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Results of experimental investigations of the nonlinear stage of sinusoidal and varicose instability of a
streaky structure, which leads to multiplication of streaky structures and origination of coherent structures
(such as Λ-structures), are presented. Riblets suppress the intensity of streaky structures, stabilize the flow
against the development of the secondary high-frequency instability of streaky structures, and, for this reason,
delay spatial turbulization of the flow. The results of these investigations can be useful for understanding the
flow structure in such situations and for possible controlling of the coherent structures aimed at flow stabilization.

INTRODUCTION

It is known [1] that the laminar-turbulent transition in the case of a low degree of
free-stream turbulence is associated with the development of instability waves (the so-
called Tollmien  Schlichting waves). In their downstream evolution, these waves can
grow linearly at first, then they experience a nonlinear stage of development, and finally
lead to flow turbulization. The linear stage of development of instability waves has been
studied in sufficient detail both theoretically and experimentally, but the nonlinear stage
(especially its last phases) has not been adequately examined. The most important results
in these studies have been achieved in physical and numerical experiments. The two-
dimensional Tollmien  Schlichting wave at the nonlinear stage of its evolution experi-
ences a three-dimensional distortion when it reaches a certain amplitude, which results in
emergence of typical three-dimensional Λ-structures [2, 3]. The specific feature of origi-
nation and development of these structures is the fact that they are not only typical of the
classical laminar-turbulent transition but are also observed in the course of evolution of
more complicated flows, such as flows modulated by streamwise streaky structures of
the Goertler-vortex type [4], cross-flow vortices on swept wings [1], etc., and also in the
viscous sublayer of a turbulent boundary layer [5, 6]. In these situations, such structures
arise, in particular, because of the secondary high-frequency instability of these flows
and can manifest themselves not only as Λ-structures but also as horse-shoe
(Ω-structures), hairpin, and other vortices. It is the dynamics of downstream evolution of
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these structures that is often responsible for the transition to turbulence or to turbulence
production in the viscous sublayer of a turbulent boundary layer. The initial instability of
many flows is also associated with their cross-flow modulation by stationary (Goertler-type
vortices, cross-flow vortices on swept wings, etc.) and nonstationary streamwise structures
(streaky structures in the case of elevated free-stream turbulence, Λ-, Ω-, and hairpin vor-
tices, etc.). Cross-flow modulation of flows by these structures generates conditions (unstable
inflectional profiles of velocity normal to the surface ∂U/∂y and across the flow ∂U/∂z) for
origination and development of secondary high-frequency oscillations whose downstream
evolution leads to boundary-layer turbulization.

The high-frequency secondary instability of transitional and turbulent near-wall
flows with streaky structures is often associated with the so-called sinusoidal and vari-
cose instability. Secondary mechanisms produce different types of secondary motion:
either in the form of periodic “meandering” of vortices in the cross-flow direction or in
the form of horse-shoe vortices in the region of a strong cross-flow shear [7]. Such dis-
turbances are called the sinusoidal and varicose modes, respectively. The reason for in-
stability is an inviscid local mechanism caused by inflections in instantaneous velocity
profiles both in the normal (varicose mode) and in the transverse (sinusoidal mode) di-
rections. Both types of instability can be assumed to be important mechanisms of turbu-
lence generation and its production in a turbulent boundary layer [8 − 10]. The sinusoi-
dal and varicose modes of instability under controlled conditions at the linear stage and
at the initial steps of nonlinear evolution were examined in [11] and, in more detail, at
the late stages of nonlinear evolution in [12]. The objective of the present work is to
study the possibility of controlling the nonlinear stage of development of the sinusoidal
and varicose instability with the help of surface modification by riblets.

1.  EXPERIMENTAL  SETUP  AND  MEASUREMENT  PROCEDURE

The experiments were performed under controlled conditions on a flat plate in a
low-turbulent wind tunnel (Fig. 1). The streaky structure was generated by a cylindrical
roughness element 1.1 mm high and 5.8 mm in diameter, which was mounted in the
center of the plate at a distance x0 = 438 mm from the leading edge of the plate. The flow
velocity was U0  = 7.8 m/s. If there were no roughness elements, the laminar boundary
layer developed without any waves, and the velocity profile was close to the Blasius
profile. The height of the roughness element h = 1.1 mm is close to the displacement

thickness of the Blasius laminar boundary layer Вδ ∗  ≈ 1.5 mm for x − x0 and U0 = 7.8 m/s.

