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(U) FOREWORD
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Flight Test Vehicles". This report was prepared under Project 1366, "Aero-
dynamice and Flight Mechanice', Task 136616, "Synthesis of Hypersonic Vehicles".
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{U) ABSTRACT

(U) The derivation of two volumetric efficient high L/D entry vehicles is
describved. Parametric trades in the areas of zerodynamics and aserothermo-
dynanics azre discussed and selected parameters are identified., Alternate
modes of vehicle recovery are described end the effect on vehicle design
determined., The evolution of the FDL-5 configuration selected for wind tunnel
testing is described through the presentation of & series of intermediste

configurations.

(U} This report is subject to special export controls end each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of the Air Force Flight Dynamics Leboratory (FDMS) Wright-Patterson

Air Force Base, Chio 45433,

iii

UNCLASSIFIED (REVERSE SIDE 1S BLANKI



Esptnadls

Approved for Public Release



Sevtion

1

UNCLASSIFIED

CONTENTS

INTRODUCTION AND APPROACH
AFRCDYNAMICS

2.1

2.2

2.3

DEVELOPMENT CF THE PARAMETRICS

2.1.1 Geometric Variations

2.2.2 Wind Tunnel Data

2.1.3 Analytical Estimates

DISCJSEION OF THE PARAMETRIC RESULTS
2.2,1 L/D Trades

2.2.,2 Stability Trade

2.2.3 Aft Body Shaping Parametric Analysis
COMPRESSICON-SHARING PARAMETRIC VARTATTONS
2.3.1 L/Dmx

2,3.2 Longitudinal Stability

2.3.3 Directional Stability

2.3.4 Roll‘Parameter

ABEROTHERMODYNAMICS

3,1
3.2
3.3
3.4
3.5
3.6
3.7

FIN PARAMETERS

WING LEADING EDGE PARAMETERS
UPFER SURFACE PARAMETERS
CONTROIL, SURFACE PARAMETERS
LOWER SURFACE PARAMETERS
VEHICLE ATTITUDE PARAMETERS
PARAMETRIC SUMMARY

VEHICLE RECOVERY

.l
h.2

WEIGHT TRADES FOR ALTERNATE RECOVERY MODES
BASE AREA TRADES

UNCLASSIFIED

Page

I—J

oo Oy Oy W W W

CEOC I T ST I R N S i = e~ T~ i i
N FFE QO W NN 0T R R WWw P



UNCLASSIFIED

CONTENTS (Continued)

Sectlion
5 CONFIGURATION EVOIUTION
5.1 HID-35 KVOLUTION
5.2 FDL-5 EVOLUTION
REFERENCES

vi

UNCLASSIFIED

Paze

29
29
33
36



Figure

-1 O~ v o o

o

1C

1L
12
13
14

15
16

17
18
19
20
21
22
23

UNCLASSIFIED

LIST OF FIGURES

F-5 General Arrangement

F-4 General Arrangemesnt

Aerodynamic Configuration Parameters

Variation of (L/D)max with Nose Radius at M = 20

Nose Radius Trade

Variation of (L/D)maX with Body Sweep Angle at M = 20

Variation of Volume with Leading Edge Sweep Angle -
Length = 30 Ft

Effect of 3ide Angle Variation con L/Dmax
Effect of Side Angle on Longitudinal Stability

Effect of Side Angle Variation on the Lateral Stability
Derivatives

Body Side Angle Trade
Variation of (L/D)max with Body Profile fngle at M = 20
Effect of Bocy Profile Angle on Longitudinal Stabllity

Effect of Body Profile Angle on the Lateral Stability
Derivatives

Body Profile Angle Trade

Effect of Bottom Geometry on L/D
Body Only)

Effective Dihedral Angle Trade

ma.

Effect of Base Area on Subscnic Drag

Variation of (L/D)max with Vehicle Length at M = 20
Length Trade

Variation of (L/D)max with Volume

Variation of (L/D)maX with Fin Sweep at M = 20

Variation of (L/D)ﬂax with Fin Leading Edge Radius at M = 20

vii

UNCLASSIFIED

« (F-54, Curved Bottom,

Page

39
L1

43
Ly
s
L&

L3
Lo

50
51
52
53

54
55

56
57
58
59
6C
61
62
63



Figure

24

26
27
s
29

30

31
32
33
34
35
36
37

38
39
4e
41
y2
e
L
45
46

iy

UNCLASSIFIED

LIST OF FIGURES (Continued)

Variation of (L/D)max with Fin 8ize at M = 20

Varisticn of Lorgitudinal Stability with Fin Size at M = 20
Mode of Vertical Fin Translation

Variation of Yaw Stability with Fin Geometry at M = 20
Variation of (L/D>max wita Elevon Size at M = 20 (6E = 0°)

Variation of Lgngitudinal Stability with Elevon Size at
M= 20 (6E =0)

Variation of Longitudinal Stability with Lower Ramp Size
at M = 20

Effeet of 6, on L/D

N max
Iffect of Nose Ramp Variation
Vehicle Trailing Edge Station
Aft Body Alternate No. 1
Aft Body Alternate No. 2
Aft Body Alternate No. 3

Parametriec Variation of Hypersonic L/D with ATt Body
Configuration Modificatione

Variation of Cp with Angle of Attack
Variation of Longitudinal Stability

Longitudinal Stability Characteristics of the AMR I-5;
Caleulated Using Newtonian and Shock-Expansion Methods

Vehicle Trailing Edge Station

variation of I./D - B-Series Configurations

Variation of C, with o - B-Series Configurations

Variation of Longitudinal Stebility - B-Beries Configurations
Definition of Parametric Variasbles

Varistion of I,/D for Parametric Changes to the FDL-5A
Configuration (& = 10 deg; M = 20; h = 200,000 ft;
T = 30 1)

Variation of Longitudinal Stability for Parametric Changes
tc the FDI-5A Configuration (Newtonian Flow; CG = 0.64L)

Variation of Directional Stability for Parametric Changes
to the FDL-5A Configuration (Newtonian Flow; GC = 0.64L)

viii

UNCLASSIFIED

Page

el
63
66
67
o8

69

70
L
72
73
75
77
9

81
82
83

8h4
85
86
87
88
89

90
a1

92



Figure

L9

50
51

52
53
Sl

22
56
o7

58
29

60

61
62

63
6L
65

66
67

68

69

UNCLASSIFIED

LIST OF FIGURES (Continued)

Variation of the Roll Parameter for Parametric Changes
to the FDL-5A Configuration (Newtonian Flow)

Aerothermodynamic ConfTiguration Parameters

Effect of Sweepback, Roll-Out, and Toe-In on Fin Stagnation
Line Temperatures

Effect of Toe~In Angle on Fin Outboard Panel Temperature
Effect of Roll-Out Angle on Fin Outboard Panel Temperature

Effect of Ieading Edge Radius on Fin Stagnation Line
Temperatures

Effect of Body Sweepback on leading Edge Stagnation
line Temperatures

Effece of Body lLeading Edge Radius on Stagnation Line
Temperatures

Effect of Body 3weepback Angle on Forward Ramp Lower
Surface Centerline Temperatures

Effect of Nose Radius on Stagnation Point Temperatures

Effect of Body Side Angle on 3ide Panel Flow Deflection
Angle

Effect of Flow Deflection Angle on S8ide Panel Surface
Temperatures

Effect of Body Side Angle on Side Panel Surface Temperatures

Effect of Profile Angle on the Upper Forebody Centerline
Temperatures

Effect of Fin Ramp Angle on Upper Surface Temperaturesg
Effect of Deflection Angle on Maximum Elevon Temperatures

Effect of Forward Ramp Angle on Body Leading Edge
Stagnation Line Temperatures

Effect of Forward Ramp Angle on Curved Lower Surface
Centerline Temperature

Lower Surface Configurations

Comparison of Heating Distributions on Curved and Dihedraled
Lower Surfaces vV, = 21,000 Ft/Sec, H = 200,000 Ft, Laminar
Flow g = 10°

Comparison of Heating Distributions on Curved and Dihedraled
Lower Surfaces v, = 21,000 Ft/sec, E = 200,000 Ft, Laminar
Flow ¢ = 20°

ix

UNCLASSIFIED

Page

93
o

95
96
a7

98
99
100

101
102

103

10k
105

106
167
106

169

110
111

112

113



(&

76
7

79
80

81
g2
83
gl
85
86
87
68
89

90
g1
92

UNCLASSIFIED

LIST OF PIGURES (Continued)

Effect of Lower Jurface Boat-Tall Angle on Aft Lower
Surface Temperature

Effect of Angle of Attack on Fin Leading Edge Stagnation
Line Temperatures

Effect of Vehicle Angle of Attack on Fin Qutboard Panel
Temperature

Effect of Angle of Attack on Body Leading Edge Stagnation
Line Temperature

Effect of Angle of Attack on Lower Surface Centerline
Temperatures

Effect of Yaw Angle on Fin Leading FEdge Stagnation Line
Temperature

Liffeet of Vehiele Yaw Angle on Fin Outboard Panel Temperature

Effect on Yaw Angle on Body Ieading @dge Stagnation Line
Temperature

Effect of Yaw Angle on Body Side Panel Flow Dellection Angle
Effect of Yaw Angle on Body Side Panel Temperatures

Effect of Body Zide Angle and Yaw Angle on 3ide Panel
Surface Temperatures

Effect of Vehicle Yaw on Flat Bottom Lower SBurface Temperature

Alterrate Recovery Techniques

Total Recovery System Weight

Parachute and Attenuvation System Weight
Crushable Attenuation

Paravulcoon Weight

Propulsion System Weight (Instent L/D)
Rotor Recovery System Weight

Range of Analyzed AMR Horizontal Lending Gear Weight
Renge for Aircraft Horizontal Landing Gesr

Landing Gear Plus Support Structure Weight
Water Recovery System

Veriation of Treansition Section Size with Payload Bese
Area, @ = Construction

UNCLASSIFIED

Page

11h
115
116
117

118

119
120

121
122
123

124
125
126
127
128
129
130
131
132

133
134
135

136



I

w0
(a2

Takhle

M2

W]

o N

igure

UNCLASSIFIED

LIST OF FIGURES (Concluded)

