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which is about 12° for this wing at the Reynolds numbers
tested. For given flow conditions and sound frequency, the
SPL was increased until suddenly partial attachment occurred
over the wing. At a = 20.25° about 2/3 attachment occurred
initially while at a = 23.9° only the front 1/3 of the wing was
initially attached (see Fig. 1). Once partial attachment occurred
the SPL could be greatly decreased, sometimes by as much as
10 db, and the wing properties (CL, CD) CM) would not change.
Also, increasing the db level to cause greater attachment changed
the wing properties only negligibly. For the case illustrated in
Table 1, 100 db was required for an initial 2/3 attachment
whereas 124 db was required for full attachment. However, the
lift and drag coefficients changed only slightly. In this table the
power reduction ratio is the ratio of the power saved due to
drag reduction divided by the total speaker power. This ratio
obviously is very dependent upon the speaker efficiency but
gives an indication of the benefits to be gained from the
technique.

The minimum SPL required to fully attach the flow for one
flow condition as a function of sound frequency is shown in
Fig. 2. Although stall suppression is a continuous function of
frequency, as seen by Chang,11 suppression at certain frequencies
is much easier than at others. It is believed that these are the
frequencies that assist the linear boundary-layer instability
whereas large amplitude sound waves can bypass the linear
stability mechanism for transition. Similar results were reported
by Pfenninger and Reed.9

A summary of the best results obtained thus far under
various conditions is given in Table 2. At/rms is the velocity
fluctuation produced by the sound wave if it can be approximated
by a plane wave.3 The relative velocity fluctuation produced
by the sound is generally lower than the tunnel turbulence
level (5 x 10~3). Much more intense sound is required to attach
the flow at a = 23.9° than at 20.25°. Also, the power reduction
ratio is greatly decreased (see Table 3 for typical values) at the
higher angle.

At a = 20.25° the tunnel noise was at times sufficient to
produce attachment at the higher Reynolds numbers. The tunnel
noise was concentrated at 95 Hz and 120 Hz, with levels of
90 and 93 db, respectively, at 90 fps (105 db total SPL). However,
it appeared that only 88 db was required to cause stall suppression
(see Fig. la). As mentioned previously, single frequency sound is
much more likely to cause boundary-layer transition than a
continuous sound spectra.1'3

The SPL's described in this Note are very high in some
cases. However, the tests performed at the Air Force Academy10

indicate that much lower levels are required to cause boundary-
layer attachment if internal sound is used. Future tests will
include the use of internal sound.

Conclusion
External sound can cause partial reattachment of the flow

about a stalled airfoil, greatly increasing the lift and decreasing
the pressure drag. The amount of influence of the sound is
dependent upon the sound frequency and sound pressure level,
and a minimum SPL occurs for some frequencies.
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Interpretation of Merged Layer
Behavior for Wedges

JUDSON R. BARON*
MIT Lincoln Laboratory, Lexington, Mass.

PROCEEDING downstream from a leading edge there are
idealized regimes referred to as kinetic, merged, strong and

weak interaction, some of which may be of appreciable extent
in a hypersonic flow. The over-all extremes are the well known
free molecule flow at the leading edge and the boundary layer
with an adjacent in viscid shock layer sufficiently far downstream.

The merged layer portion has received particular attention
for sharp flat plates1'2 in hypersonic flow and Shorenstein3'4
has provided an extension to wedges and cones which shows
rather good agreement with experimental data. He used a local
similarity analysis to match both flow variables and their normal
gradients at the "'interface" between the adjacent shock and
boundary-layer structures. The approach is essentially an exten-
sion of an earlier flat plate study2 which correctly indicated
departures from strong interaction behavior near a leading edge.

Implicit in Shorenstein's wedge analysis3 is a generalization
of the plate behavior such that a strong interaction always
follows the merged region. The generalization proves to be some-
what misleading and the present purpose is a clarification of
that point for the specific parameter ranges that were considered
as well as qualitatively in general. In view of some important
numerical inaccuracies, a secondary purpose relates to the need
for caution when applying the summary correlations3 that were
suggested.

