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Results of experimental investigations of the nuedir stage of sinusoidal and varicose instabilitg o
streaky structure, which leads to multiplication stfeaky structures and origination of coherenticstires
(such asA-structures), are presented. Riblets suppressntieasity of streaky structures, stabilize the flow
against the development of the secondary high-&requ instability of streaky structures, and, fds ttreason,
delay spatial turbulization of the flow. The resutf these investigations can be useful for undeding the
flow structure in such situations and for possdaatrolling of the coherent structures aimed awfitabiliztion.

INTRODUCTION

It is known [1] that the laminaurbulent transition in the case of a low degree of
free-stream turbulence is associated with the dpweént of instability waves (the so-
called Tollmienl Schlichting waves). In their downstream evolutitiiese waves can
grow linearly at first, then they experience a medr stage of development, and finally
lead to flow turbulization. The linear stage of dimpment of instability waves has been
studied in sufficient detail both theoretically agxperimentally, but the nonlinear stage
(especially its last phases) has not been adeguatamined. The most important results
in these studies have been achieved in physicalnanterical experiments. The two-
dimensional Tollmierid Schlichting wave at the nonlinear stage of its etioh exper-
ences a three-dimensional distortion when it re;eheertain amplitude, which results in
emergence of typical three-dimensioNastructures [2, 3]. The specific feature of orig
nation and development of these structures isattiat they are not only typical of the
classical laminar-turbulent transition but are abserved in the course of evolution of
more complicated flows, such as flows modulatedstotgamwise streaky structures of
the Goertler-vortex type [4], cross-flow vortices swept wings [1], etc., and also in the
viscous sublayer of a turbulent boundary laye6]5)n these situations, such structures
arise, in particular, because of the secondary-figduency instability of these flows
and can manifest themselves not only Asstructures but also as horse-shoe
(Q-structures), hairpin, and other vortices. It is ttynamics of downstream evolution of
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these structures that is often responsible fortridgnesition to turbulence or to turbulence
production in the viscous sublayer of a turbulesiriary layer. The initial instability of
many flows is also associated with their cross-floedulation by stationar§Goertler-type
vortices, cross-flow vortices on swept wings, eanl nonstationary streamwise structures
(streaky structures in the case of elevated fr@aust turbulence\-, Q-, and hairpin vo
tices, etc.). Cross-flow modulation of flows byghestructures generates conditions (unstable
inflectional profiles of velocity normal to the $ace dU/dy and across the flo@U/d2) for
origination and development of secondary high-feegy oscillations whose downstream
evolution leads to boundary-layer turbulization.

The high-frequency secondary instability of transial and turbulent near-wall
flows with streaky structures is often associatéith whe so-called sinusoidal and war
cose instability. Secondary mechanisms producereifit types of secondary motion:
either in the form of periodic “meandering” of viods in the cross-flow direction or in
the form of horse-shoe vortices in the region sfrang cross-flow shear [7]. Suclhsdi
turbances are called the sinusoidal and varicosgemaespectively. The reason for i
stability is an inviscid local mechanism causedirifiections in instantaneous velocity
profiles both in the normal (varicose mode) andhia transverse (sinusoidal modé) d
rections. Both types of instability can be assuteeble important mechanisms of turb
lence generation and its production in a turbulkenindary layer [8 10]. The sinusie
dal and varicose modes of instability under cofgtbtonditions at the linear stage and
at the initial steps of nonlinear evolution werammned in [11] and, in more detail, at
the late stages of nonlinear evolution in [12]. Tdigective of the present work is to
study the possibility of controlling the nonlinestage of development of the sinusoidal
and varcose instability with the help of surface modificatby riblets.

1. EXPERIMENTAL SETUP AND MEASUREMENT PROCEDURE

The experiments were performed under controlledditioms on a flat plate in a
low-turbulent wind tunnel (Fig. 1). The streakyustiure was generated by a cylindrical
roughness element 1.1 mm high and 5.8 mm in diamedeich was mounted in the
center of the plate at a distanges 438 mm from the leading edge of the plate. Thevfl
velocity wasU, = 7.8 m/s. If there were no roughness elementslatinénar boundary
layer developed without any waves, and the velopityfile was close to the Blasius
profile. The height of the roughness elemknt 1.1 mm is close to the displacement

thickness of the Blasius laminar boundary lagigr= 1.5mm forx — x,andU, = 7.8 m/s.