Variation of Transition Section Unit Structural Weight
with Bage Area-to-Planform Area Retio

Adapter Welght Veriation with DBase Area-to-3coster Area
Retio — 10-I't Dia. Zocoster

Adzpter Welgat Variaticn with Paylcad Base Area —
Zooster Dia, = 10~-Ft

Tandirg Weight Penalty
FID-35-1 Gereral Arrargement

Varisticn of Test Configuration L/D with Angle of Attack
(M = 255
\ LR

Test Configuraticn Longitudinal Stability (M = .25}

Test Configuration Variation of L/D with Angle of Attack
(M = 20;

Test Configuration Longitudinal Stability (M = 20
liLD=35-2 General Arrangement
Ad1D~325-3 General Arrangement
Gercrazl Arrargement High L/D Lifting Body - 35 It

FDhL-2 Gereral Arrangement

LiST OF TABLES

perodynamic Trades

Trends in v, K Regquired by Aero Parameters

"o - Beries of Aft Body Parametric Variations
Aerotnermodynamic Sensitivity Summary
Alternate Larding Systems

Geometry [raoes

Stablliiy Trades

UNCLASSIFIED

Fage

137

138

139
1o

14

143
1Ly

145
146
147
149
151
153

Page

13
22
25
30
31



UNCLASSIFIED

(U) LIST OF SYMBOLS

a major semi-axis of ellipse
b minor semi-axis of ellipse
CD drag force coefficient

CL 1lift force coefficient

CN naormal force coefficient

C£ rolling moment coefficient
Cm, pitching moment coefficient
Cn yvawing moment coefficient

H altitude, ft

X roll-out angle of fin or lateral surface, degrees
L length, ft

L/D 1lift-drag ratio

M Mach number

P  pressure, lb/ft2

q heating rate, Btu/ftg—sec

R radius, Tt

Re Reynolds number

3 distance from leading edge, ft; area, ft2

s ratio of area to reference area, S/SREF
T temperature, OF

v velocity, ft/sec, or volume, ft3

X characteristic dimension, ft
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Y lateral distance, 't
o  vehicle zngle of attack, dsgrees
= vehicle yaw angle, degrees

dihedral angle, degrees

<

Tlow expansicn or surface inclination angle, degrees
€ delta wing semi-apex angle, degrees or emisgivity
€ dihedral wing panel angle, degrees
8 upper angle or boat-tall angle, degrees
A sweepback angle, degrees
Al
T fin toe-in angle, degrees

¢  circumferential angle or fin roll-out angle, degrees

¢q body side angle, degrees

Subscripts

C chord

bt bost ftail

e local value external to boundary layer or elevon
eff effective

' flap

Ir Tforward ramp

le leading edge

N  nose lower ramp
REF reference

sl stagnation line
TE +trailing edge

" -
freestream {REVERSE SIDE 15 BLANK)

xiidi

UNCLASSIFIED



(Csutnadts

Approved for Public Release



UNCLASSIFIED

SECTION 1

(U) INTRODUCTION AND APFROACH

(U) This preliminary design study of two volumetricelly efficient high L/D
unmanned flight test wvehicles is a part of the continuing USAF Flight Dynemics
Laboratory program to conduct basic research on hypersonic vehlcle systems.

(U) This contract followed an earlier study title "Preliminary Design of
Hypersoniec High L/D Test Vehicles" (Ref. 1). In the earlier study, six high
L/D entry vehicles were anaslyzed to establish the size, weight, and system
requirements for conducting free flight research on high performance entry
systems from orbital speed to landing.

(U) The present study was then focused on improving the hypersonic geometry
and properties of a high L/D research vehicle. Specifically, the objectives
were to configure an unmanned entry research vehicle having a hypersonic L/D
of 3.0 at 20,000 fps and 200,000 feet altitude; and to confirm the vehicle
performance through wind tumnel test. In addition to this requirement, the
vehicle was to be designed for meximum volume with the relationship between
volume and L/D to be identified. Horizontal recovery was the primary recovery
mode, but alternate recovery concepts were to be investigated. A structure
concept and the vehicle subsystems were to be selected based on esrlier work
and the experience gained in other USAF programs including ASSET, ASCEP, and
PRIME,

(U) The contract effort was divided into two phases: the analytical phase
consisted of the development of the parameters affecting the selection of
candidate configurations; the experimental phase included supersonic and
hyperscnie wind tunnel testing of one candidate configuratic and selection
of the structure and subsystems.

(U) In the analytical phase parametric study, over 200 relationships among
configuration geometry, volume, sercdynamic heating, and aerodynamic perform,
ance and stability were evolved. These data trends were based on hypersonic
theories, results of ASSET flight data, and results of USAF AFFDL and Lockheed
in-house wind tunnel tests of high performance lifting bodies. The sources
for each of these data are documented in this final report. The purpose in
developing these parameters was to provide the rationale for selecting the
test geometry for the experimental phase.

(U) Two classes of configurations emerged from analytical phase studies: (1)a
finned high volume geometry designated the HDI-35 series (a modification of

UNCLASSIFIED
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the F=5 geometry developed in the earlier study), and (2) a finless high
volume geometlry designated as the FDL-5 series,

(U) The FDL-5 was selected for wind tunnel testing and structure design dur-

ing the experimental phase. Its size was varied during the study from 30 to
35 4 in length.
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SECTION 2

(U) AERODYNAMICS

(U) This section describes the definition of serodynamic effects due to
parametric perturbations of geometry about a baseline configuration., These
peremetric varistions were defined to assist in the selection and eventually
the development of the test configuration, They were principally determined
by using the enalysis of subsoniec, supersonic, and hypersonic wind tunnel
tests of the F-5 configuration (Refs. 2 and 3). Where test data were
inadequate for parametric evaluaticn, they were complemented by analytical
estimates. In all, 25 geometric parameters were varied. Table 1

identifies the vehicle characteristics which were evaluated as functiong

of the geometric psrameters. Variations in vehicle characteristics which
were negligible or not spplicable (by inspection) were not evalusted. Many
of the vehiecle characteristic trades regquire the consideration of several
parametric varistions. Thig is particulerly true of the =tability and control
parameters, where control surface varisbles must be evaluated ag well as
those of vehicle geometry snd vehiecle attitude. The following discussion
reviews the development of the parametrie curves and the results of these
studies.

2.1 (U) DEVELOPMENT OF THE PARAMETRICS

(U) Aerodynamic data for the development of the parametric curves have been
cbtained from experimental data and analytical estimates. The parametric
curves presented in this section have been developed from these data by deter-
mining the changes in the aercdynamic characteristics due to the geometric
variations., The curves were prepared by plotting either the data increments
or absclute magnitude as functions of the geometric variations.

2.1.1 (U) Ceometric Veriations

{U) The geometric properties varied were those judged to have effects on
vehicle aerodynamic characteristics., The geometric parameters considered are
defined in Section 2.2. The primary aerodynamic effects evaluated include
changes in L/D, CpsCngs and Cra. The effects on vehicle volume were estimated
for selected geometric variations and are presented in this section for
convenience.

2.1.2 {U) Wind Tunnel Data

(U) The experimental data utilized for developing the parametrics were cbtained
from wind tunnel tests of the F-5 configuration, Figure 1. The development

of this vehicle concept is fully documented in Ref, 1 "Preliminary Design

of Hypersonic High L/D Test Vehicles." Supersonic data were obtained from
extensive tests (Ref. 2) in the Arnold Engineering Development Center (AEDC)

{THIS PAGE 1S UMNCLASSIFIED)
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Wind Tunnels A, B, and D at M = 2,5 to 8.0 in conjunction with AFFDL in-house
studies. Subsonic data were obtained from tests (Ref. 3) in the Lockheed-
California Company Low Speed Wind Tunnel at M = .26.

(U} These test programs were designed to determine the aerodynamic character-
isties of the F-5 configuration, including the elevon and upper body flap
effectiveness, toe-in and roll-out effects of the wvertical fins, and, at low
speed, the effects of landing gear and lower surface geometry. The tests were
conducted in pitch and yaw at angles of attack up to a maximum of 60 degrees
for the M = 8,0 tegts, and for yaw angles up to 10 degrees; combined pitch and
yaw data were obtained at all test Mach numbers. Additional knowledge of the
acrodynamic characteristics of the F-5 configuration was obtained through the
use oi tufts on the subsonic model, and through oil flow visualization tech-
niques on the supersonic model,

2.1.3 (U) Analytical Estimates

(U) The analytical techniques described in Ref. 1, have been employed in

thig study. They include the use of cblique-shock/Prandtl-Meyer expansion flow
theory at supersonic and hypersonic speeds in combination with the viscous
interaction skin friction analyses. Where appropriate, as indicated by the
test results, tangent-cone or tangent-wedge prediction methods have been
employed for estimating the lccal pressure coefficients. The low speed pre-
diction methods include those outlined in the USAF DATCOM, Ref. L, Since no
data at M = 20 exists for the F-5 configuration, the analyiical techniques for
hypersonic velocities were substantiated by correlation with data from tests of
The F-4 configuration (Figure 2) in the Cornell 96-inch shock tunnel at

M =10.2, (Ref. 5). As in the ¥-5 tests, data were obtained in pitch and

yvaw with elevon deflection. These data were correlated with analytical esti-
mates in order to determine and evaluate the reliability of the analytical
techniques which have been used,

(U) Variations in the viscous forces on the individual geometric elements are
in general negligibly small for the parametric ranges considered. Consequently,
the evaluation of the vast majority of the parametric changes was accomplished
through application of easily mechanized pressure theories such as Newtonian.
(Where viscous effects were significant, as in the case of the effect of length
on L/D, they were included in the analysis.) These analyses were accomplished
with the aid of the IBM 360 Arbitrary Body Computer Program which was devel-
oped from one furnished by AFFDL, Ref. 6. The method of describing the

vehicle geometry tTo the program through the use of semi-automatically produced
vehicle coordinates enabled the detailed description of specific configurations.
From the configuration coordinate inputs the program determines local surface
normals and pressure coefficients. These coefficients are then integrated to
determine the total vehicle aerodynamic properties in pitch and yaw,

(U) Generally, the psrametvie date presented were developed employing a single

analysis approach (i.e.: hand-calculated or computer-czlculated). In certsin
cases, these approsaches were combined tec include the full advantages of each.

