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Abstract

In recent years, awide variety of applications have been found for the use of pulsed or excited jets in the
area of flow control (Jahanmiri, 2010) Many researchers have worked on jet flow control to enhance
mixing and/or reduce noise.The impetusfor the present study was to throw some light on various types
of excited jets usedso far in engineering applications and meanwhile explaining fundamental
multifaceted research activities which has been accomplished tadentify the flow field and mixing
characteristics associated withsuch kind ofjets.

Introduction

Excited jets are an excellent platform for the study of fluid dynamics and turbulence as they
display numerous phenomena that are encountered throughout the field of fluid dynamics.
Topics represented in an excited jet include instability, receptivity, vortex dynamics, transition,
coherent structures and fully developed turbulence. As these features present themselves and
develop with increasing distance from the jet nozzle, a jet flow field isoavenient for the in-
depth study of any of these topics by making measurements at the appropriate location
downstream of the nozzle exit.

Jets have received considerable attention over the last several decadésee Crow and
Champagne (1971) Yule (1978), Ho. and Huange (1982) Dimotakis et al. (1983), Husain and
Hussain (1983), Gutmark and Ho (1983), Ho and Huerre (1988), Sametand Petersen(1988),
Liepmann and Gharib,(1992), Corke and Kusek(1993), Verzicco and Orlandi(1994), Wicker
and Eaton(1994), Choet al. (1998),0h and Shin(1998), Schram and Rietmullen2002), Olsenet
al. (2003), Reynoldset al. (2003), Tinney et al. (2005), Birbaud et al. (2007), Igbal and Thomas
(2007) for a small literature review available on the subjec}. Briefly, a jet
summarized as follows. The flow at the exit of the nozzle is uniform at the jet centerline with a
region of shear near the wall. Upon exiting the nozzle, the shear layer with thickneds, is
susceptible to the KelvinHelmholtz, or shearlayer, instability where small disturbances,
typically characterized by their Strouhal number (S=f6/U), are amplified and eventually rolkup
into organized and quasiperiodic sets of vortices. Further shear layer growth is dominated by
the dynamics of these vortices and described by events such as vortex pairing. As the vortices
grow and move towards the end of the potential core, the dominant jet instability mode becomes
that of the preferred mode, or jet column mode, which is charaateed by the Strouhal number
based on the nozzle diameter (SEfD/U). Near the end of the potential core and beyond, the
interaction of vortices leads to complex nodinear motion that destroys the organized motion of
vortices in the flow and results in the transition to turbulence. Many jet diameters further
downstream the flow is well described as fullydeveloped turbulent flow.

Jet excitation generally refers to the introduction of disturbances to the flow to excite either the
shear layerinstability or the jet column instability. The most common form of excitation is that
of acoustic excitation where a loudspeaker(s) is used to excite the initial shedayer with
acoustic pressure/velocity fluctuations. By adjusting the frequency, amplitude and phase tife
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acousticsignal, researchers have demonstrated the ability to manipulate the formation, size and
spacing of vortices; theirsubsequent growth and dynamics; and eventually their transition to
turbulence (Thurow and Lynch 2008).

Over the last few decades, a significant amount of work has focused on establishing the
relationship between the excitation signal and the vortex structure in thenear field of the jet
(e.g. Crow and Champagne(1971), Ho. and Huange (1982), @mark and Ho (1983), Ho and
Huerre (1988), Samet and Petersen (1988),Corke and Kusek (1993),Wicker and Eaton (1994),
Cho et al. (1998), Oh and Shin (1998), Schram and Rietmuller (2002), Olsen et al. (2003),
Reynolds et al. (2003), Birbaud et al. (200%) The ability to easily change the excitation
frequency and amplitude of the excitation has allowed Huepth study of the instability
mechanisms at play in both the initial shear layer and the jet column. In addition, although the
flow is unsteady andthree-dimensional, the abilityto phase lock measurements to the excitation
signal has allowed researchers tinvestigate these flows in great detail. Overall, this has led to
an improved understanding of the instability mechanisms in jets and free shear layers. For
example, it is fairly well known that the preferred mode of the jet iSor Sip=  ©0.43In addition,
linear instability analyses are fairly accurate at predicting the shear layer and jet 0l umn’ s
susceptibility to external disturbances.

The development of the flow beyondhe potential core, however, has received considerably less
attention. In this region, the wellorganized structure present near the nozzle exit diminishes as
the flow is governed by nonlinear dynamics and eventually breaks down into fully developed
turbulence. As the flow in this region of the jet is highlunsteady and threedimensional, it is
much more difficult to investigate. Classically, it has been assumed that the fald pattern of
the jet is selfsimilar and independent of the initial disturbances provided. Experiments on
bifurcating and blooming jets, however, show that the far field flow can be dramatically altered
through the proper introduction of disturbances at the jet exit(Reynolds et al.2003). These
experiments suggest that differentfar-field turbulent states are possible for a given geometry.
This alteration of the far field is directly connected the neasfield vortex structures created by
the disturbances andthe dynamics of these vortices as they undergo the transition tmirbulence
(Thurow and Lynch 2008).

nozzle

Figure 1:(a) Seady, (b) excited jet.



One of the significant characteristics of a turbulent jet is its ability to entrain more fluid from its
surroundings due to the shear inherently present in the flow. The induceflow even in the case
of a steady jet is not smooth and continuous but is indented with large turbulence structures
(Figure 1) which exhibit a wavy motion along the outer edge of the flow (Townsend, 1976).
Though these large eddies are formed in a randomaghion, they do follow a weHldefined
statistical pattern which enables us to describe the overall characteristics of the flow using a
minimum number of parameters such as a velocity and a length scale for a given nozzle flow.
Crow & Champagne (1971) obsefed that the large eddies in a round jet could benergized in a
selective manner by imposing disturbances at some definiteequencies. Their pioneering work
initiated further activity in jet excitation. Sincethe eddies play a major role in the productia of
noise, selective modification of thdarge-scale turbulence structures can be usefully employed
for altering the radiating noise pattern. Recently, this subject has evoked further interest due to
its application to V/STOL aircraft propulsion, which requires efficient thrust augmenting
ejectors (Bevilagua 1984; Braderet al.,1982). In this system, the induced flowplays a major
role. An excited jet which has a higher mixing capability could satistyie above requirement.

As mentioned by Badrinarayamn (1988), the oscillations for exciting the jet can be categorized
as: (a) pulsating the flomwhich produces periodic fluctuations in mass flow, and (b) the flapping
of the jet. Itis not always necessary that the application of such disturbances shouldduce
excitation. The criterion for excitation is still under exploration and the availabléenformation on
this subject indicates that the configuration of the jet, the strengtlof the imposed disturbance,
and the mode of applying it, influence the process a selective manner. For instance, a plane jet
and a round jet exhibit entirely differentbehaviour when subjected to the same disturbance. The
former can be excited onlyby anti-symmetric oscillations whereas a round jet is sensitive to
many modes (Rockwell & Niccolls 1975; Bernal & Sarohia 1984). A round jet gets excited
through the dynamics of vortex rings, but the process involved in a plane jet is stilinder
speculation.

Due to theimportance of jet flow in engineering applications andwide use of excited jet in
recent flow control techniques,in this paper an attempt is made to compile a major body of the
available knowledgeon this contextin past decades.

Fundamental Research

Existence of coherent structures as centers of high concentration ebrticity has been well
established injets and mixing layers(Browand and Laufer (1975), Brown and Roshko (1974),
Hussain (1983)). There are increasing evidenceto support that it is the interaction between
coherent structures, rather than the dynamicsof coherent structures themselves, which plays
the dominant role in the underlying mechanisms for turbulence phenomenauch as mixing,
momentum transfer and aerodynamicnoise generation(Winant and Browand (1974), Petersen
(1978), Hussainand Clark (1981), Browne et al. (1984)).

The most common mode of interaction is the pairingf successive coherent structures in the
same shear omixing layer forming larger coherent structures. In planamixing layer, pairing in
a number of cascades of successiveitial vortex sheets rolled up from the instability of the
shear layer, is believed to be the basic mechanisfar the growth and spreading of the mixing
layer (Brown and Roshkq 1974). In around jet, similar shearlayer mode pairings occur when
the jet exit shear layer is laminar, resulting in largescalevortical structures further downstream
(Hussain and Zaman 1980). Regardless ofwvhether the initial jet exit condition is laminar or
turbulent, evolution of the structures is related to the jetcolumn mode interaction, which
involves not only vortex pairing or coalescence but also tearing of coherent structurdsetween
adjacent successive structuregHussain and Clark 1981). Further, interaction of successive
coherent structures in theround jet is suggeted to be one of the dominant mechanismm jet
noise generation (Juve et al., 1983). Tang and Ko (1993) suggesed the acceleration and
deceleration of the structures during their pairing in the free shear layerare the basic
mechanism for the farfield noise generation.The recent detailed study suggests further the
radial accelerations and the rate of change of the axiaccelerations of the structures are
important in the generation of sound at low Mach numbefTangand Ko, 1995).
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In round jet, interaction of coherent structures in the azimuthal direction occurs from two
diameters downstream,resulting in the development of azimuthal lobegCrow and Champagne
(1971), Saffman (1978). Interaction of coherent structures had been reportedas the mixing
layers of the plane jet merge athe end of the potential core Hussainand Clark (1981), Browne
et al. (1984)). Dramatic redistribution of turbulence quantities occurs with a rearrangemenbf
coherent structures in an azimuthal pattern(Browne et al. 1984) While streamwise interaction
of coherent structures in the form of pairing results primarily in the growth of the structures,
azimuthal or lateral interactions maylead to the decay of the structures.

