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SUMMARY

The role of large-scale wavelike structures as the major mechanism for super-

sonic jet noise is examined. The evaluation investigates the capability of the

quasi-linear instability analysis of Morris and Tam (AIAA Paper No. 77-1351 and

Journal of Fluid Mechanics, May 29, 1980) to predict the evolution of large-scale

flow structures and the resulting radiated noise. The evaluation compares predic-

tions of the instability analysis with measurements of near-field sound pressures and

with hot-wire or hot-film probe measurements in the flow field. These comparisons

are made for unheated jets of nominal Mach numbers of 1.5, 2.0, and 2.5 for a range

of Reynolds numbers from 3.7 × 103 to 5.2 × 106 . The low and intermediate Reynolds

number experiments were performed at Oklahoma State University, and the high Reynolds

number experiments were made at the Langley Research Center. Results demonstrated

that the acoustic near field contains remarkable similarities between low and high

Reynolds number jets and further substantiate the importance of large-scale struc-

tures in supersonic jet noise radiation. The instability analysis predicts the peak

radiation direction adequately but differs significantly from measurement in the

general origin for sound emission at the higher Reynolds number. The principal

region for sound emission in all flow conditions corresponds with the peak axial

location of flow fluctuations. For the high Reynolds number condition, the peak

region is consistent with the far-field source location measurements of Laufer,

Schlinker, and Kaplan (AIAA Journal, April 1976).

INTRODUCTION

Experimental evidence obtained during the last decade indicates that some of the

properties of free shear flow turbulence may be partly deterministic. In low

Reynolds number, supersonic jets, the results obtained by McLaughlin, Morrison, and

Troutt (refs. I to 5) show that the majority of noise generated is generically

related to the growth and decay of organized wavelike structures. The extension of

these experimental discoveries to high Reynolds number, supersonic flows is an area

of current scientific interest and represents the principal focus of this paper.

From an analytical point of view, Morris and Tam (ref. 6) have managed to calcu-

late the near noise field associated with the growth and decay of a wavelike struc-

ture in a supersonic jet. They have obtained reasonable agreement between their

near-field predictions and the experimental results of Yu and Dosanjh (ref. 7) for an

unheated high Reynolds number, Mach 1.5 jet. This theory, which is described more

fully by Tam and Morris in reference 8, assumes that no interaction occurs between

the wavelike structure and turbulent shear layer components although the mean flow

field is allowed to develop as that of a fully developed turbulent mixing layer. On

the basis of the good comparison obtained with the measured acoustic field of Yu and

Dosanjh, their theory suggests that wave-induced stresses (ref. 9), which arise from

the interaction of the wavelike and turbulent structures, may not significantly alter

the growth and decay of the wavelike component. One is naturally curious then as to

whether the predicted wavelike structure, which occurs as an intermediate step in

their analysis, is in agreement with what one might measure in an actual flow. In

addition, it is of value to determine if a similar reasonable agreement between pre-

dicted and measured near-field acoustic behavior can be obtained for a wide range of

supersonic Mach and Reynolds numbers.



The significant progress offered by this theory has stimulated our interest to
investigate both the local flow development and near-field acoustic behavior of
supersonic jets. In this respect, detailed comparisons between this theory and mea-
sured near-field acoustic properties have been obtained for several supersonic Mach
and Reynolds numberconditions. In addition, phased-averaged flow measurements,
obtained in earlier studies at OklahomaState University (refs. I to 5) for low and
moderate Reynolds numbers, are comparedwith theoretical predictions of the wave
development. Although phased-averagedmeasurementshave not as yet been obtained for
high Reynolds number, supersonic jets, recent developments in the interpretation of

wedge hot-film anemometry signals (ref. 10) have provided the additional capability

to compare certain flow development features between theoretical predictions and

experimental results at low Reynolds numbers.

In the context of these comparisons, the results of this paper highlight both

the similarities and dissimilarities associated with the effects of Reynolds number

and Mach number in supersonic jets. In this way, certain strengths and weaknesses

associated with the Morris and Tam theory (refs. 6 and 8) surface in this analysis.
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DESCRIPTION OF EXPERIMENTS

Facilities

The supersonic aerodynamic and acoustic measurements at low and moderate

Reynolds numbers were obtained previously at Oklahoma State University with their

supersonic low-pressure anechoic test chamber facility. A detailed description of

this experimental apparatus and its unique capabilities has previously been reported

in references I to 5.

The aerodynamic apparatus used at the Langley Research Center is capable of

supplying dry, unheated air continuously up to 4 kg/sec. The nozzle pressure ratios

can be held to within 0.3 percent of the desired set point. A computer-controlled

three-axis-probe drive mechanism is available and provides a spatial accuracy of

±0.025 mm over its entire span of travel, which is less than ±5 x 10 -4 jet exit

diameter. Three mufflers are used to reduce upstream valve noise to less than an

overall sound pressure level of 50 dB (re 20 _Pa). The acoustics facility at Langley

used in the present study consists of an anechoic room with working dimensions of

6.7 by 8.4 by 7.2 m. The air supply and control system is the same as that described

for the aerodynamic facility, and a similar muffler system is also used in the ane-

choic facility.

Measurements

Of the several shock-free supersonic jet Mach numbers used in studies at

Oklahoma State University, the data at Mach number 2.1 were of prime interest to the

present study because of their close proximity to recently acquired aerodynamic data

at Langley. These new aerodynamic data were acquired by using a shock-free flow

field generated by a Mach 2.0 convergent-divergent nozzle with an exit diameter of

4.989 cm. This nozzle, as well as all other convergent-divergent nozzles listed in

table I, was designed by using a method-of-characteristics approach for parallel flow

at the nozzle exit. Both mean and fluctuating components were obtained along the lip

line of the high Reynolds number, Mach 2.0 jet. These measurements covered the first

20 jet diameters. The mean flow measurements were obtained with supersonic pitot-

and static-pressure probes. Fluctuating overall and narrow band-pass components were

obtained with a wedge hot-film anemometer.

