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It is clear that modeling plays a key roll in determining appropri-
ate loadingmethods for a determinationof aircraftsurvivability.The
proposed methodology uses dynamic � nite element techniques to
determine the dynamic response of selected aircraft undergoing an
in-� ight changeof stiffness.Results of the dynamicanalysisprovide
a pathway to the test engineer for determining the most appropri-
ate test method. That method could either be static, dynamic, or a
combination of the two (Fig. 10).

The team is currentlyinvestigatingpossiblepneumatic,hydraulic,
or combinedloadingtechniquesthat couldbe used to applydynamic
loads during ground tests. It is anticipated that experimentalground
testing can be applied for cases similar to case 1. The simulations
haveshownthat thedynamic responseand � utter resistancebasedon
casessimilar to thatof case2 result in de� ectionsthat, if applied to an
actual wing, would lead to structural failure.Therefore,when � utter
plays a key role in the dynamic response of the wing due to damage
(case 2), it is anticipatedthat computationalanalyseswill be used as
the primary tool for accurately assessing postdamage survivability.
Furthermore, it is important to note that a full structural evaluation
should account for more than just a maximum yield stress criterion
as was done here. Many other failure mechanisms from plasticity to
cracking must also be considered.
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Introduction

A MONG a large number of the papers devoted to sound inter-
action with turbulent jets, the works associatedwith investiga-

tions of the spectral compositionof the acoustic excitation affecting
the disturbancegenerationand developmentin jets, aerodynamicjet
parameters, and noise radiationoccupya signi� cant place.1 Usually
the effect of different spectraof the acousticexcitation is considered
in such works, particularly the effect of separate spectral compo-
nents on the aeroacousticinteractionprocess,mainly on the process
of vortex coupling, if the case in point is subsonic jets. As a rule in
such cases, the important role of the fundamentaltone subharmonic,
as the componentaffecting this process and resulting from it, is em-
phasized. Though it is known that the excitation spectrum and the
process time dependencyshould cause one another, the effect of the
sound waveform itself on the process of aeroacoustic interaction
usually is not taken into account. Sokolov et al.2 presented some
evidence that the form of the sound wave can substantially affect
the coherentstructureinitiation,and Vlasov et al.3 studied the sound
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Fig. 1 Sound pressure spectra at different distances from the HG in
frequency bands ¢f = 32 Hz, f = 6.3 kHz: ¡l = a) 5 and b) 150 mm.

waveform effect on low-speed (up to 20 m/s) jet spreading. How-
ever, the average aerodynamic characteristics, which do not allow
for a de� nitionof detailsof the aeroacousticinteractionmechanism,
were measured in these works.

The purpose of this Note is to investigate the sound waveform
effect on coherent structure generation in subsonic and supersonic
turbulent jets under lateral high-intensity excitation by sinusoidal
and sawtoothlike waves.

The experiments were carried out in a large anechoic chamber
of the Acoustic Division of the Central AerohydrodynamicInstitute
with unheated subsonic ( Npo D 1:4) and underexpanded supersonic
air jets issuing from convergent nozzle (M D 1:0, Npo D 3:4–3.7)
and a supersonic jet issuing from the convergent–divergent noz-
zle (M D 2:0, Npo D 6.2) with exit diameter d D 20 mm. (Here
Npo D po=pa is the pressureratio at the nozzle, po is the total pressure
in the settlingchamberof the nozzle, pa is the ambientpressure,and
M is the nozzle design Mach number.) Hartman generators (HGs)
with a frequencyof 4.0–8.5kHz wereused as the soundsources.The
sinusoidal high-intensity sound wave near the generator becomes
enriched with higher harmonics during its propagationand is trans-
formed into a sawtoothlikewave. This circumstancewas used in the
experiments:Fig. 1 presents sound pressure spectra at differentdis-
tances from the generator.Acoustic measurements (rms valueof the
soundpressure)were carriedout with a Bruel and Kjaer microphone
(model 4136) located near the nozzle edge and a Bruel and Kjaer
spectrometer(model 2032), where the accuracyof the data obtained
is §1 dB. At small distances from the sound source (l D 5–10 mm)
the sound wave is almost sinusoidal: the fundamental tone level ex-
ceeds the � rst harmonic by 15–20 dB (Fig. 1a). At large distances
(100–150 mm) the differencebetween the levels of the fundamental
and highest harmonics decreases (Fig. 1b) and the sinusoidal wave
transforms into a sawtoothlikeone. The sound pressure level (SPL)
at thenozzlelipwith sinusoidalexcitationwas 165dB andfor excita-
tionbya sawtoothlikesoundwave itwas 155–170dB.An SPL of170
dB was achievedusing sound re� ectors.Visualizationof jets, coher-
ent structures,andsoundwaveswas carriedoutwith adirectshadow-
graph techniquewith a spark source (the size of a luminous body of
0.8 mm and exposure time 2 £ 10¡7 s). It should be noted, however,
that because the direct shadowgraphtechniqueused is the most sen-
sitive to the second derivative of intensity, sinusoidal sound waves
cannotbe seen in shadowpicturesevenat ratherhighsoundintensity.