Coherent structures in two or more shear layers omixing layers of dfferent origins have
attracted increasingattention (Kwan and Ko (1976), Ko and Au (1985), Ko and Lam (1985)).
However, most investigations ofcoaxial and annular jets were limited to measurementf
integral flow properties such asvelocity profiles, entrainment rates, statistical turbulence
quantities and spectra. The interaction dynamics of coherent structureswhich provide the
mechanisms for these flow characteristics have seldomly been investigated. Based on
correlation measurements, interactions of the two trainsof coherent structures with coaxial jets
are found to dependon the mean velocity ratio and a number of interactioomechanisms are in
action (Kwan and Ko (1976), Ko and Au (1985) Recently, basedn two-color planar laser-
induced-fluorescence techniqueat low velocity ratios the vortex structures inone mixing layer
might excite the instability of the other shear layer and consequently modify the rolup
processesas well as the evolution of coherent structuresPahm et al., 1992). With the shear
layer excitation of the outer mixing layerby the structures in the inner layer, delayed vortex
pairings in the outer layer were observed. During coalescencmore than two vortices were
involved to form alarge structure which subsequently interacted with thevortices in the inner
layer.

In the special case of annular jet, that is the coaxi@t with a zero velocity ratio, based on
pressure and velocitymeasurements, a train of wake vortices at the innewake region is found
to somewhat excite the outermixing layer, leading to the formation of a train oihew coherent
structures near the end of the annular potentialcore (Chanand Ko (1978), Ko and Chan
(1979)). Based on correlation and conditionakampling measurements oflow velocities, in an
annular jet excitation of the outer jet shear layer appearso be caused by the lateral velocity
fluctuations associatedwith the shedding of wake structures from the innerregion (Lam et al.
1986). This dfects the rolling process 6the jet shear layer and towards the end of the potential
core, a number of initial vortices somewhat merge togethetto form a train of large coherent
structures with a passagefrequency centered at that of the shedding of wakstructures. The
detailed mechanism of this vortex mergingremained not understood, but it was observed that
the train of wake-induced structures so formed exhibitsa two-dimensional orderly pattern (Ko
et al, 1999).

In the decade since the existence of larggcale coherent structures superimposed on a
background of 'turbulence' in a plane mixing layer was demonstrated by Brown andRoshko
(1974), considerable effort has been directed at identifyingsimilar structures in other flow
configurations and determining their roles in establishing the basic characteristicof the flow
field. Crow and Champagn€1971) reported that in an axisymmetric jet, the most dominant and
frequently occurring of all largescale coherent structures,known as the 'preferred mode',
corresponded to a ®ouhal number, St, of about 0.3; these structures can be enhanceboly
introducing controlled acoustic excitation at St=0.3. Results of such controlled excitation
experiments (Zamanand Hussain (1980) Zamanand Hussain (1981) Hussainand Thompson
(1980)) provide improved understanding of fundamental phenomenasuch as the structure of
turbulence, shearlayer instability, and the natural entrainment process. On the other hand,
excitations introduced at any arbitrary frequency may produce nonnaturally occurring
structures which may alter the characteristics of the flow field and may hav@otential practical
applications in areas such as noiseeduction, fluidics and combustion systemgLai, 1984). There
is aneed to enhance jet entrainment andnixing for developing compact, yetefficient, thrust
augmenting ejectors for aerospace propulsion systems, particularly for VSTOaircrafts.
Different jet excitation techniques have been reportedsuch as acoustic excitation(Crow and
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Champagne (1971) Zaman and Hussair{1980), Hussain and Thompson (1980)Chambersand
Goldschmidt (1982)) fluidic excitation (Piatt, M. and Viets, H. (1979)Binder and FavreMarinet
(1981)) and mechanical excitation(Binder and FavreMarinet (1973), Simmonset al. (1978),
Lai and Simmors (1980), Galenand Simmons (1983) Badri Narayananand Platzer (1986)).
Many previous studies have focused on the existence pfeferred modes and the link between
these and coherentperiodic structures within a free jet flow (see, for exampleBecker and
Massaro (1968), Wygnanski and Feilder (1969)Yule (1978) and Hussain and Zaman (1981)).
Later studiesshowed that the development of a turbulent free jet is alterediramatically by the
injection of energy into these preferredmodes in a processknown as excitation (Zhang and
Turner, 2010).

A variety of methods of excitation have been investigated by Zaman andussain (1980),
Gutmark and Ho (1983), Szajner and Turnef1986) and Reeder and Samimy (1996). These
studies confirm that the excitation energy (from an acoustic or othersource) can amplify the
coherent structures naturally presentin any turbulent jet and produce significant changes in its
axial development.

In addition, vorticity is generated inthe shear layers, and complex vortical stictures arise that
are conveniently studied using flow visualization(Szajner andTurner (1986), Kochet al.(1989),
Nixon and Turner (1997), Romano(2002)). Then, the toroidal vortices centred orthe jet axis,
and the secondary mushroorshaped vorticesthat emerge in crosssectional planes embracing
the jet axis,create circumferential and streamwise vorticity componentsrespectively.

Since the formation processes for both theoroidal and the mushroomshaped vortices are
periodic, eachcomponent of the vorticity will be oscillatory and these vorticity components
strongly influence the entrainment and mixing processes. Consequently, the axial rate of
developmentof the free jet can be increased or decreased (Szajner ahdrner (1986) Liepmann
and Gharib(1992)).

JetMixing

Mixing is an important feature of jets in practical applications. Since the mixing is affected by the
vortices evolving in jets, it is crucial to clarify the vortical structures related to the mixing
mechanism. In circular jets,axisymmetric and streamwise vortices evolve, interact and break
down. The vortex motions are threedimensionally complicated and very difficult to detect
experimentally.

Although a few works have been reportedon the vortical structure (Lasheras et al(1991),
Liepmann and Gharib(1992), Samimy et al(1993), Reeder andSamimy(1996), Grinstein et al.
(1996)), they do not give us enough information to understand the thredimensional structure
related to the mixing mechanism

Toyoda and Mori (2001) invegigated the three-dimensional vortical structure and the mixing
mechanism of a circular water jetoy a flow visualization technique.The jet was excited by axial
and azimuthal perturbations to stabilize and enhance axisymmetric and streamwisgortices. A
laser fluorescent dye andh laser light sheet were used to visualizthe jet. The three-dimensional
views of vortical structure were constructed by applying the Taylor hypothesis to the jet cross
sectional images

Their results reveal that the simultaneous enhancement of axisymmetric and streamwise
vortices is very effective to increase the jeboundary surface and to decrease theinmixed
region. The variations of A/A, (Ao the area of jet exit) in the streamwise direction are shown in
Figure 2. In the figure, the decrease of the area corresponds to high mixinghe figure reveals
that the excited jet with vortex generators(VG)is very effective to increase mixing, while the
excited jet without vortex generatas increases the unmixed regionlt is noticed that the
enhancement of only largescale axisymmetric vortices increases both of the jdioundary
surface and the unmixed region.
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Figure 2:Areas of unmixed region

Yuan et al. (2004)presented a control law to improve jet flow mixing The control law employs

a pair of actuators at the jet nozzle exit that act on the shear layers near the corners by blowing
and subtracting fluid in an anti-symmetric fashion and a sensor downstream or at the nozzle exit
with a time delay that measures the pessure difference across the nozzle diameteA 2-D jet
flow is numerically simulated along with massless/mass particles and a passive scalar. The
mixing enhancement produced by these controllers is demonstrated visually by snapshots of the
vorticity (Figure 3), streaklines, particle distribution and scalar field.

Figure 3:Vorticity fields at t=500: (a) Uncontrolled jet, (b) x1=5, (c) T %5, (d) Openloop forcing.

Later,the i nfl uence of modi fying a | etfdr-fieldtrobilent f 1 ow p
mixing processes and on theesulting combustion performance, is exploredby Nathan et al.

(2006). This reveals that, in contradiction to some common assumptionsncreasing the

coherence of largescale motions can decrease molecular xing rates, and yet can still be

beneficial in someapplications. Also, precessing and flapping jets are found to cause an increase

in flame volume relative to an equivalent simple jet (SJ), implying lower molecular mixing rates

(Figure 4).
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Figure 4. Mean nonreacting mixture fraction of the emerging simple jet (left) and a fluidic
precessing jet (right). The diameter of the simple jet nozzle and of the precessing jet chamber
inlet is 3mm and Re=37,000 there [88].

Georgiadisand DeBonis(2006) in their article present the current status of computational fluid
dynamics (CFD) methods as applied to the simulation afirbulent jet flowfields issuing from
aircraft engine exhaust nozzles Besides the conventional methods likeReynoldsaveraged
Navier—Stokes (RANS) direct numerical simulation (DNS),and Large-Eddy simulation (LES) a
related approach is the group of hybrid RANS/LES methodahere RANS is used to model the
small-scale turbulence in wall boundary layers and LES is utilized in regions donated by the
large-scale jet mixing.These computational methods used to analyze the jet flow field behind an
exhaust of aircraft engine, which could be excited (actively or passively) for enhancing the
mixing characteristics resulting in better jet aer@coustics.

A new selfexcitation method (Figure 5) was conceived and tested to enhancine mixing of jet
fluid with its surrounding fluid (Vandsburgerand Yuan, 2007). The carentration and velocity
fields of jets emanating from square and rectangular stped nozzles were studied in order to
clarify the mixing performance and the flow mechanisms responsible for thperformance of the
excited jet.

The quantitative examination of the concentration field indicatedhat the mixing rate increased
substantially in the excited jet. The square nozzle exhibited a higher mixing rate than the
rectangular nozzles.The near field of the flow exhibited a high degree of complexityith strong
three-dimensional characteristics. Moreover, the excitedjet gained as much asix times the
turbulent kinetic energy at the nozzle exit over the unexcited jetMost of the turbulent kinetic
energy is concentrated within five diameters from the nozzlexit, distributed across the entire
jet width, explaining the increased mixing in he near field.