The Reynolds number was Rе*
 ≈ Вδ ∗ ⋅U0 /ν  = 780 for x = x0. If no artificial disturbances

were introduced, the boundary layer with the streaky structure remained laminar within

Fig. 1. Experimental setup.
1  flat plate, 2  roughness element, 3  riblets, 4  dynamic loudspeakers, 5  hot-wire probe.
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the region where the measurements were made: x − x0 = 30 − 150 mm. This allowed us
to control the streaky-structure instability by means of artificial disturbances generated
by gas injection and suction through three small orifices on the plate surface, as in [11,
12]. The excited frequency of the secondary high-frequency disturbance was 150 Hz,
which approximately corresponded to the dimensionless frequency parameter 2πfν/U0

2 ⋅⋅⋅⋅106 =
 = 232. The amplitude of the secondary disturbance reached 10 % of U0 in the vicinity
of the source (x − x0 = 30 mm), which allowed us to study the nonlinear stage of the
process. A hot-wire anemometer was used to measure the mean streamwise component
of velocity U and velocity fluctuations urms in the space xyz.

2.  FLOW  STRUCTURE  AT  THE  NONLINEAR  STAGE
OF  EVOLUTION  OF SINUSOIDAL  AND  VARICOSE
INSTABILITY  OF  THE  STREAKY  STRUCTURE

Figure 2 shows the sinusoidal breakdown of the streaky structure. The spatial
pattern of disturbance evolution (see Fig. 2, а) shows that transverse meandering of
the streaky structure is observed in the beginning of breakdown, which is typical of
sinusoidal instability development. Further downstream, however, the structure of
the disturbed region transforms to typical coherent structures, which resemble Λ-
vortices. The development of secondary disturbances is illustrated in Fig. 2, b. At the
initial stage of evolution of this disturbance, one can observe a pair of quasi-streamwise
vortices of alternating sign, which transform to Λ-structures further downstream. Thus,

Fig. 2. Spatial patterns of sinusoidal breakdown of the streaky structure.
Effect of riblets on the mean flow parameters (levels of amplitude U = ± 5 % U0, а) and on the fluctuating

parameters of the flow (levels of amplitude u′ = ± 2 % U0, b); the dark and light half-tones refer to velocity
                                                         excess and defects, respectively.
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detailed hot-wire measurements of the nonlinear stage of sinusoidal instability develop-
ment showed that the secondary high-frequency breakdown of the streaky structure is
associated with the formation of Λ-structures whose downstream destruction leads to
flow turbulization.

Figure 3 shows the varicose breakdown of the streaky structure. The spatial pattern
of disturbance evolution (see Fig. 3, а) shows that streamwise modulation of the streaky
structure by the secondary-disturbance frequency (f = 150 Hz) is observed at the initial
step, which is typical of varicose instability development. Further downstream, however,
the structure of the disturbed region transforms to typical coherent structures, which re-
semble Λ-vortices, as in the case of sinusoidal breakdown of the streaky structure. It
should be noted that these Λ-structures are asymmetric, in contrast to the previous case,
i. e., the second counter-rotating vortex is at the stage of formation because of the low
vorticity on transverse boundaries of the disturbed flow field. Below, in considering the
evolution of the high-frequency disturbance proper, we will observe symmetric
Λ-structures. Let us consider the dynamics of evolution of the secondary high-frequency
disturbance generated on the streaky structure. The development of secondary distur-
bances is illustrated in Fig. 3, b. The initial stage of disturbance evolution involves
a chain of quasi-streamwise vortices transformed in the downstream direction into hair-
pin vortices or Λ-structures. These vortices are clearly observed at z = 0 mm as a pair of
structures of variable sign at each period of the secondary disturbance. At z = ± 5 mm, the

Fig. 3. Spatial patterns of varicose breakdown of the streaky structure.
Effect of riblets on the mean flow parameters (levels of amplitude U = ± 3 % U0, а) and on the fluctuating

parameters of the flow (levels of amplitude u′ = ± 1.5 % U0, b); the dark and light half-tones refer to velocity
                                                          excess and defects, respectively.
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transverse boundaries of the disturbed region, Λ-structure, or hairpin vortices become
asymmetric; nevertheless, the structure of the second counter-rotating vortex of these
coherent structures can be clearly seen. The study of varicose instability of a single
streaky structure in the boundary layer on a swept wing [13] showed that Λ-vortices
transform to asymmetric structures because of the transverse flow.