The pitot-pressure probe is a conventional square-end tube leading to an abso-

lute pressure transducer. The accuracy of the pitot-pressure measurements was esti-

mated to be ±0.5 percent of the full-scale reading. The pitot probe has an outside

diameter of 2.2 mm with a 0.7-mm sensing port. Since this is only a small fraction

of the nozzle exit diameter, excellent probe resolution was obtained in the measure-

ments except in the shear layer near the exit region. The probe was supported by a

minimum drag supersonic airfoil mounted on the three-axis-probe drive mechanism.

A number of supersonic static-pressure measurements were also made with a probe

designed by Pinckey (ref. 11). These measurements were used with the pitot-pressure

measurements to determine local Mach number. Along the jet lip line, static pressure

was equal to ambient pressure within the uncertainty limits of the measurements.

Consequently, Mach number estimates within the shear layer were normally made

directly from pitot-pressure and ambient-pressure measurements. Figure I shows the

general arrangement of the apparatus used to perform mean flow aerodynamic

measurements.
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The far-field acoustic measurementswere performed with an array of eighteen
I/4-inch-diameter condenser microphones. The microphones were located on a fixed
radius, R = 3.7 m, centered at the nozzle exit and at 7.5° intervals from 22.5°
to 150° from the jet axis (downstreamdirection). Four contoured nozzles were used
in the acoustic experiments having nominal exit Machnumbersof 1.0 (tested at
M = 0.9), 1.5, 2.0, and 2.5. Near-field microphone measurementswere performed for
all the jets by using a traversing microphone. The range of travel of the microphone
was a polar grid with R/D = 5 to 40 and angles of 15° to 90° from the jet axis.
All signals were recorded on a magnetic tape recorder having a flat frequency
response from dc to 80 kHz. The data were analyzed with a I/3-octave analyzer as
well as a narrow-band analyzer using an analyzing band pass of 20 Hz. Only selected
results from the Mach2.0 nozzle jet are presented in this paper in comparison with
the Morris and Tamtheory. Figure 2 shows the general arrangement of the mechanism
used to acquire the near-field acoustic pressure data with the single microphone
polar traverse.

The commercial wedgehot-film probe used in this study is shownin profile in
figure 3. The probe body consists of three compoundwedgeangles whose leading-edge
half-angle is 40°. A thin film of nickel is sputtered on each side of the leading-
edge wedgesection. A thin layer of quartz is coated over the nickel film to protect
it from free-stream contaminants. The leading-edge section itself is composedof a
quartz sublayer which leads gradually to a ceramic base in the downstreamwedgesec-
tions. The probe is operated in the constant-temperature modewith a 50-Q symmetri-
cal bridge and with a film temperature overheat ratio _ of 0.98.

Although there is a large body of data concerning the calibration and use of
hot-wire probes in low-density supersonic flows (for example, refs. 12 to 16), there
has been very little use of hot-film probes in supersonic flow, particularly of the
wedgegeometry. The work of Glaznev (ref. 17) was the only published research found
that madeuse of this type probe in supersonic flow. In preliminary investigations
with this probe, the interpretation of its response to the fluctuating variables of
density, velocity, and temperature was assumedto be similar to that for hot-wire
probes. Subsequent investigations however revealed that this was not true. The
wedgeprobe was found to have a different sensitivity to velocity fluctuations than
to density fluctuations throughout the entire Machnumberrange, 0.5 < M < 2.0,
whereas in the range M > 1.3 the sensitivity of hot-wire probes to these variables
is the same. Someof these new findings on wedgeprobe interpretation were recently
reported by Seiner and Yu in reference 10.

These new results have madeit possible to investigate the fluctuating flow
structure of high Reynolds number, supersonic jets with a frequency response appro-
priate to the research requirements. The relationship between measuredbridge volt-
age fluctuations and the fluid variable fluctuations is still interpreted with
Kovasnay's method of local linearization as

T I

e' u' p' o

--= _+ S - STEb Su P P _'-0
(i)



but it can be shown that the sensitivity ratio

probes above M = 1.3, is given by

Su/S p'
which is unity for hot-wire

S

= I + m (Y- I)M 2__u

Sp o

(2)

for wedge probes. In equation (2), m o can be taken as a constant equal to 0.765

for air between reference temperatures of 270 K to 350 K. At high free-stream Mach

numbers, equation (2) indicates that the wedge probe will have a stronger dependence

on velocity than on density. Measurements by Seiner and Yu (ref. 10) further show

that, from the solution of equation (I), velocity also dominates the temperature

component with unheated supersonic jets. Although full solution to equation (I)

requires operation of the probe at a minimum of six temperature overheat ratios, the

above results show that measured bridge voltage fluctuations with high film probe

temperatures and free-stream Mach numbers will primarily vary with velocity fluctua-

tions. In the present investigation, both conditions are met, and the voltage fluc-

tuation data presented can be interpreted as a reasonable estimate for longitudinal

velocity fluctuations. Thus, in this experimental range, one can approximate the

velocity fluctuations as

u' I e'

U_ S u Eb

(3)

where the velocity sensitivity, as derived from the calibration data of figure 4,

provides

Su0 mo (<) (4)

In equation (4), the data intercept B from figure 4 gives B = 15.3, and the

Nusselt modulus Nu o is computed from bridge voltage measurements through the

relation

_oE_ Rr + I r
Nu =

2k
[ (T + I) + R E + 50J2"

o L

o R r

(5)

where R r is probe recovery resistance and RL is probe lead resistance.