5
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(Figure 32 of Section 2.2.2 is an example of this type of combined presenta-
tion.) The by = 3 degrees nose ramp curve was estimated using the detailed
analytical techniques of Ref, L. The aerodynamic increments (Z&CN end AC)
due to variation of 8y sbout the nominal value were developed from the computer
rrogram. The combined predictions provide a very practical and useful illus-
tration of trede-coff effects,

2.2 (U) DISCUSSION OF THE PARAMETRIC RESUILTS

(U) Results of the trade-off studies are swmmarized in Table 1. The values
presented in this table are the slopes of the paremetric curves at the F-5
design polint, and may be considered as partial derivatives. Due to the nonlin-
carity of most of the dats, these values are valid only for small perturba-
tions and should not ve congidered much bheyond the desgign point values. They
do, however, provide a rapid assessment of the relative importance of each
geometric parameter to I,/D, stability, and volume. The parameters, Figure 3,
are regroupcd for discussion into two general areas: L/D and stability
{longitudinal and lateral). Velume trades are also discussed with respect to
the appropriszte geometry.

2.,2.1 (U) T/D Trades

2.2.1.1 {C) Bguivalent Nose Radiug. The trade-off was calculated uging a
hemigpherical nose cap Lo represent the actual 2:1 elliptical inclined cap.
Figure 4 shows that L/DmaX decreases as effective nose radius increases,

This reduction amcunts Lo about .05 in L/D lor the first 3 inches of radius,
but as the nose cap becomes larger 1t becomes a more significant portion of
the vehicle drag. As a result, the L/D penalfy btecomes significantly greater
for further increases in nose radius. Cross plotting nose radius 1L/D incre-
ments from this figure with temperature increrments (see Section 3.1.1) provides
the curve of Figure 5. It is evident that further reduction of nose radius
from 3 inckes leads to undesirable increases in temperature for only small
gaing in I/D while the converse is true for increased radius.

2.2.1,2 (¢) Leading Edge Radius and Sweep. At the reference leading edge
sweep angle of 81.5 degrees and radius of 1.5 inches, Figure & shows that /D
varies about .005 per degree of sweep or per inch radius. As the sweep angle
is decreased to gain volume and aspect ratio, the increments due to radius
become more significant; for instance, ab 78 degrees sweep the L/D decreasges
about ,015 per inch radius. The increased leading edge heating asscciated
with decreased sweep will, therefore, compound the L/D loss through thae
required increases in radii.

(U} A second effect of changes in leading edge sweepback is the corresponding
change in configuration volume. Figure 7 shows the resulting variation of
configuraticn volume with leading edge sweep angle for a 30 ft configuration
length with a fixed body side angle of 58 degrees, The variation of volume
and.L/D with leading edge sweep i1s discussed under Body Length below.
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2,2.1.3 (U) Body Side Angle. Variation of the body side angle azbout the
nominal value of 53 degrees results in changes in L/D and longitudinal stability
as seen in Figures 8 and 9. For ¢<58 degrees, and Ay = 81.5 degrees, the
surface is out of the flow in the Newtonian sense, and so does not influence

the aerodynamlic characteristics. For larger angles, the high sweep angle

(Arp = 81.5 degrees} results in small drag and longitudinszl moment increments.
The lateral derivatives, Cpp and Cpg however, are sensitive to body side angle
as ghown in Figure 10, since yawing induces destabilizing pressures with
relatively large moment arms on the side suriaces.

(U) Cross plotting incremental L/D and volume side angle parametrics iIn
Vigure 11 reveals that volume increases through side angle increases are
achieved at tThe expense of rapldly decreasing L/D.

2.2.1.4 (C) Body Profile Angle. Perturbaticns of the body profile angle also
vield only small variations in the aergdynamic effects as noted in TMigures 12,
13 and 14. While Wewtonian thecry predicts zero variation in L/D, cone

theory indicates about .017 decrease in L/D per degree with increasing angle
(Figure 12}, The actual trend of the tradeoff lies between these limiting
approaches. The L/D variation due to change in the body profile angle is a
nearly linear function of volume as shown in IPigure 15,

2.2.1.5 (0) Bquivalent Dihedral Angle., Tke eguivalent dihedral angle, {I"),
Figure 3, is based on the definition that the curved surface represented has
the same volume as an equivalent dilhedral gurface with the indicated angle.
The influence of lower surface perturtations has been repcrted in Ref. |7.

For equivalent dikredral angles less than 10 degrees, small decrements on the
order of .05 in L/D, .. are experienced; increasing L/D penalties are realized
with dihedral angles above 10 degrees., The influence of eguivalent dihedral
angle of L/Dy .. is shown in Figure 16. When the L/D and volume trades are
cross-plotted, the knee in the curve apparent in Figure 16 is much more pro-
nounced, as shown in Figure 17. Whereas initial designs considered 20 degree
equivalent dihedral angles, the present analysis clearly indicates a more
suitable compromise of 10 degrees.

2.2,1.6 (0} Base Area. The base area has little effect on hypersonic 11ft-to=-
drag ratio (since the base pressure coefficient varies approximately as 1/M2)
but has a significant effect on aerodynamic drag, and consequently L/D, at sub-—
sonic and transcnic speeds. The effect is readily apparent from Figure 18 in
which the drag coefficient at L/Dma is shown to increase rapidly with increas-
ing base area, In the wind tunnel data from the =5 configuration tests, the
base drag contributed about 20 percent cof the total drag at L/Dma . These data
are described in Ref. 8. Increasing the configurstion volume by fairing to a
larger bage reduces the L/Dmax value by approximately 1.0 for each 4C cubic
feet in volume gained. Volume gained in this manner will therefore have o
large impact on subsonic L/D. (Care must be taken when fairing to small base
areas, however, Lo avoid premature flow separabion and consequent drag increase.)
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2.2.1.7 (0) Body Length. The variation of L/DmaX with body length is primarily
g, function of the Reynolds number, since the skin friction increment iIs reduced
as vehicle length inecrezses. Figure 19 shows that to provide L/Dmax of 3.0

for hypersonic flight, the F-5 desipn length must be increased to about 36 feet.
It is significant that vehicle lerngth is the only parameter for which an
incresse yields increased volume and increased L/D simultaneously. These
effects zasume that the boundary layer remains laminsr. This is shown in
Fipurez 20 and Z21.

2.2.1.8 {(c) The loss of L/Dmaxz with increased vehicle volume, is clearly
ilJustrated in Figure 21 which superimposes early high L/D vehicles on a sum-
mary plot of vehicle geometry tralts. Trends with specific parameter variations
are 2130 shown in this figure with the F-5% configuration as a4 base poluw.

2,2.2 (U) Stability Trade

(U) Discussion of the results of the parametric studies has Lhus far con-
gldered only the geometry tradeg necessary to maximize hypersonic L/D and
voiume. Trke remainder of the discussion will review the stability trades
necessary to achieve a stakle and controllable vehicle at hypersonic and sub-
sonic gpeeds.

2.2,2,1 (C) Tin Toe-In and Roll-Out. The vertical [in Ltoe-in and roll-out
trade results are pregenied in Figures 1 fthrough 11 of Reference &. The
influences on L/Dmax: pitching moment, and directional stability as deter-
mined f{rom test data, are shown in these figures. A gualitative assessment

ol vhe general trends Is represented in Table 2. A trend favoring the
selection of 5-degree toe-in was roted from the supersonic and hypersonic data:
increased heating and loss of T/D 1limits the use of higher values, while a
gtakility decrease limits the use of lower valucs of toe-in. Af subsonlce
gpeeds, lnereaged boe-in and roli-out angles provided increased.L/D. Congld-
erations of the trim requirements at L/Dmax suggest an increase in toe-in and
roll-out angles at supcrsonic and hypersonic speeds and a reduction in roll-
out angles at suosonic speeds. However, at subscnic speeds, decrcased toe-in
and roll-ous angles contributed to early pitch up. Slightly improved subsonic
Cmo characteristics were noted for increased roll-oul angles. Conversely, atb
thé same speeds, reduced toe-in angles improved Cmo'

(¢) Considerations of Chpand CE revealed a mixed trend towards larger toe-in
angles although the toe-In varialion maximized T/D at T = 6 degrees at super-
gonic gpeeda., Roll-gut angleg, on the other hand, revesled a weak trend
toward smaller angles. A knee 1n the curve for C, g versus roll-cub angle at

X = 25 degrees was noted, Indicafing Lhal a reduced advantage would be gained
from larger angies. Hesting considerations present a strong justification to
minimize tece-in and roll-cut angles,

2.2.2.2 (C) Fin Leading Edge Sweep Angle. Zoth L/D and heating considerations
demeonstrate the favorakle eftect of increased sweep angles abt hypersonlc speeds.
Figure 22 sheows that L/D increments of about .0l per degree sweep may be
expected at M = 20. At low speeds, increased sweep angles are expected %o
decrease the influence of the fins on the subsonic C_ .

m
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2.2.2.3 {C) Fin leading Edgze Radius. Wigure 23 shows that about .05 in L/D
at M = 20 may be realized by decreasing the leading edge radius to 1 inch from
the design point of 1.5 inches. The increased heating which would normally be
axpected for this radius decrease may be avoided by simultaneously increasing
the sweep angle as discussed above.

