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Screech Suppression in Supersonic Jets

T.D. Norum*
NASA Langley Research Center, Hampton, Virginia

Screech from underexpanded supersonic jets has been investigated experimentally. Multiple screech modes, or
stages, are found to be present at most jet operating conditions. The fundamental screech tone of each mode
attains a maximum amplitude at about 20 deg from the inlet axis, with higher harmonics exhibiting multiple
lobes. The directivity of each harmonic is predicted quite well from a stationary array of acoustic monopoles,
with phasing between consecutive monopoles determined by the shock cell spacing and eddy convection velocity.
Large reduction of screech amplitude can be obtained from modifications to the jet exit geometry, although the
extent of this suppression is mode dependent.

Introduction

THE upstream noise radiation from a shock-containing
supersonic jet is dominated by a broadband shock-

associated noise along with one or more high amplitude tones
known as jet screech. These tones dominate the spectra of
cold model jets, and although there is little detailed published
information on supersonic exhaust flow from aircraft
engines, screech has been found to cause structural damage in
flight.1 Screech from model scale supersonic jets was first
studied in detail by Powell,2'3 who proposed a mechanism
similar to that of the edge tone. Disturbances shed at the
nozzle exit interact with the shock to create sound that travels
back to the nozzle to generate additional disturbances. In this
feedback process the shock cells are set into oscillation at the
screech frequency. The relationship between the time scale of
the feedback process and the frequency of the fundamental
screech tone was confirmed by Poldervaart et al.4 who varied
the position of a reflector placed near the nozzle exit to
enhance the screech. Hammitt5 found that the shock cell
oscillations occurred close to the natural frequency of the jet
column oscillation, and that the flow could be stabilized by
shielding the jet exit from the generated sound. Lush and
Burrin6 measured screech amplitudes at different angles to the
jet and found results similar to those predicted from PowelPs
model. An extensive study of the shock cell system in circular
jets was performed by Davies and Oldfield.7 They suggest
that the different screech modes (characterized by discrete
jumps in screech frequency with changing pressure ratio) can
be attributed to alterations in the development of the shock
cell spacing.

The interaction of jet screech with the broadband com-
ponent of shock noise has not yet been established. However,
the study of the mechanisms of the broadband noise in the
presence of high-amplitude screech tones is difficult, since
both acoustic and aerodynamic fluctuations are dominated by
the screech. Successful reduction of the amplitude of screech
has been attained through the introduction of small
protrusions (tabs) into the jet at the nozzle lip.8'9 These tabs,
however, also have the effect of modifying the shock structure
within the jet.10 Their influence on the broadband radiated
noise is particularly severe with convergent-divergent nozzles,
since supersonic flow over the protrusions sets up a secondary
shock structure within the jet.11 A method of reducing screech
by tabs that do not protrude into the jet flow has recently been
reported by Kozlowski and Packman.12
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The current study is aimed at developing a sufficient un-
derstanding of the screech process so that the extent of screech
suppression by nonintrusive means can be determined. Far-
field acoustic measurements and flow visualization are used to
investigate mode transition in detail. Powell's acoustic model
for screech is tested quantitatively through detailed directivity
measurements. Finally, the extent of screech suppression
obtained through alteration of jet exit conditions is deter-
mined from screech amplitude comparisons.

Experiment
The tests were performed in a small anechoic chamber of

internal dimensions 3.9 x 3.3 x2.5 m. Calibration using point
source tones at frequencies to 50 kHz has shown this chamber
to be free of reflections down to 0.2 kHz. The choked jets
used to investigate screech issued from tubes of 6.22 mm i.d.
(D). These tubes were then attached to similar stock tubing
about 1.5 m in length that protruded through the chamber
wall. This arrangement insured a fully developed turbulent
velocity profile prior to the tube exit and permitted
measurements at all angles to the jet without reflective in-
terference from extraneous surfaces. A single !4-in.
microphone was used to obtain the acoustic signals. It was
mounted on a small, digitally controlled traversing
mechanism that could rotate about the jet exit plane.

