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Disturbance Generation in Supersonic Jets Under
Acoustic Excitation
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Experimental results are presented on the interaction of saw-toothed high-intensity sound waves [sound
pressure level (SPL) = 160-170 dB] with an axisymmetrical supersonic air jet. The flow and sound waves were
visualized by the direct shadewgraph method using a spark light source with exposure time of 2 X 10-7 s. It is
shown that disturbance increase increment in a supersonic jet under external acoustic excitation depends on the
angle of incidence of the sound wave to the jet boundary. The most intensive increase-in jet disturbances occurs
at an oblique sound incidence when the sound phase velocity along the boundary approaches the disturbance
propagation velocity. For sufficiently intense jet disturbances, a shock wave formation induced by and moving
with these disturbances may arise. Sound interaction with a supersonic jet takes place within a small flow zone
near the nozzle exit; disturbances already developed are not noticeably affected by the sound intensity of 170 dB

reached in the experiment.

Introduction

N experimental investigation was carried out to study the

nature of sound interaction with supersonic jets. Sound
interaction with jets has attracted the attention of investiga-
tors for a long time, but usually only for subsonic jets. Rela-
tively few papers are devoted to sound interaction with super-
sonic jets, apparently because much higher sound excitation
levels are required to affect their aerodynamic performance to
any significant extent, and this involves certain practical diffi-
culties. In Ref. 1, and in a number of similar papers, the
influence of the discrete tone of a supersonic jet on its expan-
sion and attenuation was investigated at off-design flow
regimes. In Ref. 2, sound interaction with a supersonic jet was
studied, perhaps for the first time, using an independent exter-
nal sound source of high intensity. It was shown there that
with increased acoustic excitation level the jet expanded and
attenuated faster. It is shown in Ref. 3 that for the aerody-
namics of a supersonic jet to be changed significantly the
intensity of the sound wave at the nozzle lip should amount at
least to 0.1-0.2% of the jet total pressure. Under the action of
sufficiently high-intensity sound at normal incidence to the
supersonic jet boundary, disturbances whose space scales de-
pend on the jet velocity and frequency appear. These distur-
bances move along the excited jet boundary, increasing in size,
and radiate Mach waves into the ambient space at the external
excitation frequency.

The purpose of this paper is to investigate peculiarities of
the formation and initial stages of development of supersonic
jet disturbances under high-intensity sound excitation. Use
was made of two types of acoustic excitation: external lateral
excitation produced by a Hartman generator (HG) placed in
free space or in a parabolic or elliptic reflector to increase
acoustic excitation, and internal longitudinal excitation pro-
duced by the HG functioning in the settling chamber. A more
detailed description of the experimental installation and tech-
niques is given in Ref. 3. The main feature of the method used
is acoustic excitation at sufficiently high intensity by saw-
toothed sound waves [sound pressure level (SPL)= 160-170
dB] which can be visualized like the jet itself using the shad-
owgraph technique. In the experiment, a spark source with the
size of a luminous body of 0.8 mm, exposure time of 2x 10~ 7s,
and discharge energy of 2 J was used.
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Results and Discussion

It is known that the angle of incidence of the sound wave
has only a small effect on subsonic jet sound excitation.* At
supersonic jet velocities, there exists the possibility of coinci-
dence of the wave number of the disturbed motion with the
wave number of the incident sound wave or with its projection
onto the disturbance propagation direction, which is in princi-
ple unattainable for subsonic jets. The investigation of the
influence of the sound wave angle of incidence on a supersonic
jet was carried out with a supersonic air jet issuing from a
conical supersonic nozzle designed for M = 2.0 with exit di-
ameter d =20 mm and at static pressure ratios » = 0.8 and
1.0. As the sound source, HG was used (f = 10 kHz, acoustic
output 0.4 kW), Its central core moved along an arc of 120
mm radius, with its center on the nozzle lip nearest to the
sound generator. The angle o between the jet flow direction
and the direction to the sound source varied from 30 to 160
deg. The disturbance increase increment § in the supersonic jet
under acoustic excitation was estimated from shadowgraphs.
This characteristic of the interaction phenomenon was chosen
to emphasize that it has a determinate rather than random
character. The disturbance increase increment was evaluated
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Fig.1 Dependence on sound incidence angle « of the disturbance
increase increment § on jet boundaries near to {1) n =0.8, 3) n =1.0]
and far from [2) n =0.8, 4) n =1.0] HG.
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Fig. 2 Supersonic jet shadowgraphs of sound incidences on jet
boundary: a) head on, « =30 deg and b) oblique, o =160 deg; n =0.8.
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from a series of photographs taken at random moments of
time and disposed in a definite order depending on the sound
wave front position. The possibility of such a consideration is
based on observations that a sufficiently high degree of stabil-
ity of the interaction phenomenon existed. In the initial flow
adjacent to the nozzle, the cross disturbance size appears to
grow exponentially, in general agreement with theoretical
ideas of instability in a supersonic shear layer for the relative
Mach number M <2v2 (Ref. 5).