The wedge hot-film results in this paper have employed equations (2) through (5)

for interpretation of the probe response. The probe was mounted in a low drag super-

sonic wing which is shown in figure 5. The probe was positioned at points in the

flow by the same digital traversing device as used in the pitot studies.
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DESCRIPTION OF ANALYSIS

The calculations reported herein and compared with experimental results were

performed by using the computer code LSNOIS, whose algorithms were published by

Tester, Morris, Lau, and Tanna in reference 18. This computer code was based upon

the quasi-linear instability analysis of Morris and Tam (ref. 6) for axisymmetric

jets and Tam and Morris (ref. 8) for the plane supersonic shear layer.

For this analysis, a small disturbance of arbitrary amplitude and spectral con-

tent is presumed to exist at the nozzle exit, perhaps initiated by acoustic feedback

to the nozzle exit. Once initiated these disturbances are convected downstream,

where in response to changes in the mean flow, they grow rapidly near the nozzle exit

and gradually decay as the mean flow diverges. The starting point for the analysis

of Morris and Tam begins with the linearized inviscid equations of motion for a small

disturbance in a compressible fluid medium. The analysis investigates the spatial

stability of the basic mean flow through spectral decomposition of the disturbance

field variables. _ne basic flow, which at the present time represents an empirical

input in the computer program, is permitted to slowly diverge like that of a real jet

flow. The mean flow divergence represents a very special feature in their analysis

because, as they point out, no sound emission would be expected from a subsonically

convecting disturbance in a parallel flow. The method of multiple scales is used to

accommodate the wave to the mean flow divergence, and a uniformly valid matched

asymptotic expansion is constructed with the far field to enable computation of the

associated acoustic field.

The input and output parameters of the computerized version of this analysis are

given as follows. For any specific mean jet flow condition, the analysis calculates

the evolution, phase, and wave-number spectrum for specified frequency and azimuthal

mode number constituents in the jet. The initial component disturbance amplitude for

each frequency and mode number is the single free parameter in the calculation and,

of course, is selected to provide reasonable agreement with experiment. The disturb-

ance frequencies are selected to bracket the peak in the noise radiation spectrum in

the direction of maximum noise emission. In terms of the Strouhal number, this range

of disturbance frequencies varies from 0.1 to 0.5.

The jet conditions for which both flow instability and sound radiation predic-

tions were made are tabulated in table I. Low, moderate, and high Reynolds number

jet data for several jet exit supersonic Mach numbers were used in order to test this

analysis with as wide a range of data as practical. In this sense, the analysis of

Morris and Tam would serve as a basis for comparisons between physical observations

involving this set of data.

The LSNOIS code has been developed to handle conventional high Reynolds number

(Re > 106 ) axisymmetric supersonic jets. This code has incorporated the relevant

mean flow properties obtained by Birch and Eggers (ref. 19) and Warren (ref. 20) to

serve as input for the instability calculations. However, since the mean flow prop-

erties differ considerably between high and low Reynolds number jets, it was neces-

sary to modify this code with parameterized mean flow properties associated with the

data for low and moderate Reynolds number jets. To remain entirely consistent, even

the high Reynolds number jets of this study were incorporated in this new portion of

the code. In this way, the analysis of Morris and Tam was extended to study the

effect of jet Reynolds number.



EXPERIMENTALRESULTS

General Acoustic Features of High and Low Reynolds Number Jets

Several acoustic similarities exist between low and high Reynolds number, super-

sonic jets; this provided a strong stimulus for the present investigation. These

similarities can be observed in the spectrum, overall power, and directivity of the

radiated noise.

For the low Reynolds number jets in table I (i.e., Re < 104), the flow emerges

from the nozzle exit essentially laminar, undergoes a large-scale wavelike motion in

the near-field region from the jet exit, and eventually disintegrates into a random-

type motion at some downstream region of the flow. The hot-wire measurements of

Morrison (ref. 3) in the near-field region of the low Reynolds number, Mach 2.1 jet

show that the flow field is dominated by a single frequency component at a Strouhal

number St of 0.22. The corresponding acoustic spectrum, shown in figure 6(a), is

composed primarily of a single frequency at the same flow Strouhal number. As the

Reynolds number increases, the flow becomes increasingly random and the acoustic

spectrum widens but remains centered near the same Strouhal number. Figure 6(b)

shows the intermediate Reynolds number results of Troutt (ref. 5) for the Mach 2.1

jet at Re = 7.0 x 104; figure 6(c), the high Reynolds number results

(Re = 5.2 x 106).

The spectral shapes associated with the various Reynolds number flows of fig-

ure 6 show that spectral similarity in the acoustic field is achieved with a Reynolds

number as low as 7.0 × 104 . Since the nature of the transition between the acoustic

spectra for low and intermediate Reynolds numbers is unknown, no special significance

can be attached to the Reynolds number of 7.0 x 104 .

In addition to the peak Strouhal number scaling of figure 6, the data of fig-

ure 7 show that, for a wide range of supersonic jet velocities, the low Reynolds

number jets radiate noise of comparable power to the conventional high Reynolds num-

ber jets. These data refer to the acoustic power radiated in the jet arc and are

normalized to standard ISA conditions as recommended by the SAE in reference 21. As

a final example of the similarity between the acoustic field of low and high Reynolds

number jets, figure 8 shows that the overall level and directivity of the radiated

noise are comparable in the dominant noise emission direction. The directivity data

use the nozzle exit as a point of reference, and the data were obtained at R/D = 40.

The acoustic similarities that do exist between the low and high Reynolds number

jet flows suggest that the dominant noise-generating mechanisms are similar. If this

is true, then it is not unreasonable to apply the same type of instability analysis

and noise radiation calculation to the different Reynolds number jet flows. Before

doing this, it is necessary to acquire mean flow properties for a given jet flow

condition since in the instability analysis the mean flow is considered as a known

coefficient. In this way, at a given axial point of development downstream of the

nozzle exit, the governing equations are linear to provide an analogous wave-type

solution.