Unheated, pressurized air was supplied through an up-
stream pressure regulator and flowmeter. Since the ex-
perimental arrangement disallowed a plenum chamber, the jet
stagnation pressure was calculated from the measured flow
rate by assuming uniform choked flow in the tube. Results are
presented in terms of the shock parameter /3, which for air is
related to the pressure ratio by

(1)

where Mj is the fully expanded jet Mach number, and pt and
pa are the jet stagnation and the ambient pressures, respec-
tively.

The tubes used in this study are shown in Fig. 1. Unless
otherwise noted, the results reported were obtained using the
baseline configuration (tube 1 in Fig. 1), which had a lip
thickness of 0.27Z). The remaining configurations were used
to determine the effect of exit geometry on screech. A metal
reflecting baffle and baffles made of sound absorbing
material that could be attached to the lip of tube 1 are also
shown in Fig. 1.

Pressure ratios tested ranged from just above the sonic
condition, 1.9 (j8 = 0), to about 4.3 (0 = 1.25). The microphone
was positioned at 92D from the jet exit and measurements
were taken between 5 and 165 deg from the inlet axis. A 1000-
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Fig. 2 Wavelength variations of the different screech stages from
axisymmetric sonic nozzles. D -Sherman12; O-Powell3; A-Davies6;
0-Merle (as quoted in Ref. 6).

Fig. 1 Tubes and baffles for screech suppression study.

4 i-
line narrow-band spectrum to 120 kHz averaged over 15 s was
processed for .each run and stored on computer disk. Hence
screech tone amplitudes presented represent the sound
pressure level within a 120-Hz band containing the tone.
About 1000 runs were obtained, each consisting of a given
configuration /? and measurement angle.

Shadowgraph visualization of the jet was obtained from a
continuous point source derived from a mercury arc lamp.
During this phase of testing the floor wedges of the chamber
were removed for the shadowgraph equipment installation.
Although the microphone remained in the chamber during
visualization, its output was used only in the qualitative
manner as discussed in the next section.

Different Stages of Screech
Previous experiments3'7'13 on screech in axisymmetric

supersonic jets give results that are qualitatively similar. As
the pressure ratio is increased, the wavelength of screech
increases until a critical point is reached at which a marked
jump in wavelength occurs. This phenomenon repeats itself so
that at least five separate modes have been identified. These
modes have been labeled as stages A! , A2, B, C, and D. The
results from these previous investigations are combined in
Fig. 2. The wavelengths measured by the different in-
vestigators show reasonable scaling with jet exit diameter,
although not all five modes were identified in each ex-
periment.

Similar results were obtained for the current tests from
narrow-band analysis of the acoustic signal measured at 20
deg from the inlet axis for configuration 1. As shown in Fig.
3, stages A, , A2, B, and C were identified with at least two of
these existing at a given pressure ratio over most of the 0
range investigated. Additional screech tones not shown in Fig.
3, consisting of multiple harmonics of the mode's fun-
damental frequency were also present whenever the amplitude
of the fundamental reached a level of about 100 dB.

Davies and Oldfield6 found that shock cell development is
qualitatively different within different pressure ratio ranges.
Visualization during the current tests at the transition of
dominant mode from stage B to stage C (13 = 0.7) showed that
the shock cell system switched back and forth between dif-
ferent states every few seconds. At the same instances the ear
could detect a change in the quality of the noise generation.-It
was found that the jet could be stabilized in either state by
placing a solid object such as one's hand at different locations
near the jet exit.

To investigate this phenomenon further, the reflecting
baffle was installed and moved from the plane of the jet exit
to 6 tube diameters upstream of the exit. Spectra were ob-
tained at /3 = 0.1 for each O.ID increment of baffle location
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Fig. 3 Wavelength variations of the different screech stages from the
baseline thick lipped tube.

using a microphone at 20 deg from the inlet axis. It was found
that for most baffle positions a single screech mode was
dominant. However, the dominant mode changed between
stages A! , A2, B, and C 13 different times as the baffle moved
over the distance of 6 diameters. Stage B was dominant for
over 50% of baffle positions, with the remainder being
divided between stages A1 ? A2, and C. Shadowgraph
visualization showed that for the baffle positions at which
stage B was dominant, only about five shock cells could be
observed, with the remainder of the shock cell system being
obscured by large scale undulations of the jet. The baffle
positions of stage C dominance showed about 8 cells visible,
whereas from 9 to 11 cells were visible whenever either A stage
dominated. At those few positions when two modes were of
similar amplitudes, the shock cell system was seen to switch
between the conditions corresponding to the two modes.

