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Abstract 
Measured jet plume static pressure distributions 

and far-field acoustic spectra are presented for under- 
expanded jets in simulated flight up to a Mach num- 
ber of 0.4. A gradual stretching of the downstream 
shock cells is found as the Mach number increases, 
with no perceptible change in the shock strength. 
There appears to be little effect of flight on the am- 
plitude of the broadband shock noise, and the small 
changes in its peak frequency for the same emission 
angle are correlated with the slightly longer shock 
cells in flight. The larger changes in the broadband 
peak frequency found at the same angle in wind- 
tunnel coordinates are attributable to convection. 
Jet mixing noise production decreases significantly 
with increasing flight speed. 

Introduction 
The noise generated by supersonic jets containing 

shock cells has been of interest for some time. The 
development of the Concorde and research conducted 
on other supersonic cruise aircraft led to concerns for 
the effect of this noise on communities near airports. 
The increase in the power of military engines has re- 
sulted in higher dynamic loads on aircraft structures 
because of this noise. An additional current inter- 
est for the application of supersonic jet noise data 
is the detection of military aircraft from their noise 
signatures. 

In addition to the noise created by the mixing of 
any turbulent jet, shocks in the jet plume result in 
two additional well-known noise sources. The first of 
these is jet screech, which consists of discrete tones 
and their harmonics. Screech was first investigated 
by Powell (ref. l), who proposed a model based on a 
feedback mechanism between the nozzle exit and the 
shocks. Subsequent research has shown this model 
to be essentially correct, although some of the de- 
tails of the interaction processes are still unknown. 
The other shock-associated noise component is called 
broadband shock noise because of the wide frequency 
range it encompasses. It was first studied in de- 
tail by Harper-Bourne and Fisher (ref. 2), who pro- 
posed a turbulence-shock interaction model similar 
to that proposed by Powell for the screech process. 
The apparent nonstationary nature of the source of 
broadband shock noise, indicated by its frequency 
chariges with obsenation arigle, ‘v’v’as accounted for 
by phase differences between the noise emitted at 
different shocks. A different model of the broadband 
shock noise process, consisting of the interaction of 
the large-scale jet structures with the shock cell sys- 
tem, has been proposed by Tam and Tanna (ref. 3) 
and extended to flight conditions by Tam (ref. 4). 

Previous studies using a scale-model nozzle and a 
free jet to investigate flight effects on supersonic jet 
noise were performed by Bryce and Pinker (ref. 5) 
and by Yamamoto et al. (ref. 6). In the current 
study, the objective was to relate changes in the 
radiated sound field of an underexpanded jet in 
simulated flight to changes in the mean flow field. 
Some of the data generated in this investigation have 
been analyzed previously and the results reported in 
references 7 and 8. 

The change in screech frequency with forward 
speed has been predicted by extending Powell’s the- 
ory to flight (ref. 7). The amplitude and directivity 
of screech were seen to be essentially unchanged by 
flight so as to maintain the necessary feedback cy- 
cle (ref. 8). The main effect of flight on screech is a 
change in the dominant screech mode as flight speed 
increases (ref. 7) and the introduction of screech 
modes not present in the static condition (ref. 8). 

In reference 7 the change to the peak frequency 
of broadband shock noise in flight could not be pre- 
dicted from the model of Harper-Bourne and Fisher 
(ref. 2). Application of Tam’s model (ref. 4) at higher 
flight speeds in reference 8 showed good agreement 
between measurement and prediction of this peak 
frequency. Very little change to the amplitude of 
the broadband noise was found with increasing flight 
speed (ref. 8). 

The purpose of the current report is to present the 
detailed measured far-field noise spectra and plume 
static pressure distributions and to supplement and 
refine the analyses presented in references 7 and 8. 