Thus, detailed hot-wire measurements of the nonlinear stage of evolution of vari-
cose instability showed that the secondary high-frequency disintegration of the streaky
structure is caused by the formation of Λ-structures, as in the case of sinusoidal break-
down of the streaky structure. The secondary instability of the streaky structure of the
sinusoidal and varicose types at the nonlinear stage  leads to multiplication of new
streaky structures in the downstream direction, and Λ-vortices multiply in the transverse
direction as the disturbance evolves further downstream. This result is important for un-
derstanding both the mechanism of turbulization of flows modulated by streaky struc-
tures and the mechanisms of turbulence production in turbulent flows where the dynam-
ics of coherent structures of the viscous sublayer plays the determining role.

3. CONTROL  OF  THE  NONLINEAR  STAGE  OF  SINUSOIDAL  AND  VARICOSE
INSTABILITY  OF  THE  STREAKY  STRUCTURE  BY  MEANS  OF  RIBLETS

Let us consider the possibility of controlling this instability. For this purpose, we
performed experiments aimed at controlling the nonlinear stage of evolution of varicose
and sinusoidal instability by applying riblets onto the surface. The stabilizing effect of
riblets on the transition was noted in [14]. In the case considered, we used riblets (see
Fig. 1) from the previous works [15, 16], which demonstrated the stabilizing effect on
the transition to turbulence in a flow modulated by streamwise vortices of the Goertler-
type [15] and on Λ-structures at the nonlinear stage of the classical transition with low
external turbulence [16]. The riblets have a triangular profile with the peak height (or
groove depth) h = 1.2 mm, transverse size (or peak step) s = 1.5 mm, and peak width of
0.1 mm. The dimensionless parameter of the riblets was s+ = su*/ν , where u* =
= (ν |∂u/∂y|y=0)

1/2 is the laminar friction velocity and |∂u/∂y|y=0 = 0.332 U∞
 /δ  is the gra-

dient of mean velocity on the wall 1/ 2( ( / ) ).X Uδ ν∼ In the range of Reynolds numbers

examined Rex = 2.63 – 3.25 ⋅⋅⋅⋅ 105, the dimensionless transverse parameter s+ normalized
to the internal variables (ν, u*) was 20 ≥ s+ ≥ 18, which is fairly close to a similar pa-
rameter from [16] 26 ≥ s+ ≥ 21 and approaches the optimal parameter of riblets for a tur-
bulent boundary layer from [17] s+ ≈ 15. The effect of riblets mounted along and across
the flow on flow turbulization for the sinusoidal and varicose instability of the streaky
structure is illustrated in Figs. 4 and 5, respectively. The measured values of U and  urms

Fig. 4. Curves of downstream growth of intensities of the mean (а) and fluctuating (b) compo-
nents of the disturbance for sinusoidal instability of the streaky structure on a smooth surface (1),
                      transversely ribbed surface (2), and streamwise ribbed surface (3).
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for both types of positioning of the riblets are compared with these parameters measured
on a smooth surface. Figures 4, а and 5, а show the effect of riblets on the mean flow char-
acteristics, which is presented in the form ∆U = 1/2 (max y,z{U ′} – min y,z{U ′}), where
[max y,z{U ′}] is the maximum velocity excess in the y, z plane and [min y,z{ U ′}] is the
minimum velocity defect in the same plane. The evolution of velocity fluctuations is
shown in Figs. 4, b and 5, b; it is characterized by the maximum value of root-mean-
square fluctuations of velocity [urms = max y,z {urms}] in the y, z plane. The effect of
riblets on the mean parameters of the flow, i. e., directly on intensity of streaky struc-
tures, shows that this parameter is significantly lower within the entire range of meas-
urements in the downstream direction if the model has riblets in the streamwise direc-
tion, as compared to a smooth surface, both for sinusoidal (see Fig. 4, а) and for varicose
instability (see Fig. 5, а). Transverse ribbing leads to a drastic increase in intensity of the
structure and flow turbulization further downstream, which is evidenced by the change
in the sign of the derivative ∂U/∂x at x ≈ 100 mm in Fig. 4, а and x ≈ 110 mm in Fig. 5, а.
If we consider the growth curves of the secondary high-frequency disturbance on the
ribbed and smooth surfaces, we can note a drastic increase in its intensity (from 5 % U0

