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(u) FOREWORD

(U) This is the final report of work performed under Contract No. AF33(615)-
5241, "Preliminary Design of Two Volumetrically Efficient High L/D Unmanned
Flight Tcst Vehicles". This report was prepared under Project 1366, "Aero-
dynamics and Flight Mechanics", Task 136616, "Synthesis of Hypersonic Vehicles".

(U) The work was sponsored by the Aerospace Vehicle Branch, Flight Mechanics
Division Air Force Flight Dynamics Laboratory. The research investigation
was performed under the direction of the Air Force Project Engineer
Mr. Thomas R. Sieron. Mr. C. J. Cosenza and Mr. A. C. Draper of AFFDL pro-
vided overall tecbnical guidance.

(U) The work was accomplished by the Lockheed-California Company, Burbank,
California and the report is also identified as LR 21204.

(U) This is Part I of a five part report:

Part I Summary

Part II Parametric Configuration
Development and Evolution

Part III Aerodynamics

Part IV Aerothermodynamics

Part V Vehicle Design

(U) This manuscript was released by the authors for publication in January 1968.

(U) Mr. J. T. Lloyd of the Spacecraft and 11ypersonics Division was the project
engineer for the Lockheed-California Company. Special appreciation is given to
Mr. G. L. Alexander for his valuable guidance and consultation in the conduct
of this program.

(U) The assistance of Flight Dynamics Laboratory personnel including Messrs
M. L. Buck. R. D. Neumann, V. Dahlem, P. Lane, and W. H. Goesch contributed
significantly to the accomplishments of this program.

(U) This technical report has been reviewed and is approved.

Chief, Flight Mechanics Division

Air Force Flight Dynamics Laboratory
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(U) ABSTRACT

(U) Conceptual design and experimental wind tunnel testing of unmanned entry
research vehicles having high hypersonic lift/drag ratio and high volume are
described. Analytic parametric data are presented for two lifting body
classes designated HLD-35 and FDL-5. The FDL-5 is a unique configuration
which is aerodynamically stabilized without outboard fins. Experimental
aerodynamic and heat transfer data from the Arnold Engineering Development
Center Wind Tunnels A, B, C, and F are compared with analytic data for the
FDL-5. Candidate structure and subsystems are selected for performing
unmanned hypersonic research with the vehicle.

This report is subject to special export controls and each transmittal to
foreign governments or foreign nationals may be made only with prior approval
of the Air Force Flight Dynamics Laboratory (FDMS), Wright-Patterson Air
Force Base, Ohio 45433.
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SECTION 1

(U) INTRODUCTION

(U) This preliminary design study of two volumetrically efficient high L/D
unmanned flight test vehicles is a part of the continuing USAF Flight Dynamics
Laboratory program to conduct basic research on hypersonic maneuvering vehicle
systems. Use of atmospheric maneuvering has been found to provide operational
flexibility and versatility for performing a large variety of potential USAF
missions. Technologies for high-performance entry systems have been gradually
developing over the past six years. The study reported herein is concerned
with unmanned free-flight research vehicles which would be used (1) to obtain
broad free-flight hypersonic technology data in aerodynamics, thermodynamics,
structures, and propulsion, (2) to demonstrate the maneuver potential of
advanced entry vehicle concepts operating in the large-scale entry environ-
ment, (3) to demonstrate operational utility of such vehicles, and (4.i) to
demonstrate reusable structure concepts and the adaptability of the airframe
to man.

(U). This contract followed an earlier study entitled "Preliminary Design of
Hypbrsonic High L/D Test Vehicles" (Ref. 1). In the earlier study, six high
L/D entry vehicles were analyzed 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 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 LID of
3.0 at 20,000 fps and 200,000 feet altitude; and to confirm vehicle aerody-
namic and heat transfer performance through wind tunnel test. In addition to
this requirement, the vehicle was to be designed for maximum volume with the
relationship between volume and L/D to be identified. Horizontal landing
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 earlier work and the experience gained in other USAF pro-
grams including ASSET, ASCEP, and PRIME.

