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FOREWORD

This is the final technical report on the application of
supersonic favorable interference concepts to fighter type
aircraft. This report, which has been assigned Boeing Document
number D180-24059-1, for intermal use, covers work performed by
the Boeing Aerospace Company, Boeing Military Airplane
Development, Seattle, Washington 98124. This work was under the
technical direction of P. R. Gord, Air Force Flight Dynamics
Laboratory/FXG, Air Force Systems Command, Wright-Patterson Air

Force Base, Ohio.

Dr. H. Yoshihara was the program manager and R. M. Kulfan
was the technical integrator and principal investigator. The
other study members included G. ©O. Friebel (configuration

design) , B. J. Lord (aerodynamics), P. E. Osterbeck {performance)
and D. J. Fraser (weights).

The work was performed under contract F33615-77-C-3056,
Project 2404 "Aeromechanics™, Task 240407 "Aeroperformance and

Aercheating Technology.™ The study period included June 1977 -
January 1978.

iii



TABLE OF CONTENTS

SECTION PAGE
I. SUMMARY 1
1I. INTRODUCTION 3
III. APPROACH 6
IV. REFERENCE CONFIGURATION AERODYNAMIC PERFORMANCE STUDIES 10
1. Preliminary Drag Estimates 10
2. Configuration Optimization 13
3. Preliminary Performance Evaluation 16
V. AERODYNAMIC INTERFERENCE CONCEPTS SELECTIONS AND 17
EVALUATIONS
1. Initial Selection 17
2. Supersonic Biplanes 20
3. *Wave Rider™ Configurations 20
4, Flat Top Wing/Body Configuration 26
5. Parasol Wing Investigations 27
6. Final Favorable Interference Concept 39
Selection
VI. PARASOL WING AERODYNAMIC DESIGN GUIDANCE STUDIES 42
1. Parasol Planform Cutout Area 42
2. Multiple Shock Reflections 46
3. Wing/Body Incidence Effects 47
uy. Parasol Lateral Curvature 47
5. Nacelle Parascl Versus Body Parasol Studies 51
6. Final Parasol Concept Selection 58
7. Double Parasol Wing Planform Development 62
VII. CONFIGURATION DESCRIPTIONS 64
1. Reference ™Zero-Interference®™ Configuration, 66
Model 3056-1
2. Favorable Supersonic Interference Configu- 71
ration, Model 3056-2
3. Configuration Weight Comparisons 78
VIII. CONFIGURATION AERODYNAMIC AND PERFORMANCE COMPARISONS 85
1. Aerodynamic Analysis Approach 85
2. Parasol Wing A/P Optimization Studies 87
3. Aerodynamic Comparisons 50
4. Performance 98
IX, CONCLUSIONS 103
APPENDIX AERODYNAMIC METHODS SUBSTANTIATION 106
1. Aerodynamic Design and Analysis Methods 106
2. Conventional Aircraft Configurations Test 111

Versus Theory Comparisons
3. Parasol Wing-Body Test Versus Theory Comparisons 111
REFERENCES 121



o
2
e

oo E w LI

—h el wd
[ Ay,

13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28

29
30

32

33
34

36

LIST OF ILLUSTRATIONS

PAGE

USAF Supersonic Favorable Interference Study
USAF Wind Tunnel Model Definition of the
Reference Configuration

Computer |Representation of the Initial
Baseline Airplane

Baseline Configuration Zero Lift Wave Drag
Baseline Configuration Cruise Lift/Drag Ratio
Optimum Camber and Twist Definition

Favorable Interference Concepts

Caret and Nonweiler Wing Aerodynamics
Nonweiler Wing Geometry

Nonweiler Wing (L/D)y X+ M = 3.0 Buildup

Drag Buildup at C| = %.15, M= 3.0

Anhedral Effect on Lift and Drag on a Flat Top
Wing/Body

Wing/Body Lift Interference

Dihedral Effect on Body Wave Drag

Reflection Surface Effect on Body Wave Drag
Maximum Body Wave Drag Cancellation

Optimum Shroud Geometry

Interference Lift

Parasol Wing Interference Lift Dihedral Factor
Parasol Wing Configuration Features

Parasol Canard Configuration Features

Basic Body Induced Pressures (1.5 Diameters
Above Body)

Effects of Wing Planform Length and Body
Separation Distance

Planforms for Parasol Curvature Study

Parasol Wing Lateral Curvature Study Results
Effect of Parasol Curvature on Nacelle Wave Drag
Effect of Parasol Curvature on Body Wave Drag
Effects of Body Slenderness and Inlet Diameter
on Optimum Wing/Body Separation

Effect of Nacelle Area Growth on Interference Lift
Body Parasol Wing Planform Geometry

Nacelle Parasol Wing Planform Geometry

Mach = 3.0 Nacelle Pressure Area on Final
Parasol Wing Planform

Baseline Mission

Study Reference Airplane, Model 3056-1

Fuel Tanks and Weapons Installation, Model 3056-1
Reference Zero Interference Airplane General
Arrangement, Model 3056-1

11
12

14
14
15
18
22
23
23
24
28

29
32
33
34
36
37
38
40
41
44

45

48
50
52
54

95

56
59

60
63

65
67

68



37
38
39

40
41
42
43
by
45

46
47
48
49
50
51
52

53
54

55
56
57

Favorable Interference Airplane, Model 3056-2

-Fuel Tanks and Weapons Installation, Model 3056-2

Double Parasol Wing Configuration General
Arrangement, Model 3056-2

Weight Comparisons

Computer Representation of Model 3056-1
Computer Representation of Model 3056-2
Double-Parasol-Wing Nacelle Optimization
Double-Parasol-Wing Camber Optimization
Reference Configuration, Model 3056-1,

Drag Analysis

Double Parasol Wing Configuration Model 3056-2,
Drag Analysis

Double Parasol Wing Configuration Model 3056-2,
M = 3.0, Cruise Drag Analysis

Lift Curve Slope Comparison

Maximum Lift/Drag Ratio Comparison

Double Parasol Wing Aerodynamic L/D Improvement
Performance Evaluation

Super Cruiser Type Configuration Test-Theory
Comparison

NMASA Parasol Wing/Body Wind Tunnel Model
Middleton - ADASSA Analytic Model of the NASA
Parawing Wind Tunnel Model

Comparison of Parasol Wing Theoretical Pre-
dictions

Lift/Drag Ratio and Interference Lift Test
Versus Theory Comparisons

Comparison of Predicted Shock Locations

viii

73
74
75

82
86

89
91
92
93
94
95
97
99
112

114
115

116
118
119



wEenmEW N

LIST OF TABLES

Relative Aerodynamic Efficiency Comparisons
Nacelle Versus Body Parasol Configuration
Comparisons

Design Data

Group Weight Statement (Lb)

Weight and Balance Summary

Drag Estimation Procedures

Aerodynamic Design Methods

PAGE

19
61

79

107
108



LIST OF ABBREVIATIONS AND SYMBOLS

accel acceleration

ADASSA  aerodynamic design and analysis system for
supersonic aircraft

AIC aerodynamic influence coefficients
AR aspect ratio

a/p airplane

B.L. butt line

c chord

Cp drag coefficient

CDL drag-due-to-lift coefficient

Cp friction drag coefficient

Cdgym symmetric drag coefficient

Corryy  t¥im drag coefficient

Coy wave drag coefficient

c.q. center of gravity

CL lift coefficient

CM pitching moment coefficient
Cp pressure coefficient

D diameter, drag

deg degree

Dp pressure drag

EA. each

EST estimated

xi



EW empty weight
Exp. expendable

FLEXSTAB flexible airplane analysis computer system

F.S. fuselage station

ft feet

g acceleration due to gravity
GW gross weight

h altitude, diverter height

in,IN. inches

Ke envelope drag due to lift factor
Kn knots

- length

1b,LB pounds

g body length

L/D lift/drag ratio

L.E. leading edge

M Mach number

M.A.C. mean aerodynamic chord
MAX. maximum

MI.mi. miles

MIN minutes

nmi nautical miles

OEW,0.E.W. operational empty weight
0PT optimum

xii



OW operating weight

P/L payload

q dynamic pressure

r radius

REF. reference

REFL. reflection

s distance of nacelle from wing surface
S area

SFC specific fuel consumption
Sh parasol height

S.L. sea level

STA. station

Sy wing area, parasol width
t thickness

TOGW takeoff gross weight
TSLS sea level static thrust
T/W thrust to weight ratio
vol volume

W.L. water line

W/S wing loading

X distance from body nose
X/C - length to chord ratio

KREFL length of body for which pressures are reflected
off the wing surface

2D two-dimensional

2y/b nondimensional span distance

xiii



angle of attack

Juz-1
incremental
boundary layer thickness
dihedral
leading edge sweep angle
3.14159

diverter half angle

wm @ 2 S T e b e 8

angle relating the interference lift to the
direct l1lift of a Nonweiler wing

SUBSCRIPTS

B body

eq equivalent
INTER interference
IS0L isolated

max maximam

P pressure

REF reference

xiv



SECTION 1

SUMMARY

A conceptual design study was made to identify various ways
that favorable interference can increase the  aerodynamic
efficiency of supersonic fighter aircraft.

