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goes transition. Thus, the entire shock structure collapses to-
gether, as noted by Muntz, Hamel and Maguire.® Hence, there
is experimental confirmation of the present theory in this limit.
However, further experiments are required over a wider range
of Re* in order to distinguish which rarefaction parameter
(6/Ryp or R/Ry ) properly describes the breakdown of the
continuum theory. In order to experimentally verify the results
illustrated in Fig. 3, proper simulation of the rocket plume
must be achieved. Particular emphasis should be placed on
obtaining the critical Reynolds number for the merging of the
barrel shock. To the author’s knowledge, no such experimental
data have been published and Fig.3 is presented as a guideline
to theoretical modeling of high-altitude rocket plumes.
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Flowfield Interactions Induced by Underexpanded
Exhaust Plumes

R. C. BOGER,* H. ROSENBAUM,T AND B. L. REEVES]
Avco Systems Division, Wilmington, Mass.

Experiments have been conducted on a slender cone at Mach 10 with a highly underexpanded exhaust plume to
determine the flowfield interactions, including the separation pattern and the influence upon aerodynamic coefficients.
The experimental results show that the plume induces a preferential separation on the leeward side and that this can
result in destabilizing aerodynamic forces. The experiments suggest a straightforward analytical model to predict
the extent of separation on the cone and the reattachment of the separated boundary layer on the plume boundary.
This model has been checked against the experimental results, and is used to predict the plume-induced separation

pattern at angle of attack.

Nomenclature

the base area of the cone

axial force, normal force, and pitching moment

integral functions used in the moment-integral method

length of the sharp cone

= freestream Mach number

= inviscid Mach number along edge of constant pressure
plateau region

= pressure

= freestream dynamic pressure

= radial distance on cone’s base

':::3 EN

Cy. Cy
J.D

TEE
[

L]

S~

Presented as Paper 71-562 at the AIAA 4th Fluid and Plasma
Dynamics Conference, Palo Alto, June 21-23, 1971; submitted July 12,
1971; revision received November 1, 1971. This work was partially
supported under Air Force Systems Command Contract FO4701-68-
C-0293. R. Haynes was the SAMSO Project Officer, and G. Friese
of the Aerospace Corporation was the Project Engineer. The authors
gratefully acknowledge the generous assistance of several of their co-
workers at Avco Systems Division.

Index category: Jets, Wakes, and Viscid-Inviscid Interactions.

* Senior Staff Scientist. Associate Member AIAA.

t Senior Consulting Scientist. Member AIAA.

1 Senior Consulting Scientist. Member AIAA.

R = base radius of the cone
Re = Reynolds number
u, = velocity along edge of separated flow region

u* = velocity along dividing streamline

X, 9,z = axial and normal body coordinates, Fig. 1

Ax = distance downstream of separation

X = transformed coordinate for separated shear layer

o = angle of attack

6.* = transformed displacement thickness

¢ = meridional angle, Fig. 1

0 = reattachment turning angle, Fig. 11

0, = cone angle

0, = boundary-layer momentum thickness at separation

0, = transformed momentum thickness

® = angle between local inviscid streamline entering the shear
layer and inviscid stream direction downstream of the
plume-shear layer interaction

Subscripts

ch = plenum chamber conditions

cone = cone value for attached flow

e = value at edge of region of separated flow

sep = separated flow value

s = stagnation conditions behind a normal shock
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Introduction

SERIES of experiments has been conducted to study the

flowfield interactions induced by a highly underexpanded
plume, issuing from a sonic nozzle centered in the base of a 6°
cone. The plume axis was parallel to the freestream at zero angle
of attack. The results of the experiments, obtained from pressure
measurements and optical coverage, yield information on the
extent of separated flow over the cone, the destabilizing influence
upon aerodynamic forces and moments, and the nature of the
interaction between the external stream and the plume. By
forming an obstacle to the flow, the plume in these experiments
induced separation as far as halfway forward on the cone’s surface
at zero angle of attack.

