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This work is an experimental study of high subsonic jet impingement tone suppression. We begin by documenting
the characteristics of the impingement tone for various Mach numbers and standoff (nozzle exit to ground plate)
distances. The results revealed frequency staging and the presence of two types of impingement tones. A novel feature
of our work is the use of four miniature high-frequency actuators known as powered resonance tubes that were
located circumferentially around the main jet nozzle. The powered resonance tubes were capable of producing high
amplitude acoustic excitation over a range of frequencies, up to 17.5 kHz. Our target excitation frequency range was
about 3-5 times that of the natural flow instability. Using high-frequency excitation, tonal suppression levels as high
as 20 dB and broadband suppression levels as high as 5-10 dB were obtained. The mass addition rate from the
powered resonance tubes was of the order of 2% of the mass flow rate from the main jet. Mass flow reductions
could be obtained under conditions when the powered resonance tube resonated strongly. Our results suggest
that appropriately designed miniature powered resonance tube actuators have potential for use in flow

control applications.

Nomenclature

s = speed of sound corresponding to the freestream
conditions

C,,C, = correction factors for the main jet velocity and the
acoustic velocity, respectively

D = main nozzle exit diameter

f = frequency of the acoustic wave

h = standoff distance between the nozzle exit and ground
plate

M = Mach number

n = number of the impingement stage

P = phase shift associated with acoustic wave reflection

u = flow velocity

A = acoustic wavelength

Subscripts

j = main jet properties

PRT powered resonance tube

L

HEN ahigh-speed freejet of air is directed normally onto a flat
plate and the flow Mach number exceeds about 0.6, it gives
rise to discrete tones of very large amplitude, referred to as jet
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impingement tones [1]. This phenomenon poses many problems
when it arises in practical situations [2—4]. For example, in laser
cutting, it is a common practice to remove the molten mass of metal
with the help of a high speed jet of air. In this application, the quality
of the cut depends on the oscillatory behavior of the jet. A stable jet,
free of any impingement tones, results in deeper, cleaner, and
straighter laser cuts. Thin glass sheets are prone to cracks when the
sheets are tempered by a jet of cold air producing impingement tones.
One method of surface coating, known as cold gas dynamic spray
coating, is carried out by blasting fine grain metal powder directly
onto the surface that is to be coated using a high velocity jet of air. In
this application, the quality of the surface finish is largely dependent
on the stability of the jet. An unstable jet deteriorates the surface
finish. Another application, which is the motivation of the present
work, is for short takeoff vertical landing (STOVL) aircraft. When
the aircraft is in close proximity to the ground, the exhaust plumes
from the engines hit the ground and generate impingement tones.
Loss of lift, sonic fatigue, and ground erosion are some of the
problems caused by the impingement of hot plumes from the engines
while the STOVL aircraft is in the hovering mode close to the
ground.

Figure 1 shows a schematic of the feedback loop that involves the
generation of jet impingement tones. The sequence of events in the
feedback loop is as follows: the interaction of the unsteady flow with
the ground gives rise to pressure disturbances. These disturbances
then travel upstream and excite the shear layer at the lip of the nozzle.
This periodic excitation strengthens the instabilities in the shear layer
and thus produces large scale coherent structures. When these large
scale structures impinge on the ground, the sound generation
mechanism is further intensified, thus completing the feedback loop
and producing high intensity discrete frequency tones that are known
as impingement tones. In the present experiments, the amplitude
level of the impingement tone is measured to be as high as 145 dB at
3.2D from the main nozzle. The frequency of the tone depends on a
number of parameters, viz., Mach number of the jet, the standoff
distance between the nozzle exit and the ground plate, and the exit
diameter of the nozzle.

There are several methods of flow control that are relevant to the
suppression of the impingement tone. Sheplak and Spina [5] used a
high speed coaxial flow to shield the shear layer of the main jet from
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Fig. 1 Schematic of the impingement tone feedback mechanism.

the disturbance waves. This method suppressed the broadband noise
levels by more than 10 dB and also completely suppressed the
impingement tone, but at the cost of large mass flow rates reaching up
to 20-25% of the main jet. Recently, Alvi et al. [6] employed a
circular array of microjets around the periphery of the main jet that
resulted in a reduction of 8 dB in the overall sound pressure level
(OASPL).

