Control of High-Speed Impinging-Jet Resonance

Mark Sheplak* and Eric F. Spinat
Syracuse University, Syracuse, New York 13244

The intense pressure fluctuations generated by high-speed impinging jets dramatically increase in amplitude
and exhibit peaks at discrete frequencies under certain flow conditions. It is generally accepted that a feedback
loop consisting of downstream-convecting organized motions and upstream-propagating acoustic disturbances is
responsible for the maintenance of this flow resonance. This paper describes an effort to control impinging-jet
resonance through the addition of an annular stream. Fluctuating wall-pressure and near-field acoustic measure-
ments were made in a high-speed (M; = 0.8-1.6) impinging cold jet issuing from coaxial round converging nozzles.
Coherent motions critical to the maintenance of the feedback loop were examined via real-time conditional acqui-
sition of schlieren images. The results of the fluid dynamic control were dramatic. The discrete impingement tone
was eliminated and the broadband noise was decreased by an order of magnitude when the Mach number of the
annular jet was properly selected. It is hypothesized that the addition of the annular stream alters the character
of the downstream-convecting instabilities, thereby interrupting the fluid-dynamic feedback.

Nomenclature
M; = fully-expanded jet-exit Mach number
x  =downstream distance with origin at nozzle exit

¢ = phase angle of signal

Subscripts

i = inner-jet conditions

o = outer-jet conditions

res = resonant flow parameter

n = shear-layer instability parameter

I. Introduction

HE control of high-speed jet flows with dominant discrete

tones is of importance to the aircraft industry. Improperly ex-
panded jets (resulting in screech) and high-speed impinging jets
are two flows that exhibit dominant tones. These resonant jet flows
belong to a broader class of free shear layer flows that exhibit self-
sustaining oscillations (for excellent reviews see Rockwell and
Naudascher! and Rockwell?). The common feature of these phe-
nomena is the large fraction of unsteady flow energy that is con-
centrated at a single frequency. These high-amplitude tones are un-
desirable: sonic fatigue from jet screech can shorten the life of an
aircraft, and impinging-jet resonance may hamper near-ground op-
eration of future vertical or short takeoff and landing (VSTOL) air-
craft. It is known that a fluid-dynamic feedback loop is responsible
for these self-sustaining tones, and that coherent structures created
in the mixing layer and instability waves excited at the nozzle lip
play an important role in driving the feedback mechanism. In this
paper, a technique for controlling impinging-jet resonance through
the addition of an annular stream is presented and a hypothesis for
its success is proposed. The control method is novel in that it uses
fluid dynamic means to attenuate the feedback loop, whereas pre-
vious researchers have used solid surfaces to interrupt physically
the feedback loop (e.g., Poldervaart et al.® and Glass®).

Because coherent motions play a critical role in jet-resonance
feedback loops, it is necessary first to define their relation to jet in-
stabilities. Organized structures in a jet are a consequence of the
spatial evolution of high-frequency instability waves excited in the
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thin shear layer near the nozzle lip. The high-frequency instability
waves created at the nozzle lip spatially evolve into large-scale co-
herent (vortical) motions that continue to grow until nonlinear sat-
uration takes place. These waves are created when a time-varying
source external to the jet column (an acoustic source in the case of
impinging-jet resonance, for example) transfers energy to the thin
shear layer at the nozzle lip. The energy transfer occurs when the
acoustic waves force the separation point at the nozzle lip to oscil-
late, thus providing an initial perturbation to the flow. Upon cre-
ation, these disturbances grow exponentially until nonlinear effects
roll-up the shear layer into what is typically termed a coherent
structure.

When an impinging jet is operated at a high Mach number (M, >
0.7) and when the nozzle-to-plate separation is on the order of the
potential core or less (x/d < 7.5), the pressure fluctuations on the
wall and in the near and farfield increase in amplitude and become
periodic. Wagner’ was the first to note these self-sustaining oscil-
lations in a high-Mach-number subsonic jet. He found dramatic
differences between signals from a turbulent freejet and a resonant
impinging jet. In a high-speed freejet, the pressure fluctuations are
aperiodic, and have a broad energy spectrum due to the high-Rey-
nolds-number nature of the turbulent flow. When the jet impinges
upon a flat surface in a resonant state, the pressure signals become
nearly single-frequency fluctuations, and the energy spectrum is
dominated by a sharp, narrow peak at the resonant frequency.