The proposed and tested active, seHxcited nozzle has beenshown to offer significant
enhancement of nozzle fluid mixingvith co-flowing fluid streams.
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Figure 5:Schematic of the selexcited nozzle

Flow control techniques forincreasing the rate of jet mixing in axisymmetric nozzle flows have
been investigated (Behrouzi et al., 2008). A combination of water tunnel and higipeed airflow
facilities is used to assess the nedield jet behaviour. Solid tabgFigure 6), steady flud tabs (i.e.
discrete radially discharged control jets located close to the core jet exit), and pulsed fluid tabs
are compared. The effect of fluid tab velocity amplitude, pulse rate, and pulse phase are studied
using openloop control. The measurements dlicate that fluid tabs generate a similar
streamwise vortex formation process (and hence display increased mixing) as previously
observed in solidtabbed nozzle flows. In incompressible testing the mixing effectiveness with a
pair of pulsed fluid tabs 180uout-of-phase was as good as a twin solid tab nozzle for a control jet
flow rate of only 0.5 per cent of the primary (core) jet flow. In preliminary highspeed testing
similar benefits of fluid tabs over solid tabs were observed. Pulsed fluid tabs have th#ractive
performance benefit that they can be easily switched off when not needed and offer increased
flexibility as the basis of an optimized active control jet mixing device.

Injection of
flow into the
jet core
region

Figure 6:Streamwise vortices created by a solid tab
Knowles and Sadihgton (2006) in their review paper explain techniques applicable to

enhancing the mixing of jets, withparticular emphasis on infrared (IR) signature reduction of
high-speed jets They discuss rapid mixing technologies under the categories of: geometric
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modifications (to the nozzle); high shear stress mixing; normal stress mixing; se#fcoustic
excitation; external acousticexcitation; mechanically oscillated; sekoscillated. It is shown that
mixing enhancements ofthe order of 100 per cent are possiblavith some techniques and that
by combining techniquesthis can be increased by at least as much again. Simple geometric
calculations demonstrate that with rectangular nozzles such high levels of mixing enhancement
may be necessary in order to reduce IR gigture. Some apparent rapid mixing technologies,
however, have been shown to increase jet spreading without increasing entrainment, whereas
other techniques can reduce entrainment as easily as they can increase it

Impinging Jets

Impinging jet flow is of geat interest in industrial applications because it is often utilized to
heat, cool ordry materials. The reason of such utilization in thgrocessing of materials is that
the flow results in highheat and mass conductivity in the stagnation regiornthis feature has led
many researchers to study impingingets from the standpoint of heat and mass transfefrather
than the fluid dynamics), and to propose empiricaéquations which relate heat or mass transfer
rates, Reynolds number, distance between the nozzhnd the impinging plate and so on
Tsubokura et al. (2003) investigatedthree-dimensional eddy structures arising in plane and
round impinging jets (see Figure7) excited at the nozzle inlet numerically by direct numerical
simulation and large eddysimulation. It was found that the round jet showed definite instability
atspati al w a D=/I6 evmlg thehplane fjettshowed almost equivalent sensitivity to all
modes tested As regards the eddy structures in the stagnation region, elongated twin viices
along the impinging plate of the plane jet were reproducednd the number of pairs was found to
agree exactly with the spanwise wave number imposed at the inlet. In contrast to tipdane jet,
no organized structures were observed in the stagnation ggon of the round jet.

Hsiao et al. (2004) studiedexperimentally the dynamics of coherent structures and their
instability evolution of the small cylinder impinging plane jetusing hotwire measurements.The
jet shear layer act as a wave amplifier, whit canabsorb the applied or the induced instability
waves (such as the pressure wave of the cylinder dhe acoustic excitation wave) and then
evolve in the rule of subharmonic evolution model with downstream direction. The
augmentation effect of acousticexcited at the resonantfrequency on the impinging flow with
the small cylinder is also explored in detail to substantiate thdeedback mechanism used in
these experiments.

Figure 7: Instantaneous eddy structures of plane (left) and round (right) imjnging jets,
indicated by iso-surfaces of the Laplacian of pressurexcited by the fundamental frequency

The effect of an external excitation on circular impinging jet flow is studied experimentallpy
Vejrazka and Tihon(2005). The basic flowis excited by a small sinusoidal modulation of the
nozzle exit velocity. The phas@veraging technique is used to study the behavior of vortex
structures in the jet, specifically rollingup, pairing, and interaction with the wall.
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The flow was found to besensitive to excitations in a wide frequency rangeharacterized by a
Strouhal number, S¢= f.D/U, from 0.3 to 3. Different flow regimes were identified in the near
wall region (see Figure8) depending on the excitation frequency: a periodic regime exhilting
flow fluctuations locked on the excitation frequencyfe, aregime irregularly alternating between
the fundamental frequencyf. and the subharmonic frequencyfd/ 2, a subharmonicperiodic
regime with regular vortex pairing and finally border regimes with complicated nonperiodic
flow response The phaseaveraging technique provided some insight into the behavior of vortex
structures inside the impingingjet. The processes taking place during the vortex impact ahe
wall and the subsequent unsteady floveeparation weredemonstrated. However, the question of
how the changes irthe near-wall velocity field, which are caused by the jet excitatiorgffect heat
and mass transfer processes at the walemains unanswered
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Figure 8: The different flow regimesidentified with respect to the excitation frequency from the
near-wall velocity data.

Cvetinovic et al. (2006) carried out experimental investigation of the velocity field of the
turbulent air jet acoustically modified by the selfsustained oscillatiors in the whistler nozzle
operation together with it's visualization with a highspeed digital camera. Main aim was to
describe vortical structures of turbulent air jet issuing from the nozzle of special configuration,
modified by the controlled oscillations in free jet setup.

Excitation frequency with Strouhal number Si=0.3, close to the preferredmode, could be
effective in shortening the length of the potential core and increasing turbulent fluctuations in a
shorter axial distance from the nozzle lip.

Visualization of the excited and norexcited air jets showed very high sensitivity of jet flow
patterns to the excitation frequency(see Figure9). This fact can lead to the conclusion that the
local heattransfer characteristics of jet impingement are als remarkably dependenton the jet
excitation.

Also, sgnificant decrease of the jet timeaveraged velocity and the corresponding increase of
turbulence intensity at smaller axial distances from the nozzle can lead to tleenclusion that the
maximum heat transfer in impinging jet configuration can be obtainedat shorter nozzle-to-plate
distances compared to norexcited turbulent jet case
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Figure 9: (Top)High-speed video images of noexcited jet, Lp = 6D; Re = 91,00@Bottom)
High-speed video images of excited jet, Ste = 0.29; Lp = 6D; Re = 91,000

Earlier, the near wall behavior of an impinging jetwas studied by Guerra et al. (2005). They
investigated the applicability of scaling loglaws to the turbulent impinging jet. The results found
at this investigation indicate that the level of the logarithmic portion of thevelocity and the
temperature laws of the wall increaseswith increasing maximum jet velocity and decreasing
minimum temperature. This research is particularly relevant due to its application for the
development of methods that can beised for the determination of the local skirfriction and of
the local heat transfer coefficient

More recently, Bilgin (2009) performed experimental investigation of heat and fluid flow in an
actuated impinging jet flow. His results show that,acoustic excitation decreases the local heat
transfer of the jet at the stagnation region because thexcitation increases turbulence intensity
and therefore spreads the jet. Minimum locaNusselt numbers are observed to be occurring at
Strouhal number St=0.5 where the maximum jet spreads seen by the visualizations.

Due to the importance ofapplications of impingement jets in indwstry for heating and cooling
purposes which requires a high convective heat transfer coefficientapulsating jet has a very
high potential in replacing steady jet after it been found able to increase the heat transfer
coefficients at certain pulsating frequencies. So, Zulkifli et al. (2009) made an experimental
study to determine the velocity profile of a circular pulsating air jet at different pulse
frequencies and Reynolds Number using a rotating valvpulse jet system and compare the
normalized steadyand pulsed jet velocity at highest Reynoldsiumber of 32000 and highest
pulsating frequency of 80Hz Pulsation of the air jet wasproduced by a rotating cylinder valve
mechanism at frequencies between 180 Hz (see Figure 10). Their results indicate that,
stagnation point velocities are the same for steady anpulsating jet for all pulse frequencies. As
the radial distance from the stagnation point increasequlsating velocity increases between 20
30% from radial distance of 222 mm. Also, the flow structures plot show a distinctive exit air jet
profile which can affect the impingement heatransfer characteristics. They speculated that;t
was the result of enhanced turbulence intensity due to pulsating jgtroduced by the rofating
cylinder. From the jet exit velocity profile obtained, it is found that mass flowate for different
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test frequencies are slightly different due to the difference in the local velocityneasurement
affected by the pulses.
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Figure 10: Schematic diagam and photo of the rotatingcylinder valve pulse jet system

Supersonic Jets

Supersonic jets, in addition to possessing very rich flow physics, have many engineering
applications. Therefore, they have been the subject of numerous research activit@ger several
decades. A supersonic jet, similar to a subsonic jet, has two instabilities: free shear layer
instability and a jet column (or jet preferred mode) instability. It has been known that a free
shear layer is unstable and acts like an amplifier oflisturbances in the flow over a range of
frequencies. This instability is referred to as KelvinHelmholtz instability. In sufficiently high
Reynolds numbers, the effect of viscosity in the amplification of disturbances is relatively small, and
thus the instability is also called inviscid instability.

The second instability arises from the inward growth of the free shear layer of the jet towards
the jet centerline and its eventual interaction/merging on the centerline, which ends the jet
potential core. Mary researchers have shown experimentally that the passage frequency of
large-scale structures at the end of the potential core, called preferred mode or jet column mode
frequency, is scaled with the nozzle exit diameter (Stf,D/U; ~ constant, where § is the jet
column frequency and Yis the jet exit velocity).

In an axisymmetric jet, a third instability in the shear layer of the jet is called azimuthal
instability. The azimuthal modes due to this instability compete for energy and growth among
themsdves. The principal factor deciding the growth rate and amplitude of azimuthal modes
seems to be the ratio of the nozzle exit diameter to the boundary layer momentum thickness at
the nozzle exit (D/6o).