Mean Flow Measurements

Extensive flow-field measurements for the high Reynolds number, supersonic jets

were performed only on the Mach 2.0 jet. This Mach number was chosen as a compromise

between the more practical lower Mach number supersonic jets and the desire to main-



tain local hot-film probe, free-stream Machnumbersbeyond unity to satisfy
equation (3).

Figure 9 presents a plot of the jet center-line Machnumberas a function of the
downstreamcoordinate x. The data for both the high and intermediate Reynolds num-
ber, Mach2.0 jets are shownin this figure. The end of the potential core (i.e.,
the point where the meancenter-line velocity begins to decay) occurs between 8
and 9 jet diameters in the intermediate Reynolds number jet. The high Reynolds num-
ber jet shows that the potential core extends beyond the range of the intermediate
Reynolds number jet to the range between 11 and 12 jet diameters. Both Reynolds
number jets exhibit a similar rate of decay beyond the potential core region.

Mean velocity information (in parametric form) is provided as an optional input

to the instability calculation (refs. 6 and 8). The velocity data of the high

Reynolds number jet are curve fit to a half-Gaussian of the form:

f

uJ!a) Iexp[-2"773( + 05) 2]

U c

(6)

where D = [r - r(0.5)]/6, U c is the velocity on the center line of the jet at the

given x location, r(0.5) is the radial location where the velocity equals 0.5Uc,

and 6 is the local shear layer thickness. In the initial mixing layer region

6 = r(0.1) - r(0.9), which represents the radial distance between the points where

the local velocity is 0.1 and 0.9 of the center-line velocity. Downstream of the end

of the potential core 6 = 2r(0.5) and D reduces to D = (r/6) - 0.5 where 6 is

now I/2 the local jet diameter. (The jet diameter is the diameter of the locus of

points where the mean velocity is 0.01 times the local center-line velocity at the

nozzle exit.) Figure 10 shows the measured mean velocities deduced from the pitot

measurements in the high Reynolds number, Mach 2.0 jet. Figure 10(a) shows the

results for the first 11 jet diameters; this covers the extent of the initial mixing

region. Figure 10(b) shows the results beyond this region and up to the end of the

supersonic core region near 22 jet diameters. To convert from Mach number to

velocity, the conventional assumption of uniform stagnation temperature is made (the

jet supply and room ambient stagnation temperatures were within ±2°C for all tests).

In general, the results of figure 10 demonstrate an adequate correspondence

between the measured mean profiles and half-Gaussian curve fit of equation (6). The

local shear layer thickness 6 and the parameter r(0.5) used to generate the best

curve fits are plotted in figure 11 as a function of the axial coordinate, with fig-

ure 11(c) being for the high Reynolds number jet. Comparison with the equations for

the parameters given in appendix B of reference 6 shows that the measured mean flow

data are almost identical to parameterized data that Morris and Tam have extracted

from Birch and Eggers (ref. 19). These mean flow data, in parametric form, are

incorporated in the LSNOIS computer code (ref. 18).

The development of the mean flow of supersonic jets at low Reynolds number is

considerably different from conventional high Reynolds number jets. Shown in fig-

ures 11(b) and 11(a) are the mean flow parameters corresponding to the best half-

Gaussian curve fits for intermediate and low Reynolds number jets, respectively.

These data, extracted from Morrison (ref. 3) and Troutt (ref. 5), were obtained in
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the supersonic low-pressure anechoic test chamber facility at OklahomaState
University. It is apparent that for the low Reynolds number (7.9 x 103 ) jet, the jet

shear layer remains laminar and grows slowly for several jet diameters. Initial

stages of transition to a turbulent shear layer are accompanied by a substantial

growth in the shear layer finally resultin_ in the termination of the potential core.

The intermediate Reynolds number (7.0 × 10 _) jet behaves much more like the high

Reynolds number (5.2 × 106 ) jet. However, even in this jet, the first several jet

diameters are required for transition to occur to a turbulent shear layer. The dif-

ferences in the mean flow profiles between the low, intermediate, and high Reynolds

number jets will have an effect on the results of the instability calculation.

Instability Evolution Comparisons

Aside from computing the near-field acoustic radiation generated by the insta-

bility wave model, the LSNOIS code outputs the axial evolution of the instability

wave as an intermediate step in the analysis. It is important to recognize however

that the computer code does not predict the wave evolution in terms of the physical

variables such as velocity, density, or temperature. Instead Morris and Tam

(ref. 22) characterize the wave amplitude evolution for any particular wave-number

component of the spectrum with the axial variation of the quantity,

= exp[i_(x)]

Qn (xl_) IM2 2 - _21n/2

(7)

where _ = d_(x)/dx and n is the azimuthal mode number. This quantity is the

important parameter in determining the far-field directivity pattern and is used in

this paper for comparison with the measured spatial variation of the flow variables.

The hot-wire data obtained in the Oklahoma State University facility are reduced

in terms of fluctuations in the mass velocity pu. The Langley data for the high

Reynolds number jet are reduced in terms of longitudinal velocity fluctuations as

given by equations (2) to (5). For all measurements reported in this paper, the

probe was located in the middle of the shear layer (on the nozzle lip line), which is

near the location of maximum fluctuating anemometer voltage. The data are normalized

by dividing the root-mean-square velocity or mass velocity fluctuation by an upstream

value near the exit plane. Normally a value downstream of the exit plane (for

example, at I or 2 jet diameters) is used since the experimental uncertainty of down-

stream data is considerably less than measurements in the very thin shear layer near

the jet exit. A similar procedure is used to normalize the magnitude of Qn(Xl_) in

equation (7).

