 1.8 and
the lowest three points at a temperature ratio of 3.2. Yet, the spectral
shape has a narrower peak for the lower velocity jets at higher
temperature in Figs. 19 and 20.

These figures indicate that the spectral shape at a particular aft
angle is controlled more by the temperature ratio than the velocity

ratio. This is a surprising result and the strong influence of the
temperature ratio on spectral shape at aft angles has never been
recognized in any prior study. It is also clear nowwhy the directivity
factors based on velocity alone fail to predict the observed trends.
The evidence presented in this section and the excellent collapse of
the spectra over the entire frequency range at all the angles, confirm
that the temperature ratio as well as the velocity ratio are indeed the
two independent parameters that control jet noise. The above
analyses and the results allow the following new scaling formulation
for the mixing noise spectra at any angle:

SPL ��; St� � f

�
Tt

Ta

; n

�
; n� n

�
�;

Tt

Ta

�

The excellent collapse of the spectra demonstrated at the various jet
operating conditions further attests to the high quality of the data
published by the author in several papers. Once the correct
independent parameters are recognized, a single velocity exponent
collapses the entire spectra over the measured frequency range of
200 Hz–80,000 Hz. This spectral collapse obviates the need for
developing a separate theory, with its own set of assumptions and
adjustable coefficients, for the low-frequency regime, the
midfrequency regime, the high-frequency regime, etc., at a particular
angle as was done in the past studies. Viswanathan [14,15] showed
that the acoustic measurements from most of the facilities are
contaminated by rig noise over a wide range of higher frequencies.
As shown in these two references, the level of contamination is a
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Table 1 Test conditions at three temperature ratios.

NPR Tt=Ta Tj=Ta Vj=a Tt=Ta Tj=Ta Vj=a Tt=Ta Tj=Ta Vj=a

1.06 1 0.983 0.287 1.8 1.771 0.386 3.2 3.153 0.516
1.12 1 0.968 0.399 1.8 1.744 0.536 3.2 3.109 0.717
1.19 1 0.952 0.492 1.8 1.715 0.661 3.2 3.061 0.884
1.28 1 0.932 0.584 1.8 1.681 0.784 3.2 3.005 1.049
1.39 1 0.910 0.670 1.8 1.642 0.900 3.2 2.942 1.205
1.52 1 0.887 0.751 1.8 1.602 1.009 3.2 2.876 1.351
1.69 1 0.861 0.834 1.8 1.556 1.122 3.2 2.799 1.502
1.89 1 0.834 0.912 1.8 1.508 1.226 3.2 2.721 1.643
2.50 1 0.770 1.073 1.8 1.395 1.444 3.2 2.533 1.938
3.00 1 0.731 1.161 1.8 1.326 1.562 3.2 2.418 2.098
3.50 1 0.699 1.227 1.8 1.270 1.651 3.2 2.325 2.220
4.00 1 0.673 1.280 1.8 1.224 1.722 3.2 2.247 2.317
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strong function of the jet operating conditions (M and Tt=Ta) and
varies with the radiation angle as well, with the effect of rig noise
beingmore pronounced at the lower angles. Typically, the rig noise is
stronger for unheated jets and is of less consequence for heated jets. If
one were to assess the effect of heating the jet at fixed jet velocity, for
example, the contribution from the rig noise could decrease as the jet
temperature is increased progressively. The spectral shapes being
influenced by varying levels of rig noise could yield trends thatmight
potentially be misinterpreted as a real effect, thereby initiating the
search for a suitable theory or an explanation. Thus, incorrect or
nonphysical effects could be ascribed as being due to some flow
variation because of bad data. It is hoped that the scaling laws
developed here serve to spur new ideas or theories for jet noise.

VI. Stagnation Versus Static Temperature Ratio

In the scaling formulation, the jet stagnation temperature ratio has
been shown to yield excellent spectral collapse. The question
remains whether a choice of the static temperature ratio (Tj=Ta)
would work equally well. In the test matrix (see Table 1 for a subset)
the stagnation temperature was held constant and the static
temperature was allowed to be dictated by the jet Mach number.
Tanna [32] chose to hold the static temperature constant, while
allowing the stagnation temperature to vary; see Fig. 1 in Tanna [32]
for his test matrix. As such, within each test matrix one can only
choose the particular parameter that was held constant.

