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Control of Supersonic Impinging Jet Flows
Using Supersonic Microjets

F. S. Alvi,¤ C. Shih,† R. Elavarasan,‡ G. Garg,§ and A. Krothapalli¶

Florida A&M University and Florida State University, Tallahassee, Florida 32310

Supersonic impinging jets, such as those occurring in the next generation of short takeoff and vertical landing
aircraft, generate a highly oscillatory � ow with very high unsteady loads on the nearby aircraft structures and the
landing surfaces. These high-pressure and acoustic loads are also accompanied by a dramatic loss in lift during
hover. Previous studies of supersonic impingingjets suggest that the highly unsteady behaviorof the impinging jets
is due to a feedback loop between the � uid and acoustic � elds, which leads to these adverse effects. A unique active
control technique was attempted with the aim of disrupting the feedback loop, diminishing the � ow unsteadiness,
and ultimatelyreducing the adverse effects of this � ow. Flowcontrol was implemented by placinga circular array of
400-¹m-diamsupersonic microjets aroundthe periphery of the main jet. This control approachwas very successful
in disrupting the feedback loop in that the activation of the microjets led to dramatic reductions in the lift loss
(40%), unsteady pressure loads (11 dB), and near-� eld noise (8 dB). This relatively simple and highly effective
control technique makes it a suitable candidate for implementation in practical aircraft systems.

I. Introduction

A N UNDERSTANDING of the impingingjet � ow� eld is neces-
sary for the design of ef� cient short takeoff and vertical land-

ing (STOVL) aircraft. When such STOVL aircraft are operating in
hovermode, that is, in closeproximity to the ground, the downward-
pointing lift jets produce high-speed, hot � ow that impinges on the
landing surface and generates the direct lift force. It is well known
that in this con� guration several � ow-induced effects can emerge,
which substantiallydiminish the performanceof the aircraft. In par-
ticular, a signi� cant lift loss can be induced due to � ow entrainment
by the lifting jets from the ambient environmentin the vicinityof the
airframe. Other adverse phenomena include severe ground erosion
on the landing surface and hot gas ingestion into the engine inlets.
In addition, the impinging � ow� eld usually generates signi� cantly
highernoise levels relativeto that of a freejetoperatingunder similar
conditions. Increased overall sound pressure levels (OASPL) asso-
ciated with the high-speed impinging jets can pose an environment
pollution problem and adversely affect the integrity of structural
elements in the vicinity of the nozzle exhaust due to acoustic load-
ing. Moreover, the noise and the highly unsteady pressure � eld are
frequentlydominated by high-amplitudediscrete tones, which may
match the resonant frequencies of the aircraft panels, thus further
exacerbating the sonic fatigue problem.

These problems become more pronounced when the impinging
jets are supersonic, the operating regime of the STOVL version of
the future joint strike � ghter. In addition, the presence of multiple
impinging jets can potentially further aggravate these effects due
to the strong coupling between the jets and the emergence of an
upward-moving fountain � ow � owing opposite to the lift jets.1 A
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schematic of a generic STOVL aircraft with multiple lift/impinging
jets is shown in Fig. 1, where various regions where these problems
might occur have been indicated.

A. Feedback Loop
To minimize their adverse in� uence on aircraft performance, it

is evident that the undesirable effects of supersonic impinging jets
need to be controlled. However, before one can devise an effective
control scheme to eliminate these detrimental characteristics, one
must have a fundamental understanding of the principal physical
mechanisms governing these � ows. The acoustic properties of sin-
gle supersonic impinging jet � ow� eld have been investigated by a
number of researchers, including Powell,2 Neuwerth,3 and Tam and
Ahuja.4 These studies conclusivelydemonstrated that the unsteady
properties of impinging jet � ows are dominated by the presence of
discrete impingement tones. These high-amplitude tones are gen-
erated by highly coherent instability waves due to the emergence
of a self-sustained feedback loop. For a detailed discussion of the
feedback mechanism, see Refs. 2–4. Very brie� y, large-scalevorti-
cal structures in the jet shear layer impinge on the wall and generate
coherentpressure� uctuations,which result in acousticwavesof sig-
ni� cant intensity. These acoustic waves travel through the ambient
medium and, on reaching the nozzle (a region of high receptivity),
excite the shear layer of the jet. This leads to the generation of a
new set of enhanced instability waves, which rapidly evolve into
large-scale vortical structures, thus closing the feedback loop. A
similar feedback mechanism is also responsible for the production
of discrete tones such as screech tones, which are conspicuously
present in nonideally expanded, that is, over- or underexpanded,
and edge tones generateddue to the presenceof an “edge” in the jet
hydrodynamic � eld . In fact, the feedback mechanism responsible
for discrete tones was � rst clearly articulated by Powell in classic
papers on jet noise5 and on the feedback loop responsible for edge
tones.6

