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Effect of Riblets on the Streaky Structures Excited
by Free Stream Tip Vortices in Boundary Layer
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In this study, experimental investigations were made regarding the effect of riblets on the

streak instability in boundary layer. The streak instability is now regarded as a major source of

the self-regeneration mechanism for the hairpin type coherent structures in turbulent boundary

layer flow. Thus, it is important to control the instability to suppress the drag-inducing vortical

structure in terms of drag reduction. Toward enhancing the measurement accuracy and spatial

resolution, an enlarged version of riblets was applied to a streak which was artificially induced

by a microwing in a laminar boundary layer. It is found that the riblets have attenuation effect

on the streak instability, i.e., to reduce the spanwise velocity gradient of the quasi-streamwise

streak in boundary layer.
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Nomenclature

Ub . Freestream velocity

u’ . Turbulence intensity

Xo . Location of the microwing/roughness ele-
ments in the streamwise coordinate

yo - Location of the microwing/roughness ele-
ments in the wall-normal coordinate

0™ . Displacement thickness of the boundary layer

1. Introduction

The significant role of streamwise vortices in
laminar-turbulent transition and viscous sublayer
of turbulent boundary layer suggests the possibil-
ity of their control. Kline et al.(1967) were the
first who marked a similarity between transitional
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structures and coherent motion in the near-wall
viscous region of a turbulent boundary layer. Dis-
cussions on this analogy and additional references
are contained, e.g. in papers by Blackwelder (1983)
and Kachanov (1994). It is believed that the me-
chanisms of formation and breakdown of the struc-
tures are the same in both cases. The external vor-
tical disturbances in the form of localized quasi-
stationary flow modulations or free-stream tur-
bulence are of those which most frequently con-
tribute to the boundary-layer disturbances. From
this point of view, two types of phenomena are
usually distinguished inside the boundary layer :
the generation of travelling modes with charac-
teristics of local linear instability and the genera-
tion of quasi-stationary longitudinal (vortical)
structures or ‘streaks’, of which characteristics
seems are usually determined by the external vor-
tical disturbances. These phenomena are consid-
ered to be responsible for the transition to turbu-
lence. The experimentally observed disturbance
motion produced by the streaks is sometimes re-
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ferred to as a ‘Klebanoff mode’, due to early ob-
servations of Klebanoff et al.(1962), who found
steady and low-frequency spanwise periodic modu-
lations of the streamwise velocity component in
the Blasius boundary layer produced by a residu-
al inhomogeneity raised by wind tunnel damping
screens. Later the mean and fluctuating charac-
teristics of the flat plate boundary layer subject to
the 3D free-stream disturbances in the form of
nearly isotropic freestream turbulence has been
studied extensively, e.g., in Westin et al.(1994)
and Boiko et al.(1994), and led to a selection
of a series of phenomenological characteristics
inherent for the ‘streak’ motion inside boundary
layers.

A number of techniques have been proposed
for turbulence control in the viscous sublayer to
reduce skin-friction drag. A recent review has been
compiled by Gad-el-Hak (1990). It is known that
some of these control techniques, for example, sur-
face modifications, also affect disturbance devel-
opment in transitional flows. Advanced methods
to reduce the turbulent skin-friction drag include
surface modifications in the form of riblets, i.e.,
streamwise micro-grooves of various shapes located
on the surface. Historically, the idea to use the
riblets arose in the middle of the 1960’s (Berchert
and Bartenwerfer 1989) through an analysis of
the skin of high-speed sharks. Some types of rib-
lets, interacting favorably with near-wall flow,
produce skin-friction drag reduction in spite of
the increase of the surface area. A net drag re-
duction of about 6% is achieved with V-shape
riblets, the riblets being effective in the presence
of moderate pressure gradients. It has become
evident that the riblets introduce an anisotropy in
the near-wall motions, but definite conclusions
on the physics of their influence on turbulent drag
arc far from being drawn, although recently some
progress in understanding the mechanisms of the
phenomenon has been achieved. Pioneering stu-
dies by Walsh (1983) and later experiments have
shown that the optimum heights and spacings of
the symmetric triangular riblets are about 15-20
wall units. Bechert and Bartenwerfer (1989) and
Choi (1989) pointed out independently that the
optimal riblet spacing is close to the characteristic

