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APPLICAT!ON OF HYPERSONIC FAVORABLE AERODYNAMIC INTERFERENCE
CONCEPTS TO SUPERSONIC AIRCRAFT
R.M, Kulfan, Senior Specialist Engineer
Boeing Commercial Airplane Company, Seattle, Washington

Abstract

A study was made to identify hypersonic favorable aero-
dynamic interference concepts for application to supersonic
aircraft. Preliminary aerodynamic analysis defined key design
parameters, and scoped potential aerodynamic efficiency
improvements. The study included supersonic biplanes, ring
wings, parasol wings, wave rider concepts, and flat-top wing/
body arrangements, Results indicate the parasol wing concept
offers the greatest potential aerodynamic benefits for the study
conditions. However, the best aerodynamic concept is very
dependent on the design Mach number, and on the airplane
component size relationships. It is shown that existing aero-
dynamic design/analysis methods can be used for parasol
wing aerodynamics studies.

1.0 Introduction

Aircraft capable of extended range while cruising at super-
sonic Mach numbers are of interest for both commercial1 and
military applications2. Existing supersonic airplanes and cur-
rent study configurations typically employ thin, highly swept
wings and slender bodies that are integrated with the propul-
sion system and other components to produce aesrodynamically
efficient designs. Through careful design, these configurations
can derive favorable aerodynamic interference effects associated
with mutual interactions of the flow fields created by airplane
components, The interactions can result in direct drag reduc-
tion, or in additional lift production. Body area ruling3 and
wing mounted engine installations? are well-known examples.

Enhancing favorable aerodynamic interference effects
offers the potential for further increases in supersonic aero-
dynamic efficiency. Considerable development of favorable
interference technology took place in studies of maneuverable
orbital entry vehicles and hypersonic vehicles. Application
of these favorable aerodynamic interference concepts to super-
sonic aircraft has not been explored in depth.

A study® was made to evaluate potential aerodynamic
benefits of using these hypersonic concepts for supersonic air-
craft. The aerodynammic design results of this study form the
subject of this paper.

The aerodynamic design/analysis methods that were used
in the study are summarized in Section 2.0. This section is
followed by a review of the general aerodynamic design criteria
applied to the study configurations, Section 3.0. This section
also contains a review of the different aerodynamic features
of aircraft designed for subsonic flight, for supersonic flight,
or for hypersonic flight. Hypersonic and favorable interference
concepts selected for this study are also identified.

Sections 4.0 through 7.0 contain results of evaluations of
the various aerodynamic concepts considered in this study.
These sections also summarize the physics of the aerodynamics
of each concept.

The parasol wing was identified as the most promising
concept. Section 8.0 contains aerodynamic design guidelines
for parasol wing configurations. The parasol wing configuration
developed in this study is described and evaluated in Section 9.0.

The main aerodynamic conclusions of the study are sum-
marized in Section 10.0.

2.0 Theoretical Aerodynamic Methods

Aerodynamic design and analysis methods that were used
in the study are described in this section. The particular meth-
ods used for a specific aerodynamic concept depended on the
nature of the configuration, and on the desire to use the most
efficient applicable analytical tool. Throughout the study,
slender body theory estimates provided design guidance, and
also identified significant design parameters.

Exact shock expansion techniques were used to evaluate
the supersonic aerodynamic characteristics of the nonplanar
caret wing and Nonweiler wing concepts described in Section
5.0,

The aerodynamic design and analysis system for supersonic
aircraft® (ADASSA) and the FLEXSTAB system? were used
for design and analysis of the reference configurations and the
parasol wing configurations (Sections 8.0 and 9.0).

ADASSA is currently one of the best supersonic design
and analysis tools. This code is restricted to planar wings,
where the lifting surfaces lie in a single plane. The code does
include nonlinear methods for caleulating shock waves pro-
duced by general bodies of revolution, and for determining the
intersection of the shock waves and pressure fields with adjacent
wings and bodies.

The aerodynamic influence coefficient (AIC) method used
in FLEXSTAB provides the design and analysis capability for
supersonic as well as subsonic planar or nonplanar aerodynamic
configurations,

Both of these methods are small-disturbance potential
flow methods, and are, therefore, restricted to slender-body,
thin-wing arrangements producing weak shock waves. It is
shown in Section 8.0 that both methods can predict the
aerodynamic characteristics of parasol wing configurations.



3.0 Aerodynamic Concepts

The operating efficiency of an airplane is related to its
ability to produce lift at low drag levels. Hence, the aero-
dynamic design goal is to shape and arrange components of the
airplane to minimize the drag and/or to enhance the lift pro-
duction. It seems possible that, in supersonic flight, unconven-
tional arrangements of wings and bodies may offer advantages
of drag reductions at cruise. It is desired to determine if any
unconventional arrangement of wings and bodies offers suf-
ficient advantage in the form of supersonic drag reduction to
merit more detailed study.