Identification of candidate favorable interference concepts
was initiated by a literature search of technical references
which describe features and applications of various aerodynamic
concepts. The literature search revealed a number of potentially
applicable aerodynamic interference concepts including ring-
wings, parasol-wing arrangements, supersonic biplanes, and wave-

rider concepts such as caret wings and Nonweiler wings.

The parasol wing concept was selected as most promising.
Aerodynamic studies were made to formulate a number of parasol
wing design guidelines.

A reference zero-interference aircraft configuration and a
favorable interference configuration incorporating a double
parasol wing concept were developed. The results indicate that
the favorable interference concept lift/drag ratio exceeded the
lift/drag ratio of the reference configuration by approximately
25 to 35%.



Test theory comparisons were made to idemtify the validity
of the aerodynamic design and analysis methods used in the study.
Existing experimental results were used when necessary to support

the analytical studies.

A first cut in mission performance optimization at Mach 3.0
shows the parasol wing configuration to have a 5% improvement in
range over the reference baseline. The results illustrate that a
higher gross weight than the 26,000 1lb limit for the parasol wing

configuration would provide a more optimal aircraft.



SECTION II
INTRODUCTION

Aircraft capable of extended range while cruising at
supersonic Mach numbers offers promise of a substantial
improvement in military effectiveness, particularly for
interdiction, strike, reconnaissance and interceptor missions.
The incorporation of favorable interference is an effective means
to increase supersonic aerodynamic efficiency. Considerable
development of favorable interference technology took place in
association with maneuverable orbital entry vehicle and
hypersonic vehicle studies. The application of these favorable
aerodynamic interference concepts to supersonic combat aircraft

has not been explored in depth.
The objectives of this study included:

. Identify various ways that favorable interference can
increase the aerodynamic efficiency of supersonic

fighter type aircraft.

. Conduct a literature survey of technical references,
which describe methods and applications of supersonic

- favorable aerodynamic interference.

In order to achieve these objectives, the study was

structured into the following tasks
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2)

3)

)

The

Literature survey and Bibliography compilation

Development of a reference baseline configuration from
the geometrical description and Dbaseline mission

configuration supplied by the government.

Selection and evaluation of specific aerodynamic
interference concepts suitable for the configuration

design constraints and mission objectives.

Development of a final optimized favorable interference
configuration that incorporates the best interference
concepts. Evaluate the aerodynamic and weight
characteristics of the optimized configuration and

compare with the baseline configuration.

study approach is presented in Section III. Sections

IV, V and V1 describe the development of the reference

configuration, development of the favorable interference

configuration, and evaluations of various interference concepts.

The geometrical descriptions, aerodynamic and performance

characteristics of the final study configurations are contained

in Sections VII and VIII. Appendix A describes the aerodynamic

design and analysis methods that have been used. This section

also contains test versus theory comparisons made to validate the
YA



use of these analytical tools to the study configurations.
Section IX presents the main conclusions of the study.



SECTION 111

APPROACH

The approach used to achieve the study objectives is
summarized in Figure 1.

The initial task was to develop a preliminary reference
configuration. This reference configuration, which incorporates
conventional aerodynamic concepts, was developed from a wind
tunnel model definitiom and mission objectives supplied by the
Air Force Flight Dynamics Laboratory.

Initial aerodynamic evaluations together with an existing
data base of previous Boeing fighter and supercruise wehicle
studies were used to estimate the reference aircraft preliminary
size characteristics. Performance estimates were then made to
determine mission radius capability. Additional studies were
made to determine the mission radius capability sensitivity to
design Mach number, 1lift/drag ratio, and to aircraft empty
weight.

The fuselage of this preliminary reference configuration was
marea ruled™ and a minimum drag due to lift wing camber and twist
definition was developed to define the aerodynamic potential of
this configuration. Additionally, lower boundary estimates were

made qf the volume wave drag, vortex drag and lift wave drag.
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Figure 1 USAF Supersonic Favorable Interference Study



The detailed general arrangement definition of the finalized
baseline configuration was developed from the preliminary
reference configuration by incorporating design changes to
produce a balanced aircraft configuration with necessary space
and volume allotments for systems, fuel and payload requirements.
Rerodynamic, and weight analyses were then made of this "zero

interference® configuration.

The identification of candidate favorable interference
concepts was initiated by a literature survey of technical
references which describe features and applications of the
various aerodynamic concepts. The literature search revealed a
number of potentially applicable aerodynamic interference
concepts. These concepts included ring wings, parasol-wing
arrangements, supersonic biplanes, and "wave rider™ concepts such

as caret wings and Nonweiler wings.

Qualitative assessments were made to determine which of
these concepts were most suitable for application to meet the
mission and design objectives. Aerodynamic parametric evaluation
studies were made to obtain a fundamental understanding of the
desirable aerodynamic features of the selected concepts and to
provide preliminary aerodynamic assessments. These results
identified the curved wing concept as a most promising concept.
Additional aerodynamic studies were then performed to support the



final definition of the favorable interference configuration
design development.

The detailed general arrangement drawing of the favorable
interference airplane incorporating the parasol wing concept was
developed. This provided the geometrical definition necessary
for final aerodynamic and weight evaluations. Comparisons were
made of the geometrical, aerodynamic, performance, and weight
characteristics of the baseline "zero interference® configuration

and the favorable interference configuration.

Specifically conducted test versus theory comparisons were
made to check and validate the aerodynamic design and analysis
methods for application to the study configurations.



SECTION IV

REFERENCE CONFIGURATION AERODYNAMIC & PERFORMANCE STUDIES

This section contains the results of the aerodynamic
evaluations of the preliminary reference ™zero-interference®
configuration. The effects of aerodynamically optimizing this
configuration by area-ruling the fuselage and incorporating a
minimum cruise-drag camber and twist design are also shown.
Preliminary performance results along with ™"lower bound® drag

estimates are also included.
1. Preliminary Drag Estimates

Supersonic aerodynamic evaluations were made of the inmnitial

—

reference zero-interference configuration as defined by the USAF
wind tumel model shown in Figure 2. Figure 3 shows the computer
»modeling® that has been used to represent this configuration.
The fuselage/engine arrangement has been represented as an
equivalent area fuselage. The cross-sectional area of this
fuselage matches the fuselage/engine cross-sectional area with

the inlet stream tube area removed.
The drag calculations included:
. Friction drag

e  1solated component wave drag

[

10



Figure 2 USAF Wind Tunnel Model Definition of the Reference Configuration
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. Integrated configuration wave drag

. Flat wing drag due to lift

. Twisted wing drag due to lift

. Twisted wing plus body drag due to lift

The wave drag results in Figure 4 show that the reference
"*no interference" configuration actually |has favorable
interference for Mach numbers 1less than 2.2. At higher Mach

numbers, the wave drag interference is unfavorable.

