MARCIH-APRIL 1966

4-ft parachute are somewhat higher than those of the small
models. The higher drag coefficients may be caused by a
difference in form which presently cannot be explained. Also,
the projeeted diameter of the 4-ft parachute was larger than
expected. This may have been caused by the elasticity of
the cloth and lines or through the rather loose line connec-
tions. The drag cocflicients are in all cases based on the de-
sign diameter.

In spite of the differences of drag coefficients, the fact that
the parachute that was 12 times larger, with a Reynolds
number about 15 times as high, functioned essentially as the
prototypemodels, may be taken as proof of the validity of the
basic concept and of the value ol experiments with small para-
chute models.

In summary, a 4-ft supersonic guide surface parachute,
based on information obtained from model tests, has worked
very well. However, the presented information should be
considered merely as design guide lines. A parachute for
supersonic application should undergo specific wind-tunnel
tests under consideration of the operational conditions such
as Mach number, Reynolds number, and forebody wake.

References

P Mever, R A, “Wind tunnel investigation of conventional
types of parachute canopies in supersonic flow,” Wrighi Air
Development Center Tech. Rept. 58-532 (1958).

* Connors, J. . and Lovell, J. C., “Some observations on

MARCH-APRIL 1966

J. AIRCRAYT

SUPERSONIC GUIDE SURFACE PARACHUTE 111

supersonic stabilization and deceleration devices,”” TAS Paper
60-19 (1960).

3 Maynard, J. D., “Aerodvnamic characteristics of parachutes
at Mach numbers from 1.6 to 3.0, NASA Langley Research
Center, Langley Field, Va., TN D-752 (1961).

¢ Heinrich, H. &, Rose, R. H., and Kovacevic, N. D., “Flow
characteristics of rigid ribbon parachute canopies in supersonic
flow,”” Air Force Flight Development Lab. Tech. Rept. AFFDL-
TR-65-103 (1965).

& kngstrom, B. A, “Peformance of trailing aerodynamic
decelerators at high dynamic pressures,”” Wright Al Develop-
ment Center Tech. Rept. 58-284, Pts. I-11T (1960},

Simms, L. W., “Lvolution of the hyperfio parachute,’”
Transactions of the Fighth Symposium on Ballistic Missile and
Space Technology (Alr Force Systems Command and Aerospace
Corp., Los Angeles, Calif., 1963), Vol. I1.

7 Preiswerk, E., “Applications of the methods of gas dynamics
to water flows with free surfaces,”” NACA TN 934 and TN 935
{1940).

8 Heinrich, H. G., “Aerodynamic characteristics of the supei-
sonic guide surface parachute and the spiked ribbon parachutes,”’
Air Force Flight Development Lab. Tech. Rept. AFFDIL-TR-65-
104 (1963).

9 Bailey, R. O., “Analytical and experimental investigation of
sensitivity to Mach number of the mass flow and flow field
properties of the supersonic guide surface parachute,”” Master
Thesis, Univ. of Minnesota, Minneapolis, Minn. (October 1963).

© Lowry, J. F., “Aerodynamic characteristics of various types
of full scale parachutes at Mach numbers from 1.8 to 3.0, Arnold
Fngineering Development Center Tech. Rept. ARDC-TD1-64-
120 (1964).

VOL. 3, NO. 2

Beneficial Interference Effects Obtained with Ring

Wings at Supersonic Speeds
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Grumman Aireraft Engineering Corporaizon, Belhpage, N. Y.

An investigation of the use of ring wings to develop beneficial acrodynamic interference
effects at supersonic speeds is deseribed. Consideration is given to both symmetrical and
unsyminetrical configurations having conical noses and conical boattails. Experimental ve-
sults for Mach numbers of 1.9 to 2.9 demonstrate that very significant drag reductions can be
obtained even with simplified ring-wing-body combinations. By the addition of a ring to a
symmetrical boattailed body, reductions as high as 409 in total drag and 88% in wave drag
were measured. These beneficial interference effects are reduced by deviation from the design
Mach number ox from zero angle of attack. Significant interference lift, not strongly aflected
by change in Mach number, was obtained with the unsymmetrical models, which aceounted
for their developing higher L/D’s than the syminetrical models. However, since no attempt
was made to optimize cither type of configuration with regard to L/D, the test values may not
be representative of those obtainable. The experimental results are shown to compare favor-

ably with the pressure distributions and optimum configurvation geometry calculated by a

simplified analytical method.