size of the near-wall coherent streaks. It has also
been proved that the riblets significantly modify
the streak activity and proposed that among other
possible mechanisms, a restriction of spanwise mo-
mentum of the streamwise vortices close to the
wall by the riblets with sharp tips would have a
prime responsibility for the drag reduction. Direct
numerical simulations by Choi et al.(1993), and
theoretical results by Luchini et al.(1991) are in
accordance with this idea. By means of experiment-
al simulations, Grek et al.(1993) could separate
the riblet effect on different stages of the transition
on a flat plate. They showed that the riblets placed
in the region of linear development of a Tollmien-
Schlichting wave can destabilize its growth and
encourage transition, while, on the contrary, the
same riblets placed in the region of formation and
development of a nonlinear three-dimensional flow
or beneath stationary streamwise vortices delays
flow breakdown into turbulence. These experi-
ments are able to resolve the uncertainty of previ-
ous studies ; they show that the riblets can signi-
ficantly inhibit the later stages of transition to tur-
bulence, while accelerating the earlier ones. Later
Grek et al.(1995) considered a model of the com-
bined effect of riblets on the development of stream-
wise velocity modulations and travelling waves.
The experiments showed that the effect of the rib-
lets is to suppress the activity of an array of symme-
tric streamwise vortices excited in a flat plate bound-
ary layer. At the same time, the boundary layer be-
comes stable with respect to high-frequency tra-
veling waves which cause transition in the ab-
sence of the riblets. In previous studies offering
explanations of the riblets effect upon near-wall
structures e.g., Choi (1991), Grek et al.(1995),
the presence of counter-rotating vortex pairs is
supposed. At the same time, there are few experi-
ments on riblet-control in transitional as well as
turbulent asymmetric flows (e.g., Coustols 1992 ;
Schneider and Dinkelacker 1992).

The experiments described below were carried
out with the intention to look at the riblets effect
on transition in an isolated vortex of large mag-
nitude, excited in a boundary-layer by a vortex
generator where a swept wing with a secondary
mean flow at its leading edge serves as a tool for



198 Andrey V. Boiko, Kwang Hyo Jung, Ho Hwan Chun and Inwon Lee

such vortex generation. In the present study free
stream axial vortex of controlled strength and po-
sition was used to generate an isolated streak in
Blasius boundary layer. It has already been proved
that the streak models significant features of ef-
fect of free stream turbulence onto the bound-
ary layer in natural conditions (Boiko 2002). The
streak grew downstream essentially linearly with
the streamwise coordinate. It was shown that the
disturbance characteristics are in agreement with
data of previous experiments performed under na-
tural and control conditions concerning the ‘by-
pass’ transition initiated at high free stream dis-
turbance levels.

2. Experimental Appratus

2.1 Wind tunnel and test section

The experiments were performed on a 695X
1,200 mm? flat plate model mounted in the wind
tunnel at the Aerospace Department of Pusan Na-
tional University. This tunnel has a 2 m long test
section with a cross section of 0.7 X0.7 m%. Wind
tunnel specifications are shown in Fig. 1. Mean
and fluctuating streamwise velocity components
were obtained with miniature constant-tempera-
ture Dantec Dynamics hot-wire anemometers using
I-arranged hot wire probe. The MiniCTA system
is a versatile anemometer that is widely used in

air flows for accurate measurements. It is espe-
cially suitable for basic flow diagnostics and its
small size facilitates mounting close to the probe
or even for it to be built into flow models. It con-
tains also an analog signal conditioner consisted
of differential amplifiers with voltage offset used
to subtract fixed constant voltages from the bridge
and to improve the system dynamic range and re-
solution of sampled signal. Signals from the hot-
wire anemometer bridge was digitized by Nation-
al Instruments 12-digit A/D converter PCI-6023E.
The length of records was two seconds with sam-
pling frequency 350 Hz. The samples were pro-
cessed with a personal computer in MATLAB en-
vironment.