Flow properties of high-speed impinging jets have also been ex-
amined by a number of investigators, including Donaldson and
Snedeker,7 Carling and Hunt,8 and Lamont and Hunt,9 among oth-
ers. These studies mainly emphasized the mean properties of this
� ow with most of the measurementslimited to mean surfaceproper-
ties, such as the pressure distributionson the impingement surface.
Recently, Krothapalli et al.10 conducted an extensive investigation
to obtain a better understanding of the physics governing some of
the mean and unsteadypropertiesof such � ows, using the geometry
shown in Fig. 2. One of the main � ndings of their work was the
intimate connection between the discrete impinging tones and the
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Fig. 1 Flow� eld created by the propulsion system around a STOVL aircraft.

highly unsteady, oscillatory behavior of the impinging jet column.
They demonstratedthat, through the generationof large-scalestruc-
tures in the jet shear layer, the feedback phenomenonmight also be
responsible for lift loss on the surfaces in the vicinity of the nozzle.
These structures induce higher entrainment velocities that lead to
lower pressures on surfaces in the jet vicinity and, consequently, a
signi� cant loss in lift.

In a companionstudy,Alvi and Iyer11 noted the emergenceof dis-
crete peaks in the spectra of the unsteady surface pressures, which
match the impingingtone frequenciesin the near-� eldacousticmea-
surements. This suggests that these feedback loop-driven � ow in-
stabilities are also responsible for the unsteady loads on the ground
plane. In some cases these measured unsteady loads were extremely
high, as high as 190 dB. When coupled with the high temperatures
associated with lifting jets, such high loads can severely aggravate
the ground erosion problem.

B. Control of the Feedback Loop: Prior Attempts
Based on the precedingdiscussion,it is apparent that, to eliminate

effectively these unwanted effects of impinging jet � ows, one must
reduce the highlyunsteadybehaviorof the impinging � ow by weak-
ening the feedback loop. There are various potential approaches for
disrupting the feedback loop and achieving a measure of control of
the unsteadypropertiesof this � ow. For example, one could1) inter-
cept the upstream propagating acoustic waves so that they can not
complete the feedback loop, and/or 2) manipulate the shear layer
(for example, increase its thickness) near the nozzle lip, hence re-
ducing its receptivity to the acoustic disturbances,and/or 3) disrupt
the coherentinteractionbetween the � ow instabilitiesand the acous-
tic � eld by tickling the nozzle shear layer using a disturbance at or
very near the nozzle exit. The source of these disturbancescould in
principal be passive, such as those generated by tabs at the nozzle
exit, or they could be active in nature, such as the use of high-energy
acoustic and/or � uidic sources near the nozzle exit.

Based on these concepts, a number of attempts have been made
in the past to suppress the feedback mechanism. For instance,
Karamcheti et al.12 successfullysuppressededge tones in low-speed
� ows, which are governed by a similar feedback mechanism, by
placing two plates normal to the centerline of the jet. Motivated by
their work, Elavarasan et al.13;14 employed a similar technique to
attenuate the feedback loop in an impinging jet � ow by introducing
a control plate near the nozzle exit. Using this approach, they were
able to intercept the upstream propagatingacousticwaves, thus dis-
rupting the feedback loop. As anticipated, attenuation of the loop
led to a measurable weakening of the large-scale structures in the
jet � ow. For selected cases, this passive control approach resulted
in a maximum recovery of about 16% of the lift loss relative to an
uncontrolled impinging jet. Similarly for a few cases, Elavarasan
et al.13;14 also reported a reduction of about 6–7 dB in the near-� eld
OASPL. Glass15 and Poldervaartet al.16 used similar passivecontrol
techniqueswith limited success. In a series of experiments reported

Fig. 2 Schematic of the experimental arrangement.

by Samimy et al.17 and Zaman et al.,18 the effect of passive tabs
on the aeroacoustic properties of supersonic jets was also investi-
gated. Although the tabs were able to attenuate the screech tones,
signi� cant reduction in the OASPL was achieved by using multiple
tabs,17 which also resulted in signi� cant thrust loss, as high as 12%
(Ref. 18).

Consequently,althoughpassivecontroltechniqueshavebeenable
to weaken the feedback mechanism, gains are usually accompanied
by a signi� cant cost, such as thrust loss.17;18 In addition, any signi� -
cant performancegains are con� ned to a limited range of operating
conditions, especially for impinging jets. This is because relatively
small changes in the nozzle-to-ground separation h=d can lead to
signi� cant changes in the magnitude and frequency of the tones
responsible for the � ow unsteadiness,11 changes to which passive
techniquescannot readily respond.Consequently,any ef� cient con-
trol techniqueaimed at suppressingthe feedbackloopmust be active
and capable of adapting to the shift in frequencies/wavelengths of
the modes that lock on to the feedback loop.

