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ROLE OF LOCALIZED STREAMWISE STRUCTURES
IN THE PROCESS OF TRANSITION TO TURBULENCE
IN BOUNDARY LAYERS AND JETS (REVIEW)

V. V. Kozlov,! G. R. Grek,! L. L. Lofdahl,? UDC 532.526
V. G. Chernorai,? and M. V. Litvinenko?

Results of the analysis of specific features of the laminar—turbulent transition in various subsonic
shear flows, which are caused by localized stationary and nonstationary streamwise structures, are
presented. One mechanism of flow turbulization is considered, which involves the origination and
development of secondary high-frequency disturbances in regions of flow instability generated by its
modulation by streamwise structures. It is shown that this process is identical in different types of
shear flows (boundary layers and jets) and in flows of the type of localized streamwise structures
(stationary or nonstationary).

INTRODUCTION

Attention of many researchers is currently riveted to stationary and nonstationary localized streamwise
disturbances, which is caused by their important role in the process of the laminar—turbulent transition in various
shear flows. The classical transition to turbulence in the boundary layer at low free-stream turbulence is known
to be related to the development of instability waves — the so-called Tollmien—Schlichting waves. This type of
transition has been studied in detail both theoretically and experimentally [1], at least at the linear stage. These
studies involve the linear theory of hydrodynamic stability, which describes rather accurately the linear and weakly
nonlinear stages of transition, which is confirmed by numerous experiments.

The last, nonlinear stages of transition are more complicated for theoretical description. It should be
noted, however, that much progress is observed in studying these stages of transition, especially in the field of
experimental studies. The beginning was the classical experiments of Klebanoff [2] who considered transformation
of a two-dimensional Tollmien—Schlichting wave at the nonlinear stage of its development into three-dimensional
vortex structures (so-called A vortices) and their evolution downstream. This type of transition is called the
Klebanoff transition or the K-regime. Another type of transition called the N-regime (subharmonic regime) was
obtained experimentally [3] and described theoretically [4]. In both regimes, A vortices appeared, but they followed
one another in the K-regime, which was confirmed by smoke visualization of the process, and were arranged in a
staggered order in the N-regime. Later, a number of methods of implementation of both regimes were proposed,
which were confirmed by experimental and theoretical investigations.

Without considering in detail all possible mechanisms of transformation of A vortices to turbulent spots,
we mention one of them, which is associated with the development of secondary high-frequency disturbances on
these vortices. It is known that distortion of mean velocity profiles in the shear flow, i.e., the presence of inflection
points, makes such a flow unstable to secondary high-frequency disturbances. In this case, secondary disturbances
may increase and transform the flow to a turbulent state. The concept of secondary high-frequency instability was
confirmed by numerous experimental studies, in particular, for near-wall shear flows, where the flow is modulated in
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the transverse direction by streamwise stationary Gortler-like vortices [5, 6] and crossflow vortices on swept wings
[7, 8]. Modulation of the mean flow by such vortices generates local velocity gradients both normal to the surface
(0U/0y) and in the transverse direction (OU/9z). It is in regions with inflection points on the velocity profile that
the secondary disturbances start to grow.

Streamwise disturbances localized in the transverse direction may be stationary or nonstationary. An explicit
example of such disturbances is the so-called streaky structures observed in the boundary layer at high free-stream
turbulence or in the viscous sublayer of a turbulent boundary layer. The streaky structures were first modeled
experimentally [9]. The measurements showed that secondary disturbances whose downstream development leads
to the formation of turbulent spots may appear on these structures (for different reasons, including interaction with
high-frequency waves). As in the case of stationary streamwise structures, nonstationary streaky structures move
downstream and locally distort the mean flow. Local instability regions, where secondary disturbances can grow,
appear due to velocity gradients in the normal and transverse directions.

The “legs” of the A structures mentioned above are nonstationary localized streamwise vortices. Localized
distortions of the mean velocity profiles in the region of the “legs” of these structures may also be the reason for
the development of secondary disturbances on them [10].

