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SUMMARY

Both aerodynamic and near-field acoustic data are repqrted for an axisymmetric
shock-free supersonic jet produced by a convergent-divergent nozzle designed for an
exit Mach number of 2. Near-field acoustic data are also reported for two other
shock-free supersonic jets produced by convergent-divergent nozzles with design exit
Mach numbers of 1.5 and 2.5 and by a convergent nozzle operating at a Mach number of
0.9 and at two shock-containing underexpanded conditions. The purpose of this report
is to provide a data base for which comparisons can be made to analytical prediction
models. In general, the results indicate a close coupling between Strouhal compo
nents in the aerodynamic and acoustic fields; the spectrum peak value in the prin
cipal direction of acoustic radiation is observed in the ae~odynamic field where this
component has achieved maximum growth and the acoustic radiation appears to origi
nate. Shock noise appears to originate from this same region but is directed more
upstream.

INTRODUCTION

In this report, both aerodynamic and near-field acoustic data are presented for
several shock-free axisymmetric supersonic jets whose Reynolds numbers based on noz
zle exit diameter exceed 106 • The motivation for documenting these results is to
provide information that may prove useful to theoretical efforts that predict super
sonic jet noise. Of particular interest are those analytical formulations (for exam
ple, refs. 1'to 4) that model the sound generation process by instability waves and
require experimental data of the mean flow, axial growth and decay of any organized
turbulent structure, and near-field acoustic properties for comparative purposes.

To enhance the overall comparison between this type of analysis and observation
requires that both the aerodynamic and near-field acoustic data be acquired from the
same nozzle. Surprisingly most prior research that has been reported on high
Reynolds number supersonic jets present either aerodynamic or far-field acoustic
data. Of the limited high Reynolds number near-field acoustic data, the results
reported by Yu and Dosanjh (ref. 5) have provided a cornerstone for early comparisons
to the developing instability analysis. More recently Seiner, McLaughlin, and Liu
(ref. 6) reported both aerodynamic and near-field acoustic data for supersonic jets
at various Reynolds numbers at a single nominal exit Mach number near 2. The near
field acoustic data gathered for the present study included several other high
Reynolds number jets with exit Mach numbers ranging from 0.9 to 2.5. This report
then presents acoustic results obtained from this study and provides a more compre
hensive set of aerodynamic and acoustic data for the nozzle with an exhaust exit Mach
number near 2 than is given in reference 6.

The data presented in this report were obtained on unheated static (no external
flow) jets and are organized in the following fashion. The results for the mean flow
are first presented for a nozzle designed for an exhaust Mach number of 2 at its
fully expanded condition. Next the turbulence data obtained by using a wedge hot
film probe in the Md = 2 jet plume are provided to demonstrate the universal veloc
ity spectrum in the initial mixing region as well as the growth and decay of various
spectral components in the shear layer that are integrally related to the jet noise
spectrum peak value. The remainder of the report is used to show associated



near-field acoustic properties for this aerodynamic condition, as well as that
obtained from the other nozzles. The acoustic near-field properties are presented in
terms of narrow-band acoustic spectra, directivity for several spectral components,
and contour plots of the same spectral components using one-third-octave filters.

One consistent overall feature evident from the contoured acoustic data and
aerodynamic results is that the noise energy associated with the spectrum peak value
in the principal direction of radiation emanates from a region slightly beyond the
end of the potential core •. This result for supersonic jets has previously been
reported by Laufer, Schlinker and Kaplan (ref. 7) with a far-field directional mir
ror. Since all full-scale supersonic engines will most likely also contain a weak
shock-wave field in their plume, several acoustic near-field contour plots have been
included from the convergent nozzle when shocks were present in its plume. In this
way, a more realistic presentation is achieved of what one is likely to see when
operating a nozzle designed within the practical constraints of full-scale engine
technology.