In a recent study, Sheplak and Spina19 used high-speedco� ow to
shield the main jet from the near-� eld acoustic disturbances.For a
suitable ratio of the main jet and co� ow exit velocity, they measured
a reduction of greater than 10 dB in the near-� eld broadband noise
level. In addition to noise reduction, the impinging tones were also
signi� cantly suppressedusing this approach.Althougheffective,the
high mass � ow rates of the co� owing jet required to achieve this
noise reduction, around 20–25% of the main jet mass � ux, limit the
practical applicability of this co� ow approach. Shih et al.20 used a
counter� owing stream near the nozzle exit to suppress successfully
screech tones of nonideally expanded jets. They were also able to
obtain modest reductions in OASPL, approximately 3–4 dB, while
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enhancingthe mixing of the primary jet. However, these active con-
trol schemes require additional design modi� cations and/or high
operating power, rendering them often impractical for implementa-
tion in aircraft.

C. Present Approach for Flow Control
In the currentprogram, we are proposingthe implementationof a

control-on-demandstrategy using microactuators in the form of su-
personicmicrojets.These microjetsare extremely small and require
very low mass � ux. Although further details of these microjets are
discussed later, note that one of the most signi� cant advantages of
using microactuators is that their extremely small size allows these
systems to be operated in places where traditional systems cannot
work due to either space limitation or a lack of system response.

In principal,by populatingthe appropriateregionon the lift plate,
in the vicinity of the nozzle exit for the present case, one could
develop a system where the most appropriate microjets would be
strategically turned on and off to provide optimal control. The pro-
posed control system would have the advantage that, depending on
the operating and local � ow conditions, optimal � ow control can
be achieved by activating the pertinent supersonic microjets with
the appropriate magnitude and frequency (if possible) and at the
desired time. In contrast to the traditional passive control methods,
the proposedcontrol-on-demandsystem can be switched on and off
strategically.We are presently in the initial stages of implementing
the adaptive portion of this technique, that is, the ability to selec-
tively activate appropriate microjets. Although still preliminary in
nature,the resultsdemonstrateconsiderablepromise for implement-
ing adaptive � ow control using microjets. See Lou et al.21 for these

Fig. 3a Geometry of the lift plate and microjets.

Fig. 3b Microjets supply assembly.

results. Such a system should not measurably in� uence the opera-
tional performance of the aircraft when it is not needed. The very
small size of the hardware and the minimal mass � ow rates require
minimal power consumptionand is expected to result in negligible,
if any, thrust loss of the primary jet.

In the present experiments,microjets were made using 400-¹m-
diam stainless tubes, and 16 supersonic microjets were distributed
around the nozzle exit (Fig. 3a). Based on the earlier discussion of
the feedback loop, it is evident that the presenceof these supersonic
micro� ow streams can be effective in weakening the loop in a num-
ber of ways. First, the microjet streams may play a role in the inter-
ception of the upstream propagatingacoustic disturbances.Second,
these high-momentum jets can provide spatial/temporal distortions
to the coherent shear layer instabilities, thus disrupting their inter-
actions with the acoustic � eld. A more detailed description of the
microjet hardware is provided in Sec. II, the experimental methods
section.

Finally, note that the purposeof this study is not to performa sys-
tematic, exhaustive investigation of the microjet system necessary
to achieve optimal control over a large parametric space. Rather,
in this proof-of-conceptstudy, our aim is to examine the feasibility
and potential bene� ts of using microjets to alleviate the adverse ef-
fects of the supersonicimpinging jet � ow� eld. The in� uence of this
control strategy on the � ow behaviorwas studied using � ow visual-
ization,microphonemeasurements,and mean and unsteady surface
pressure measurements.As the results presented in this paper illus-
trate, there is convincingevidence that the proposedcontrol strategy
is very promising as a means of effectively controlling supersonic
impinging jet � ow� elds.

II. Experimental Hardware and Techniques
The experiments were carried out at the STOVL supersonic jet

facility of the Fluid Mechanics Research Laboratory located at the
Florida State University. A schematic of the facility with a single
impinging jet is shown in Fig. 2. This facility is used primarily to
study jet-induced phenomenon on STOVL aircraft hovering in and
out of ground effect. Facility details can be found by Wardwell22

and Krothapalli et al.10; only a very brief description is provided
here.