The wire was calibrated against a Pitot-Prandtl
tube in free stream. The free stream velocity was
recovered by using Pitot-Prandtl tube placed close
to the hot-wire. The flat plate model was 1,565
mm long, 695 mm wide, and 10 mm thick. The
model consists of a main Plexiglas body, a trail-
ing edge flap and a leading edge. The leading
edge is elliptical with the axis-ratio 6:1 to eli-
minate possible leading edge separation. The flap
was used to obtain a smooth pressure distribution
without the so-called suction peak at the leading
edge (see Fig. 2).

The model was vertically installed along the
test section axis, as shown in Fig. 3. The large
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model span prevents disturbances from wall junc-
tions to contribute the measurements along the
centerline in the spanwise range of interest. The
following flat plate coordinate system was used :
the coordinate origin is located at the leading edge
of flat plate, x (streamwise coordinate) is directed
downstream and coincides with the flat plate cen-
terline, z (spanwise coordinate) is directed along
the leading edge, and y (wall-normal coordinate)
is normal to the flat plate surface.

The experiments were performed at free stream
velocity Up=6.2 m/s. A Dantec Dynamics trav-
ersing three-coordinate system with automated,
high resolution positioning with a mechanical so-
lution adapted to CTA. The traversing mechan-
ism was controlled by a sampling program writ-
ten especially for these experiments in MATLAB.
The traversing mechanism made it possible to
perform spatial measurements with relative accu-
racy of 5.6 gm in all directions. Streamwise ve-

hat-wire probe

flat plate

flap

1565mm

Fig. 2 Flat plate model and related coordinate sys-

tem

0 ~
aay \ "i'

Fig. 3 Flat plate model and hot wire installed in the

test section

locity inside the boundary layer was measured
with constant 2 mm step in z-direction and 0.2
mm step in y-direction. Measurements were car-
ried out in the central part of the plate in 80~
100 mm range of the spanwise coordinate at se-
veral x stations. The spanwise range was chosen
on a trial basis to cover the whole spanwise extent
of the excited streak and small enough to mini-
mize the consumption of time for the measure-
ments. The range of measurements in x was re-
stricted by capacity of traversing mechanism and
test section design.

2.2 Microwing

The setup of the microwing (Fig. 4) with
respect to the flat plate is shown schematically in
Fig. 5. The axial vortex originated at the tip of a
microwing with 0.6 mm thick and 5 mm wide
symmetrical NACA 0012 profile manufactured of
brass. Its edges and sides had 0.3 mm rounding-
off radius. The wing was glued to a long cylin-
drical wooden support sting of 8§ mm diameter.
To minimize possible end effects and an influence
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Fig. 4 Microwing
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Fig. 5 The setup of microwing with respect to the
flat plate
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Fig. 6 Schematic diagram of surface roughness

of the sting, the microwing had 80 mm span. It
was positioned at xo=165 mm downstream from
the leading edge above the flat plate at y,=15
mm.

2.3 Roughness elements

In this study, the surface roughness was em-
ployed as an alternative way to excite the. This is
a model of streak excitation by an array of ob-
stacles. In this case the boundary layer is forced
only locally in the vicinity of the roughness ele-
ments. A sketch of the experimental setup is given
in Fig. 6. The row of 14 elements of 10 X2X1.8
mm® (LWH) was installed 165 mm downstream
the leading edge. The application of the array of
streak generators, rather than one as in the case
of the microwing was stipulated by the wish to
simplify spatial Fourier analysis of the distur-
bances and minimize side effects in the middle of
the row. In contrast, the large width of the streak
behind the microwing and difficulties of simulta-
neous adjustment of several microwings forced us
to use only one tip vortex. Also, based on previ-
ous investigations in turbulent and transitional
boundary layers, we expect that the riblets affect
most efficiently, when the streak sizes are compa-
rable with the riblet spacing.