More details on the three instabilities in jets, whib are similar in both subsonic and supersonic
jets, along with many references can be found in Samimy et al. (2007 a & b). While a subsonic
incompressible jet can operate only in the ideally expanded flow regime, where the nozzle exit
pressure is the sames the ambient pressure, a subsonic compressible jet can also operate in an
underexpanded flow regime, where the nozzle exit pressure is higher than the ambient pressure.
In such a jet, a cycle of expansion and compression waves form and interact with thetability
waves and the ensuing largescale structures. A supersonic jet, in addition to an underexpanded
flow regime, could also operate in an overexpanded flow regime where thzzle exit pressure

is lower than the ambient pressure. In such a jet, aycle of expansion andcompression waves
from. Another complication could arise from separation of the boundary layeat the nozzle exit,

if the nozzle exit pressure is significantly lower than the ambient pressure anthe adverse
pressure gradient is strorg. Controlling supersonic jets operating in various flowegimesis the
subject of many research activities.

Recently a class of plasma actuatordeveloped called localized arc filament plasmactuators
(LAFPAS) that can provide excitation signals of higamplitude and high bandwidth for high-
speed and high Reynolds number flow control (Samimy et al. 2004 & 2007a & b, Utkinadt
2007). The actuators frequency, phase, and duty cycle can be controlled independently.
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Therefore, several of these actuators cabe used to excite jet column modes, shear layer
instability modes, and their various azimuthal modes.

Samimy et al. (2008)used LAFRs (Figure 11) to control a supersonic jet from anaxisymmetric
nozzle of design Mach number of 1.3 operating from overpanded to underexpanded flow
regimes with the fully expanded jet Mach number (I from 1.1 to 1.5.Laserbased planar flow
visualizations, schlieren imaging, and particle imaging velocimetryneasurements were used to
evaluate the effects of controlThe preliminary results in the underexpanded jets (M=1.4 and
1.5) were quite similar to previous results in the ideally expanded jet (M~=1.3). The jet
responded to the forcing over the entire range of frequencies, btie response was optimum (in
terms of development of large coherent structures and mixingenhancement) around the jet
preferred Strouhal number of 0.33 (f=5 kHz)On the other sidethe overexpanded jets (M-1.1
and 1.2) did not respond at all or the response was relatively small.

High power HV switch  High power
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Figure 11: Schematic of the plasma generator and the arrangement of 8 actuators used

Later Samimy et al. (2010)used the LAFPAsactuators to study far-field acoustic, flow velocity
and irrotational near-field pressure of an excited high Reynolds number axisymmetric
supersonic jet with a three-fold objective: (i) to investigate the broadband farfield noise
amplification reported in the literature at lower speedsand Re» (Reynolds number based orthe
nozzle exit diameten using excitation of azimuthal mode m=0 at low Str (forcing Strouhal
numbers) ; (ii) to explore broadband farfield noise suppression using excitation of m=3 at
higher Str; and (iii) to shed some lighton the connection between the flow field and the far
field noise.

Some of the noteweothy observations and inferences are (a) there is a strong correlation
between the farfield broadband noiseamplification and the turbulence amplification; (b) far
field noise suppression isachieved when the jet is forced with the maximum jet initial gravth
rate frequency thus limiting significant dynamics of structures to a shorter region close to the
nozzle exit; (c) structure breakdown and dynamic interaction seem to be the dominant souroaf
noise; and (d) coherent structures dominate the forced jedver a wide range ofStor (up to 1.31)
with the largest and most organized structures observed arounthe jet preferred mode Sgr (see
Figure 12).
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Figure 12: Phaseaveraged flow images ofhe excited jet with m=0 for different Styr(0.79 (left),
1.31(right)). Mixing intensity decreases fronwhite to black.

Recently, heating capabilities have been added to the free jet facility at the Gas Dynamics and
Turbulence Laboratory (GDTL) of the Ohio State University using a storapased oftline
electric heater (Fischer and Samimy, 2010). This addition makes it possible to test the
effectiveness of the localized arc filament plasma actuators for the purposes of noise mitigation
and mixing enhancement over a wide range of temperatures. These actuators haeen used
successfully at GDTL in high Reynolds number, higipeed unheated jets. The facility consists of
an axisymmetric jet of exit diameter 2.54 cm with different nozzle blocks and variable jet
temperature in an anechoic chamber(Figure 13). The preliminary results show that the
previously observed trends from both the unheated supersonic work and the heated subsonic
experiments do extend to the heated supersonic case.
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Figure 13:Layout of the jet facility and anechoic chamber.

Flip -Flop Jet

Unsteady excitation has been widely used as a tool tstudy shearlayer dynamics as well as to
control transition, separation, and sheaflayer mixing. Discretetone acoustic excitation can

increase the spreading rate of a jet undecertain conditions (Crow and Champagne(1971),

Ahuja et al. (1982). Further increases in the spreading ratecan be obtained by multifrequency

plane-wave excitation (Ho and Huang(1982), Raman and Rice (1991) By combining the right
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type of plane wave and azimuthamode excitation, a higher spreading rate, and a distortion of
the jet cross section, can be obtained over an extended regi¢8trange, and Crighton(1983),
Cohenand Wygnanski(1987), Ramanet al. (1991)). For laboratory research at low speeds,
these techniquescould be easily implemented using the electromagneti@acoustic driver as a
source of unsteady excitation. Howeverfor jets operating at a high Mach number, very high
levels of excitation would be required to alter the spreading rate of thget. In addition, higher
turbulence levels representative offull-scale jet exhaust require higher levels of excitation
(Raman et al. (189)). Therefore, for highspeed jets operating under fullscale conditions,it
appears that acoustic drivers cannot generate levethat are sufficient to excite the jet. It is also
clear that the useof acoustic drivers is not practical due to their weight and/olume, as well as
their power and maintenance requirements.Some of the limitations of acoustic drivers have
been overcomeby excitation techniques such as rotating valves,Binder and FavreMarinet
(1973)) oscillating vanes, (Rockwell, 1972) and selfexcitation using counter flow (Strykowski
and Wilcoxon, 1992). However,for practical applications, the excitation technique needso be
simple, yet effective. Several types of practical devicdsave been developed for jet mixing
enhancement, such as theelf-exciting "whistler nozzle" (Hill and Greene(1977), Hussain and
Hasan (1983)) and the screechexcited jet (Glass(1968), Krothapalli et al. (1986)). The whistler
nozzle works well for subsonic flows, butceases to work beyond sonic conditiongHill and
Greene 1977). The ability to enhancemixing of a supersonic jet by using its own screech tones
has recently received renewed dention due to interest in high speedjet mixing ( Krothapalli et
al. (1986), Rice and Taghav{1992)).

Raman and ceworkers (1993) focused on the fluidically oscillated nozzle,(Viets (1975), Viets et
al. (1975), Viets (1981), Viets et al. (1981)) which seems promising as an excitation device for
practical flows. The operation of the fluidically oscillatechozzle (Figure 14) is based on that of a
bi-stable fluidic amplifier. The concept is easily understood by considering a rectangular jet
issuing into the region between two plates. Despite the symmetrythe jet may attach to one of
the walls (Coanda effect), an@ small pressure gradient could cause the jet to detach froone
wall and attach to the other. If this process could beontrolled and repeated periodically, the
result is an oscillatingjet flow. Details of the operation of such nozzles can be fourd a paper
by Viets (1975). The fluidic nozzle can be used to produce time-dependent flow with a
substantial change in the timeaveragedjet half-width spreading rate (Viets (1981), Viets et al.
(1981)). There are several advantages to using the fluidic nozzbs an excitation device. It has
no moving parts, and in addition to producing very high levels of streamwise velocity
perturbation, the oscillating flow is selfsustaining ( Viets, 1975).
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Figure 14:Schematic of the flipflop nozzle.
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Raman et al. (1993) conducted an experiment study on a fluidically oscillated rectangular jet
flow using flip-flop nozzle. For the subsonic flipflop jet, it was found that the apparent time
mean widening of the jet was not accompanied by an increase in the mass flitxvas found that

it is possible to extend theoperation of these devices to supersonic flows. The streamwise
velocity perturbation levels produced by thisdevice were much higher than the perturbation
levels that could be produced using conventional excitatiosources such as acoustic drivers. In
view of this ability to produce high amplitudes, the potential for using amall-scale fluidically
oscillated jet as an unsteady excitation source for the control of shear flows in ftdtalepractical
applications seems promising.

Mi and Nathan(2001) investigated a selfexcited flapping jet nozzle (flip-flop nozzle, Figure 19
which contains no external feedbackoop and triggersto find scalar mixing characteristics . It is
found that the mean scalar decays significantly faster in thigapping jet than in the nonflapping
jet, indicating enhanced largescale mixing and increased jet spreading due to the flapping
motion. Concurrently, however, the flapping motion suppressedine-scale scalar mixing.
Moreover, thetheir study suggests thathe flapping Strouhal number has a significant impact on
the jet mixing. Higher mixing rates appear to occur at higher Strouhalumbers.
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Vane excited Jet

A plane subsonic jet can be excited to entrain more fluiidlom its surroundings by subjecting it to
antisymmetric periodic disturbances. The essential feature in this phenomenon is the rollingp
motion of an initially flapping jet to form large vortices which areresponsible for greater
entrainment. Several metlods developed toimpart oscillations to the flow at the nozzle, such as
the acousticpressure oscillator, the vibration of a single vane in the potential coresgion, the
reciprocating lip system and the twin vane exciter, aralescribed in this article. Aminimum
threshold in amplitude is necessanyfor exciting the flow. However, the frequency of oscillation is
much lessthan that predicted by stability considerations.

The investigations on excited plane jehave been mainly confined towards thedevelopment of
various mechanisms to impartperiodic oscillations to the flow (Fiedler and Korschelt(1979),
Collins et al. (1981), Collins et al. (1984)Lai (1984), Badri Narayananand Platzer(1987)). A
twin vane oscillator has been developed whiclseems to have a edge over other techniques on
account of its high efficiency(Badri Narayanan and Platzer, 1989). When the twin vanes
oscillate with a rotary motion around a pivot asillustrated in Figure 16 (a), which is termed as
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pitching mode, thevortex formation is different from that of the push-pull mode (Figure, 16 (b)),

but similar to that of the reciprocating lip oscillator describedby Badri Narayanan & Platzer
(1987). The jet initially exhibit a flapping motion which roll s up as the frequencyis increased

As in the case of other techniques, the movement of themplification region varies with the

imposed frequency and exit velocity. Mixing irthis caseis more predominant than in the push

pull mode. For low exit velocityand frequency operations, a critich Strouhal number around
0.05 could beidentified for this system.
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Figure 16 (a): Twin vane oscillator in pitching mode
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Figure 16 (b): Twin vane exciter in the pushpull mode.