Wagner discovered that an increase in nozzle/plate separation
(at constant M) initially leads to a monotonic decrease in the dis-
crete tone frequency, followed by an abrupt rise and another steady
decrease. This staging process indicates that a feedback loop is
present. The connection between frequency stages and a feedback
loop becomes clear when it is considered that resonance requires
an integer number of disturbance wavelengths to exist in the loop.
As the nozzle-to-wall separation distance is increased, the wave-
Iength of the instability waves increases to preserve the phase lock,
thus decreasing the resonant frequency. This process continues
until the growth rate of the instability waves comprising the down-
stream leg of the feedback loop is too small to sustain the reso-
nance, thus signifying a minimum value of resonant frequency for
that stage. A further increase in nozzle-to-wall separation distance
necessitates the addition of another complete period to the wave
train, resulting in an abrupt increase in resonant frequency.

There are two slightly differing theories that explain the me-
chanics of the resonant feedback loop. The first theory was devel-
oped from an extensive experimental study of high-Mach-number
subsonic round jets by Ho and Nosseir.5 One leg of the feedback
loop in their proposed model is the downstream convection of
large-scale coherent structures. Impingement of the ring-like co-
herent structures on the surface creates acoustic waves that act as
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Fig.1 Cross-sectional view of coaxial nozzle rig (Dosanjh et al.13),

the second leg of the feedback loop as they propagate upstream
outside the jet column. The acoustic waves interact with the high-
frequency instabilities present in the shear layer at the nozzle lip,
‘completing the feedback loop. Ho and Nosseir hypothesized that
the loop is actually closed through the production of large-scale
vortical structures in a merging process termed collective interac-
tion (Ho and Huang’). Ho and Nosseir appealed to this concept of
subharmonic merging because the shear flow changes its charac-
teristic frequency from the initial instability frequency to the
order-of-magnitude lower resonant frequency over a very short
distance downstream of the nozzle exit (about 1.5 nozzle diame-
ters). They argue that a pairing process could not possibly achieve
such a large increase in wavelength in such a short distance. One
shortcoming of this part of their model, as with all ring-vortex
models, is that it is not able to account for higher order (nonaxi-
symmetric) modes present in supersonic impinging-jet resonance.
It should also be noted that the frequency and phase velocity of the
downstream-convecting structures agree well with those predicted
by linear theory (see Michalke,® for example). This indicates that
these structures may just be the result of high-growth-rate instabil-
ity waves that become nonlinear and saturate a short distance
downstream from the nozzle exit.

Tam and Ahuja® proposed a slightly different mechanism for the
feedback loop, with the upstream-traveling leg based on Tam and
Hu’s freejet instability analysis.'? Instability waves again comprise
the downstream-traveling leg of the feedback loop. However, Tam
and Ahuja hypothesize that the impingement process excites the
upstream-propagating intrinsic instability waves of the flow first
visualized by Oertel.!! These waves are the neutral modes pre-
dicted by linear stability analysis of the mean flow. The waves
travel at slightly less than the speed of sound and are confined
within the jet column for subsonic jets, whereas for supersonic jets
they propagate upstream in the near field as acoustic disturbances.
On reaching the nozzle exit, the sound waves provide a high-am-
plitude perturbation to the thin shear layer. This initial disturbance
creates instability waves at the nozzle exit that amplify as they
convect downstream, completing the loop through a direct phase
lock. According to linear stability theory,® high-amplitude pertur-
bations are needed to force the low-growth-rate, low-frequency in-
stability waves into becoming the most-energetic mode—such dis-
turbances clearly exist in such a resonant flow. Although Tam and
Ahuja's model is based on a hydrodynamic stability analysis of the
jet column, it is consistent with the data of Ho and Nosseir. Most
importantly, the model correctly predicts the resonant mode of the
jet as a function of Mach number, and it also shows that resonance
is not supported below M; = 0.6, which is consistent with experi-
mental data (Wagner,® Ho and Nosseir,® and Neuwerth!?). Finally,
it offers a way to predict the average impingement tone frequency
based on the fact that the Strouhal numbers of the intrinsic instabil-
ity waves and the impingement tones must match.

II. Experiment
Near-field microphone and wall-pressure measurements were
coupled with conditional schlieren visualization in the investiga-

tion of an axisymmetric coaxial jet impinging normally on a flat
surface. The acoustic and wall-pressure measurements yielded
quantitative information on the resonance, while phase-locked/
stepped schlieren provided insight into coherent motion evolution
and the jet-column instability mode.