The Reynolds number was R 35 W,/v = 780 forx = x,. If no artificial disturbances
were introduced, the boundary layer with the styestkucture remained laminar within

Fig. 1. Experimental setup.
10 flat plate,2 O roughness elemer,0] riblets,4 0 dynamic loudspeakerS,[] hot-wire probe.
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the region where the measurements were magde, = 30— 150 mm. This allowed us
to control the streaky-structure instability by meaf artificial disturbances generated
by gas injection and suction through three smatices on the plate surface, as in [11,
12]. The excited frequency of the secondary higlniency disturbance was 150 Hz,
which approximately corresponded to the dimensisnfiequency parame@rfu/U,’ no’=

= 232. The amplitude of the secondary disturbaeeehed 106 of U, in the vicinity

of the sourceX — X, = 30 mm), which allowed us to study the nonlineaigs of the
process. A hot-wire anemometer was used to medsen@ean streamwise component
of velocity U and velocity fluctuations,, in the spaceyz.

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 theagirestructure. The spatial
pattern of disturbance evolution (see Figapshows that transverse meandering of
the streaky structure is observed in the beginwihgreakdown, which is typical of
sinusoidal instability development. Further doweatm, however, the structure of
the disturbed region transforms to typical cohersintictures, which resemblg-
vortices. The development of secondary disturbaigdfustrated in Fig. 2p. At the
initial stage of evolution of this disturbance, araa observe a pair of quasi-streamwise
vortices of alternating sign, which transform/estructures further downstream. Thus,

X —Xo, mm

140

120

Fig. 2. Spatial patterns of sinusoidal breakdown of the streaky structure
Effect of riblets on the mean flow parameters (levaf amplitudeU = + 5 % U,, @) and on the fluctuating
parameters of the flow (levels of amplitude= + 2 % U,, b); the dark and light half-tones refer to velocity
excess and defects, respectively.
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detailed hot-wire measurements of the nonlineagestd sinusoidal instability devede
ment showed that the secondary high-frequency bi@ak of the streaky structure is
associated with the formation éf-structures whose downstream destruction leads to
flow turbulization.

Figure 3 shows the varicose breakdown of the syrefikicture. The spatial pattern
of disturbance evolution (see Fig.a3,shows that streamwise modulation of the streaky
structure by the secondary-disturbance frequehey150 Hz) is observed at the initial
step, which is typical of varicose instability desmment. Further downstream, however,
the structure of the disturbed region transformgypacal coherent structures, whick r
semble/A-vortices, as in the case of sinusoidal breakdoWwthe streaky structure. It
should be noted that thefestructures are asymmetric, in contrast to theiptsvcase,

i. e., the second counter-rotating vortex is at thgestof formation because of the low
vorticity on transverse boundaries of the disturbled field. Below, in considering the
evolution of the high-frequency disturbance propes will observe symmetric
N-structures. Let us consider the dynamics of eiamiubf the secondary high-frequency
disturbance generated on the streaky structure.dBivelopment of secondary distu
bances is illustrated in Fig. ® The initial stage of disturbance evolution inwedv
a chain of quasi-streamwise vortices transformetthéndownstream direction into hai
pin vortices orA-structures. These vortices are clearly observed=dd mm as a pair of
structure of variable sign at each period of the secondatyrbance. Az = + 5 mm, the

z, mm

Fig. 3. Spatial patterns of varicose breakdown of the streaky structure.
Effect of riblets on the mean flow parameters (leva amplitudeU = + 3 % U,, a) and on the fluctuating

parameters of the flow (levels of amplitude= + 1.5 % U,, b); the dark and light half-tones refer to velocity
excess and defects, respectively.
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transverse boundaries of the disturbed reglostructure, or hairpin vortices become
asymmetric; nevertheless, the structure of the reb@munter-rotating vortex of these
coherent structures can be clearly seen. The splidsaricose instability of a single
streaky structure in the boundary layer on a swapg [13] showed thai\-vortices
transform to asymmetric structures because ofrémsverse flow.