Classes of airplanes can be defined according to the types
of flow associated with the airplaneB.9. Aircraft shapes that
achieve a specific type of flow can then be readily identified
or conceived. This approach was useful in identifying funda-
mental aerodynamic characteristics of the study configurations.

Acceptable aircraft designs must meet certain aerodynamic
design criteria. These criteria include these factors:

®  The airplane must be capable of achieving acceptable aero-
dynamic performance

® The flow must be physically achievable

The flow over the aircraft must be stable and controllable

® The aircraft must be capable of flying at low speed to
meet takeoff and landing requirements

®  The airplane must be controllable

3.1 Types of Aircraft

Four types of aircraft are identified in Figures 1 and 2.
The classical and swept wing aircraft are quite similar. In fact,
the swept wing aircraft is an extension to higher speeds of the
classical aircraft concepts. The geometry of classical and swept
wings can be described as being conical, with the apex of the
cone at the wing tip1 Span wise pressure changes on the
classical wings are much smaller than the chordwise pressure
changes. The flow over these wings is nearly two-dimensional
in streamwise planes. The wings have sharp trailing edges, so
that flow separation is confined and fixed to the trailing-edge
area. It is possible to control this type of flow, and the asso-
ciated forces and moments, to allow a sufficient range of
practical flight conditions. The flow of these configurations is
essentially subsonic. Means for providing volume, lift, thrust,
and control are typically separate from each other.

The flow field for slender wings is also conical. In this
case, the apex of the cone is at the wing apex. The streamwise
pressure changes for very slender wings are milder than the
spanwise pressure changes. The flow over these wings is
effectively subsonic, except, perhaps, for localized areas near
the wing trailing edge. The flow over these wings is attached
for a rather limited angle of attack regime. A series of design
criteria for achieving attached flow at supersonic speeds are
discussed in Reference 11.

The most obvious aerodynamic characteristic of slender
wings is the formation of rather stable leading-edge vortices at

increased angle of attack. The angle of attack at which the flow
separation and leading-edge vortices start depends on the air-
foil leading-edge radius, and wing camber and twist11. The
flow is attached on the wing behind the vortices, up to high
incidence angles. When the leading-edge vortices develop, the
drag due to lift increases because of loss of leading-edge suc-
tion11. The lift and pitching moment continue to increase.
The components of the airplane that provide lift, volume, and
thrust again tend to be separate. However, the components are
carefully tailored to maximize aerodynamic efficiency through
mild favorable interference effects3,

The final class of aircraft, and the one of particular interest
for this study, is the wave producer family. This family, as
mentioned in Section 1.0, has been studied in conjunction
with hypersonic configurations. The wave producer family
differs from the previously mentioned types of aircraft in the
following principal areas:

® Flow over the configuration is fundamentally supersonic
at cruise. Shock waves and expansion waves in the stream
are a predominant feature of the flow, and cannot be
avoided. The shock waves are used to produce compression
lift. The shock waves and expansion waves can interact
to produce drag reductions.

® At lower speed, the flow changes to a subsonic type of
flow similar to the slender wing. The change in flow is
gradual and controllable,

Aircraft of the wave producer family tend to be highly
integrated. In some concepts, the volume, lift, and thrust pro-
ducing components are aerodynamically indistinguishable.

A convenient way to characterize the aerodynamics and
geometry of the various types of aircraft is by the slenderness
ratio, s/l. This is the ratio of the wing semispan to overall
airplane length. The application regimes of these aircraft are
shown in Figure 2. The different flow regimes for a wave pro-
ducer configuration are also shown,

Only the slender wings and wave producing concepts
are acceptable for high supersonic cruise flight.

3.2 Supersonic Drag

The drag of a conventional airplane at supersonic speeds
consists of four major drag items:
Skin friction drag, CDF
Vortex drag, as in subsonic flow, Cpy,
Wave drag due to volume, Coy

Wave drag due to lift, Cowr

Figure 3 shows the effect of the aircraft slenderness ratio
on these drag components. As the Mach number is increased,
the optimum aircraft becomes more slender, to compensate
for increasing wave drag due to lift.

The low-speed lift capability of very slender wings is shown



in Figure 4, as the ratio of required wing area to the wing area
associated with the lift of a two-dimensional classical type
wing. The lift associated with the formation of the leading-
edge vortices becomes important for slender wings. However,
the wing area necessary to fly at low speeds increases rapidly
as the configuration becomes more slender.