Depending on the relation between the forcing frequency of the
excitation and the initial frequency of the instability, active flow
control (AFC) can be subdivided into two classes [7]: AFC-I and
AFC-II. AFC-I involves the use of relatively low-frequency
unsteady forcing to excite instability waves in laminar flows, or the
large scale structures in turbulent flows. This technique has been used
extensively in the past decade [8]. The second class, AFC-II, which
has been developed more recently, involves forcing of the shear layer
at relatively high frequency. Wiltse and Glezer [9] were the first to
demonstrate the efficacy of high-frequency excitation of the
turbulent shear layer. Their measurements showed that high-
frequency excitation in the transitional region of the shear layer
inhibits the growth rate of large scale structures. Cain et al. [10]
numerically showed that the magnitude of suppression of the
turbulent kinetic energy increased monotonically when the
magnitude of forcing exceeded a threshold level. For a given
forcing energy, the largest reduction in the turbulent kinetic energy
was achieved at forcing frequencies that were 2-3 times the neutral
frequency determined from the linear stability theory. For the
impingement tone to occur, the formation of large scale turbulent
coherent structures is important. Because high-frequency forcing of
the shear layer in the transition zone inhibits the formation of large
scale structures, one can expect that a high-frequency acoustic signal
from the powered resonance tube (PRT) would suppress the
impingement tone.

The PRT, also referred to as a Hartmann whistle [11], is an actuator
that is based on aeroacoustic operating principles [12,13]. It consists
of a cylindrical tube that is open at one end and closed at the other
with a slotted opening in the middle. A supersonic underexpanded jet
is directed through the open end of the tube in order to generate a
resonant excitation within the tube. Past investigations [14—16] have
demonstrated that the PRT can generate resonant excitation over a
wide range of frequencies (3—18 kHz) with significantly high
amplitudes of the order of 150 dB. These characteristics fulfill the
basic requirements of a high-frequency acoustic actuator and make
the PRT asuitable device to be used in AFC applications. However, it
is surprising that the potential of this incredibly simple device has not
been fully exploited. Murugappan and Gutmark [17], Kastner et al.
[18], Raman and Kibens [19], and Raman et al. [20] have
investigated the application of PRTs for controlling high speed
flows. The use of the PRT and other active flow control actuators is
also described in a review paper by Raman and Cain [21].

The present investigation addresses a practical problem of a high
intensity tone generated by a high speed jet impinging normally onto
a ground plate. Here, our focus is to understand the behavior of a high

subsonic jet produced by a nozzle and directed normally onto a
ground plate from varying distance, and to then suppress the
dominant impinging tone by means of high-frequency excitation
using miniature PRTs through systematic experiments.

II. Experimental Apparatus

Figure 2 shows a schematic of the experimental setup. The
convergent conical nozzle (referred to as the main nozzle) has an exit
diameter D of 31.75 mm (1.25 in.) and a contraction ratio of 2.56 over
alinear profile and a taper angle of 7 deg. The main nozzle is supplied
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Fig. 3 Geometric details of the powered resonance tube (PRT). All

dimensions are in mm (corresponding dimensions in inches are in
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with air from a cylindrical plenum that has a diameter of 152.4 mm
(6 in.) and a length of 914.4 mm (36 in.). A circular plate, referred to
as the lift plate, having a diameter of 101.6 mm (4 in.), is mounted
flush with the main nozzle exit. This plate is meant to simulate the
body of an aircraft. The main nozzle exhausts vertically downward,
above a square ground plate which can be traversed up or down to
vary the standoff distance from the lift plate. The ground plate is
made out of a 6.35 mm (0.25 in.) thick aluminum sheet cut to the size
of 685.8 x 685.8 mm. It is sufficiently large compared to the main
nozzle diameter to serve as the ground when the jet impinges onto it
at its center.