Results and Discussion
Figure 2 presents typical photographs of the subsonic jet

( Npo D 1:4) excited by a sinusoidal high-intensity sound wave
(Fig. 2a; f D 4:0 kHz, SPL D 165 dB), by a sawtoothlike sound
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Fig. 2 Subsonic jet (¹po = 1.4): a) under sinusoidal excitation, SPL =
165 dB, f = 4.0 kHz; b) under sawtoothlike sound waveexcitation,SPL =
160 dB, f = 4.0 kHz; and c) an undisturbed jet.

wave (Fig. 2b; f D 4:0 kHz, SPL D 160 dB), and of the undisturbed
jet (Fig. 2c). It is impossibleto associatedisturbancegenerationwith
some de� nite sound wave phase at sinusoidal excitation.Evidently
the disturbance appears practically in-phase over the whole nozzle
exit. The disturbance generated under sinusoidal excitation has no
clear boundariesand this shows that aeroacousticinteractionoccurs
over a rather extended space-time interval.

Under excitation by a sawtoothlike wave the disturbance arises
at the nozzle edge when the zone of maximum sound wave
passes. Aeroacoustic interaction occurs in an extremely nar-
row space-time interval, and the disturbance has clear bound-
aries and is characterized by the presence of microstructure–

longitudinal vortices (Görtler–Taylor vortices). Their scale is of
boundary-layer-thickness order. At the considered lateral acoustic
excitation the initiated disturbance is of the oblique vortex type. Its
incidencedependson the jet velocity and the sound incidenceangle.

The high-intensityacousticexcitation,close to the sinusoidalone,
of the underexpandedsupersonic jet issuing from a convergentnoz-
zle at relatively small supercritical pressure ratios and character-
ized by a subsonic convectivevelocity causes lateral jet oscillations
(Fig. 3a; Npo D 3:7, f D 4:0 kHz, SPL D 165 dB). These oscillations
are accompaniedby sound radiationat the frequencyof externalex-
citation and seem to be associatedwith a supersoniclateral velocity
of oscillation (Fig. 3a). The arrow shows the radiated sound wave.

a)

b)

c)

Fig. 3 Supersonic jet issuing from a convergent nozzle (¹po = 3.7):
a) under sinusoidal excitation, SPL = 165 dB, f = 4.0 kHz; b) under
sawtoothlike sound wave excitation, SPL = 160 dB, f = 4.0 kHz; and
c) an undisturbed jet.

In this case the periodic shock-wave formation in the jet undergoes
no signi� cant changes.

If such a supersonic jet is excited in the lateral direction
by a sawtoothlike sound wave (Fig. 3b; Npo D 3:7, f D 4:0 kHz,
SPL D 160 dB), the distinctdisturbancesare generatedat the nozzle
lip, when the zone of maximum sound wave compression passes,
similarly to the subsonic jet case. The periodic shock-wave forma-
tion in the jet can be disrupted.The microstructureof the generated
disturbanceis also characterizedby Görtler–Taylor vortexpresence.
The shadowgraphof the undisturbed jet is presented in Fig. 3c. Lat-
eral (or helical) jet oscillations under sinusoidal excitation are seen
in Fig. 4 ( Npo D 3.7, f D 4.0 kHz, SPL D 165 dB), where the jet is
shown at two different positions.