In general, the total wave drag of a supersonic configura-
tion is large. Objectives of most favorable supersonic aero-
dynamic interference concepts are to produce direct reduction
in wave drag, or indirect drag reduction by creating interference
lift. Other drag items, such as friction drag or vortex drag, are
not to be increased excessively.

When considering hypersonic types of configuration for
supersonic applications, as in this study, it is important to note
Mach number influences on various aerodynamic forces. As
shown in Figure 5, compression lift becomes more important
than expansion lift at high Mach numbers. Base pressure tends
to decrease. Consequently, many hypersonic aircraft designs
tend to produce compression lift and to have significant base
areas. Design modifications would be required for lower super-
sonic speed applications.

3.3 Aerodynamic Concept Selections

The identification of candidate favorable aerodynamic
interference concepts for consideration in this study was initia-
ted by a literature survey of technical references that describe
features and applications of various interference concepts. The
literature search revealed a number of potentially applicable
interference concepts, shown in Figure 6. Qualitative assess-
ments were made to determine which of these concepts were
most suitable for application to meet the mission and design
objectives.

The caret wing, Nonweiler wing, supersonic biplane, and
parasol wing concepts were then identified as the potentially
most promising concepts. The study effort was then directed
at obtaining a fundamental understanding of the desirable
aerodynamic features of the selected concepts, and to better
define the potential aerodynamic efficiency of configurations
incorporating these concepts. Aerodynamics of the various
concepts are discussed in the sections that follow.

A principal design Mach number of 3.0 was selected for
the results presented in this paper. This selection eased the
design integration tasks of incorporating the favorable aero-
dynamic interference concepts. This aerodynamic design task
becomes more difficult at lower supersonic Mach numbers,
because of the greater areas of the flow field affected by shock
waves and expansion waves produced by the aircraft com-
ponents. The configurations considered in this study were
representative of a small supersonic cruise military type aircraft.

4.0 Supersonic Biplanes
The Busemann supersonic biplane offers the potential of

significant reduction in wing thickness drag12, 13, 14, 15 The
drag reductions, as shown in Figure 7, can be obtained by

mutual thickness interference between two wing panels, and
also by interference between the lifting pressures on one wing
acting on the thickness on an adjacent wing panel. The
Busemann biplane type of interference is commonly called
wave cancellation, since the shock waves produced by one sur-
face are cancelled by an expansion pressure field produced on
an adjacent surface.

Adjacent reflection surfaces are necessary to achieve the
drag reduction. The reflection surface increases the friction
drag. The drag due to lift interference is typically unfavor-
able, since the drag due to lift of the biplane is higher than
that of the isolated individual surfaces.

The wing thickness wave drag reductions must exceed
increases in friction drag, and drag due to lift, to show any
net cruise drag benefit. The net aerodynamic benefits of a
supersonic biplane were considered typically small, and were
not investigated further in the study.

5.0 Caret and Nonweiler Wings

Previous hypersonic studies9, 16 through 20 have indi-
cated that the caret wing and Nonweiler wing concepts offer
higher aerodynamic efficiency potential at very high supersonic
Mach numbers than do conventional slender wing configura-
tions, The aerodynamic features of the caret wing and Non-
weiler wing concepts are shown in Figure 8.

The caret wing is designed to produce the same flow field
as an equivalent two-dimensional wedge having its top lined
up with the free stream. In an inviscid flow, the wedge shock
wave is attached to the leading edge, and is a plane surface
below the wedge.

The upper surface of the caret wing is aligned with the
free stream. The wing leading edge at the supersonic design
condition lies on the equivalent wedge planar shock wave. The
caret wing lower surface is formed by streamlines in the flow
behind the shockwave that passes through the wing leading
intersection. This results in a three-dimensional wing config-
uration with an open base, and has the undisturbed free stream
pressure over its top surface. The pressure on the lower surface
is uniform, and equal to the pressure behind the shock in two-
dimensional wedge flow.

The Nonweiler wing is formed by addition of an inter-
ference wing to a caret wing. The interference wing increases
lift without increasing the slope of the main wing.

It was shown in Section 3 that compression lift is more
effective than upper surface suction lift at high supersonic
Mach numbers. Additionally, it was shown that base drag tends
to be small. Hence, the caret wing and Nonweiler wing concepts
offer relatively high lift/drag (L/D) ratios at high supersonic
speeds as shown in Figure 8.

Exact shock wave relations were used to calculate the
effects of Mach number, wedge angle, and planform slenderness
ratio, s/l, on the design lift/drag ratios of caret wings. The
results are shown in Figure 9.