The drag due to lift calculations indicated that the wing
twist reduced the drag due to lift relative to the flat wing with
zero leading edge suction. The body, however, increased the drag
due to 1lift. The 1lift/drag ratio comparisons of Figure 5
indicate that the reference "no interference"™ configuration
actually experiences a slight net favorable interference over the

entire supersonic cruise Mach number range.
2. Configuration Optimization

The initial reference ™no interference" configuration was
then "optimized® using conventional aerodynamic optimization
techniqﬁes and design ™tools™. The fuselage was ™area ruled™ for
a design Mach number of 3.0. In addition, an optimum wing camber
shape shown in FPigure 6, was determined. The Mach 3.0 cruise

13
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liftsdrag ratio for +this configuration is 6.4. This is
approximately a 16% increase over the lift/drag ratio of the

reference no interferemnce configuration (L/D = 5.5) .
3. Preliminary Performance Evaluation

Preliminary performance calculations were made to determine
the appropriate wing area and engine size for the reference
configuration. A design gross weight of 26,000 1b was selected
to restrict the size of the aircraft. The mission payload of 2 -

2,000 1b stores is treated as an overload condition resulting in
a mission gross weight of 30,000 1b.

The required wing area is 440 £t2 and the engine thrust is
21,570 lb. (sea level static). Design Mach numbers of 2.0 and
3.0 were examined. The operating weights for the reference
airplane were estimated from Boeing parametric statistical weight
data.

16



SECTION V
AERODYNAMIC INTERFERENCE CONCEPTS SELECTIONS AND EVALUATIONS

The identification of candidate favorable aerodynamic
interference concepts for consideration in this study was
initiated by a literature survey of technical references which
describe features and applications of wvarious interference
concepts. The section describes the process by which the
particular favorable aerodynamic concept was selected for

integration into the final study aircraft.
1. Initial Selection

The literature search revealed. a. number of potentially
applicable interference concepts shown in Figure 7. Qualitative
assessments such as shown in Table 1 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

17
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Table 1 Relative Aerodynamic Efficiency Comparisons (Mach 2.0 —+ 3.0)
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incorporating the concepts. Results of these investigations are

summarized in the sections that follow.
2, Supersonic Biplanes

The Busemann supersonic biplane offers the potential of
significant reduction in wing thickness wave drag(, 2,3 4 S)
The drag reductions can be obtained by mutuval thickness
interference and also by interference between wing lift and wing
thickness. The Busemann biplane type of interference is commonly
called "wave cancellation®™ since the shock waves produced by one
surface are cancelled hy an expansion pressure field produced on

the adjacent surface.

To achieve the drag reduction, adjacent reflection surfaces
are necessary. The reflection surface increases the friction
drag. Additionally, fhe wing planform is required to have a
supersonic leading edge, which tends to increase the drag due to
1ift at supersonic speeds. The drag due to lift can be reduced
somewhat by optimization of the camber and twist distribution.
However, the net aerodynamic benefits of a supersonic biplane are
considered typically small and were not investigated further inm
the study.

3. "Wave Rider"™ Configurations

20



Previous hypersomnic studies (&,7.8, 9 10, 13) haye indicated
that ™wave rider™ concepts such as the caret wing and the
Nonweiler wing offer higher aerodynamic efficiency potential at
very high supersonic Mach numbers than conventional slender wing
configurations. The two types of wave rider configurations that
have been considered in this study are shown in Figure 8. The
upper surface of the caret wing is aligned with the freestream
direction. The lower surface increases as a wedge that
terminates in an open base. The leading edge lies in the plane
shock wave generated by the thickness growth. A uniform pressure
distribution is produced on the lower surface thereby producing
lift due to the thickness growth. The WNonweiler wing is a

combination of Caret wings joined to enhance the lift production.

At high Mach numbers both 1lift by upper surface suction
pressures and base drag tend to be small. Hence, the "wave
riﬁer" configurations as described above having 1lift only
produced by lower surface compression pressures and also having
large base areas offer relatively high lift/drag ratios as shown

in Figure 8.

At lower Mach numbers both suction lift and base drag are
important. Consequently aerodynamic evaluations were made of
these wave rider concepts at the design Mach number = 3.0. The

results are shown in Figures 9 through 11. Exact shock wave
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equations were used to determine the wing leading edge sweep and
to estimate the maximum inviscid lift/drag ratios {h/DpHAK) of
the caret and Nonweiler "W® wing. The results indicated that

the "W" wing concept had a greater [L/D)HAX potential.

Estimates were then made to determine the M = 3.0 lift/drag
ratio of a configuration incorporating the WNonweiler ®*W" wing
concept. The body and wing planform used for this study are
shown in Figure 9.

In orxder to identify the impact on 1lift/drag ratio of
integrating the Nonweiler wing concept into an airplane

configuration, the following analyses were made:

1) Isolated 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 compression pressures.

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

3) 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
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surface suction lift and drag of the "closed™ Nonweiler

wing.

4) The friction and wave drag of the fuselage and fims
were added to obtain the total configuration L/D

values.

Results of these studies, such as shown in Figure 10,
indicate that integrating the Nonweiler wing into an airplane
configuration reduced the (L/D)ypy potential from 18 for the
basic isolated wing without closing, to approximately 6.4 for the
complete airplane. The suction lift produced 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 1lift coefficients. The location of the wing
maximum thickness was not found to be important. Increased wing
thickness and the drag of the body and fins have a significant

effect on L/D.

Drag build up®s from Section IV for the preliminary
reference configuration and optimized initial configuration are
compared with the Nonweiler configuration in Figure 11. The L/D
of the Nonweiler configuration is about equal to that of the

optimized reference airplane.

4. F;ﬁt Top Wing/Body Configuration
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An alternate form of a “wave rider™ concept is the flat top
wing body arrangement. This configuration produces interference
1lift associated with the body area growth under the wing. The
body produces a conical shock. The wing leading edge coincides
with the shock wave produced by the body. This configuration has
been studied by previous investigations (7, 12, 13, 14, 15, 36, 17, 18)
as a possible configuration concept for high supersonic Mach

numbers.

The 1lift 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 the wing anhedral. Additiomally, as shown in Figure
13, the configuration experiences unfavorable interference drag
between the wing and body at lifting conditions so that the
improvement in 1lift-drag ratio over a symmetric wing body

arrangement is relatively small.
5. Parasol Wing Investigations

Previous investigations (16, 3% to 32) have shown that the
parasol wing/body arrangement can combine wave-cancellation and
interference 1ift effects into an aerodynamically efficient
design. The body in a parasol wing arrangement is positioned

below the wing so that at supersonic speeds the bow shock and

27



10 I L L 1 1 J
o 10 20 30 40 50 60

DEHEDRAL ANGLE, I' DEG

o ATOTAL
c
DysoL ABASE

0 | I | ] L
0 10 20 30 40 50 60

DIHEDRAL ANGLE, I"DEG

Figure 12 Anhedral Effect on Lift and Drag on a Flat Top Wing Body

28



BODY COMPRESSIONS
CREATE LIFT AT ZERO
ANGLE OF ATTACK

AT ANGLE OF ATTACK,
LIFTING WING PRESSURES
ACT UNFAVORABLY ON
BODY

%1%;

\

N\
FOR SAME FRONTAL AREA, N o
SYMMETRIC ARRANGEMENT b e
HAS LESS WAVE DRAG AT ZERO LIFT ~———-

Holyax

K\\"IN ALONE {SONIC LEADING EDGE)

0 T\

— wi
O —_ NG + % CONE
S I
8|~ WING +CONE — —
OF SAME VOLUME ——

THEORY: NACA RM A 67E16
HALF CONE SEMI APEX ANGLE : 5 deg

sl L ] . g
2.0 3.0 4.0

MACH NUMBER

Figure 13 Wing/Body Lift Interference

29



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 producing a thrusting force. The body pressures reflecting

off the wing also produce an interference lift force.

Parametric studies were made to investigate body wave drag
cancellation and lift interference generation for a body located
below a wing. The objective of these investigations was to
provide design guidance for defining study configurations
employing the parasol wing concept. The results are summarized

in this section.