(U) The contract effort was divided into two phases: the first consisted of
the development of the parameters affecting the selection of candidate con-
figurations; the second included supersonic and hypersonic wind tunnel test-
ing of one candidate configuration and selection of the structure and
subsystems.

1A
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(U) In a parametric study, over 200 relationships among configuration
geometry, volume, aerodynamic heating, and aerodynamic performance 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 test and design phase.

(U) Two classes of configurations emerged from the configuration studies:
(1) a dual finned geometry designated the HDL-35 series, and (2) a unique
high volume geometry designated as the FDL-5 series.

(U) The FDL-5 was selected for wind tunnel testing and structure design in
the test and design phase. Its size was varied during the study from 30 to
35 ft in length.

(U) The principal conclusions and results derived from the two study phases
are :

1. (U) A new class of lifting entry vehicle designs (FDL-5 series) was
defined and tested. d

2. (U) The FDL-5 configuration has demonstrated through wind tunnel
test that it is stable and controllable from supersonic to
hypersonic speeds. Freedom exists to tailor the base geometry
and control surfaces for subsonic and transonic control and per-
formance. Variable geometry may bR considered to improve land-
ing performance.

3. (U) Heat transfer wind tunnel test data revealed no unusual or
unpredictable heating phenomena.

4. (U) An insulated and cooled structure concept was selected for the
vehicle design. The primary structure is made of aluminum and
the heat shields are made of coated columbium on the lower sur-
face and Inconel on the upper surface. Leading edges are made
of coated tantalum.

5. (U) Candidate subsystems for conducting a three quarter orbit mis-
sion were selected.

6. (U) Launch weight of the 35-foot-long unmanned research vehicle is
estimated to be 7700 pounds.

2
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SECTION 2

(U) PARAMETRIC CONFIGURATION DEVELOPMENT AND EVALUATION

* (U) Figure 1 depicts the status of high L/D configuration development at
the initiation of chis contract. The configurations designated by AF pre-
fixes were conceptual designs developed by the USAF Flight Dynamics Labora-
tory and were provided as the starting point for an earlier study contract
(Reference 1).

(U) Figure 2 shows the general arrangement of the F-5 configuration which
served as the starting point and basic model about which the parametric con-
figuration and structure trades were performed. The F-5 was chosen for this
purpose, since it was in a more advanced state of definition than the other
configurations.

(U) The first phase of this contract was concerned with development of the
configuration geometry rationale. The interactions among geometry, aerody-
namic performance, volume, stability and heating were achieved through an
extensive series of parametric trades. Figure 3 illustrates the basic
geometry elements that were systematically varied to accomplish the para-
metric trades.

(U) The following sections summarize the parametric trades that were con-
ducted. The more significant trades are illustrated.

2.1 (U) AERODYN~AMIC PARAMETRIC ANALYSES

(U) The scope of the aerodynamic trades which were developed for high L/D
shapes is illustrated in Table 1. Variations in the geometry of each element
of the vehicle have been analyzed, and the effects on the performance, sta-
bility and volume parameters shown across the top of the table have been

3 determined. The designations within the table show the slopes of the trade
about the nominal parameter values for a 30-foot F-5 vehicle, or they indi-
"cate the nature of the trade as coded by the table notes. For example, an
increase of one degree in the body leading-edge sweep angle increases the
"hypersonic L/Dmax by +0.007, and decreases vehicle volume by 19.7 cubic feet;
effects on stability are negligible. Since most of the trades are nonlinear,
the parametric trade slopes or derivatives in Table 1 are representative only
"at or near the F-5 parametric values. Large deviations from the F-5 values
"require consideration of the complete parametric trade.
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

-. ~ I :~i"n



UNCLASSIFIED

ca

UA-

UNCLASIFIE

. . ..... --------. H...