Instability of jet flows is usually associated with instability of vortex rings — the so-called Kelvin—Helmholtz
vortices. The dynamics of development and turbulization of ring vortices has been studied by many researchers.
Among the latest works, special attention should be given to the review [11], where the results of studying the eigen
oscillations of the vortex ring, origination of turbulence in it, and generation of sound in an ideal incompressible
fluid were analyzed.

Numerous theoretical and experimental studies of streamwise vortex structures in the process of turbulization
of free shear flows, for instance, jets, have been conducted. Crow and Champagne [12] were the first to show that
the shear layer of an axisymmetric jet contains orderly vortical structures. The measurements of Yule [13] showed
that the vortical structures interact and merge. Later, the “vortex street” model was proposed, which describes
evolution of azimuthal vortex rings [14]. Measuring a round jet in the vicinity of the nozzle, Liepmann and Gharib
showed [15] that the primary Kelvin—Helmholtz instability appears first, which leads to consecutive rollup of shear
layers into vortex structures consisting of a series of vortex rings. Secondary instabilities form streamwise vortex
structures interacting with primary vortex rings. The streamwise structures are formed between the neighboring
vortex rings and have a significant effect on mixing processes and flow dynamics.

The study of turbulent jets [16] revealed the existence of coherent structures. Hussain [16] performed detailed
measurements of coherent rings and found the mechanism of azimuthal vortex interaction. The experimental and
numerical studies [17] showed that there are streamwise structures between vortex rings, which play an important
role in the transition to three-dimensional turbulence. It was also shown [17] that the most important process in the
development of coherent structures in a turbulent jet is a volcanic-type “burst” caused by the azimuthal coherent
structure or ring passing near the potential core of the jet. Ring vortices inject a high-velocity fluid. Penetration
of this fluid between the neighboring rings generates high shear stresses, which play an important role in evolution
of streamwise vortex pairs (ribs) rotating in the opposite directions.

In contrast to the round jet, the plane jet is studied much better. A theory that describes the life cycle of
coherent structures in the shear layer has been developed. In this case, the mixing process in the shear layer is
mainly determined by the Kelvin—Helmholtz vortices. The streamwise vortices arise and develop between the latter,
as in the round jet. In contrast to the round jet, however, their role in the process of evolution of the plane jet is
insignificant [18]. Nevertheless, the formation of streamwise vortices indicates the transition to turbulence [19].

Thus, the streamwise structures often play the determining role in the process of transition to turbulence
both in near-wall and free shear flows. The goal of the present review is to analyze the results of experimental
studies of the mechanisms of origination, development, and transition to a turbulent state of various shear flows
with streamwise structures, which were performed in the last decade of the 20th century.

1. BOUNDARY LAYER

Stationary Streamwise Vortices. It is known that instability of flows in the boundary layer on concave
surfaces, swept wings, and in some other cases leads to the generation of stationary streamwise structures. The
reason for their appearance is centrifugal forces in the first case and a transverse flow caused by the flow around
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a wing whose leading edge is located at an angle to the main stream in the second case. The origination of such
vortices is called the primary instability of the flow. The transition to turbulence in the cases considered is related
to the development of secondary high-frequency disturbances in regions with unstable velocity profiles both in the
transverse and normal-to-wall directions. This instability of velocity profiles is created by modulation of the flow
by stationary streamwise vortices.

In situations frequently encountered in practice, the initial flow is disturbed in three directions, for example,
if the surface has three-dimensional roughnesses, rivets, forward- and backward-facing steps, and also in the case
of suction or injection through orifices. A stationary three-dimensional distortion in the boundary layer may also
appear due to its instability to stationary disturbances. For instance, Taylor—Gortler vortices may appear in the
boundary layer on a thick airfoil because of the concavity of streamlines near the frontal point [20], and powerful
crossflow vortices may arise on a swept wing due to crossflow instability [8, 21].

Transverse modulation of boundary-layer flows (first of all, a three-dimensional one) is observed in various
problems of fluid mechanics. The study of stability of three-dimensional boundary layers has been paid much
attention to lately both in theoretical and experimental works [5, 22-24]. This is primarily caused by the necessity
of investigating the nature of the laminar—turbulent transition in complex flows and solving the following application
problems: control of transition processes, drag reduction on swept wings, blades of turbines and compressors, etc.