Previous work on the problem! ~* has demonstrated that large
areas of separated flow can be induced on a body by the
underexpanded plume. The change in the separation pattern with
angle of attack was also noted. However, the body shapes tested
were a cone-cylinder-flare and a blunted cylinder, so that the
separation pattern was strongly influenced by these shapes.

More attention has been given to the interaction of a transverse
jet with a supersonic stream.’ ~7 This interaction acts as a fluid
amplifier, which increases the side force of the jet and offers
promise as a control device. It has been recognized, that the
separated flow ahead of the jet may be considered similar to
that caused by a forward-facing step, whose height is equivalent
to the penetration height of the jet. When the plume is directed
parallel to the stream, however, the penetration height criterion
cannot be employed.

As the plenum pressure rises, the plume gradually fills out the
near wake of the cone, and further increases in the plenum pres-
sure cause the plume to extend beyond the cone’s base, so that it
begins to interfere with the conical flow. The base pressures
increase simultaneously and eventually reach the value required
to separate the flow on the cone. As long as separation does not
extend to the nose of the cone, the base pressures are greater
than the pressures over the cone’s surface. When the pressures on
the cone and its base are summed, the resulting pressure drag is
found to be negative.

At angle of attack, separation moves forward on the leeward
side and backward on the windward side, and the plume is slightly
asymmetric as well. This circumstance can lead to higher pres-
sures over the after portion of the leeward side. The pressures
result in a force, acting behind the center of gravity, which drives
the cone to larger angles of attack. At a sufficiently large angle
of attack, the separated region on the leeward side extends nearly
to the nose, and a static trim angle is achieved. The present
results show trim angles close to the cone angle under certain
conditions.

These experiments have led to a straightforward analysis of the
entire interaction region, which predicts the extent of separation
on the cone and the location of reattachment on the plume
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Fig.1 Schematic of the experimental model and pressure tap locations.
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Table 1 Test matrix

Per/Pos a, deg Re/ft M

0 0,2,4,8 0.25 x 108 10

5678 0,2,4,8 0.25 x 10° 10
22,400 0,2,4,8 0.25 x 108 10
55,250 0,2,4,8 0.25 x 106 10
100,000 0 0.25 x 108 10
175,000 0,2,4,8 0.25x 108 10
21,000 0,4 24 x10° 10

boundary. In this model the plume is assumed to expand
inviscidly, forming an effective body, which if sufficiently large
may induce separation upstream on the cone. The plume
boundary is in turn dependent upon the pressure in the region of
separated flow, and this pressure varies with Mach number,
Reynolds number, and the length of separation. In order to
determine a unique solution, the reattachment of the viscous
shear layer must be compatible with the pressure rise occurring
where the supersonic stream interior to the plume meets the one
exterior to the region of separated flow. This solution is accom-
plished using a strong interaction, wakelike model of the
separated shear layer impinging on the plume boundary. The
approach developed here considers the detailed structure of the
plume and differs somewhat from the situation treated by
Klineberg, Kubota, and Lees.® The viscous shear layer along the
plume boundary is neglected in the present analysis.

By assuming a two-dimensional strip interaction, this analysis
can be applied to the body at small angle of attack. This
has been checked against a specific experimental result, and it
agrees with the measured separation pattern, pressures, and inter-
actions. Consequently, the analysis can be employed to predict
the possible destabilizing influence of the plume on the aero-
dynamic coefficients.

Description of the Experiment

The tests were conducted in Tunnel C of the von Karman
Gas Dynamics Facility, Arnold Engineering Development
Center. Thisis a Mach 10 continuous flow 50-in. test-section wind
tunnel. Most of the tests were run at a freestream Reynolds
number per ft of 0.25 x 10°, with two additional tests conducted
at 2.4 x 108,

The model consisted of a 6° cone instrumented with 70 pressure
taps on its surface and 10 on its base as shown in Fig. 1. Its
base diameter is 6.69 in. The jet issued from a sonic nozzle of
0.477 in. diam located in the center of the cone’s base. The
plenum chamber in the conical model was supplied with pres-
surized air at ambient temperature through the supporting strut,
and the plenum pressure was monitored during the tests. In order
to avoid strut interference effects, the pressure taps were located
on the top side of the cone opposite the strut. No interference
was discernible in the tests. Angle-of-attack data were obtained by
combining +o and — « results.