The body geometry used in the wave drag cancellation studies
was a minimum wave drag body having the same length, base area,
maximum area, and forebody area distribution as the analysis body
for the reference "no interference® configuration. The study

variables included:
. wing/body spacing distance
. rectangular shroud and half shroud geometries

. forebody fineness ratio and aft body closure
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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 8),_, LR g° = (M2 - 1).

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

The effect of wing dihedral and body spacing on body wave
drag is shown in Figure 14. The effects of flat wing reflection,
45% dihedral wing, half shroud wing and full shroud wing on body
wave drag are shown in Figure 15. The results of these two
studies are summarized in Fiqure 16. The optimum half shroud
arrangement reduced the body wave drag by nearly 50%.

The analysis body which represents an optimized version of
the initial baseline configuration has a finite base area equal
to the body + engine aft area minus the inlet streamtube area.

Greater percentage drag reductions could be achieved with a
closed body.

Additional wave drag analyses were made of the simple
rectangular half-shrouded wing arrangement. Shroud geometries
having different ratios of shroud width, Sye to shroud height,
She wexe investigated. For each arrangement the shroud height

was varied to determine the mninimum drag arrangement. The
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optimum shroud geometries for the rectangular shroud and the
equivalent elliptic shroud are shown in Figure 17. These results
indicate that for a design Mach number of 3.0, a low drag
elliptic shroud should have a semi-span of 1.8 to 1.9 body
diameters and be located 1.2 to 1.5 diameters above the body

centerline.

The body pressures acting on the reflection surfaces of the
flat wing, dihedral wing, or half shrouded wing produce an
interference 1lift associated with the pressures reflecting off
the wing surface. The amount of interference 1lift depends on the
portion of body pressures captured by the wing surface. As shown
by the slender body theory estimates in Figure 18, capturing the
forebody pressures can result in an interference lift coefficient
of 0.025. This is approximately 25% of the cruise lift
coefficient. Hence, a significant reduction in drag due to 1lift

could be potentially achieved with this interference lift.

Slender body theory has been used to estimate the effects of
wing anhedral on the interference lift. The results shown in
Figure 19 indicate that the effect of anhedral angle on
interference lift is exactly the same as predicted for the flat

top wing/body arrangement (Fiqure 12).

These results show that the parasol wing and flat top
wing/body concepts are equally efficiemt in producing
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interference 1lift. The parasol wing by wvirtue of the wave
cancellation effects has lower body wave drag as well as more

favorable wing/body interference drag.

6. Final Favorable Interference Concept Selection

The aforementioned studies have indicated that the parasol
wing concept offered the greatest aerodynamic potential for
achieving the design mission objectives. Studies were then made
to integrate the parasol concept into an aircraft configquration.
Two configuration arrangements that were considered are shown
schematically in Figures 20 and 21. Additional aerodynamic
studies were conducted to provide design guidance for developing
the final parasol wing arrangement. The results of these studies

are discussed in Section VI.
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SECTION VI

PARASOL WING AERODYNAMIC DESIGN GUIDANCE STUDIES

Theoretical aerodynamic studies were made to investigate the

following parasol wing/body design characteristics:

. Parasol wing planform area cutout

. Parasol height

. Body/parasol relative incidence effects

- Parasol lateral curvature (anhedral/dihedral) effects
. Nacelle parasol characteristics (open nose body)

. Body versus nacelle parasol selection

. Double parasol planform development

The theoretical studies were supplemented where possible
with results of several previously conducted Boeing wind tunnel
test programs (2% 39, 31) and available experimental results of

other sources (3,26, 27,28) _
1. Parasol Planform Cut Out Area

Surface pressure distributions, bow shock locations and body
interference pressures acting on a planar surface above the body

were calculated using ADASSAl(®),

The theoretical pressure distribution calculated on a planar

wing 1.5 body diameters above the basic body is shown in Figure
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22. This pressure distribution rewveals a negative pressure
region, which diminishes the 1lift produced by +the positive
pressures. If this region is eliminated by a wing cut out along
a line where the pressure coefficient is zero, 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 23. Interference 1lift is seen to increase dramatically
over the slender body theory maximum wvalue. 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 actually further increase the
interference lift. This is discussed further in the section

below.

Note that the wing capture area grows rapidly as the
streamwise length increases or as the parasol height increases.
The net effect is that the interference l1ift coefficient based on
the total wing capture area decreases with increasing parasol

height or streamwise length.

The above results suggest the following design guidelines:
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DESIGN GUIDELINE 1. To minimize the capture area and maximize the
interference lift, design the wing planform
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.

DESIGN GUIDELINE 2. "ADASSA®™ which predicts body bow shocks using
Witham's theory can be used for determining

the wing shape.
2. Multiple Shock Reflections

Experimental interference lift data (29,31) obtained with a
number of different body geometries indicate large increases in
jnterference 1lift as the separation distances are decreased.
This is the result of multiple shock reflections between the body
and the wing. This shock reflection increased the 1lift on the
wing but had an insignificant effect on the bodies.

DESIGN GUIDELINE 3. The interference 1ift can be increased by
reducing +the "gap" to permit multiple
reflections Dbetween the body and wing.
Linear theory can predict the effect of small
"gaps® on drag but not the effect on

interference lift.
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3. Wing/Body Incidence Effects

Experimental studies reported in References 24 and 30
investigated the effect of the incidence angle between the wing
and body. The results indicate a significant effect omn the
interference lift. Rotating the body nose down increases the
interference 1lift. Conversely, increasing the body attitude

decreases the interference lift.

DESIGN GUIDELINE 4. The interference 1lift can be increased by
mounting the body nose down relative to the

wing. The effect on drag is small.

. Parasol Lateral Curvature

The results obtained using slender body theory in Section V
indicate that parasol wing anhedral can be used to amplify the
interference 1lift. A study was made to determine if FLEXSTAB
could predict this effect.

The wing planforms evaluated for this study were derived
from the NASA parasol wing planform that was used for the test
versus theory comparisons in Appendix A. The study planforms are
shown in Figure 24. The minimum distance between the body and

each plahform_was held constant.
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The study planforms were developed from the flat parasol
wing by maintaining the same relations between the wing leading
edge and also the wing trailing edge and the radial distance from
the body in planes perpendicular to the body axis. The results
of the analyses are shown in Figure 25. The FLEXSTAB results
show an increase in interference litt similar to the slender body
theory trends. The parabolic parasol has approximately 50% more
interference 1lift than the flat parasol. The wing struts

included in the analyses had a detrimental effect on interference
lift.

The 1ift curve slope, (|, decreases for anhedral angles

above 30®. It should be noted that the wing span for the flat
parasol and 30° anhedral parasol are nearly equal. The span for
the parabolic parasol and 45° 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 5. Interference 1lift can be increased by wing
anhedral. FLEXSTAB can be used to predict

wing anhedral effects on interference lift.
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DESIGN GUIDELINE 6. Parabolic lateral curvature results in
approximately a 50% increaée in interference

life.

DESIGN GUIDELINE 7. Maintain a large projected wing span in order
to reduce the adverse effects of wing
planform lateral curvature (anhedral,

dihedral) on lift curve slope.
5. Nacelle Parasol Versus Body Parascl Studies

Theoretical investigations were made to compare the
aerodynamic characteristics of a parasol designed to capture
interference 1lift from a nacelle (open nose body) with a parasol
designed to capture interference lift from a fuselage (closed
nose body) -

The basic nacelle geometry used for this investigation was
designed to contain the advanced engine for the study airplanes
with the minimum area growth. The fuselage definition was
derived from the fuselage definition of the reference zero

interference airplane.

The calculated wave drag for the nacelle in the presence of
a parasol is shown in Figure 26. These results indicate that the
nacelle ‘centerline should be located approximately .7 to .8 of

the maximum diameter below the wing to derive maximum wave
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cancellation effects. 1t also appears that the wave drag of the
nacelles can be reduced by 10% to 40% depending on the parasol

lateral curvature.

The results of a similar study for the fuselage are shown in
Figure 27. The fuselage must be located approximately 1.5 to 1.6
diameters below the wing to achieve optimum wave cancellation.
This is much greatei than that reguired for the nacelle parasol.
The fuselage wave drag reduction by wave cancellation is only 5%

to 15% depending on the parascl lateral curvature.