As the baffle position was changed over a small range in
which a given mode was dominant, the measured screech
frequency varied slightly, similar to that observed by
Poldervaart et al.4 As the baffle moved farther away from the
exit the frequency decreased, indicative of a longer feedback
cycle. After a 2-4% decrease in frequency, this screech tone
decreased significantly in amplitude, and the jet locked onto a
different screech mode. This process continuously repeated
itself, with a given mode being dominant over a baffle
distance ranging from 0.2 to O.&D.

There was no perceptible change in the spacing of at least
the first four shock cells as the baffle was moved, although
motion of the third and fourth cell ends was noticeable when
stage B screech was dominant. The downstream shock
spacings were hard to compare since they were obscured
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Fig. 4 Effect of baffle position on dominant stage of screech.

during the B mode. However, their apparent behavior was
surmised by placing the baffle at a position where a sharp
transition from stage A2 to stage B occurred. As the baffle
was "nudged," the downstream shocks of the A stage were
seen to increase in length before becoming obscured by B
stage undulations. The noticeable increase in downstream
shock spacing at the onset of B stage screech may explain its
longer wavelength. Since the feedback model of screech
predicts wavelengths related to shock cell spacing, and only
the downstream spacing is affected by mode, the primary
sources of screech appear to be associated with the down-
stream shock cells.

Since these acoustic measurements were made in the
presence of the shadowgraph equipment and the reflecting
baffle, the measured screech amplitudes are no doubt in-
fluenced by shielding and reflections. Even so, the maximum
screech amplitude at the 20 deg measurement angle appeared
to be relatively independent of which mode dominated. The
smallest peak amplitudes occurred at the baffle positions near
mode transition, and, in fact, one position was found in
which no screech tones could be observed in the spectrum. Of
course, a generally increasing amplitude was obtained as the
baffle was moved upstream, since less and less of the shock
cell system was shielded from the microphone by the baffle.

To determine the influence of the reflecting baffle on mode
stability at other pressure ratios, the baffle was placed at a
position where stage B dominated at 0 = 0.7, and the pressure
was varied from 0 = 0.35 to 1.0. This was repeated for baffle
positions corresponding to C and A2 mode dominance. The
range over which each stage dominated for these different
baffle positions is shown in Fig. 4. It can be seen that relative
to the absence of the baffle, the B baffle position increases B
stage dominance up to 0 = 0.88, and the C position extends C
mode dominance down to 0 = 0.66. With the A2 baffle
position, B mode dominance cannot be found at any pressure
ratio (in fact, low amplitude B tones could be distinguished in
the spectra only over a very narrow range of pressure ratios
near 0 = 0.4). Instead, the Al mode dominates to a much
higher pressure, and the A2 mode becomes the strongest stage
over a small range near 0 = 0.7.

Since small differences in baffle position can have such a
major effect on the measured spectra, differences in screech
tone measurements by various investigators should be ex-
pected. Objects near the nozzle can change the amplification
of the feedback process and at the same time influence the
nature of the downstream shock development.