Owing to speci� city of the tests conducted, when the sawtooth-
likeness of the sound wave was achieved at the expense of a greater
distance between the sound source and the jet, the rms value of
SPL in the sawtoothlike sound wave was less than the SPL in the
sinusoidalwave by 5–7 dB at the fundamental tone frequency.This
fact, however, as the tests have shown, does not preclude reveal-
ing substantial distinctions of the coherent structures generated.
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Fig. 4 Supersonic jet oscillations under sinusoidal excitation (¹po = 3.7,
SPL = 160 dB, f = 4.0 kHz).

a)

b)

Fig. 5 Jets under sawtoothlike sound wave excitation (SPL = 165 dB,
f = 8.5 kHz, sound incidence angle = 60 deg): a) subsonic (¹po = 1.4) and
b) supersonic (¹po = 3.4).

If the SPL in the sawtoothlikesound wave increased up to the value
obtained under sinusoidal excitation that was achieved using the
sound parabolic re� ector, the disturbancesand their microstructure
were expressedmore clearly (Fig. 5; conditionsat which this exper-
iment was carried out are a little different from the aforementioned
conditions).

Under sinusoidal excitation of the supersonic jet issuing from a
convergent–divergent nozzle at moderate values of pressure ratio
in the nozzle (M D 2:0, Npo D 6.2) characterizedby supersonic con-
vective velocity, a coherent structure appears in the jet. Its scale
depends on jet excitation frequency and velocity and the structure
extends over a considerable distance, in the case considered, over
the distance exceeding 20d (Fig. 6a; f D 8:5 kHz, SPL D 162 dB).
The jet does not oscillate laterally, and its expansion is the result of
the disturbance dimensions increasing with their motion along the
irradiated jet boundary.

a)

b)

c)

Fig. 6 Supersonic jet issuing from a supersonic nozzle (M = 2.0, ¹po =
6.2): a) under sinusoidal excitation, SPL = 162 dB, f = 8.5 kHz; b) under
sawtoothlike sound wave excitation, SPL = 156 dB, f = 8.5 kHz; and
c) an undisturbed jet.

If the supersonicjet with supersonicconvectivevelocityis excited
by a sawtoothlike sound wave, disturbances with the space scales
depending on the jet velocity and frequency appear. These distur-
bances move along the excited jet boundary, increasing in size, and
radiate Mach waves into the ambient space at the external excitation
frequency (Fig. 6b; f D 8:5 kHz, SPL D 156 dB). Figure 6c shows
the undisturbed jet. The unsteady shock-wave pattern in the excited
supersonic jet can arise and it may be associated with large-scale
disturbances streamlined by a � ow in its relative motion.4 The tests
carried out have shown that in this case the jet does not oscillate
laterally at harmonic excitation either. It should be noted that the
coherent structures generated under sinusoidal excitation of such a
jet also produce disturbances in the ambient medium while mov-
ing with supersonic convective velocity. It appears, however, that
due to the aforementioned peculiarity of the applied visualization
technique, they are not seen in shadowgraphs.
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Conclusions
At turbulentjet excitationby high-intensitysound the soundwave

form plays a substantialrole not only in forming coherentstructures
in the jet but also in forming the jet structure itself. Sinusoidal exci-
tationgeneratesrather extendedvortices in jets and can cause lateral
jet oscillations.Sawtoothlikewave excitation leads to the formation
of compact disturbances both in subsonic and supersonic jets. The
intrinsic shock-wave formation of supersonic jets can be destroyed
in this case and the disturbance movement along the jet boundary
at supersonic convective velocity is accompanied by Mach wave
radiation.
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Introduction