The optimum wedge angle of the caret wing is approxi-
mately 4 deg at Mach 3.0, and increases slightly with higher
design Mach numbers. Wing slenderness ratios in the order of
0.3 to 0.5 result in lift/drag ratios near maximum. Hence, the
optimum caret wing has a larger wing span than the optimum
slender wings shown in Figure 3.

The anhedral angle of the caretwing depends on the wedge
angle, slenderness ratio, and design Mach number of the caret
wing. The large anhedral at lower Mach numbers probably
restricts the usefulness of the caret wing to the higher super-
sonic Mach numbers.

Similar calculations indicate that the Nonweiler “W" wing,
shown in Figure 8, produces higher lift/drag ratios than a caret
wing. In addition, the required anhedral angles of the Non-
weiler wing are less than for caret wings 18,

The lift/drag ratio was calculated for a configuration incor-
porating a Mach 3.0 Nonweiler “W" wing design. The body
and wing planform used for this study are shown in Figure 10.

In order to identify the impact on lift/drag ratio of inte-
grating the Nonweiler wing concept into an airplane config-
uration, the following analyses were made:

® |solated Nonweiler wing with the upper surface aligned
with the free stream and with zero base drag. The lift and
drag are the forces associated with the lower surface com-
pression pressures,

® The skin friction drag on the upper and lower surfaces
was then included.

® The wing upper surface was then modified to close the
airfoils at the trailing edge. Double wedge airfoil sections
were selected. The wing thickness/chord ratio, and the
chordwise location of the maximum thickness, were varied.
These changes introduced upper surface suction lift and
wave drag.

® The friction and wave drag of the fuselage and fins were
added to obtain the total configuration lift/drag values.

Results indicate that integrating the Nonweiler wing into
an airplane configuration reduced the (L/D)pmax potential
from 18, for the basic isolated wingwithout closing, to approxi-
mately 6.4, for the complete airplane. The suction lift pro-
duced by closing the wing airfoils more than compensated for
the upper surface pressure drag, and resulted in an increase
in aerodynamic efficiency L/D at the higher lift coefficients.
The location of the wing maximum thickness was found not
to be important. Increased wing thickness and the drag of the
body and fins have a significant effect on L/D.

The drag of the Nonweiler wing configuration was com-
pared with the drag of a conventional type airplane. The L/D
of the Nonweiler wing configuration is approximately equal
to that of the optimized conventional airplane.

6.0 Flat-top Wing/Body Configuration

An alternative form of a wave rider concept is the flat-top

wing/body arrangement21 through 26, The body area growth
under the wing produces a bow shock, followed by a compres-
sion pressure field. The wing leading edge coincides with the
bow shock at the design Mach number. The body pressures, as
shown in Figure 11, fall upon the wing lower surface to pro-
duce an interference lift increment, AC|. The interference lift
depends on the body area growth and Mach number

. 2ABODY
B SREF
ABODY = Body base area
SREF = Reference wing area
-v M2-1"
M = Mach number

ACL

The interference lift allows the configuration to fly at a lower
angle of attack. This effect results in a reduction in drag due to
lift.

The body wave drag of this configuration, however, is
greater than the body wave drag of an equal area symmetric
wing/body configuration. The wing lower surface pressures,
when the wing is at an angle of attack, push on the forebody,
producing an unfavorable wing-on-body interference. The un-
favorable wing-on-body interference and the increase in body
wave drag tend to cancel the favorable lift interference effects.

The lift produced by the flat-top wing/body combination
can be increased by wing anhedral, as shown in Figure 12. The
body wave drag for equal base areas is, however, also increased
by wing anhedral. Additionally, wing anhedral reduces the
wing lift curve slope.

The potential aerodynamic benefits of a flat-top wing/
body concept with or without anhedral over a symmetric
wing/body arrangement are, therefore, small for the present
study design requirements,

Results of studies exploring the aerodynamic characteris-
tics of ring wings and parasol wings are described in the next
section.

7.0 Ring Wings and Parasol Wings

The ring-wing configuration (Figure 6) is a three-dimen-
sional application of the Busemann biplane wave cancellation
concept described in Section 4.0. The ring wing is designed to
reflect forebody compression pressures back, to push on the
aft end of the body. This effect can result in zero body wave
drag.

The half-ring wing concept retains part of the body wave drag .
cancellation, but produces an interference lift associated with
the forebody pressures glancing off the wing lower surface.
This effect produces a more efficient lifting system.,

The parasol wing concept is a further adaptation of the
half-ring wing concept, designed to enhance the overall aero-
dynamic efficiency of the configuration.

