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An experimental study of the effect of riblets on three-dimensional nonlinear
structures, the so-called A-vortices on laminar—turbulent transition showed that riblets
delay the transformation of the A-vortices into turbulent spots and shift the point of
transition downstream. This result is opposite to the negative influence of such ribbed
surfaces on two-dimensional linear Tollmien—Schlichting waves (the linear stage of
transition). Thus, the ribbed surface influences laminar—turbulent transition structures
differently: a negative influence on the linear-stage transition structures and a positive
influence on the nonlinear-stage transition structures. It is demonstrated that transition
control by means of riblets requires special attention to be paid to the choice of their
location, taking into account the stage of transition.

1. Introduction

So far, many studies connected with riblets have been carried out in the turbulent
boundary layer, where riblets have a favourable influence on drag reduction. Some of
the earliest and more important results were obtained by Walsh (1979; 1983) and
Walsh & Linderman (1984). They showed that drag reduction could be obtained when
the height of the riblet structure expressed in wall units, s* = su*/v, is below 30; the
maximum of 7-8 % reduction occurred when s* is about 15. Here s is the height and
base of the riblets, «* is the friction velocity of the turbulent boundary layer and v is
the kinematic viscosity. They also found that triangular grooves are among the most
effective in reducing drag. Investigations of carefully optimized riblet models in the
work by Coustols & Coustex (1989) showed that maximum gains of skin-friction
reduction occurred for triangular-groove models such that A" (rib height scaled with
the inner variable of the turbulent boundary layer) was less than 18 and this result was
close to the same parameter obtained by Walsh & Linderman (1984). A good review
of some recent developments concerning drag reduction by passive devices is given in
Savill (1989). However, the physical mechanism of this influence has not yet been
found and the role of the riblets in this process remains unclear. One possible concept
is that drag reduction is due to the changes in the near-wall coherent structures, as
presented, in particular, by Bacher & Smith (1985), Bechert, Bartenwerfer & Hoppe
(1989) and Choi (1989). These works demonstrated the importance of the impeding of
the cross-flow by longitudinal ribs in drag reduction. The coherent structures in the
turbulent boundary layer are similar to the vortex structures of transition and an
experimental study in a laminar boundary layer by Smith er al. (1989) showed that this
similarity is very promising for understanding the mechanism by which riblets influence
the coherent structures of the turbulent boundary layer.

Studies of the influence of riblets on laminar—turbulent transition have been presented
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in only a few papers and the conclusions of these works are sufficiently contradictory
for a more detailed investigation to be required. Hot-wire anemometry studies by
Dijenidi, Anselmet & Fulachier (1987) of large riblets in water have suggested drag
reduction of up to 4% even in laminar flow over riblet. No favourable influence of
riblets on laminar—turbulent transition could be found by Belov, Enutin & Litvinov
(1990), whether the riblets were located along or across the flow. It should be noted
that in this case riblets were placed on the entire surface of the flat plate where the
transition takes place. The work by Kozlov et al. (1990) demonstrated that longitudinal
grooves on a test-plate surface result in either a positive or negative influence on bypass
transition under the influence of high free-stream turbulence (¢ = 1.5-3 %), depending
on the pressure gradient and leading-edge shape of their test plate. In experimental
investigations carried out by Neumann & Dinkelacker (1991) it was found that riblets
delay the development of initial turbulent structures in the transitional zone of the flow
on a body of revolution. Numerical simulation by Chu, Henderson & Karniadakis
(1992) showed that, in comparison with a smooth surface, in the transitional regime
there is drag reduction with riblets. The basic conclusions of a calculation by Luchini
(1993) are that grooving has a destabilizing effect upon Tollmien—Schlichting instability
but a stabilizing one on Taylor—Gértler instability.

