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I. Introduction

HE widely known ability of riblet surfaces to reduce turbulent

skin friction has been well-demonstrated for the last two
decades. The effectiveness of riblets, narrow, streamwise, micro-
grooved surfaces, has been tested under a variety of conditions: in
the subsonic as well as the transonic regimes, with nonzero pres-
sure gradients, and for two- or three-dimensional external flows.!~
Because of the current concerns of some industrial manufacturers,
a long-term experimental research program dealing with turbulent
drag reduction using such passive devices has been pursued at
CERT/ONERA since 1986.>~7 The encouraging results of this
research have allowed us, as well as the Aerodynamics Branch of
ONERA/Chatillon, to be directly involved in the successful flight
tests carried out by Airbus Industrie and its partners in October
1989.8

Thus, as mentioned previously, numerous experimental studies
have investigated the potential of riblets for decreasing turbulent
friction drag and have shown that the optimum groove shapes have
a sharp peak protruding into the flow and a height /# and spacing s
typically of the order of 12-15 viscous lengths. For optimum flow
conditions, maximum drag reductions up from 6% to 8% have
been reported in subsonic as well as transonic flows.!>?

The way such grooves alter the turbulent friction is not exactly
understood, although a great amount of data has been recorded; be-
cause of the microgeometry of these devices, boundary-layer mea-
surements or spectral analysis inside these grooves are very diffi-
cult, but they are possible.' Furthermore, several attempts to
calculate such manipulated external as well as internal flows have
been reported’; the results they gave are often contradictory. Nev-
ertheless, direct numerical simulations of turbulent flows over rib-
lets have been recently performed!! and could help in understand-
ing the basic physics.

Today, there is a rebirth of interest in a long-range supersonic
transport aircraft'? and drag reduction should surely be investi-
gated. One of the possible approaches could be the supersonic ap-
plication of riblets.!? Thus, in collaboration with Aérospatiale, an
investigation has been recently carried out in the ONERA/
Modane-Avrieux S2 wind tunnel to ascertain the effectiveness of
riblets at different freestream Mach numbers: 1.6, 2.0, and 2.5.

Besides the first tests conducted in the Cambridge tunnel by
Squire and Savill on possible modification of shock-boundary
layer interaction due to riblets,'* only a few studies have been per-
formed at supersonic conditions. First of all, Robinson analyzed
the effects of V-shaped grooves (s/h = 1, A = 0.15 mm, h;, =
h.J(t,/p,) v, =17) on turbulence structure at a Mach number
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of 2.97 and a unit Reynolds number (Re;_1,,) of 15X 10° (Ref.
15). No measurement of drag variation was made; however, the
experiments revealed important decreases in the turbulence inten-
sity in the near-wall region and a noticeable thickening of the vis-
cous sublayer. Later on, Gaudet looked at the performances of a
riblet surface (s/h =1, £ =0.051 mm) at a freestream Mach number
of 1.25 and Re; _ 1, from 2.4 X 10° up to 11.0 X 10° (Ref. 16). Skin
friction measurements were performed using a drag balance set
into the side wall of the Royal Aircraft Establishment Bedford
wind tunnel. Maximum reductions of the order of 7% were ob-
tained. Gaudet also looked at the effect of flow misalignment with
respect to the rib direction. Lastly, Walsh! and Bushnell'* men-
tioned unpublished flight experiments conducted at the NASA
Dryden and NASA Langley research centers at Mach numbers up
to 2.0, for symmetric V-shaped grooves (s/h = 1, £ = 0.033 mm
and 0.076 mm).

II. Experimental Facilities and Test Conditions

The experiments were performed in the supersonic S2 facility;
the dimensions of the test section are 1.93 m height and 1.75 m
width. The model was comprised of a cylindric portion, the length
and diameter of which are 1.565 m and 0.090 m, respectively, with
an upstream conical nose of 0.437 m length. The tip haif-angle of 6
deg as well as the dimensions of the model were chosen to mini-
mize the shock wave generation as well as to maximize the per-
centage of friction contribution to the drag budget from the cylin-
der.