2.2.2.4 (¢) Fin Camber, While no influence of fin camber on T,/0 at hyper-
gsonic or supersonic speeds is expected, significant effects are revealed at
gubsonic gpeeds by the fest data as shown in Figures 12 and 13 of Reflerence 8,
Thnege data indicate the desirabllity of retaining positive camber,

2.2.2,5 () Outboard Fin Area. Cubboard fin area significantly affects both
L/D and stability at subsonic and hypersonic speeds. At low speecds, reduced
fin area reduceg the trim requirements on the elevons and upper hody flaps
although =z degradation in L/Dmax is noted. Corresponding decreases in Cnﬁ and
Cyp were also noted with decreasing {in area at low speeds., The low speed
data are presented in Figures 1l and 15 of Reference B. At hypersonic speeds,
reduced fin area provides modest improvement in L/Dmax due to the reduced
axial force and significant variations in stability as shown in Figures 2

and 25, Trends noted from detalled study of the subsonic and supersonic wind
tunnel test data toward a reference center of gravity of 649 of body length
provide the criteria for required fin size. Figure 25 reveals tThat a fin size
of 12.5% of the reference area will provide self-trimming capabllity at hyper-
sonic speeds,

2.2.2.6 (C) Outboard Fin Height. The vertical position of the outboard fins
on the body, in %the absence of body upwash, 1s not expected to have significant
effect on normal force, L/D, or pitching moment. The primary effect of posi-
tion 1s expected to ke a geometric increage of the fin moment arm avout the
longitudinal axis as shown in Figure 26. The resulting changes in rolling
mement then are seen te be functions of geometry rather than flow properties.
The effects on Cpp and the dutch roll parameter, Cp /CE , are illustrated in
Figure 27. It is seen that the CE increases with fin neight: this is
undesirable at subsonic speeds due to the already high Cyps. In addition, the
dutch roll parameter decreases in magnitude from the F-5 value of -3, Thus,
it ig geen that increasing fin height shows nc Immediafte zdvantage for the
bagic configuration.

2.2.2.7 (C) Elevon Area. While increases in exposed elevon area at hyper-
sonic speeds are seen in Figure 23 to result in slightly increassed values of
L/Dmax: they also yield increases in longitudinal stability (Figure 29). The
I/D increases result from increased normal force due to the larger planform
area with negligible increases in axial force. &imilar variations are seen at
subsonic speeds from test data as shcwn in Reference 3. Thege elevon size
effectiveness data have been estimated assuming a linear variation in elevon
gffectiveness with area and fixed elevon deflection. No change was recommended
from the F-5 gecmetry since decreased elevon gize will be destabilizing hyper-
gsonically and increasing exposed elevon area will add a negative Cmo increment
subscnically (for by = 0°). However, subsonic Cp. 1s sensitive to elevon area
when configuration, installation geometry, and upward deflecticns are
considered.
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2.2.2.8 (C) Nose Remp Area. The ramp size was determined from studies
summarized in Reference 1, and presented in Figure 30. The results indi-
cate a maximum ramp effectiveness at a ramp-to-planform area ratic of
zbout .LO.

2.2.2.9 {(C) Nose Ramp Deflection. The effect of nose ramp angle on L/DmaX at
M =20 is seen in Figure 31 to be negligible up to about 3 degrees. Beyond

3 degrees, increasing reduction of L/Dmax is apparent. The effect of nose
ramp angle on.longltudinal stability is illustrated in Figure 32 which has
been developed through a combination of analytical and Newtonian calculations.
It may be seen from this figure that considerable flexibility in establishing
longitudinal stability is available through variationg in nose ramp angle.
Similar flexibility was seen earller through variationsg in eleven size and fin
gize. However, no increases in ramp angle from the F-5 value were desirec
since stability considerations show that the vehicle was self-trimming at high
speeds, that is, L/Dmax trimmed was cobtained with zerc elevon deflecticn.
Conversely, decreased ramp angles would add an undegirable negative increment
to Cmo'

2.2.3 (U) Aft Body Shaping Parametric Analysis

(u) The preceding parametric trades coupled with the aerothermodynamic trades
degeribed in the next section, led to the derivation of the initial study con-
figuration, designated HID-35-1. After evaluation of this finned 1lifting body
configuration, consideratlon was given to generating a true lifting tody con-
figuration without protruding fins for hypersonic stavilirzation. The evolu-
tion of the configurstion is described in Section 5 of this volume. Thae
following paragraphs describe the parametric trades made on the configuration
afterbody shaping.

() To parametrically evaluate the aerodynamic effects of the aft body fairing
on this class cof configuration, it was necessary to systematicaily perturb the
alt body geometry, maintaining the forebody geometry of the -5 configuration.
Several sets of aliternate geometries were derived for three series of

parametric varistions, These geometries were programmed for analysis by the
Arbitrary Body Computer Program to determine thelr aerodynamic characteristics.

2.2.3.1 (U) &Series A. The first series of configurations considered,

Serles A, was one in which the aft side surfaces ¢of the vehicle were graduslly
warped outward from a basic body shape tc define various trailing edge roll-cut
angles (Kpy) (Figure 33). Three configurations thus generated were evaluated.
These confined the variations to the area aft of station 280 as shown in
Figures 34, 35 and 36. Alternate No. 1 eliminates the upper shoulder

line sweep out by keeping the sides parallel, Alternate No. 2 increases the
upper shoulder line sweep %0 KT value of plus 1> degrees at station h2o,
Alternate No, 3 retains the upper geometry but clipped the bottom planform from
station 280 aft parallel to centerline.

11
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) The L/D variastions of these configurations are presented in Figure 37

r o constant angle of astack of 10 degrees (to =implily vehicle perlormance
corparisors). A constant increment in Cp of .010h for a 30-foob vehicle at

M= 20, H = 200,000 ft wag included in the L/D calculstions to provide for

gkin riction forces. This increment was derived from the analysis of the

30 It F-5 vehicle which nad a similar wetted area (Reference 1). (1/D) max
cceurs at about @ = 10 degrees lor all configurations congidered. Figure 37
shows the rapid degradation of T/D which occurred as Ky, was increased (rom

trhe basic body conliguration which has planar body side surfaces with KTE = ~33
degrees, 1D

=+

fal
~
.o

(C) variations in the yaw stabvility parameter, C,g, for the sbove configurations
are shown in Figure 38 as a function of angle of attack. It can be seen from
this Figure that as Kpp increases, the level of C,a increases (but at the
expenge of L/D as noted from Figure 37). The variations with angle of

attack indicate, however, that the yaw stability of this series of configura-
tions decreaseg signiificantly as ¢ is increasecd.

(¢) The longitudiral stakility characteristics of these conTigurations are
snown in Figure 39. It can be seen from this figure that the "A" series of
vehicles fell within a narrow band which was both stable and trimmable for

CG = .02L. Tt should be noted that the values presented are for Newtonian flow
and will change as experimentally verified shock-expangion pressures are used.
The use of two-dimensional, tangent-wedge pressure theory ylelds results which
zre different thar thosze obtained using Newtonian flow thecry. These diifer-
ences are of great importance in the evaluation ol vehicle longitudinal
sbability characteristics. Figure 40 presents the characteristics of the

w5 vehlicle Tor both theories. Conversion to theoretically calculate tangent-
wedge pressures yvields a decrease in +CmO and sn increase in vehicle static
margin.

(C) Tn an elfort to maintain a hypersonic L/D value ol about 3.0 while achiev-
ing adequate Cn[3 al operstional angles of attack, it was noted that some com-
bination of the HLD 35-1 ait body with one of the A-gerieg where KTE ~ 25
degrees would be desirable. Tals consideration led to the second seriess of
configurations which were evaluated,.

2.2.3.2 (U) Series "B". The gecond series of configuration variables waich
was evaluated is illustrated in Tigure 41. This series is characterized by
toed-in, rolled~cut, lower aft gurfaces (7t = 5 degrees, K = 25 degrees in com-
bination with warped upper surfaces, where h/H (shoulder height to base
height) was wvariable). The minimam h/H incorporated the A-series Kp. = -25
zontfiguration. -

(U) This gecmetry comprises a "compression sharing' concept in whkich compres-
sion forceg are shared by the upper and lower aft sides at low angles ol athack,
AT higher angles of attack, the lower sides become more effective and the upper
surfaces vecome legss effective. This concept wag evelved from the A-geries

and the previously-develoved fin parametric variations.
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(¢} ‘lhe L/D valuce of these three configurations (at @ = 10 degrecs) are shown
in Figure 42, They are seen to be relatively high and constant for the

values of h/H evaluated, The yaw stability characteristics of the vehicles,

as a function of angle of attack, are presented in Figure 43. It can be seen
“rom this (fgure that the B-% configuration possesses a desirable level of yaw
stabil ty that 1s relatively congstant with angle of atiack,

g sweond sorics ol vehicles arc longitudinally stable and trimmable for
2T based on Newbonian flow pressures., These long’tudinal stabllity
are shown in Figure Li,

2.3 (U) COMPRESSION-SHARING PARAMETRIC VARIATIONS

(U) A third series of varametric analyses of the 1ilting bhody venicle wag con-
ducted. This series (Series "0") is based on the B-L configuration discussed
gbove.  The purpoges of this study werc to more fully evaluzbe the aerodynamic
influence of the wvehicele gurfaces invelved in the compresgion sharing concent
and to provide a ready refercnce for analyses of wind tunncel test data and
guogequent configuration modiiication,.

(U} The wvariables included in the parametric series are defined in Figure 45
and the ranges of values of each one set forth in Table 3. The £-1 conflig-
uration represents the B-li configuration. In all cases, the nose cap and
forward sections are common. The results shown in Figures 46 tarough 49 were
estimated using the Arbitrary Body Computer Program.

Table 3

(C) "c" - SERIES CF AFT BODY PARAMETRIC VARIATIONS
Lowest Nominal Highest

Parameter Values Values Values

T 1° 6° 8°

K 10° 20° 30°

h/H 0.50 0.75 1,00

b/B 0.70 0.85 1.00

Saxal

2.3.1  {(C) L/Dpgx - (Figure L&)

(C) No strong influences on L/Dpgy were noted for the toe-in, roll-cut, and
span parameters. The height parameter, h/H, did exhibit a substantial loss for
values above 0,75; a slight "knee" in the curve appesrs at that point.
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2.3.2 (C) Longitudinal Stability - (Figure L7)

{C) The variations show slight increases in stubility for increases in
parameter values with the excepticon of the span parameter, b/B, where no
variation is noted. The slight variaticns of the trim point (Cy = 0) may be
a useful degree of freedom in later configuraticon modifications if the

accompanying varisticns in Cnﬁ are acceptable,

2.3.3 () Directional Stability - {Figure L8)

(C) The values of toe-in and roll-out for the C-1 geometry are near optimum
since variations tend to decrease Cpp. The substantial increass due to height

is achieved at the expense cof L/D., Similarly, the increased Cnﬁ at low
angles of attack gained from ilncreased shoulder span are at the expense of

subsonic L/D.