One of the reasons for the transition of a laminar flow to a turbulent one is the travelling Tollmien—Schlichting
waves in boundary layers on flat walls and convex bodies and Taylor—Gortler vortices on concave bodies [25].
Instability of a three-dimensional boundary layer (for example, boundary layer on a disk, sphere, or cone rotating in
a quiescent fluid) and instability on a swept wing are also related to the formation of three-dimensional disturbances:
stationary Taylor-Gortler vortices or crossflow vortices [26, 27]. The appearance of these vortices is caused by
several factors. Centrifugal forces are most important in the flow around disks, spheres, or cones. The flow around
a swept wing has a transverse component of the mean velocity, which is responsible for generation of stationary
streamwise vortices on the leading edge of the wing in the region of accelerated motion of the fluid. As a result,
the so-called primary crossflow instability arises. In this case, stability of boundary layers is significantly different
from the stability of a two-dimensional boundary layer, which is mainly determined by the presence of transverse
modulation of the flow by stationary streamwise structures. The study of the “natural” transition showed that
high-frequency (secondary) disturbances of the travelling-wave type are observed on stationary vortices, and the
transition to turbulence occurs after the emergence of secondary vortices, which are superimposed on the primary
stationary vortices and propagate along the latter [26, 27]. The primary instability generated by stationary vortices
is considered as the necessary condition for generation and development of secondary vortical disturbances on them.
Transverse modulation of the flow by vortices results in the appearance of a local inflection on the instantaneous
velocity profile in the boundary layer, which is unstable (as many researchers believe) to high-frequency secondary
oscillations of the flow (concept of secondary instability of a locally inflectional profile) whose spatial evolution is the
reason for the onset of turbulence [28]. Most studies offer mainly qualitative characteristics (visualization pictures)
of the disturbed flow in three-dimensional boundary layers. Nevertheless, to analyze the transition processes in
them, one needs quantitative information on the generation and evolution of disturbances under conditions of
transverse modulation of the flow. Such information can be obtained under controlled test conditions, which allows
one to study in more detail the mechanism of this or that “natural” (uncontrolled) phenomenon, which normally
occurs simultaneously with processes of different physical nature.

Streamwise vortices seem to be first studied under controlled conditions in the experiment of [29], where the
boundary layer was modulated by a number of small wings located in the transverse direction in the undisturbed
flow, which changed the boundary-layer thickness on the model. Travelling waves were excited by a vibrating
ribbon at frequencies within the range of instability of the Tollmien—Schlichting waves. It was found that stationary
modulations of velocity lead to significant changes in the characteristics of flow instability.

Kachanov and Tararykin [30] developed and applied a method for simulation of a three-dimensional station-
ary distortion of a laminar boundary layer. An important result obtained in that work for travelling waves should
be noted: the growth rates of amplitudes of disturbances in a modulated boundary layer are smaller than in the case
of a flat plate; hence, a steadily disturbed boundary layer is more stable to the action of the Tollmien—Schlichting
waves than an undisturbed layer. In the presence of stationary vortices, there is no dispersion (dependence of the
phase velocity of the waves on the angle of their propagation). It should be noted that the study [30] was performed
to investigate the development of disturbances only in the linear region at low Reynolds numbers and low intensities
of both the primary disturbance and travelling waves.
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Fig. 1. Schematic of the laminar—turbulent transition in a flat-plate boundary
layer modulated by stationary streamwise Gortler-like vortices [32]: 1) trans-
verse modulation of the flow; 2) roughness elements; 3) stationary stream-
wise vortices (primary instability); 4) travelling waves (secondary instability);
5) turbulent boundary layer.

In the experiments [31], the vortices in the boundary layer were generated by roughness elements located
periodically on a flat plate along the z axis (Fig. 1). In this formulation, the experiment “models” the transition
in the flow above a concave surface. The transition inside the stationary vortices is caused by amplification of low-
amplitude waves generated by the vibrating ribbon. The resultant travelling disturbances have an inviscid nature
and are associated with sinusoidal-type instability [9]. Since the flow is rather simple, it was possible to study the
wave characteristics and transition to turbulence in much detail.