The size of the plume is governed by the ratio of plenum
pressure to freestream static pressure, p,,/p,.. Six values of p_,/p
were used in the tests in addition to the no blowing case. The
test matrix is shown in Table 1 with the angles of attack for
each p,/p..

Results of the Experiment

Increasing p.,/p. from the no blowing case, results in the
plume gradually filling out the near wake region behind the cone.
Figure 2 shows the shadowgraph for the case where p_,/p. =
2.1x10% Re_/ft = 2.4 x 105, and o = 0. The plume fills out the
entire near wake region here, but has not yet induced separation
on the cone. The features of the flowfield visible on this shadow-
graph include the plume shock, the laminar (or possibly transi-
tional) shear layer leaving the end of the cone, the interaction
shocks which occur where the plume meets the external flow, and
even the line of turbulence at reattachment.
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Fig.2 Shadowgraph of plume interaction without separation on the cone.

The first occurrence of separation on the cone at « =0 and
Re /it =025x10° was for p,/p, = 55x10* The pressure
distribution for this case is shown in Fig. 3. Note that the base
pressures, plotted on the right-hand side of this figure, are close
to the plateau pressure in the separated region. The largest value
of p./p., attained in the experiment was 1.75x 10°, and the
resulting plume caused separation to move about half-way up the
cone at o = 0. This is also shown in Fig. 3, where the plateau
pressure is again seen to be uniform and equal to the base
pressure. The shadowgraph of this case, Fig. 4, shows the large
plume extending well beyond the cone’s base, and the interaction
where the laminar shear layer reattaches to the plume boundary.

At angles of attack, the flowfield about the cone is no longer
symmetric. Separation moves forward on the leeward side and
backward on the windward side. Figure 5 shows the pressure
distributions on the windward, side, and leeward meridians when
a = 2° for the case when p_,/p, = 5.5% 10*. Comparison with
Fig. 3 shows that separation has moved more than halfway up
the cone on the leeward side, and has disappeared on the wind-
ward side. The base pressure is higher on the windward than on
the leeward side. The pressures for p_,/p, = 1.75x 10° and o0 = 2°
are shown in Fig. 6. The separation on the leeward side extends to
x/L = 0.32 as verified by oil flow studies. For reference the no
blowing result for o = 2° is given in Fig. 7.

Aerodynamic Coefficients

The pressure distribution, obtained from the 80 pressure taps,
was integrated to obtain aerodynamic coefficients. In order to
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Fig. 3 Pressure distributions on the cone’s surface and base at zero
angle of attack.
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Fig. 4 Shadowgraph of plume induced separation on the cone.

obtain the complete circumferential pressure distribution, the
measurements were made at +o and then combined. On the
cone’s surface the pressure was measured at each of the 10 axial
stations shown in Fig. 1 and at 14 circumferential points cor-
responding to ¢ = 0°, +30°, +60°, +90°, +120°, +150°, 180°.
Note that there are actually 4 measurements at ¢ = +90°.

To work with these data, the measured pressures are first
averaged at ¢ = £30° etc. This is equivalent to assuming
symmetry about the pitch plane. Then the circumferential distri-
bution is fitted to a cosine series

6
plx)= Y P(fx)cos"¢, i=1,..,10
n=0
The base pressure data are handled in a similar manner and fitted
to a series in terms up to cos* ¢. The resultiag series are integrated

over the surface and base of the cone to obtain the aero-
dynamic coefficients. The axial force coefficient is defined as

—2tan?9 J‘Lf‘ 2 J‘RJ'“
Cy=—-" pdpxdx+— pdordr
X Aq 0 Jo Aq Jo Jo

the normal force coefficient is

—2tanf, [+ [~
Cy= ————n—“J‘ j pcos ¢ doxdx
Aq 0 Jo
and the pitching moment coefficient about the nose is