2.3.4 (¢) Roll Parameter - {Figare 49)

No significant variations are noted., The configurallon CEB is shown to oc
sensitive to vertical C.G. Location,

(U) Tre precedirg parametric data formed the hasis “or the cornfipuraticn
evolusion discussed In Section D,
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SECTION 3

(U) AERCTHERMODYNAMICS

(U) An investigation was conducted to determine the effects of vehicle
gecmetry and attitude parameters cn equilibrium surface termperature levels.
The cobjective of the parametric study was to provide temperature data which,
when used in conjunction with aerodynamic and structural considerations, would
lead to the logical selection of a high-volume, high I/D configuration. As
such, the temperature parametric data serve primarily as constraints due to
material design limits.

(U) The scope of the aerothermodynamic parametric studies is shown in Table k.
For the variocus configuration elements this table lists the change in tempera-
ture per unit change in the parameter listed in the left hand column. Calcu-

lations were not performed where it was determined that a design change has a

gecond order effect on the heating rate.

(U) The high lift-to-drag ratioc configuration under study is characterized by
g high fineness ratio delta wing planform. Figure 50 illustrates the signifi-
cant geometric properties of the comiguration and also serves to define the
nomericlature used in the aerothermodynamic analysis. To achieve increased
volume, various lower surface geometries were investigated inecluding flat,
curved and dihedral. Depending on the particular geometry, the lower surface
is therefore defined at each station by a radius of curvature or a dihedral
angle {I"). A lower surface forward ramp is employed for stability purposes
and is defined by the angle ap.. A final lower surface parameter which was
considered is the boattall angle, 8y, shown in Figure 50.

(U) A constant-radius cylindrical leading edge and an ellipsoidal nose cap
were assumed. The ratic of the minor-to-major axes of the ellipse (aspesct
ratio) was assumed as 0.5. Ieading edge orientation is specified by the
quantity e¢js wnich is defined as the acute angle between the leading edge
geometric stagnation line and the vehicle longitudinal axis.

(U) As shown in FMigure 50, significant upper body gecmetric variables are the
profile angle, 8 , and the body side panel angle, ¢,. Fin parameters include
the leading edge sweep angle (Apyn), toe-in angle (7), and the rollout angle

(3.

(U) The aerothermcdynamic parametric studies are based on a flight veloecity
and altitude of 21,000 fps and 200,000 feet for laminar flow; and 18,000 fps
and 180,000 feet for turbulent flow. TFor the geometries and wing loadings of
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interest, thege two trajectory pcints approximate entry conditions during peak
laminar and peak fturbulent heating, respectively. Methods used to predict
aerodynamic heating rates are described in Part IV, All temperatures and
heating rates are based on radiation equilibrium conditions assuming a surface
emisgivity of 0.7. In the majority of the parametric studies, the design
variations are considered to be perturbations of the baseline F-5 (Fig. 1)
configuration at a design attitude of ten degrees angle of attack and zero
yaw. Where appropriate, the F-5 design point is indicated on the figures by

g ¢circle on the curve or by an arrow cn the abscissa.

3.1 (U) FIN PARAMETERS

(U) TFigure 51 shows the effects of sweepback, roll-out, and toe-in on the fin
stagnation line temperatures for a vehicle angle cof attack of 10 degrees and a
leading-edge radius of 1.5 inches. Near the F-5 design sweepback of 63 degrees,
the stagnation line temperature decreases approximately 35°F for each degree

of increased sweep. Increasing the roll-cut angle from zero to 40 degrees
increases the stagnation line temperature by about 150°F at zero toe-in and by
300°F at 10 degrees toe-in. Increasing the toe-in from zero to 1C degrees
increases the temperature by 100°F for zero roll-out and by 250°F at 40 degrees
roll-out,

(U) Figure 52 illustrates the effect of fin toe-in on the outboard panel
temperature. The vehlicle was assumed at zerc yaw with & fin roll-out angle
of 25 degrees. Temperatures are presented at a lecation of 3 feet measured
along the direction of flow from the fin leading-edge stagnation line., Tor a
toe-in angle of 5 degrees, the panel temperature is 1820°T and increases by
approximately LO°F per degree increase in toe-in angle.

{(U) Tigure 53 shows the effect of roll-out angle on the fin ocutboard panel
temperature at a distance of 3 feet along the panel surface in the directicn
of flow from the fin stagnation line. Heating rates were computed by laminar
strip theory, and the effective angle of atback was determined from Eg. 6
(Part IV) assuming a toe-in angle of 5 degrees and zero yaw. A roll-out angle
of 25 degrees increases the temperature by 225°F from the zero degree roll-out
positicn. Throughout the range of roll-ocut angles investigated, the tempers-
tures fall between 1600 and 1900°F which precludes the use of superalioy
(agsuming a 1500°F capability) for the outbeard fin panels.

(U) The effect of leading-edge radius on fin stagnation line temperatures is
shown in Figure 54. The effective sweepback angle is based on the F-5 design
parameters listed on the figure. For a radius of 1.5 inches, the stagnation
line temperaturse is 3230°F, and the rate of change is —300°F/inch.

(U) Of the fin geometric parameters investigated, toe-in angle is most signifi-
cant for vehicle design since fthis variable exeris a dominant influence cn the
fin side panel temperature. Leading-edge sweep angle and radius are less
important, as the stagnation line temperatures are generally within the capa-
bility of the material considered for use at this location (tantalum). Use of
superalloy material in the fin side panels limits the tce-in angle to a value
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of about two degrees, if thke requirement of a 25-degree roll-out angle is
maintained.

3.2 (U) WING TEADING EDGE PARAVETERS

(U) Figure 55 shows the effect of body sweepback angle on the leading edge
stagnaticn line temperatures for a radius of 1.5 inches. For the range of
sweep angles of interest, stagnation line temperatures decrease by sbhout

37°F per degree of sweepback. The eguilibrium temperature for the I'-5 design
(A= 81.5°) is 2870°F. Shown in Figure 56 is the effect of radius on
leading-edge stagnation line temperatures, for = sweep zngle of 81.5 degrees.
LY the design radius of 1.9 inches, the temperature slops is =zapproximately
-280°F/inch.

(U) The effect of leading-edge sweepback zngle cn flat lower surface center-
line temperature is shown in Figure 57. The ratic of predicted temperzture
divided by the laminar strip value is plotted for angles of attack of 10 and
20 degrees. This snalysis is based on the assumption that the only effect of
leading~edge sweep is to vary the outflow ccrrection factor which is aprlied
to flat bottom delta configurations. For the F-5 design angle of attack

(10 degrees), the effects of sweep are small on lower surface centerline
temperature. The sweepback angle is assumed to have no effect on the center-
line temperature of a curved lower surface since the heating rates are baszed
on swept cylinder theory.

(U) ©rigure 58 shows the effect of nose radius on stagnation point tempera-
tures. Calculations were performed for both a hemispherical nose and for an
elliptical nose with 2 2:1 aspect ratioc, such as the F-5 design employs. The
elliptical rose is about 300°F cooler than a hemispherical nose whose radius
ig equal to the major axis of the ellipse. For the F-5H design the stagnation
point temperature is +300°F.

(U) &mall chznges in wing leading-edge parameters are anticipated to have =
negligible effect on material selection and structural concept for the hase-
line F-5 design and trajectory. For a flat lower surface, this is not true if
the vehicle is required to cperate at higher angles of attaci near peak heat-
ing due to the coupling between leading-edge sweep angle and lower surfacs
temperature. TFor example, at 20 degrees angle of atiack, if the sweep angle is
increased from 81.5 to 82 degrees, the lower surface centerline temperature will
ircrease spproximately 10 percent. AT the higher angle of attack; 2 similar
temperasture increass will result from the effect of 1ift coefficient variation
on eguilibrium glide altitude (Figure 34i, Ref, 1). The corbined temperature
increase could precluce the use of coated columblum at forward lower surface
locations.

3,3 (1) UPPER SURFACT PARAMFTERS
{U) The effect of “ne body side angle cn the upper side panel surface temper-
sture is shown in Figures 59, 60, and Hl. The flow deflection argle of the

side panels is ploftted in Figure 59 =as 2 function of the vehicle angle of
attack and the body side angle, ¢S, defined by the sketch. The deflection
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angles were computed from FKa. 3 (Part IV) assuming a sweepback angle of
£1.5 degrees, a forward ramp angle of 3 degrees, and zero yaw. The assumed
effect of flow deflection angie on the side panel surface temperature one
foot aft of the leading edge stagnation line is shown in Figure 60.

(U) TFigure 61 illustrates the effect of the body side angle on the side panel
temperatures, based on the flow deflecticn angles and temperature predictions
of Figures 59 and 60. Temperatures are shown for vehicle angles of attack of
10, 15, and 20 degrees. This figure illustrates the rapid increase in surface
temperature as the side panels change from expansion to compresgion surfaces.
At a vehiele angle of atback of 10 degrees, the temperature one foot aft of the
leading edge increases from 1230°F to 1640°TF as the angle ¢ is increased from
55 to 65 degrees. .

(U) Shown in Figure 62 ig the effect of the profile angle B on the upper body
centerline temperatures. As was the case with the side panels, the predicted
temperatures are a strong function cof the flow deflection angle. As indicated
by the arrow on the abscissa, the F-5 design employs z profile angle of six
degrees, which results in a leeward surface throughcut the angle of attack
range of interest.

(U) Figure 63 shows the effects of the fin ramp angle on the ramp surface
temperature distribution. As the ramp angle is increased above the vehicle
angle of atfack, this surface becomes windward and the temperature increases
by approximately 100°F per degree of flow deflection. This analysis neglects
localized problems such as the effects cf shock wave-boundary layer interaction
or a reduced radiation view factor to space, due to the presence of tne fins
and the body.