The contradictory nature of these studies seems to be connected with looking at the
riblets influence on the disturbances without distinguishing these disturbances in terms
of their types and stages of development because of the difficulty in obtaining detailed
information about the characteristics of the development of the different disturbances
leading to so-called ‘natural’ laminar—turbulent transition. Thus the main purpose of
this paper is to study the influence of riblets on Tollmien—Schlichting (TS) wave
development at linear (i.e. two-dimensional TS waves) and nonlinear (i.e. A-structures))
stages of transition. These disturbances were excited in a laminar boundary layer in a
controlled manner. This method gave the possibility of obtaining new information
about the influence of riblets on the different disturbances involved in transition and
a deeper understanding of the nature and mechanism of this influence, with aim of a
possible explanation of, or at least a first step towards, the effect of riblets both on
transition and on the drag reduction mechanism in a turbulent boundary layer.

2. Experimental set-up and measurement technique

The experiments were performed in a low-turbulence wind tunnel (T-324) at the
Institute of Theoretical and Applied Mechanics of the Siberian Branch of the Russian
Academy of Sciences (Novosibirsk). It is closed return wind tunnel with a 4 m long test
section and 1 x 1 m cross-section, preceded by a contraction with ratio 17:1. The
streamwise velocity fluctuation is less than 0.04 % at the velocity of 8.2 m s™* for the
present experiment.

The flat plate (1) in figures 1 and 2, of 1.5 m length, 1 m width and 10 mm thickness,
was mounted vertically in the working section of the wind tunnel. All measurements
were carried out at a free-stream velocity 8.2 m s™! and free-stream turbulence of less
than 0.04%. The flat-plate leading edge was composed of two conjugate semiellipses
of axes of 2: 132 mm on the working side of the plate and of 8:132 mm on the opposite
side. The model is carefully installed in order to obtain a zero streamwise pressure
gradient, which was uniform within the area of measurements.

A 15 mm thick steel disk, of 160 mm diameter (see figure 1), and a 1.2 mm thick
plastic plate, 285 mm long, 285 mm wide (see figure 2) were utilized as riblet plates,
designated 1 and 2 respectively. All riblets have a symmetrical triangular shape with
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sharp edges. The shape, height (4) and lateral spacing (s) of the riblets are shown in
figures 1 and 2 (see cross-sections A-A); 4, = 1.2 mm, s, = 1.5 mm for riblet plate
1 and A, = 0.75 mm, s, = 1.0 mm for riblet plate 2. Riblet plate 1 can be located with
the riblet peaks either flush with or above the flat-plate surface and with the riblets
along or across the flow. Riblet plate 2 could be located only above the flat plate
surface and with along-flow riblets. A symmetrical triangular shape for the riblets was
chosen because more often than not this is used for drag reduction and moreover this
shape is simpler to manufacture. The riblet height and spacing were optimized using
preliminary investigations by Grek, Kozlov & Titarenko (1993) concerning the
influence of these dimensions on A-vortex development. The height and spacing were
varied from 0.3 to 3 mm and from 0.5 to 3 mm) respectively but a favourable riblet
influence on A-vortex behaviour was found only for heights ranging from 0.7 to
1.2 mm and for spacing ranging from 1.0 to 1.5 mm. About 30 spectral amplitudes for
each experimental position (i.e. at X = 420 mm, Y = Y(u,,,,) but for different states of
the flat-plate surface), obtained by analysis of single oscilloscope traces measured in the
plane of symmetry of A-vortices propagating on the smooth and riblet surfaces, were



34 G. R. Grek, V. V. Kozlov and S. V. Titarenko

ensemble-averaged and from this information the optimum riblet sizes were
determined.

Periodic two-dimensional waves were excited by a vibrating ribbon positioned
130 mm downstream from the leading edge. The ribbon was placed in the magnetic
field of a permanent magnet mounted in a hollow on the reverse side of the plate, and
it was vibrated by feeding it with an electric current of the desired amplitude and
frequency (the ribbon is operated at 102 Hz in the present case).