Introduction

HE unique geometry of the ring wing presents an ideal
mechanism through which large beneficial acrodynamic
effects can be generated at supersonic speeds. Significant
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wave drag reduction is obtained when the ring wing is em-
ployed to reflect the high pressure field from the nose onto a
boattail portion of the central body. If a partial ring wing
is used, a substantial lift increment can be developed as the
result of the interaction of the body nose pressure field on the
wing. A number of theoretical investigations have shown
that ring wings can be combined with slender bodies of revo-
lution to produce configurations with near zero or zero wave
drag at supersonic speeds. For example, Ferri' applied
the method of characteristics to this problem, whereas
Graham,? and others,* employed linearized theory. The
large chord ring wings that are required for these zero wave
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Fig. 1 Typical symmetrical ring-wing configurations.

drag configurations problably would have prohibitively large
friction drags, as pointed out by some of these investigators.

Recognition of the natural objection to very large ring wing
chords, plus a frequent requirement of specified base area, has
led to a relaxation of the aim of complete wave drag cancel-
lation. This approach was followed by Broglio,> wherein,
using the method of characteristics, configurations were de-
signed for use at a particular supersonic Mach number and
zero angle of attack. Limited experimental results supported
the theoretical conclusions that the wing-body combinations
would have considerably less drag than the body alone at de-
sign conditions.

The present investigation, adopting the approach of par-
tial wave drag cancellation, is concerned primarily with the
experimental investigation of simple ring-wing configurations
having conical noses, cylindrical inner wing surfaces, and
conical boattails of given base area. The experimental pro-
gram had several purposes: to obtain experimental evi-
dence demonstrating that large wave drag reductions are
possible with relatively unsophisticated symmetrical ring-wing
configurations; to evaluate in a limited fashion the merits of
unsymmetrical shapes; and to explore the off-design perform-
ance of both symmetrical and unsymmetrical configurations.

Supporting analytical work is presented in Ref. 6. It in-
volves a reasonably straightforward, semiempirical procedure
for predicting pressure distributions and for determining the
location and angle of the boattail which produce maximum
drag reduction for the class of configurations considered.
Some comparisons with experimental results appear in the
Appendix.

Experimental Program: General Remarks

The experimental program was conducted in the David
Taylor Model Basin 18 X 18 in. supersonic wind tunnel.
The specific test programs are outlined in Ref. 7. Axial
force, normal force, pitching moment measurements, and
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Fig. 2 Symmetrical ring wing.
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extensive pressure surveys were taken at Mach numbers of
1.88, 2.15, 2.48, and 2.87 (the maximum available) at average
Reynolds numbers per inch of 3.23 X 105, 2.75 X 105, 2.29 X
105, and 1.77 X 105 respectively. In the design of the
models, 2.48 was chosen as the design Mach number so that
data could be obtained at both an upper and lower off-design
Mach number. In the computing of the force coefficients,
the base drag was subtracted from the axial force. The
reference arca for the force coeflicients was the maximum body
cross-sectional area of the particular configuration.

A large portion of the pressure and force data acquired
during this program is not contained in this paper but can be
found in Ref. 6. This additional information generally sup-
ports the main conclusions and results given here, differing
essentially in a quantitative sense only. Therefore, only the
pertinent results for rcpresentative symmetrical and un-
symmetrical configurations are presented here.