Thus, detailed hot-wire measurements of the noafiséage of evolution of var
cose instability showed that the secondary higbtfemcy disintegration of the streaky
structure is caused by the formation/oktructures, as in the case of sinusoidal krea
down of the streaky structure. The secondary iilgtabf the streaky structure of the
sinusoidal and varicose types at the nonlinearestdgads to multiplication of new
streaky structures in the downstream direction, /anvbrtices multiply in the transverse
direction as the disturbance evolves further dosash. This result is important fonu
derstanding both the mechanism of turbulizatiorfl@ir's modulated by streaky stru
tures and the mechanisms of turbulence productidarbulent flows where the dyma
ics of coherent structures of the viscous sublalayrs 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 thisstability. For this purpose, we
performed experiments aimed at controlling the mear stage of evolution of varicose
and sinusoidal instability by applying riblets oritee surface. The stabilizing effect of
riblets on the transition was noted in [14]. In t@se considered, we used riblets (see
Fig. 1) from the previous works [15, 16], which dmmtrated the stabilizing effect on
the transition to turbulence in a flow modulateddtgeamwise vortices of the Goertler-
type [15] and om\- structures at the nonlinear stage of the classiaakition with low
external turbulence [16]. The riblets have a tridag profile with the peak height (or
groove depthjh = 1.2 mm, transverse size (or peak sep)l.5 mm, and peak width of
0.1 mm. The dimensionless parameter of the riblds s" = su'/v , whereu’ =
=(v |6u/6y|y:0)1/2 is the laminar friction velocity an@u/dy| _,= 0.332U,,/5 is the gar

1/2

dient of mean velocity on the walb ~ (v X /U)™ “).In the range of Reynolds numbers

examined Rg= 2.63— 3.25[00", the dimensionless transverse paramgterormalized

to the internal variables/(u’) was 20> s" = 18, which is fairly close to a similaap
rameter from [16] 2& s" = 21 and approaches the optimal parameter of rikdeta tu-
bulent boundary layer from [18] = 15. The effect of riblets mounted along and across
the flow on flow turbulization for the sinusoidahdivaricose instability of the streaky

structure is illustrated in Figs. 4 and 5, respetyi. The measured values @fand u,
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Fig. 4. Curves of downstream growth of intensities of the meqraiid fluctuating if) compo
nents of the disturbance for sinusoidal instability of the syreftkicture on a smooth surfadg, (
transversely ribbed surfa)e énd streamwise ribbed surfa&.

71



AUIUp, % a U/ Ugs %0 b

30- 25-
20 151 4

15- 10-

107 3 ol w2 e3
5 0 :

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
X — Xg, MM X — Xo, Mm

Fig. 5. Curves of downstream growth of intensities of the mearaiid fluctuating if) compo
nents of the disturbance for varicose instability of the strettkicture on a smooth surfac, (
transversely ribbed surf@)ednd streamwise ribbed surfa& (

for both types of positioning of the riblets arempared with these parameters measured
on a smooth surface. Figuresedand 5 show the effect of riblets on the mean flowreha
acteristics, which is presented in the faftd = 1/2 (max {U '} — min {U"}), where
[max, {U'}] is the maximum velocity excess in thye z plane and [mig {U'}] is the
minimum velocity defect in the same plane. The atiah of velocity fluctuations is
shown in Figs. 4b and 5,b; it is characterized by the maximum value of rowan-
square fluctuations of velocity [, = max,, {u,d] in the y, z plane. The effect of
riblets on the mean parameters of the flow,,idirectly on intensity of streaky stru
tures, shows that this parameter is significarglydr within the entire range of nwea
urements in the downstream direction if the moded Hblets in the streamwise dire
tion, as compared to a smooth surface, both farssidal (see Fig. 4) and for varicose
instability (see Fig. %). Transverse ribbing leads to a drastic increasetensity of the
structure and flow turbulization further downstreamtich is evidenced by the change
in the sign of the derivativéJ/ox atx = 100 mm in Fig. 4¢ andx = 110 mm in Fig. 5¢.