Symbols 
a ambient speed of sound 

C position for correction to ray 
angle 

d nozzle diameter, 1 in. 

e position for correction to phase 
angle 

L average shock cell length 

LO average shock cell length at 
static condition 

m microphone position 

M simulated flight free jet Mach 
number, u/c 

M j  Mach number for fully ex- 
panded jet 

n number of shock cells 



P 
Pa ambient static pressure 

Pt 
SPL sound pressure level 

U free jet velocity 

X 

@ 

static pressure in jet plume 

total pressure 

axial distance from nozzle exit 

shock noise parameter related 
to jet total pressure 

wavelength 

wavelength at static condition 

measured from upstream 
direction 

A broadband shock noise peak 

A0 broadband shock noise peak 

II/ far-field microphone angle 

lclc convected, or ray, angle 

$e emission, or phase, angle 

Experimental Details 
Detailed mean static pressure measurements 

along the centerline of a supersonic jet and far-field 
acoustic measurements of the noise produced by the 
jet were made over a wide range of nozzle pressure ra- 
tios, from the static condition up to a simulated flight 
Mach number of 0.4. The experiment was performed 
in the Quiet Flow Facility in the Langley Aircraft 
Noise Reduction Laboratory. This anechoic chamber 
is approximately 20 ft by 24 ft by 30 f t  and is lined 
with acoustic wedges to provide a cutoff frequency of 
70 Hz. The experiment was conducted in two phases. 
The first phase used a low-pressure fan to provide the 
free jet. Its Mach number was limited to 0.15, and 
it exhausted vertically. The orientation was changed 
to horizontal and a centrifugal compressor was used 
in the second phase; this allowed an increase in the 
free jet Mach number to 0.4. The free jet exhausted 
from an lgin.-diameter nozzle. 

The same high-pressure air supply system was 
used in both phases to supply the supersonic jet. 
This jet exhausted from a contoured convergent noz- 
zle of 1 in. exit diameter. The nozzle exit was lo- 
cated 14 in. downstream from the exit of the coaxial 
18-in.-diameter nozzle. This configuration provided 
an unobstructed line of sight between the small noz- 
zle exit and the measurement microphones. Twelve 
quarter-inch microphones were located on an arc of 
72-in. radius centered on the axis of the nozzles and 
4 in. downstream of the exit of the small nozzle. 
A photograph of the nozzle installed for the first 

phase tests is shown in figure 1, and a sketch showing 
the relevant dimensions during the acoustic tests is 
given in figure 2. The plume static pressure measure- 
ments were performed with the floor wedges removed 
and a three-dimensional traverse installed. Details of 
the supersonic static pressure probe can be found in 
reference 9. 

The operating condition of the small jet is rep- 
resented by the shock parameter @, originally in- 
troduced by Harper-Bourne and Fisher (ref. 2) to 
correlate broadband shock noise. This parameter is 
related to the fully expanded jet Mach number Mj 
and nozzle pressure ratio by 

p2 = M! - 1 = 5 ( ~ t / p , ) ~ / ~  - 6 

Results are given herein for @ varying from 0.4 to 1.7, 
corresponding to fully expanded jet Mach numbers 
from 1.08 to 1.97 and nozzle pressure ratios from 2.1 
to 7.5. 

The total pressures of both streams were contin- 
uously monitored during the experiments. The free 
jet was very stable, having total pressure fluctuations 
less than kO.l% of the set pressure. No account is 
taken in this report for entrainment effects that re- 
sult in an effective external stream for the nominal 
M = 0 condition, or for the boundary-layer buildup 
that reduces the effective external velocity near the 
supersonic jet nozzle exit (see ref. 8). The supply 
pressure of the supersonic jet was less stable than 
the free jet pressure, giving cyclic variations during 
a run. The variations were generally within &l.O%, 
although sometimes they were as high as &1.8% of 
the set pressure. 