SYMBOLS

A

b

D

f

h

L

M

r,r.5

R

Re

area

velocity half-width of annular mixing region, r.5 - h

ambient sound speed

nozzle exit diameter

fluctuating and mean anemometer voltages

frequency

radius of potential core

thermal conductivity of air at stagnation conditions

width of probe wedge element

length of supersonic section

constant equal to 0.765

Mach number

Nusselt modulus

ambient and stagnation supply pressures

radial coordinate and radius to half-velocity point

radial coordinate

Reynolds number based on nozzle exit diameter

nozzle exit radius



St strouhal number, fDIU

Su anemometer sensitivity to velocity

N

u,U axial turbulent and mean velocities

x axial coordinate

Xo axial location of reference microphone

y vertical distance from nozzle exit

a anemometer temperature resistance coefficient

y ratio of specific heats taken equal to 1.4

n nondimensional radial coordinate (eq. (2»

e angle to jet axis

T anemometer temperature overheat ratio or time delay

Subscripts:

c

d

e

j

o

t

centerline value

nozzle design condition

jet exit condition

fully expanded condition

local region of flow measurement

reference quantity

throat condition of nozzle

free-stream conditions

EXPERIMENTAL METHODOLOGY

The aerodynamic plume measurements shown in this paper were acquired in the
Langley Jet-Noise Laboratory (LJNL). The near-field acoustic measurements were
acquired in the Langley Anechoic Noise Facility (LANF), whose interior dimensions
from wedge tip to wedge tip are 6.7 by 8.4 by 7.2 m. Both the LJNL and LANF utilized
the same air supply and were capable of supplying a maximum continuous flow rate of
4.1 kgls of unheated dry air. Desired nozzle pressure ratios were maintained to
within 0.3 percent by electronically controlled valves.

Four nozzles were tested; the exit design and operational parameters under
which the nozzles were tested are given in table I. The Reynolds number based on
exit conditions exceeded 106 for all nozzles examined. As can be observed from
table I, the convergent nozzle was examined at two underexpanded conditions. The
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fully expanded plume Mach number Mj for these two shock-containing plumes were
selected to match the design Mach numbers Md of two supersonic convergent-divergent
nozzles. The fully expanded plume Mach number Mj is calculated directly from the
isentropic equation relating the nozzle stagnation-ambient pressure ratio to Mach
number. The contraction section of the convergent nozzle was designed by a procedure
based on the transonic flow solution of reference 8. The solution was optimized to
produce the most uniform sonic surface at the nozzle exit consistent with the desire
to achieve a thin throat boundary layer. The supersonic sections of the Md = 1.5
and 2.0 nozzles were designed by using the method of characteristics solution of
reference 9 to produce an exhaust flow which is parallel to the jet axis at the
nozzle exit plane. The contraction section for these two supersonic nozzles was
obtained from the transonic flow solution with a radius of curvature of the nozzle
throat selected to match the predicted radius of curvature of the supersonic section.
The design of the Mach 2.5 supersonic section is believed to be based on a method-of
characteristics solution; however, the design procedure used to derive its contrac
~ion section is unknown. Figure 1 shows the general geometry associated with both
convergent and convergent-divergent nozzles.

Determination of local jet Mach number was accomplished by using the Rayleigh
supersonic pitot-tube formula, which requires a measure of local static and total
pressures. A schematic of the static-pressure probe is shown in figure 2. The
total-pressure tube was of the standard supersonic type: a square-end tube with a
concentric sensing port diameter one-third of the outside diameter of the tube. The
static-pressure probe was designed to provide a rapid recovery to free-stream static
pressure to minimize errors in interpreting the data in the presence of large pres
sure gradients. The static probe was designed by Pinckney (ref. 10). Both the
total-pressure tube and the static-pressure probe were mounted in a low drag
supersonic wing as shown in figure 3 to minimize undesirable probe vibration. A
remotely controlled computerized three-axis digital traverse mechanism positioned the
wing and its probe to desired locations in the jet plume. The spatial accuracy of
the traverse was ±0.0254 mm.

The total temperature of the flow was always within ±2°C of ambient so that the
local sound speed and, consequently, the mean axial velocity could be determined from
the pitot-tube measurements and isentropic relations. The resulting mean velocity
radial profiles presented in this report appear in the following nondimensional form:

U/U
c

(r )

(r ...

h)}
h)

(1)

where h is the radius of the potential core. The nondimensional coordinate n is
given by

n = r - h
b

(2 )

where b is the velocity half-width of the mixing layer. Designating r.5 as the
radial distance to where the axial velocity is one-half that of its centerline value,
the velocity half-width can be expressed as
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b r. 5 - h (3)

The shape function customarily chosen to represent U(n) is the half-Gaussian as
given by

U/U
c

(4 )

which describes the axial mean profiles in the annular mixing region and beyond the
end of the potential core for high Reynolds number jet plumes.