Jahanmiri (2000) used a similar twin vane systemto study a plane subsonic jetwhich was
subjected to periodic oscillations in the near nozzle regianDuring excitation, the jet was found
to spread significantly and entrainmass much more than its steady counterpar{Figure 17).
Time averaged static pressure meased in the flow field with a disc probe exhibited prominent
well defined suction regions different from thatof a steady jet. As compared to steady jet, the
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increase in integral value of momentum downstream of excited jet is easily observed (Figure
18).
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Figure 18: Momentum and integrated pressure.

It is resulted that, aplane turbulent jet can be excited only by subjecting it to antisymmetric
oscillations. The jet which is initially in the flapping mode rolls upforming vortices, initiating
amplification. During excitation, the entrainment increases appreciablyrom that of the steady
counterpart, due to enhanced mixing. A critical Strouhahumber seems to be associated with
amplification. The conversion of flapng motion into a vortex mode seems to be a fundamental
phenomenon of unsteadyflows and further investigations are necessary to understand this
process. Similarly,the mechanism involved in the ingestion of fluid into the jet is not clear. The
role played by the large pressure fluctuations during excitation needs further study.

Synthetic Jet

A synthetic jet in fact is a sort of excited jet whichs produced by the interactions of a train of
vortices that are typically formed by alternating momentary ejecton and suction of fluid across
an orifice such that the netmass flux is zero(Figure 19). A unique feature of these jets is that
they are formed entirely from the working fluid of the flow system in which they are deployed

and thus can transfer lineamomentum to the flow system without net mass injection across the
flow boundary. Synthetic jets can be produced over a broad range of length and tirseale and

their unique attributes make them attractive fluidic actuators for a broad range of flow control
applications. Below are few research activities carried out on this context.
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Figure 19: Schematic diagram of a synthetic jet produced with an oscillating diaphragm.

A nominally plane turbulent jet is synthesized by the interactions of a train ofounter-rotating
vortex pairs that are formed at the edge of an orifice by the timperiodic motion of a flexible
diaphragm in a sealed cavitfSmith and Glezer1998).

Even though the jet is formed without net mass injection, thénydrodynamic impulse of the
ejected fluid and thus the momentum of the ensuing jet are nonzerBuccessive vortex pairs are
not subjected to pairing or other subharmonic interactions. Each vortexf the pair develops a
spanwise instability and ultimately undergoes transition to tirbulence, slowsdown, loses its
coherence and becomes indistinguishable from the mean jet flow.

The trajectories of vortex pairs at a given formation frequency scale with the length of the
ejected fluid slug regardlessof the magnitude of the formation mpulse and, near the jet exit
plane, their celerity decreasesmonotonically with streamwise distance while the local mean
velocity of the ensuing jet increases.

In the far field, the synthetic jet is similar to conventional 2D jets in that crosstream
distributions of the time-averaged velocity and the corresponding rms fluctuations appear to
collapse whenplotted in the usual similarity coordinates. However, compared to conventional
2D jets, thestreamwise decrease of the mean centerline velocity of theynthetic jet is somewhat
higher and the streamwise increase of its width and volume flow rate is lowerThis departure

from conventional selfsimilarity is consistent with the st r e a mwi s e decreas

momentum flux as a result of an adverse streawise pressuregradient near its orifice.

The interaction of a modeled synthetic jet with a flat plate boundary layer is investigated
numerically using an incompressible NavierStokes solverby Mittal and coworkers (2001). The
diaphragm is modeled in a realistic manner as a moving boundary in an effort to accurately
compute the flow inside the jet cavity.

The primary focus of ths study was on describing the dynamics of the synthetic jet in the
presence of external crosdlow (see Figure 20which shows the got of vorticity contour at four
different stages for boundary layer thickness Reynolds number Re1200). A systematic
parametric study has been carried out where the diaphragm amplitude, external flow Reynolds
number and slot dimensions are varied. The simulations alloed to extract some interesting
flow physics associated with the vortex dynamics of the jet and also provide insight into the
scaling of the performance characteristics of the jet with these parameters.
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Figure 20: Plot of vorticity contour at four different stages for boundary layer thickness
Reynolds number Res=1200, h/d=1 (orifice width to height ratio) and A/H=0.1 (diaphragm
amplitude to cavity height ratio). (a) Maximum expulsion(b) Minimum volume. (c) Maximum
ingestion and (d) Maximumvolume. External cross-flow from left to right.

A comparison between synthetic jets and continuous jetwere made bySmith and Swift (2003).
Their results show that, in the far fieldsynthetic jets bear muchresemblance to continuous jets
in that the self-similar velocity profiles are identical. However, in thenear field, synthetic jets are
dominated by vortex pairsthat entrain more fluid than do continuous jet columns.Therefore,
synthetic jets grow more ragidly, both in terms of jet width and volume flux, than do continuous
jets.

Zhong et al. (2005)carried out dye flow visualisation of circular synthetic jets inlaminar
boundary layers developing over a flat plate at a range @fctuator operating conditions and
freestream velocities of 0-05 and-1ms (Figure 21) . The purpose of this work was to study the
interaction of synthetic jets with the boundary layer and the nature ofvertical structures
produced as a result of this ingraction.

The effects ofReynolds number (Re), velocity ratio (X the ratio of time-averaged and free
stream velocity) and Strouhal number (St)on the behaviour of synthetic jets were studied. At
low Re and V4 the vortical structures produced by synthetic jets appear as highlgtretched
hairpin vortices attached to the wall. At intermediate Reand &, these structures roll up into
vortex rings which experience aconsiderable amount of tilting and stretching as they enter th
boundary layer. These vortex rings will eventually propagate outsidéhe boundary layer hence
the influence of the synthetic jets on thenear wall flow will be confined in the near field of the jet
exit. Athigh Re and ¥, the vortex rings appear to expaence a certainamount of tilting but no
obvious stretching. They penetrate the edgef the boundary layer quickly, producing very
limited impact on the near wall flow. Hence it is believed that the hairpin vortices producect
low Re and \are likely to be the desirable structures foreffective flow separation control At
high Re and ¥, the vortex rings appear to experience a certaiamount of tilting but no obvious
stretching. They penetrate the edgef the boundary layer quickly, producing veryfimited impact
on the near wall flow. Hence it is believed that the hairpin vortices produceat low Re and ¥
are likely to be the desirable structures foreffective flow separation control.
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Figure 21: Closeup view of synthetic jets produced with diferent diaphragm displacements and
frequencies in a laminar boundary layer at U= 0-1ms?.

Li-shu and Zhide (2006) performed an experimental and analytical investigation of
aerodynamic flow control using synthetic jet technology. The results show that stalling
characteristic is improved,and maximum lift coefficient is improved on acertain extent.

Flow control with plasma synthetic jet actuators (PSJA, Figure 22)were tried by
Santhanakrishnan and Jacot2007). Pulsed operation of theactuator results in the formation of
a starting vortex ring that advects aheaaf the jet and secondary vortex rings near the actuator
surface due to theadditional plasmainduced fluid entrainment in the boundary layer. By
varying the actuator pulsing frequency, multiple vortex rings were created inthe flowfield and
the resulting vortex ring interactions were found to increase both the peak velocity ad
streamwise extent of the jet.

SUBSTRATE ELECTRODE

Figure 22: (a) Schematic of PSJA: top view and cross secti@gm) Plasma ring created on
actuation.
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Active control of flow separation over an airfoil using syntheticjets is studied by Youand Moin

(2008). Theyperformed large-eddy simulation of turbulent flow separation over an airfoil and
evaluated the effectiveness of synthetic jets as a separation control techniqués in the
experiment, large-eddy simulation confirms that syntheticjet actuation effectively delays the
onset of flow separation and causes a significant increase in the lift coeféat, this can easily be
seen in Figure 23

Y 5.550e-01
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Figure 23: Iso-surfaces of the instantaneous vorticity magnitude of 40 overlapped with the
pressure contours:(a)uncontrolled case; (b)controlledcase

Data on synthetic jets suggest that planar anaxisymmetric turbulent synthetic jets exhibit self
similarity in the far field. Agrawaland Verma (2008) conducted a $milarity analysis of planar
and axisymmetric turbulent synthetic jets Important differences between synthetic and
continuous jets arise because of a larger spread rate in the case of synthetic jets. The analysis
predicts the same streamwise variation of velocity and spread rate with synthetic jets as the
corresponding continuous jets. It is argued that to first order, the momentum flux wth
contribution from both mean and fluctuating velocity should be conserved in the sel§imilar
region, but with a value less than that supplied ahe source.

Microjets for Noise Reduction

Considering the growth of airplane traffic during the last fewyears,jet noise reduction remains a
crucial stake. Such a reduction has already been obtained by passive systems, like tabs or
chevrons (Simonichet al. (2001), Zaman (1994), and Zaman (1999)), to the detriment of a
thrust reduction affecting airplane performances. As aralternative, a micro-injection system
impacting the main jet has been suggested, and resulted in a turbuleniexel reduction in part
or full jet mixing layer (Arakeri et al. (2003), Alkislar et al. (2005)), leading to jet noise
reduction. Comparisons between the different microjets system implied in the above studies
reveal that characteristicparameters of the control system, such as the flow at the microjet exit,
the number of microjets and theirdiameters, could be quite diffeent from one study to another
Few studies in this regard are reviewed here.