A similar mechanism of breakdown of a high-intensity stationary streamwise vortex generated in the bound-
ary layer on a swept wing by roughness elements was studied in [33]. A packet of waves travelling on stationary
vortices was found in the boundary layer of a swept wing under “natural” conditions [34]; the development of this
wave packet led to turbulence. It was shown that an acoustic field with a frequency corresponding to the “natural”
wave packet excites travelling disturbances that grow and shift the laminar—turbulent transition upstream. The
process of generation of higher harmonics of the fundamental frequency was registered at the nonlinear stage of
evolution of travelling waves. Based on these results, the basic pair of “natural” low-intensity stationary vortices on
a swept wing was “modeled,” and the characteristics of development of the vortices themselves and secondary high-
frequency disturbances travelling on them were studied [35]. In this case, streamwise vortices of low intensity and
weak vorticity were streaky structures. It was found that the growth rates of travelling disturbances that develop
on stationary structures I and IT (Fig. 2) are rather different. The secondary disturbances develop more intensely
on structure I due to the greater instability of the separated flow in the region of the backward-facing step relative
to the crossflow, and the transition of this flow to a turbulent state occurs much earlier than that on structure II,
where the separated flow on the forward-facing step is more stable to the action of the transverse flow (Fig. 2a
and c). The transverse distributions of the mean velocity (Fig. 2b) and the fluctuating component of velocity are
also different for each structure. The range of linear development of secondary disturbances was determined, and
their characteristics were studied. By varying the length of the roughness element in the transverse direction, it
was found that the approachment of vortices leads to their interaction.

It was experimentally established that the evolution of disturbances on a single vortex is similar to the
instability growing on a set of vortices with a large period along the transverse coordinate. The mutual influence
of the vortices becomes significant with decreasing distance between them: the smaller the distance, the smaller
the growth rates of the travelling waves. This is explained by the distributions of the longitudinal and normal
components of velocity in the vortices. The greatest wave amplitude in all the cases considered was observed near
the maxima of velocity shear (gradients) in the transverse direction. This indicates that the behavior of disturbances
can be determined by the mechanisms of inflectional (inviscid) instability.
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Fig. 2. Laminar—turbulent transition on a swept wing (u’ is the root-mean-square fluctuations of ve-
locity, § is the boundary-layer thickness, and Re, is the Reynolds number based on the downstream
distance) [35]: (a) scheme of secondary high-frequency breakdown of crossflow streaky structures
(1 is the airfoil, 2 is the generator of secondary disturbances, 3 is the roughness element, 4 is the
secondary disturbances, and 5 is turbulence; streamwise structures are marked by I and II; the ar-
row indicates the crossflow direction); (b) transverse distribution of the mean velocity in the region
of development of streamwise structures; (c) disturbances on stationary streaky structures.

Nonstationary Streamwise Vortices. We consider the transition in the boundary layer, which is initiated
by a roughness element on the surface of a flat plate. In this case, a number of important quantitative characteristics
of disturbed motion has been obtained. The flow around a single roughness in the form of a hemisphere placed
onto the model surface has been considered in many papers. The structure of the disturbed flow is determined by
the large-scale vortex that rolls up behind the hemisphere and stretches downstream. Flow visualization [36, 37]
showed that the transition is initiated by horseshoe vortices in the wake behind the hemisphere. The beginning of
the transition depends significantly on the place of origination of such vortices. Later, Klebanoff et al. [38] found
that the secondary instability is related to vortices periodically generated by the roughness element. Having studied
the dependence of the shedding frequency of these vortex structures on the size of the roughness elements, their
shape, and Reynolds number, Klebanoff et al. concluded that the vortex shedding frequency normalized to the
displacement thickness and local mean velocity near the roughness is 0.3. For most flows, this value corresponds to
the frequency much greater than the frequency of unstable Tollmien—Schlichting waves.