The supersonic turbulence data were obtained with a wedge hot-film probe. Its
behavioral response has been found to differ from that of hot wires in the transonic
and supersonic regimes. A profile view of the commercial wedge probe is shown in
figure 4 which provides all relevant dimensions. A complete analysis of the opera
tional characteristics of this probe has been recently published in reference 11.
However, since only one temperature overheat was used to acquire the data, the
approximate procedure used in reference 6 has been used to interpret the turbulence
data. This procedure is based on the observation in reference 11 that measured
bridge voltage fluctuations with high film probe temperature loadings and free-stream
Mach numbers exceeding 1.3 will primarily vary with velocity fluctuations. The tur
bulence data presented in this report satisfy both conditions.

Using this approximate procedure, local longitudinal turbulence intensity is
related to bridge voltage fluctuations by

(5 )

where the velocity sensitivity, as derived from the calibration data of figure 5 and
reference 11, provides

0.25[1 + m (y - 1)M21 (1 -~)o Nu
o

In equation (6), the data intercept B from figure 5 gives B = 15.3, and the
Nusselt modulus NUo is computed from bridge voltage measurements through the
relation

(6)

Nu
o

aE 2
b

= 2k L
o

T +
T

R
r

(7)

where ~ is probe recovery resistance and RL is probe lead resistance. Figure 6
shows the wedge hot-film probe mounted in its low drag supersonic wing. The probe
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was positioned by the same three-axis traverse mechanism as used in the pitot
surveys.

Near-field acoustic measurements were acquired by using a single microphone with
a polar traverse mechanism and a nine-microphone linear array. The polar traverse
used a 0.25-in. free-field microphone, whereas the linear array elements were com
posed of 0.25-in. pressure microphones. The polar traverse mechanism, shown in
figure 7, had a range of travel from R/D = 5 to 40 with angles to the jet axis
ranging from 15° to 90°. The positional accuracy of the polar traverse was
determined to be ±0.01R/D and ±0.5°. All nozzles were tested by using the polar
traverse, each run being composed of 108 spatial locations. The linear microphone
array, shown in figure 8, was previously used in reference 12 to examine near-field
acoustic properties associated with shock-containing jet plumes. The measurements of
shock-free jet plumes associated with the Md = 2 supersonic nozzle with this array
are reported at this time. The linear array was located along a line parallel to the
jet axis at a distance of R/D = 2.3 for the Md = 2 nozzle. The locations for the
microphones are listed in table II.· These results are presented in terms of the
cross-correlation coefficient between microphone pairs.

The near-field acoustic data were recorded on magnetic tape with a frequency
response from dc to 80 kHz. The data were later analyzed in one-third-octave and
20-Hz narrow bands. The format chosen for data presentation was narrow-band spectra,
directivity, and near-field contours of one-third-octave-band data, and nonfiltered
cross-correlation coefficient of microphone pairs. The center frequencies chosen for
presentation were based on integral values associated with the far-field spectrum
peak value at 30° to the jet axis relative to each nozzle examined. The center fre
quencies are given in terms of the Strouhal number St = fD/U j • All nozzles were
treated with fiberglass during the acoustic studies to minimize sound reflections
from the exterior wall of each nozzle.

AERODYNAMIC RESULTS

Mean Flow

The centerline Mach number and velocity variation for the perfectly expanded
Md = 2 nozzle is shown in figure 9. The data field consists of 703 data points,
which is sufficient to show that, with even the most ideal experimental conditions,
the plume is composed of a weak wave system. The measured exit Mach number at
X/Rj = a is 1.99. Downstream of the annular mixinv region, the centerline flow fol
lows, as expected, a decay rate proportional to x-. (See fig. 9(c).)