2.4 Riblets

A removable riblet surface was mounted, as
shown in Fig. 7. Triangular riblets with a square
section were used. The leading edge of the riblets
surface was 15 mm downstream of the microwing
tip. The riblet surface was molded by vulcanite
rubber. The leading edge was smoothed to re-
move the effect of the step. The riblets used in the
present study were identical to those used in pre-
vious study of Boiko et al.(1997).

e — 1

Fig. 7 A removable riblet surface mounted on the
flat plate

3. Results and Discussion

3.1 Free stream turbulence measurement

Detailed studies of free stream turbulence level
in the wind tunnel of Pusan National University
were performed for the first time. The results are
shown in Fig. 8. In present case the origin of y
and z coordinates is located at the wall and that
of x coordinate at the entrance to the test section.
As seen, in the bulk of the flow the free-stream
turbulence level Ty=1u'/ U is below 0.15% and
mean velocity distribution is smooth. Here # is
the r.m.s. streamwise disturbance velocity. The
velocity becomes smaller and the disturbance lev-
el increases only close to the wall where thin tur-
bulent boundary layer exists. In addition, it is
found that the boundary layer becomes somewhat
thicker downstream.

3.2 Microwing-induced streak measurement

The streamwise velocity defect caused by the tip
vortex is shown in Fig. 9. As seen, the tip vortex
exists in a wide downstream region behind the
microwing. The absence of its significant spread-
ing in spanwise direction and small decay rate in-
dicate that the tip vortex is laminar. Riblet cover
was located beginning from x,=180 mm down-
stream the leading edge. It is 150 mm in both length
and width with the edges being rounded. Lead-
ing edge of the cover smoothed to exclude ap-
pearance of step and separation. Previous results
(Grek et al. 1995 ; Boiko et al. 1997) showed that
this setup is suitable for testing the riblet effect
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on structures specific for laminar-turbulent tran-
sition. In particular, by placing an auxiliary smooth
plate with effective height equivalent to the riblet
height, it has been shown that the leading edge
of the riblet cover has no dominant effect on the
observed phenomena. The excited streamwise ve-
locity defects and excesses are shown in Fig. 10.
The isolines at the bottom of the plots indicate
that in both cases the intensity of the stationary
streak is growing downstream, but velocity defects
become somewhat smaller when the riblets are
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installed. In all the case the maximum of veloci-
ty distortions is located at y/8*=1.2, which is
specific for the streaks in Blasius boundary layer.
The value of the intensity reduction is demon-
strated in more detail in Fig. 10.

The transition to turbulence is caused by tra-
velling (unsteady) disturbances. Because of it, it
is significant to look at their behavior (Fig. 11).
As seen, the installation of riblets precludes the
disturbance growth. The growth of unsteady dis-
turbances inside a streak is usually associated with
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Fig. 10 Excited streamwise velocity defects and excesses without riblets (top) and with riblets (bottom) at
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the so-called high-frequency secondary instabili-
ty (loosely speaking, the streak development is
considered as the primary ‘instability’) . From the
classical Rayleigh theory of inviscid instability,
local in space instability condition are expected
when the mean velocity profile has inflection points
(in other words, maximum gradient in wall-nor-
mal and spanwise directions). Such velocity pro-
files must be highly unstable to high-frequency
disturbances. We approximated measured veloci-
ties by splines and used differentiation of spline

25

0 01 02 03
u'/Ug [%]

functions to look at the values of the gradients
(Fig. 12). Clearly, the presence of the riblets de-
creases the spanwise gradient and consequently
weakens the instability condition. This can explain
the decrease of disturbance intensity in Fig. 13.