The model was mounted along the axis of the test section at an-
gles of attack and yaw equal to zero. Shadowgraphs allowed the
researchers to verify that the shock at the nose did not reflect on
the model, but on the sting for all flow conditions. Tests were per-
formed at three freestream Mach numbers, M, of 1.6, 2.0, and 2.5
for various stagnation pressures varying between 0.50-1.40 bar or
1.55 bar (this maximum value depends upon M..). The stagnation
temperature was kept constant at approximately 300 K. These test
conditions lead to a unit Reynolds number range Re;_,, = 4.9~
223 X 108,

The boundary layer was tripped at 20 mm downstream of the
conical tip using a carborundum band, the average height of which
is 203 pm. Lastly, it should be noted that transition tripping was
optimized for M., = 2.5 and Re; _ ;,, = 4.9 X 10° and overestimated
for the other conditions.

The riblet models were supplied by the 3M Company and ma-
chined in a thin sheet of adhesive backed vinyl. Their aspect ratio
s/h is constant and equal to 1; three depths were considered: / =
0.033, 0.051, and 0.076 mm. The models were placed along the
constant radius part of the centerbody, with the grooves aligned
with the freestream. The cylinders on top of which the riblet mate-
rial was fastened had a smaller diameter (89.8 mm), so that only
the grooves were protruding into the flow to avoid any forward-
step disturbance. The leading edge of the vinyl sheets was set at
6.4 mm downstream of the cone-cylinder junction, which corre-
sponds to 87% of the wetted area of the model covered with riblet
material.

Drag variations were estimated from an internal, one-compo-
nent drag balance. The reference smooth cylinder was equipped
with 19 pressure taps, while the conical nose had two sets of 4
pressure taps at 90 deg intervals in the azimuthal direction. These
latter taps, located at 10 mm and 417 mm downstream of the coni-
cal tip, allowed the researchers to ascertain whether the model was
set at zero angles of attack and yaw. Several pressure taps were
also placed at the base of the model and inside the cavity, between
the sting and the inner cylinder.
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III. Experimental Results

The pressure distributions along the model, for M., = 2.0 are
plotted in Fig. 1 (X = 0 refers to the cone-cylindric portion junc-
tion). The static pressure is constant on the conical nose. There is
rather good agreement between the measured values and the theo-
retical one (Cp = 0.0466 for M, = 2.0). Downstream of the cone-
cylindric portion junction, there is a velocity increase due to the
flow expansion. The values of the pressure ratio could be esti-
mated using the two-dimensional Prandtl-Meyer formulation. Fur-
ther downstream, the flow decelerates towards the cylinder base.
It should be noted that small streamwise irregularities of Cp
along the cylinder are reported. They are attributed to freestream
oscillations previously observed in this supersonic test section.
However, those irregularities induce relative variations of the local
Mach numbers of less than 1%. The Reynolds number does not
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Fig. 3 Synthesis of skin friction drag data.

have too much effect on the pressure distribution; the higher the
Reynolds number is, the smaller the pressure coefficient along the
cylinder is.

For different freestream conditions, the internal drag balance
furnishes the total drag force, including the base drag as well as the
pressure force acting upon the internal cylinder of the model.
These last two forces are estimated from the pressure measure-
ments; their contribution is not negligible in the drag budget: 13%
and 24%, respectively, of the total measured drag (there is a very
slight dependence on the Reynolds number). Substracting those
pressure forces from the measured total drag, the net viscous drag
force of the model is then obtained.

The values of the viscous drag coefficient of the reference
model (smooth surface) are plotted vs Re;_ ,, for the three values
of M, in Fig. 2a; the reference surface is the projected surface. In
that diagram, the values of the computed drag coefficients, using
an integral boundary-layer method, are also given. Considering as-
sumptions made to perform the calculations (no shock wave and
no overthickening at the transition tripping, no pressure evolution
along the cylinder, etc.) the agreement between the computed and
estimated values of Cd is rather good since the difference does not
exceed 4%.

Furthermore, Fig. 2a shows an excellent reproductibility of the
drag measurements. In fact, the greatest scatter occurs for the low
Reynolds number range, which corresponds to very small forces in
comparison to the drag capacity. These discrepancies could be at-
tributed to scatter on measurements of the remaining, aforemen-
tioned pressure forces. Nevertheless, the uncertainties of the drag
coefficient of the model estimated from crude values given by the
internal dynamometer do not exceed 1.6%. Thus, the expected
magnitude of the drag reduction due to grooved surfaces will be
greater than that which could be accounted for by the experimental
erTor.