Plume Static Pressure Measurements 
A depiction of the shock cell structure within 

the supersonic plume was obtained through measure- 
ments of static pressure along the jet centerline. The 
results of these measurements for ,L? ranging from 0.6 
to 1.7 at selected free jet Mach numbers are given in 
appendix A. Shown is the ratio of static pressure to 
ambient pressure versus the distance from the exit 
of the small nozzle. The probe was traversed in in- 
crements of 0.05d during the first phase tests and 
O.ld during the second phase. Although not shown, 
the repeatability between repeat runs and between 
the two phases was excellent for all cases in which 
a smooth pressure distribution was obtained. The 
uneven distributions obtained at ,L? less than 0.9 are 
due to the aforementioned variations in total pres- 
sure. Discontinuities occur at @ = 1.1 and 1.2 and 
are likely due to changes in the dominant screech 
mode of the jet, as documented in reference 7. The 
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smoothness of the distributions at @ = 0.9 and higher 
permits an average shock cell spacing to be obtained. 
This cell length is defined as the distance between 
the first and the last (or perhaps the next to  last) 
peak in the static pressure distributions divided by 
the number of shock cells in between. The non- 
dimensionalized average shock cell length is given 
versus the free jet Mach number in figure 3, where n 
is the number of shock cells over which the average 
was computed and is chosen to be constant for a given 
value of p. There is an increase in cell length with 
forward speed that is more predominant at the higher 
@ values. This increase is mainly due to a stretch- 
ing of the downstream shock cells with increasing 
free-stream velocity. 

The strength of the shocks within the jet plume is 
represented by the difference between the maximum 
and minimum static pressures within a shock cell. 
Comparison of the static pressure distributions at 
a given p in appendix A shows that, except for 
changes in the downstream shock cells that may be 
associated with screech mode changes, no effect of 
Mach number on shock strength is discernible. This 
was shown quantitatively up to a Mach number of 
0.15 in reference 7. 

Far-Field Acoustic Measurements 
Far-field acoustic measurements were obtained 

for most operating conditions of p = 0.4 to 1.6 in 
steps of 0.1, and M = 0 to 0.4 in steps of 0.05. 
Narrowband sound pressure levels (SPL's) for fre- 
quencies between 0.3 kHz and 40 kHz with a band- 
width of 60 Hz are presented in appendix B. For the 
higher free jet Mach numbers, the spectral data were 
compared with the background noise (measured for 
the same external flow with no supersonic jet). A 
horizontal line is drawn under the portions of each 
spectrum in appendix B for all frequencies at which 
the signal-to-noise ratio is less than 6 dB. 

After the tests were completed, it was discovered 
that the digital output of the amplifier on 2 of the 
12 microphone systems failed to lock before reading, 
resulting in an occasional error in the amplitudes 
recorded for the microphones at the measurement 
angles $ = 40' and 70'. Hence, although the 
frequency distribution and relative amplitudes are 
correct, the absolute amplitudes at these two angles 
may not always be accurate. 

To study the effects of nozzle pressure ratio and 
free-stream ve!ocity on nnly the jet mixing noise 
and broadband shock noise, all screech tones were 
digitally removed from each spectrum. The resulting 
spectrum was then integrated to obtain an overall 
sound pressure level representative of a combination 
of jet mixing noise and broadband shock noise. These 

screech-removed SPL's are given in figures 4 through 
6. Figure 4 shows the variation in the screech- 
removed SPL versus @ for each value of free jet 
Mach number and the 10 good microphone angles. 
Since Harper-Bourne and Fisher (ref. 2) have shown 
that broadband shock noise in the static case is well 
represented by a p4 dependence, a line representing 
this dependence is shown at all angles for M = 0. 
At the upstream angles where broadband shock noise 
dominates, the data follow the line up to a @ of about 
1.2. At higher nozzle pressure ratios the broadband 
shock noise no longer increases, corresponding to the 
growth of a Mach disc that reduces the strengths of 
the downstream shocks (see ref. 7). 

The screech-removed SPL's were replotted in fig- 
ure 5 versus measurement angle. The most strik- 
ing conclusion drawn from figure 5 is the relative 
constancy of the SPL up to an angle of at least 
120'. Since the spectra are dominated by broadband 
shock noise in all but the downstream directions, we 
conclude that the omnidirectionality of broadband 
shock noise known to exist at the static condition 
(see ref. 2) also exists in flight to at least M = 0.4. 