at x − x0 = 30 mm to approximately 20 % U0 at x − x0 = 90 mm) at the initial stage of
sinusoidal instability development (see Fig. 4, b) and an approximately identical level of
intensity (15 − 20 % U0 in the same spatial interval) for varicose instability (see Fig. 5, b).
This fact confirms the known conclusion [18] that it is because of the drastic increase
in disturbance amplitude, which leads to rapid turbulization of the flow, that sinusoidal
instability is more dangerous than varicose instability. Therefore, to compare the influ-
ence of riblets on both types of instability in one spatial interval, the initial amplitudes of
the secondary disturbance had different values; nevertheless, the spatial coordinate
where the disturbance amplitude reached approximately an identical level (about 20 % U0)
was the same (x − x0 ≈ 80 mm) in both cases. It should be noted that the first measure-
ment (x − x0 = 30 mm) was made outside the ribbed surface. The point of flow transition
to a turbulent state is normally associated with the point where the disturbance-growth
curve reaches a maximum and starts to fall down. As is seen in the figures (see Figs. 4, b
and 5, b), no transition to turbulence is observed in the flow with downstream-aligned
riblets. In the case of sinusoidal instability, the disturbance amplitude becomes saturated,
but its growth curve practically does not go down; in the case of varicose instability, the
disturbance amplitude continues to grow. The flow on a smooth surface displays the tran-
sition to turbulence at x − x0 ≈ 120 mm (sinusoidal instability, see Fig. 4, b) and at x − x0 ≈
≈ 140 mm (varicose instability, see Fig. 5, b). If the riblets are aligned in the transverse
direction, the transition point is shifted upstream approximately by 30 and

Fig. 5. Curves of downstream growth of intensities of the mean (а) and fluctuating (b) compo-
nents of the disturbance for varicose instability of the streaky structure on a smooth surface (1),
                         transversely ribbed surface (2), and streamwise ribbed surface (3).
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50 mm as compared to the smooth surface in the case of sinusoidal and varicose insta-
bility, respectively (see Figs. 4, b and 5, b). It should also be noted that additional inves-
tigations were performed to study the influence of a step generated by riblets themselves
on the measurement results. In these investigations, the riblets were replaced by a
smooth insert of the same size. No effect of such a step was observed, which agrees with
the data of [16].

Thus, the experimental investigations in the field of controlling the development of
sinusoidal and varicose instability of the streaky structure at the nonlinear stage of its
evolution showed that streamwise ribbing of the surface stabilizes the mean flow, i. e.,
reduces the intensity of streaky structures. In turn, this favors a decrease in the amplitude
of velocity fluctuations, i. e., a decrease in intensity of secondary high-frequency distur-
bances developed on the streaky structures. Finally, this prevents the flow transition to a
turbulent state, whereas the flow on a smooth surface experiences the transition in this
spatial interval. Transverse ribbing of the surface destabilizes the mean flow, i. e., in-
creases the intensity of streaky structures, which, in turn, favors the increase in the am-
plitude of velocity fluctuations, i. e., intensity of secondary high-frequency disturbances
developed on these structures. Finally, this leads to faster turbulization of the flow in
space, as compared to the case on a smooth surface.

CONCLUSIONS

Experimental investigations of the nonlinear stage of development of sinusoidal
and varicose instability of the streaky structure and the possibility of controlling this
process by means of riblets allowed the following conclusions.

− It is shown that the secondary high-frequency instability of the streaky structure at
the nonlinear stage leads to multiplication of streaky structures and to origination and de-
velopment of coherent structures, such as Λ-structures, in the case of both sinusoidal and
varicose instability.

− The stabilizing effect of streamwise-aligned riblets on both types of instability is
found; this effect is characterized by a decrease in intensity of streaky structures and
secondary high-frequency disturbances and by an overall delay of flow turbulization.

− The destabilizing effect of transversely aligned riblets on both types of instability
is demonstrated; this effect is characterized by an increase in intensity of streaky struc-
tures and secondary high-frequency disturbances and by faster turbulization of the flow.
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