To verify whether the static temperature ratio would also collapse
the spectra with the new scaling formulation proposed here, the
following exercise has been carried out. Sample spectra from Tanna
et al. [33] were examined. An electronic database of Tanna et al. [33]
is not available to the author; hence, only a few spectra were typed
from Tanna et al. [33]. Viswanathan [15] showed that the unheated
jet spectra in Tanna’s database are contaminated by rig noise over a
wide range of high frequencies even at higher jet velocities; see Fig. 5
and associated discussions on pages 46–47 and 68–71 in
Viswanathan [15]. Therefore, only heated jets at a high static
temperature ratio of 2.857 have been considered. Table 2 shows the
test conditions, at the highest five (Vj=a) at this (Tj=Ta); the five
lower velocity cases were discarded because of issues with data
quality.

Normalized spectra from four of these test points at two different
angles of 90 and 120 deg are shown in Figs. 21 and 22, respectively.
There is reasonably good collapse of spectra, except for the scatter at
the higher frequencies at 120 deg in Fig. 22. It should be noted

though, that the spectral collapse is not as tight as seen in the previous
figures with the current data and that the variation in the stagnation
temperature ratio is only 	8% for the five cases considered.
However, the collapse of data with the current scaling laws is far
superior to those with other scaling formulations with the same
database of Tanna et al. [33]; see Fig. 2 inMorfey et al. [26] or Fig. 12
in Tanna et al. [25]. It has not been verified that the overall power
levels scale better with static temperature ratios, as shown with
stagnation temperature ratios in Fig. 4: it would take a tedious
amount of work to create an electronic database from Tanna
et al. [33]. Hence, based on the limited investigation above, it is fair to
say that the static temperature ratio would likely be inferior to the
stagnation temperature ratio as the independent parameter. Making
the velocity exponent dependent on the temperature ratio, either
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Table 2 Subset of Tanna’s test matrix.

TPN NPR Tj=Ta Tt=Ta Vj=a

45 1.159 2.857 2.968 0.8
46 1.205 2.857 2.997 0.9
47 1.355 2.857 3.086 1.16
48 1.483 2.857 3.158 1.33
49 1.621 2.857 3.229 1.48
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stagnation or static, still represents a better approach for scaling jet
noise spectra.

The practical uses of the scaling methodology developed here are
obvious. An accurate empirical prediction method is a natural by-
product. Further, the normalized or scaled spectra can be used to
check data quality. At angles close to the jet axis, extra care is needed
to collapse spectra and one has to account for nonlinear propagation
effects. These issues and the applications of the scaling laws will be
reported elsewhere.

VII. Conclusions

A new methodology for identifying the turbulent mixing noise
component in the measured spectra from jets that contain shocks has
been developed. The methodology is based on a high-fidelity
experimental aeroacoustic database created by the author. The
framework adopted is founded on developing scaling laws for jet
noise spectra at different radiation angles. Implicit in this approach is
the recognition that the jet sound power (orOAPWL) does not follow
exactly the eighth-power velocity law, but has aweak dependence on
jet stagnation temperature ratio. Similarly, the variation of noise
intensity (or OASPL) with jet velocity at every radiation angle is a
function of the jet stagnation temperature ratio. Thus, the jet
temperature ratio is established as an important controlling
parameter. The noise characteristics of unheated and heated jets at
every radiation angle can therefore be described in terms of two
independent parameters: the total temperature ratio (Tt=Ta) and the
velocity ratio (Vj=a). The velocity exponent for scaling jet noise is
then defined uniquely for each angle and temperature ratio. The
explicit identification of these three parameters for characterizing the
behavior of jet noise sets this study apart from past approaches, and
yields superior scaling laws.

The velocity exponent, for every angle and temperature ratio, has
been calculated from a thorough analysis of the comprehensive
database. Excellent collapse of the turbulent mixing noise spectra is
demonstrated for a variety of angles and temperature ratios with the
computed velocity exponents, thus validating the scaling method-
ology. Furthermore, the excellent quality of the acoustic data is
highlighted once again with the perfect collapse of the spectra over
the entire measured frequency range of 200 Hz–80,000 Hz from
nozzles of different diameters. Thus, additional confirmation has
been provided for the assertion that it is possible to acquire high-
quality data up to 80 KHz in model tests.

Strong screech tones could amplify the turbulent mixing noise.
This problem is more severe for unheated jets and is of lesser
consequence for highly heated jets. The scaling methodology
provides ameasure of the amplification of the turbulent mixing noise
by screech tones. For moderately imperfectly expanded heated
supersonic jets, the mixing noise component has the same spectral
level as the shock-associated noise, over a wide range of higher
frequencies. This new finding is contrary to the conventional belief
that the mixing noise is important only at the lower frequencies to the
left of the screech tone or the broadband peak of the shock-associated
noise.
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