_____________________________ -380.00

3.00 A.-

240.00

200.00{4

',,,i0



UNCLASSIFIED

97.80

23.80

2.500

37.00

1.50 AI

PLANFORM AREA - -141.00 SO. FT.

0.000

-- - ,- - -- 9.00 UNCLASSIFIED

p.-5

9-0GEN&%

9 10 9p 3,0 4 0CS-_

SCALE NCHESCL 659-1-74

FIGURE 2 (U) F-5 GENERAL ARRANGEMENT

(REVERSE SIDE IS BLANK)5

UNCLASSIFIED



CONFIDENTIAL
(THIS PAGE IS UNCLASSIFIED)

L _

SREF
A -

q--g1D .4.

RNOSE _

AFIN 7 -S\8f

..---- __ ~LOWER
jNOSE -- _____

5FIN

PITCH CONTROL: bp80= .- + 8eor

I AILERON CONTROL: SA 801 o 8 r

UNCLAS3IFIED

FIGURlE 3 (U) BASIC GEOMETRY

CONFIDENTIAL .
(THIS PAGE IS UNCLASSIFIED)d



CONFIDENTIAL

t- 0 H (0( 4)

(4 A0 (A(0 P

HO 0 0 0 Z
PQ 808 OAP 0M- c

0 ~ ~ ~ " ~ o 88

((D

+ + + co

e'C C4p Ip Q-ý q-4.I) + + IOU
4A 001

0~ (/0
+ + +

0 0

M 1104

A -4 M) P 0

fl. - r . o Is

-& 0 a0

0. 4;409p

(4 M 0000 4 *- H1I 0
P, h0

I I + I + + + Q IdI I I I(
ý4~~4 01 ) a

.H 00 )A

IO. (200 t 0000 N 0 0 P, to0 0000 d) 4

.p, 0 w PH ca N 1,4 w H4

.... ...... '. . ~



CONFIDENTIAL
(THIS PAGE IS UNCLASSIFIED)

(U) Figure 4 shows the impact of equivalent lower surface dihedral angle, r,
side rollout angle, 4, body sweep angle, A , and vehicle length on hypersonic
L/Dmax and volume. It is noted that all of these geometric parameters
(excepting length) produce a loss in L/D with an increase inl volume. Further-
more, for a fixed vehicle length, volume can be obtained with least penalty
to L/Dmax by decreasing sweep angle. Increasing the side rollout angle is
seen to be the least desirable approach to increasing volume. Variations in
these parameters are ultimately limited by aerodynamic heating and stability
considerations.

(U) Volume and L/Dmax are also shown in Figure 4 for the earlier F and V
series configurations. The trend of reduced L/Dmax with increased volume is
consistent with the observations made from the parametric analyses.

(U) A separate series of parametric trades was performed on various arrange-
ments of finned and finless aft body geometry elements. These trades, which
led to the evolution of the "compression-sharing" concept and the FDL-5
geometry, are described in Part II.

2.2 (U) AEROTHERMODYNAMIC PARAMETRIC ANALYSES

(U) The heat transfer parameter trades that were conducted during the study
are indexed in Table 2. As in the aerodynamic analyses, variations of the
F-5 geometry parameters were analyzed. The effect on the surface temperature
of the various configuration elements were then determined. In addition to
the basic geometry parameters, two attitude parameters, a and p were investi-
gated. Two of the more significant heat transfer trades are illustrated in
Figures 5 and 6.

(U) Figure 5 combines the aerodynamic and heat transfer trades at the stag-
nation point to illustrate the change in hypersonic L/D with stagnation
temperature for various nose radii. The selection of an equivalent nose
radius of three inches is based on a maximum temperature of 4500°F and a low
penalty in hypersonic L/D. Table 2 indicates the rate of change of nose
stagnation temperature with change in nose radius to be -200°F per inch
increase in radius.