— L n
tan b, f J pcos ¢ dp dx+
0

Mo~ 4Rqcos? 0, 0
2 'R (=
i_[ J pcos ¢ dor? dr
ARq Jy Jo

The coordinate system used to define them is shown in Fig. 1.
At zero angle of attack the base pressure contribution to the
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Fig. 5 Pressure distributions at angle of attack, p,/p,, = 5.5x10%
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axial force coefficient increases with increasing p_,/p. to a maxi-
mum as shown in Fig. 8. The maximum occurs when the base
pressure equals the pressure needed to induce separation on the
cone. For larger values of p_, /p_ and larger plume sizes, separa-
tion moves forward on the cone, but the plateau pressure changes
very little. The cone’s contribution to the axial force begins at a
negative value and decreases as separation moves up the cone.
The total axial force coefficient is obtained from the sum of the
base and cone contributions. The notable feature of this result is
that the axial force changes sign.

The plume acts to increase the region of separated flow on the
leeward side at angle of attack. As was shown in Fig. 5, this can
lead to an attached flow on the entire windward side, while a
higher pressure exists in the separated region on the leeward side.
The resultant in this case is a destabilizing force. For a larger
plume, separation begins on the windward side, while it moves
still further forward on the leeward side, and the effect on aero-
dynamic coefficients is more complicated. The normal force
coefficient, shown in Fig. 9, is reduced and even changes sign
because of the plume. To demonstrate the influence on pitching
moment, the center of gravity was assumed to be at 0.62L, yielding
a static margin of 0.05L, based upon Newtonian theory. The
resulting pitching moment coefficient with respect to this center
of gravity is shown in Fig. 10. A stable pitching moment
coefficient is negative using the present definition. The experi-
mental results show that the plume leads to instability at small
angles of attack, and a static trim angle in the vicinity of 6° is
indicated.

Analysis of Flowfield Interactions

The shadowgraphs and pressure data obtained in these experi-
ments have led to the development of an analytical model of the
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Fig. 7 Pressure distribution at angle of attack without a plume.
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Fig. 8 Axial force.

entire interaction region. For these experiments, in which the
laminar separated shear layer apparently was tripped by the
strong compression at the “reattachment”§ point on the plume
boundary, the extent of separation on the cone, the location of
reattachment, and the reattachment turning angle 6 (see Fig. 11)
produced by the interaction of the plume with the shear layer
are in generally good agreement with predictions resulting from
this model. In the model the plume is assumed to expand
inviscidly, forming an effective body, which may induce separa-
tion on the cone. The approach to be described is applicable
given the Mach number, Reynolds number, body configuration,
nozzle exit condition, and, of course, an empirical statement
concerning the location of transition.

The behavior of the separating shear layer depends on whether
it is laminar, transitional, or turbulent. Following Chapman,
Kuehn, and Larson,® it is worthwhile noting the possible cases
that can arise in strong plume interactions. Assume a specific,
fixed configuration, freestream Mach number, and p_,/p .. Fora
sufficiently low-freestream Reynolds number, transition occurs
far enough downstream of the shear layer-plume impingement so
that the interaction is purely laminar. The solution can be com-
puted using the methods of Lees and Reeves'® and Klineberg and
Lees.!!

As the Reynolds number is increased transition moves up-
stream and, evidently for sufficiently strong plumes, “sticks” at
the reattachment point over a fairly large range of Reynolds
numbers. This process is similar to the transition sticking
phenomenon at the near wake stagnation point. Here, however,
because of much stronger compressions at reattachment on the
plume boundary, the sticking phenomenon is apparently even
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Fig.9 Normal force. C, 4
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§ The “reattachment” point is the point where the dividing stream-
lines of the separated shear layer and plume boundary meet. Con-
sequently, it is a stagration point.
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more dramatic than in the near wake.¥ In the present experi-
ments, in which the Mach number on the cone surface ahead
of separation was 8.2, the separated shear layer was tripped at
réattachment for values of Re,, as low as 10°! According to
Chapman, Kuehn and Larson’s® results, Re,, for natural transi-
tion of the shear layer is about 10° at Mach 4, and their
results' show that Re, for natural transition increases with
increasing Mach number. Consequently, it appears that for suffi-
ciently strong plumes transition sticks at the reattachment point
over at least a decade in Reynolds number.