L AMINAR–TURBULENT transition in shear � ows is still an
enigma in the area of � uid mechanics. The conventional ex-

planationof the phenomenon is based on the instability of the shear
� ow with respect to in� nitesimal disturbances. The conventional
hydrodynamic stability theory deals with the analysis of normal
modes that might be unstable. The latter circumstance is accompa-
nied by an exponentialgrowth of the disturbancesthat might lead to
laminar–turbulenttransition.Nevertheless,in manycases, the transi-
tion scenariobypasses the exponentialgrowth stage associatedwith
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the normal modes. This type of transition is called bypass transi-
tion.An understandingof the phenomenonhas eluded us to this day.
One possibility is that bypass transition is associatedwith so-called
algebraic (nonmodal) growth of disturbances in shear � ows.1;2

A numericalanalysisof spatialnonmodalgrowthwithin the scope
of the linearized boundary-layer equations for an incompressible
� ow overa � at platewas carriedout in Refs. 3 and 4. Spatial analysis
within the scope of the linearized Navier–Stokes equations (quasi-
parallel approximation of compressible and incompressible � ows)
was presented in Refs. 5–7. Recently, the method of Ref. 4 was gen-
eralized for the case of compressible boundary layers.8 The main
results of these theoretical models are as follows: 1) A system of
counter-rotatingstreamwisevortices,which areperiodicin the span-
wise direction, provides the strongest growth of the disturbance.
2) There is an optimal spacing of the streamwise vortices, which
leads to the strongest effect.

The effect of pressure gradients on the transient growth mecha-
nism was consideredwithin the scopeof temporal theoryby Corbett
and Bottaro9 and within the scope of spatial theory by Tumin and
Reshotko.7 Both studies were based on the quasi-parallel � ow as-
sumption. Tumin10 analyzed the pressure-gradient effect for the
Falkner–Skan pro� le within the scope of an analyticalmodel when
the spanwise wave number is very small. The pressure-gradientef-
fect within the scope of spatial theory with nonparallel base � ow
and � nite spanwise wave numbers has not yet been considered.

Another motivation for the present work stems from separation
� ow control on low-pressure turbines (LPTs). The performance of
LPTs is strongly affected by the � ow separation. There is a pos-
sibility of delaying the boundary-layer separation by tripping the
boundary layer with the help of roughness elements or other de-
vices. Usually, a trial-and-errormethod is used to determine an ap-
propriate placement of the control elements. This approach is time
consuming and expensive. A recent investigation by Reshotko and
Tumin11 demonstrated that roughness-induced transition might be
related to the transient growth mechanism.

Periodically spaced in the spanwise direction, roughness ele-
ments generate a system of counter-rotating streamwise vortices.
Due to a secondary instability mechanism, the streamwise vortices
can lead to earlier transition to turbulence. They also provide a
mixing enhancement due to redistribution of the streamwise mo-
mentum. Consequently,optimizationof the streamwise vortices for
maximum energy growth leads to maximization of the � ow control
effectiveness. In the present work, an analysis of the optimal dis-
turbances/streamwise vortices associated with the transient growth
mechanism is performed for boundary layers in the presence of a
streamwise pressure gradient. The theory will provide the optimal
spacing of the control elements in the spanwise direction and their
placement in the streamwise direction.

Governing Equations
Because the � ows of interest have relatively low Mach num-

bers, we consider steady three-dimensional disturbances in an
incompressible two-dimensional boundary layer. We choose the
streamwise coordinate x along the surface. The coordinate y will
measure distance from the wall. We de� ne a small parameter
" D

p
.º=Uref L ref/ that is the inverse square root of the Reynolds

number, and v, Uref , and L ref are viscosity, reference velocity, and
reference length, respectively.The streamwise coordinate is scaled
with L ref while the vertical coordinate y and spanwise coordinate
z are scaled with

p
.ºL ref=Uref/. The following scaling is assumed

for the velocity disturbancesu, v, and w and the pressure p:

u » Uref; v » "Uref; w » "Uref; p » "2½Uref (1)

This scaling of the linearized Navier–Stokes equations and ne-
glecting the curvature effects lead to the governing equations
for Görtler instability, with the Görtler number equal to zero.
We look for a periodic solution in the spanwise direction, with
the corresponding wave number ¯. The governing equations for