(U) Figure 6 shows that increasing the body side rollout angle, 4 , results
in a significant increase in upper surface temperatures. Furthermore, the
effects of yaw are such that, for a fixed temperature limit, body side angle
must be reduced by 2-1/2 degrees for every degree of yaw that will be
tolerated during npk heating.

2.3 (U) DESIGN'CONSIDERATIONS

(U) The alternate recovery modes shown in Figure 7 were considered during
the study to estimate their effects on weight and vehicle geometry. Recovery
weight (in fraction of unassisted landing weight) determined for each of the
alternates is tabulated in Table 3. All the modes considered can be
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configured and packaged in a manner which will not significantly change the
hypersonic configuration.

(U) A trade study was made between the weight of the vehicle-booster adapter
and the weight of a solid rocket motor used to overcome base drag during
landing. This trade arises from the fact that a reduction in vehicle base
area to improve landing L/D leads to the requirement for a larger, heavier
adapter. The use of a rocket engine precludes the need for base area reduc-
tion and the associated larger adapter section. The trade is summarized in
Figure 8, and includes consideration of adapter weight, rocket weight, and
subsonic base drag.

2.4 (U) GEOMETRY SELECTION

(U) Tables 4 and 5 summarize the geometry parameters that resulted from the
parametric trades. The columns headed "Effect of Decrease" and "Effect of
Increase" define the competing considerations that result in the recommended
geometry elements. Table 4 is concerned with the geometry, performance and
volume trades; and Table 5 is concerned with stability requirements.

(U) The resulting geometry is similar to that for the original F-5 configu-
ration except for the contoured lower surface. The general arrangement is
shown in Figure 9 and incorporates the recommended geometry elements of
Table 4 and 5. This system was designated the HLD-35-1.

2.5 (u) CONFIGURATION EVOLUTION

(U) The HLD-35-1 has two unattractive features. These are (1) the large
base area which requires thrust-augmented landing or some other landing mode
and (2) the use of heavy, high temperature fins for stabilization. Several
alternate aft vehicle geometries were considered in attempting to overcome
these deficiencies.

(U) The first aft vehicle geometry variation is described in Figure 10 and
was given the designation HLD-35-2. Its geometry elements are similar to
those of the HLD-35-1 except that the base area has been reduced by boat-
tailing and elimination of the fin/body ramps. This geometry has satisfac-
tory performance, stability and control and satisfies the requirement for
minimizing base area; but it retains the discrete high temperature fins.

(U) A second excursion was identified as HLD-35-3 and is shown in Figure 11.
This geometry was the first attempt to remove the outboard fins by substi-
tuting slab body sides. It was found to have adequate directional stability
at high angle of attack but only marginal stability at low angle of attack.
A center fin is provided for low-speed directional stability. The base area
is greater than that of the HLD-35-2.

(U) Figure 12 illustrates the approach suggested by AFFDL to minimize the
fin and accomplish base fairing simultaneously. This initial geometry

16
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results in large reductions of the hypersonic L/D due to the aft upper
surface contours that produce large down and drag loads. It achieves more
than adequate directional stability, however, and suggested that hypersonic
directional stability could be obtained without fins.

(U) The geometry that was ultimately selected for the test phase is shown
in Figure 13. It is designated FDL-5. This configuration resulted from
parametric analyses of the effects on stability and performance of the aft
contouring suggested by the geometries of Figures 5 and 6. The large
increase in directional stability with increase in angle of attack observed
on the HLD-35-3 and the large value of directional stability observed on the
AFFDL configuration suggested a compromise geometry might accomplish a nearly
uniform value of directional stability with various angles of attack while
minimizing the penalties in hypersonic L/D. This compromise contouring
philosophy was found to provide the desired stability and is the basis for
the "Compression-sharing" concept defined in detail in Part II.