Three-dimensional localized disturbances were introduced into the boundary layer
by means of a dynamic loudspeaker (3) through narrow slit (2) located at a distance
of 200 mm from leading edge of the flat plate (see figures 1 and 2). The loudspeaker was
connected to a generator of square pulses of frequency about 0.5 Hz. On the other
hand, three-dimensional nonlinear wave packets of the K-regime of boundary layer
transition (see Saric 1994) were created by vibrating the ribbon at higher amplitudes.

A hot-wire anemometer of constant temperature was used for measurements of the
longitudinal components of the mean velocity (&#) and the fluctuations of the flow
velocity (#’) in accordance with the coordinates shown in figures 1 and 2 where X, Y,
Z denote the streamwise, normal to the wall and the spanwise directions, respectively.
Note, that r.m.s.-values, u}, of the velocity fluctuations are measured for the narrow
frequency band (Af = 4 Hz) of the fundamental TS wave frequency (F = 102 Hz). On
the other hand, the fluctuations of flow velocity (¢") for the A-vortices is measured from
the amplitude of a single oscilloscope trace signal (see figures 9(a) and 15) or the time-
averaged (3 min) maximum amplitudes of the signals taken as ‘peak-to-peak’ (see
figure 10) or ensemble-averaged (20 single realizations) signals as presented in figures
9(b), 12,13 and 14. The u,,,,, value is the maximum amplitude of an ensemble-averaged
signal (see figure 11).

The probe calibration, data acquisition and data reduction were conducted by means
of a MacADIOS-ADIO analog-to-digital converter (GW instruments) connected to a
personal computer Macintosh Classic I1. In order to obtain a synchronized hot-wire
signal, the Tollmien—Schlichting waves and the localized vortex disturbances appearing
in the laminar boundary layer were synchronized by means of signals generated by
disturbances sources.

3. Results of the measurements and discussion

As stated above, the triangular riblets height and lateral spacing were chosen from
a preliminary experiment, where a positive riblet influence on A-vortex development
was found for the height 1.2 > 4 > 0.75 mm) and lateral spacing 1.0 > s > 1.5 mm.
The present investigation includes measurements of boundary layer flow disturbed by
artificial TS waves and localized three-dimensional disturbances, A-vortices. In the first
case, riblet plate 1 was used, where the ribs were located flush with the flat-plate surface
or above it and with riblets along or across the flow (the lateral distance (spacing)
between the ridges is s; = 1.5 mm and their height is 4, = 1.2 mm). In the second case,
we used riblet plate | placed only above the flat-plate surface and with the riblets along
or across the flow and riblet plate 2 placed above the flat-plate surface with the ribs
located only along the flow (the lateral distance (spacing) between the ridges is
s, = 1.0mm and their height is A, = 0.75 mm). Measurements of the TS wave
behaviour were carried out at the flat-plate centreline (Z = 0), at different values of Y,
and from X =200mm to X =407 mm downstream, corresponding to Reynolds
numbers (Rey = U, X/v) between 1.09 x 10° and 2.22 x 10°, while the measurements
of A-vortices behaviour were carried out at the five different distances downstream
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FIGURE 3. Amplification curves of the Tollmien—Schlichting waves developing on the flat-plate
surface and on riblet plate 1 located flush with the flat-plate surface, Z =0, ¥ = Y(x;
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X (mm) ¢ (mm) &* (mm) Uy8*/v  (U,X/v)x107®
200 3.0 1.03 563 1.09
235 33 1.13 618 1.28
290 3.64 1.25 683 1.58
300 37 1.27 694 1.64
320 3.82 1.32 722 1.75
335 39 1.34 732 1.83
370 4.1 14 765 2.02
407 4.3 1.48 809 222
420 4.38 1.5 820 2.29
430 443 1.52 831 2.35
450 4.54 1.56 853 2.46

TaBLE 1. Experimental parameters

(X = 320,335, 370,420,430 mm) for the Reynolds number range from Re, = 1.75 x 10°
to Rey =2.35x10° and at different spanwise (Z) and normal to the surface (Y)
distances. Overall characteristics of the undisturbed flow at the main stations for which
results are presented here are listed in table 1. Note that the undisturbed flow in the
boundary layer without riblets had mean velocity profiles close to the Blasius profile
for all the ranges of measurements.