The dependence on sound incidence angle of the distur-
bance increase increment on the jet boundaries that are near to
and far from HG shows (Fig. 1) that for oblique sound inci-
dence on a jet boundary with the phase velocity of sound
propagation along the jet boundary in the initial part of the

Fig. 3 Unsteady shock-wave formation in supersonic jet under
sound excitation: M =2.0, n =0.8, f=10 kHz, SPL=160 dB, and
a=160 deg.

Fig. 4a Initial stage of disturbance generation in a supersonic jet under sound excitation: M =2.0, «=90 deg; and n=0.5, 0.8, 1.0,

and 1.5.
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Fig. 4b High-intensity sound-supersonic jet interaction: M =2.0, n =0.5, « =90 deg.

flow close to the jet disturbance propagation velocity, the
disturbance increase on the excited boundary is most inten-
sive. The experiments carried out seem to show the possibility
of direct interaction between the sound and disturbance gener-
ated by it: in the case of oblique sound incidence on a super-
sonic jet, the sound wave energy is transferred to the vortex
motion. This treatment of the results obtained seems to be
quite acceptable and natural, but in general it is not the only
possible explanation, and the sound-supersonic flow interac-
tion mechanism remains unclear in many aspects. As an exam-
ple, Fig. 2 shows shadowgraphs taken in these experiments of
some patterns of a supersonic jet with head-on and oblique
sound incidences on its boundary. Sound intensity at the noz-
zle lip was measured to be the same (160 dB). All of the sound

waves in the shadowgraphs presented in this paper can be
easily identified by noting that the propagation direction of
any wave corresponds to the direction from a light line to a
dark one in the sound wave front picture (Fig. 2 gives the
propagation direction indicated by arrows and labels for the
incident sound wave and Mach waves radiated by the jet under
acoustic excitation).

In the case of the optimum sound wave angle of incidence to
the supersonic jet boundary, when large-scale disturbances of
the greatest magnitude arise, initiation of a shock-wave pat-
tern induced by these disturbances is possible (Fig. 3). These
shocks exist along with the steady shock-wave formation that
is characteristic of supersonic jets in off-design flow condi-
tions. In contrast to it, however, as follows from the consider-



1348 PIMSHTEIN: SUPERSONIC JETS ACOUSTIC EXCITATION

ation of the development of this phenomenon using the series
of photographs, they moved together with the disturbances
induced by sound excitation. The unsteady shock wave pattern
in an excited supersonic jet seems to be associated with large-
scale disturbances streamlined by a flow in its relative motion.
Apparently, this phenomenon is similar to that observed in a
flow over rather large solid inclusions transferred by super-
sonic flows. The disturbance convection velocity can be easily
found from the shadowgraphs: the ratio of disturbance con-
vection velocity to the speed of sound is equal to that of the
distances covered by the disturbance and the sound wave from
the nozzle lip. This determination of convection velocity is
based on the experimental fact that the disturbance arises
within the jet at the nozzle edge when the zone of maximum
sound wave compression passes. The convection velocity ob-
tained in such a way in the initial flow system is 0.6-0.75 of the
nozzle exit jet velocity. For sufficiently intense disturbances by
sound, the steady shock wave pattern of the supersonic jet can
be destroyed.

A more detailed understanding of the mechanism of genera-
tion of supersonic jet disturbances by acoustic excitation can
be gained by exciting the jet with high-intensity sound. In our
experiments, SPL = 172 dB was achieved by using sound re-
flectors (elliptic and parabolic) at whose focus HG was placed.
Figure 4a shows the initial stage of disturbance generation in
supersonic air jets (M =2.0; d =20 mm; and » = 0.5, 0.8,
1.0, and 1.5). The high-intensity sound interaction with the
supersonic jet is characterized by a hollow formed in the
mixing layer as the zone of maximum acoustic compression
passes through the nozzle exit. Subsequently this disturbance
develops into a vortex formation of complex shape. The initial
stage of disturbance generation is nearly independent of jet
pressure (both total and static). At the sound excitation inten-
sity obtained, the disturbance affects not only the mixing layer
but also the flow core. There are distinct longitudinal vortices
on sound-excited disturbances which, in our view, can be
identified as Gortler-Taylor vortices. The significant extent of
these vortices revealed in the acoustic excitation is indicative
of their stability and the important role in the formation of the
mixing layer of supersonic jets. The shadowgraphs show the
incident sound waves, the wave reflected from the nozzle,
Mach waves radiated by disturbances induced by acoustic
excitation on the excited jet side, and sound waves radiated
from the end of the first cell of the shock wave pattern. For
the flow with static-pressure ratio n = 0.5, the interaction of
high-intensity sound with the supersonic jet is shown in the
series of photographs in Fig. 4b. _