Symmetrical Configurations: Experiments and
Results

Description of Models

The basic symmetrical body is a cone-cylinder with a 15°
semicone angle, as shown in Fig. 1 together with typical
boattailed ring-wing configuration. In this figure, § refers
to the angle of the conical boattail in degrees, and i is the
distance in inches from the body nose to the shoulder of the
boattail. The long eylindrical afterbody is designed to iso-
late the boattail from disturbances, generated by the sting
and balance windshield, which might be propagated up-
stream. The principal conical boattails tested had angles of
10°,12°,13°, 15°, and 20°. The wing shown in Fig. 2 has a
profile with a flat inner surface and a half-wedge forward
section followed by a constant thickness, blunt trailing-edge
after-section. The wing, located 3.14 in. aft of the body nose,
is supported by three struts of 59 thickness ratio, having a
symmetrical wedge forward section and constant thickness
after-section.

Zero-Lift Drag Reduction

An effort was made to determine experimentally the boat-
tail angle and location that would provide the lowest zero-lift
drag, C'p,, at a Mach number of 2.48. The results are shown
in Fig. 3 and indicate that the minimum-drag configuration
has a 13.4° boattail located 4.91 in. aft of the nose. The value
of Cp, for this minimum-drag geometry is seen to be 0.201,
which is 3397 less than the experimental value of 0.298 for the
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Fig. 3 Experimental determination of the minimum-
i ¥ drag symmetrical configuration at M., = 2.48.
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drag coefficient of the corresponding boattailed body alone.
Furthermore, the minimum-drag configuration has a Cp,
which is 469 less than the experimental value of 0.373 for the
drag of the nonboattailed wing-body combination.

It is interesting to consider the wave dragreduction associ-
ated with the addition of the wing to the boattailed body;
this can be determined in an approximate fashion. The non-
boattailed body is a cone-cylinder, and the wave drag co-
efficient of this configuration is equal to the pressure coefficient
on the surface of the 15° cone (0.183) which is readily avail-
able from standard cone tables. Subtracting this value from
the total drag coefficient of the body (0.243) and multiplying
the result by the ratio of the wetted area of the boattailed
body to that of the nonboattailed body, we obtain a rough
estimate of the friction drag cocfficient (0.041) for the hoat-
tailed body. It follows directly from the experimental drag
coefficient of the boattailed body that its wave drag coefficient
is approximately 0.257. The wave drag of the boatiailed
body in the presence of the wing is approximated by sub-
tracting the total drag of the wing-plus-struts and the fric-
tion drag of the boattailed body from the total drag of the
boattailed wing-body combination. The wing-plus-strut
total drag (friction drag, wave drag, and interference of body
nose on struts) is obtained as 0.130 by subtracting the drag
of the nonboattailed body from that of the nonboattailed
wing-body configuration. According to this method of esti-
mating, then, we find that the favorable interference reduces
the boattailed body wave drag from 0.257 to 0.030, which is
approximately 889%.

Drag at Angle of Attack

One purpose of this investigation was to measure the in-
fluence of angle of attack on the drag characteristics of a con-
figuration having large beneficial interference at zero lift.
Because the configuration tested in this part of the investiga-
tion had to be selected on the basis of raw wind-tunnel data,
it is slightly different from the minimum-drag geometry.
Thus, whereas the experimentally determined minimum-
drag symmetrical configuration had a 13.4° boattail 4.91 in.
aft of the body nose, the model actually tested had a 13° boat-
tail 4.95 in. aft of the body nose.  Unless otherwise noted, all
further force data for the symmetrical model refer to the latter
configuration.

The variation of drag cocfficient with angle of attack at
Mach 248 for the symmetrical configuration is shown in
Fig. 4. Corresponding boattailed body alone data have been
added to this figure for comparative purposes. It can be
seen that the beneficial interference effects decrease gradually
as the angle of attack is increased. The winged configura-
tion, for example, has the same drag coefficient at 5.5° angle
of attack as the body alone has under zero-lift conditions,
whercas both have the same drag coefficient at 6.9°. The
lift produced by the wing is thus provided at no penalty in
drag up to an angle of attack of 6.9°, with the result that Lift-
to-drag ratios in this range are increased significantly. The
maximum /D values oceur at relatively low values of C.

Subsidiary Experiments

The basic wing of Fig. 2 was modified so that it would ac-
cept extensions to its chord. One of these was an internal
wedge that tapers the inside wing surface to a sharp trailing
edge; the other was a constant thickness, blunt base exten-
sion for use as a rcference. Fach adds 0.4 in. to the basic
wing chord.