Finally, as thé Reynolds number is increased further transition
moves upstream in the separated shear layer on the cone and
eventually moves upstream of the separation point itself. For
plume interactions in which the separated shear layer is fully
turbulent the method given in Refs. 12 and 13 can be used to
find the separation point and reattachment turning angle.

Since in all of the present experiments transition appeared to
occur suddenly at the reattachment point, we have applied the
general analyses of laminar!%!! and turbulent!?:!3 interactions
to the special case of a laminar separated shear layer, followed
by an instantaneous transition to turbulent flow and a turbulent
reattaching shear layer.

-The crucial simplifying assumption used in this model is that
the plume expands inviscidly into the plateau pressure of the
separated shear layer on the cone. This assumption has been

DIVIDING STREAMLINE .
REATTACHMENT TURNING
ANGLE, &

CRITICAL POINT
STAGNATION POINT

PLUME BOUNDARY

SEPARATION POINT

Fig. 11  Analytical model of the flowfield interactions.

9] Clearly, for a given Reynolds number the strength of the plume
interaction p,/p_ also plays a role in determining the location of
transition. Increasing this parameter not only increases the length of
separation (and thus increases Re,,. where Ax is the distance from the
separation point to the reattachment point) but also increases the
compression at reattachment, which can trip the shear layer.
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verified in all of our experiments (see Figs. 3, 5, and 6) and it

-permits us to neglect the details of the inner shear layer along

the plume boundary because inviscid plume shapes computed
using the plateau pressure as the back pressure compare quite
well with shapes obtained in shadowgraphs. It is plausible that
thiskey assumptionis also applicable to strong plume interactions
that are purely laminar or fully turbulent (using, of course, the
appropriate laminar or turbulent plateau pressure) but additional
experiments are needed over a much wider range of Reynolds
number to verify this. Because of this assumption, the flow model
is limited to strong plumes in which a region of extensive separa~
tion and a constant pressure plateau is produced on the cone
surface. :

In general, the four steps necessary for obtaining an iterative
solution for plume interactions are as follows:

1) For an assumed separation point location the separation
angle, plateau pressure, and Mach number M, corresponding to
the plateau pressure are determined. This also defines a pre-
liminary impingement point on the plume boundary. '

2) For the given M. and the shear layer development the
turning angle at reattacflmen_t is obtained from the viscous inter-
action solution. The shear layer development is-the extent to
which the velocity along the dividing streamline has approached
the asymptotic value ~0.6u,.

3) From inviscid (method-of-characteristics) plume calcula-
tions the pressure and Mach number along the plume boundary
and its location are known. By solving for the deflection of the
two supersonic stream internal and external to the plume, the
impingement point on the plume boundary resulting in the
desired turning angle of the external stream is found.

4) The impingement point determined from 3 is compared with
that in 1. A new separation point compatible with 3 is chosen
and the four steps are repeated.

As a specific example we have treated the case of p,/p =
1.75x 10° and o = 0, which was shown in Figs. 3 and 4. The
flow is idealized as a laminar separated and a turbulent
reattaching shear layer. The value of the plateau pressure is
accurately predicted** using the relationship for laminar
separated flow,'* .

psep/pcone =1+ 120 Mcone3/2ReXsep> e

The experimental point of separation is used here. The Mach
number along the edge of the separated flow, in the pressure
plateau region M, is 7.45, and the separation angle with respect
to the cone is 4°.

Downstream of separation, the normalized velocity on the
dividing streamline u*/u, grows as a function of X2/, Re,, where
X isthe transformed distance downstream of separation and §; is
the boundary-layer momentum thickness at separation. This
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Fig. 12 Laminar separated flow solutions.

