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number of l . l x l O 5 is found to be consistent with a
backward extrapolation of those data provided in Ref. 5 for
Reynolds numbers varying from 3 to 9x 106.

The marked increase in the lift coefficient with the addi-
tion of the rippled trailing edges is directly related to the
alleviation of separation in the trailing-edge region at virtu-
ally all angles of attack. It is noted that the maximum lift
coefficient is increased by approximately 12% (from 0.73 to
0.82) and occurs at an angle of attack 3 deg lower than that
of the straight-trailing-edge case.

Drag polars for the two airfoils studied are presented in
Fig. 4. These have been normalized with the minimum drag
of the basic airfoil in order to isolate wind-tunnel installation
effects and allow focus on the relative changes induced by
the rippled trailing edge. Here it is seen that the basic airfoil
displays a classical drag bucket with a rapid rise in the drag
at a lift coefficient of approximately 0.6. The rippled
trailing-edge airfoil shows a significantly wider drag bucket
than its straight-trailing-edge counterpart. The relative in-
crease in minimum drag for the RTE is expected due to the
increase in wetted surface and three-dimensional skewing in
the boundary layer. This latter effect is manifest in a span-
wise periodic array of axial vortices emanating from the
trailing edge as evidenced by complementary flow-
visualization studies performed in a water tunnel with the
same airfoil. The attendant drag increase for CL<0.6 is not
considered of serious consequence because the principal
focus here is increase of maximum lift through delay of the
separation and stall process. In this regard, the RTE concept
in Fig. 4 is seen to achieve this with a resulting significant in-
crease in maximum lift/drag ratio.

Concluding Remarks
The results reported here clearly indicate that through use

of controlled lateral-surface contouring, one can provide a
mechanism for alleviation of boundary-layer separation ef-
fects and thereby produce aerodynamic shapes that yield
higher maximum lift and/or lower drag at high lift. The
basic separation/alleviation mechanism is the presence of
local lateral pressure gradients that are less severe than the
normal axial adverse pressure gradient that would otherwise
exist in a trailing-edge region. These in turn provide a route
for the low-momentum fluid in the surface boundary layer to
be scrubbed off into clashing lines and high-momentum in-
viscid flow brought to the surface. This in turn permits the
aerodynamic shape more nearly to achieve its potential flow
equivalent lift while generating less drag than its separated-
flow counterpart. Further study should now be conducted at
high Reynolds numbers in more realistic high-lift situations.
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Pressure Fluctuation
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Shock/Boundary-Layer Control
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Nomenclature
= pressure coefficient
= model chord length
= frequency
= tunnel height
= forcing function
= shock Mach number at zero porosity
= frequency parameter fC/U^
= porosity open area/model area
= rms pressure fluctuations
= freestream freestream dynamic pressure
= thickness of model
= freestream velocity
•= nondimensional shock position transducer

position

Introduction

RECENT theoretical and experimental investigations1"5

have demonstrated that a significant reduction in drag
and increase in lift can be obtained in transonic flows with
shock waves by the application of passive shock-wave/
boundary-layer control (PSBL). The experiments of Theide
et al.4 seem to suggest that PSBL control can also suppress
buffeting. However, there has been no attempt, to date, to
measure in detail the unsteady aerodynamic excitation of
pressure fluctuations in a passively controlled shock/bound-
ary-layer interaction. This Note presents experimental results
of pressure fluctuation measurements on a wall-mounted
circular-arc half-model in a transonic tunnel with and
without PSBL at shock Mach numbers 1.3 and 1.37.

Experiments
Experiments were performed in a blowdown transonic tun-

nel, 101 mm square with an atmospheric intake. The test
section had closed sidewalls and roof, a slotted floor, and
9.6% porosity. The model was a circular-arc half-airfoil of
101-mm chord, 6% thickness, ratio, and 101-mm span, set
on the tunnel roof, with the leading edge of the model 560
mm from the beginning of the constant-area test section
(Fig. 1). Tunnel blockage t/H=6%, and effective chord-to-
tunnel height C///=0.5. The recommended values are
t/H<l.5% and C/H<OA. However, these are not regarded
as critical because the measurements were only of com-
parative nature. The momentum thickness Reynolds number
at the foot of the shock /?-104. Although mounting a
model on the tunnel roof in a small tunnel produced a
relative boundary-layer thickness much larger than that en-
countered in free flight, the resulting momentum thickness
Reynolds number at the foot of the shock of R=104 was
comparable to that which can be obtained by a model
mounted in the freestream of larger tunnels. For the porous
model, the porous region consisted of 1-mm-diam holes,
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forward-facing and inclined at 60 deg to the normal in the
region x/c = Q.I5 to 0.88 with a plenum underneath. The
porosity of the model based on the model total surface area
was 1.6%. The average plenum depth was 4 mm, resulting in
a ratio of the diameter of holes to boundary-layer displace-
ment thickness of approximately 4. The model had four
Kulite pressure transducers (type XCS 062) located beneath
1-mm-diam orifices at four positions: Jtr = 0.57, 0.68, 0.78,
and 0.92. The positions of the transducers were offset 2.5
mm from the model centerlines. Earlier pressure measure-
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Fig. 4 Spectra of pressure fluctuations.

ments have shown that the pressure distribution was virtually
constant across an 80% span of the model.

Experiments were performed at two shock Mach numbers
of Mso = 1.3 and 1.37, with and without porosity.

