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Introduction

Riblets are passive elements mounted on a smooth wall surface in a turbulent boundary
layer, which can reduce friction drag up to 10%. These elements have the form of streamwise
grooves with triangular or hemispherical cross section whose dimensions are comparable with
those of a viscous sublayer. The systematic investigations of riblets as a means of reducing tur-
bulent friction began in the late 1970s at the NASA Research Center in Langley [1-4]. These
investigations showed that the friction drag decreases when the dimensionless parameter of
riblets s* = su*/v is approximately equal to 15. However, the drag increases at s* = 30. For the
maximum drag reduction, the riblets must be oriented in the direction of the local velocity of
the viscous sublayer. The net drag reduction is almost linearly proportional to the coverage of
the entire streamlined surface by the riblets.

The near-wall turbulent structure of flows on riblets was extensively studied using physi-
cal [3, 5, 6] and numerical experiments (DNS) [7, 8]. According to one of the hypotheses put
forward in order to explain the drag reduction in the turbulent boundary layer on riblets, they
modify coherent structures in the viscous sublayer. It was found that riblets operate as an obsta-
cle for the transversal (spanwise) oscillations of streamwise vortices, which results in drag re-
duction [9]. In other words, riblets reduce the friction drag in the turbulent boundary layer by
changing the sequence of the near-wall vortex dynamics by means of a passive spanwise forc-
ing. Numerical experiments showed [10] that there develops a process reducing the streamwise
vorticity @', on riblets.

Thus, the hypothesis according to which the friction drag is reduced by riblets in the tur-
bulent boundary layer as a result of their action on the coherent structures in the viscous sub-
layer is confirmed in both numerical and physical experiments. In [11], the authors obtained a
10% reduction of the turbulent friction by suppressing the spanwise oscillations between riblet
grooves. A considerable reduction of the w-pulsations of the velocity by riblets was also ob-
served in [12].

Coherent vortex structures also exist in transition boundary layers. The first attempts to
control their development using riblets to provide for a delay in the transition to turbulence
were carried out in [13-15]. In a physical experiment [13], it was shown that riblets destabilize
the flow in a laminar boundary layer at the linear stage of Tollmien — Schlichting waves devel-
opment and stabilize it at the nonlinear stage, when streamwise A-shaped vortex structures ap-
pear [13]. Naturally, the characteristic dimensions of riblets for a transition boundary layer dif-
fer from those used in a turbulent boundary layer. A certain measure is provided by the scale of
thicknesses of a laminar viscous sublayer in the turbulent boundary layer and a laminar bound-
ary layer. The riblet heights in the former case usually amount to 30-50% of the viscous sub-
layer thickness (which is typically about 20-30 pm). In the case of a laminar boundary layer, the
proportion is the same (30-50%), but with respect to a thickness that is greater by one and a half
orders of magnitude. In preliminary experiments [13], the optimal configuration of riblets and
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their spatial dimensions (on the order of 1000 pm) were chosen. The experimental investiga-
tions showed the stabilizing effect of these riblets on the transition to turbulence in flows with
coherent structures of the type of A- and Q-shaped vortices, streaky structures, and stationary
streamwise vortices of the Goertler-like type. It was noted that this effect was related, in par-
ticular, to the suppression of the spanwise velocity gradient, that is, to an increase in the flow
stability with respect to the development of secondary high-frequency perturbations and, conse-
quently, to a delay of the flows turbulization. In the case of riblets affecting on the development
of a single A-structure or a group of A-structures in the K-mode transition, it was shown that
riblets delay their transformation into the turbulent spots, especially in the latter situation [13].
Thus, it was found that riblets render favorable effect on the turbulent transition at the linear
stage of the classical transition and in the flows with coherent structures

This paper presents the results of detailed experimental investigations of the riblets effect
on the development of a A-vortex structure and its transformation into the turbulent spot. The
experiments were performed using modern methods of experimental data acquisition, process-
ing, and representation. For this purpose, we measured the streamwise component of the mean
velocity and the velocity fluctuations in space (xyz) at various moments of time. This made it
possible to obtain the spatio-temporal patterns of the A-structure development on smooth and
ribbed surfaces and represent them as hot-wire visualization of the flow structure evolution in
space and time, as well as in the form of contour diagrams of constant velocity fluctuations.