** In agreement with the analysis of laminar interactions in Refs. 10
and 11. '
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Fig. 13 Turbulent reattachment solutions.

shear layer development, obtained from Ref. 15, is given in Fig. 12.
In discussing the reattachment solution, it is more convenient to
work with an alternate parameter H/H_. The relationship be-
tween u*/u, and H/H _is determined by the Cohen and Reshotko
family of laminar 31m11ar solutions for reverse flow!® and is given
in Fig. 12.

As pointed out in Ref. 9, the character of the separated flow-
field depends upon the location of transition. In the present
situation, examination of the shadowgraph reveals that transition
appears just as the shear layer reattaches to the plume boundary.
On this basis, the reattachment solution was computed as a fully
turbulent wakelike flow, as formulated in Refs. 12 and 13. In
this model the viscous-inviscid interaction is computed using the
moment integral method, and it determines the turning angle of
the reattaching shear layer. The integral equations of continuity,
momentum and first velocity moment are respectively, for
0p/oy = 0 (Refs. 12 and 13)

= (1)

[ < 1+m, > :| ds.*
H+ :
m, dx i M, dX m,
Hdé*/dX +o* dH/dX+(2H+ D(6,*/M )dM ,/dX ~0 (2)
JdéX/dX +6*dJjdX +(3J6,*/M )dM JdX = D (3)
where H, J, f. and D are one-parameter integral functions for
separated, wakelike flows defined in Refs. 12 and 13, ,* is a
transformed displacement thickness, X is the transformed co-
ordinate measured along the plume boundary, and ©(X) is the
angle between the local inviscid streamline entering the shear
layer at any point X and the inviscid streamline direction at the
edge of the shear layer downstream of the plume-shear layer
interaction. In these solutions the two-dimensional Prandtl-
Meyer relation was used to relate the inviscid stream inclination
to the local edge Mach number M, even though the flow is
axisymmetric (or three-dimensional if the body is at angle of
attack). For turbulent reatttachment and large plumes, that is for
plumes larger than the base radius, the length scale of the com-
pression is much smaller than the plume radius. Thus, the change
in the streamline metric in this region is also small and has a
negligible effect on the interaction.

The integral equations are solved by specifying the value of
H/H_ and the Mach number at the beginning of reattachment

H o dM, _tan®

- the nondimensional variables 5 * =
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(plateau Mach number). These are two of the three initial con-
ditions required for the solution of Eqgs. (1-3). By introducing
= 5.4/(6,%) and X = X/(5,*),,
where (6,*), is the transformed dlsplacement thickness at the
beginning of the compression at reattachment, Eqgs. (1-3) are
solved subject to the third initial condition: é) * = 1. The value
of ® at the beginning of reattachment is determined by the
unique integral curve (say M, vs X)) passing through the critical
point, which is located just downstream of the reattachment
(stagnation) point. This solution is obtained by iterating on an
assumed value of @ at the beginning of reattachment.!? Because
the subcritical reattaching flow upstream of the critical point is
independent of the supercritical flow downstream of the critical
point, the turning angle at reattachment 0 can be found without
considering details of the merged shear layers from the body and
plume downstream of the critical point. For a wakelike model
of turbulent reattachment, the solution is independent of
Reynolds number.

For turbulent reattachment the turning angle depends on M,
and the parameter H/H_, which determines the extent to which
the separated boundary layer has relaxed toward a free shear
layer. To join the turbulent reattachment solution to the laminar
shear layer, we assumed that (H/H ), ... = (H/H ), pujent ACTOSS
the transition region, i.c., that the velocity along the dividing
streamline at transition is continuous. Thus, H/H_ at the begin-
ning of the turbulent reattachment is determined by the laminar
shear layer development as discussed previously. The speciﬁc
results for the turning angle at turbulent reattachment as
function of M and H/H , are presented in Fig. 13. In the present
case, M, = 7. 45 and H /H = 0.11, indicating that the separated
boundary layer has nearly relaxed to a free shear layer. The
predicted turning angle at reattachment is 32.3°.