The experimental study was performed in Syracuse University’s
High-Speed Jet Laboratory; a detailed description of this facility
can be found in Dosanjh et al.!3 Briefly, two circular air jets at am-
bient stagnation temperature emanate from coaxial converging
nozzles fed by independently controlled stagnation chambers and
exhaust into the atmosphere (see Fig. 1). The inner nozzle has a
1.00-in. exit diameter and the outer nozzle has a 1.47-in. exit diam-
eter, with the exit areas being equal. Both the inner and outer noz-
zle lips have a thickness of 0.031 in. The impingement surface was
a 1.00-in. thick, square flat plate constructed of steel and measur-
ing 15 inner-jet diameters square.

The acquisition of quantitative point measurements was acCom-
plished via a VAXstation 3500 and a computer-automated mea-
surement and control (CAMAC) data acquisition platform. Two
analog-to-digital (A/D) modules were used in this experiment: a
high-speed 12-bit LeCroy 6810 A/D for the fluctuating wall-pres-
sure and acoustic-pressure measurements, and a lower speed 14-bit
Kinetic Systems 3514 A/D for the stagnation-pressure measure-
ments. Flush-mounted PCB piezoelectric pressure transducers
(1/16 in. diameter) with a frequency response of approximately
100 kHz were used to measure instantaneous wall-pressure fluctu-
ations. Four transducers were located every 1/4 inch along a ray
with its origin at the nozzle centerline, with the signal from the
centerline transducer used for triggering flow visualization. Instan-
taneous measurements of near-field acoustic pressure were made
using a 1/8 in. diameter Bruel and Kjaer type 4138 condenser mi-
crophone with a frequency response of approximately 120 kHz.
The microphone was fixed 0.4 in. downstream of the nozzle exit
and 2.3 in. radially outward from the centerline of the jet. The mi-
crophone signal was amplified using a Bruel and Kjaer type 2619
pre-amplifier. Prior to digitization, the analog signals were band-
pass filtered with a four-pole Butterworth filter. The high pass was
set to 200 Hz to diminish low-frequency facility noise, whereas the
low pass was set at 200 kHz, which is less than one-half the sam-
pling rate to reduce aliasing. The signals were digitized at 500 kHz
in continuous lengths of 512 ksamples, converted to engineering
units based on calibrations, and written to disk for processing.

A method for visualizing the jet structure based on detection of
specified flow characteristics helped to provide a physical under-
standing of the resonance control. Phase-locked/stepped video
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Fig. 2 Optical setup for the phase-locking/stepping schlieren experi-
ment.
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schlieren, an improvement on an existing flow visualization con-
cept (see, for example, Whiffen and Ahuja,'* Wiezien,'> or

. Norum!), shed light on the structures that play an integral role in
the feedback loop. Whereas most previous systems used photo-
graphic media for an image plane, video is used in the present
setup. The video standard allows real-time digital control of the
image acquisition based on selected characteristics of the resonant
signal. The optical setup consisted of a typical Z-shaped schlieren
with a Xenon 10 ns pulse arc lamp as the light source and a black-
and-white change-coupled device (CCD) video camera (512 x 512
resolution) as the image plane (Fig. 2). The light source was trig-
gered by a digital circuit that fires if: 1) the CCD camera is ready
to accept an image (i.e., during the vertical retrace before the odd
video field), and 2) a user-specified phase angle is detected in the
filtered resonant pressure signal (see Sheplak!? for details). This
technique synchronizes the video camera with the resonance and
allows the flow to be frozen at a constant angle in a cycle even
though the resonant frequency is two orders of magnitude higher
than the video standard. The circuit also allows the user to trigger
the circuit in specified phase increments from the zero-cross refer-
ence, thus phase stepping the image acquisition. Another advan-
tage of video is the ease of digitization and image processing. All
images in this paper were refined with histogram equalization and
enhanced with edge-detection filtering.
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Fig. 3 Single subsonic impinging jet with M; = 0.83 and x/d; = 3; the
jet is resonating in an axisymmetric mode; M; and M, represent the
inner- and outer-jet Mach numbers.
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Fig. 4 Single supersonic impinging jet (M; = 1.25, x/d; = 4.5) resonat-
ing in a higher order mode.
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Fig. 5a Ensemble average of a subsonic M; = 0.83, x/d; = 3) single
impinging jet resonating in an axisymmetric instability mode; no
phase lag.

III. Single Impinging Jet Results

A preliminary investigation of a single impinging jet was per-
formed to test the experimental techniques and to develop a base-
line for comparison with the controlled coaxial jet configurations.
The experimental setup consisted of an under-expanded jet issuing
from a convergent nozzle (fully expanded M; = 0.8-1.6) impinging
on a flat plate at nozzle-to-plate separation distances of x/d; = 3,
4.5,and 5.