Figure 3 shows the design of the PRT that is used in the present
experiments. High pressure air is fed through the cylindrical nozzle
to generate a supersonic jet of air at the open end of the tube. The
closed end of the tube incorporates a piston to adjust the depth of the
resonator tube and consequently the frequency of the resonance. A
shield, which is located between the ends of the tubes, is used to
improve the directivity of the resonant excitation. Four such PRTs
with an internal diameter of 1.59 mm (0.0625 in.) are mounted on the
lift plate along the lip of the main nozzle with equal azimuthal
spacing. The net area of all the four PRTs constitutes just 1% of the
nozzle exit area. The shields of the PRTs direct the resonant
excitation toward the axis of the main jet. Air from a plenum
chamber, with the dimensions 76.2 cm (3 in.) in diameter and
91.44 cm (36 in.) in length, is supplied through individual flexible
tubes to the PRTs. To ensure the straightness of these tubes they are
held firmly inside equally spaced longitudinal grooves provided on
the outer wall of the main nozzle. It is to be noted that the main jet
plenum chamber and the PRT plenum chamber both draw air from a
common reservoir with maximum storage pressure being up to
15 atm. The air supply to these plenum chambers is regulated through
separate control valves such that their pressures can be maintained
independently.

The stagnation pressures in the plenums of the main jet and PRTs
are measured using Setra, model 204, pressure transducers. The
impingement tone frequency is measured with a B&K, model 4393,
microphone that is located at a distance of 3.2D from the main
nozzle. The data are sampled at a rate of 500 kHz for a period of 1.6 s.
The microphone signal is bandpassed through a fourth order analog
Bessel filter to avoid aliasing. The high pass frequency is 10 Hz, and
the low pass frequency is 100 kHz.

In the data analysis, the time series of the measured stagnation
pressure of the main jet is subdivided into five segments. The mean
values of these segments varied by the order of 4.20 x 107*NPR

(nozzle pressure ratio) (0.1 psi). The measured microphone data that
corresponded to the segment of stagnation pressure whose mean
value is closest to the desired stagnation pressure is used in the
subsequent data analysis.

III. Results and Discussion
A. Characteristics of the Impingement Tone

To characterize the salient features of the impingement tone such
as tonal frequency, tonal sound pressure level (SPL), and OASPL,
the main jet was run at a Mach number M; = 0.86, with standoff
distances /D varying in the range of 1.6-3.3 in increments of 0.1.
At each standoff distance, measurements were made with and
without the lift plate.

As described earlier, for the impingement tone to occur, the
upstream traveling acoustic waves must strengthen the nascent
instability waves at the nozzle exit to form coherent structures in a
periodic fashion. The sum of the time taken by the coherent structures
to travel from the nozzle lip to the ground plate and the time taken by
the acoustic waves to travel from the ground plate to the nozzle lip
constitutes the time period of the corresponding impingement tone
frequency. Mathematically the above statement is equivalent to the
phase locking formula proposed by Powell [14], which is as follows:

1 [h L ] 0
f n+p Ciu;  Chay

where the main jet velocity correction factor C; is used to obtain the
convective velocity of the coherent structures that move in the shear
layer at relatively lower speed. Empirically the value of C; has been
found to lie between 0.55 and 0.7 and is expected to change along the
jet length due to stagnation effect as the ground plate is approached.
In the present work, the value of C; = 0.6 yielded the closest match
with the above equation. The acoustic waves are assumed to travel in
the region exterior to the jet; hence, C, is assumed to be 1. The phase
shift p which is associated with the reflection of the acoustic waves
from the ground plate is arbitrarily assumed to be zero.