,,I

,3.
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SECTION 3

TEST PROGRAM

(U) 'The wind tunnel test program was conducted in the AEDC wind tunnels A,
B, C and F. Table 6 summarizes the test runs and test conditions. Approxi-
mately 25,000 separate data points were obtained during this test series.
The FDL-5 configuration was exercised through the complete range of test
attitudes and test conditions that could be expected of the test vehicle.
The wind tunnel models used in the test series are described in Table 7 and
shown in Figures 14, 15, 16, 17, and 18.

TABLE 7

(U) MODEL SU1SHMfY

AEDOModel Size Construction AcilitFacility

20-inch Steel force A, B, C

15-inch Fiber glass force F

20-inch Aluminum pressure/ht transfer F

20-inch Steel pressure C

20-inch Steel thin skin ht transfer C

(U) Details of the aerodynamic force, pressure, and heat transfer test pro- 4
gram are contained in Parts III and IV of this report.
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SECTION 4

(U) FDL-5 AERODYNAMIC PERFORMANCE SUMMARY

(U) Predicted and measured aerodynamic performance of the FDL-5 is summarized
in Figures 19 through 32. The basic geometry achieves high aerodynamic per-
formance and is stable and controllable in pitch, roll and yaw at all Mach
numbers at a center of gravity location of 62%.

(C) Figure 19 corre].ates measured L/Dmax obtained from force tests in AEDC
"tunnels B, C and F with the rarefaction parameter

Re
eeL'

A line faired through the data intersects the design condition of 20,000 fps
and 200,000 feet altitude at L/Dmax (trimmed) of 2.84. The design condition
shown on the figure is based on a vehicle length of 35 feet.

(C) Figure 20 summarizes the trimmed L/Dmax of the FDL-5 from M = 0 to
M = 20. The curve is compiled from the wind tunnel test data. The maximum
value of L/Dmax is 3.3 and occurs near M = 12. Measured L/Dmax values at
supersonic speeds are sensitive to base geometry and area. With additional
modification of aft body contours, it is expected that the potential L/D
values shown by the upper faired curve could be achieved.

(U) Figures 21 and 22 are typical comparisons of analytical and experimental
values of axial and normal force coefficients at M = 19. Predictions are
based on wind tunnel test conditions and show excellent agreement with the
data.

(C) Figure 23 shows the experimental variation of L/D with angle of attack
and elevon deflection at M = 19. Maximum measured L/D (trimmed) at M = 19,
Re = 0.800 x lO6 is 2.4.

(U) Typical experime'ntal pitching moment data at M = 19 are compared with
analytical values -.n Figure 24.

(C) Longitudinal stability and control characteristics at M 1 19 are shown
in Figure 25. Satisfactory trim at L/Dmax (CN = 0.12) occurs with approxi-
mately '0 degrees of iUp elevon and with a center of gravity of 62%.
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(C) Figure 26 shows the typical longitudinal trim and stability variations
with maximum elevon and flap deflection for M 1.5 to 5.0. Maximum elevon

and flap deflection provide positive values of' CMO and stable trim throughout
the Mach number range tested. Center-of-gravity positions of' 62, 64 and 66
percent of' the body reference length are shown. 'Trim through the angle of
attack range of' 5 to 30 degrees can be accomplished throughout the supersonic
regime with a suitable combination of center of' ýravity and control surface
geometry.

(C) Yaw and roll stability of the FDL-5 are summarized in Figures 27, 28,
29 and 30. The configuration has satisfactory directional stability and
dihedral effect over the entire speed range tested as shown in Figures 29 and
30. It is particularly noteworthy that the compression-sharing concept pro-
vided stability over the entire range of Mach number and angle of attack
tested.

(C) Typical pressure data at two positions on the vehicle lower surface
(Figures 31 and 32) show that maximum pressure coefficients occur at low
supersonic speeds. These data, considered with the typical launch trajec-
tory, lead to the conclusion that maximum design loads occur during boost, at
low supersonic speeds in the peak wind shear environment. Detail pressure
distributions are contained in Parts III and IV.