The riblet lateral spacing was normalized by ‘outer’ (8*) and ‘inner’ (v and u*)
variables. Non-dimensional lateral spacing is s* = su* /v, where u* = (v |0u/dy|,_,)"/? is
the laminar friction velocity and [0u/dy|,., = 0.332U /4 is the mean velocity gradient
on the wall, where 8 ~ (vX/U_)"% In the range of Re, considered, the non-
dimensional lateral spacings normalized by inner variables are 26 > sy > 21 (17 >
s > 14) and normalized by outer variable (s/é8*) are 1.4 > (s/0*), > 1.0 (09>
(s/8%), = 0.6) for riblet plates 1 and 2, respectively.
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FiGURE 4. Amplification curves of the Tollmien—Schlichting waves developing on the flat-plate
surface and on riblet plate 1 located above the flat-plate surface, Z =0, ¥ = Y(u;,,,.).

3.1. Effects on the linear development of forced Tollmien—Schlichting waves
Riblet plate 1 (s* = 22-26) was used in this experiment.

3.1.1. Amplification curves

Amplification curves of the Tollmien—Schlichting (TS) waves that developed at the
smooth and ribbed surfaces of the flat plate, when the riblet plate was located flush
with the flat-plate surface and the riblets were placed along or across the flow are
shown in figure 3. The smooth surface was created by replacing the riblet plate by a
smooth plate. The disturbance amplitude is given in a logarithmic scale as a percentage
of the free-stream velocity.

It is seen from figure 3 that locating the riblets along the flow leads to considerable
amplification of the TS waves in comparison with their development on the smooth
surface, and that locating the riblets across the flow leads to small amplification of the
TS waves in comparison with their development on the smooth surface.

Amplification curves of the TS waves that developed on the smooth and ribbed
surfaces of the flat plate, when the riblet place was located above the flat-plate surface
and riblets placed along or across the flow are shown in figure 4. The tops of the riblets
protruded 1.2 mm into the flow above the flat-plate surface and the bottoms of riblet
valleys were at the same height as the surface of the flat plate.

Figure 4 shows that the general picture of the riblet influence on the TS wave
development remains the same as in figure 3: the amplification of the TS waves for
riblets located along the flow is much higher than across the flow or on the smooth
surface, and cross-flow riblets disturb the boundary layer less than along-flow riblets.
However, in spite of similarity of the general picture of TS wave growth presented by
figures 3 and 4, specific inflexions of the amplification curves in the region near the
steps between the plate and the beginning and end of the riblet surface are seen for all
three curves in figure 4. In order to define the cause of this phenomenon the mean
velocity profiles were measured over a smooth plate installed both flush with and above
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FIGURE 5. Mean velocity profiles (7 = f{Y)) measured both on the flat-plate surface and on a
protruding smooth plate, Z = 0. (@) X = 235 mm, () X = 290 mm.

the flat-plate surface in the region of the first step and near the plate centre. The
results of these measurements are presented in figure 5, and described in §3.1.2.

3.1.2. Mean flow

Two profiles of the mean velocity measured for the smooth plate located above and
flush with the flat-plate surface are shown in figure 5 at X = 235 mm beyond the step,
and at X = 290 mm, near the plate centre. The smooth-plate protrusion into the flow
is 1.2 mm, corresponding to the height of the riblet tips when the riblet plate is installed
above the flat-plate surface. It is seen that the mean velocity profile measured at X =
235 mm is more rounded and, in correspondence with non-viscous instability theory,
is more stable than the same profile measured on the smooth flat-plate surface at X =
235 mm. Apparently, the changes in the amplification curve behaviour observed in
figure 4 at step regions in comparison with their behaviour shown in figure 3 are
connected with mean flow changes. This fact was noted by Boiko et al. (1990), where
two-dimensional TS wave development on a step was studied and similar behaviour of
the amplification curves found.