The measured axial variation of the parameters r.5 and b, associated with the
plume-spread rate, are shown in figure 10. These parameters appear in equations (2)
and (3), and are used in equation (4) to demonstrate that the mean flow can be
described by a half-Gaussian shape. This is shown in figure 11, which involves the
use of 27 measured radial profiles whose axial stations range from x/R. = 0.98 to
66.76, as indicated in figure 10. It is apparent from these data that lhe measured
mean velocity profiles are well represented by the half-Gaussian shape. The results
in figures 9, 10, and 11 completely specify the mean axial flow state of the
Md = 2 nozzle when operated at its design Mach number.
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Turbulent Flow

The mean flow results clearly demonstrate that the jet plume spreads linearly in
the annular mixing region. To establish the operational frequency response of the
anemometer in supersonic flow, this property can be put to use. Longitudinal tur
bulent velocity spectra are shown in figure 12(a) that correspond to measurements
obtained at various axial stations in the annular mixing region and along the jet
lipline R/R. = 1. These spectra are presented in terms of Strouhal number St
based on noz~le exit conditions. The spectral amplitudes are normalized on an abso
lute basis by the jet exit velocity. Because of the linear-spread rate, one antici
pates the existence of a universal turbulent velocity spectrum for the annular mixing
region. As previously reported in reference 6, figure 12(b) shows that this is
indeed true. The universal spectrum in figure 12(b) is composed of all the data used
in figure 12(a) and is presented on the basis of a local Strouhal number st = fx/U

t
,

where Ut is the local mean flow velocity and x is the axial location in the
annular mixing region. The spectral amplitudes are appropriately normalized to prop
erly account for spectral band compression due to the use of the local Strouhal
number. It is evident from figure 12 that the frequency response of the hot-film
probe is entirely adequate for this aerodynamic condition. A better collapse to a
universal spectral shape could have, of course, been achieved if the measurements
were taken along the r. S line of figure 10 or any n = Constant line rather than
along the jet lipline (R/Rj = 1).

Of importance to an instability wave analysis is the axial growth and decay of
any organized structure in a supersonic jet plume. The axial variation of both volt
age and turbulent velocity fluctuations along the jet lipline are shown in fig-
ure 13. The t~rbulent velocity fluctuations u have been decomposed from voltage
fluctuations e according to equation (5). The data of figure 13 have been further
decomposed into select spectral bands that are shown later to match those found in
the acoustic field. A narrow-band filter width of 20 HZ was used to obtain the spec
tral components in figure 13, and the data are normalized at X/D = 2 (as repre
sented by Uo ) since greater confidence is placed on this location than at
X/D = 0.5 due to the thin initial annular mixing layer.

The data presented in figure 13, although showing the growth and decay of
selected Strouhal number components, do not represent distributions that can be asso
ciated directly with organized structure. These hot-film spectral component data
were acquired without using a conditional sampling method, a necessary requirement
for uncovering any wavelike structure. Nevertheless the data of figure 13 do show
that higher frequency components reach their maximum growth nearer the nozzle exit
than do lower frequency components and that they typically achieve a smaller growth.
The selection of the various Strouhal numbers in figure 13 is apparent in the next
section after examining narrow-band acoustic spectra. The Strouhal number component
St = 0.158 represents the spectrum peak value for acoustic radiation in the princi
pal direction. This component achieves a maximum growth near x/D = 12, which from
the mean aerodynamic results of figure 10 is just beyond the axial region where the
potential core terminates (i.e., X/Rj ~ 22). The importance of this behavior
becomes more clear as acoustic results are presented.
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ACOUSTIC RESULTS

Narrow-Band Spectra

Narrow-band acoustic spectra are used in this report to identify the Strouhal
number of the spectrum peak value for acoustic radiation in the principal direction
and at 90° to the jet axis. The narrow-band spectra for the six nozzle operating
conditions of table I are shown in figure 14. They are presented on a linear scale
to enhance location of the spectrum peak value. The data at RID = 40 were acquired
by using a constant 20-Hz band. Since jet noise is generated on a distributed basis
in the jet plume, the spectra are presented by using results obtained at RID = 40
with the polar traverse and at a larger value of RID. The larger value of RID is
obtained from a far-field microphone array similar to what is described in refer
ence 6, and its data were analyzed by using a constant 40-Hz band. The angle
selected for the larger RID value represents the direction for maximum sound energy
radiation, and because of the distributive nature of jet noise, the angle for the
smaller RID value is chosen slightly different to account for this feature and
align the spectrum peak values. For acoustic radiation in the principal direction
this change in angle can be readily calculated by assuming that peak acoustic energy
emanates from the region slightly beyond the end of the potential core of the plume.
The Strouhal numbers (fD/Uj ) associated with the spectrum peak value in the principal
radiation direction are listed in table I. From figure 14, shock-associated noise is
clearly manifested for the two underexpanded cases involving the convergent nozzle.
No screech suppression device was used while acquiring these data, but the nozzles
were always treated with sound absorbent material. The 90° data for the Md = 1.5
nozzle also exhibits shock noise in its spectrum. While this nozzle was designed to
produce an exhaust Mach number of 1.5 at its exit plane, subsequent plume aerodynamic
measurements revealed that the exhaust Mach number was closer to 1.46. Figure 14
also shows for each nozzle the measured or inferred (table I) exit Mach number Me
and the Mach number Mj that corresponds to the actual test nozzle pressure ratio.