(:..
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(U) Heat transfer and structure design data are based on the reference
trajectory shown in Figure 33 and the reference design condition of 11
degrees angle of attack, 20,000 fps and 200,000 feet altitude. The trajec-
tory and the reference design point are based on the work reported in
Reference 1 for a typical high angle of attack history and a typical banked
history. The banked low-altitude trajectory results in higher surface tem-
peratures and is based on an angle of attack of 11 degrees and bank angle of
34 degrees. Launch injection conditions are conservatively based on accom-

plishing the ETR to EAFB glide with these flight attitudes.

(U) Predicted temperature histories on the FDL-5 vehicle are shown in
Figure 34 for the stagnation point, leading edge and lower surface. Surface
emittance is assumed to be 0.7 on all surfaces. Boundary-layer transition is
accounted for in the figure and causes the step increase in temperature late
in the flight. Maximum temperatures are 4400 and 2900'F at the stagnation
point and leading edge, respectively.

(C) Composite peak temperatures (occurring at different times during the low
reference trajectory flight) are shown in Figure 35 for the lower surface
centerline. Maximum temperature is 2450"F at station 140 and is the result of
turbulent heating.

(C) The effect of transition criterion on peak lower surface temperature is
shown in Figure 36. The recommended criterion of Re /M = 150 is seen to
result in highest design temperature aft of station ý80. It is believed that
this criterion is conservative and flight temperatures may be lower.

(C) The effect of wing loading on peak temperature is depicted in Figure 37.
Tncreasirng the wing loading from 30 to 40 psf would increase the maximum lower
surface temperature to 2500'F based on the 34-degree, banked, low-altitude
trajectory.

(C) Typical correlation of experimental and theoretical heat transfer data
is shown in Figure 38. Lower surface heating is seen to correlate most satis-
factorily with swept cylinder theory. Strip (flat plate) theory underpredicts
the heating at high angles of attack while cone theory overpredicts the heating
at low angle of attack.

(C) A typical comparison of predicted and measured temperatures at vehicle
stations 210 and 403 (X/L = 0.50 and 0.96) is shown in Figure 39. The inside
temperatures are based on predicted heating at 200,000 feet altitude.
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20,000 ft/sec and 11 degrees angle of' attack. The outer temperatures are
based on extrapolation of measured heat transfer rates to the same conditions.
Comparison of the data shows good agreement (within 200'F) between predicted
and measured temperatures. Detail heat transf'er and pressure correlations
are contained in Part IV.

(U) Figures 40 and 41 summarize the laminar peak temperature distributions
occurring at the design point of 20,000 fps, 200,000 feet altitude and angle
of attack of' 11 degrees. The data are based on the tunnels C and F heat
transfer tests and were computed based on a surface emittance of 0.7.
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SECTION 6

(U) FDL-5 DESIGN

(U) Structure parametric trades, systems selections and vehicle weight
£ estimates of the unmanned free flight research vehicle were accomplished

during the study. Initially, these selections were based upon the early
30-foot-long F-5 configuration derived from Reference 1.

6.1 (U) STRUCTURES

(U) A Lockheed-sponsored structure parametric analysis provides the basic
data for selection and design of a candidate vehicle structure concept. The
parametric analysis is based on the 30-foot F-5 configuration with the general
structure arrangement shown in Figure 42.

(U) Design loads are based on estimated pressures occurring during the Titan
IIIB launch (Figure 43).