The effects of microjets on the aerodynamic characteristics of a Mach 0.9 hiBeynolds
axisymmetric jet (Figure 24) are investigated (Castelainet al., 2007).Three parameters d the
microjets system are varied:the outgoing mass flux per microjet, the number of microjets and
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their layout in the azimuth of the main jet.The aerodynamic results indicate a strong correlation
between the maximumlevel of turbulence just behind the mwzzle exit (characterized here one
nozzle diameter downstream thenozzle exit) and the highfrequency noise, previously shown to
potentially balance the acoustic benefitobtained for lower frequencies. The maximum level of
turbulence measured downstream fiere three nozzlediameters downstream the nozzle exit) is
also highly correlated to the jet noise reduction, which is highlightedy the similar evolution of
these two quantities regarding the mass flux per microjet and the number @hicrojets. For low
values of the number of microjets, the microjets are shown to act independently, andheir
contributions to the turbulence reduction are retrieved far downstream the impinging point
without any noticeable azimuthal diffusion.
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Figure 24: Schematic of the microjets impinging the jet mixing layer.

Pulsed microjet control of supersonic impinging jets vidow-frequency excitationis studied by
Annaswamyet al. (2008). The actuator used for active control consists of a pulsed microjet, by
which it is shown that in ascaled supersonic experimental facility acoustic resonances can be
reduced, utilizing a fraction of the mass flowrate needed with a steady microjet(Figure 25).
Several parameters related to pulsednjection are varied to evaluate heir impact on the
resonances, and it is found that duty cycland pulsing frequency have the most dominant effect
on the jet noise as well as on the overdillow field.

Microjets (d, =300um)
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Figure 25: (left) Lift plate/microjet layout, (right) A schematic of the pulsing actuatorin the
indicated position, the microjets are unblockedWith a clockwise turn, the cap geometry is such
that the microjets are blocked, which simulates pulsing action

A parametric study is carried out(Zaman 2010) to investigate experimentally the effect of
injecting tiny secondary jets( juet s’ ) on the radiated nohegets
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are injected on to the primary jet near the nozzle exit with variablg@ort geometry, working fluid
and driving pressure. A clear noise reduction is observed that improves witincreasing pjet
pressure. It is found that smaller diameter ports with higher driving pressure, but involvindess
thrust and mass fraction, can produce better noise reductiorCenterline vebcity data show that
larger noise reduction is accompanied by faster jetlecay as well as significant reduction in
turbulence intensities.

LESbased evaluation is carried out of the efficiency of microjet injection for jemoise
suppression in both staticand flight conditions (Shur et al., 2010) A major outcome of the
microjet simulations is that this noisereduction concept, considered competitive withchevrons
nozzles in static conditions turns out t®e be
never studied experimentally. Specifically, according to CFD, at a typical tak& value of the
flight Mach number, the microjetinjection does not cause any noticeable reduction of the peak
low-frequency noise and still results in the same leveabf high-frequency noise increase as in
static conditions. Figure 26 visibly displays an intensification of fine-grained turbulence in the
immediate vicinity of the MJ injection into the main jet stream and furthedownstream. This
effect is clearly pronouncedboth in static and flight conditionsin this figure. Note that exactly
this behavior is probably the reason of the higHrequency noisepenalty caused by MJ
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Figure 26: Instantaneous fields of vorticity magnitude in a meridian section passing through
microjet center.

Munday et al., (2010) presents an overview of a joint Experimental/Numerical project
sponsored by the Swedish Defense Materiel Administration (FMV) to apply flow control
techniques to reduce thenoise from high-performance military aircraft such as the Saab Gripen.
At University of Cincinnati chevrons and trailingedge fluidic injection were tested and
compared with secondaryflow simulating forward flight. At Chalmers University the same
conditions were simulated with Large Eddy Simulatiom and Kirchhoff integral method. Both flow
control approaches producedsignificant reductions in community noise. The area for a given
peak perceived noise level waseduced by 2027% by chevrons and by 2338% by microjets.
LES shows that microjets shorterihe potential core of the jet. See Figurg7. This is an indirect
indication of increased mixing and thus increased rate of thickening of the shear layer around
the jet.

Finally, Henderson (2010) reviews 50 years of research investigating jet noise rediion
through fluidic injection in his paper. Both aqueous and gaseous injection concepts for
supersonic and subsonic jet exhausts ardiscussed. Aqueous injection reduces jet noise by
reducing main jet temperature throughevaporation and main jet velocitythrough momentum
transfer between water droplets and themain jet. In the launch vehicle environment where
large quantities of fluid do not have to becarried with the vehicle, water injection is very
effective at reducing excess overpressures. Far-flight use, aqueous injection is problematic as
most studies show that either large quantities ofvater or high injection pressures are required
to achieve noise reduction. The most effective noiseduction injection systems require water
pressures above 200 kPa (290 psi) and watefto-mainjet mass flow rates above 10% to achieve
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overall sound pressure level reductions of roughly 6 dih the peak jet noise direction. Injection
at lower pressure (roughly 1034 kPa or 150 psi) hagesulted in a 1.6 EPNdb reductin in
effective perceived noise level. Gaseous injection reducasise through jet plume modifications
resulting from the introduction of streamwise vorticity in the main jet. In subsonic singlestream
jets, air injection usually produces the largest ovetlhsound pressure level reductions (roughly 2
dB) in the peak jet noise direction. In duabktream jets,properly designed injection systems can
reduce overall sound pressure levels and effectiveerceived noise levels but care must be taken
to choose injetor designs that limit sound pressurelevel increases at high frequenciesThe
counter-rotating vortex pair resulting from the interaction of an injecting jet andmain jet is bent
by the mean flow and forms a longitudinal vortex pair as shown ifrigure 28(a) (see Ref. 41
However, air injection into dualstream subsonic jets has receivedittle attention and the
potential for noise reduction is uncertain at this time. For duaktream supersonic jets, additional
research needs to be conducted to determiné reductions can beachieved with injection
pressures available from current aircraft engines.Additionally, the noise benefits of any
reduction technology must be weighed against thrust degradation angystem implementation
limitations.

Closed micro-jetsinlets

Micro-jet pressureratio=1.01

Figure 28:Iso-surfaces and velocity vectors obtained for (a) a main jet with microjedhjection
and (b) a main jet produced by a mechanical chevron nozzldhe data were taken at one
diameter downstream of thenozzle trailing edge.
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Concluding Remarks

In the last 60 years or so, artificial excitation has been widely used as an experimental tcatol
advance our understanding of shear flow dynamics. The purposd the excitation has been to
introduce a disturbance (acoustic, fluidic or mechanical)to be followed in space or time for the
instability study, or to organize the coherent structuresso that they could be "educted" vith
relative easefrom the background randomnesses of a turbulentflow. Experience from trese
studies has also ledo the possibility of utilizing excitation to achieve control of certain types of
flow phenomena, e . gboundary layer transition and separation, and sheatayer mixing (Rice
and Zaman 1987). In this paper weexplained the resarch works carried out so far ondifferent
types of excitedjets, with emphasis on experimental studies andn aspets of flow control.
These studies showed there is a tremendous demand for application of various types of these
jets in engineering and industrial fields. They could becategorized as:supersonic, synthetic,
impinging, flip-flop, or micro jets. They are used fornumerous flow control purposes like:
boundary layer transition and separation control,improving heat transfer capability, enhancing
flow mixing, augmenting thrust of nozzles, suppressing jet noise levehn important aspect of
success in these practical applications will be theéevelopment of usable excitation devices.

Acknowledgements

This work is supported by Dept. of Fluid Dynamicsf Chalmers University and Shiraz University
of Technology.Many thanks to all who helped me in compiling this manuscript including those
researchers whose papers are quoted here.

References

Agrawal , A. Ver ma, G. (200 8) axisygnmaetricltuxhulent y anal
synthetic jets” International Jou#8188al of Heat an
Ahuj a, K. K., Lepicovsky, J., Tarn, ¢ExcitelJet: W. , Mo
Theory and Exper3b3dlovti s NASA CR

Al ki sl ar, M. , Krothapalli, A., Lourenco, L., and
on the aeroacoustics of Mach 0304 axi symmetric | e
Annaswamy, A. M. , Choi , J . J ., a h af superseonic, F. S
impinging jets via low-f r equency excitation” Proc. | MechE Vc
Control Engineering, pp. 279296.

Arakeri, V. and Krothapalli, A. (2003) “On the
0.9 axisymmetricj et ” J. Fl uid M@8ch., Vol. 490, pp. 75
Badr i Narayanan, M. A. and Pl at zer , M. F. (19
Turbulence Structures in a Plane Jet Excited by

on Turbulence Management and Relamimiation, (Edited by Liepmann and Narasimha),
Bangalore, India, Springewverlag, (1987) also see report No. NR67-86-005 CR, Naval
Postgraduate School, Monterey, California.

Badr i Narayanan, M. A. and Pl atzer VaM.e FRsc(il198&3)
AIAA-89-0663, 27th Aerospace Sciences Meeting, Reno, Navada, (J&kR)9

Badr i Narayanan, M. A., Pl at -dimansionaMurbulEnt jetpoylad 8 6 ) “ E
novel met hod and its applicat i686-0050CReNawalcPosbr sy s
graduate School, Monterey, California.

Badrinarayanan, M. A. (1988) “The behaviour of
February, pp. 3143. © Printed in India.

28



Becker, H. A. andvbdatseseareyvolfuti &dn (A988)youfd | e
435-448.

Behrouzi, P. , Feng, T. and Mc Gui r k, J. J . (2008
pul sed fluid tabs” Proc. | MechE Vol . .2&8-292.Part | :
Bernal, L., Sarohia, V. (1984) “Hdamgesaomphitygee’
publication 84-91, Jet Propulsion Laboratory, California.

Bevil aqua, P. M. (1984) “Advances in ejedetor th
2425, Aircraft design systems and operations Meeting, San Diego, California.

Bil gin, N . (2009) “Experiment al investigation of
flow” MSc. Thesi s, l zmir I nstitute of Technol ogy
Binder, G. ad FavreMar i net |, M. (1973) “Mixing I mprovement

ASME Symposium on Fluid Mechanics of Mixing, Atlanta, Georgia, June, pp-11/&2

Binder, G. and FavrMar i net , M. (1981) “Some Characteristi
Unsteady Turbulent Shear Flows Symposium (Eds R. Michel, J. Cousteix, and R. Houdeville)
Toulouse, France, May; Springeverlag, Berlin, pp. 376379.