Measurements carried out far downstream from the step at X = 290 mm (near the
centre of the smooth plate) presented in figure 5(b) show that the mean velocity profile
measured on the protruding smooth plate becomes similar to that measured on the
smooth flat plate and the behaviour of the amplification curves presented in figure 4
becomes the same as in figure 3, while they differ again near the second step at X =
390 mm (not shown).

The mean velocity profiles measured on riblet plate 1 located flush with the flat-plate
surface and above the flat-plate surface for riblets placed along or across the flow at
X = 300 mm are shown in figure 6. It is seen from the plots that mean velocity profiles
measured on the riblets located along and across the flow are the same, except in a
narrow region inside the riblet valleys when the riblet plate is placed above the flat-
plate surface. This region was not investigated because the probe sensitive element size
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(1 mm) was too large. The mean velocity profiles measured on the riblets located above
the flat-plate surface have shifted up by about half the height of the riblets from profiles
measured at the smooth surface. Shifting the mean velocity profiles corresponding to
riblet measurements down by half height of ribs, it was found that all profiles collapse
quite well onto a single curve. Thus, the profiles measured at smooth and riblet surfaces
on the flat plate remain unchanged for the bulk of the flow field and an explanation for
the different amplification rates of the TS waves at the smooth flat-plate surface and
at riblets located along and across the flow cannot to be made using these results.
Probably, it is therefore not connected with the mean flow characteristics.

Note that measurements of the mean velocity profiles are presented only over the
riblet valleys (see figure 6) where the riblet origin is 0.54 but, on the other hand, the
riblet origin for the same measurements obtained in the work by Grek et al. (1993) over
the riblet peak is approximately 1.0h. Thus, the virtual origin position of the mean
velocity profiles is changed depending on whether the flow is above riblet peaks or
valleys.

3.1.3. Fluctuations of flow velocity

The fluctuations of flow velocity profiles of TS wave development measured on riblet
plate 1 located flush with and above the flat-plate surface for riblets were placed along
or across the flow at X = 300 mm are shown in figure 7. The profiles on the riblets
located along or across the flow for the riblet plate placed flush with the flat-plate
surface and on the smooth flat plate are very similar but measurements on the riblet
plate located above the flat-plate surface are different for the riblets located along and
across the flow. Apparently, this is connected with the nonlinear stage of TS wave
development for riblets located along the flow, where the amplitude of disturbances
attains a level of 10 %. Also, in the flush-mounted case, where differences of the mean
velocity and velocity fluctuations profiles on the riblets placed along and across the
flow were not observed, the amplification rates of the TS waves for the riblets located
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FIGURE 7. Fluctuations of flow velocity profiles (v; = f{Y)) of Tollmien—Schlichting waves measured
on the flat-plate surface and on the riblet plate at X = 300 mm, Z = 0. (@) Riblets above the flat-plate
surface, (b) riblets flush with the flat-plate surface.

along the flow is much higher than for across-flow riblets (see figure 3). A possible
explanation of this phenomenon is connected with the presumption that two-
dimensional TS waves were less disturbed by riblets located across the flow than by
riblets located along the flow because the former were parallel to the plane wave front,
while in the latter case the riblets were across the plane wave front and TS waves
underwent a three-dimensional distortion on the riblet ridges. A greater transition
acceleration on riblets located along the flow than across the flow was noted in Belov
et al. (1990), where the riblets were placed in region of the two-dimensional TS wave
growth,

Note that the riblets’ influence on the two-dimensional TS waves was investigated
only after the study of the effects of these riblets on the nonlinear A-vortices because
it was interesting to consider their influence on disturbances at the linear stage of
transition. Results of those studies nonlinear are opposite to the present riblets’
influence on the three-dimensional transition structures but this negative riblet effect
on the disturbances at an initial stage of transition is also in good agreement with the
numerical simulation by Chu et al. (1992) and the asymptotic analysis by Luchini
(1993). On the other hand, observations by Dinkelacker, Nitsche-Kowsky & Reif
(1987) showed that some sharks have smooth scales close to the stagnation lines where
the flow can be expected to be laminar or transitional and ribbed scales elsewhere. This
is also in excellent agreement with the present findings.