Previous investigations25, 27 through 41 haye shown that



the parasol wing/body arrangement can combine wave-
cancellation and interference lift effects into an aerodynam-
ically efficient design. The body in a parasol wing arrangement
is positioned below the wing, so that, at supersonic speeds,
the bow shock and forebody pressure field impact on the
wing lower surface. The body wave cancellation effect is
produced by the body pressures glancing off the wing surface,
and back onto the aft end of the body. This effect produces
a thrusting force. The body pressures reflecting off the wing
also produce a favorable interference lift force. The wing
lower surface lifting pressures push on the aft end of the
body to produce a favorable thrust force. The aerodynamic
features of the parasol wing are shown in Figure 13,

Parametric studies were made to investigate body wave
drag cancellation, and interference lift generation for a body
located below a wing. The objective of these investigations
was to scope aerodynamic benefits of configurations employ-
ing the parasol wing concept. The results are summarized in
this section.

The wave drag calculations were made using the far-field
wave drag calculation program of ADASSA. Image bodies, as
shown in Figure 14, were used to represent various wing
geometries, The wing geometry variations include wing
anhedral, and simple rectangular shroud arrangements, to
represent ring wings and half-ring wings.

The analyses were made for Mach 3.0. However, the
results can be applied to other Mach numbers by scaling the
spacing distances by the ratio

M2

The study focused on identifying the importance of body
spacing, wing dihedral, and parasol curvature effects for
enhancing the body wave drag cancellation.

The effects of wing dihedral and body spacing on body
wave drag are shown in Figure 15. The effects of flat wing
reflection, 45% dihedral wing, halfshroud wing, and full-
shroud wing on body wave drag are shown in Figure 16. The
optimum half-shroud arrangement reduced the body wave drag
by nearly 50%.

Additional wave drag analyses were made of the simple
rectangular half-shrouded wing arrangement. Shroud geometrias
having different ratios of shroud width, 5,,, to shroud height,
Sp, were investigated. For each arrangement, the shroud height
was varied to determine the minimum drag arrangement. The
optimum shroud geometries for the rectangular shroud are
shown in Figure 17. These results indicate that for a design
Mach number of 3.0, a low-drag shroud should have a semispan
of 1.4 body diameters, and be located 1.2 diameters above the
body centerline.

The body pressures acting on the reflection surfaces of the
flat wing, dihedral wing, or half-shrouded wing also produce an
interference lift. The amount of interference lift depends on
the portion of body pressures captured by the wing surface.

Slender body theory was used to estimate the effects of
wing anhedral on the interference lift. The effect of wing
anhedral can be calculated by representing the wing and body
geometry by the body plus an appropriate number of image
bodies, as shown in Figure 18. The number of required images,
N;, can be related to the anhedral angle, I', by the relation:

Ni =(:;§] =1

The body and every required image body contribute an
equal amount to the pressure interference force, (1/0° AEND/
SREF). The number of required images increases as the anhe-
dral angle increases. This increases the interference pressure
force, N, which is normal to the wing surface, Hence, only a
portion of the increased interference pressure acts in the lift
direction, (L =N cos I'). The net results, as shown in Figure 18,
indicate that the effect of anhedral angle on interference lift
is exactly the same as predicted for the flat-top wing/body
arrangement (Figure 12).

The parasol wing and flat-top wing/body concepts are,
therefore, equally efficient in producing interference lift. The
parasol wing, however, by virtue of the wave cancellation
effects, has lower body wave drag as well as more favorable
wing/body interference drag.

The aforementioned aerodynamic studies indicated that,
of the favorable aerodynamic concepts investigated, the parasol
wing concept offered the greatest aerodynamic potential for
Mach 3.0 design applications. Additional asrodynamic studies
were then conducted to provide design guidance for develop-
ing an airplane configuration incorporating the parasol wing
concept. These parasol wing design guideline stuclies are sum-
marized in the next section.

B.0 Parasol Wing Aerodynamic Design Guidance Studies

Theoretical aerodynamic studies were made to investigate
the following parasol wing/body design characteristics:

Parasol lateral curvature (anhedral /dihedral Jeffects
Parasol wing planform area cutout

Multiple shock reflections

Body/wing relative incidence effects

Macelle parasol characteristics (open nose body)

The theoretical studieswere supplemented, where possible,
with results of several previously conducted Boeing wind
tunnel test programs38, 39, 40 and available experimental re-
sults of other sources31, 32, 36, 37, |n addition, test/theory
comparisons were made to validate the theoretical methods of
the parasol wing design and analysis studies.

8.1 Parasol Wing Test/Theory Comparisons

Theoretical predictions were made of the NASA parasol
wing wind tunnel model 37. shown in Figure 19.

The test/theory comparisons are shown in Figure 20 for



one of the test Mach numbers. The lift, drag, and lift/drag
ratio predictions are quite good. Differences between the
experimental and theoretical pitching moment data indicate
that the predicted aerodynamic center is further aft than
indicated by the test data.