(C) Payload capability of the T-II or T-III core for the ETR flight is from
8000 to 9000 pounds and is marginally adequate to launch the 35-foot FDL-5

vehicle (7,391 pounds) and adapter (approximately 800 pounds). Strength of
the T-IIIB is compared to the loads induced by the 30- and 35-foot F-5 con-
figurations in Figure 44. The data are based on a dynamic response factor of
1.33 and a factor of safety of 1.5. It can be seen that the loads for the
30-foot vehicle do not exceed the booster strength, while the loads for the
35-foot vehicle do exceed the booster strength. With a dynamic response
factor of approximately 1.27, the 35-foot vehicle is compatible with the
booster capability. Reduction of the dynamic response factor would require
limiting the test launches to days with low wind shears.

"(U) Table 8 shows the materials and design minimum gages considered during
the parametric analysis. Minimum gage is based on practical manufacturing
and application problems. The importance of minimum gage to the vehicle
design and weight is shown in Figure 45, which compares the equivalent panel
and skin thickness required to support loads with the minimum gage. Mi 4.rmum
gage is seen to prevail in the design requirements for the front 30 feet of
the vehicle length.

(U) Figures 46 and 47 summarize the effects on weight of many variations of
material, panel design, and insulated, insulated-and-cooled, and hot-structure
concepts for upper and lower surfaces of the vehicle. Lowest vehicle weight
is realized if no internal thermal conditioning is required, as shown by the
high back-face temperature part of the curves. If the inside of the vehicle
is to be maintained at room temperature, the hot-load-carrying concept with J
internal insulation and cooling, or the insulated-and-coolhd structure
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concept is required. The insulated- and-cooled struictI.We -L!:(n is somewhat
lighter than the hot-load-carrying concept with internal vehicle cooling.
The unit weights shown in the figures include panel, longeron, and frame
weights, but do not include weight provisions for fins, control surfaces,
landing gear, or structure cutouts.

(U) Figure 48 shows the structural arrangement created for the 35-foot
vehicle. The drawing illustrates typical panel concepts, and the location
of primary load bearing longerons and frames. Materials are identified on
the drawing, as are access panels, attachment details and landing gear
support structure.

(U) A complete description of' the structure concept is contained in Part V.

6.2 (U) SYSTEMS

(U) Figure 49 is a candidate systems general arrangement drawing which
describes the location and preliminary selection of the vehicle systems. The
systems have been positioned with consideration for geometry requirements,
balance, and ease of access and servicing.

(U) The landing gear is a tricycle system using dual metal nose wheels and
main gear metal brush skids. Shock attenuation is accomplished with crush-
able honeycomb cylinder inserts.

(U) Antenna placements assure satisfactory command and telemetry contact.

(U) The guidance and navigation system consists of an inertial platform and
a general-purpose digital computer. Both are available as modified off-the-
shelf or easily developed hardware. The inertial navigator was selected on
the basis that an autonomous continuous means of determining the vehicle
state vectors is necessary. An altitude-sensing system may be required to
suppress the accumulation of altitude errors during the flight. A modified
off-the-shelf radar altimeter could be used for this purpose, if further
analysis indicates that this is warranted.

(U) The flight control system is comprised of an autopilot, a reaction con-
trol system, an aerodynamic control system and a landing propulsion system.
Signals from the guidance and navigation systems are fed to the autopilot.
Output from the autopilot controls the reaction control system and the aero-
Aynamic control system,

(U) Aerodynamic controls are driven by hydraulic actuators in a cooled
hydraulic power system; and the reaction control and landing rocket systems
use monopropellant hydrogen peroxide fuel. The fuel for the reaction motors
and landing motors is contained in common tanks located at the vehicle center
of gravity.

66

CONFIDENTIAL
(THIS PAGE IS UNCLASSIFIED)

-- -



UNCLASSIFIED

(U) Eight reaction control motors are required to provide complete three-
axis pure moment vehicle control. Pitch and roll motors are used during low
dynamic pressure flight only while yaw motors are used throughout the flight
to augment aerodynamic stability and control during maneuvering flight.