Both extensions were tested in combination with the basic
nonboattailed body, and the configuration with the internal
wedge extension showed definite merit.5 This nonboattailed
configuration exhibits approximately 39, less drag than the
shorter chord basic wing configuration and 109 less than
the constant thickness, extended chord reference wing.
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Fig. 4 Drag variation of the symmetrical configuration
with angle of attack at M, = 2.48.

This reduced level of drag is apparently a bencficial result of
the positive pressure field generated by the body nose acting
on the internal wedge sccetion of the wing.

The internal wedge extended wing, used In combination
with a body having a 13° boattail located 4.85 in. aft of the
nose, proved superior to all of the other symmetrical configura~
tions investigated during the course of this program. It has
109, less drag at zero lift than the basic configuration with
boattailed body and 409, less drag than the boattailed body
alone. This occurs in spite of the fact that the extended
wing has a greater wetted area than the basic wing.

Unsymmetrical Configurations: Experiments
and Results

Of the half- and third-ring-wing configurations tested, we
have chosen to present data only for the former. The basic
half body was designed originally to have the same volume and
cross-sectional area distribution as the symmetrical cone-
cylinder body of the full ring tests. The resulting nose angle
of the half body is 20.74°. A modified version of the basic
half body, having rounded corners, proved to be slightly
superior aerodynamically and therefore was selected to be
the one used in combination with the hall wing. Tt has 989
of the volume of the basic body. As shown in Tlig. 5, the
half ring wing has a chord of 1.929 in., a radius of 2.29 in., and
is located 3.35 in. alt of the nose. It has the same wing-plus-
strut wetted area as the basic symmetrical wing. Only two
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Fig. 5 Half-ring-wing configuration.
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Fig. 6 Fovce characteristics of

several half-model configurations
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of the 12° boattail.
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conical boattails (6.5° and 12°) were tested in this case so that
a minimum-drag geometry could not be determined. A
comparison of force data for the nonboattailed and the 12°
boattailed half-wing configuration is shown in Fig. 6. Body
alone data also have been added to this figure for reference.

The nonboattailed half body has a significant negative lift
at zero angle of attack, but the addition of the half ring to
this body introduces a large interference lift so that the wing-
body combination exhibits a substantial positive lift at zero
angle of attack. Boattailing the half body causes a significant
increase in body drag and a large decrease in body lift. In
spite of this decrease in performance of the body alone, the
addition of the half wing to the boattailed body results in a
minimum drag that is 209, lower than that of the nonboat-
tailed wing-body combination, and a lift at zero angle of at-
tack that is 509 higher. The latter effect is due primarily
to the fact that the negative lift induced on the body by re-
flected wing pressures is diminished because boattailing has
reduced the projected planform area of the body.

As mentioned, all of the force data presented here have had
the wind-tunnel base drag subtracted. It should be noted
that the base drag subtracted from the nonboattailed model
is much larger than that subtracted from the boattailed con-
figuration, primarily because of the large difference in base
areas. Thus, the data that are presented herc, with the base
drag subtracted, favor the nonboattailed configuration. A
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fairer comparison might be obtained by considering an ap-
propriate base drag for each configuration.

Comparison of Force Results of Symmetrical and
Unsymmetrical Configurations

The boattailed symmetrical configuration iz compared
with the boattailed unsymmetrical configuration at M, =
248 in Fig. 7. Both configurations have the same wing-plus-
strut wetted arcas, and the basic nonboattailed bodies have
almost the same volume and cross-sectional area distribution.
The maintenance of equivalent cross-sectional area distribu-
tion for the unsymmetrical body produces a large surface area
and a nose of large cone angle. Both of these geometrical
characteristics generally lead to a higher drag level for the
unsymmetrical configuation. The results for the extended
wing model with the internal wedge trailing edge arc included
for reference in Fig. 7 and are shown as dashed lines.