A major difference between the theoretical calculations
obtained with FLEXSTAB, and the results obtained with
ADASSA, is in the distribution of the interference pressures
in the wing. ADASSA predicts the body bow shock wave that
forms forward of the Mach wave cone from the body nose.
The linear theory results of FLEXSTAB restrict the body
influence to the area behind the Mach cone.

The Mach cone at Mach 3.0 from the body nose intersects
the parasol wing behind the leading edge. However, the predic-
ted shock wave actually falls in front of the wing leading edge.
The ADASSA results, which predict slightly more lift and nose-
up pitching moment at zero incidence angle than FLEXSTAB,
agree slightly better with the test data.

Results of these test/theory comparisons indicate that
both the FLEXSTAB and ADASSA linear theory programs
can predict the aerodynamic characteristics of a flat parasol
wing configuration,

DESIGN GUIDELINE 1:

& The shock wave locations calculated by ADASSA
should be used in the design of a parasol wing planform
instead of the FLEXSTAB calculated interference
areas.

8.2 Parasol Lateral Curvature

Results obtained using slender body theory in Section 7.0
indicate that parasol wing anhedral can be used to amplify the
interference lift. A study was made to determine if FLEXSTAB
could predict this effect.

The wing planforms evaluated for this study were derived
from the MASA parasol wing planform that was used for the
test/theory comparisons. The study planforms are shown in
Figure 21. The minimum distance between the body and each
planform was held constant. Results of the analyses are shown
in Figure 22. The FLEXSTAR results show an increase in inter-
ference lift, similar to the slender body theory trends. The
parabolic parasol has approximately 50% more interference
lift than the flat parasol. The wing struts included in the anal-
ysis had a detrimental effect on interference lift.

The lift curve slope, C|,, decreases for anhedral angles
above 30 deg. It should be noted that the wing span for the
flat parasol and 30-deg anhedral parasol are nearly equal. The
span for the parabolic parasol and 45-deg anhedral parasol
are nearly equal to each other, and are less than the spans of
the other planforms. These results tend to indicate that the
effect of wing anhedral on lift curve slope can be reduced by
keeping the wing span constant.

DESIGN GUIDELINE 2:

® |nterference lift can be increased by wing anhedral.
FLEXSTAB can be used to predict wing anhedral
effects on interference lift.

DESIGN GUIDELINE 3:

® A |arge projected wing span should be maintained to
reduce the adverse effects of wing planform lateral
curvature (anhedral, dihedral) on lift curve slope.

Wing anhedral increases the surface area of the wing as the
projected wing span is held constant, This increases both the
friction drag and the thickness wave drag. Hence, the deter-
mination of an optimum aerodynamic wing anhedral distri-
bution requires an examination of the net effects on friction
drag, wave drag, interference lift, and lift curve slope.

8.3 Parasol Planform Cutout Area

Theoretical surface pressure distributions, bow shock loca-
tions, and body interference pressures acting on a planar sur-
face above the body were calculated using ADASSAS,

The theoretical pressure distributions calculated on a
planar wing above a pointed nose body representing a fuselage,
and above an open nose body representing an engine nacelle,
are shown in Figure 23,

These pressure distributions reveal a negative pressure
region, which diminishes the lift produced by the positive
pressures, If this region is eliminated, appreciably higher
interference lifts can be obtained than the maximum values
predicted by slender body theory.

Theoretical predictions of interference lift for planforms
tailored to capture only the positive pressures are shown in
Figure 24, Interference lift is seen to increase dramatically
over the slender body theory maximum value. The results
do not indicate a significant effect of the wing/body separation
distance. This is because the theory does not account for
multiple shock reflections that can increase the interference
lift, This is discussed further in the section below.

Note that the wing capture area grows rapidly as the stream-
wise length increases, or as the parasol height increases. The
net effect is that the interference lift coefficient, based on the
total wing capture area, decreases with increasing parasol height
or streamwise length.

The above results suggest the following design guideline:
DESIGN GUIDELIME 4:

® To minimize the capture area and maximize the inter-
ference lift, the wing planform should be designed so
that the leading edge matches the body bow shock
in the plane of the wing, and the trailing edge cuts
off any negative interference pressures on the wing.



8.4 Multiple Shock Reflections

Experimental interference lift data38, 39, 40 obtained
with a number of different body geometries indicate large
increases in interference lift as the separation distances are
decreased (Figure 25), This is the result of multiple shock
reflections between the body and the wing. These shock
reflections increased the lift on the wing, but had an insig-
nificant effect on the drag of the bodies.