The measurementswere carriedusinga shock-free,nearly ideally
expanded jet issuing from a convergent–divergent (C–D) axisym-
metric nozzle. The throat and exit diameters d and de of the nozzle
are 2.54 and 2.75 cm, respectively.The divergent part of the nozzle
is a straight-walledconic sectionwith a 3-degdivergenceangle from
the throat to the nozzle exit. The nozzle was designed for an exit
Mach number of 1.5 and operated at a nozzle pressure ratio [(NPR)
where NPR is the ratio of stagnation pressure/ambient pressure] of
3.7 to produce a nominally, ideally expanded impinging jet. The
primary reason for running an ideally expanded jet was to isolate
the effect of the impingement tones from screech tones because the
latter only occur in jets operating at off-design conditions. A cir-
cular plate of diameter 25.4 cm (»10 d) was � ush mounted with
the nozzle exit. The circular plate, henceforth referred to as the lift
plate, represents a generic aircraft planform and has a central hole,
equal to the nozzle exit diameter, through which the jet is issued. A
1 m £ 1 m £ 25 mm aluminum plate serves as the ground plane; it
is mounted directly under the nozzle on a hydraulic lift (Fig. 2).

The � ow-induced lift forces were estimated by measuring the
mean pressure distribution on the lift plate. This was accom-
plished by using an array of pressure taps arranged along a ra-
dial line on the lift plate. The pressure measurements were ob-
tained by scanning the static pressure ports using a ScanivalveTM

system connected to a ValidyneTM strain gauge transducer. In ad-
dition, high-frequencyresponse miniature KuliteTM pressure trans-
ducers were also mounted on the lift plate along a radial line, as
shown in Fig. 3a, and were used to measure the unsteady pres-
sure loads on the lift plate. The lift plate data shown in this paper
are obtained from a single Kulite located approximately 35 mm
from the nozzle lip. The unsteady pressure � eld created by the
jet impingement on the ground plane was measured with two
additional high-frequency 100-psi (6.9 £ 105 Pa) Kulite pressure



1350 ALVI ET AL.

transducers (Model XCQ-062-100), one at the impingement point
on the jet centerline and the other 25 mm away from the cen-
terline. The near-� eld acoustic measurements were made using a
0.635-cm-diamB&K microphoneplaced 25 cm away from the noz-
zle exit oriented90 deg to the jet axis. To minimize sound re� ections
during the near-� eld acousticmeasurements,near by exposedmetal
surfaceswere covered with thick acoustic foam. The � ow was visu-
alized using a conventional, single-pass shadowgraph arrangement
where a stroboscopicwhite-light � ash unit with variable pulse fre-
quency of up to 1 kHz was used as a light source.

The microphone and the lift plate surface pressure signals were
acquiredthroughNationalInstrumentsdigitaldata acquisitioncards
usingLabViewTM software.For unsteadymeasurements,that is, mi-
crophone and Kulite data, 102,400 points were recorded for each
signal. Standard statistical analysis techniques were used to obtain
the spectral content and the OASPL from these measurements.The
spectralcontentof the unsteadysignals was obtainedby segmenting
each data record into 100 subgroups with 1024 points each, and a
fast Fourier transform (FFT) with a frequency resolutionof 68.4 Hz
was computed for each segment. The 100 FFTs thus obtained were
averaged to obtain a statistically reliable estimate of the narrow-
band noise spectra. The estimated uncertainty associated with the
unsteady lift plate pressure Prms is §0.02 psi, whereas the rms inten-
sities of the ground plane pressures were estimated to be accurate
within§0.2psi.Note thatwhen theunsteadypressuresare expressed
in decibels, a � xed error in pounds per square inch translates into
different errors in decibels, depending on the overall value of Prms .
The Prms values on the lift plate are around 160 dB (shown subse-
quently) for the cases of interest, which results in an uncertaintyof
approximately0.6 dB. Similarly, the dynamic pressure levels on the
ground plane are in the range of 180 dB, which also translates into
an uncertaintyof approximately0.6 dB. The microphonesignal was
measured with an estimated uncertainty of §1 dB.

The main controllingparameter in the experimentwas the ground
plate height h with respect to the nozzle exit, which was varied from
2d to 60d. As stated earlier, the experiments discussed here were
conducted at NPR D 3.7, which corresponds to a nearly ideally ex-
panded primary jet � ow. The jet stagnation temperature was main-
tained at 20 § 2±C. The nominal exit Reynolds number at exit of the
nozzle was 7 £ 105 (based on exit velocity and nozzle diameter).

Active � ow control was implemented using 16 microjets, � ush
mounted circumferentially around the main jet as shown in the
Fig. 3a. The jets were producedusing 400-¹m-diam stainlesstubes,
mountedon the lift platewith an inclinationof approximately20 deg
with respect to the primary jet axis. The supply for the microjetswas
provided from a compressed air cylinder through a main and four
secondary plenum chambers (Fig. 3b). The high-pressure air was
passed through a micrometer-sized � lter to prevent the micronoz-
zles from becoming clogged. The secondary plenum chambers en-
sured that the � ow coming out of the microjets was relatively free
of unsteadiness. The microjets were connected to the secondary
plenum chamber through four solenoid-controlledvalves in such a
way that any four microjets can be controlled (on/off) individually.
The microjets were operated at an NPR of approximately 7. At this
operatingcondition,the combinedmass � ow rate of all 16 microjets
was well below 0.5% of the primary jet mass � ux.