It should be noted that the body cross-sectional area aft
of the boattail is considerably smaller for the symmetrical
models than for the unsymmetrie. This is duc to sting
mounting problems, which established the minimum base
area of the half-body. Because of their larger boattail pro-
jected area (in the axial direction), the symmetrical configur-
ations have a greater potential for the generation of inter-
ference thrust. Therefore, it is not too surprising that
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Fig. 7 A comparison of force

polars of the symmetrical and un-

symmetrical boattailed configura-
tions at M., = 2.48.

|
|
‘r%J




MARCH-APRIL 1966

greater drag reduction is obtalned with the symmetrical
models than with the unsymmetric (Fig. 7). In contrast,
the unsymmetrical model has a substantially greater raaxi-
mum L/D; this occurs at a higher lift coefficient than for the
symmetrical models.

A comparison of the variation of minimum drag Cp,;,
with Mach number for the boattailed symmetrical and half-
mode! configurations appears in Fig. 8. One can see that
the half model is less sensitive to change in Mach number
than is the symmetrical model. As a matter of fact, the
half ring-wing configuration performs better at M. = 2.16
than at the so-called design Mach number of 2.48. This is
probably due, in large measure, to the fact that sufficient
testing to determine an optimum minimum-drag conical boat-
tail for the unsymmetrical model could not be conducted dur-
ing this program. As the half-model boattai’ shape is not one
that produces maximum drag reduction at a given design
Mach number, the beneficial aerodynamic interference does
not deteriorate as rapidly at off-design Mach numbers as does
that of the symmetrical model. Insofar as the half-model
interference lift is concerned, however, it should be noted that
the wing location was chosen to capture the shock at a point
immediately behind the leading edge at M.. = 248, Thus,
as shown in Fig. 9, maximum interference Iift Cpyy, 18 pro-
duced at approximately this Mach number.

Applications

Although a detailed discussion of the many possible appli-
cations of ring wings cannot be given here, a few comments
concerning their use may be appropriate. Aside from the
obvious possibilities, ring wing-body combinations probably
would be particularly effective when cmployed, as mentioned
in Ref. 4, on missions involving ballistic flight paths in the
atmosphere. Ring wings also might be introduced in conjunc-
tion with auxiliary bodies or external stores noticeably to re-
duce their additive drag at supersonic speeds. It is also
possible that they may be used advantageously in those in-
stances where an oversize or low fineness ratio nose is re-
quired to house an antenna.

Configurations such as those sketched in Ifig. 10 might
prove worthwhile. In these sketches, a low drag, high
fineness ratio nose is utilized with a bulging afterbody, housing
for example, a powerplant or warhead. The ring wing serves
to provide substantial wave drag reduction of this afterbody.
Such configurations would not have the stability problem
that would be associated with the use of shapes of the type
tested in the present program. TFuthermore, it is not diffi-
cult to visualize how, at higher Mach numbers and velatively
smaller ring diameters, ring-wing bodies might form the basis
of scramjet vehicles with low wave drag.
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Fig. 8 Minimum-drag variation with Mach number of
several boattailed symmetrical and unsymmetrical con-
figurations.
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Fig. 9 Experimental intexference lift variation with
Mach number for the boattailed and nonboattailed half-
ring-wing conliguration at « = 0°.

Conclusions

At supersonic speeds, a ring wing can be used in combina~
tion with a boattailed body to obtain significant beneficial
interference effects.  Tests of variations in boattail angle and
location on the basic symmetrical wing-body configuration
cnabled us to infer an optimum geometry which had a zevo-
lift drag that was 339, less than that ol the boattailed body
alone, and 469 less than that of nonboattailed wing-body
combination. This reduction is brought about largely by a
reduction of approximately 889, in the wave drag of the boat-
tailed body because of the presence of the wing. Additional ex-
periments with the basic configuration indicate that the bene-
ficial interference effects diminish gradually with increasing
magnitude of angle of attack or as Mach number deviates
from the design condition. An infernal wedge extension was
added to the chord of the basic ring and, when tested with
the basic boattailed body, produced a zero-lift drag that was
409, lower than that of the boattailed body alone. Appar-
ently, further work could lead to additional performance im-
provements.