3.4 (U) CONTROL SURFACE PARAMETERS

(U) Figure 6L shows the effect of elevon deflection cn the maximum eleven
surface temperatures for a vehicle angle of attack of ten degrees. Tempera-
tures are shown for attached laminar flow and for the resttachment point of
separzated laminar flow. The elevon deflecticn required for incipient separa-
tion was estimated from the data correlations of Popinski and Ehrlich (Ref. 9)
and of Needham and Strollery (Ref, 10). The criteria proposed by these two
gources predict separation for deflection angles greater than zbout 5 and 10
degrees, respectively. For these calculations, the flow upstream of the ranmp
was assumed tc be generated by a sharp 10-degree wedge. The Reynolds number

was based on a characteristic dimension of 12 feet (average distance to the
leading edge). The ratio of peak heat transfer coefficient at reattachment tc
the laminar attached flow valus on the deflected control surface was caleulated
by the empirical relation propesed in Reference 11. Attached flow is desirable
to reduce the elevon heat transfer and to maintain control surface effectiveness.
A% 8 deflection angle of only 5 degrees, the elevon temperatures may exceed ithe
capability of coated columbium 1f the upstream flow separates and reattaches on
the elevon.

(U) Althcugh not indicated on the figure, additional analyses were performed
to predict the temperatures on the elevons for attached turbulent flow at g
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flight velocity and altitude of 18,000 fps and 180,000 ft, which approximates
the peak turbulent heating condition. Temperatures of 2220°F and 2710°F are
predicted for deflectlion angles of zero and Iive degrees, respectively. For
the assumed Tlight conditions and vexnicle attitude, the local tangent wedge
Reynolds number at the hinge line is 1.2 x 10Y. Although the flow would
probably be laminer for zero elevon deflection, transition would probably
occur at a deflection angle cof five degrees due tc the adverse pressure
gradient.

3.5 {U) ILOWER SURFACE PARAMETERS

(U) Figure 65 shows the effect of forward ramp angle con the body leading-edge
stagnation line temperatures for an edge radius of 1.5 inches, a sweepback
angle of 81.5 degrees, and a vehicle angle of attack of 10 degrees. Heating
rates were computed assuming that the only effect of increasing the forward
ramp angle is to decrease the effective sweep angle of the leading edge. A
temperature increase of about 55°F per degree increase in forward ramp angle
is predicted. The actusal temperature increase is probably less than indicated
because, at large angles of attack, the leading edge becomes (in the sense of
airflow direction) a trailing edge. When this cccurs, the heating rates are
generally lower than swept-cylinder values,

(U) TFigure 66 shows the effect of the forward ramp angle on the lower surface
centerline temperature distribution. Heating rates shown are based on the F-5
redius distribution along the lower surface centerline. AT a forward ramp angle
of 1.5 degrees the temperature at a longitudinal distance of 5 feet is 1965°F
and increases by about 50°F per degree increase in forward ramp angle.

{U) Figures 67, 68 and 69 show a comparison of heating distributions over
curved and dihedraled lower surfaces. The configurations which were compared
are drawn to scale in Figure 67 and include (1) a 60-inch radius lower surface,
(2) a 20-degree dinedral with a 20-inch radius keel, (3) a 120-inch radius lower
surface, and {4) a 10-degree dihedral with a 20-inch radius keel. Configura-
tions 1 and 2 have appreoximately equal volumes as do configurations 3 and 4.

A 1.5-inch leading-edge radius was assumed for each configuration. Heating
distributions over the four lower surfaces are shown in Figures 68 and €9 for
vehicle angleg of attack of 10 and 20 degrees, respectively.

(U) In general, the heating rates over the curved lower surfaces vary less in
the spanwise directicon and are of lower magnitude compared tc the dihedraled
surfaces, On the lower surface centerline the dihedraled surface heating
rates are considerably higher due to the smaller edge radius. Near the lead-
ing edge, the 1lO0-degree dihedraled panel experiences higher heating than the
20-degree dihedraled panel, although the effective angle of attack of the
latter is larger. This is a result of the assumed flow direction in which

the boundary layer origin is the leading edge for I' = 10° and the keel line
for T'= 20°.

{U) Although the heating distributions over the curved lower surfaces are
approximate, they are of sufficient accuracy to conclude that, based on
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temperature and thermal stress considerations, the curved lower surface is
glightly superior to a dihedraled surface.

{U) Shown in Figure 70 is the effect of the lower surface boat-tail angle on
aft lower surface temperatures. The temperatures are normalized with respect
to the temperature for a zerc-degree beat-tail configuration. The temperatures
decrease by approximately 2.1 percent per degree of boat-tail angle on a

curved lower surface and by 2.6 percent per degree on a flat lower surface.

3.6 (U) VEHICLE ATTITUDE FARAMETERS

(U) Figure 71 shcws the effect of vehicle angle of attack on the fin leading-
edge stagnation line temperatures. Temperatures were computed assuming

5 degrees toe-in, 63 degrees sweepback, 25 degrees roll-out, zero yaw, and a
1.5~inch radius., A%t o = 10°, the temperature is 3230°F and decreases by 32°F
ver degree angle of attack.

(U) The effect of vehicle angle of attack on the fin cutboard panel tempera-
ture 1s shown in Figure 72. Temperatures are presented for a distance of

3 feet aft of the fin stagnation line measured in the flow direction. The
effective panel angle of attack was computed from Eg. 6 (Part IV), assuming

T =5 ¢=25° and p=0° At o = 10°, the temperature at X = 3 ft is
1820°F and increasges by 22°F per degree angle of atfack.

(U) Figure 73 shows the effect of angle of attack on the body leading edge
stagnation line temperature. When the plane through the leading edge is at an
angle of attack of 13 degrees, the stagnation line temperature is 2870°F and
increases by 52°F per degree angle of attack.

(U} Figure 74 shows the effect of angle of attack on lower surface centerline
temperatures. Calculations were performed for a curved lower surface assuming
a radius of 27 inches, which corresponds to the F-bA configuration at statiocn
120. The assumed effective angle of attack of the centerline was the vehicle
angle of attack plus four degrees fc account for the ferward ramp angle.
Temperabures are presented for both laminar and turbulent heating based on the
flight parameters listed on the figure. AL o = 10°, the temperature for
laminer flow is 1785°F and increases by L2°F per degree angle of attack; the
temperature for turbulent flow is 2220°F and increases by 66°F per degree.

The local Reynolds number based on tangent wedge flow propergies and wetted
distance from the nose (X = 10 ft) is approximately 1.0 x 10° for the assumed
peak turbulent heating conditions, so it is doubtful if the boundary layer
would be turbulent at this vehicle location.

(U) The effect of vehicle yaw angle on fin stagnation line temperature is
shown in Figure 75. The temperature increases from 3230°F to 3375°F as the yaw
angle is increased from zero to five degrees. The effect on the fin outboard
panel temperatures is shown in Figure 76. At X = 3 ft, the temperature
increages by approximately 35°F per degree angle of vaw. Figure 77 shows the
yaw angle effect on the body leading-edge stagnation line temperatures. The
temperature increases by about 40°F per degree of yaw from the zerc vaw value
of 2870°F,
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(U) Figures 78, 19 and 80 demoustrate the effect of yaw on the body side panel
temperatures. TF.gure 78 shows the side panel flow deflection angle as a func-
tion of yaw angle for vehicle angles of attack of 10, 15, and 20 degrees. The
flow detlection angles were computed by Eg. 3 (Part IV) assuan’ ~ a sweepback

of 81.5 degrees, a forward ramp angle of 3 degrees, and a body side angle of

57 degrees. The latter resulis in zero flow deflection for e¢ = 10° and p = 0°.
Body side panel surface temperatures one fecot aft of the leading-edge stagnation
line meagured in the flow direction are plotted as a function of yaw angle in
Figure 79. These temperatures are based on the flow deflection angles of
Figure 78 and the temperature versus deflection angle plot of Figure 60.

For a vehicle angle of attack of 10 degrees, the temperature increases from
1300°F to 185C°F as the yaw angle is increased from zeroc to 5 degrees. The
effect of body side angle on the surface temperature one foot aft of the
leading-edge stagnation line is shown in Figure 80, for yaw angles of zero and
five degrees. This figure illustrates the repid increase in temperature as

the body side angle and the yaw angle are increased.

(U) The effect of vehicle yaw on lower surface temperature for a flat bottom
delta wing is shown in Figure 81. Temperatures are at a point 5 feet aft of
the leading edge measured in a direction parallel to the lower surface center-
line. It was assumed that the only effect of yaw angle was to decrease the
local boundary-layer thickness and thereby increase the heat transfer. Char-
acteristic dimensions were measured from the leading edge in a direction
parallel to the projection of the freestream velocity vector into the plane of
the wing lower surface. The temperature at B = 0 degrees is 1950°F and
increases by 30°F per degree of yaw.

3.7 (U) PARAMETRIC SUMMARY

(U) The results of the aerothermodynamic parametric studies are summarized in
Table 4 which lists the approximate change in temperature per unit change in
the desgign parameter. Configuration elements are listed in the top row along
with predicted temperatures at esch location for the F-5 baseline design.
Various geometric and vehicle attitude parameters which infliuence the design
are listed vertically. Where appropriate, baseline F-5 values are alsc shown
fo; the various parameters. All temperature derivations are in °F/degree or
°F/inch.

(U) As shown in the table, fin leading-edge stagnation line temperatures are
most sengitive to changes in radius and fin rollcut angle. Moderate changes in
any of the fin parameters should not affect the design, however, as the pre-
dicted temperature level at this locaticn is well within the assumed material
capability. Fin rollout angle and vehicle yaw exert a major influence on the
fin side panel material selection. To construct this panel of superalloy
limits the toe-in angle and yaw angle %o about two and zerc degrees, respec-
tively, for the baseline F-5 design and reference trajectory.

(U) Body leading-edge temperature for the baseline F-5 is predicted at
approximately 2900°F. As with the fin leading edge, minor changes in the
design parameters are not expected to alter the material selection at this
location,
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{U) Rapid increases in surface temperauure are predicted as locations on bhe
upper surface become windward. It 1s therefore desirable that tThese surfaces
remain lesward with respect to the freestream flow. As shown in Table b, body
side panel tewperature is most sensitive to vehicle yaw and less dependent on
effective leading esdse angle and vehicle angle of attack. It should be roted
that in addition to constraining vehicle yaw to limit this temperature, other
alternatives are possitle., such as increasing tae vehicle angle of attack
{Figure 7%) or reducing the vehicle bank angle at peak heating.