3.2, Effect on the development of A-vortices on ribbed surfaces

A visualization of the transformation of a single nonlinear wave packet (the so-called
A-vortex) into a turbulent spot is shown in figure 8 (a). The A-vortex is an element of the
three-dimensional distortion of a two-dimensional TS wave at the nonlinear stage of
its development; it is shown in Grek, Kozlov & Ramasanov (1989). We studied the
riblet influence on the development of this A-vortex and riblets were mounted at
various stages of its development.
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FiGURE 9. (a) Single oscilloscope traces and (b) the corresponding ensemble-averaged spectra
measured in the plane of symmetry of the A-vortices at X = 370 mm, Y = Y(« ), Z = 0.
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As stated above, the shape and sizes of the riblets were chosen in preliminary
experimental investigations. Preliminary study showed the absence of a favourable
influence of riblets located flush with the flat-plate surface on A-vortex development
and hence all measurements were carried out only for riblets located above the flat
place surface. This may be connected with the fact that the legs (i.e. a pair of counter-
rotating longitudinal vortices) of a A-vortex developed on a smooth surface remain
insensitive to riblets placed flush with the flat-plate surface further downstream. On the
other hand, the linear two-dimensional TS wave senses the influence of these riblets,
perhaps, because the maximum of the TS wave amplitude normal to the wall is located
almost two times closer to the surface than that of the A-vortex. The latter situation
results in significant effects of the wall features on the disturbance behaviour.

The influence of the step on the disturbance behaviour is negative probably only for
the linear stage of the transition, particularly for TS waves as stated above. However,
on the other hand, a small positive influence of the step on localized disturbance (A-
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vortex-like) behaviour was found in Grek er al. (1993). In this case, a smooth plate of
1.2 mm thickness was used instead of a riblet plate. A small reduction in the A-vortex
intensity was observed, but this influence was almost ten times weaker than the effect
of riblets of the same thickness.

3.2.1. Measurements on riblet plate 1

The A-vortices behaviour measured on the plane of symmetry at X = 370 mm on the
smooth and riblet surfaces is presented in figure 9. Oscilloscope traces of the
disturbance development are shown in figure 9(a) and corresponding ensemble-
averaged amplitude spectra are shown in figure 9(b). The plots show a favourable
influence of riblets located along the flow and an unfavourable influence of riblets
located across the flow on A-vortex development compared to disturbance de-
velopment on the smooth surface. In the latter case the maximum spectral amplitude
of the disturbance is more than two times higher than that of the A-vortex development
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on the riblets; hence the riblets reduce the disturbance intensity both in the maximum
of the amplitude spectra and at all frequency bands (see figure 95).

The measurements on the plane of symmetry of the A-vortices are very interesting
but much more important are the characteristics of the disturbance development along
the spanwise direction because the A-vortex is three-dimensional. The dependence of
disturbance amplitude distributions along the spanwise direction on longitudinal
coordinate (X) are shown in figure 10. One can see that distributions at X = 320 mm
are typical for a A-vortex, with two peaks in amplitude located in the region of the A-
vortex legs and a minimum in amplitude located on the plane of symmetry of this
structure. The disturbance intensity on riblets located along the flow becomes less
significant than on the smooth surface.

Large changes in the disturbance behaviour take place at X = 430 mm. The
distribution on the smooth surface has turbulence (high-frequency) fluctuations on the
plane of symmetry of the A-vortex that indicate a breakdown of the disturbance in this
region; on other hand, the distribution on riblets located along the flow remains
deterministic in all the measurement area and the distribution on riblets located across
the flow showed that disturbances transform into developed turbulent spots. Thus,
riblets located along the flow delay the development of the A-structure into a turbulent
spot, perhaps because the riblets inhibit lateral flow near the surface and thereby act
to reduce the removal of low-speed fluid from the wall. This is shown in regions located
far from the plane of symmetry, where a strong amplitude gradient for the distribution
at the smooth surface indicates increasing vortex activity and a weak amplitude
gradient indicates decreasing vortex activity.