Binder, G., and FavriMar i net , M. (1973) “Mixing | mprovement
Mechanicsof Mixing, Proceedings of the Joint Meeting of the American Society of Mechanical
Engineers, edited by E.M. Uram and V.W. Goldschmidt, American Society of Mechanical
Engineers, New York, pp. 167172.

Birbaud, A. L., Durox, D., Ducruix, S. and Candel,2s00 7) “Dynamics of free |
upstream acoustic modul ations,” Phys. Fl ui ds,

Braden, R. .P, Nagaraja, K. S., Von Ohain, H. J. F. (1982) Proceedings: Ejector workshop for
aerospace applications, June, University of Dayton §&arch Institute, AFWAETR-82-3059.

Browand, F. K., Laufer, J . (1975) “The role of I
circular jets” Turbulence in Liquids, Princeton,
Brown, G. , Roshko, A. (1SF4)uct@m ede msittuy belfl feend t
J. Fluid Mech. 64, 775.

Browne, L. W. B. , Antoni a, R. AL, Chamber s, A
pl ane jet?” J. FIl uid Mech. 149, 355.

Castelain, M. Sunyach, M., D. Juvé, D. and Bé@,d.0 0 7 ) “Jet noi se reduct.
mi crojets: an aerodynamic i nvestigation testin

Aeroacoustics Conference (28th AIAA Aeroacoustics Conference);23 May, Rome, AIAA 2007
34109.

Chambers, F. W. and Goldschmidt, W.. (1982) “Acoustic Interaction
Effects on Mean FIl ow”-804A1 AA Journal, 20, pp. 797
Chan, W. T., Ko, N. W. M. (1978) “Coherent struc
Fluid Mech. 89, 515.

Cho, S. K., Yoo, Y.. and Choi , H. (1998) “Vortex pairing
frequency acoustic forcing at | ow to moderate S
315.

29



Cohen, J., and Wygnanski , L (1987) “ TheePaER. 0l uti o
The Flow Resulting from the Interaction Between
176, March , pp. 221235.

Collins, D. J. ., Har ch, W. H. and -ekditea tJetseliaser M. F.
Anemometer in Fluid Mechan ¢ s” Publ i shed by Ladoan Instituto
Codex Portugal, pp. 21236.

Collins, D. J. ., Pl atzer, M. F., Lai, J. C. S. a
Oscillating Subsonic Jet s ysicBlrAgpect of Aesodypamic Blaws, Nu me r i
California State Univ. Log Beach California, pp. 5B87.

Cor ke, T. C. and Kusek, S. M. (1993) “Resonance
mode input”™ J. FIl ui-3Mech. , Vol . 249 pp. 307

Crow, S.C.and Chgama g n e , F. H. (1971) “Orderly structure
48, pp. 547591.

Cvetinovi, D., Ukai , M. , Nakabe, K., and Suzuk
structure visualizations of a seis ust ai ned os ci Il Bcence:vg. 10, &ld. 2, pplt her ma
113-125.

Dahm, W. J. A. Frieler, C. E. , Truggvason, G.

field of a coaxial jet?” J. Fluid Mech. 241, 371
Dimotakis, P. E., Miak& y e R. C. and Papanttwendnad dynamics.of A . (1
round turbulent jets” BWgs. Fluids, Vol. 26, pp.
Fiedl er , H. and Korsdhenemsi bnal 19@9) wi The PEwood

2nd Symposium on Turbulent Shear Flow, Imperial College, London.

Fischer, MK . , and Sami my, M. (2010) “Noi se Control
Heated Jet Using Plasma Actuators” 48th Al AA Ae
Horizons Forum and Aerospace Exposition,-4 January, Orlando, Florida.

Galen, S.C.am8i mmon s , J . M. (1983) “Excitation of a Pl
Nozzl e Area’” Proc. 8t h Austral asi an Fl uid Me ¢ h
Australia.

Georgiadi s, N. J, D-&sBlkenanalysis ndethodRfoturbuleén0jétfliows “ Nav i e
with application to aircraft exhaust ndl8zI|l es” Pr
Gl as s, D. R. (1968) “Effects of Acoustic Feedba
AIAA Journal, Vol. 6, No. 10, pp. 1848B97.

Ginstein, F. F., Gutmark, E. J., HansBra r r D. M. and Obeysekare, u. ,
Spanwi se Vortex Interaction in an Axisymmetric .

Phys. Fluid, 8, pp. 1518524,

Guerra, D. R. S., Su, J., Freire,PA. S. (2005) “The near wal | behc:
International Journal of Heat and Mass Transfer, 48, pp. 2828340.

Gutmark, E. and Ho®™. (1983) “Preferred modes and the sp
Vol. 26, pp. 29322938.

Hendersa B. (2010) “Fifty vyears of fluidic injectd.i
9, No.1&2, pp. 94122.

30



Hi |l I, W. G. , and Gr eene, P. R. (1977) “l-ncr ease
d

Excite Acousti c Osdthd ASKE Jowrnalsof FluidsrEagineeang,tJiine, npp.

520-525.

Ho,GM. and Huerre, P. (1984) “Perturbed free shea
365-424.

Ho, GM. and Huange, 1S . (1982) "“"Sombhaombekcsierging i n miXxi
Mech., Vol. 119, pp. 44373.

Hsi ao, F. B. , Hs ua, I . cC. , Huanghb, J . M. (
mechanism of the plane jet i mpingi ngbratiom 278, s ma
pp. 1163-1179.

20
(!

Husai n, Z . D. and Hussai n, A. K. M. F. (1983) . “
21, pp. 15121517.

Hussai n, A. K. M. F. and Zaman, K. B. M. |
j e J. Fluid Mech., 110, pp. 391.

Hussain, A. K. M. F. -Rehlgy&s Myth, RhgshFurd€26,t2816.t r uct ur es

Hussain, A. K. M. F. and Thompson, C. A. (1980)

Jet: An Experimental Study inthé ni t i al Region” J.-4%l uid Mech., 1
Hussai n, A. K. M. F., and HMeanl e 'M. P hAaunnelimfe n(oln9”’8 3
Fluid Mechanics, Vol. 134, Sept., pp. 4358.

Hussai n, A. K. M. F. ., Cl ar kture ok the aRisymnjetri®r@ixing “ On t
|l ayer: A flow visualization study” J. Fluid Mech
Hussai n, A. K. M. F., Zaman, K. B. M. Q. (1980)
excitation. Part 2. Coher é0i,t493 t ructure dynamic
Il gbal , M. 0. and Thomas, F. 0. (2007) “Coheren
i mpl ementation of the proper orthogonal32&decompos
Jahanmiri, M. (2000) “Staticci terde sjseutr:e Slamset r o b s
International Journal of Engineering, Vol. 13, No. 3, August, pp.-8a.

Jahanmiri, M. (2010) “Active Flow Control: A Rev
Mechanics, Chalmers University of Technology, Goteborgyesien.

Juve, D., Sunyach, M., ConBee | | ot , G. (1983) “Intermittency of
cold jets” J. Sound Vib. 71, 319.

Knowl es, K. and Saddington, A. J. (2006) “A
propul si on aqepgMethe ¥d. 220,Part’G: J°Aerospace Engineering, pp-1232

Ko , N. W. M. , Lau , K. K., Lam, K. M. (1998
jets” Experimental Ther ma338.and Fluid Science 17,

Ko, N.W. M., Au,H. (1985 “ Coaxi al jets of di fferent mean vel
Ko, N. W. M. , Chan, W. T. (1979) “The inner reg

Ko, N . W. M. , L am, K. M. (1985) “Fl ow. structures

31



Koch, C. R. , Mungal , M. G. , Reynol ds, W. C. al
acoustically excited round |jet (Visualisation
motion’) Phys. $HB0Ouids A 1, pp. 1439
Y.
a

Krothapalli, A., Hsia, Y., Bpano f f | D. , and Karamcheti, K. (1986

Mi xing of n Underexpanded Rectangular Jet” Jour
119-143.

Kwan, A.S. H.,, .Ko N. W. M. (1976) “Coherent structures
48, 203.

Lai, J. C. S. (1984) “ kenxsctietaeddy teufrfbeucltesn ti np | naenceh aj
Fluid Flow, Vol. 5, No 4, pp. 21321.

Lai, J. C. S. and SimmonsMl. ( 1980) “l nstantaneous Velocity M
Pul sed Plane Turbul ent Ji34 Al AA Journal, 18, p
Lam, K. M. , Ko, N . W. M. , -induced,shedtlayerlexcitatiorli® &6 ) “ Wa |
annul ar jet” 12Phys. Fl uids 29, 3

Lasheras, JC. Lecuona, A. and Rodriguez, -#mensjoria®91) *
Pulsating Cof | owi ng Jet Di f fusi on FI ames” Proceedings

Pulsating Combustion (Monterey, California), Vol. 2.

Liepmann, D.and Ghari b, M. (1992) “The r ol e-fielo f stre
entrainment of round jets®*™68). FIluid Mech., Vol

Li-shu,H., Zzhde, Q. (2006) “An Experiment al and Anal yti
Control Using Synhet i ¢ Jet Technol ogy” 25t h Congress of
Aeronautical Sciences 2006 (ICAS2006);8 September, Hamburg, Germany.

Mi, J. and Nat han, G. J. (2001) “ Sc al #&xcitedMlixHlop det Ch ar a
Nozzl e” tralasiarhFluid Mechanics Conference Adelaide University, Adelaide, Australia,
10-14 December.

oon, P. , Udaykumar , H. S . 1

Mittal, R. , Rampungg
er” Al AA 2001

Pl ate Boundary -R7@y

Munday, D., Heeb, NNPer ri no, M. , and Gut mar k, E. (2010)
Methods Applied to Conical@© Nozz|l es” 16th AI AA I CEAS Aeronaut
3874, June 79, Stockholm, Sweden.

Nathana, G. J., Mia, J., Alwahabib, Z. T., Newbolda, G.NJoRb,e s a , D. S. (2006)
jet’ s exit flow pattern on mi xing and combust |
Combustion Science, 32, pp. 49638.