Figure 4 compares the experimentally measured impingement
tone frequencies for various values of standoff distance with those
predicted by the phase locking formula [Eq. (1)]. A very short
vertical error bar indicates excellent consistency in obtaining the
frequency of the impingement tones. If we compare Figs. 4a and 4b
one may observe that the effect of the lift plate is evident only for
shorter standoff distances (h/D < 2.4). We believe that the presence
of the lift plate facilitates a situation similar to the plane of symmetry
between the source and its image that would enhance the pressure
field in the shear layer and force the coherent structures to organize in
the scale appropriate to alower mode. A significant jump observed in
the frequency from around 7 to 4 kHz for /D < 1.8 seems to
support this viewpoint. In Fig. 4b one may observe that for h/D <
2.3 the experimental data closely follow the phase lock curve with
n = 2. To maintain the same mode, for increasing standoff distance,
the scale of the coherent structures and consequently the wavelength
of the instability waves must increase. However, there is a maximum
limit on the wavelength of the instability waves that a jet can support.
When the standoff distance is increased beyond a threshold value the
jet fails to support the long instability waves. As a result the
wavelength of the instability waves is shortened, with the
corresponding jump in the impingement tone frequency. The present
results clearly exhibit this phenomenon of mode jump or staging at
h/D =2.3.

Figure 5 shows the variation, with respect to the standoff distance,
of the OASPL and tonal SPL without the lift plate (Fig. 5a) and with
the lift plate (Fig. 5b). In general, the lift plate is seen to enhance both
the OASPL and the tonal SPL. From a closer examination of Figs. 5a
and 5b it appears that although the lift plate plays an important role in
the phase locking, particularly for /D < 2.4, it does not enhance the
impingement tone SPL. However, the OASPL registers higher
values indicating a significant rise in the total energy. A difference in
magnitudes of impingement tone SPL and OASPL is seen to reach up
to 10 dB in the regions of shorter standoff distance. However, this
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Fig. 4 Impingement tone frequency staging obtained at M; = 0.86 for
two cases: a) without lift plate and b) with lift plate.

difference is within 6 dB for larger standoff distances suggesting that
most of the energy is contained in the narrow frequency band. It is
also noted from Fig. 5b that beyond h/D = 2.6 as the standoff
distance is increased, it results in consistent reduction in both the
tonal SPL and the OASPL. Because the measured and predicted
frequencies are found to be in good agreement (Fig. 4b), the
subsequent experiments to examine the jet impingement tone
suppression using PRTs are conducted with the lift plate.

The variation of the tonal frequency with the main jet Mach
number at a constant standoff distance is shown in Fig. 6. In Fig. 6a
the standoff distance is 4/ D = 2.4 and the jet Mach numbers are in
the range of 0.78-0.91. In Fig. 6b, the standoff distance is
h/D = 3.2, whereas the jet Mach number is varied between 0.81 to
0.94. For the h/D = 2.4 case (Fig. 6a) a major discontinuity in
frequency (staging) occurs at M; = 0.86, where the tone jumps from
4.3 to 3.3 kHz. For the larger standoff distance, 1/ D = 3.2 (Fig. 6b),
the frequency of the tone is rather insensitive to the change in the
Mach number and remains almost constant at 3.7 kHz, except for
0.89 < M; < 0.91 where the majority of the energy appears to shift
to the first harmonic, f ~ 7.2 kHz. The reason for such anomalous
behavior is presently unknown.

In Figs. 6a and 6b some of the data points are circled. These data
points represent the baseline cases that are used for the studies of
impingement tone suppression. These figures also show a horizontal
line representing the “resonant acoustic frequency.” The resonant
acoustic frequency is the full wavelength acoustic frequency that is
calculated based on the standoff distance between the lift plate and
the ground plate. For the standoff distance of /D = 2.4 and 3.2 the
resonant acoustic frequencies are 4465 and 3349 Hz, respectively. As
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Fig. 5 Variation of the impingement tone amplitude and OASPL with a
stand of distance at M; = 0.86. a) Without lift plate and b) with lift plate.

will be discussed later, the proximity of the resonant frequency to the
impingement tone frequency plays an important role in determining
the effectiveness of the PRTs in suppression of the impingement
tone.