3.2.2. Measurements on riblet plate 2

The dependence of disturbance amplitude distributions along the spanwise direction
on the longitudinal coordinate (X') and on the coordinate normal to the surface (Y) are
presented in figure 11. These measurements were carried out on riblet plate 2 (s* =
14-17). The riblets in this case were located only above the flat-plate surface and for
along-flow riblets. It is seen that distributions at X = 335 mm at the smooth and riblet
surfaces are almost the same. This is a typical distribution of a A-vortex with two
amplitude peaks near the structure legs and an amplitude minimum at the plane of
symmetry.

Large changes in disturbance behaviour take place at X’ = 420 mm. The distribution
at the riblet surface is the usual one for a A-vortex, while the distribution at the smooth
surface is typical for the beginning of a turbulent spot. This is shown on the inserts in
figure 11, where single oscilloscope traces measured in the plane of symmetry (at the
stations marked al, bl) and near the A-vortex legs (the stations marked a2, b2) close
to surface are shown. Disturbance behaviour on the riblet surface remains
deterministic, while disturbances on the smooth surface include the high-frequency
fluctuations of the beginning of a turbulent spot. The height of the A-vortex above the
riblet surface becomes almost one half that above the smooth surface as shown in
figure 11.

It should be noted that the behaviour of the disturbances on the smooth and riblet
surfaces in regions located far away from the plane of symmetry is similar to the
behaviour of the disturbances for riblet plate 1. Namely, the disturbance amplitude
distribution over the riblet surface in these regions close to the wall is more rounded
and its level is higher than in case of the smooth surface (see figure 11, at X’ = 420 mm,
Y = 1.0 and 1.5 mm). Both this finding and the reduction of the A-vortex height on the
riblet surface indicate that possibly the riblets inhibit the movement of low-speed fluid
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FiGURE 11. The dependence of the disturbances amplitude distribution of a A-vortex developed on
(1) smooth and (2) riblet surfaces on X, Y, Z coordinates and oscilloscope traces measured at the
plane of symmetry (al,bl) and legs (a2, b2) of the A-vortex.

from the surface to the outer region of the boundary layer and hence delay the
transformation of the A-vortex into a turbulent spot. However, this requires additional
study.

Contour diagrams of constant velocity fluctuations (Aw’ = +0.05 m s™*) of A-vortex
development in the plane of symmetry measured at the smooth and riblet surfaces at
X = 420 mm are shown in figure 12. One can see the structure of the disturbed flow and
the origination of the secondary vortex above the head of the primary vortex for the
smooth surface in figure 12(a), while at the riblet surface the secondary vortex has not
been originated (figure 125).

Spatial-temporal surfaces of constant velocity fluctuation (¢' = +£0.05 m s™') of A-
vortex development measured at the smooth and riblet surfaces are shown in figures
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FIGURE 12. Contour diagrams of constant velocity fluctuation for A-vortex development measured
on its plane of symmetry on (a) the smooth and (b) riblet surfaces, X = 420 mm (Au’ = +£0.05 m s™%),
Z=0.

13 and 14. The flow field disturbed by the A-vortex at the riblet surface in figure 13 is
much less than at the smooth surface in figure 14. On the other hand, the strong peaks
of disturbances propagated high over the smooth surface in figure 14 rather disappear
in case of the riblet surface in figure 13 and this finding once more demonstrates that
riblets reduce the disturbed area of boundary layer flow and hence inhibit transition to
turbulence.