The effects of flight Mach number on the overall 
SPL can best be seen in figure 6. Here the screech- 
removed SPL's are plotted versus M for a given @ and 
measurement angle. At the furthermost downstream 
angle, where the spectra are dominated by jet mixing 
noise, a consistent reduction in SPL with increasing 
flight speed is obvious. It was shown in reference 7 
that up to at least M = 0.15 the reduction of jet 
mixing noise with increasing Mach number was very 
similar to that obtained for a subsonic jet. It appears 
from spectral comparisons in appendix B that this 
conclusion can be extended to higher Mach numbers. 
A quantitative demonstration of this is not possible, 
however, since even at this most downstream location 
broadband shock noise dominates a good portion of 
the spectra at higher flight Mach numbers. This 
dominance of the spectra by shock noise is due to 
the large reductions in mixing noise with increasing 
Mach number. It can be seen in appendix B near 
20 kHz as an increasing spectral level with increasing 
frequency for most p at $ = 150' and M = 0.4. 

Figure 6 shows that the decrease in SPL with in- 
creasing Mach number occurs at all angles, although 
less so at the upstream angles. Since it is well known 
that broadband shock noise dominates the SPL in the 
upstream direction, we can conclude that the mea- 
sured broadband shock noise decreases with incrcas- 
ing M .  It must be remembered, however, that the 
measurements were obtained after the emitted noise 
was propagated through, and hence refracted by, the 
mixing layer of the 18-in. jet that was simulating the 
forward motion. If it is desirable to adjust t,hese data 
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to equivalent wind-tunnel conditions, shear-layer re- 
fraction corrections as large as 3 dB in amplitude and 
35' in angle would be applied at M = 0.4. Smaller 
corrections would be required if we desire instead to 
investigate the effects of simulated motion on the out- 
put of the acoustic source. A comparison with actual 
flight would require the usual Doppler corrections to 
frequency, as well as an additional amplitude correc- 
tion to account for actual motion between source and 
observer. 

Since the corrections to be applied to the data 
depend on the application, a review of the angles 
involved in the shear-layer refraction phenomenon is 
appropriate. A schematic depicting this phenomenon 
is given in figure 7. The sound emitted by the 
supersonic jet at an emission angle is convected 
at the velocity u of the free jet so that its ray angle 
becomes &. Upon passing through the shear layer 
of the free jet (which for computational purposes 
can be successfully replaced by a vortex sheet), the 
sound ray is refracted in the upstream direction and 
is finally sensed on the far-field arc by the microphone 
at point m. If we wish to compare with the wind- 
tunnel condition (i.e., source and observer stationary 
with respect to each other but moving with velocity u 
with respect to the ground), the measured results at 
point m should be corrected to point c (i.e., constant 
ray angle), whereas if we wish to determine the effects 
of motion on the source emission characteristics only 
(i.e., the wind-tunnel condition minus the effects 
of convection by the external stream), corrections 
should be made to point e (i.e., constant emission 
angle). 

In reference 7 no shear-layer refraction corrections 
were made because the free-stream Mach number was 
limited to 0.15, where the corrections are relatively 
small. If refraction effects had been applied to the 
analysis of the broadband noise, the wavelengths at 
right angles to the jet would have been slightly larger 
than reported. This reinforces the conclusion of ref- 
erence 7 that predictions derived from a simple ex- 
tension of the theory of Harper-Bourne and Fisher 
(ref. 2) to flight yield the incorrect direction of fre- 
quency change at the peak of the broadband shock 
noise spectrum. In reference 8 refraction corrections 
were applied to simulate the wind-tunnel condition 
(i.e., the data were corrected to point c in fig. 7).  
These corrections have been shown in reference 10 
to be very accurate at the frequencies and free jet 
velocities of interest. It was concluded in reference 8 
that there are no apparent changes in the amplitude 
of the broadband shock noise as the Mach number 
is increased to 0.4. The change with Mach number 
in the frequency of the peak of the broadband shock 

noise spectrum was found to be predicted quite well 
by the theory of Tam (ref. 4). 