The results in Figure 28 show the theoretical effect of body
fineness ratio and inlet area in reducing the parasol/body
separation distance necessary to achieve maximum wave drag

cancellation.

The calculated interference lifts for the fuselage and for
the nacel;e with various fore cowl angles are shown in Figure 29.
The fuselage generates more interference lift than for the basic
nacelle shape which as previously mentioned has the minimum area
growth necessary to contain the engine. The nacelle induced
interference lift grows rapidly as the nacelle forecowl angle is
increased. The nacelle interference lift equals that generated

by the fuselage when the forecowl angle is increased to &

degrees.
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The experimental data from Reference 32 indicate that the
net interference lift on a wing/nacelle parasol arrangement can
be increased above the slender body theory 1level if the
' separation distance is small enough to result in multiple shock
reflections. The optimum nacelle/wing separation distance is
close emough to allow multiple relfections. 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.

DESIGN GUIDELINE 8. Lower body fineness ratios reduce the optimum
body/wing separation distance.

DESIGN GUIDELINE 9. The optimum separation distances for a
nacelle parasol is small enough to achieve
multiple shock reflections and thereby
increase interference lift (design guideline
3). This also results in shorter struts to

support the nacelle.

DESIGN GUIDELINE 10 The optimum separation distance for a typical
fuselage is so large that desirable multiple
shock wave reflection between the wing/body

will not occur.

57



DESIGN GUIDELINE 11 Nacelle forecowl angle offers the capability
to increase interference lift. The forecowl
angle should be selected to optimize the
trade between increased interference lift and

increased nacelle wave drag.
6. Final Parasol Concept Selection

Wing parasol geometries have been calculated for the basic
nacelle and for the fuselage using the aforementioned design
guidelines number 1, 2, 3, 5 and 6. The results are shown in
Figures 30 and 31. The body parasol is quite far from the body
and would therefore require 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 incorporating a nacelle parasol on each side
of the fuseiage would have approximately the same span as the

fuselage parasol.

The relative aerodynamic characteristics of the nacelle
parasol and fuselage parasol are summarized in Table 2. The
nacelle parasol is seen to offer a number of potential benefits.
Consequently the double parasol configuration shown conceptually

in Figure 20 was selected for the final favorable interference
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Table 2 Nacelle vs. Fuselage Parasol Configuration Comparisons

— Fuselage parasol Nacelle double- Advantage
“FP* parasol “DP* ‘FP | “DP*
Wave drag
cancel|ation
* % Cp,, Reduction 5%—10% 10%-40% X
® Optimum spacing
Y/D 1.8-+20 0.6—0.8 X
Interference
lift
e AC, - Basic lift 0.022 0.009—0.025 X X
® Curvature amplification #* Possible for both concepts X X
# Incidence amplification ® Possible for both concepts x X
* Multiple shock reflection | @ Too far from wing * Possible X
Wing planform
* Wing span * About equal for both concepts X X
* Leading edge limited | ® Leading edge can be
® Root chord imitetions by balance and vision extended X
| ® Tralling edge limited | ® Tralling edge further X
by ~Cp aft
® Short root chord ® Larger root chord X
Strut geometry
® Number/size s Two large struts . m‘;:'" WU X
® Drag ® Greater for “FP" * Less for "DP” X
* Weight e Greater for “FP" e Less for “"DP” X
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concept, The wing planform geometry for this double parasal

concept is derived in the section below.
7. Double Parasol Wing Flaniorm Development

The double parascol wing planform was derived using the above
design quidelines. The nacelles are located .8 Adlameters below
the wing chord plane. The wing inboard of the nacelle has
parabolic dihedral to inhance the lift Ainterference.- The wing
has a flat section outboard of the nacelle %o increase the wing
span. Bear the tip, the wing has parabolic anhedral to increase
the interference lift. 7The nacelles are tilted down relative to
the wing to bhetter align the inlets with the freestream and to
increase the interference life. The wing Yeading edge inboard of
the nacelle increases the wing root chord and blends into the
léading edge determined from the bow shock location calculations.
The final paraéol wing planform is shown in Figure 32 with the M
= 3 design inrerference liaft areas. This is the wing planform
incorporated into the final favorable imterference concept
described in Section VII. Optimization of the nacelle forecowl

angle is discussed in Section VII1I.
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SECTION VII

CONFIGURATION DESCRIPTIONS

This gsection contains descriptions and general arrangement
drawings of the two final configurations that have been developed
to assess the effects of faveorable supersonic aerodynamic
interference on a Lightweight supercruise aircraft. The
aerodynamic development studies of the reference "zero
imerference® airplane and of the favorable interfereunce airplans

were discussed in Serctions 1V and Vi, respectively.
The design mission objectives includes
. Cruise Mach numbers = 1.5 to 3.0
- Migsion radius - 500 n.mi.
. Disposable payload = 4,000 lbs

A design groas weight of 26,000 1b and a reatricted overload
gross weight of 30,000 1b were selected for both oonfigurations
to restriet the size of the aircraft. The cruise Mach number of
3.0 was selected to ease the design integration taska of
incorporating the favorable aerodynamic interference concepts
which become more difficult at Jlower superscnic Mach numbers.
The mnmisaion zadius objectives would provide a large effective

area of operation. The baseline mission is shown in Figure 33.
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1. reference "Zero Interference™ Configuration, Model 3056-1

The reference configuration has been developed from the Mach
2 wind tunnel model definition provided to the contractor by the
USAF Flight Dynamics Laboratory, {Wright-Patterson AFB}. h
schematic o¢f this wind tumnel model definition was  showm
previously in Pigqure 2. The geametrical features of the
reference zero interference airplane are shown in Figure 34. The
fuel +tanks locations and weapons installations are shown in
Figure 35. The general arrangement of this confiquration is

shown in Figure 3b.

The wing area of this configuration is 340 ft#. The sea
level static thrust with full after-burning is 21,570 1b of
thrust. The fuel wolume reguirements were estimated for the
overload gross weight condition. NASA SCAT 15 wind tunnel data
with flexibility corrections have been used@ to establish the aft
1imit at 45% mean aerodynamic chord for the airplane balance
exercise. The design payload includes two 2,000 1b missiles with
SREM length and velume. The missiles are fully submerged and may

he released in a modified SRAM-type fashion, ejected upwards.

The engine is mounted below <the fuselage and has a two-
dimensional air-intake of 185 1bss/sec airflow. The  two-—
dimensional inlet provided an anticipated higher maneuver angle

of attack capability but with increased side slip sensitivity
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relactive to a ocomparahle axisymoetric inlet. The integrated
engine arrangement, indicated by the reference wind tunnel model
definitlon, conld not be wused because of the increased fuel
volume regquirements for Mach 3.0 operations and because of the
location of the aft fuel tanks necessary to balance the airplane.
The inlet is designed for Mach 3.0 e¢ruise operation and is

separated from the wing-hody lower surface by a 9 degree, 4 inch
boundary laver diverter.

2. Favorable Supersonic interference Configquration, Model 3056-2

The supersonic favorable interference configuration that has
beer developed is designated Model 3056-2. The aerodynamic

features of this configuration include:

" Twin parascl wing planform that was designed to capture
the nacelle imterference pressures. The hyperbolic
wing planform projected shape is designed to capture

the maximum amount of nacelle lift per unit wing area.

. The planform curvature in the front view was designed
te enhance the interference 1ift 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 focue of each

7l



paraboelic section. The flat midwing section provides

additional wing span and greater lift capture area.

. The wing camber and twist have been designed to
minimize the wunfavorable nacelleAwing interference

Arafg.

» The body has keen area Tuled to optimize +the

body/nacelle and body/wing interference effects.

Model 3056-2 haz been designed for a maximum takeoff gross
weight of 26,000 pounds with an overload condition of 30,000
pounds. The overload conditiom includes a dispensable payload of
4,000 pounds. The basic fuel volume is based on the 26,000 1b
gross  welght. The design provides for an all-fuel overload
configuration through uvtilization of avallable wing volume with
the use of special tanks designed to fill the payload cavities.
Tha geonetrical features of the favorable interference airplane
are shown in Figure 37. The fuel tanks locations and weapons
installations are shown in Figure 38. The general arrangement of

this configuration is shown in Figure 39.