Low Reynolds Number, Supersonic Jets

The instability analysis should work best when applied to the low Reynolds num-

ber jets since in these jets the shear layer is laminar for a major portion of the

jet development. In this laminar region consideration of a Reynolds stress model is

unimportant. Figure 12 presents the axial distribution of normalized mass velocity

fluctuations in the low Reynolds number (7.9 × 103), Mach 2.1 jet. This normaliza-

tion is accomplished by referencing the value obtained for these data at a specified

axial location. The open symbols represent measurements of the full spectrum of mass

10



velocity fluctuations. However, the major portion of the energy is concentrated in a

narrow band around a frequency St of 0.22. The curve represents the results of the

LSNOIS predictions for the St = 0.22 frequency component with the mean flow speci-

fied in figure 11(a) as the input to the code. The calculation was performed for

the n = I helical mode since Morrison (ref. 3) established that this is the predom-

inant mode of the instability. Again it is emphasized that there is only one speci-

fied constant in this calculation. In this flow, the matching was performed at

x/D = 2 as shown by the solid square symbol in figure 12.

Morrison (ref. 3) was also able to determine the evolution of the coherent por-

tion of the mass velocity fluctuations by measuring the phase-averaged portion of the

hot-wire signal. In Morrison's study, a jet excitation signal, a glow discharge, is

used to time the phase-averaged measurement. He has shown that the excitation is

relatively weak and has a small influence on the development of both the instability

and the mean flow. The results of the phase-averaged measurements are plotted as

solid circular symbols in figure 12 and are in reasonable agreement with the predic-

tion for the growth portion of the curve and in the axial location of maximum fluc-

tuations. However, the overall gain is underpredicted by approximately 25 percent.

Comparisons between experiment and prediction were also made for the low

Reynolds number, Mach 1.4 and Mach 2.5 jets. (See figs. 13 and 14.) For each one,

the mean flow parameters, which were provided as input to the instability analysis,

were extracted from Morrison (ref. 3). The symbols in figure 13 represent the same

quantities as those in figure 12. The open symbols represent the full spectrum of

normalized mass velocity fluctuations (the energy is concentrated around St = 0.33),

the solid circular symbols are the phase-averaged (coherent) portion of the measure-

ments, and the solid square represents the point at which the prediction is matched

to the experiment. As in the M = 2.1 data, the axial location of the peak flow

fluctuation is in agreement with the peak wave amplitude location as expressed by the

quantity Qn(Xl_). The growth rate prediction is initially within experimental
uncertainty of the data, but the overall gain is underpredicted.

The comparison in figure 14 between experiment and prediction in the Mach 2.5

jet shows that the analysis overpredicts the overall gain by 30 percent. In this

figure phase-averaged data are not included. However, for this jet the percentage of

coherent fluctuations is 90 percent for the first 16 jet diameters so that the coher-

ent wave evolution would be only slightly below the existing data. Although there is

a discrepancy between prediction and experiment in overall gain the predicted wave

evolution has a similar shape and location of the peak amplitude level.

In summary, the instability analysis predicts a wave evolution similar to what

is observed in the peak flow fluctuation levels for all three low Reynolds number,

supersonic jets. This is shown by the similarity in the initial growth rates and

axial locations of the peak values. Both the data and predicted wave behavior peak

at increasing downstream locations with increasing jet Mach numbers. This trend is

consistent with the observed increased length of the potential core region with

increasing jet Mach number. In the present Morris and Tam analysis, the decay rate

of supersonically traveling waves is not rigorously calculated; this represents one

area which requires further development. However, the results of comparison between

predictions and Morrison's experimental results (ref. 3) do not indicate that the

approximate calculation of the decaying supersonic waves is any further from experi-

mental results than is the rigorous calculation of decaying subsonic waves for the

M = 1.4 jet.
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Moderate Reynolds Number, Mach2.1 Jet

Before presenting the results of prediction for the moderate Reynolds number jet
it is appropriate to summarizethe experimental results of Troutt (ref. 5). He
established that the moderate Reynolds number (Re = 7.0 x 104) jet developed much
more like a high Reynolds numberjet than like a low Reynolds numberjet. q11is is
demonstrated by the meanflow properties shownin figure 15. In the naturally
excited jet, the flow fluctuations possess relatively broad spectra with peaks that
shift to lower and lower frequencies with downstreamposition. Near the jet exit,
measurementsindicated that the natural excitation is very broad in spectral content,
whereas the low Reynolds numberjets have a naturally occurring discrete frequency
instability. Whenthe low Reynolds numberjets are artificially excited with a pure
tone at the naturally occurring dominant frequency, there is little change in the
development of the instability or the meanflow. In the moderate Reynolds number
jet, there is a dramatic change in the spectral distribution of the flow fluctuations
as the energy concentrates near the single frequency of excitation. Since the mean
flow development is not changed drastically, Troutt argues that wave properties such
as wavelength and phase velocity are probably similar in the excited and unexcited
jets.

Figure 15 presents the results of hot-wire measurementsmadein the
Re= 7.0 x 104, Mach2.1 jet with the probe located in the middle of the shear layer
approximately on the nozzle lip line. The narrow-band data at a Strouhal number

St of 0.19 are shown in figure 15(a); the data at St = 0.38, in figure 15(b).

These frequencies were chosen to bracket the relatively broad peak in the spectrum of

noise radiated in the maximum noise emission direction of the jet (as previously

shown in fig. 6(b)). Two prediction curves are drawn corresponding to the n = 0

mode (axisymmetric mode), shown as the dashed line, and the n = I helical mode.

The data of figure 15 show a resemblance to the initial predicted wave growth and

axial location for peak amplitude. Beyond this peak amplitude region, the data indi-

cate a slower rate of decay for each Strouhal number component than that predicted

for the wave decay. However in the band-pass data of figure 15, fluctuations which

are not coherent with the upstream wave system are included in the measurement,

whereas only the coherent portion is represented by the instability theory.