In a flat-plate boundary layer, localized three-dimensional disturbances generated by roughness elements
[37, 38] or various transient (according to Breuer) disturbances [39-41] lead to the formation of streamwise vortices
that change locally the transverse flow structure and create conditions for secondary instability. As was noted
above, nonstationary localized disturbances include also the A structures of the nonlinear stage of the classical
transition. Experimental investigations on modeling of a solitary A structure in the boundary layer on a flat plate
showed [10] that both decaying and growing A structures may exist, depending on the amplitude of the introduced
disturbance. If a high-frequency wave with intensity lower than 1% is superimposed onto a decaying A structure, the
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Fig. 3. Interaction of a decaying localized disturbance (streaky structure) with a high-frequency
wave [9]: (a) oscillograms of instantaneous velocity [f = 205 Hz, Us, = 6.6 m/sec, z =0, and y =
Y(Umax)]; test conditions with the wave (1), without the wave (2), and with the wave (appearance
of a turbulent spot) (3); (b) isolines of velocity fluctuations of the streaky structure [z = 335 mm,
Uss = 6.6 m/sec, ¥y = Y(Umax), and Unayr/Use = 0.03]; (c) isolines of velocity fluctuations of
the streaky structure interacting with a high-frequency wave [f = 205 Hz, z = 335 mm, U =
6.6 m/sec, ¥ = Y(ulnax), and Uay/Use = 0.38].

oy o -

Fig. 4. Scenario of the laminar—turbulent transition at high free-stream turbulence (ul,ax/Uso =
0.01) [9]: I is the region of generation and development of streaky structures, II is the region of
origination and development of high-frequency wave packets and incipient turbulent spots, and III is
the region of development and coalescence of turbulent spots.
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disturbances interact, and a high-frequency wave packet is developed on the “legs” of the A structure, which leads
to an increase in the localized disturbance and its transformation to a turbulent spot. Development of secondary
high-frequency instability at the nonlinear stage of evolution of a two-dimensional Tollmien—Schlichting wave with
three-dimensional distortion (origination of A structures) was studied by Klingmann [42] who justified the concept
of secondary instability both experimentally and theoretically.

At high free-stream turbulence, continuous penetration of external disturbances into the boundary layer
leads to excitation of streamwise structures (streaky structures) modulating locally the boundary layer [43-48]. As
in the case of the transition of a three-dimensional boundary layer modulated by stationary vortices, the transition
to turbulence in these flows is related to stability of streamwise vortex structures. The streaky structures are also
observed in the viscous sublayer of a turbulent boundary layer. The origination of these structures is associated
with the lift-up effect described within the framework of Landahl’s theory of algebraic instability [49]. In contrast
to stationary vortices, streaky structures have weak vorticity; they are narrow layers of a slowly and rapidly moving
fluid alternating in the transverse direction. Nevertheless, the instability of flows modulated by streaky structures is
related to transverse gradients of velocity, as in the case of their modulation by stationary vortices. This statement
was confirmed by controlled experiments (Fig. 3); based on the results of these experiments, a scenario of the
transition at high free-stream turbulence was proposed (Fig. 4). The development of secondary high-frequency
disturbances in regions of unstable profiles of the mean transverse velocity in a flow with streaky structures leads
to the origination of high-frequency packets, which are transformed to turbulent spots downstream. This process
may occur in the case of interaction of a streaky structure with a high-frequency wave (see Fig. 3) or as a result of
increasing high-frequency component of the localized nonstationary disturbance itself [9].

Thus, the analysis of recent experimental results shows that the transition to turbulence in boundary layers
with stationary and nonstationary localized streamwise structures is related to the development of secondary high-
frequency disturbances on them.

2. JET FLOWS

Round Jet. Investigations of the dynamics of a round jet whose mean and fluctuating characteristics are
plotted in Fig. 5 showed that the streamwise structures localized at the jet-core periphery are generated directly at
the nozzle exit due to the lift-up effect. The dynamics of evolution of these structures is similar to the dynamics
of evolution of streaky structures in the boundary layer [50]. In particular, it was shown in controlled tests that
secondary high-frequency disturbances may develop on these structures, which accelerates the jet-turbulization
process.