III. Discussion of Results
A. Impinging Jet Without Control

Figure4 shows instantaneousshadowgraphimages of the imping-
ing jet � ow� eld at h=d D 4:5 with and without control, whereas
Fig. 5 shows phase-averaged images under the same conditions.
(Note that all linear dimensions in this paper are nondimensional-
ized by the nozzle throat diameter d.) Although both cases,with and
without control,are shown here, a discussionof the effect of control
is delayeduntil the next subsection.The instantaneousshadowgraph
for the uncontrolled case, that is, microjets off, in Fig. 4a clearly
shows the presenceof multiple, strong,acousticwaves.These waves
signify the presence of impinging tones, and as seen in the image,
they impinge and re� ect from nearby surfaces, represented by the

Fig. 4 Instantaneous shadowgraph images, NPR = 3.7 and h/d = 4.5:
a) no control and b) with microjet control.

lift plate in the present case. Concomitant with the appearance of
the acoustic waves is the emergence of large-scale structures in the
jet shear layer. Such structures can be clearly seen in both the in-
stantaneous and phase-averaged shadowgraphs in Figs. 4a and 5a,
where they have also been marked for clarity. The phase-averaged
image was obtained by triggering the light source at a subharmonic
of the dominant impinging tone frequency such that 15–16 pulses
are averagedper frame to producethe phase-averagedimage.As dis-
cussed in the Introduction,such large-scalestructures,not normally
observed in high-speed jets, signi� cantly increase jet entrainment
velocities10;13;14 leading to lift loss. Furthermore, the presence of
such distinct, stationary structures in the phase-averagedimages vi-
sually indicates that, in addition to the acoustic � eld, the unsteady
� ow properties are also dominated by periodic, discrete frequency
disturbances, a fact con� rmed by the quantitative measurements
discussed next.

The spectral content of the unsteady � uid and acoustic proper-
ties is examined via the narrow-band spectra of the near-� eld mi-
crophone, unsteady lift plate, and ground plane pressures shown
in Figs. 6 and 7 for h=d D 3 and 4.5 in., respectively. (In Figs. 6
and 7, as in all subsequent similar plots, the � uctuating pressures
have been expressed in decibels, using a 20-¹Pa reference.) Al-
though data for the ground plane are only shown for the Kulite
transducer located on the impinging jet centerline, the behavior
of the unsteady ground plane pressures at other transducer loca-
tions is very similar. One of the most signi� cant features in both
Figs. 6 and 7 is the presence of discrete, high-amplitude, multiple
peaks that are indicative of impingement tones due to the feedback
loop. An examination of the microphone and unsteady pressure
data for a � xed height reveals that the resonant tones occur at iden-
tical frequencies for all three transducer locations. This supports
our earlier observation based on the visual evidence in Fig. 5a and
further con� rms the global nature of the � ow oscillations gener-
ated by the feedback loop. A comparison of spectra for h=d D 3
with h=d D 4:5 in Figs. 6 and 7, respectively, shows that the fre-
quencies at which these tones occur change with nozzle height.
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Fig. 5 Phase-averaged shadowgraph images, NPR = 3.7 and h/d = 4.5:
a) no control and b) with microjet control

Although not shown here, a similar shift in frequencies is also ob-
served with respect to NPR.11 Furthermore, because the unsteady
properties of this � ow� eld, as is the case for most � ows governed
by a feedback loop, are extremely sensitive to local boundary con-
ditions, experiments conducted at the same facility, under the same
nominal conditions,21 can display some variations in the unsteady
properties, such as a shift in the tone frequencies and amplitudes.
The strong dependence of the unsteady � ow� eld on the operat-
ing conditions suggests that an ef� cient control technique must
be able to adapt to such changes in the feedback loop for optimal
control.

The intensities of the unsteady pressure � uctuations, Prms, on the
lift and ground planes as well as the near-� eld noise are shown
in Fig. 8 as a function of the ground plane height. The rms pres-
sure levels on the ground plane have the highest magnitude, in the
180–190-dB range (corresponding to Prms ¼ 3–9 psi), which is to
be expected because the primary jet � ow directly impinges on the
ground plane. Such high unsteady loads on the ground plane can
cause signi� cant ground erosion of the landing surface, especially
when combined with the thermal loads generated by the impinge-
ment of hot lift jets of STOVL aircraft. The unsteadypressure loads
on the lift plate, in the 160–165-dB range in the present case (loads
as high as 175–180 dB havebeen measured for other conditions) are
also signi� cant and can lead to structural fatigue of nearby aircraft
surfaces.