Directivity of Screech
PowellV explanation of the screech process involves a

feedback loop consisting of flow disturbances and sound
waves. The disturbances are formed at the nozzle lip and
travel downstream to interact with the shock structure. This
interaction produces noise that travels upstream and creates
additional disturbances upon passing the nozzle. This process
led to an acoustic model of spacially stationary sources

located at the ends of the shock cells, with phasing between
them determined by the convection velocity of the distur-
bances. The far-field acoustic pressure resulting from this
phased array of acoustic monopoles is

p=. (2)

where X is the wavelength of the screech tone, xf is the
distance from the nozzle exit to the source, ry is the source to
receiver distance, Uc is the disturbance convection velocity, c
is the ambient sound speed, and Sj is related to the strength of
theyth source. Utilizing the far-field approximation

(3)

where \l/ and r0 are the observer angle from the inlet axis and
distance from the nozzle exit, and assuming an equal spacing
L between sources, the pressure can be written as

p = t
(4)

Since the resulting far-field pressure is determined from the
interference of terms within the summation, the directivity
can be calculated if the disturbance convection Mach number,
Mc = Uc/c, the source spacing to screech wavelength ratio,
L/X, and the number of sources and their relative strengths
are known.

It can be seen from Eq. (4) that the signals from all sources
are in phase and reinforcement occurs if

(5)

where n is an integer. Since the feedback process depends on
the amplitude of the sound impinging on the nozzle lip, it will
be maximized if reinforcement occurs in the upstream
direction (iA = 0), and the screech wavelength is related to the
cell spacing by

M (6)

Of course, the actual wavelength of the fundamental screech
tone is a more complicated function of the various lengths
involved in the feedback process. However, the wavelength
must be close to that predicted by Eq. (6) for amplification to
occur in the upstream direction.

The directivity of screech for a given 0 was obtained by
traversing the microphone in an arc at a radius of 92D and
measuring the spectra at least every 10 deg. At all pressure
ratios for which directivities were obtained, the fundamental
of the dominant mode peaked in the upstream direction at
about 20 deg from the inlet axis. Higher harmonics could be
found in the spectra when the level of the first harmonic (i.e.,
the fundamental) was greater than about 100 dB at this
measuring location. The second harmonic generally
dominates at 90 deg to the axis, and the higher harmonics
contain the additional lobes typical of a phased array.

Measured directivities of the first four harmonics of the C
screech mode at 0 = 1.1, and the first three harmonics of the B
mode at 0 = 0.65 are given in Figs. 5 and 6. Also shown are
directivities predicted from Eq. (4). In the computations the
convection velocity was chosen to be 70% of the fully ex-
panded velocity.8'10 Also, since the spacing between the
downstream shocks should be representative of the source
spacing, and the shock spacing decreases with downstream
distance, L was taken to be 90% of the length of the third
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Fig. 5 Far-field directivity of C stage screech at 0 = 1.1; jet exhausts
to the right; D——D measured; — predicted: Mc =0.87, nine sources
with parabolic strength variation; a) fundmental, A/L = 2.10; b)
second harmonic; c) third harmonic; d) fourth harmonic.

shock cell as measured from the shadowgraph photographs.
Nine monopoles were chosen with strengths decreasing
parabolically from the central source, although these two
parameters were found to have only minor effects on the
relative amplitudes and widths of the lobes. (As few as three
sources and no strength variation will yield the same general
features in the predicted directivities.) However, Mc and L/X
have a strong effect on the shape of the predicted directivity
pattern. Since the measured values of these parameters yield
such good agreement between predicted and actual results for
all harmonics of both cases, Powell's model is an excellent
representation of the acoustic process.

The variation with 13 of the wavelength predicted from Eq.
(6) (with n = 1) is shown in Fig. 7 along with the measured
results. The computed wavelengths are very close to those
measured for stage C screech. The fact that the predicted
results fall within the range of measured wavelengths gives
additional credence to the acoustic model.

a) 115

b)

c) 93 73 73 93
SPL, dB

Fig. 6 Far-field directivity of B stage screech at /3 = 0.65; Ell——D
measured; —predicted: A/c=0.74, nine sources with parabolic
strength variation; a) fundamental, A/L = 2.70; b) second harmonic;
c) third harmonic.
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Fig. 7 Comparison of measured screech wavelengths with those
predicted from Eq. (6).