Fluctuating wall-pressure measurements revealed resonance
characteristics that exhibit good agreement with previous resuits.
Phase-locked video schlieren froze the coherent motions in the
feedback loop at a given phase angle in the resonant cycle. The im-
ages yielded information on the jet-column instability mode and
the spatial distribution of the organized structures. Phase-stepped
video schlieren furnished insight into the evolution of the coherent
motions, and further confirmed the dominant role that these struc-
tures play in the downstream-convecting leg of the feedback loop.
The resonance modes revealed by the schlieren visualizations were
in accordance with those predicted by Tam and Ahuja’s model.”
Specifically, impinging supersonic jets supported both axisymmet-
ric and higher order modes (helical and flapping), whereas sub-
sonic jets only supported axisymmetric modes. This differs from
high-speed subsonic freejets, which are susceptible to higher order
modes as well as to axisymmetric instabilities (Tam and Hu'©),

A phase-locked schlieren image of a subsonic impinging jet is
shown in Fig. 3. In this image, as in all others, the nozzle-to-plate
separation distance has been scaled with the inner-jet diameter.
The phase angle at which the image was acquired, ¢, is measured
relative to the positive-edge zero cross. The superimposed grid
lines are separated by one inner-jet diameter for ease in viewing.
The jet clearly contains large-scale axisymmetric instabilities or
coherent structures. The structures evident in this image appear at
the same position in nearly every phase-locked frame taken at
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Fig. 5b Same jet flow as in Fig. 5a, but images are captured at a 90-
deg phase lag from the positive zero cross.
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Fig. 6 Power spectral density of condenser microphone signal in
the near-field of an impinging jet flow; inner-jet Mach number is 0.8,
and the curves are plotted for outer-jet Mach numbers of 0 and 0.3
(X.'/di = 3).

these flow conditions. This frozen pattern strongly suggests that
the structures play an important role in the resonance.

A supersonic impinging jet captured in a higher order resonant
mode by the phase-locking technique is shown in Fig. 4. The jet
column displays a corkscrew-like geometry that disrupts the shock
structure a short distance downstream from the nozzle exit. In ad-
dition to the jet-column structures, acoustic waves emanate alter-
nately from each side of the jet column—a clear indication of the
existence of a higher order mode.

The results of phase stepping are shown in Figs. 5a and 5b for
the case of a subsonic jet resonating in an axisymmetric mode. The
downstream convection of the ring-like structures -along the jet

column is seen by comparing the position of the structures relative
to vertical grid lines in each figure. From an examination of these
images and others at phase angles of 45, 135, and 180 deg, it was
determined that the axisymmetric structure can appear as close to
the nozzle exit as 0.75d;. This rapid evolution supports Ho and
Nosseir’s® notion that a pairing process is not a likely mechanism
for producing these structures in a subsonic jet. Several pairings
would be needed to produce a growth rate of the magnitude seen
here, requiring a much longer evolution distance than is evident.
On the other hand, this could also demonstrate the rapid growth,
then saturation, of an axisymmetric instability.

IV. Coaxial Impinging Jet Results

Once the single impinging jet configuration was investigated
and the experimental techniques were validated, the coaxial con-
figuration was examined to evaluate the prospects for resonance
control. The inner-stream Mach number M;; was restricted between
0.8 and 1.4, with the outer-stream Mach number M;, varied be-
tween 0.3 and 1.5. Measurements were taken with the impinge-
ment plate located 3, 4.5, and 5 inner-jet diameters downstream of
the nozzles.

For each inner-jet Mach number, a range of outer-jet Mach
numbers was found that had a dramatic effect on the flowfield,
eliminating the resonance and decreasing the associated broadband
noise. The near-field acoustic spectra shown in Fig. 6 for an inner-
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Fig. 7 Reduction of near-field microphone signal rms for several
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Fig.9a  Single supersonic impinging jet (Mj; = 1.37, x/d; = 4.5).
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Fig. 9b Same central jet as depicted in Fig. 9a, controlled through the
addition of an annular stream with M;, = 0.58.

jet Mach number of 0.8 typifies the effect of adding a coaxial
stream to a resonant jet flow. The top spectrum represents a single
impinging jet clearly in a resonant state. The bottom curve repre-
sents the controlled case in which an annular stream has been
added to the central jet. This unequivocally illustrates that this
method of control can completely eliminate the resonance, while
simultaneously reducing broadband noise by approximately 50%.
Figure 7 illustrates the reduction in the rms near-field acoustic
pressure as a function of outer-jet Mach number for various inner-
jet Mach numbers. The fluid dynamic control decreased the rms of
the near-field acoustic pressure by at least 10 dB for all inner-jet
Mach numbers.