The high entrainment rates due to the presence of large-scale
structures, such as those visible in Figs. 4a and 5a, lead to low
pressures on the lift plate surface resulting in a suckdown force or
lift loss. The lift loss variation with height can be seen in Fig. 9 for

Fig. 6 Unsteady surface pressure and microphone spectra for
NPR = 3.7 and h/d = 3.

Fig. 7 Unsteady surface pressure and microphone spectra for
NPR = 3.7 and h/d = 4.5.

Fig. 8 Fluctuating pressure intensities for NPR = 3.7 and h/d = 3.5.
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Fig. 9 Lift loss variationwith ground plane distance, with and without
control; NPR = 3.7.

Fig. 10 Schlieren image of a supersonic microjet issuing from a
400-¹m nozzle, P0 » 110 psia.

the present case. Figure 9 shows the lift loss behavior with (open
symbols) and without (� lled symbols) microjet control, where the
negative lift force has been normalized by the primary jet thrust.
Figure 9 illustrates the dramatic lift loss for the uncontrolled case,
as high 60% or more for small heights, which can occur due to jet
impingement. Figure 9 also shows that, at least in terms of lift loss,
ground effect become negligible for h=d > 9.

B. Impinging Jet with Microjet Control
In light of the detrimentaleffects of the feedback loop, an attempt

to disrupt this feedback was made with the hope of alleviating some
of these undesirable properties. In this study, � ow control was ap-
plied by simply activating the supersonic microjets placed at the
nozzle exit. It was anticipated that the penetration of the microjets
into the primary jet shear layer at the nozzle exit would suf� ciently
modify the shear layer properties, including perhaps its stability
characteristics, to disrupt this loop.

Figure 10 shows a representative schlieren image of one of the
400-¹m microjets used to control the feedback loop. The microjet
is operating at a pressure of approximately 100 psia, and the � ow
is clearly supersonic as demonstrated by the characteristicperiodic
shock-cellstructureusuallyobservedin much largersupersonicjets.
From the presence of the shock cells, the supersonic core of the jet
appears to extend at least 10–12 jet diameters downstream of the
nozzle exit. A more detailed description of the supersonic micro-
jets, their behavior, and the technique used for visualization may
be found in Ref. 23. Given the high momentum associated with
the supersonic microjets and the large supersonic core length, it
is anticipated that they will serve as effective actuators capable of
penetratingthe primary jet shear layer and modifying its properties.
Before discussing the results of microjet � ow control, note that no
attempt was made in the present study to modulate or manipulate
the microjets actively in response to the local � ow conditions. The

results presentedhere only compare the relevantpropertieswith and
without the microjets.

A comparisonof the instantaneousshadowgraphswithout control
(Fig. 4a) to that with control (Fig. 4b) shows the dramatic effect of
activating the microjets. First, the strong acoustic waves present for
the uncontrolled case have been eliminated when the microjets are
activated.Furthermore, the large-scaleshear layer structures readily
visible in Figs. 4a and 5a have also been signi� cantly reduced, if
not entirely eliminated, in Figs. 4b and 5b. As anticipated, the elim-
ination of the large-scale structures is accompanied by a reduction
in the jet spreading rate and a narrowing of the jet column, as seen
in Fig. 5b. Also visible in Fig. 5b are the streaks generated by the
supersonic microjets. Such streaks are very similar to those gen-
erated by tabs17;18 and tape elements on the nozzle surface24; they
have been used as indication of the presence of substantial stream-
wise vorticity. Note that the presenceof such tabs and the concomi-
tant generation of streamwise vorticity have led to a suppressionof
screech tones17;25; this aspect will be very brie� y discussed later in
this paper.

Given the striking effect of the microjets observed in the shad-
owgraphs, one expects the unsteady � ow properties to be similarly
in� uenced. This is indeed the case as seen in the near-� eld narrow-
band frequency spectra for h=d D 4:5 in Fig. 11. Figures 11a and
11b show the ground and lift plate unsteady pressures, respectively,
whereas Fig. 11c shows the near-� eld microphone spectrum.When
the control data (solid lines) are compared to the uncontrolled case
(broken lines), one observes that the distinct tones present in the
uncontrolled impinging jet are either eliminated or signi� cantly di-
minished by the activation of microjets. In addition, and perhaps
more signi� cantly, the attenuation in the discrete tones is accom-
panied by a broadband reduction in the spectral amplitudes. This
broadband reduction is observed for all three plots (Figs. 11a–11c)
due to lower acoustic and hydrodynamic � uctuations, which sug-
gests a global decline in the unsteady behavior of this � ow.