A tabulation of results was not included in either Refs. 3 or 4.
The exact solutions for pressure and heat transfer were shown
graphically for a range of wedge (half) angles, 2° ̂  Oh ̂  20°,
and a single Mach number, surface temperature combination
(Moo = 20, Tb/T0 = 0.06, T0 being the stream stagnation tempera-
ture) over the interval 40 ̂  Xoo ^ 400. The interaction parameter
Xoo = M00

3(C/JRe)00
1/2 is defined here in terms of freestream

conditions, the slant length along the surface in the Reynolds
number, Re^, and the Chapman-Rubesin constant, C^ =
(^b ^OO)/(A*OO Tb\ In place of tables or additional graphs an
empirical correlation was provided in summary of other
numerical results. An accuracy of 5% was claimed within the
intervals 20 ̂  M^ ^ 25, 0.06 ^ Tb/T0 ^0.15, and 2° ̂  Ob ̂  20°.
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Specifically, the correlation expressions were of the form3

Zt cos 0h = G(Ai-Bi Iog10 pw) (1)
in which

y 2
A, oo (2)\GM__

G = 1+i sin 20h[cot (0shock - 9h) - tan 0J
and the empirical constants At, #, associated with the Zt
parameters for pressure and heat transfer (Stanton number)
are given in Table 1.

Table 1 Correlation parameters and constants

Parameter, Zt A} Bi

Pressure, pjipu2^^
Stanton no., (M3Sr/#3/2)c

0.022 0.921
0 0.001 0.037

Figures 1 and 2 show Shorenstein's3'4 exact solutions for the
one merged set (M^ = 20, Tb/T0 = 0.06) that is now available.
His predictions for the leading edge free molecule limits and
the downstream strong interaction limits are also included.
A relatively good experimental comparison is evident, and each
merged layer solution appears to fair smoothly into its strong
limit. However, it is to be noted that the far downstream
(inviscid limit) wedge surface pressures for 9h — 10° and 20°
are (Pb/Pn) = 22.4 and 81.9 respectively. In view of the lesser
pressures shown in the merged region for large wedge angles,
either "negative" interactions \_pb < (p^) inviscid] are present or
some portions of the solutions are suspect. In either case some
of the strong limit asymptotes are inapplicable. The essential
point is that an appropriate measure of interaction strength is
the change from a relevant non-interaction level, which here is
\Pb) in viscid-

A reinterpretation of the results is possible. In doing so it
would be helpful to make use of the full range of solutions
implied by Eq. (1). Unfortunately, it proves necessary to append
a factor (5.0 x 10"5) to the right hand side of Eq. (1) to obtain a
reasonable ''corrected" correlation relation. The resulting cor-

2 _ MQO =

---——FREE MOLECULE LIMITS
(diffuse accommodation)

————— SHORENSTEIN (Ref.3,4) 2*
_..— CORRECTED CORRELATION

EQUATION
—— —— STRONG INTERACTION

LIMITS
*,*,•,• EXPERIMENTAL DATA (Ref. 5)

= M00(C/Reco)1/"

Fig. 1 Surface pressure for wedges.

Fig. 2 Heat transfer
rate for wedges. y- 3/2

Mo, = 20, Tb/T0 = 0.06

- ——— FREE MOLECULE (diffuse)
———— SHORENSTEIN (Ref.3,4)
—— —— STRONG INTERACTION

LIMITS
*,•,«,• EXPERIMENTAL DATA

(Ref.5)

10"
*> 1/9

U« = M^tC/Re,,,)"*

relation prediction is also shown in Fig. 1. Similarly, the
Stanton numbers implied by Eq. (1) result in a need for typical
correction factors of 0.63(0,, = 2°) and 0.36(0,, = 10°) to achieve
agreement with the exact solutions in Fig. 2. Lastly, a constraint
on the correlation equation was that fiw < 1.0. In applying
Eq. (1) this corresponds to a boundary which falls in the range
2.0 < Xoo/M^2 < 5.0 but predicts pressures well below the free
molecule levels. A recent plate study6 based on finite difference
solutions of the Navier-Stokes equations extends merging as far
upstream as #00/M^2 = 15 to essentially the free molecule
asymptotic value. For MOO = 10.0 the decay (proceeding upstream
from the peak at x^/M^2 ^ 1) in pressure occurs quite gradually
in contrast to the abrupt changes suggested by Eq. (1). For
these several reasons the remaining remarks are restricted solely
to the exact solutions for M^ = 20 depicted in Figs. 1 and 2.
The accuracy of Eq. (1) for other conditions with or without
the mentioned corrections is unclear.

Despite the correlation discrepancies, the exact solutions in
Figs. 1 and 2 do furnish the necessary merged layer behavior
to permit a re-evaluation. The viewpoint adapted in Figs. 3 and
4 is that of departures from noninteracting-pressure and weak-
interaction-heat-transfer levels far from the leading edge. The
relevant interaction parameter, #w, is that associated with the
downstream wedge conditions, or what may be considered to
be an equivalent plate interaction parameter. The objective is to
isolate any departure from interaction theory that arises
specifically from the merging process as a result of the develop-
ment of shocks of varying strengths.