The half-ring unsymmetrical configuration produced large
interference lift that is relatively insensitive to deviations
from the design Mach number. Because only a limited
amount of boattailing could be used with this model, the full
potential for reducing its high drag level could not be realized.
In spite of its high drag, the interference lift of the unsym-
metrical configuration was sufficiently large, so that the L/D
of the half-ring model was much higher than that of the sym-
metrical configuration. Thus, it might prove fruitful to test
more extensively some partial ring wings in conjunection with
more efficient bodies, perhaps even symmetrical ones.§

As shown in the Appendix, the analytical method of Ref. 6
for predicting the pressure distributions on the wing and the
interference pressure distributions on the body provides
reasonable agreement with experiment. Efforts to prediet

Fig. 10 Sketches of possible ring-wing configurations.

§ It recently has come to the attention of the authors that
some steps in this direction have been taken by Odell Morris.®
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the optimum conical boattail location and angle for a given
initial wing and nose geometry were rather successtul.
Comparisons of Experiment with
Analytical Method of Ref. 6

Appendix:

The method of analysis used in Ref. 6 was initiated to pro-
vide guidance in the design of the symmetrical models for our
experimental program. 1t is a semiempirical method primar-
ily devised to provide more realistic results than those obtain-
able from ordinary linearized theory but it avoids the lengthy
caleulations required for a characteristic solution. Some
comparisons with the experimental results are presented here.

Pressure Distributions

Three pressure instrumented model components were con-
structed: a wing model that has six static pressure orifices
along the inner surface; a cylindrical body section with a
longitudinal row of 10 orifices that can be rotated to any
meridional location; and a 10° pressure instrumented boattail
that also can be rotated. Both body elements can be posi-
tioned in various axial locations. Pressures were recorded at

five circumferential stations 453° apart. However, for clarity
the experimental pressure data that are presented are average
circumferential values for each station. Very little differ-
ence was noted from one distribution to another.

Figure 11 contains analytical and experimental pressure
distributions on the nonboattailed model at M, = 2.48. 1In
this figure are plotted experimental pressures measured on the
wing, the isolated body, and the body in the presence of the
wing with the isolated body data subtracted. Calculated
interference pressures on the wing and on the body are shown
also for comparison. The wing pressure distributions are in
rather good agreement, but the body pressure distributions
do not compare quite as well.  This is especially noticeable in
the region where the shock reflected by the wing intersects
the body. The approximations introduced in the inviseid
calculation procedure partly are responsible for the dis-
crepancy. However, the experimental data indicate further
that there is a significant effect due to the propagation of pres-
sure upstream through the subsonic portion of the boundary
layer.

Typical pressure distributions on the 10° boattail are shown
in Fig. 12. The difference between the experimental and
analytical pressure distributions on the boattail of a wingless
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Fig. 13 Analylical determination of the geometry of the
minimum-drag symmetrical configuration at M, = 2.48.

configuration is largely due to boundary-layer separation
The interference pressures resulting from the addition of the
ving to the body appreciably reduce this separation.

Minimum-Drag Geometry

The net pressure {oree acting on the boattail is the difference
between the thrust produced by the interference pressures and
the wave drag of the isolated boattail. Neglecting the effects
of skin friction, a boattail thrust coefficient can be defined as
(', = boattail mterference thrust cocfficient —isolated boattail
wave drag coefficient.  For a given nose and wing geometry
and boattail base diameter, a minimum-drag conical boattail
can be inferred by determining the angle and location that
maximize C,.

With the use of this technique, thrust coeflicients were
caleulated fov the family of symmetrical boattailed configura-
tions of Tig. 1. As shown in Fig. 13, the maximizing proce-
dure determines the minimum-drag geometry as a 16.8° boat-
tail located 4.92 in. aft of the hody nose.  This compares with
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13.4° and 4.91 in. obfained from the experimenial results
for Cp, which were presented in Fig. 3. The boattail angle
predicted as being best is 3.4° greater than that found experi-
mentally. However, the curve for (Cpg)min, shown in Fig. 3,
indicates that this discrepancy in boattail angle corresponds to
an error in minimum drag of only 3.5%,.
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