The overall unsteady pressure levels Prms on the lift plate at dif-
ferent heights and the in� uence of microjet control at each location
are shown in Fig. 12. Note that the error bars shown at selecteddata
points are representative of the errors over the range of conditions
shown here. Figure 12 plainly shows that the � uctuating loads on
the lift plate are reduced with the activation of microjet control.
However, the magnitude of reduction is strongly dependenton h=d,
the ground plane distance. Whereas a very substantial reduction of
more than 10 dB is achieved at h=d D 4:5, the unsteady load is only
reduced by 2 dB or so at h=d D 3:5. The nonuniform reductions
illustrate that the control technique is not equally ef� cient at all
heights, presumably because it does not track changes in the feed-
back loop due to a variation in h=d. The reductions in the overall
unsteady pressure and acoustic intensities on the lift and ground
planes and for the near-� eld microphone measurements are sum-
marized in Fig. 13. Similar to the behavior observed in Fig. 12, the
reductions in � ow unsteadinessdue to microjet control are strongly
dependenton the ground planeheight.However, notably, the overall
trends for all three measurements are very similar with the greatest
reductions achieved at h=d D 3 and 4.5. Once again, the nonmono-
tonic in� uence of control suggests that ef� cient control of this � ow
requires an adaptive control approach where the microjets can be
actively manipulated to provide optimal control at all heights.

As observed earlier, the unsteady behavior of the impinging jet,
including the hydrodynamic and acoustic loads generated by this
� ow� eld, is highlysensitiveto the localboundaryconditions.Hence,
these properties are not only a function of the operating condi-
tions, such as h=d or NPR as shown in Figs. 8 and 13, but can
also change somewhat when an experiment is repeated under the
same conditions. Consequently, the ef� cacy of the control tech-
nique, for example, its variation with h=d (Fig. 13), can also vary
between experiments, even if there are very minor changes in the
� ow conditions.However, on repeating these experimentsa number
of times, our results consistentlyshow that although minor shifts in
the performance (with h=d ) can occur due to minor changes in the
� ow properties, the changes are global in nature, that is, they occur
at all measurement locations, the lift plate, ground plane, and the
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a) Ground plane

b) Lift plate

c) Microphone

Fig. 11 Unsteady pressure and microphone spectra with and without
control; NPR = 3.7, h/d = 4.5.

Fig. 12 Fluctuatingpressure intensities on the lift plate, with and with-
out control; NPR = 3.7.

Fig. 13 Reduction in � uctuating pressure intensities; NPR = 3.7.

near-� eld acoustics. The error bars shown on Fig. 13 roughly span
the extent of such variations observed for the present study. This
dependence once again emphasizes the need for adaptive control.
(See Ref. 21 for further discussion.)

Finally, we present the effect of microjets on the lift loss behavior
of this � ow. Because the loss in lift is due to the low pressures
created on the underside of the airframe, the lift plate in this study,
due to � ow entrainment by the large-scale structure, it is logical
to assume that elimination or reduction of these structures should
also result in a reduction in lift loss. Measurements of the mean
static pressures on the lift plate surface show that the activation of
supersonic microjets leads to an increase in the surface pressures,
that is, to lower vacuum/suction pressures on the lower surfaces of
the airframe. This reductionin the vacuumpressureson the lift plate
translates to a reduction in lift loss as seen in Fig. 9. A comparison
of the open symbols (with control) to � lled symbols (no control) in
Fig. 9 shows that the activation of microjets leads to a signi� cant
reduction in lift loss. The maximum lift loss recovery occurs for
small heights, for example, the lift loss is reducedby more than 40%
at h=d D 2, with the in� uence becoming less signi� cant for larger
heights. This behavior is expected and desirable because the largest
losses in lift also occur for small separations.Figuer 14 is a summary
of the lift loss reduction variation with h=d. The reduction in lift
loss in Fig. 14 behaves in a manner similar to the trends observed in
Fig. 13on the in� uenceofmicrojetsonunsteadypressuresandnoise;
Fig. 14 con� rms that controleffectivenessvaries nonuniformlywith
h=d. Moreover, a comparison of Fig. 14 to the reduction in Prms on
the lift plate shown in Fig. 13 shows the similarity between the
two plots where the local minima and maxima in lift loss recovery
occur at roughly the same heights as the local minima and maxima
in the reduction in the � uctuating pressures (Fig. 13). This again
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Fig. 14 Lift loss recovery variation as a function of ground plane dis-
tance.

suggests a strong correlation between the strength of the acoustic
waves impinging on the lift plate (Fig. 4a), which are expected to
be the primary source of unsteady loads on the lift plate, and the
large-scalestructures,which lead to lift loss.Given the globalnature
of the unsteady properties, such a connection is expected.

The nonuniformbehaviorin the reductionsin lift loss, � uctuating
pressures, and noise, reinforces the notion that an adaptive control
strategyis necessary to achieveoptimalperformanceat all operating
conditions. Nevertheless, even without adaptive control, microjets
are a rather effective control tool at most heights where they result
in notable reductions in unsteady loads in the range of 4–10 dB and
a lift loss recovery of 20% or higher for small h=d.