Troutt (ref. 5) has performed phase measurements in both the flow field and in

the near acoustic field. These measurements have shown that the discrete waves in

the jet can be described by a combination of the n = 0, +I, and -I modes. (There

is no difference between the predicted wave properties of the n = +I and -I helical

modes.) By assuming a wave composed of the axisymmetric, right- and left-hand heli-

cal modes according to

i@ -i8

<pu> = A0 + AIe + A e
pu -I

Troutt was able to estimate from phase-averaged measurements the relative amplitude

level between the modes at the jet exit and several downstream locations. He found

that, for St = 0.19, A0/A I equals 1.4 and, for St = 0.38, A0/A I equals 0.5.

Thus, the axisymmetric mode dominates the lower frequency wave, and the helical mode

dominates the higher frequency component.
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The phased-averaged (coherent) portion of the hot-wire signal in the moderate
Reynolds number, Mach2.1 jet is shownin figure 16. Thesephase-averaged data are
in better agreement with the predicted wave evolution than are the results at
St = 0.19 in figure 14. In this case, the predicted wave evolution is obtained

through a linear combination of the n = 0, +I, and -I modes in the proportion

A0/A I = 1.4 as suggested by the measurements of Troutt. The solid square symbol

again indicates the point at which both the predicted wave evolution and experiment

are matched.

Troutt has shown that excitation of the jet with the point glow discharge device

has an influence on the jet fluctuations as well as a measurable influence on the

mean flow development. The spatially averaged jet flow developed slightly faster in

terms of downstream distance than did the unexcited jet. The parameters 6 and

r(0.5) corresponding to the excited and natural jets presented in figure 17 demon-

strate the effect of this excitation. The distribution of mean flow parameters shown

by the dotted line corresponds to the excited jet case. This mean flow condition was

provided as input into the instability calculation of the wave evolution shown in

figure 16. In view of the approximate method of apportioning the content of the

n = 0, +I, and -I modes and the application of spatially averaged mean flow profiles

from a slightly asymmetric situation, the agreement between experiment and predicted

wave behavior in figure 16 is very encouraging.

High Reynolds Number, Mach 2.0 Jet

In the experiments for the low and moderate Reynolds number jets, the coherent

portion of the wave was determined by phase averaging the hot-wire signal with the

excitation signal for timing. In the present high Reynolds number experiments, no

excitation mechanism had been devised; therefore, a phase-averaged measurement was

not possible.

The results of the wedge hot-film measurements are presented in figure 18. As

for the low and moderate Reynolds number jets, the probe was located in the middle of

the shear layer (at r/D = 0.5). Shown in figure 18(a) are the narrow-band data at

St = 0.2 and in figure 18(b), the data at St = 0.4. These frequencies correspond

approximately to the frequencies used for the moderate Reynolds number jet

(fig. 15). Also, the LSNOIS instability predictions are presented by a dashed line

for the n = 0 mode and a solid line for the n = 1 mode. As previously noted, the

narrow-band data at moderate jet Reynolds number, the decay portion predicted for the

wave amplitude behavior in the high Reynolds number flow, significantly differ from

the measured axial variations of relative longitudinal turbulence intensity levels.

There is also a large difference in the axial location of the peak amplitude level.

The relative peak amplitude levels between measured data and the instability predic-

tion are satisfactory for St = 0.2 with only the n = I mode and may be reasonable

for St = 0.4 with a suitable combination of the n = 0, +I, and -I modes. It is

reasonable to assume, based on the moderate Reynolds number results of figure 16,

that phased-averaged measurements in the high Reynolds number jet would appear more

representative of the wave amplitude predicted evolution.

Since little prior experience exists with the wedge hot-film probe, a test of

the probe frequency response was made by examining the similarity of measured spectra

in the shear layer. First, consider spectra obtained by the probe located on the jet

lip line between x/D = 2.25 and 10, as shown in figure 19(a). The power spectra are

presented in terms of Strouhal number based on the exit diameter and velocity. The

amplitude of the spectra are shown at the power spectrum level and have been nor-
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malized by the jet exit velocity. The trends existing in the spectra suggest that
spectral similarity for the supersonic mixing layer could be obtained by assuming
that frequency scales linearly with local meanvelocity and inversely with increasing
downstreamdistance. In figure 19(b), the samefive power spectra are comparedon
the basis of this local Strouhal number. The amplitude levels were adjusted to

U_ D
equivalent spectrum levels through multiplication by V x" The spectral similarity

3
for the supersonic mixing layer demonstrated that the wedgehot-film probe had suf-
ficient high frequency response for the current experiments.

As a final point of discussion on the hot-film measurementsfor the high
Reynolds number jet, the hot-film amplitude distributions of figure 18 showa similar
peak amplitude location as that of the broadband noise source distribution measured
by Laufer, Schlinker, and Kaplan (ref. 23). They used a directional microphone sys-
tem located at various positions in the far field from which estimates were madeof
the axial distribution of noise source strength in several supersonic jets. The
comparison demonstrates the similarity in shape and in the axial location of peak
amplitude between the hot-film measurementsin the jet and the directional microphone
measurementsfocusing on the jet.

Near-Field Measurements and Comparison With Prediction

As mentioned earlier, Morris and Tam (ref. 6) have compared their near-field

predictions with measurements performed by Yu and Dosanjh (ref. 7) with a Mach 1.5

perfectly expanded cold jet. Morris and Tam showed that, for frequencies St of

0.125, 0.25, and 0.50, the predicted near fields were in reasonable agreement with

the experimental results. Our comparisons were conducted primarily on Mach 2.0 jets,

for which, as previously discussed, the predicted instability evolutions are in rea-

sonable agreement with the phase-averaged portion of the flow fluctuation.