(U} Temperature levels on the lower surface are nearly equally influenced

by changes in ramp angle and venicle atilitude. On = flat lower surface, signif-
icart temperature increases can result from irecreased leading sdze sweep whnen
combired with large angles of atback. A curved lower surface geometry was
determined to be superior compared To a dihedral, as a result of the nonuni-
form heating experienced by the latter.
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SECTION 4

(U) VFHICLE RECOVERY

(U) Selection of recovery mode for the high L/D research vehicle has a
significant dimpact on the vehicle configuraticn. Decoupled mode devices, for
example, can provide greater fresdom to coafigure for maximum L/D and maximum
volume. lHorizontal glide landing without winggs or engines, on the other hand,
requires careful boattalling and contouring of the aft surfaces with attendance
reduction in internal volume,

(U) This section describes ten alternate modes of recovery that were considered
during the study. Horizontal landing with rocket engines was selected. Alter-
nate recovery modes for an unmanned research vehicle are compared on the basis
of weight, and tradeoffs are presented to show the variation of weight with
desiegn requirement. The special case of horizontal landing penalties with a
rocket engine to overcome base drag is compared with booster adapter weight
penalties.

(U) GQualitative factors influenced the decision to configure the unmanned
research vehicle for hoirczntal landing using rocket engines. These factors
include:

1. {U) Low weight and maximum vehicle volume (study objectives)

2. (U) Achievement of unmanned low speed and landing research through the
use of horizontal landing as the basic reccovery mode

3. {U) Use of the vehicle in repetitive low speed research flights by
adaptation to carrier alrcraft

4. (U) Maximum reuse potential and reusable structure research through
horizontal recovery

5. (U} Availability of ground control recovery avionics develcped for
the X-20 program

6. (U) Proven value of rocket motors in landing of lifting body vehicles
7. (U) Lowest system cost.
4.1 (U) WEIGHT TRADES FOR ALTERNATE RECOVERY MODES
(U) Weights of the alternate recovery systems shown in Figure 82 have been
evaluated and are compared in Table 5. Horizontal landing with no aids is

the lightest system, but this mode is subject to high landing damage risk due
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to the inherently low landing performance of 1lifting bodies., The recommended
landing system using rocket engines is 5 percent heavier,

(U) Parachute devices which avoid landing attenuation requirements (air
snatch, inertial reel, or water impact) are also lightweight but were dis-
carded for the qualitative reasons cited earlier,

(U) Figures 83 through 91 summarize the parametric recovery system weight

data used in Table 5., Figure 83 summaerizes the combined weight of 5 shock
attenuation devices used in combination with parachutes. The parachute weight
data and attenuation devices data are shown separately in Figure 84 and were
obtained from References 12, 13 and 14. Minimum system weight oceurs with a
descent rate of from 20 to 25 fps.

(U) The crushable structure weight shown in Figure 85 is based on 80% effi-
ciency and was taken from Reference 1h.

(U} The novel paravulcoon concept shown in Figure 82 offers the greatest
flexibility Tor wvehicle recovery and least structure tankage risk. Its weight
is summarized in Figure 86 as a function of landing system weight. The
welght data are based on studies of Saturn recovery systems (Ref. 15) and are
scaled down to the high L/D research vehicle., This system is one of the
heaviest alfernates considered.

(U) Propulsion system weights to compensate for base drag and improve landing
performance are compared in Figuve 87. TFor short thrust times (less than
one minute) the solid or high thrust/weight ratio rockets offer the least
gystem weights. Turbojet engine installations are heavy and cannot compete
with rockets unless the thrust time is greater than one minute {(go-around or
cruise capability).

(U) Rotor recovery system weight values were cbtained from Reference 16 and
are shown in Figure 88. Tle system is assumed to be a single aluminum reotor
with a disk lecading of 7.5 psf. Descent 1s assumed to start at zero fps and
with autorotation to attaln an average descent rate of 25 fps. The touchdown
descent rate of 8 fps is obtalned through use of collective pitch and conver-
glon of rotor energy to lift.

(U) Horizontal landing gear weight and landing gear plug structure support
welghts are summarized in Figures 89 and Q0. The solid lines in Figure 89
represent the band of welghts for wvarious high performance aircraft. The
dashed lines are the median ranges used for the high L/D research vehicle,

(U) Figure 91 shows the water recovery system weights used in the recovery
comparisons. The descent rate is assumed to he 30 fps.

4.2 (U) BASE AREA TRADES
(¢) Base area has little effect on hypersonic lift-to-drag ratio, but has a

great effect on aerodynamic drag (and consequently L/D) at landing velocities.
Figure 92 shows that a base area 13.2% as great as the planform area
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(E = 0.132) will double the drag (at L/Dmay) of the game vehilele with nce base

area, and reduce the L/D by 50%. This base drag effect normally leads to

attempts to reduce base arca in entry wvehicle designs.

(U) Base area reduction, while improving landing /D, presents two additional
problems., First, the volume of the conflguration 1s reduced to allow a
reasonable acrodynamic fairing teo the base cross seciion, and second, the
smaller base area requlres a larger and heavier adapier for booster atitach-
ment, This is shown in Figure 92.

(U) Tf the adapter is considered toc be a frustum of a cone, the surface area
is defined by

= i -
S Ag/ sing (1 _l/Aa) (1)
where:
Al = Crosg sectlion of the small circular end (vehicle hase area)
A2 = Cross sectlion of the large circular end (booster cross section

area)
€ = Cone half angle

(U) For a given stbructural weight per unit area, the weight of the adapter is
defired by the surface area.

{U) I is apparent that the unit structural weight of an adapter (pounds per
square foot of surface area) will vary with the complexity of the design and
load to be boosted. A cursory review was made of avallable data on adapter
weights to defermine realistic adapter unit structural weights., While the
complexity of a specific adapter design for a lifting vehicle is a function of
many factors, 1t was found thai a reasonaple correlstion could be obtained
uging the ratio of 1lifting area-to-base area of the payload as the correlating
parameter. Figure 93 shows the correlation. Data for this figure were

taken from References 17, 18, and 19, The structural weight of each
transition element was defermined as was the ratic of lifting area to wvehlcle
base area involved in booster attachment (excluding fin trailing edge area,
ete.). As indicated on the figure, some of the adapters were two piece units,
ore a retro sectlon, and one a cargo module, EFach unit was considered sepa-
rately. The resultirng trend is sufficiently defined to estimate the unit
gtructural weight as a function of the base attachment area=-to-lifting surface
area,

(C} From Eq. (1) and Figure 93 a trend in adapter weight can be established
for a given installation. Figure 94 shows such a trend. The Ffigure is
based cn a Titan serizs of installations, diameter = 10 ft, A, = 78.5 ftg,
with a cone half angle of 20°, The upper curve rapresents thé relative
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adapter weight for a wvehicle with 300 gquare feet of lifting area, while the
lower curve represents the relative adapfer welght for a vehicle with

141 square feet. These aresas typify the lifting areas of high L/D mission
vehicles and test vehicles respectively. Transitlon section weight is shown
as a function of vehicle base area divided by booster cross section area,
Al/Ag. The weights were calculated using the middle of the band of unit
structural weights in Figure 93. It is interesting to note in Figure 94
that when the base area of the vehicle equals the cross section area of the
booster, the adapter weight can theoretically be zero, i.e., direct attach-
ment can be made.

(U) Tigure 95 is the same as 94, except the adapter weight is given as a
function of base area.

(C) Since vehicle T,/D decreases with increasing base ares and adapter weight
decreases, there is a possible trade where part of the decrease in adapter
weight could be used as fuel for propulsion to regain a higher effective L/D.
Such a trade is shown in Figure 96, This figure shows the combined adapter
and solid rocket weight for a small {(test) vehicle as a function of base area
for wvarious effective L/D-time combinations, It igs cbviousg that for somes
conditions there 1s a flat but distinct optimum base area for minimum
adapter-motor weight. This trade discounts the intuitive desire for minimum
base ares 1f 5 rocket can be used to regailn L/D lost with the larger base
area, The base area of the high L/D research vehicle lies in the favorable
range of values of base area from 20 to 30 ft2.
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SECTION 5

(U) CONFIGURATION EVOLUTION

5.1 (U) HID-25 EVOLUTION

(U} The parametric trade-off studies presented in Sections 2 and 3 of this
report and in Reference 7 were used to evolve the basie study configura-
tiona,., (onslderatlon cof the parametrics and thelr infterrelationship resulted
in the recommended values for the basic configuration geometry and stability
variableg pregented in Tables 6 and 7, respectively., In addition to the
magnitude of each variasble, the effects of increasing or decreasing the
recommended value 1s also shown,

(C) The resulting initial configuration, designated FLD-35-1, is shown in
Figure 97. I%g plarform is defined by the highly swept body leading edge,
A= 8l.5Y, and the fin toe-in angle of 59 resulving in a wing sweep of 859 on
the aft body leading edge. The nose of the configuration is a segment of 2:1
ellipsoid with an cquivalent radiuvs at the stagnation peint of 3 inches. Body
leading edge radii are 1.5 inches. Two vertical fins are attached, one to
elther side of the oultside rear of the configuraticon, The fins are attached
to the btody slong the aft body leading edge and are rollad oubtward aboul the
attachment line 25° from true vertical. The fin leading edges are swept back
73° (at @ = 0°) and have a radius of 1 inch. The aft portion or base of the
body is closzed by two flat vertical panels colncident with the swept hinge
line of the elevons, and an additional vertical panel normal to the body
centerline. The Iins extend beyond the base %o form a rudder area, although
the requirement for a rudder was not defined. {(Consequently, neither rudder
hinge line nor area have been defined.) The fin trailing edge is swept 7
degrees, The fin has a root chord of 127 inches, and a tip chord of 15 inches.
Trhe lower edge of the fin extension beyond the buse has been swept upward

2L degrees to prevent forming a leading edege on that surlface af angle of
attack,

(U) Aerodynamic control of the configuration %s accomplished by the two lower
elevons attached at the base of the vehicle flush with the lower surface (when
in the zero deflection position), and with an upper surface flap which is
flush with the top surface ol the vehlecle. The cross section of the body is
defined bty (1) a shallow arc segment on the lower surface, (2) rolled-in
straight sides, and (2) a varying arc-to-straight line segment for the upper
surface. Between the body and the fins, fillefs have been added to prevent a
deep trough with the assoclated high heating al the body-fin junctions.