If we consider the growth curves of the secondaghHfrequency disturbance on the
ribbed and smooth surfaces, we can note a drastiedse in its intensity (from 5 ¥,
atx — x, = 30 mm to approximately 20 ¥, atx — x, = 90 mm) at the initial stage of
sinusoidal instability development (see Figb¥and an approximately identical level of
intensity (15— 20 %U, in the same spatial interval) for varicose indigbisee Fig. 5b).
This fact confirms the known conclusion [18] thiatsi because of the drastic increase
in disturbance amplitude, which leads to rapid tlidation of the flow, that sinusoidal
instability is more dangerous than varicose inditgbiTherefore, to compare the infl
ence of riblets on both types of instability in amatial interval, the initial amplitudes of
the secondary disturbance had different valuesgentiesless, the spatial coordinate
where the disturbance amplitude reached approxiyraeidentical level (about 20 %)
was the samex(- X, = 80 mm) in both cases. It should be noted thafittemeasue-
ment & — X, = 30 mm) was made outside the ribbed surface.pbivg of flow transition

to a turbulent state is normally associated with pbint where the disturbance-growth
curve reaches a maximum and starts to fall dowris Aeenin thefigures (sed-igs. 4,b
and 5,b), notransitionto turbulenceis observedn the flow with downstrearraligned
riblets. In the case of sinusoidal instability, tisturbance amplitude becomes saturated,
but its growth curve practically does not go downthe case of varicose instability, the
disturbance amplitude continues to grow. The flewacsmooth surface displays thentra
sition to turbulence at— X, = 120 mm (sinusoidal instability, see Fig.o},and atx — x, =

= 140 mm (varicose instability, see Fig.tb, If the riblets are aligned in the transverse
direction, the transition point is shifted upstream apmately by 30 and
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50 mm as compared to the smooth surface in the afasiausoidal and varicose iast
bility, respectively (see Figs. #,and 5)). It should also be noted that additional igve
tigations were performed to study the influence ofegp gienerated by riblets themselves
on the measurement results. In these investigatites riblets were replaced by a
smooth insert of the same size. No effect of sustep was observed, which agrees with
the data of [16].

Thus, the experimental investigations in the figldtontrolling the development of
sinusoidal and varicose instability of the streakyucture at the nonlinear stage of its
evolution showed that streamwise ribbing of thdame stabilizes the mean flowei,
reduces the intensity of streaky structures. In,tthis favors a decrease in the amplitude
of velocity fluctuations, ie., a decrease in intensity of secondary high-faqy distu-
bances developed on the streaky structures. Fjriallyprevents the flow transition to a
turbulent state, whereas the flow on a smooth saré&xperiences the transition in this
spatial interval. Transverse ribbing of the surfdestabilizes the mean flow,ei., n-
creases the intensity of streaky structures, whithyrn, favors the increase in the-a
plitude of velocity fluctuations, &., intensity of secondary high-frequency distudesn
developed on these structures. Finally, this lgadf@ster turbulization of the flow in
space, as compared to the case on a smooth surface.

CONCLUSIONS

Experimental investigations of the nonlinear stafalevelopment of sinusoidal
and varicose instability of the streaky structunel ahe possibility of controlling this
process by means of riblets allowed the followingausions.

- It is shown that the secondary high-frequencyainifity of the streaky structure at
the nonlinear stage leads to multiplication ofadtyestructures and to origination ane d
velopment of coherent structures, suci\astructures, in the case of both sinusoidal and
varicose instability.

— The stabilizing effect of streamwise-aligned riblen both types of instability is
found; this effect is characterized by a decreasmtensity of streaky structures and
secondary high-frequency disturbances and by arathwelay of flow turbulization.

— The destabilizing effect of transversely aligniddiets on both types of instability
is demonstrated; this effect is characterized bynarease in intensity of streaky stru
tures and secondary high-frequency disturbancedwafaster turbulization of the flow.
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