Results and Discussions
The pressure distributions for the solid model (SM) are

compared with those for the for ward-facing holes (FFH)
model for the two shock positions of xso = 0.75 and 0.82
(Mao = 1.3 and 1.37) in Fig. 2. For the solid model, the
trailing-edge divergence of Cp, at both shock Mach numbers,
indicate separation of flow downstream of the shock wave.
It can be observed that the PSBL control reduces the
pressure change across the shock wave. In fact, shadowgraph
pictures3 have shown that the effect of PSBL control is to
split a single shock wave into a number of weaker shock
waves, resulting in a reduction in the entropy change across
the shock system and the drag. It can also be argued that
PSBL results in a recirculating airflow in the porous region,
which effectively changes the surface geometry and therefore
the pressure distribution. The plenum chamber may also act
as a communication channel between downstream and up-
stream regions of the shock wave; therefore, the boundary
layer upstream of the shock wave starts thickening as it ap-
proaches the shock, which in turn will result in a number of
weaker waves, with the shock system spread over a region.
This is similar to the situation in a laminar boundary-
layer/shock-wave interaction, although the boundary layer is
turbulent.

The root-mean-square values of pressure fluctuation levels
p nondimensionalized with respect to the freestream dynamic
pressure q^, based on the sidewall static pressure measure-
ment two chord upstream of the model leading edge, on the
model surface and upstream and downstream of it, are
shown in Fig. 3. The results shown here are for Mso = 1.37,
Arso=0.85, and for SM and FFH models. For the SM model,
the p/q^ values increase to a maximum value at the shock
position, but the values are not significantly high (<3%) to
indicate any severe shock oscillations. In fact, the distribu-
tion of p/q^ is typical for a rather steady shock-induced
separation. The effect of PSBL is to reduce the p/q^ values
considerably at the shock position, with a slight increase
downstream of it. This suggests that the plenum chamber,
which sets up a communication to both sides of the shock
wave, acts as a stabilizer for any shock movement. It should
be interesting to perform similar investigations in a situation
involving strong shock oscillations.

The spectra of pressure fluctuations plotted in the form
^lnF(n) vs AZ, where ^JnF(n) is the forcing function and n
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the reduced frequency, are shown in Figs. 4a and 4b for
Afjo = 1.37 and for two transducer positions jcr/c = 0.78 and
0.92.

The forcing function F(n) is the contribution to
in the nondimensional frequency band dn such that

n-

n = 0
F(n)dn

It is clear from these figures that the effect of PSBL is to
reduce the levels at lower frequencies significantly ( < 1 KHz)
and to increase the levels slightly at higher frequencies. The
solid surface model shows a peak in spectra at ««0.28 at the
shock position. This would correspond to a frequency pa-
rameter of 27r/c/(/00 = 1.13, which compares well with the
other experimental values6 measured at the shock position.
The reduction in the pressure fluctuation levels at low fre-
quencies will also reduce the buffeting associated with shock
oscillations and shock-induced separation.

Conclusions
It may be concluded from these investigations that PSBL

control in transonic flow can reduce pressure fluctuations in
the region of shock/boundary-layer interaction and therefore
suppress buffeting.
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I. Introduction

MUCH attention has been focused in recent years on the
instability waves that develop at the origin of free tur-

bulent shear layer. Michalke1 calculated the spatial growth of
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small perturbation in a shear layer with a finite thickness. He
found that the most amplified instability frequency /0 can be
scaled with the initial momentum thickness 90 and the jet exit
velocity F0 . The Strouhal number based on this scaling was a
constant:

= 0.017

Many investigators confirmed2"4 these calculations, the
values varying from 0.01 to 0.018. The jet's initial momentum
thickness varies with the exit velocity as F0~1/2. Hence, /0
should be proportional to F0

3/2. Contrary to this prediction,
Gutmark and Ho5 observed a stepwise variation of the initial
instability frequency with the jet velocity, in several facilities.
A possible cause for this discrepancy was interference by the
hot-wire probe. Hussain and Zaman6 have shown that when a
probe is placed in the shear layer, it can trigger, by its
presence, flow instabilities that have characteristics similar to
those observed in the above-mentioned experiments. The pur-
pose of the present study was to rule on this possibility by in-
itializing a nonintrusive technique, namely, laser Doppler
anemometry (LDA). This technique was used to measure the
behavior of the initial instability of the jet, and the results
were compared with those obtained by using the conventional
hot-wire anemometer on the same system. In this study,
velocity spectra were generated from the LDA velocity
measurements with the aid of a spectral technique outlined in
Sec. III. The results of the present work showed identical
behavior of the initial instability frequency as reported by
Gutmark and Ho.5

II. Facility and Instrumentation
The measurements reported in this paper were performed in

an axisymmetric jet operating from a compressed air supply.
A contraction section with a fifth-order polynomial profile
and contraction ratio of 64 led from the stagnation chamber to
a nozzle with a diameter D of 25.4 mm. Honeycombs and
layers of fine screen were used to reduce the turbulence inten-
sity. As a result, the turbulence level was less than 0.4% in the
operating velocity range.

The laser Doppler anemometer, depicted in Fig. 1, is based
on a dual-beam system operating in the forward scattering
mode.7 A continuous- wave (CW) argon-ion laser emitting 1.5
watts at 514.5 nm has been employed as the light source for
the LDA. In order to obtain spectra with a few kHz band-
width, one has to resort to artificial seeding of the jet flow. In
this experiment the aerosol was generated with a Laskin nozzle
and limited to small particles by a one-stage cascade impactor.
The artificially generated aerosol was injected in the plenum
of the jet.

LDA signal processing was carried out in the following way:
The photomultiplier output was amplified, filtered, and pro-
cessed by the Thermo Systmes Inc. burst counter. Using a
minicomputer, these data were stored in files, each containing
a string of Doppler frequencies and the respective time interval
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Fig. 1 Laser Doppler anemometer system.