Figure 20 presents the near-field experimental and predicted sound pressure

level contours for the low Reynolds number, Mach 2.1 jet measured by Morrison

(ref. 3). An elementary estimation for the direction and origin of sound emission in

this figure is indicated by an arrow and its axial intercept. The calculations were

performed for the n = I mode at St = 0.22, which corresponds to the measured

dominant instability as shown by figure 6(a). The absolute level of the calculations

has been adjusted at only one point. The predictions demonstrate the predominant

downstream emission as evidenced by the lobed shape of the sound pressure level

contours. The predicted and measured sound fields appear to emanate from a region

10 diameters downstream, which corresponds to the peak flow fluctuation region shown

in figure 12. However the predicted directivity is at a larger angle from the jet

axis than the measurements indicate. Figure 21 shows a similar comparison between

the analysis and the measurements of Troutt (ref. 5) on the moderate Reynolds number,

Mach 2.1 jet for a frequency of St = 0.19. Figures 21(b) and 21(c) show the

predictions corresponding to the n = 0, +I, and -I modes. Troutt established that

the near field primarily consists of these modes. There appear to be no important

differences between the n = 0 and n = I predictions. Since this is also true in

other jet calculations, only the predominant n = I data will henceforth be shown.

The tracing through the sound pressure level lobes indicates the region of dominant

noise generation to be further downstream in the experimental data as compared with

the predicted data. These measured SPL contours are more consistent with peak

amplitude location in the narrow-band hot-wire data of figure 18(a). A similar
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result is apparent in the acoustic data of the high Reynolds number, Mach2.0 jet
shown later.

Figure 22 presents the comparison between measured and predicted near-field data

for the moderate Reynolds number, Mach 2.1 jet for St = 0.38. The comparison demon-

strates that the predicted noise field appears similar in contour pattern to the

measured sound field. Although the peak emission location is the same between pre-

diction and measurement, the predicted contours occur at a shallower angle to the jet

axis for this case. The small-scale oscillations in otherwise smooth sound pressure

level contours of figure 22(b) occur because of an insufficient resolution in step

size in the Fourier transform of the wave amplitude evolution data. This was deter-

mined by decreasing the step size in the LSNOIS code; figure 22(b) represents a major

improvement over initial results.

Figures 23 and 24 show comparisons between measured and predicted sound pressure

level data for the high Reynolds number, Mach 2.0 jet. Figure 23 shows results for

the St = 0.2 component; figure 24, the St = 0.4 component. These experimental

data were obtained in the present study at Langley with a 1/3-octave-band analyzer.

As in both the low and moderate Reynolds number jet data, these data show a general

agreement between prediction and measurement in the overall contour shape. In the

high Reynolds number jet, both the St = 0.2 and 0.4 components are predicted to

emerge nearer the jet exit than indicated by the measured results. This same differ-

ence is seen to exist in the flow fluctuation results of figure 18. Both prediction

and measured contour results indicate the same basic wave direction for each Strouhal

number component.

DISCUSSION OF RESULTS

The similarity of the measured acoustic field in terms of the spectrum shape,

directivity, and overall sound power radiated suggests that a similar physical mecha-

nism governs the production of sound over a wide range of supersonic jet Reynolds

numbers. The comparison in the peak radiation direction between the measured and

predicted sound pressure level contours yields some promising results. The predic-

tions show the strongly directional character of the measurements, as the general

shape of the measured and predicted SPL contours are similar. Although the predicted

and measured contoured acoustic data agree in angle of emission to within I0 °, the

axial location for predominant emission of sound is poorly predicted in the high

Reynolds number jet for both the 0.2 and 0.4 Strouhal number components. The peak

associated with the high Reynolds number flow fluctuation data is in much better

agreement with the apparent origin for peak sound emission for both Strouhal number

components. These axial locations correspond to that indicated by the broadband

noise source distributions measured by Laufer, Schlinker, and Kaplan (ref. 23) for a

similar high Reynolds number, Mach 2.0 jet.

The agreement between the measured and predicted peak acoustic emission loca-

tions improves as the jet Reynolds number decreases. At the lowest jet Reynolds

number, the apparent origin is the same although the LNOIS code overpredicts the peak

angle of emission by 10 ° . In general, an improved correlation can also be observed

with decreasing jet Reynolds number between the axial location of the measured peak

flow fluctuations and the predicted instability wave evolution. In addition, the

axial locations for the peak flow fluctuations correspond well to the location for

peak acoustic emission for all Reynolds and Strouhal numbers examined. Comparisons

between the relative variation of the measured flow fluctuations and instability wave
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evolution behavior show that the growth rate increases with decreasing Machnumber
(figs. 12 to 14) and increasing Reynolds number (figs. 15 and 18).

The disappointing agreement between the peak axial locations of the measured
flow fluctuations and instability wave behavior in the high Reynolds number jet
should be considered further. Even though a phase-averaged componentwas not
obtained for the high Reynolds numberflow, the phase-averaged measurementsat the
intermediate Reynolds number indicate that the axial location for peak fluctuation
level would be the samesince only the decay portion appears to change. It is
important to recognize that the major nonlinear effect in the Morris and Tamanalysis
(ref. 6) is incorporated into the analysis by empirical input, namely, the accommoda-
tion of the wavelike disturbance to the meanflow variation. Although this feature
is essential in the acoustic analysis, it assumesthat wave-induced stresses, those
that occur from turbulence-wave interactions, do not effect the growth or decay of
the unstable wave. This is one area of the analysis where one might expect certain
inaccuracies to occur in the computedresults. However, it is not knownwhether this
assumption leads to any greater inaccuracies than those associated with the neglect
of nonlinear wave-waveinteractions which are eliminated from consideration by use of
the linearized perturbation equations.