The wing area is 830 ftt#, The empennage consists of an all-
moving horizontal stabilizer, a fixed wvertical stabilizer with
rudder and a double, low aspect ratio, "V*~ventral. The ventrals

and chines were added to provide lateral stability at high angles
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of attack. Ailerons and flaperons are provided for roll control.
More effective roll control devices would require redesign of the

wing trailing edge.

The wing structure is of multispar design covered with
titanium honeycomb sandwich. The leading edge, the trailing edge
and the wing outboard of B.L. 120 is of titanium, solid honeycomb
sandwich. Structural members carrying highly concentrated loads

are made of composites.

The fuselage is of multispar design in the area of the wing
box. Fuselage frames conhect to wing spars. In the area of the
wing tanks the cover material is titanium sine-wave honeycomb
sandwich, which also serves as fuel tank insulation. Forward of
station 300, the structure is of the skin stringer design, with
heat insulation for the pilots compartment. The nose cone and

the tail cone are made of composites.

The vertical stabilizer is 3% thick and has hexagonal
airfoil. The structure is titanium, solid honeycomb sandwich,
spar-reinforced, to take actuation loads and hinge moments. The
horizontal stabilizer and the two ventrals are of titanium, solid

honeycomb sandwich.
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The 4,000 pounds payload was assumed to be in the form of
two short-range attack missiles. Volume, ejection systems, and

guidance, reflect SRAM design and technology.

A 5% stability‘ margin was assumed. The wing is located
relative to the fuselage such, that the O.E.W. c.g. acts at 37%
of the mean aerodynamic chord. The maximum takeoff gross weight
c.g. is also at 37% M.A.C. The overload, 30,000 pounds gross
weight c.g., is at 40.3% M.A.C. Inflight c.g. shifts, required
for minimum trim drag operation are accomplished through simple

fuel management.
3. Configuration Weight Comparisons

The weight and balance analyses for the +two study
configurations were estimated using Boeing parametric-statistical
weight methods. Stiffness requirements were not accounted for in

these analyses.

Design data wused in the weight analyses are summarized in
Table 3. Both aircraft use 1985 technology titanium for most
primary structure with graphite/polymide composite for other
structure. The structural weight of both aircraft was decreased
by approximately 10 percent due to incorporating advanced
technology materials. The results of the weight analyses are

summarized in Table 4 and Figure 40. The structural weights of
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Table 3 Design Data

Reference Airplane, Favorable Interference
Parameter Model 3056-1 - Double-Parasol Airplane,
: Model 3056-2

General ,

Flight design weight, Ib 26,000 . 26,000

Ultimate vertical load factor ' 9.75 9.75

Landing weight, Ib 22,500 22,500

Maximum cruise altitude, ft 70,000 70,000

Design cruise Mach number 3.0 3.0

Maximum sea level Mach number 1.2 1.2

CL(landing) 0.6 0.6
Wing

Reference area, ft2 440 438

Aspect ratio 1.68 2.29

Thickness ratio 0.04 0.04

Leading-edge sweep, deg » 74 Varies across span

Dihedral, deg 0 Variable (parabolic)
Horizontal tail

Reference area, ft2 , None 3856

Aspect ratio - 1.68

Thickness ratio - 0.03

Leading-edge sweep, deg - 53

Tail arm, ft - 29.4

Pitch acceleration, radians/sec2 - 6

Type - Fully moveable
Vertical tail

Type (2) On wing tip, with rudder With rudder

Reference area, ft2 51 ea. 51.4

Aspect ratio 1.37 0.76

Thickness ratio 0.04 0.03

Leading-edge sweep, deg 63 53

Tail arm, ft 20.9 26.2

Reference ventral area, ft2 None’ (2) 20.0 each
Body

Surface area, ft2 636 610

Length, ft 69.5 70.0

Maximum cross sectional area, ft2 13.7 15.8

Chine area, 12 None 1
Landing gear

Main gear type Wing-mounted, 2 wheels Wing-mounted, 2 wheels

Main gear extended length, ft 7.3 6.2

Nose gear extended length, ft 4.4 3.8
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Table 3 Design Data (continued)

fzy -

~oRre

Reference airplane,

Favorable interference

Parameter ; double-parasol airplane,
Model 3056-1 Model 3056-2
Propulsion .
- Variable gas turbine with Variable gas turbine with
Engine type and number afterburner (1) afterburner (2)
Thrust at sea level 21,530 10,765 each
SFC at sea level and maximum thrust 2.0 2.0
Nozzle type Convergent/divergent Convergent/divergent
Inlet type Two-dimensional, mixed Axisymmetric, mixed
compression compression
Nacelle surface area, ft2 285 169 each
Systems
Flight control type Fly-by-wire Fly-by-wire
Air conditoning Short-range cruise Short-range cruise
Crew number 1 1
Payload .
—_— (2) x 2,000-Ib missiles (2) x 2,000-1b missiles
Type
. Internal Internal
Carriage
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Table 4

=Yy

Group Weight Statement —Pounds

Reference “ Favorable Interference
Item Airplane, - Double-parasol Airplane,
Model 3056-1 Model 3056-2
Wing ) 2,735 3,374
Horizontal tail 263
Vertical tail 659 303
Body + chine 3,536 3,403
Main gear © 824 717
Nose gear . 220 184
Nacelle + inlet 1,742 1,527
Structure 9,716 9,771
Engine 2,543 2,614
Engine accessories 50 100
Fuel system 498 535
Engine control 80 160
Starti\ng system 100 200
Propulsion 3,271 3,609
Flight control 397 459
Auxiliary power plant 286 309
Instruments 130 160
Hydraulic + pneumatic 354 354
Electrical 486 554
Avionics 1,170 1,170
Armament 60 60
Furnishings + equipment 235 235
Air conditioning + anti-icing 547 565
Load and handling 20 20
Fixed equipment 3,685 3,886
Weight empty 16,672 17,266
Crew 215 215
Unusable fuel 929 84
Qil + trapped oil 85 105
Weapon installation 240 240
Crew equipment 20 20
Nonexpended useful load 659 664
Operating weight 17,331 17,930
[Payload—overload condition] [4,000] [4,000]
Fuel 8,669 (O 8,070 (D
Takeoff gross weight 26,000 26,000

Notes:

5D Fuel capacity = 8,190 Ib in body and 1,726 Ib in wing
(2D Fuel capacity = 8,453 |b in body (2,108 Ib in wing was not included in the design)

81




30,000

25,000

20,000

15,000

10,000

5,000

| }%1 :

o

DESIGN GROSS WEIGHT

_FAVORABLE
 INTERFERENCE
REFERENCE’ - DOUBLE-
AIRPLANE - PARASOL
" AHRPLANE
] PAYLOAD
FUEL
- MISCELLA s
—
i FIXED EQUIPMENT
PROPULSION GROUP
i r
NACELLE + »
STRUTS
LANDING
GEAR —
TAILS—/ TOTAL
B BODY STRUCTURE
—
WING ‘

Figure 40 Weight Comparison

82




both configurations are nearly equal. However, the operating
weight of the favorable interference concept is approximately 600
lbs heavier because of increased propulsion and fixed equipment
weights. The balance data for both configuratiohs are shown in

Table 5.

The aerodynamic and performance comparisons of these two

configurations are presented in Section VIII.
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Table 5 Weight and Balance Summary

o+

!

iélo

Condition

Reference Airplane,

Favorable Interference
Double-Parasol Airplane,

Model 3056-1 Model 3056-2
Weight, | Longitudinal cg D[ Weight, [Longitudinal cg T
Ib Station, in. (% MAC) Ib Station, in. (% MAC)
Weight empty (gear down) [ 16,672 518 (31.7) 17,226 424 (25.6)
Nonexpended useful load 659 445 664 392
Operating weight (gear down) 17,331 515 (30.6) 17,930 423 (25.1)
Operating weight (gear up) 17,331 513 (29.8) 17,930 424 (25.6)
Payload 4,000 525 4,000 482
Fuel capacity, body 8,190 505 8,453 448
Fuel capacity, wing 1,726 535 2,108 429
o
Maximum gross we.ght (gear up) 31,247 514 (30.2) 32,491 438 (32.4)
Design takeoff gross weight (gear up) 26,000 514 (30.2) 26,000 437 (31.9)

Notes: [ Nose pitot tube = Sta. 0. Wing MAC = 258.3 in.

and leading edge MAC = Sta. 436.0.