If HG is displaced from the parabolic reflector focus, one
can obtain a sound wave front of complex shape along which
the sound intensity varies significantly. The excitation of a
supersonic jet by the trapezoidal front sound wave shows that
jet disturbances occur at the nozzle lip (Fig. 5). In the case

Fig.5 Trapezoidal sound wave front-supersonic jet interaction:
M=2.0,n=0.8.

b)

Fig. 6 Initial stage of disturbance generation under longitudinal in-
ternal acoustic excitation: a) in a subsonic jet, po=1.2 and b) in a
supersonic jet, po=2.5.

shown in the figure, the sound intensity at the nozzle lip is 15
dB less than that in the center of the sound wave, but it is
sound excitation of the flow at the nozzle lip that causes jet
disturbances. This follows from consideration of the relative
position of the incident sound wave front, the jet disturbance,
and the Mach wave radiated by this disturbance. In this case
the high-intensity sound in the center of the sound wave front
(172 dB) normal to the jet boundary does not affect signifi-
cantly the jet section subject to its excitation. A systematic
investigation of the sound influence on different jet regions
under normal sound incidence on the boundary has shown
that sound of the intensity attained in our experiments has no
direct influence on flow, and that the jet spread is completely
governed by intensity and angle of incidence on the nozzle lip.
In the experiments, an initial jet section 10 diameters in length
was affected by acoustic excitation (M = 2.0; d = 20 mm; and
n =0.5,0.8, 1.0, 1.5, and 2.0).

If HG is placed into the settling chamber of the nozzle under
consideration with the required total pressure provided by an
air supply through HG, it is possible to achieve an intensive
sound radiation in the settling chamber while maintaining HG
pressure ratio required for its normal functioning. The settling
chamber should have sufficiently large dimensions, so that the
air supply through the HG does not affect the acrodynamic
properties of the jet. Such an arrangement enables investiga-
tion of the intensive sound-jet interaction under longitudinal
internal excitation.

The tests carried out have shown that the initial stage of the
disturbance formation at subcritical and investigated super-
critical pressure ratios is similar to the toroidal vortex initia-
tion at the nozzle lip at the time the zone of maximum sound
wave compression passes through the nozzle exit (Fig. 6). In
both cases, the vortex initiation under sound excitation is a
short-term process (of the order of several microseconds at the



PIMSHTEIN: SUPERSONIC JETS ACOUSTIC EXCITATION

investigated flow velocities) which does not depend on the
excitation frequency. A sound-excited vortex develops in dif-
ferent ways in subsonic and supersonic jets: in subsonic jets
the vortex retains its shape, increasing in scale at the distance
of 3-4 diameters from the nozzle lip, whereas in supersonic
jets its shape can vary significantly within a distance of only
one diameter. As in the case of external acoustic excitation,
supersonic jets under internal longitudinal acoustic excitation
and with sufficiently great pressure ratios may contain shocks
induced by the mean flow over the vortex and moving together
with it. The experiments were carried out by using a conver-
gent nozzle with the exit diameter of 60 mm and with pressure
ratios po = 1.2 and 2.5 at the sound frequency 1.3 kHz.

Conclusion

As a result of investigations of high-intensity sound-super-
sonic jet interaction it is shown that the disturbance increase
increment in a jet under acoustic excitation depends on the
angle of the incidence of the sound to the jet boundaries. The
most intensive disturbance in a jet takes place when the sound
phase velocity on a jet boundary is close to the disturbance
propagation velocity. At the optimum sound wave angle of
incidence which causes the strongest jet disturbances, or at
high sound intensity in a supersonic jet, there can arise a
shock-wave formation induced by relative flow over these
disturbances and moving together with them. Supersonic jet
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excitation by a sound wave with a trapezoidal front, obtained
by using a parabolic reflector, made it possible to establish
that the sound-supersonic jet interaction takes place in the
part of the flow near the nozzle lip. Sound of the intensity
attained has no noticeable effect on disturbances already
formed. This conclusion was confirmed by exciting different
parts of the supersonic jet with sound at intensity of 170 dB.
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