Figure 7 shows the variation in the amplitude of the impingement
tone (tonal amplitude) and the OASPL for the corresponding data
points shown in Fig. 6. One can see that both the tonal amplitude and
the OASPL rise gradually as the Mach number is increased. Further,
there is no associated change in levels observed, when the jump in
frequency is seen to occur.

B. Impingement Tone Suppression

The suppression of the impingement tone using the PRTs is
examined next. The excitation frequencies selected for investigation
in the present work are 10, 12, 14, and 17.5 kHz. The different
excitation frequencies are generated by adjusting the depth of the
resonance tube by means of the piston, as shown in Fig. 3. The
resonance frequency is also a weak function of the NPR. Therefore,
the nominal resonance frequency is specified by setting the depth of
the resonance tube for a specific NPR. These are NPR = 1.63
(Mpgr = 0.865) for 10 kHz, NPR =2.04 (Mpgr = 1.063) for
12 kHz, NPR = 2.72 (Mprr = 1.286) for 14 kHz, and NPR = 4.29
(Mpg = 1.606) for 17.5 kHz. Because the PRT produces tones
using high speed jets the added mass flow is expected to provide
fluidic excitation. To distinguish the acoustic excitation from the
possible fluidic excitation, in the experiments described below, the
PRT with zero depth is also examined. Note that this case did not
produce any distinct acoustic tone.

Figure 8 shows characteristics of the PRTs for different nominal
frequency settings, as the PRT jet flow varies with the NPR. Figure 8a
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shows that the PRT with relatively shallow depth tends to become
NPR dependent, and its tonal frequency is found to monotonically
decrease with increasing mass flow rate from the PRT. However,
nominal frequencies of the PRTs with larger depth are seen to remain
nearly constant with change in NPR. As the zero depth PRT (i.e., the
fluidic excitation condition) does not generate any strong tone, this
case is not shown. Figure 8b shows the variation in the amplitude of
the resonant tone with NPR. As compared to the variation in the
nominal frequency, the variation in the tonal SPL with NPR is
appreciably large. Initially at lower NPR, the nominal frequency of
the PRT and its corresponding tonal SPL are seen to have an inverse
relationship—a tone with lower frequency has higher amplitude.
However, with increasing NPR, the PRT tones of various nominal
frequencies tend to reach the same maximum SPL (approximately
135 dB). For the zero depth PRT (fluidic excitation condition), the
amplitudes are considerably lower than the acoustic excitation cases
as expected, because effectively it is no longer a resonator tube.
The effect of high-frequency acoustic excitation on the primary?
impingement fone (here the tone implies a spike in the impingement

IWhen the impingement tone is suppressed, in certain cases, an additional
tone/spike is observed (Fig. 11b). This additional spike/tone is referred to as
the secondary impingement tone, whereas the original tone/spike in the
spectra is referred to as the primary impingement tone. In the present paper
whenever the impingement tone is referred to, it implies the primary tone,
unless otherwise specified.
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tone spectra) is examined in Fig. 9. The suppression of the
impingement tone for two jet Mach numbers, M; = 0.86 and 0.88, at
astandoff distance of 1/ D = 2.4, is examined. In the case M; = 0.86
the impingement tone has a frequency of 4.3 kHz, and in the case