Thus
X, _(MwV((C/Re)wVi2

Xoc \MJ \(C/Re)J

X20° MOO =20, Tb /T0=0.06

0.4
0.5 1 10

Fig. 3 Wedge surface pressure on equivalent flat plate basis.
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Fig. 4 Wedge heat transfer rate on equivalent flat plate basis.

and
(M, (4)

in which ( )w implies the use of inviscid conditions downstream
of an oblique shock of turning angle 6b, and StM = — qb/
(pw)oo(^o—hb) is the non-dimensional heat transfer flux. Applica-
tion of Eqs. (3) and (4) to the exact solutions and experimental
data of Figs. 1 and 2, and introducing (pb)inviscid as the pressure
datum, yields the equivalent plate results for each wedge angle
(Figs. 3 and 4; 9b — 10° and 20° loci are dashed for clearness
in Fig. 3). The experimental data in Fig. 3 were plotted from
the original source,5 which indicated a smooth decay to the
inviscid wedge limit. The plate (9h = 0°) solution is from Ref. 2.

In this form, the merged solutions are seen to be initiated
at appreciably decreasing %w as shock strength (i.e., 0b) increases.
The peak pressure interaction proves to be much weaker for
thicker wedges. The experimental points confirm the theoretical
trends (as expected in view of Figs. 1 and 2) but clearly extend
into the weak interaction region and provide no evidence of a
"negative" interaction. The portion of the 9b = 20° curve for
(pfe)/(pf>)inviscid < 1 and the implied extrapolation of at least the
10° curves suggest a failure of Shorenstein's method3 at suffi-
ciently small xw- Nevertheless, the larger 9b solutions do properly
approximate the data band in the transition between the strong
and weak regimes. The experimental points have been omitted
from Fig. 4 for clarity but again are comparably clustered
along the exact solutions as in Fig. 2.

In general, smaller interaction effects were to be expected for
wedges in contrast to a plate as a result of the strong inviscid
pressure field.7 Effectively, the lesser %w (e.g., Xw/Xoo = 0.1 for
Oh = 10°) contracts the (dimensional) distance within which the
interaction is important. In addition, however, Figs. 3 and 4
illustrate the weakening that results from the merging process
for stronger shocks. It is clear that for large wedge angles
(9b % 20°) the strong regime is virtually eliminated.
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Model for the Solution of Supersonic
Viscous Interaction Effects on

Blunted Cones

GABRIEL MILLER* AND ANDREW SROKOWSKif
New York University, New York, N. Y

Introduction

THE problem area of low density, supersonic and hypersonic
flows over blunted cones has received much theoretical1"5

and experimental,6"12 attention over the past decade. The
practical application of such investigations: space vehicle
re-entry and high altitude flight, has initiated the development
of numerous analytical and numerical models to accurately
predict the viscous inviscid interaction and its effect on fluid
properties, particularly pressure distribution.

A proper assessment of the effects of interaction on blunted
surfaces can only be accomplished by a theory which allows
for both pressure and vorticity interaction phenomena for the
high Mach number, low Reynolds number flows of practical
interest. Previous investigations by the authors13'14 have
attempted to establish a model which allows for the inclusion
of all interaction effects directly, i.e., by solving the entire viscous
and inviscid flowfield at the same time and establishing unique
solutions. The model's main features are: its inclusion of viscous
transports in the characteristic equations, the matching of the
subsonic viscous flow (solved by a second-order, implicit Crank-
Nicholson scheme) to the supersonic flow in the transonic zone,
the inclusion of the normal momentum equation (thus allowing
for transverse pressure gradients, whose importance is increased
in thick, high curvature boundary layers), and the solution of
the entire interaction problem by a marching technique. It is
shown herein that the model's predictions of pressure distribution
and heat transfer for high Mach number, low Reynolds number,
flows over blunted cones are in excellent agreement with experi-
mental data, whereas other interaction models do not exhibit
such accuracy.

Method of Analysis
The calculation of the flowfield is divided into three parts;

1) the subsonic boundary layer, 2) the supersonic region
(including viscous transports), and 3) the matching region.

1) Subsonic boundary layer
The equations for the inner, highly viscous, region are

represented by the boundary-layer equations in coordinates
measured along and normal to the body. Consistent with the
hypothesis of moderate Reynolds number, terms of order
•[l/(ReaD)ll2~\ are retained after coordinate stretching. As normal
pressure gradients are impressed on the inner region from the
outer (supersonic) flow, and since body curvature may be signifi-
cant, the normal momentum equation is retained. Thus, for
axisymmetric flowfields, the equations are13'14

= 0
= S2
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