Experimental set-up and measurements procedure

The experiments were performed under controlled conditions in a low-turbulence wind
tunnel. A flat plate (1) (30 mm thick, 900 mm wide, and 2000 mm long) was mounted and ori-
ented streamwise in the working part of the wind tunnel (Fig. 1).

The A-shaped vortex structure was generated using gas blow-in by a dynamic loudspeaker
(2) through a 3-mm hole (3) located at the center of the plate at a distance of x = 435 mm from
its leading edge. The dynamic loudspeaker was driven by an electric signal having the form of
rectangular pulses supplied at a repetition rate of 4 Hz. The pulses provided the generation of
spatially localized perturbations. In order to ensure more reliable stabilization of the signal for
its averaging over the ensemble, as well as to provide a controlled secondary disturbance lead-
ing to breakdown of the A-structure and its transformation into the turbulent spot, the rectangu-
lar pulses were modulated by a secondary high-frequency perturbation with a small amplitude
and a frequency of 240 Hz. In the absence of such modulation, we failed to eliminate the back-
ground noise at the final stages of the A-structure transformation into the turbulent spot. A riblet
insert (4), which was mounted at a distance of 25 mm from the point where the disturbances
were introduced, represented a rectangular plate with dimensions 200 x 100 mm. The insert was
flash-mounted in such a way that
the valleys of riblets were leveled
with the surface of the plate (i.e.,
the bottom of the insert was de-
pressed). The riblet height was
h = 0.65 mm, the spacing between
neighboring peaks was s = 1.3 mm,
and the rib top width was 0.1 mm S e e sy
(see the inset in Figure 1). The di- 5"~ =7 2~ = -&—-‘k—#;f_-.lsi"f‘-“““
mensionless parameter of the riblets e
is defined as s* = su*/v, where
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Figure 1. Experimental set-up



w* = (v 10u/ Ayl ,-0)"* is the velocity of the laminar flow, [du / dy| , -9 = 0.332 U../ & is the gra-
dient of the mean velocity at the wall, and 8 ~ (vX/U.)"%. In the range of Reynolds numbers
under investigation, Re, = 2.82 + 3.77x10°, the dimensionless parameter s* normalized to the
internal variables (v, «*) was within 19 > 5" > 18. This value is rather close to the analogous
parameter (26 > s* > 21) determined in [13] and approaches the optimal parameter of riblets for
the turbulent boundary layer (s* = 15) reported in [1]. The flow velocity was U.. = 8.9 m/s and
the turbulence level did not exceed 0.04 % U... Hot-wire measured the time-average streamwise
velocity component U and the velocity fluctuations «'. For all the measurements, the coordi-
nates x are indicated relative to the position of the perturbation source (3-mm hole located at a
distance of 435 mm from the leading edge of the plate).

Results of the measurements

Let us consider the results of our investigation in some detail. The study of the flow
structure in the boundary layer on the smooth and ribbed surfaces of the flat plate showed that
the flow is laminar and the velocity profile is close to that in the Blasius boundary layer. The
pattern of generated perturbations mapped by the isolines of velocity fluctuations at the point of
the beginning of measurements (x = 40 mm) on both smooth and ribbed surfaces of the plane
plate at z = 0 mm demonstrates that, in both cases, the flow structure remains virtually un-
changed. In other words, at the initial stage of development of perturbations, the riblets did not
produce any noticeable effect on the flow structure. On the other hand, the identity of the initial
conditions of the experiment was the same. Figure 2 shows the dependences of the intensity of
perturbations developed on the smooth and ribbed surfaces on the longitudinal coordinate x.

For the same initial value (19 % U.. at x = 40 mm), the amplitude of perturbations on the
smooth surface sharply increases (47 % U.. at x = 200 mm) and a turbulent breakdown of the
structure is observed downstream. On the contrary, in the presence of riblets, the initial growth
of the perturbation amplitude is arrested (31 % U.. at x = 140 mm) and then it begins to fall at
the same rate until reaching the initial value at the end of the riblet.insert (19 % U.. at
x = 210 mm). Thus, the riblets favor a more than two fold decrease in the intensity of initial
perturbations, thereby stabilizing the flow (see Fig. 2).