= (.88 the tone has a frequency of 3.3 kHz. The suppression in
the impingement tone is the difference in SPL without and with
excitation, measured at the impingement tone frequency. A negative
value in the graph is indicative of an increase in the amplitude when
the PRTs are turned on. Figure 9a refers to the 3.3 kHz impingement
tone, whereas Fig. 9b refers to the 4.3 kHz impingement tone. At first
glance, the conditions leading to PRT resonant tones with higher SPL
(Fig. 8b) are seen to be favorable in effective suppression of the jet
impingement tone. However, a closer examination is made to
evaluate the PRTs for the near optimum conditions. First we consider
the impingement tone of 3.3 kHz frequency at M; = 0.88 (Fig. 9a)
and select the conditions when the PRTs with dlfferent resonant
frequencies produce the same tonal SPL. That seems to happen for
NPR = 2.7 and 3.4 in Fig. 8b, when the PRT tonal SPL reaches
nearly 130 dB (within about 4 dB) except for the tone at 17.5 kHz
which registers an SPL of about 110 dB for NPR = 2.7. For these
cases, we note from Fig. 9a that the PRTs with 12 and 14 kHz tones
result in the maximum impingement tone suppression of about
20 dB. The higher frequency PRT tones are not as effective,
but at sufficiently high NPR (>4.1) they become equally effective.
Further, we observe that the fluidic excitation is also effective
in suppressing the impingement tone but requires much higher
NPR. In fact, the fluidic excitation is seen to initially increase
the impingement tone levels marginally and then start function-
ing effectively only beyond NPR = 3.4. A similar trend is observed
in the case of the impingement tone frequency of 4.3 kHz
obtained at M; = 0.86 (Fig. 9b). Here, the PRTs become effective
only when thelr flow rates reach a sufficiently high value
(NPR > 4). Even the effect of the fluidic excitation is seen to be
subdued. It is interesting to note that over the entire range of NPR
used in the present study, the PRT tone with 12 kHz nominal
frequency is consistently more effective than other frequencies
for both the 3.3 and the 4.3 kHz impingement tones. The reason for
diminished effectiveness of the PRTs in the suppression of the
4.3 kHz impingement tone is its proximity to the acoustic fre-
quency based on the standoff distance. Similar observations
were made in the case of the 3.7 kHz impingement tone
(Fig. 6b) observed at a standoff distance of 4#/D = 3.2, where the
acoustic frequency and the impingement tone frequency match
occurred.

-
N
[

OASPL
Suppression

N (dBXy
R =l
[ 1
(L I = ]
L ]
HOHB
i HM
4
—He &

- b4
2 e . N
31._50 2.50 3.50 4.50 5.50
) NPR
a)
4.3 kHz
12
c o -
& ‘% 7 ® g &9 A o
S8a o o o o .
S &E © o2 T e %
3 2 : - e o & 7
< * ' ' ‘
3150 2. 50 3.50 4.50 5.50
NPR

b)

4 No tone (zero depth) @ 17.5kHz —14.0kHz O12.0kHz A10.0K
Fig. 10 Change in OASPL as a function of NPR for i/D = 2.4.
a) M; = 0.88 (resulting impingement tone occurs at 3.3 kHz) and
b) M = 0.86 (resulting impingement tone occurs at 4.3 kHz).

In both Figs. 9a and 9b, two of the data points are circled. They
represent nearly equal suppression of the impingement tone, one
achieved through purely fluidic excitation (the PRT set at zero depth)
and the other through a 12 kHz acoustic excitation. The difference
between the two data points is the NPR at which the suppression is
obtained. The suppression with the fluidic excitation is achieved at an
NPR of 5.4, whereas the acoustic excitation yields a comparable
suppression level at areduced NPR of 3. This reduction in the NPR at
which the PRT operates translates to a reduction in the mass flow rate
by about 45%, which means substantial energy savings. Thus in
comparison with the pure fluidic excitation, the high-frequency
acoustic excitation is a more effective strategy for suppressing
impingement tones. Here it is important to point out that even at the
maximum NPR attempted in the present experiments, the net mass
flow from all four PRTs is of the order of 2% of the main jet’s mass
flow rate.

Figure 10 shows attenuation of OASPL as a function of the NPR. It
can be observed that SPL of the PRTs increases with NPR. Note,
however, that the impingement tone amplitude remains constant for
each part (Figs. 10a and 10b). The net resultis areduction of 9-11 dB
in the overall noise level achieved from the addition of noises from
the PRT and the impinging jet.

Although the OASPL is a good measure of the total energy
contained in the acoustic spectrum, it is not indicative of human
annoyance to the noise. In the aircraft industry the perceived noise
level corrected for the tone (PNLT) is used as a measure of sound that
characterizes the degree of human annoyance. As per the PNLT
analysis the annoyance level of sound depends on its frequency
content. The sound which lies in the frequency zone of 1-5 kHz is
considered to be the most annoying, hence penalized heavily,
whereas the frequency content of the sound which lies above 5 kHz is
considered to be the least annoying, hence receiving less penalty.