2> Nose pitot tube = Sta. 0. Wing MAC = 206.7 in.

and leding edge MAC = Sta. 371.5.

3> Wing fuel was not used in the weight analysis

for Model 3056-2

> Main landing gear (down) Sta. = 658.7 in.

(47.5% MAC) for Model 3056-1 and 476.3 in.

(50.7% MAC) for Model 3056-2.
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SECTION VIII

CONFIGURATION AERODYNAMIC AND PERFORMANCE COMPARISONS

This section contains the aerodynamic comparisons of the
study reference conventional type airplane and the final
favorable interference concept incorporating the double parasol
concept. The methods of analysis are summarized. The parametric
variations that were made to optimize the double parasol wing

concept are discussed.
1. Aerodynamic Analysis Approach

The aerodynamic design and analyses methods that were used

for the study configurations are discussed in Appendix A.

The reference conventional type aircraft, Model 3056-1, was
analyzed by a "straightforward® application of the ADASSA methods
and empirical leading edge suction data as discussed in Appendix
A. The computer representation of this configquration is shown in
Figure 41. Note that the éomputer modeling requires the

representation of the nacelle as a body of revolution.

The double parasol wing configuration Model 3056-2 was
ahalyzed using ADASSA, FLEXSTAB and empirical data for leading
edge suction corrections and also for multiple reflection effects
on interference lift (as discussed in Section VI). ADASSA was

used for the volume wave drag, dfag due +to lift, trim and
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friction drag. FLEXSTAB was used to calculate planform lateral
curvature effects on interference lift, ACy » and on lift curve
slope C ,- The computer representation of this configuration

used for the aerodynamic analyses is shown in Figure 42.
2. Parasol Wing A/P Optimization Studies

Parametric studies were made to determine the optimum
nacelle area growth for the parasol wing with and wiﬁhout lateral
curvature. The figure of merit was selected as the M = 3.0
cruise maximum lift/drag ratio. The results are shown in Figure

43.

Increasing the nacelle forecowl angle increased the uba”MAX
of the double parasol wing configuration from 6.5 to 7.0. It is
also seen that 1lateral curvature provided only a slight
improvement of the parasol wing configuration without lateral
curvature. This is because the favorable effect of interference
lift enhancement by the lateral curvature is nearly canceled by

the degradation of lift curve slope.

Most of the interference lift benefits come from the inboard
wing and also most favorable effects on CLQ occur in the outboard
portion of the wing. It is, therefore, possible that the
lift/drag ratio could be further increased by reducing the

lateral curvature near the wing tip.
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Figure 42 Computer Representation of Model 3056-2
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The wing camber design for Model 3056-2 was developed with
the basic nacelle. The design camber was reoptimized by a linear
scaling factor for the optimum area growth nacelle. The results

are shown in Figure 44.

The results obtained with the original nacelle and wing
camber, and also with the optimized wing camber and nacelle area
growth are compared with the aerodynamic characteristics of the

reference airplane in the next section.
3. Aerodynamic Comparisons

The subsonic and supersonic drag polars for the reference
conventional airplane Model 3056-1 are shown in Figure 45. The
favorable interference double parasol wing configuration drag

polars are shown in Figures 46 and 47 respectively.

The calculated 1lift curve slopes‘are shown in Figure 48.
The lift curve slope, CLQ of the parasol wing' concept exceeds
the CLa of the reference airplane because of its higher aspect

ratio and lower sweep.

The maximum 1l1lift drag ratios of the favorable interference
parasol wing concept and the reference airplane are shown in

Figures 49 and 50.
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The double parasol wing configuration at the Mach 3.0 design
condition offers a pétential improvement in the 1lift drag ratio
of approximately 37%. Additional theoretical and coordinated
experimental studies will be necessary to fully identify the

potential benefits of this configuration concept.

4, Performance Comparisons

A performance evaluation was made on the two final
configurations, the "zero interference" baseline aircraft (3056~
1) and the favorable interference aircraft (3056-2). These
comparisons were made for the mission as presented in Figure 33
of Section VII using the mission guidelines used for the Boeing
ATS supercruiser studies. In brief, the mission rules optimize

the combined stages of the flight path for maximum radius.

In the preliminary performance analysis for the baseline
aircraft, the engine thrust to weight ratio and the vehicle wing
loading were found to be dictated by the 3 1/2g maneuver
requirement at Mach 0.9 and 30,000 ft altitude. This engine-
airplane sizing was then prescribed for the favorable
interference double parasol aircraft. These considerations and
the cruise altitude dictated by the mission optimization required
both aircraft to cruise at a C| below that corresponding to
(L/D)Max -+ Figure 51a shows the cruise C| and C| at (L/D)ypx for

both aircraft. Mission optimization of the favorable
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interference configuration with a higher C| at (L/D)yax than for
the zero interference supercruiser, specified a higher cruise
altitude. The fuel burned at altitude is presented in Figure 51b
for the various mission legs. Due to a higher structural weight,
the double-parasol aircraft has 600 lb less fuel to burn. Figure
51c shows the aircraft weight history during the mission for the
two comparison aircraft. Here also is shown the mission radius
penalty due to the 600 lb greater OEW for the double parasol
configuration. If the OEW of the latter were no higher than the
baseline configuration, Figure 51c indicates a 41% improvement in

range for the double parasol configuration.

The total percent fuel used by the favorable and zero
interference configurations for the different stages of the Mach
3.0 cruise mission is presented in Figure 51d. At the lower
cruise Mach numbers, the double-parasol aircraft requires a
higher percentage of its total fuel for climb to altitude than

the baseline, degrading its range capability.

Optimum mission radius for cruise for 1.5 s M = 3.0 is
presented in Figure 51e, for the two configurations. At Mach
3.0, the favorable interference aircraft has a 5% improvement in
range over the baseline aircraft carrying the same 4,000 lb store
payload. Reducing the payload to 2,000 1b &;d increasing the

fuel weight by 2,000 lb show the double-parasol supercruiser to
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have a 17.5% improvement in range over the baseline carrying the
same payload. Further relative improvement in radius is shown

when all the payload is replaced by fuel.

These latter considerations show the severe performance
penalties for both comparison aircraft by constraining the
overall vehicle weight to 30,000 1lb for the Mach 3 cruise.
Increasing the prescribed vehicle gross weight to higher values
would permit proportionately greater fuel weight leading to
increased mission radii. With increased radii the improved L/D
of the double parasol configuration would then lead to more
significant improvements of the radius relative to the baseline

configuration.
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SECTION IX

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 between 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™, supersonic

biplanes, flat top wing/bodies).

. The best aerodynamic concept is very dependent upon the
design Mach number . The interference concepts
considered in this study become more difficult to
integrate to a viable aircraft configuration as the

design Mach number is reduced.

. The maximum lift/drag ratio of the double parasol-wing
contiguration exceeds that of the reference airplane

from approximately 18% at M = 1.5 to 37% at M = 3.0.
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The parabolic lateral curvature of the double parasol
wing configuration offered a slight improvement over an
equivalent double parasol configuration without lateral

curvature when the nacelle area growth was optimized.

Removal of the 1lateral curvature 'on the outboard
portion of the wing may further increase the

aerodynamic efficiency of the double parasol wing

concept.

Existing aerodynamic and design tools, ADASSA and
FLEXSTAB, can predict the force and moment
characteristics of flat type configuration
applications. Neither method can predict multiple
- reflection effects on interference lift for bodies very

close to a parasol wing surface.