It is also evident from Fig. 7 that resonance control is limited to
certain combinations of inner/outer Mach numbers. As the jet
Mach number ratio (M;,/M, ;) was increased from zero, an attenua-
tion in resonant power was observed. This trend continued until
optimal control was realized at M;,/M;; = 0.5. Increasing the outer-
jet Mach number further, to nearly that of the inner jet, results in
the coaxial jet behaving as a single jet with increased momentum.
The intensity of the resonance and the broadband noise increases,
exceeding the single-jet values in some cases. The transition from
single-jet resonance to control to coaxial-jet resonance with in-

creasing annular Mach number is better illustrated by comparing
spectra from each regime. Figure 8 again shows that the resonance
and broadband noise of a single jet is greatly diminished by adding
an annular stream. However, the energy in the resonance and the
broadband noise are increased when the jet is operated in an in-
verted mode (M, > M;;). The resonant frequency exhibited no clear
pattern as the annular jet Mach number was varied, sometimes re-
maining constant over a significant range, and sometimes increas-
ing or decreasing slightly.

Not surprisingly, the addition of the annular stream and the re-
sulting resonance control has a profound effect on the jet structure,
as illustrated in Figs. 9a and 9b. The phase-locked schlieren tech-
nique clearly shows that the single jet is resonating in a higher
order mode, with the shock structure of the improperly expanded
jet disrupted by the instability of the jet column. In the controlled -
Jet case, however, the resonant instability mode is completely sup-
pressed. In addition to the disappearance of the instability mode,
the intense acoustic waves are no longer visible, and the shock
structure is preserved, complete with a stand-off shock near the
plate.

V. Final Discussion and Conclusions

The primary conclusion drawn from this research is that imping-
ing-jet resonance can be eliminated and the associated broadband
noise dramatically reduced by the addition of an annular stream.
However, the addition of the annular flow can also intensify the
resonance if the ratio of inner-to-outer-jet Mach numbers is not
chosen properly. It is hypothesized that this control technique dis-
rupts the fluid-dynamic feedback loop that maintains the reso-
nance. The feedback loop is comprised of several key elements: 1)
receptivity of the shear layer at the nozzle lip, 2) downstream con-
vection of large-scale coherent motions, 3) sound generation at the
impingement plate, and 4) upstream propagation of acoustic
waves. Thus, there may be several ways in which the annular flow
is affecting these processes and thereby inhibiting the jet reso-
nance.

As was previously discussed, the external excitation of the shear
layer at the nozzle exit comes from near-field acoustic distur-
bances for supersonic jets, whereas the forcing waves may be con-
tained within the jet column itself for the subsonic case. The up-
stream-propagating disturbances must be of high amplitude to
cause significant growth of the shear layer instability waves in the
resonant jet case. This is because the instability waves at these rel-
atively low frequencies have a low growth rate, and to dominate
the flow they must become the most-energetic mode.? It is sug-
gested that an alteration in the nature of the downstream-convect-
ing instabilities is at least partly responsible for the resonance con-
trol seen in this experiment. The next question is: what mechanism
causes this alteration?

The ambient air/jet shear layer thickens with increasing annular
flow, relative to the single jet case (see Champagne and Wygnan-
ski,'® for example). For a coaxial jet, the shear layer thickness is
defined as the radial distance from where U = Up,,, to where U =0
(note that U, does not necessarily correspond to the centerline
velocity for coaxial jets). Although there are presently no stability
calculations available for coaxial jets, it is known from single jets
that the reduced mean strain rates in thicker shear layers support
lower instability growth rates, lower characteristic frequencies,
and higher phase velocities (Michalke?®). In the flow studied here,
any change in the frequency or growth rate of the characteristic in-
stability could result in a departure from the highly tuned, phase-
locked condition necessary to maintain the resonance. For exam-
ple, reduced growth rates lead to weaker downstream-convecting
waves, in turn resulting in lower amplitude waves actually reach-
ing the impingement plate. The strength of the acoustic source at
the plate is thus decreased, with two important consequences: re-
duction of broadband noise, and weakening of upstream-propagat-
ing acoustic waves, which in turn diminish the amplitude of the
disturbance ultimately reaching the nozzle lip. This further weak-
ens the downstream-convecting waves, thus attenuating the reso-
nant feedback loop.

In addition to eliminating the resonance, the presence of the an-
nular stream may cause changes in the shock-reflection condition
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as compared to the single underexpanded jet (Fig. 9). This change,
coupled with smaller amplitude instability waves, may weaken the
shock-wave/turbulence interaction and thus reduce shock-associ-
ated broadband noise.
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