Effects of Tube Exit Geometry
Since the feedback process of screech involves interaction

of the generated noise with the nozzle exit, the effect of
varying exit geometry on this process was investigated. Lip
thickness was reduced to half that of the baseline con-
figuration and to almost zero thickness (configurations 2 and
3 in Fig. 1). Symmetry of internal periphery was destroyed by
beveling the tube end and by providing slots (configurations
4-8). External tabs were simulated through a grooved external
surface (No. 9) and by attaching a small wire to the surface
(No. 10). The metal reflecting baffle mentioned previously
and the foam baffles shown in Fig. 1 were also used.
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Fig. 8 Comparison of far-field directivities of fundamental screech
tones at j8 = 1.1; D -baseline thick lipped tube (No. 1); O -thin lipped
tube (No. 3); A -thin lipped tube with six long slots (No. 6).

130

110
SPL,
dB

90

70
,25 .50 .75 1.00 1.25

Fig. 9 Sound pressure level variations of the different screech stage
fundamental tones from the baseline thick lipped tube; O -stage A } ;
D -stage B; o -stage C.

An example of how exit geometry can effect the strength of
the screech process is shown in Fig. 8. The upstream direc-
tivity of the fundamental screech tone at 0= 1.1 is shown for
the baseline thick lipped tube (No. 1), the thin lipped tube
(No. 3), and the thin lipped tube with long slots (No. 6). The
shape of the directivity pattern is similar for the three con-
figurations although the amplitude is reduced by about 10 dB
when the lip thickness is eliminated, and another 10 dB when
the periphery is disrupted.

Since the fundamental screech tone consistently appeared to
peak at about 20 deg from the inlet axis, this angle was chosen
to study the effects of exit geometry on screech. As the lip
thickness was changed (Nos. 2 and 3), or when external tabs
were simulated (Nos. 9 and 10), the screech wavelengths
varied just like those of the baseline nozzle previously shown
in Fig. 3. Consistent with this behavior, the shadowgraphs
showed no differences in the appearance and spacing of the
first few shock cells for any of these configurations.

This was not the case when continuity and/or symmetry of
the internal wall was destroyed. The short slotted tube (No. 8)
had small perturbations in the shock cell development and
slightly smaller wavelengths for all three screech modes. The
long slot of configuration 7 apparently relieved the internal
pressure to such an extent that almost no shock cell
development could be seen. A single low amplitude screech
mode was measured only above /3 = 0.6. Its wavelength was
between those of the C and B stages. Similar behavior was
noted when additional slots were added around the periphery
(No. 6). However, in this case the single low amplitude mode
was observed down to 0 = 0.4. Low pressure screech was also
not discernible for the beveled tube (No. 4), with a single
mode existing at higher 0 with a wavelength somewhat smaller
than the C stage. Although shocks could be seen in the jet,
symmetry of the shock cell system about the jet centerline was
completely destroyed.

The amplitudes of the A1 ? B, and C modes as obtained
from power spectra for the baseline configuration at 20 deg
are shown in Fig. 9. The B mode dominates from j3 = 0.3 to
0.7, with stage A{ dominating at lower pressure and stage C at
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Fig. 10 Screech suppression as measured from the baseline thick
lipped tube; a) D -configuration 2; O -configuration 3; 0 -
configuration 9; A -configuration 10; b) D -configuration 8; O -
configuration 7; A -configuration 6; O -configuration 4.

higher pressure. Amplitudes are seen to be repeatable to
within about ±2 dB. Screech suppression for any other
configuration is defined as the maximum amplitude of its
power spectrum minus the value obtained from the solid line
of Fig. 9. Hence a negative value of suppression is a measure
of the screech amplitude reduction relative to that of the
baseline thick lipped tube.

The suppression obtained by varying lip thickness and
introducing external tabs is shown in Fig. lOa. Reducing lip
thickness (Nos. 2 and 3) is seen to decrease screech amplitude
for the A and C modes, although very little overall effect is
obtained during stage B. The thin lipped tube with external
tab (No. 10) has a consistent 5-10 dB suppression, although it
has higher amplitudes than the same tube without tab (No. 3)
for all but the B mode. The grooved external surface con-
figuration (No. 9) has very little screech suppression, and, in
fact, appears to enhance screech at pressures below C stage
dominance.