“Natural” streaky structures observed near the nozzle exit for Re ~ 10,600 (Fig. 6) were artificially repro-
duced by roughness elements glued onto the inner surface of the nozzle (at the exit); the size of these roughness
elements correlated with the scale of the “natural” streamwise structures. In this case, forced streaky structures were
not subjected to the action of radial oscillations. A high-frequency disturbance was introduced into a small orifice
on the nozzle surface located near the roughness element by means of suction/injection of the gas. The interaction
of the streaky structure with the high-frequency disturbance leads to an increase in one of the “beams” (Fig. 7).
Further downstream, the disturbance intensity increases, and the neighboring streaky structures are involved into
this process. The process of jet turbulization is accelerated. Thus, it is shown that the instability of a round jet
may be related to the generation of localized streamwise disturbances (streaky structures) directly at the nozzle
exit. The instability of streaky structures to high-frequency secondary disturbances favors the acceleration of the
jet-turbulization process. This conclusion is in agreement with the results of investigation of the boundary-layer
flow modulated by streaky structures.

Plane Jet. The studies of the near field of a plane jet [51] showed that streaky structures may also appear
in this case (Fig. 8). In contrast to the round jet, the secondary disturbance is developed only on the streaky
structure where it was artificially excited and does not involve the neighboring structures into this process.
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Fig. 5. Distributions of the mean (a) and fluctuating (b) velocity across a round jet at 8 (1), 12 (2),
22 (3), and 32 mm (4) from the nozzle exit (Uss = 3.75 m/sec).

Fig. 6. Streaky structures in the near field of a round jet (Uso = 4 m/sec, nozzle diameter d = 40 mm,
and Re ~ 10,600): (a) layout of the experiment (the potential core of the jet and light sheets are
marked by 1 and 2, respectively); (b and ¢) smoke visualization of the streaky structures: streamwise
section of the jet at the periphery (z/d = 0.7 and z/d = 0.4) (b) and cross section of the jet for
z/d =104 (1), 0.68 (2), and 0.86 (3) (c).
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Fig. 7. Secondary instability of streaky structures with excitation of a high-frequency disturbance
by injection/suction of the gas near the roughness element (Usx = 4 m/sec, d = 40 mm, and
Re ~ 10,600): (a) layout of the experiment (the generator of secondary disturbances and roughness
elements are designated by 1 and 2, respectively); (b) smoke visualization of a round jet at different
distances from the nozzle exit [x/d = 0.2 (frames 1 and 3), 0.4 (frames 2 and 4), and 0.68 (frame 5)];
frames 1, 2, and 5 refer to the case with generation of the secondary disturbance, and frames 3 and 4

refer to the case without generation of the secondary disturbance.
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Fig. 8. Streaky structures in the near field of a plane jet (Uss = 7.3 m/sec, y/b = 40, b = 12 mm,
and Re ~ 3000): (a) layout of the experiment (the potential core of the jet and light sheets are
denoted by 1 and 2, respectively); (b) smoke visualization of streaky structures [frame 1 refers
to the longitudinal section of the jet (z/b = 0.7 and z/b = 0.4) and frame 2 refers to the cross
section of the jet (z/b = 0.4)]; (c) velocity profile in the shear layer [the solid curve refers to
U/Umax = 0.5(1 — tanh y/(1.5582)), where 2 is the displacement thickness of the shear layer] for
xz/b = 0.2 (1), 0.4 (2), 0.6 (3), 0.8 (4), 1 (5), 1.4 (6), 2 (7), and 3 (8); (d) scheme of streamwise
structures in the near field of the plane jet.
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CONCLUSIONS

The analysis of the process of transition of a laminar flow into a turbulent state showed that localized stream-
wise structures are observed in various shear flows, such as boundary layers and jets. The mechanism of breakdown
of the laminar flow is related to secondary high-frequency instability of flows modulated by these structures. This
process is qualitatively identical both for stationary and nonstationary localized streamwise structures, such as
Gortler vortices, crossflow vortices on a swept wing, and streaky structures at high free-stream turbulence, and also
for coherent structures of the viscous sublayer of a turbulent boundary layer. Better understanding of the mecha-
nism of the laminar—turbulent transition and the possibility of controlling this process requires further investigations
of the characteristics of development of these structures and their secondary high-frequency instability.

This work was supported by the Russian Foundation for Fundamental Research (Grant Nos. 00-15-96164
and 99-01-00591) and INTAS Foundation (Grant Nos. 00-00232 and YSF 00-61).
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