As has been pointed out, the plume is assumed to expand into
the separated flow plateau pressure. The calculation is effected
through a method-of-characteristics solution using a constant
pressure boundary condition. The results of the numerical calcu-
Jations agree with the shape of the plume boundary in Fig. 4, up
to the point of interaction with the free shear layer. At this
point the supersonic stream external to the region of separated
flow meets the supersonic stream of the expanding plume gas.
The result of this interaction is two shock waves and an inter-
jacent slip line. This pattern is uniquely determined by the
requirements of pressure balance across the slip line and velocities
parallel to it. For the case at hand the slip line (the dividing
streamline) is found to have an inclination of 42° with respect
to the horizontal. This corresponds to a turning angle at
reattachment of 32° for the separated shear layer, which is in close
agreement with the predicted value of 32.3°. Furthermore, the
reattachment shock is calculated to be 52°, and this agrees with
the shock angle measured on the shadowgraph. Hence the
essential features of the separated flow and its interaction with
the plume, obtained from the analytical model, agree with this
specific experiment at zero angle of attack.

The analytical model is most useful, however, at angle of attack
in order to predict the pattern of separated flow and the con-
sequent normal force and pitching moment coefficients. To apply
the analysis on a body at angle of attack, a two-dimensional
strip interaction is assumed. This implies that at each meridional

M=10, Re/ft = 2.5 10°
@=2deg, Poy /Po = 1.75x10°

Xsep LEEWARD

Xsep » @ = O deg.
Y P -

Xsep WINDWARD

L 1 ! L It ) |
0.5 0.6 0.7 0.8 09

X/L

Fig. 14 Separation pattern at angle of attack.



306 BOGER, ROSENBAUM, AND REEVES

station around the body, the local characteristics of the boundary
layer are used to define separation. Also, a two-dimensional
analysis of the shear layer growth and reattachment, and of the
plume structure is employed.

The present analysis was applied to the same flow situation
just analyzed, but with o« = 2°. For this situation, the separation
on the windward side moves back to x/L = 0.73, while the lee-
ward separation point is at x/L = 0.32, as shown in Fig. 14.
It may be recalled that separation occurred at x/L = 0.51 for
a = 0°. The change in separation pattern with angle of attack is
caused by the sensitivity of the plume to pressure changes
along its boundary. On the leeward side, the plume expands in
response to the lower separated plateau pressure, and in so doing
forces the separation point further toward the nose. The results of
the analysis, performed on the windward and leeward meridians,
gave these separation points, matched the experimental pressures,
and duplicated the interactions shown on the shadowgraph of
this case. Therefore, the complete separated flowfield at angle of
attack was determined analytically, and the unusual aerodynamic
coefficients obtained experimentally can be predicted. The limita-
tion on this two-dimensional strip interaction is that at large
angles of attack crossflow effects become important. A similar
limitation applies for the “tangent-body-technique,” employed to
calculate attached flows on slender bodies at angle of attack. That_
technique is known to have shortcomings when the angle of
attack approaches the cone angle.

Conclusions

A series of experiments have been conducted to determine the
flowfield interactions induced by a plume issuing from a sonic
nozzle centered in the base of a 6° cone in a Mach 10 stream.
Theexperimentshaveshown that the underexpanded plume inter-
acts with the external stream to cause separation on the cone;
and the separation pattern at angle of attack extends further on
the leeward side than on the windward. When the pressure distri-
butions over the body are integrated, the plume is found to have a
destabilizing effect, and the high-base pressures produce a
negative pressure drag or axial force.

These experimental results have led to the development of a
straightforward analytical model of the entire interaction region
that predicts the extent of separation and the location of reattach-
ment on the plume boundary. The plume is assumed to expand
inviscidly, forming an effective body, which may induce separa-
tion on the cone. The analysis has also been applied at angle of
attack by using a two-dimensional strip interaction. The results
of the analysis are checked with specific experimental results, and
they show good agreement. This straightforward approach
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predicts the pattern of separated flow at angle of attack and
the consequent aerodynamic coefficients.
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