The screech suppression obtained from internal wall
geometry changes is shown in Fig. lOb. (A solid symbol in-
dicates that no screech tone was discernible; the suppression
shown is measured to the peak of the broadband spectrum
and hence is necessarily smaller than the unknown actual
suppression.) The small slot (No. 8) increases the suppression
over that obtained from the thin lipped configuration (No. 3)
for the B mode, but appears to destroy the C stage sup-
pression. The tubes with long slots (Nos. 6 and 7) show ex-
tensive screech suppression at all pressures, consistent with
the shadowgraph evidence of very weak shock cell
development and hence marked changes in the jet flow.
Similar suppression is obtained with the beveled tube (No. 4),
except for substantial increases in screech amplitude at high /5.

The effect of the metal reflecting baffle on mode stability
was described in a previous section. Its effect on the strength
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Fig. 11 Comparison of far-field directivities of fundamental screech
tone at 0 = 1.1 for thick lipped tube with different baffles; D-no
baffle; O -foam baffle; A -metal reflecting baffle.

of the screech process was investigated by positioning it flush
with the tube exit, thus simulating an orifice flow (i.e., a
nozzle lip thickness of many tube diameters). Additional tests
were performed by replacing the reflecting baffle with a foam
baffle (baffle 5 in Fig. 1) that slid over the tube, covered its
lip, and extended ID downstream of the exit. The directivity
of the fundamental screech tone at (3 - 1.1 for the two cases is
compared with that of the unbaffled configuration in Fig. 11.
The reflecting baffle redirects the main lobe of the screech
downstream. The amplitude at the position of maximum
reinforcement is about 5 dB higher than the largest amplitude
in the unbaffled case. This is consistent with the result ob-
tained with increasing lip thickness. The foam baffle shows a
slight reduction of screech in the upstream direction, although
much smaller than the reduction obtained when the lip
thickness was eliminated rather than covered (No. 3). Tests
using a lower porosity baffle (baffle 4 in Fig. 1) and tests at
other pressure ratios gave similar results on baffle ef-
fectiveness.

Conclusions
The nature of supersonic jet screech was investigated

through experiments using a fully developed turbulent jet
issuing from a small tube. The measured stages of screech
agreed with those obtained from previous studies of con-
vergent model scale nozzles. However, the amplitude of
screech and the conditions for existence of a given mode were
found to be highly configuration dependent. The visual and
acoustic measurements obtained in this study yield the
following specific observations.

1) A good correlation was found between the stage of
screech and the stability of the jet as viewed from
shadowgraph indications of the number of visible shock cells.
Large scale changes in the jet flowfield appeared to occur at
the instant of mode transition. Existence of multiple stages of
screech for a given configuration and operating condition
indicates that these changes can occur randomly with time.
For a wide range of pressure ratios, the existence of a given
screech mode was highly dependent on the position of a
reflecting surface near the jet exit. Hence screech appears to
be very sensitive to small changes in the parameters of the
feedback loop that control the process.

2) The acoustic model for screech consisting of a phased
array of monopoles located at the ends of adjacent shock cells
was compared to experiment. The fundamental screech tone
invariably peaked in amplitude in the upstream direction,
with the existence of higher harmonics being dependent on the
strength of the process. The predicted lobes in the directivity
patterns showed excellent agreement with measurements for
all harmonics, indicating that the model is a correct
representation for the generation of screech tones.

3) Small modifications to the external surface of the tube at
the jet exit had a large effect on the strength of the screech
process. Although somewhat mode dependent, decreasing lip
thickness yields lower screech amplitudes. Addition of an
external tab did not reduce screech except for the most un-
stable mode, stage B. In general, screech amplitude appears to
be dependent on the amount of solid surface area near the jet
exit.

4) Modification of the internal surface of the tube had even
greater effects. A small slot in the periphery decreased screech
amplitude only for the B stage; however, larger slots yield
extensive suppression for all screech modes. This suppression
appears to depend on the degree of change to the axisym-
metric shock cell development caused by the interruption of
internal periphery.
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