To a certain extent the experimental results reported herein indicate that these
nonlinear eEfects maybe important, since the acoustic spectra remain centered near
the low Reynolds numbertone, the scaling of the acoustic power in figure 7 suggests
that spectral widening with Reynolds numbermayoccur because of a spectral redistri-
bution of energy to other scales by nonlinear interaction between flow component
fluctuations. In the low Reynolds number jets, the exit flow is essentially laminar
and the evolving wavelike flow structure grows slowly and is not modified by the
presence of turbulence in the shear layer. For these jets, the predicted and mea-
sured peak axial location is in good agreement. With advancing jet Reynolds number,
the modification to the growth of the wavelike structure due to its interaction with
turbulence in the shear layer could account for the deteriorating agreement in the
peak axial location. Further investigation in this area is obviously required.

CONCLUDINGREMARKS

This paper reports on both aerodynamic and acoustic similarities associated with
supersonic free jet shear layers. The study evaluates the evolution of flow distur-
bances as they grow and decay in the downstreamdirection and comparestheir near
acoustic field. Aerodynamicresults from three convergent-divergent nozzles with a
nominal Machnumberof 2 are examined to determine the effect of Reynolds numberon
the evolution of flow disturbances. These nozzles have Reynolds numbersof
7.9 x 103, 7.0 x 104, and 5.2 x 106 based on exit conditions. The acoustic results
additionally include other Machnumber jets ranging from 0.9 to 2.5 having Reynolds
numbersfrom 3.7 x 103 to 8.84 × 106. Both the aerodynamic and acoustic results at
Mach2.0 are also comparedwith a theoretical prediction based on the linearized
inviscid equations of motion.

The acoustic data show that the low Reynolds number jets radiate a comparable
acoustic power to the high Reynolds number jets and follow the samepower-law varia-
tion with jet exit velocity. In addition the acoustic data also show that for a
given jet exit Machnumber, the peak Strouhal numberfor the acoustic spectrum is
independent of the jet Reynolds number.
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The aerodynamic measurementsare found to be in agreement with the prediction of
the axial location for maximumwave amplitude for the Reynolds number jets at and
below 7.0 × 104 . The flow fluctuation in the high Reynolds number jet attains its

peak level 7 to 8 jet diameters downstream of the predicted peak wave amplitude. The

measured axial location for peak flow fluctuations is in agreement with the apparent

origin for sound emission from the shear layer for all three Reynolds number

conditions. Both the aerodynamic peak and apparent origin for sound emission shift

downstream with increasing Reynolds numbers. The predicted acoustic results agree

with the measured main acoustic beam direction for all three Reynolds number

conditions.

The comparisons in this paper suggest that a similar physical mechanism exists

for supersonic jet noise emission for a wide range of jet Reynolds numbers and that

this mechanism is strongly dependent on the behavior of coherent type structures in

the flow. The comparisons between measured results and theory, while not entirely

satisfactory, represent an encouraging sign in the analysis of supersonic jet noise.

Langley Research Center

National Aeronautics and Space Administration

Hampton, VA 23665

August 19, 1982
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TABLEI.- EXPERIMENTALJET CONDITIONSOFNOZZLESFORCOMPARISONWITH
INSTABILITYANDSOUNDRADIATIONCALCULATIONS

Mach
number,

M

1.4
2.1
2.5
2.1
0.9
1.5
2.0
2.5

Reynolds number,
Re

3.7 x 103
7.9
8.7
7.0 x 104
1.0 x 106
2.5
5.2
8.8

Jet
diameter,

D, cra

1.00
1.00
0.90
I .00
3.96
4.28
5.00
5.08

OAPWL,
dB

162.2
171.4
175.8
171.6
147.8
163.6
169.1
172.3

Vj/a O

I .19
1.53
I .67
1.53
0.84
I .24
I .49
I .67

2O



L-79-7298

Figure I.- Apparatus used for supersonic jet

noise aerodynamic measurements.

Polar movement /__

Microphone

Nozzle

Figure 2.- Acoustic near-field polar traverse arrangement.
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Figure 3.- Profile view of nickel-plated wedge hot-film probe.
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Figure 4.- Wedge hot-film calibration data.
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(a) Re = 7.9 x I03; M = 2.1.
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(b) Re = 7.0 x 104; M = 2.1.
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Figure 6.- Effect on acoustic spectrum with increasing Reynolds number.
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Figure 10.- Mean velocity data for Re = 5.2 x 106, Mach 2.0 jet.
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Figure 12.- Axial distribution of _ss velocity fluctuation amplitude in

jet shear layer for Re = 7.9 x 10 3, Mach 2.1 jet. r/D = 0.5.
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St = 0.19; r/D = 0.5.
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Figure 17.- Axial distribution of mean velocity profile parameters for natural

and excited Re = 7.0 x 10 4 , Mach 2.1 jet.
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Figure 18.- Axial distribution of velocity fluctuation amplitudes in

jet shear layer for Re = 5.2 × 10 6 , Mach 2.0 jet. r/D = 0.5.
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Figure 20.- Near-field sound pressure level contours for

Re = 7.9 x 103, Mach 2.1 jet.
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Figure 21.- Near-field sound pressure level cu .tours for

Mach 2.1 jet at St = 0.19.

Re = 7.0 x 10 4 ,
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Figure 22.- Near-field sound pressure level contours for Re = 7.0 x 104 ,

Mach 2.1 jet at St = 0.38.
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Figure 23.- Near-field sound pressure level contours for Re = 5.2 x 106 ,

Mach 2.0 jet at St = 0.2 (I/3-octave band).
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Figure 24.- Near-field sound pressure level contours for Re = 5.2 × 106 ,

Mach 2.0 jet as St = 0.4 (I/3-octave band).
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