DESIGN GUIDELINE 5:

® The interference lift can be increased by reducing the
gap to permit multiple reflections between the body
and wing.

8.5 Wing/Body Incidence Effects

Experimental studies reported in References 32 and 38
investigated the effect of the incidence angle between the wing
and body. Results, such as shown in Figure 26, indicate a
significant effect on the interference lift. Rotating the body
nose-down increases the interference lift. Conversely, increasing
the body attitude decreases the interference |lift.

DESIGN GUIDELINE 6:

® The interference lift can be increased by mounting
the body nose-down relative to the wing The effect
on drag is small.

8.6 Nacelle Parasol vs Body Parasol Studies

Theoretical investigations were made to compare the aero-
dynamic characteristics of a parasol, designed to capture inter-
ference lift from a typical Mach 3.0 nacelle (open nose body),
with a parasol designed to capture interference lift from a fuse-
lage (closed nose body).

The calculated wave drag for the nacelle in the presence of
a parasol is shown in Figure 27. These results indicate that the
nacelle centerling should be located approximately 0.7 to 0.8
of the maximum body diameter below the wing, to achieve
maximum wave drag cancellation effects. It also appears that
the wave drag of the nacelles can be reduced by 10% to 40%,
depending on the parasol lateral curvature.

Results of a similar study for the fuselage were shown in
Figure 17. The fuselage must be located approximately 1.5
body diameters below the wing to achieve optimum wave
cancellation. This distance is much greater than that required
for the nacelle parasol.

The effects of body fineness ratio and inlet area in reducing
the parasol/body separation distance necessary to achieve
maximum wave drag cancellation are shown in Figure 28,

The experimental data shown previously in Figure 25
indicated that the net interference lift on a wing/nacelle para-
sol arrangement can be increased above the slender body

theory level, if the separation distance in small enough to result
in multiple shock reflections. The optimum nacelle/wing
separation distance is close enough to allow multiple reflections.
Conversely, the optimum separation distance for the body
parasol wing arrangement greatly exceeds that for multiple
reflections, Hence, the fuselage parasol cannot derive additional
interference lift due to multiple reflections without incurring
an increase in body wave drag.

DESIGN GUIDELINE 7:

® |ower body fineness ratios reduce the optimum’
body /wing separation distance.

DESIGN GUIDELINE 8:

®  The optimum separation distance for a nacelle parasol
is small enough to achieve multiple shock reflections,
and, thereby, increase interference lift (design guide-
line B). This also results in shorter struts to support
the nacelle.

DESIGN GUIDELINE 9:

# The optimum separation distance for a typical fuse-
lage is so large that desirable multiple shock wave
reflection between the body/wing will not occur.

DESIGN GUIDELINE 10:

® The forecowl angle of a nacelle offers the capability
to increase interference lift. The forecow! angle should
be selected to optimize the trade between increased
interference lift, and the adverse effects of increased
nacelle wave drag and nacelle weight.

8.7 Final Parasol Concept Selection

Wing parasol geometries have been calculated for a typical
Mach 3.0 nacelle, and for a fuselage using the aforementioned
design guidelines. The results are shown in Figure 29. The body
parasol is quite far from the body and would, therefore, re-
quire a pair of rather large struts. The nacelles can be supported
by a single short strut, thus saving both weight and drag. The
wing span for the body parasol is much larger than the span
for the nacelle parasol. However, a configuration design incor-
porating a nacelle parasol on each side of the fuselage would
have approximately the same span as the fuselage parasol.

The double-parasol wing configuration, shown concep-
tually in Figure 29, was selected for the final favorable inter-
ference concept. The wing planform geometry for this double-
parasol wing concept is derived in the next section.

9.0 Parasol Wing Configuration Evaluation
The double-parasol wing planform was derived using the

aforementioned design guidelines. The nacelles are located 0.8
body diameters below the wing chord plane,



The wing planform was designed to capture the nacelle
interference pressures. The projected hyperbolic wing plan-
form shape is designed for the maximum amount of nacelle
interference lift per unit wing area.

The planform curvature in the front view was designed
to enhance the interference lift generation. The planform has
a parabolic curvature between the nacelle and the body, and
an additional parabolic section near the wing tip. The nacelle
is at the focus of each parabolic section, The flat midwing
section provides additional wing span and greater lift capture
area.

The nacelles are tilted down, relative to the wing, to better
align the inlets with the free stream, and to increase the inter-
terence lift. The wing leading edge inboard of the nacelle
increases the wing root chord, and blends into the leading
edge determined from the bow shock location calculations.
The final parasol wing planform is shown in Figure 30, with
the Mach 3.0 design interference lift areas.