Directivity

Directivity plots are used to display the peak radiation direction. Figures 15,
16, and 17 provide those results obtained at RID = 40 for each nozzle pressure
ratio listed in table I. The results are presented in terms of one-third-octave-band
levels centered around various frequencies that are distributed about the spectrum
peak value obtained from the narrow-band data in the principal radiation direction.
The directivity of the overall sound pressure level is also included. Figure 15
shows the overall level and Strouhal number associated with the peak spectrum value,
figure 16 shows Strouhal number components lower than the peak value, and figure 17
shows Strouhal number values larger than the peak value.

Select directivity comparisons between the convergent nozzle with an underexpan
ded jet plume and two essentially shock-free jet plumes are shown in figures 18 and
19. Figure 18 shows comparisons with respect to the Md = 1.5 convergent-divergent
nozzle, whereas figure 19 shows similar comparisons with the Md = 2 convergent
divergent nozzle. The one-third-octave-band data refer to Strouhal number components
that are clearly identified with shock noise. These directivity plots clearly iden
tify the Doppler shift associated with convective disturbances through shock waves,
and it is to be noted that the data in figure 18 refer to two nozzles operating at
the same ideal thrust. The throat diameters of these two nozzles are very close so
that the amplitude levels indicate the increase in noise associated with a shock
containing jet plume. A similar comparison between the directivity data for the
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convergent and Md = 2 nozzles in figure 19 cannot be made because the ideal thrust
of the convergent nozzle is much less than that of the Md ,= 2 nozzle at this test
pressure ratio and strong shocks (Mach disk) in the convergent nozzle plume at this
pressure ratio lead to shock strength reductions in downstream shocks and conse
quently in shock noise emission. Far-field directivities of the overall sound pres
sure level and the 40-Hz narrow-band level centered around the spectrum peak in the
principal direction of radiation for each of the six nozzles studied are shown in
figure 20. These data are included to show a more correct view of the directional
nature of the associated acoustic field. The data also include angles of the jet
inlet arc.

Near-Field Contours

Acoustic near-field contours are shown in figures 21 through 26. The
acoustic pressure contour levels are expressed in dB (re 0.00002 Pa) with 2-dB
contour-level increments. These were established by using the 108 points per case
from the polar traverse mechanism. The values of Strouhal number correspond to those
used in the directivity plots and the aerodynamic data. They are obtained from the
one-third-octave-band anaysis. Figures 21, 22, and 23 refer to the convergent nozzle
at a high subsonic Mach number and the two underexpanded cases listed in table I.
The shock-containing conditions clearly exhibit the presence of both jet and shock
noise. Each component originates from near the end of the potential core but with
different directional behavior. The peak spectrum value of the jet noise component
is directed downstream with a lower Strouhal number than shock noise which appears
directed more upstream. The acoustic near-field contours for the convergent
divergent supersonic nozzles appear in figures 24, 25, and 26. In each figure, the
component of the spectrum peak value in the principal radiation direction appears to
emanate from a region just beyond the end of the potential core. Even though each
convergent-divergent nozzle was operated near its design point, shock noise, not
necessarily evident in narrow-band spectral data, can be visualized in the outer
radial regions near 90 0 to the jet axis.