(U) Zach corfTiguralion clement has been selected as a result of compromises
between aerodynamic efficlency, stabllity, internal volume, and aerodynamic
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CONHBENTTAL

heating. The previcusly discussed trade-offs which contributed to the
selection of the basic configuration elements are shown in Table 6. Only
the principal trades are shown.

(C) The effective nose radius of 3 inches was selected as a compromise
between heating and L/D. Heating restricts reduction of the body leading-
edge radiug below 1.5 inches, but no strong constraint clearly inhibits a
slight increase in that parameter, Center of pressure movement and heating
restrict a reduction in body sweep angle, 81.5 degrees, while loss of volume
restricts an increase in that parameter. The body side angle, 58°, was
gelected such that the side surface is aligned with the free gtream flow when
the vehicle is at the angle of attack for maximum L/D. A decrease in this
value causes a rapid loss in configuration velume. Increasing this angle
reduces dirsctional stability and hypersonic L/D, and increases the heating
of the body sides. 7The upper profile angle and contcour of the vehicle have
no discrete criteria to specify ths 5 degree angle and contour shown. How-
ever, & reduction of this angle causes a reduction of the configuration
volume., An increase in this angle and the possible additicn of a cockpit
would result in a small reduction in hypersonic L/D, and possibly yaw
stability, depending upon the nature of the modification. 'The curved Lower
surface of the vehicle provides additional cross-section area equivalent to a
straight 10° dihedral botiom. Reducing the depth of the lower surface arc
results in decreased configuration depth and volume, while hypersonic L/D and
yvaw stability are degraded with a deeper arc segment. The base area, 24 ftg,
is primarily a result of the selectlon of the other configuration parameters.
There is, however, a direct trade between the base area and subsonic L/D.
Reducing the base by boat-tailling the lower surface can have an adverse effect
oh hypersonic L/D, and excesslive reduction of base arez can result in a rapid
increase in booster adapter welght, as discussed in Section 4, Also, reducing
the base area by reducing the height of the base, i.e., boat-tailing the upper
surface downward, can lead to an adverse negative (. increment at subsonic
speeds., Fairing of the sldes of the basze does seem to be possible, since
this approach fTrades volume directly for subsonic L/D. The configuration in
Figure 97 would employ a rocket motor to agssure landability. The vehicle
length assumed for serodynamic analysig is 30 feet.

(¢) The key stability trades are shown in Table 7. The stability trades are
somewhat more complex than the basic geometry trades, and have been discussed
in Sectlion 2.2.,2. One significant observation which can be drawn from the
stability and geometry trades is the dominance of hypersonic constraints. It
is apparent that even if the requirement to horizontally land the vehicle
were removed, only small configuration changes would be made.

(U} The characteristics of the HLD-35-1 configuration developed from the para-
metric study are as follows:

Length = 30 Tt

8 £t

Span
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Volume = 308.7 3
Planform Area = 1L4,2 £t
V2/3/S(plan) = 0.317
v2/3/s(wet) = 0,122
Welght = 4987 1b

(C) The subsonic L/D variation with « is shown in Figure 98. The untrimmed
I/Dmax is seen to be 3.2. If the elevons and hinged flap are used to trim

the vehicle, the resulting I/Dmax is 1.84, Alternate means of trimming the

configuration with lesg trim penalty are also possible. Subsoniec trim char-
acteristicae of the configuration are shown in Figure 99. Both the elevons and
flap are required to trim the configuration.

(¢) The hypersonic L/D variation with & is shown in Figure 100, Maximum L/D
occurs at o = 12°, Untrimmed L/Dmax is approximately 2.9, Trim requirements
as shown in Figure 101 are expected to reduce the trimmed L/Dmax to between

2.8 and 2,9 for the 30-foot length. A trimmed hypersonic L/Dmax of 3.C is

expected for a vehicle with a length between 35 to 36 feet, using a geometric
growth version of the configuration.

5.2 (vU) FDL-5 EVOLUTION

(U) Continued analyses of the HLD-35-1 configuration (Figure 97), revealed the
need for improvement in vehicle performance capabilities. These analyses
resulted in a series of improved configurations and, ultimately, an entirely
new configuration concept, identified by the term "compression sharing.”

These improvements and the concept development are described in the followlng
paragraphs, and reflect the adoption of the following goals suggested by the
AFFDL Project Engineer:

]

L/D = 3.0 @ V = 20,000 fps, h = 200,000 ft

L/D = 3.0 @V = 450 fps, h = 1,000 £t

Il
1

Length = 33 It
Controllable and stable throughout the flight regime

Trimmable for 5° < < 30° hypersconically

A
R
A

20° supersonically

1A
R
A

Trimmable for 50
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Trimmable for 3° < @ < 15 - 20° subsonically

Maximum usable wvolume forward of CG

Design to =accommodate a 75 percentile man

Bagic geometry compatible with booster/human requirements

(¢) The HID-35-1 configuration exhibited generally poor predicted low-speed
performance, As seen in Figure 99, the configuration was capable of only
unstable trim at high angles of attack. This conditicon required large deflec-
tions of both the elevons and upper body flaps to overcome the large negative
Cp. values induced by the adverse flow effects of the leading edge vortices

in the body-ramp-fin channel. Targe drag increments induced by the resulting
control deflection requirements decreased trimmed L/Dmax to 1.0 - 1.5,

Figure 98. This effect was revealed in Lockheed subsonie tests of the P-5
configuration, Figure 1, (Reference 3).

(U) To relieve these performance deficiencies, the HID-35-1 configuration was
modified to the HID-35-2 (Figure 102). The approach used to develop this con-
figuration involwved removing the wvolume between the fin and the body, and
boattailing the lower surface. The resulfting design exhibited discrete wing
and fin geometries; it closely resenmbled the earlier F-4 wvehicle described in
Reference 6.

(C) The base area was reduced from 16.7% of planform area to 5.6% Lo substan-
tially reduce the low speed zero-lift drag (subsonic zero-lift drag is pri-
marily composed of skin friction and base drag with minor increments of
pressure drag and momentum loss through the wing-body channel). The para-
metric data presented in Figure 18 indicates a potential I/D increase of

1.0 to 2.5.

(U) Control deflection requirements for trimming are also expected to decrease
since the trailing edge elevons are in flow for both positive (TE down) and
negative (TE up, deflectiong. These reduced deflections for trimming are
expected to result in incressed L/D.

(U) Subsequent review of this configuration revealed potentislly undesirable
characteristics of the wing-fin geometry. The suspected high hesting rates

on the inner and outer surfaces of the fin, upper and lower wing, and adjacent
body surfaces impose serious structural design and weight penalties to
accommodate these rates.

(U) A pure lifting body approach with no distinct hypersonic Tins was
recommended by AFIDL for configuration evaluation. This approach was followed
in revising the HID-35-1 configuration to the HID-35-3 configuration shown in
FPigure 103. Following the goals recormended by AFFDL, this configuration is
33 feet long. & canopy ls added to explore the adaptability to accommodate a
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pilot, and the upper profile angle is modified to & degrees. The bottom aft
area ig boattailed to provide a horizontal eleven ninge line. The cutboard
fins are eliminated, and the fin ramps are enlarged, increasing side area for
direction stability. A center fin is added for subsonic directicnal stability
and two upper flaps replace the single upper flap usad on the HID-35-1.

(U) An additional approach to the pure lifting body concept is shown in Fig-
ure 104. This configuration was developed from a model supplied by AFFDL with
an accoempanying sketch. The overall length of this arrangement is 35 feet.

1t has a delta planform of 205 square feet. The nose section 1s very similar
to the HID-35-1 configuration, with a sweep of 81 degrees and top ramp angle of
& degrees. The bottom nose ramp has been replaced by the 3-degree aft boattail
which provides the same effect. The upper shoulder line aft of station 280
fairs cut to 90 degrees at station 420. This eliminates the former fin ramps.
A L0-degree lower aft ramp provides space within the aft bedy for defiecting
the elevons. The upper surface of the aft body flattens out to provide for the
upper trim flaps. A center fin is added and the outboard fins practically
eliminated. Provisions for a manned cockpit are shown in phantom lines.

(U} It is apparent from Figures 102, 103, and 104 that all of these concepts
share essentlially the same forward body configuration; the significant varia-
tions are restricted tc the rear half. At this point in the configuration
evolution the previously discussed aft kody shape parametric analysis
(Secticn 2.2.3) was performed, resulting in the FDL-5A configuration.

(U) The FDL-5A configuration, Figure 105, is a refinement of the By, cor C;
geometry (Section 2). The upper-aft surfaces have been modified in an effort
to reduce the base area and increase subsonic L/D. Since this fairing tends
to reduce the exposed side area of the aft body, the bedy toe-in angle, 7,
has been increased to six degrees and lower side surface roll-out angle KTE
has been set at 20 degrees to maintain adequate yaw stability as suggested by
the earlier parametric analyses.

{C) A review of the predicted characteristics of the FDL-5 configuration,
relative to the goals established by AFFDL led to the selection of the con-
figuration for extensive wind tunnel testing at the Arnold ¥ngineering Test
Center (AEDC). The wind tunnel tests were designed to verify the following
predicted characteristics of the FDL-5 configuration.
I/D = 3.0 for length = 35 £+, H = 200,000, V = 20,000 fps
Controllable and stable throughout the flight regime:

50

1A

o < 30° hypersonically

5° = @ =20° supersonically
(U) This vehicle configuration was approved by AFIDL for experimental study at
AEDC. The aercdynamic and asrcthermodynamic test data are presented in Parts

11T and IV, as are the data-theory correlations and the verified characteristics
of the FDL-5 configuraticn.
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