3.2.3. Riblet influence on groups of A-vortices

This experiment was carried out for the so-called K-regime (Klebanoff regime or
harmonious regime) of boundary layer transition (see, for example, Saric 1994). A
visualization of the K-regime of boundary layer transition is shown in figure 8(b) and
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FIGURE 13. Spatial-temporal surface of constant velocity fluctuations (¢’ = £0.05m s™)
of A-vortex development measured on the riblet surface, X = 420 mm.
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FIGURE 14. Spatial-temporal surface of constant velocity fluctuation (' = +0.05ms™)
of A-vortex development measured on the smooth surface, X = 420 mm.

qualitative results of investigations of the development of groups of A-vortices for the
K-regime of transition at the smooth and riblet surfaces are presented in figure 15. One
can see that the influence of riblets on a group of A-vortices is the same qualitatively
as on a single A-vortex but is much stronger.

Thus, riblets with lateral spacing normalized by inner variables (s* = 14-26) and
outer variables (6*) (s/0* = 0.6-1.3) chosen by preliminary investigations of their
influence on the three-dimensional structures (so-called A-vortices) were studied to find
their effects on both the A-vortices and two-dimensional Tollmien—Schlichting waves.
Comparison of the influence of the present riblets on the different disturbances of the
transition shows that riblets have a positive effect on the localized disturbances of the
nonlinear stage of transition and a negative effect on the forced Tollmien—Schlichting
waves of the linear stage of transition.

Note, that the optimal non-dimensional drag reduction parameters s* ~ A" < 30
with a maximum drag reduction for s* ~ A" = 10 (see Savill 1989) calculated according
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to inner variables for the viscous sublayer of the turbulent boundary layer are in good
agreement with those calculated according to inner variables for the laminar boundary
layer in the present case and, on the other hand, it is known that height of the riblets
h must not be higher than the viscous sublayer thickness of the turbulent boundary
layer. The height of riblets in the laminar boundary layer as shown in the present
investigations was approximately equal to one-third of the boundary layer thickness (8)
or displacement thickness (6*) A/8* = 0.5-1.1.

The riblets (s* ~ A* < 5, h/6* < 0.4) used by Belov et al. (1990) result in acceleration
of the transition at ¢ = 0.3 % and the riblets (s* ~ A* = 15, h/6* = 0.7) used by Kozlov
et al. (1990) result in acceleration or delay of transition at € = 1.5-3% depending on
the experimental conditions (for example, separation flow near the leading edge of the
test model led to a shift of the transition point on the riblets further downstream by
about 20-50%). An unfavourable influence of the riblets on the transition in first case
is perhaps connected to the effect of the riblets on the TS wave growth rate, while the
differences of the riblet influence on the transition observed in second case are due to
both bypass transition and experimental situations. Note that the riblet sizes in the
latter case are similar to those used in the present investigations.
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4. Conclusions

From the results of the present investigations concerning the effects of symmetrical
triangular shaped riblets on the behaviour of both two-dimensional Tollmien—
Schlichting waves at the linear stage of transition (s* = 22-26; s/6* = 1.0-1.4) and
three-dimensional structures (A-vortices) of the nonlinear stage of transition (s* =
14-25; s/8* = 0.6-1.3) for flow on a flat-plate the following conclusions can be
summarized:

(i) The mean velocity profiles remain unchanged for the bulk of the flow field when
the riblets are located along or across the flow and the riblet plate is placed either flush
with or above the flat-plate surface.

(ii) Using the riblets for the control of disturbance development at the linear stage
leads to growth of the two-dimensional TS wave amplification rates and this process
depends strongly on the orientation of the riblets, amplification rates on the riblets
located along the flow being much higher than on riblets located across the flow, and
their magnitude attains a level of 10% of the free-stream velocity.

(iii) A positive riblet influence on A-vortex development was not found when riblets
were located flush with the flat-plate surface but was found when riblets were located
above the flat-plate surface. It is shown qualitatively that riblet influence on the
development of a group of A-vortices (the K-regime of transition) is similar to the
riblets influence on a single A-vortex but stronger.

(iv) Riblets located along the flow delay the transformation of the A-vortex into a
turbulent spot in comparison with the smooth surface in time and space. Riblets
located across the flow accelerate the transformation of the A-vortex into a turbulent
spot.

These experiments were made possible by the financial support of the Russian
Foundation for Fundamental Researches (93-01-17359).
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