3.3 Roughness-induced streak measurement
The experiments were performed at the same
Us=6.2 m/s and flat plate as above. In addition
a dynamic loudspeaker was placed in the con-
traction chamber. The sound was used to excited
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Fig. 13 R.m.s. values of streamwise velocity disturbances. Ax=x —x,=102 (left) and 144 mm (right). Without

riblets (solid lines), with riblets (dotted lines) Maximum values of spanwise velocity gradients with

and without riblets
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controlled travelling disturbances in the generated
streaks at f =120 Hz. The frequency was chosen
on a trial basis to be from the range of the se-
condary instability. The sampling was synchro-
nized with the sound excitation, so that phase
information on the disturbance development can
be extracted. Contour lines of the velocity defect
and excess behind one of the roughness in the
middle of the row are shown in Fig. 14. Two ob-

z [mm]

servations are remarkable : first, the riblets once
again decrease the intensity of the streak (note the
number of contours) and this decrease is much
more pronounced than with the microwing setup ;
second, both r.m.s. disturbances and those in a
narrow band at f =120 Hz becomes much smaller
(note different color levels on the left and right
plots). Also, three regions of the disturbance lo-
calization are seen in Fig. 14. Figure 15 serves to

Fig. 15 Relation of the velocity gradients and disturbance maxima at Ax=150 mm. The spanwise velocity
gradient and wall normal velocity gradient are shown by blue and green contour lines, respectively.

Isolines of velocity defects and excess are shown by black dotted and solid lines, respectively. Color

shows the location and intensity of disturbances at f =120 Hz
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Fig. 16 Streak ‘intensity’ with (right) and without (left) riblets for Ax=45~150 mm at the top. Amplitude of
r.m.s. disturbances (left) and those at =120 Hz (right) at the bottom. Empty symbols - without
riblets, filled symbols - with riblets
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clarify their relation to the mean velocity gra-
dients. The spanwise velocity gradients (calcu-
lated as before) and wall normal velocity gradient
are shown by blue and green contour lines, re-
spectively. Isolines of velocity defects and excess
are shown by black dotted and solid lines, re-
spectively. Color shows the location and intensity
of disturbances with f =120 Hz. Clearly, the lo-
cation of disturbance maximums almost perfectly
coincides with the corresponding gradients. The
growth of streak intensity and travelling distur-
bances is illustrated in Fig. 16. The streak profiles
were obtained as standard deviations of the ve-
locity difference from the mean value over one
spanwise spacing between the roughness (N=10
is number of points measured in z-direction be-
tween neighboring roughness elements):

2=2(+10mm

(U(y,z) — Umean (y))z

AUI= % N
2=2,+10mm
()= 8 22

It is seen that the streak ‘intensity’ AU grows
continuously downstream in both cases (Fig. 16,
top), but the rate of growth and consequently the
final amplitude of the streak (measured as the
maximum value in the profiles) are smaller under
the effect of the riblets. Corresponding behaviors
of overall disturbances amplitudes and those at
f =120 Hz are shown at the bottom of the figure.
The growth of the disturbance amplitude at f=
120 Hz measured in amplitude maximum is given
in semi-logarithmic scale to emphasize that initial
growth is virtually exponential, that is expected
from the linear instability theory. Presence of the
riblets leads to attenuation of the growth ; there-
fore, the final amplitude of the wave at f =120 Hz
becomes about 5 times smaller. As for the r.m.s.
disturbances, they begin to decay from Ax =90
mm indicating that the riblets significantly pro-
long the laminar regime.

4. Conclusions

Measurements on the effect of riblets on streaks
excited by either tip vortex or roughness elements

were carried out. Where intersect, the results are
in accordance with previous findings. It was con-
firmed that that there is a certain rate between the
riblets spacing and the characteristic spanwise
size of the streaks, where the riblet effect is most
pronounced. The riblets are shown to reduce the
streak intensity and amplitude of travelling dis-
turbances inside the streaks. It is speculated that
the riblets act as a barrier to the cross-stream mo-
mentum, thereby reducing spanwise velocity non-
uniformity which causes the streak instability and
the travelling disturbances inside the streaks. The
travelling disturbances consist of several modes
with different phase velocities. The amplitude maxi-
ma of the modes are related to gradient maxima
(inflection points) in streak streamwise velocity
distributions. This indicates that the modes can
be probably explained by the theory of secondary
instability of streaks.
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