FLEXSTAB can predict lateral curvature effects on
interference 1lift in agreement with slender body theory
predictions. However, ADASSA which wuses Witham's
theory to predict body shocks is more accurate than
FLEXSTAB for predicting the interference pressure
patterns. This is particularly true as the Dbody

fineness ratio is reduced (i.e., body becomes thicker) .
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The significant improvement in the cruise L/D obtained
for the favorable interference double parasol aircraft
did not lead to comparable improvement in the mission
radius due to the gross weight constraint of 30,000 1b.
Increasing the latter would permit greater fuel weight
ratios, and hence more significant radius improvements

for the double parasol configuration.

More aerodynamic design and detailed design studies are
necessary to determine the potential of the dJdouble

parasol A/P concept.

An alternate body parasol configuration should be
developed and compared with the double parasol concept

for both design and off design conditions.
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APPENDIX

AERODYNAMIC METHODS SUBSTANTIATION

The aerodynamic design and analyses methods that have been
used in the study are described in this section. Test versus
theory comparisons that were made to validate the use of these
methods for the study configurations are also included in this

section.
1. Aerodynamic Design and Analysis Methods

The methods used for the aerodynamic design of the study
configurations are summarized in Table 6. The aerodynamic
evaluation procedures are shown in Table 7. The aerodynamic
analytical methods used for a particular aerodynamic concept
application depended on the nature of the configuration, the Mach
number, and the desire to use the most efficient applicable

analytical tool.

The "“Aerodynamic Design and Analysis System for Supersonic
Aircraft,® (33) ADASSA (Boeing Computer Code A389), represents
currently one of the best supersonic aerodynamic design and
analysis tools. This is an integrated system of computer

programs that compute:

1) Turbulent skin friction
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Table 6 Drag Estimation Procedures

I Interference
Mach | capability
5
3 8| Boeing
Method ) S|E L| computer
Drag component et 2|5l 1T £ 3| program
2l§|8|5(5|2| 1
£ sls5lslElE
HEIENNEE
CDF. .. Friction drag ® Sommer and short T* method | X| X | X A389
® Local ““q"” and 3-D corrections
CDW. . . Volume wave drag e Supersonic area rule X|{X|X]| A80, A389
» Middleton—ADASSA X|{X|[X A389
® Woodward—AIC X[{X|X|X]|X A217
® FLEXSTAB X|IX|X|X|X A260
® Exact shock expansion X|IX|X[X -
CDL. .. Drag due to lift e Middleton—ADASSA XX X A389
e Woodward—AIC X| XX X|X|X| A217
and ® FLEXSTAB XXX X|X|X| A260
Dy ™M . Trim drag e Feifel vortex lattice X X X|X|X]| A372
(attaaﬁed flow) e Exact shock expansion XX X|IX|X| —
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Table 7 Aerodynamic Design Methods

Component
Mach capability
ol 3 8
o| £ '§ E & g’ " Boeing
Aero-design item Method 8l 2| +] 28| 5| 5| 2 e computer
2l 8 ¢ g El o2 g §- program
Al 3| | E|lz|2| S| | S| S|z
®Camber and twist ® Middleton—ADASSA X | X X X|X|X]| A389
e®Component alignment ® Woodward—AIC XXX XIXIXIX|X]|X]|X]| A217
® FLEXSTAB X|IX|X XIX|IX|IX]|X|X]|X]| A260
® Feifel vortex lattice X X|IX|IXIX|X]|X|X] A372
Body contouring ® Supersonic area rule XX |[X]|X XXX AB0, A389
® Middleton—ADASSA XIX|X|X XXX A389
Stores anc nacelles ® Middleton—ADASSA X[ X |X|x A389
Design and location e FLEXSTAB XIX|IX|X]|X]|X|X A260
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2) Near-field theory wave drag

3) Far-field theory wave drag and also provides wing-body

area rule optimization
4) Lift, pitching moment, and drag due to lift calculation

5) Optimum wing camber and twist designs for specified
design constraints including 1lift, pitching moment, and
pressure limits. Effects of the fuselage, canards, and

nacelles are included.

The code is restricted to planar wings, i.e., lifting
surfaces which lie in a single plane. The ocode does include non-
linear methods that provide realistic determination of shock
waves produced by general bodies and also the intersection of the

shock waves and pressure fields with adjacent bodies and wings.

The aerodynamic influence coefficient, AIC, method used in
FLEXSTAB (34) provides the capability of the design and analysis
of supersonic as well as subsonic planar or non-planar
aerodynamic configurations. The FLEXSTAB program can account for
the mutual interference of lifting and thickness effects of the

various airplane components.

The drag due to 1lift calculated by either FLEXSTAB or by

ADASSA programs is obtained by integration of the 1lifting
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pressures times the 1local mean 1line slope at the appropriate
angle of attack. Theoretical drag due to 1lift for wings with
subsonic leading edges should include a thrust component
associated with the very large leading edge expansion pressures
acting on the front portion of the wing airfoils. (35) The drag
evaluations in the studies reported herein include an empirical
fraction of leading edge suction force correction to the
theoretical drag due to lift calculations. This correction was
not significant at the cruise Mach number = 3.0 for the study

configurations but was important only at the lower Mach numbers.

The three-dimensional vortex lattice program (program A372)
developed by Winfred Feifel of Boeing can be used for the
subsonic design evaluations. The vortex lattice program (A372)
is a rather efficient subsonic design analysis and optimization
program capable of handling the most general planar or non-planar

configurations.

Exact shock-expansion techniques have been used to evaluate
supersonic aerodynamic characteristics of the non-planar caret

wing and Nonweiler wing concepts.

The skin friction calculations assumed fully turbulent flow
on all the component surfaces. Estimates of miscellaneous drag

items such as forebody canopy drag, boundary layer diverter drag,
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and roughness drag, are based on Boeing experimental data

correlations.

2. Conventional Aircraft Configurations Test Versus Theory

Comparisons

These aerodynamic design and analysis methods have been used
by Boeing in government funded, in addition to company funded,
supersonic aircraft systems studies. These methods have been
well substantiated for conventional wing/body and
wing/body/nacelle configurations Figure 52 contains the results
of recent test-theofy comparisons for the Lightweight

Experimental Supercruise Model LES 216.

These and other similar test versus theory comparisons
indicate these linear theory méthods provide a good evaluation of
the aerodynamic characteristics of conventional type supercruise
aircraft configurations such as the study reference

configuration.
3. Parasol Wing-Body Test Versus Theory Comparisons

Results of other test-theory comparisons have indicated
these methods are capable of predicting interference lift, mutual
body interference, and body wave drag cancellation effects

inherent in the parasol wing concept.
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n TEST-THEORY COMPARISON
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Figure 52 Supercruiser Type Configuration—Test Theory
Comparison
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In order to further substantiate these methods theoretical
predictions were made of the NASA parasol wing wind tunnel model
(28" shown in Figure 53. The computer representations of the

parasol wing wind tunnel model is shown in Figure 54.

The .test-theory comparisons are shown in Figure 55. The
lift, drag and lift/drag ratio predictions are quite good. The
differences between the experimental and theoretical pitching
moment data indicate that the predicted aerodynamic center is

further aft then indicated by the test data.

Figure 56 contains a summary test-theory comparison of

‘maximum lift/drag ratio and interference lift coefficient, AC| .

A major difference between the theoretical calculations
obtained with FLEXSTAB and the results obtained with ADASSA is
illustrated in Figure 57. ADASSA predicts the body bow shock
wave which 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 predicted
shock wave actually falls in front of the wing leading edge as

shown in Figure 57. The ADASSA results which predict slightly
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Figure 53 NASA Parasol Wing-Body Wind Tunnel Model
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Figure 54 Analytic Model of the NASA Parawing Wind Tunnel Model
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more lift and "mose up® pitching moment at zero incidence angle

than FLEXSTAB, agree slightly better with the test data.

These  test-theory comparisons indicate that both the
FLEXSTAB and ADASSA linear theory programs can predict the
aerodynamic characteristics of a wing-body parasol wing
configuration provided multiple reflections do not occur between
the wing and body. The drag predictions are correct for the case
of multiple reflections; however, theory will underestimate the
interference 1lift as discussed in Section VI. 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.
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