Ni xon, P. L. and Turner, J . T. (1997) “Use of

exd ted free jet” Proc. 7th EALA Conf. oe% Laser /
Oh, S. K. and Shin, H. D. (1998) “A Vvisualizatic
excited isothermal jets and .jVelt22,¢p. 34854si on f | ames
Ol sen, J . F. , Raj agopal an, S. and Antoni a, R. A.
passively modified plane jet subject {28 acoustic
Petersen, R. A.f (wla9v7e8 )d i“slpnefruseinocne oon vortex pair:.i

4609.

32



Pi att, M. and Viets, H. (1979) “ Cond 1857, Alha | Samp
Aircraft Systems and Technology Meeting, , August, New York.

Raman, G., and Rice, E. 1.4 9 1) “Axi symmetric Jet Forced by Fu
Tones” AI AA Journal ;112%o0l . 29, No. 7, pp. 1114
Ra man, G. , Hailyef, -MlLopRJet, N&zzlJe EX9O1IB8d e d Ftl o
AlAA J. Vol. 31, No. 6, June.

Raman, G., Ricé& . J. and Reshot ko, E. (1991) "Control
Multi-Mo d a | Excitation” Proceedings of t he Ei ght h
(Munich, Germany), pp. 6.2:6.2.6.

Raman, G. , Zaman, K. B . ifidl TurQulence Effact on Reit Evelytion E . J.
with and without Tonal ExcitationI248. Physics of F
Reeder, M. F. and Sami my, M. tggneratieg tabs: Eeatonk ut i on
visualization and quantitatveme asur ement s’ J . FHa8 d Mech. , 311,
Reynol ds, W. c., Par ekh, D. E. , Juvet, P. J. D.
jets,” Annu. Rev. F i315i(2003Mech. , Vol . 35, pp. 295
Ri ce, E. J. and. Zamhn oK. SBeaM. FQows 108§ 72Art Codn
TR-100201.

Ri ce, E J. and Taghavi, R. (1992) “Screech No

Jet” Al AAS0B,dgmer 92

Rockwel I, D. 0. (1972) “Ext er hAppliedBteahanicsaVYol. 4 n o f |
April, pp. 883-890.

Rockwel | | D. o. , Ni ccol |l s, W. 0. (1975) “Large
ASME J. Fluid Eng., Vo. 97, pp. 3882.

Romano, G. P. (2002) “The ef fsidecof theonbzzlebal a lowl ar vy c ¢
Reynolds number jet"™33Exp. Fluids, 33, pp. 323
Saf fman, P. G. (1978) “The number of waves on u
Samet , M. M. and Pet erd extitationRlevel én. the (stafliy ®f)an “ Ef f e ¢
axisymmetric mixing | ayer-3252hys. Fluids, Vol. 31
Samimy, M., Kim,-H. |, Fi scher, M. K. and Si nha, A (
excited high Reynolds number axisymmetric supersoni j et ” J. Fl uid Mech. ,
529.

Samimy, M., Snyder, R. M., KimHl, Adamovi ch, | . and Ni shi har a
Supersonic Jets Operating in Various Flow Regi me

Exhibit, 7-10 January, Reno, Nevada.

Samimy, M., Adamovich, I., Webb, B., Kastner, J., Hileman, J., Keshav, S. and Palm, P. (2004)
“Devel opment and Characterization of Pl as ma A
Experiments in Fluids, Vol. 37, No. 4, pp. 57438.

Sam my , M. , Ki m, J ., Kastner, J ., Adamovi ch, . a
Hi gh Reynolds Number Jet for Noi se Mitigation U
No. 4, pp. 896901.

33



Samimy, M., Kim, -H., Kastner, J., Adamovich | . and Ut ki n, Y., (20070Db)
Speed and High Reynolds Number Jets Using Pl asma
578, pp. 305330.

Sami my, M. , Zaman, K. B. M. Q. and Reeder, M. F
Filed of an Axisymmet +#19c Jet ” Al AA J., 31, pp.
Sant hanakri shnan, A. and Jacob, J . D. (2007) “F
Phys. D: Appl. Phys. 40, pp. 63651.

Schr am, C. and Rietmuller, Mx rind- charatteidtiOs2during® Me a s u I
pairing in a forced subsoni®88air jet” Exp. Fluid

Shur, M. L., Spalart, P. R., Strelets, M. KI2 0 1 0 ) -Basetl Eval&ation of a Microjet Noise
Reduction Concept i n St aAMi Sympesiurd onFCbmpgtdtional Beron d i t i o r
Acoustics for Aircraft Noise Prediction, Procedia Engineering 6, pp. 468.

Si mmons, J. M. |, Pl at zer , M. F. and Smith, T. C.
Pl ane Jet I ssuing i ntMecha84Mm833ng Stream” J. Flui
Si moni ch, J. and Narayanan, S. (2001) “Aeroaco
di mensi onal scaling effects of high2ubsonic | et
Smit h, B. L., and Gl ezred , eVAQ | Utli9®mMB ) o f* Thyen tf hoa tmac
September, Vol. 10, No. 9, pp. 22&R97.

Smith, B. L., Swi ft, G. W. (2003) “A compariso
Experiments in Fluids, 34, pp. 46#472.

Strange, P. J. R., and Crighton D. G. (1983) “Spinning Modes on A
Fluid Mechanics, Vol. 134, Sept., pp. 2245.

Strykowski, P. J. a n d-ExdvatiboncandxMixing in Rxisymietric Jefis9 9 2 ) “
with Counter f|-0588 JaAl AA Paper 92

SZajner, A. and Turner, J. T. (1986) “Visualisat
Int. Conf. on Flow Visualization, (Paris, France) Vol. 4, pp. 533

Tang, S. K., Ko, N . W. M. (1993) “A stady pprtt he
Trans. ASME J. Fluids Eng. 115, 425.

Tang, S. K., Ko, N. W. M. (1995) “On sound gener
vorticity rings moving in the same direction” J.

Thur ow, B. S and -Dym@ , ArKal yPs.i s( 200089 N&Bt ur al |y
Dynamics Conference and Exhibit AIAA 2008067, 23-26 June, Seattle, Washington.

Tinney, C. E. , Gl auser , M. N. and Ukeil ey, L. S.
in a high subsonic Mch number tur bul ent0417,e48rd AIARIAAdspadta p e r 2
Sciences Meeting and Exhibit, January.

Townsend, A. A. (1976) “The structure of turbu

Toyoda, K. and Modimensiordl.\Vortica? $trQciude artd MilkimgeMechanism of
a Circular Jet” Journal of244i sualization, Vol . 4

34



Tsubokur a, M. , Kobayashi, T. , Taniguchi, N. , N

structures of impinging jets excited atthem | et ” I nternational Journal of
pp. 500-511.
Utkin, Y. G., Keshav, S., KimHJ. , Kastner, J., Adamovich, Il ., and

and Use of Localized Arc Filament Plasma Actuators for Highpeed FIl ow @Gaboft r ol , ”
Physics D: Applied Physics, Vol. 40, pp. 6894.

“Turbul ent

Vandsburger, U. and Yuan, Y. (2007)
f the ASBBE., Journ

Excited Nozzl es"” Transactions o

Vejrazka J . , Ti hon, J. ., Marty, P., Sobol ik, V. (2
structure in a circular impinging jet” Phys. Flu
Verzicco, R. and Orlandi, P. (1994) “Dire¢etsi mu
Phys. Fluids, Vol. 6, pp. 75159.

Viets, H. -Fl D97 39)t" Mloizpl e” Al AA Jel3M®nal , Vol . 13,
Viets, H. (1981) “Unsteady Ejectors?” Proceedi n
Dynamics of Jet Flows with Applications t&/STOL, NATO/AGARD GBO08, Nov. pp. 21.221.12.

Viets, H. , Bl aster, D. sDepeddé&oms Fuéll Lnj €¢4d09adB3"”
1305, Oct.

Vi et s, H. , Piatt, M. , Bal |, M. , Bet hke, R. J. .,

Flui d Mechanics” Air Force Wr i-84148, Wkight-Ratreisan tAFBe a | Lat
OH.

Wi cker, R. B. and Eat on, J. K. (1994) “ Near fiel
AIAA J., Vol. 32, pp. 54246.

Winant, C. D., Browand, F. K.1974) “Vortex pairing: The mechani
growth at moderate Reynolds number” J. Fluid Mec
Wygnanski , . and Feilder, H. (-plr9e69e r v i “nYPo njee t Me a

Mech., 38, pp. 574612.

You, D., Mai , P. (2008) “Active control of fl ow separ
Journal of Fluids and Structures, 24, pp. 1349357.

Yuan, C. C. L., Krstic’ |, M. and Bewl ey, T.
Control Theory Appl, Vol. 151, No. 6, November, pp. 763/2.

Yul e, A. J.-sc(all%7 8s)t r“uLcatrugree i n the mixing | ayer o
pp. 413-432

Zaman, K, (1999) “Spreading characteristics of
geometries ”  J . FIl uid Meece228., Vol . 383, pp. 197
Zaman, K. (1994) "“Ef s of delta tabs on mixi

fect
nozzles” Al AABpaper 19914

Zaman, K. B. M. Q. (2010) —AJeRarMwomester i Re Mdtcutdiyo’'n N
2010-215846 and AIAA-2009-3129.

Zaman, K. B. M. Q. and Hussai n, A . K. M. F. (
Controlled Excitation, Part 1. Gen4t.al Jet Respo

35



Zaman, K. B. M. Q. and Hussain, A K. M.E981) “Turbul ence Suppressior

by Controlled Excitatiolh9 J. Fl uid Mech. , 103, p
Zhang, S. and Turner, J. T . -scale2dbrdcthirgs in* &i sual i
aerodynamically excited t20r0B5404ent jet” Meas. Sci
Zhong, S. , Mil |l et F. and Wood, N . J. (2005) ‘]
boundary | ayer” The Aeronadrdi cal Journal , Octobe
Zul ki f1i, R. , Sopi an, K., Abdul nta Btudy & Flow and

Structures of Circul ar Pul sating Air Jet” Ameri
pp. 171-175.

36