Near-Field Microphone Correlations

Near-field covariance results obtained from the linear microphone array shown in
figure 8 are presented in figure 27 and are for unfiltered data. Each figure shows
the measured cross-correlation coefficient between a reference microphone in ascend
ing order and all other microphones in the array. The time axis is normalized by
the distance between the reference microphone at Xo and the variable microphone
at x with sign being preserved and by ambient sound speed. Thus, a value of unity
would indicate that the pressure wave is traveling parallel to the linear array at
sonic speed. To aid in interpretation of these results a microphone covariance
between the reference and a downstream microphone appears positive with pressure
waves traveling in the downstream direction. For this same type of microphone
covariance, a negative peak indicates that the pressure waves are traveling in the
upstream direction. The opposite is of course true for covariance between the refer
ence and upstream microphones.

The data of figure 27 indicate that noise is convected upstream past the first
several microphones, and pressure waves from the hydrodynamic field are convected
downstream supersonically. The demarcation between upstream sound and downstream
pressure waves appears to occur in the vicinity of microphone 3 at x/D = 2.60, where
both phenomena are present. The covariance amplitude of the correlations increases
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with downstream location, indicating at least an increase in pressure field wave
length, which is consistent with the aerodynamic results of figure 13.

CONCLUSIONS

Both aerodynamic and near-field acoustic data are reported for a convergent
divergent nozzle designed to provide an exit Mach number of 2 and a shock-free plume
when operated on design. The results show a close coupling between aerodynamic char
acteristics and those obtained in the near acoustic field. In general it can be
stated that, when considering the Strouhal number component of the spectrum peak
value, noise emanates from a region slightly beyond the end of the annular mixing
region where the same Strouhal number of the flow exhibits maximum growth before
decay.

The report also documents the near-field acoustics for two other convergent
divergent nozzles designed to provide exit Mach numbers of 1.5 and 2.5 when operated
on design, as well as that of a convergent nozzle operated subsonically and at two
underexpanded conditions. The behavior observed in the near acoustic field for these
nozzles is consistent with that observed for the nozzle designed for an exit Mach
number of 2. The shock-containing plume acoustic contour plots also reveal that the
principal component for shock noise originates near the same region as found for jet
noise but radiates with a larger angle to the jet axis than does the jet noise
component.

Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665
October 25, 1984
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Table I. - PARAMETER RANGE

Nozzle
Dt , Del Ae/At (Po/Pa)d Md (po/Pa)test Me Ue' Mj Re Stpeak U·/ccm cm m/s J 0

1 3.962 3.962 1 .000 1 .893 1 .0 1.893 0.90 285 0.9 1 .02 x 106 0.174 0.84
*1 3.962 3.962 1.000 1.893 1.0 3.671 t 1 •00 312 1 .5 2.04 .149 1 .24
*1 3.962 3.962 1 .000 1.893 1 .0 7.825 t 1 .00 312 2.0 6.80 .098 1 .49

2 3.935 4.267 1 .176 3.671 1.5 3.671 1.46 425 1.5 2.49 .161 1 .24
3 3.840 4.989 1 .688 7.825 2.0 7.704 1 .99 509 2.0 5.19 .158 1 .49
4 3.128 5.080 2.637 17.085 2.5 17.085 2.50 569 2.5 8.84 .113 1.67

;Underexpanded plume conditions.
Inferred exit exhaust Mach number.

TABLE II.- LINEAR MICROPHONE
ARRAY POSITIONS

[R/D = 2.3]

Microphone x/D

1 0.00
2 1 .30
3 2.60
4 4.10
5 5.60
6 6.92
7 8.25
8 9.51
9 10.76
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Figure 1.- General geometry for nozzles used in this study.
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Figure 2.- Schematic presentation of static-pressure probe.
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Figure 3.- Nozzle and pressure drive mechanism in LJNL.
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L-79-7299

Figure 6.- Hot-film supersonic wing with probe.
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Figure 7.- Near-field polar traverse mechanism.
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Figure 8.- Near-field linear microphone array.
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(b) Strouhal number based on local conditions; R/Rj 1.

Figure 12.- Universal turbulent velocity spectra in annular mixing region.
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Figure 15.- Directivity of overall and one-third-octave spectrum peak value.
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Figure 18.- Acoustic near-field directivity comparisons of underexpanded con
vergent nozzle plume with shocks with Md = 1.5 shock-free plume.
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Figure 19.- Acoustic near-field directivity comparisons of underexpanded con
vergent nozzle plume with shocks with Md = 2.0 shock-free plume.
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