Table 1 summarizes the results of the OASPL suppression and the
PNLT suppression obtained with the PRT tone of 17.5 kHz nominal

Table 1 Comparison between the PNLT suppression and the OASPL
suppression. Impingement tone frequency: 4.3 kHz; frequency of the
PRT resonant tone: 17.5 kHz

NPR PRT Impingement tone OASPL PNLT
amplitude, suppression, suppression, suppression,
dB dB dB dB
3.74 133 6 6 8
4.08 139 14 6 12
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Fig. 11 Impingement jet noise spectra for /D = 2.4. a) M; = 0.86, solid line: PRT off; dashed line: PRT actuating at 12 kHz. b) M; = 0.88, solid line:
PRT off; dashed line: PRT actuating at NPR = 4.08 without any tone (zero depth).

frequency at two different NPRs, viz., 3.74 and 4.08. It can be seen
that increasing the NPR from 3.74 to 4.08, the impingement tone
suppression is increased by 8 dB. However, the increase in NPR also
increases the amplitude of the PRT tone by 6 dB, from 133 dB at
NPR = 3.74 to 139 dB at NPR = 4.08. Thus the effect of increase in
the impingement tone suppression at higher NPR is leveled off by
additional noise from the PRTs, resulting in unchanged OASPL.
However, because the PRT tone lies in the frequency range of 5—
20 kHz, for which there is less penalty, the PNLT suppression level is
improved by 4 dB. Hence it can be said that, even though the
suppression of the impingement tone may be offset by the addition of
the noise from the PRT, the acoustic excitation provided by the PRTs
invariably reduces the annoyance level of the impingement tone.

Figure 11 shows spectra at two slightly different Mach numbers
with and without PRT excitation. These Mach numbers (0.86, 0.88)
produce a dominant impingement tone at 4.3 and 3.3 kHz,
respectively. Comparison of Figs. 11a and 11b reveals the distinct
nature of the 4.3 and the 3.3 kHz impingement tones. The 4.3 kHz
impingement tone, which is very close to the resonant acoustic
frequency, is dominated by the first few harmonics, whereas the
3.3 kHz spectrum contains only the first harmonic and a few
additional nonharmonic peaks, which are weak in strength. The
spectra of the corresponding cases when suppressed using PRTs also
showed distinctive results. In the case of the 3.3 kHz spectrum
(Fig. 11a) turning on the PRTs gives rise to an additional spike—
referred to as secondary tone—at 4.3 kHz. The degree of the
augmentation of this secondary tone depends on the particular PRT
setting and the primary impingement tone suppression. Such
additional spikes are not observed during the suppression of 4.3 kHz
impingement tone case.

IV. Conclusions

The present work explored the suppression of impingement tones
using PRT actuators. The work began by characterizing staging
behavior of the impingement tone produced by the main nozzle for
various Mach numbers and standoff distances. Next, we used PRTs
to introduce high-frequency excitation in the transitional region of
the shear layer of the main jet. The tonal amplitude, OASPL, and
PNLT suppression levels were examined for various actuation
conditions (frequency, amplitude, and mass flow rate) at different
impingement tone frequencies.

The following important results emerged from this study:

1) The PRT actuator was capable of suppressing tonal SPL,
OASPL, and PNLT of the impinging jet from the main nozzle. Tonal
suppression levels were as high as 20 dB with less than 2% mass
addition. The corresponding OASPL suppression levels ranged from
5to 10dB.

2) We observed that the impingement tone could be suppressed
either by a strongly resonating PRT or a zero depth PRT (with no
dominant tone), both of which were sources of unsteady mass
addition. However, the mass flow requirements were substantially
lower for the former.

3) It was found that impingement tones that matched the full
wavelength acoustic frequency (h =21) were more difficult to
suppress.
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