When the constant radius cylinder portion is covered with rib-
lets, the pressure coefficient on the conical nose, at the model base
or in the inner cavity, does not vary within the experimental uncer-
tainty. It is therefore reasonable to believe that smooth-grooved
surface comparisons were performed under the same test condi-
tions. An example of the results is given in Fig. 2b, for the model:
A =0.051 mm. The net overall drag decreases are obtained over the
whole Reynolds number range.

IV. Discussion and Conclusion

Plots identical to the previous one could be drawn for the other
two riblet models: 2 = 0.033 mm and 0.076 mm. Maximum net
total viscous drag reductions up to 4% are reported. At M,, = 2.0
and 2.5, net drag decreases are recorded for all of the riblet heights
considered. However, at M, = 1.6, increases are observed for unit
Reynolds numbers greater than 15 million.

The aforementioned Mach and Reynolds numbers dependence
could be avoided when plotting results using the nondimensional-
ized riblet height A}, . This parameter varies with respect to the
streamwise coordinate because of the slight favorable pressure
gradient and the Reynolds effect; but, its average value, integrated
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all along the manipulated area, would be representative of the rib
geometry for given test conditions. The explored Mach numbers
and stagnation pressure ranges allowed variations of the 4], pa-
rameter from 2 to 31.

Computations based on the integral method showed that the
friction contribution of the manipulated area was almost indepen-
dent of the freestream conditions and equal to 65% of the total
drag of the model. The variations of the friction drag coefficient of
the manipulated area are plotted vs A}, in Fig. 3, taken from Walsh
and Anders.’ Such a representation allows us to gather together the
results; even though some scatter is observed; the latter is not due
to the Mach number but could be attributed to the extreme sensi-
tivity of drag decreases to cross section uniformity, surface fini-
tion, etc.

Hence, these supersonic results are compared with Gaudet's data
and both the low-speed film data and the fit of transonic data. It
should be noted that for 4;, < 20, drag decreases are obtained
while increases are recorded for higher values; maximum friction
drag reductions occur for 4, close to 10. The drag reducing bene-
fits are comparable to those recorded earlier by several investiga-
tors at different speeds. Thus, our supersonic data fit perfectly with
the other data, provided that the rib height is scaled with the vari-
ables taken at the wall.
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Introduction

ORTEX breakdown is an intriguing phenomenon that has

been observed both on delta wings and in tubes. Compared
with the internal flows in tubes, the major difference of the lead-
ing-edge vortex over a delta wing is the continuous feeding of vor-
ticity from the leading edge. In the early studies of vortex break-
down over steady delta wings, flow visualization was used
extensively to observe the effects of geometric parameters such as
angle of attack, sweep, and yaw angle.!” For a summary of obser-
vations and related interpretations, the reader is referred to the
reviews of Wedemeyer,? Lee and Ho,* and Rockwell.’ The obser-
vations in tube experiments and different explanations of the phe-
nomena based on instability, wave propagation, and flow stagna-
tion are summarized in several review articles.*?

The observations over steady delta wings and in tubes showed
that there are two important parameters affecting vortex break-
down location: swirl angle [¢ = tan~'(v/u), where v and u are the
swirl and axial components of velocity, respectively] and external
pressure gradient outside the vortex core. An increase in the swirl
angle or in the magnitude of adverse pressure gradient causes the
breakdown location to move upstream. For a leading-edge vortex,
the swirl angle is related to the wing geometry such as angle of
attack and sweep angle. It was shown that an increase in angle of
attack or aspect ratio corresponds to an increase in swirl angle.?
The streamwise pressure gradient on the suction surface of the
wing is an adverse one due to the existence of a trailing edge, and
its magnitude depends on angle of attack and sweep angle. For
unsteady wings, both the swirl angle and the pressure gradient are
expected to vary in time during a maneuver.

In this study, vortex breakdown characteristics over stationary
delta wings in an unsteady freestream were investigated. Break-
down may occur over the wing with increasing unsteadiness even
when no breakdown is observed over the wing in steady
freestream at the same angle of attack. Experiments were con-
ducted on two delta wings (aspect ratio A = 1 and 2). The charac-
teristics of breakdown and its time-dependent behavior were
documented by flow visualization and laser Doppler anemometer
(LDA) measurements.

Experimental Facility

Experiments were conducted in a vertical unsteady water chan-
nel with a cross-sectional area of 45.7 X 45.7 cm. The freestream
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