The preceding conclusions regarding the broad- 
band shock noise refer to the wind-tunnel condition, 
which includes changes due to convection as well as 
changes to the source emission. To isolate the effects 
of simulated motion on the acoustic source itself, the 
data should be corrected to constant emission angle 
(point e in fig. 7). The differences in the angle cor- 
rection to be applied in the two correction schemes 
can be seen in figure 8. For the geometry of the 
experiment, both the ray angle within the free jet 
& (corresponding to the wind-tunnel point c) and 
the phase angle within the jet $e (corresponding to 
the constant emission angle point e) are shown ver- 
sus the microphone angle $. The ray angle correc- 
tion increases continuously with Mach number at all 
microphone angles. The phase angle correction is 
much less, and is almost insignificant for microphone 
angles between 60' and 130'. In fact the phase angle 
is equal to the microphone angle for all Mach num- 
bers at angles of about 70' and 113' (and hence no 
angle correction need be applied). 

The wavelength corresponding to the frequency 
at the spectral peak of the broadband shock noise 
at an emission angle of l/le = 90' was determined 
by interpolating the measured frequency of the spec- 
tral peak at the three microphones closest to this 
angle. The result is very close to that obtained at 
the measurement angle of 90°, since the correction 
for constant phase angle is small. The variation of 
this wavelength with Mach number is given in fig- 
ure 9. At the smaller ,5 there is little change in peak 
broadband shock noise wavelength with Mach num- 
ber. A change in the screech mode occurs between 
M = 0.10 and 0.15 that causes the discontinuity in 
the wavelength variation at p = 1.2 and has a large 
effect on the structure of the jet (ref. 7).  Other than 
this, the largest changes with Mach number occur at 
the higher p, where a consistent increase in the wave- 
length occurs. This wavelength behavior is very sim- 
ilar to the behavior of the average shock cell spacing 
given in figure 3. The ratio of each of these lengths 
to their static value is given versus Mach number at 
p = 1.4 in figure 10. The agreement in the behav- 
ior of the two lengths indicates that the decreases 
in the emission frequency at the broadband spec- 
tral peak as the Mach number increases are due to 
the longer paths that the disturbances must travel 
between neighboring shocks. 

There is no effect of refraction on the measure- 
ment of the screech frequency, since the acoustic 
sources of screech are stationary with respect to the 
nozzle exit. It was shown in reference 7 that ex- 
cept for the frequency jumps that occur with mode 
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changes the behavior of the screech frequency with 
changing Mach number is predicted well by an ex- 
tension of Powell’s theory of screech (ref. 1) to flight. 
In reference 8 it was shown that the directivity of the 
second harmonic of screech peaks at close to 90° to 
the jet axis in wind-tunnel coordinates for all external 
Mach numbers. This implies that the screech param- 
eters are adjusted as the Mach number increases so 
that the fundamental screech tone remains directed 
towards the nozzle exit and the feedback loop is 
sustained. 

Concluding Remarks 
Detailed plume static pressure distributions and 

far-field acoustic spectra have been presented for 
underexpanded jets in simulated flight. There is 
a gradual stretching of the downstream shock 
cells with increasing flight Mach number but no 

perceptible change in shock strength. The small 
changes that occur in the peak emission frequency 
of the broadband shock noise with simulated flight 
correlate with changes in the shock cell spacing. The 
larger changes that occur when the data are trans- 
formed to wind-tunnel coordinates are attributable 
to convection effects. Amplitude changes to the 
broadband shock noise in flight to Mach 0.4 are 
found to be insignificant, whereas the jet mixing 
noise decreases continuously with increasing Mach 
number. 

NASA Langley Research Center 
Hampton, Virginia 23665-5225 
December 10, ,1987 
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Appendix A 

Static Pressure Distributions Along Plume Centerline 
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1 AppendixB 

t Power Spectra 
I 

(Portions of the spectra for which the signal-to-noise ratio is less than 6 dB are underscored.) 
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igure 1. Nozzles and microphones mounted in anechoic chamber during the first phase acoustic experiments. 
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Figure 7. Schematic of the free jet shear layer refraction phenomenon. 
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