The wing camber and twist have been designed to mini-
mize the unfavorable nacelle/wing interference drag. The body
has been area ruled to optimize the body/nacelle and body/
wing interference effects.

The double-parasol wing favorable interference configura-
tion, shown in Figure 30, is representative of a Mach 3.0 small
supersonic military aircraft.

9.1 Aerodynamic Evaluation

The double-parasol wing configuration was analyzed using
ADASSA, FLEXSTAB, and empirical data for leading-edge
suction corrections at low off-design Mach numbers. ADASSA
was used for the volume wave drag, drag due to lift, trim, and
friction drag. FLEXSTAB was used to calculate planform
lateral curvature effects on interference lift, and on lift curve
slope. The computer representation of the configuration used
for the aerodynamic analyses is shown in Figure 31.

Calculated lift curve slopes and maximum lift/drag ratios
for the double-parasol wing configuration are compared in
Figure 30 with corresponding values for a conventional type
aircraft designedS for the same mission requirements. The
reference conventional aircraft had a flat wing design. The
effect of incorporating an optimized conventional wing camber
and twist is also shown.

The lift curve slope of the double-parasol wing configura-
tion exceeds that of the conventional reference airplane, be-
cause of its higher aspect ratio and lower wing sweep.

The double-parasol wing configuration at the Mach 3.0
design condition offers a potential improvement in the lift/
drag ratio of approximately 25% relative to the reference flat
wing configuration. Optimizing the nacelle area growth of the
parasol wing configuration increases the potential lift/drag
improvement to 37%. This increase is approximately 20%
greater than the lift/drag ratio of the conventional aircraft
with an optimized wing design. Additional theoretical and
coordinated experimental studies will be necessary to fully

identify the potential aerodynamic benefits of the configura-
tion concept.

9.2 Nacelle Design Modification

The double conical shape of the nacelle for the parasol
wing configuration results in large negative pressures associated
with the nacelle boattail. At the Mach 3.0 design condition,
this negative pressure field falls aft of the wing trailing edge.
The shock wave pattern from the nacelle moves forward on
the wing at lower supersonic Mach numbers. Hence, areas of
negative pressures fall on the wing and tend to reduce the
interference lift.

The body design procedure of Reference 41 was used to
design a modified axisymmetric nacelle, to eliminate the nega-
tive nacelle boattail pressures. The modified nacelle requires a
substantial increase in the nacelle exit area to eliminate the
boattail pressures. A possible alternative aerodynamic solution
is the nonsymmetric nacelle design that matches the area
growth of the top half of the modified nacelle, but has an exit
area equal to the original nacelle. Both modified nacelle designs,
however, would affect the propulsive efficiency of the nacelle.
Appropriate design trade studies are required to develop a
design to balance the trade between engine efficiency and off-
design aesrodynamic performance.

10.0 Conclusions

The purpose of the study was to identify various ways
that favorable interference can increase the aerodynamic
efficiency of supersonic aircraft. Comparisons were made be-
tween the aerodynamic and weight characteristics of a reference
conventional type configuration, and a favorable interference
concept incorporating a double-parasol wing concept.

Major conclusions of the study that apply specifically to
a small supersonic aircraft include:

® The parasol wing concept was identified as offering
the greatest potential aerodynamic benefits, relative
to the other concepts considered (wave riders, super-
sonic biplanes, flat-top wing/bodies).

® The best aerodynamic concept is wery dependent
upon the design Mach number. The interference con-
cepts considered in this study become more diffi-
cult to integrate into a viable aircraft configuration
as the design Mach number is reduced.

® More aerodynamic design and detailed design studies
are necessary to assess the potential of the double-
parasol wing airplane concept.

® Existing aerodynamic and design tools, ADASSA and
FLEXSTAB, can predict the force and moment
characteristics of flat parasol wing configurations,

® FLEXSTAB can predict lateral curvature effects on
interference lift in agreement with slender body
theory predictions. However, ADASSA, which uses



Whitham's theory to predict body shocks, is more
accurate than FLEXSTAEB for predicting the inter-
ference pressure patterns that are necessary for the
design of the parasol wing planform,

®  Study results presented in this paper have considered
only the aerodynamic potential of various aero-
dynamic concepts. A total airplane assessment must
consider all aspects of a configuration design, such
as weights, structures, engine efficiencies, costs, and
flight dynamics for all flight conditions.
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Figure 16. Ring Wing and Parasol Wing/Body Wave Drag Cancellation
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Figure 24, Effect of Wing Planform Length on Interference Lift
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Figure 26. Wing and Body Incidence Effects on Interference Lift
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Figure 32. Nacelle Design Modification to Improve Off-Design Interference Lift
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