C. Physical Mechanisms Behind Microjet Control
Before concluding, we very brie� y discuss the possible physi-

cal mechanisms that may be responsible for the ef� cient disruption
of the feedback loop by microjets. As mentioned earlier, there are
many potential ways by which one can disrupt the feedback loop.
The interceptionof the upstreampropagatingacousticwaves before
reaching the shear layer at the nozzles exit was one of the possible
ways the feedbackmay be interrupted.However,we believe that, al-
though the microjets may provide some shielding of the shear layer
at the nozzle exit, given the extremely small size of the microjets,
the shielding effect will not be signi� cant. The disruption of the
spatial coherenceof the interactionbetween the acoustic waves and
the shear layer at the nozzle exit is another such possible mecha-
nism. Our results suggest that the spatial extent of the disruption
by the microjets does play some role in reducing the ef� cacy of the
feedbackmechanism, in that when the number of microjetswere re-
duced beyond a certain threshold, the feedback loop was minimally
disrupted.However, reducing the number of microjets also reduces
the amount of streamwise vorticity introduced into the primary jet,
which as discussed next, may be the signi� cant mechanism behind
the successof this technique.Hence, at present,it is dif� cult to quan-
tify the exact extent to which the disruptionof the spatial coherence
plays a role except to say that it does play some role in attenuation
of the feedback.

We believe that the most signi� cant reason for the weakening
of the feedback is due to the redirection of some of the signi� cant
azimuthal vorticity,manifestedas large-scalestructures in the shear
layer, into streamwise vorticityas a result of microjet injection.This
hypothesisis supportedby preliminarymeasurementsof the stream-
wise vorticity in the shear layer, which revealed that the activation
of microjets leads to the generation of signi� cant streamwise vor-
ticity. The streamwise vorticity, manifested in the form of pairs of
counter-rotatingvortices correspondingto the microjet locations, is

generated at the expense of the azimuthal vorticity, thereby weak-
ening the large-scale structures and, hence, the feedback loop. To
shed some light on the role of microjets relative to more traditional
approachessuch as the use of tabs, a limited number of experiments
were conducted using 16 microtabs instead of microjets. These mi-
crotabs were made by using stainless wires of the same diameter as
the microjets, placed at the nozzle exit, protruding � ve (microjet)
diameters into the jet shear layer. These microtabs produced almost
no reductionfor the ideally expanded impinging jet, suggestingthat
the � ow physics behind the present technique is different.

Althoughmanyquestionsremainunansweredatpresent,it is clear
from the results presented here that microjet control is a very effec-
tive and potentially useful control approach for impinging jets. It is
also likely that more than one mechanism, for example, redirection
of the azimuthal vorticity, disruptionof the spatial coherenceof the
interaction,among others,may play a role in the physics behind this
method. Presently,we are conductingexperimentsthat are more de-
tailed to better understand some of these physical mechanisms and
their relative in� uence.

IV. Conclusions
Previous investigators have unequivocally established the inti-

mate connectionbetween the � uid dynamic and acoustic properties
of the impinging jet � ow� eld, an interaction that occurs through
a feedback loop. The occurrence of this feedback loop was also
hypothesizedto be responsiblefor a number of performancedimin-
ishing effects for STOVL aircraft.10

The objective of this research program is to develop a practical
control strategy to enhance the STOVL aircraft performance under
realistic operating conditions by taking advantage of our under-
standing of the aeroacoustic properties of this � ow. In this paper,
we explored a novel control technique utilizing supersonic micro-
jets to disrupt the feedback mechanism in supersonic impinging
jet � ows. The disruption of this feedback mechanism through this
control technique resulted in signi� cant performance gains relative
to the uncontrolled case. Lift loss was substantially reduced, by as
much as 40%, accompanied by a 10–11-dB reduction in the � uc-
tuating pressure loads on the lift and ground surfaces for certain
conditions.Similarly, the overall noise levels were substantiallyre-
duced and the discrete, high-amplitude impinging tones ubiquitous
in such � ows were either eliminated or signi� cantly attenuated.

However, the performance enhancementsdue to microjet control
were not uniform over the entire parametric space. We believe this
is because the microjets are presently used in a passive mode. Be-
cause of the dynamic nature of this � ow, the properties of the � ow–

acoustic interactions change with operating conditions. Hence, an
optimal control technique must be able to adapt to these changes.
We are presently exploring ways of actively manipulating the su-
personic microjets to respond to the changing environment.We are
also developing on-demand control methods using integrated sen-
sors and supersonic microjet actuators. In future studies, we expect
to implement these control techniques in more realistic planform
geometries utilizing single and dual supersonic impinging jets.
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