Now let us consider the dynamics of the development of localized perturbations on the
smooth and ribbed surfaces, as reflected
by the isosurfaces of velocity fluctua-

g\il tions (2.5 % U..) in space (xyz). Figure
rele %CE e 3 shows the results of measurements at

various positions downstream. Using
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= Fig. 3a, it is possible to compare the
i structure of perturbations at the begin-
z ning and at the end of their development
-

on the smooth surface (in the stream-
wise direction). It is clearly seen that the
A-structure generated in the beginning
(at x = 40 and 75 mm) transforms
downstream into a complex pattern con-
50 e S5 S0 Sisting of a number of coherent struc-

5 tures at x = 175 mm. Usually, such a
pattern is observed for a turbulent spot
averaged over an ensemble. Moreover,
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Fig. 2. Growth rates of the A-structure intensily
downstream on the (1) smooth and (2) ribbed surfaces of
a flat plate for a free stream velocity U, = 8, 9 m/s.
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the turbulent velocity fluctuations was observed
on the signal oscillograms in this region, which
makes it possible to as certain that the
A-structure moving downstream exhibits trans-
formation into the turbulent spot.

A more detailed analysis of the pattern of
evolution of the localized perturbations down-
stream at various coordinates x on the smooth
and ribbed surfaces shows that, at x = 40 mm,
the structure of the disturbance in both cases
remains unchanged. However, on moving
downstream, the A-structure on the smooth sur-
face transforms into a complex pattern charac-
terized by a large number of regions of defect
and excess velocity and by a progressive in-
crease in the streamwise and spanwise pertur-
bation scales. Eventually, the A-structure
gradually transforms into a solit'ary turbulent O g
spot observed at x = 175 mm. It is also neces-  gyq01h and (b) ribbed surfaces of a flat plate at
sary to note a longitudinal stretching of the = 40, 75, and 175 mm; the amplitude levels of
A-structure (x = 75 mm) that is typical of the the the isosurfaces is 2.5 % U..; U.. = 8.9 m/s (the
A-vortex transformation into a so-called hairpin  dark and light halftones correspond to excess and
vortex in a downstream shear flow. In contrast defect velocity, respectively).
to this pattern, the structure of the A-vortex
moving downstream on the riblet surface exhibits rather small variations. The spanwise and
streamwise scales change insignificantly, and finally (see Fig.3b, x = 175 mm), it is seen that
the A-structure is virtually unable to transform into the turbulent spot in this situation.

The maps of isolines of velocity fluctuations obtained during the development of the
A-structure moving downstream on the smooth and ribbed surfaces demonstrate that the struc-
ture of perturbations in both cases represent closed regions of defect and excess velocity, which
are located strictly symmetrically about its plane of symmetry. The characteristic features of the
development of the A-structure on the smooth and ribbed surfaces, which are revealed by the
patterns of the isosurfaces of velocity fluctuations in space (xyz), can also be observed in this
situation. In addition, one can note the presence of the oblique waves generated both by the
A-structure and by the turbulent spot. On the diagrams, this is reflected by the appearance of
regions of defect and excess velocity on each side at the periphery of the basic structures. On
the whole, the results of measurements showed that riblets provide an effective means of con-
trolling the development of the A-structure and its transformation into the turbulent spot.

On a higher level of investigations (with computer-controlled acquisition, processing, and
spatio-temporal representation of experimental data), the obtained results confirmed the conclu-
sion made in [13] about the stabilizing effect of riblets on the development of nonstationary
vortex objects of the A-vortex type. We obtained quantitative information about the mechanism
of suppression of the process of A-structure transformation into the turbulent spot on riblets.
Thus, the hypothesis concerning the stabilizing effect of riblets on the development of coherent
structures in a viscous sublayer in the turbulent boundary layer is once more confirmed in ex-
periments on the controlled development of a coherent structure of the laminar-turbulent transi-
tion in the boundary layer on a ribbed surface.

Fig. 3. Spatial patterns of the hot-wire visualiza-



Conclusions

In conclusion, it should be noted that the results of our experiments showed that the
A-structure is transformed into the turbulent spot downstream on a smooth surface of a flat
plate. In the case of a ribbed surface, it is found that riblets prevent the transformation of the
A-structure into the turbulent spot and lead to a decay of this perturbation. It is found that the
intensity of the A-structure on riblets initially increases and then decays (at about 180 mm
downstream) to less than half of the level observed in the case of perturbation development on a
smooth surface. It is shown that the A-structure is stretched downstream on a smooth surface
and transforms into the hairpin vortex. In both cases (i.e., for smooth and ribbed surfaces), the
single A-structure and the turbulent spot generate the oblique waves at the periphery.
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