(U) Four 500-pound-thrust, off-the-shelf hydrogen peroxide landing motors-
are provided to augment landing. The maximum equivalent L/D of the basic
vehicle with all engines thrusting is approximately 6. The use of thrust
from zero to 4 of the engines allows the equivalent L/D to be varied from
2 to 6. The fuel provided for landing is adequate for 20 seconds of thrust
from all four engines.

(U) The data management system includes all aspects of data acquisition,
transmission, and post-flight data handling and processing. The functions of
the system are to obtain basic research information and provide diagnostic
performance data for the vehicle and supporting systems.

(U) Sensor data are fed into the POM multiplexer encoder and PF transmitters.
The PCM serial wavetrain is fed simultaneously to the VHF transmitter, micro-
wave transmitter, and on-board tape recorders. VHF transmission is the main
data link with microwave transmission providing data during the blackout
period., Compressed time transmission of recorded data is provided over both
VHF and microwave link during vehicle flight over ground stations.

(U) A total of 315 sensor measurements will be made during a typical research
mission. All of the data management system equipments are available off the
shelf or with minimum development.

(U) Vehicle tracking is accomplished with a C band transponder and skin
track. The approach and landing is accomplished using the ground control
system developed for the X-20 program. This system provides for eight chan-
nels of data on X band and uses a small onboard transponder. An X band track-
ing antenna is provided in the nose of the vehicle for the automatic landing
system.

(Ui) The destruct system is an autonomous and ground-controlled system designed
to induce ballistic flight of the test vehicle upon actuation. The ground
control is provided on the standard 400 Mvflz frequency, while the autonomous
control is based on use of a bank angle/time allowance similar to that employed
on ASSET. Ballistic flight is achieved by pyrotechnic separation of the left
elevon to obtain roll to the left. -Separation of part of the vehicle struc-
ture cannot be achieved without larger weight for the destruct explosive and
a more complex design of the destruct system installation.

(U) The environmental control system maintains room temperature conditions
in the entire vehicle for the benefit of both structure and systems. Heat is
rejected with a water/ammonia boiler/heat-exchanger system pressurized to
maintain initial coolant temperature at 400F. Water-glycol circulating in a
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closed loop carries heat from the cooled structure and internal equipment to
the water/ammonia boiler/heat-exchanger system. Water and ammonia tanks are
located near the vehicle center of gravity.

(U) The electrical power system provides all onboard power from silver-zinc
batteries. The system includes the batteries, inverters, regulators and
distribution system. Total power capacity is 200 ampere-hours with a
250-ampere peak load.

6.3 (U) WEIGHT

(U) Vehicle and systems summary weight statements are shown in Tables 9 and
10. Total launch weight is 7666 pounds, including contingency and ballast.
The structure is 59 percent, systems (including expendables) are 38 percent
of the launch weight and the contingency is approximately 3 percent. Landing
weight is 6790 pounds and landing wing loading is 33.5 psf. The expendable
items weigh 876 pounds and include water, ammonia, and hydrogen peroxide.

(U) The largest subsystem weights are the expendable items associated with
the environmental control system and reaction control system. Other equip-
ment items weight 1829 pounds.
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TABLE 9

(U) WEIGHT STATEMENT

Weight (Lb) C.G. (Sta)*
STRUCTURE:

Thermal Protection 1973 258.05
Heat Shield (212 sq ft, Cb 752) 458 281
Heat Shield (343 sq ft, Inco 625) 693 287
Leading Edge (64 ft, Ta) 256 240
Nose Section (Sta 60, Ta) 160 36

... Lwr Surf. Insulation (212 sq ft) 217 277
Upr Surf. Insulation (343 sq ft) 189 287'

Internal Structure (2219-T81) 1018 284.90
Skins, Single Corrugation 204 285
Longerons 239 285
Frames 203 285
Nose Gear Bay and Doors 48 122
Main Gear Bay and Doors 109 316
Penalities for Access Doors (7) 40 281

• Fittings - Elevons 37 419Fittings - Body Flaps 11 394

Fittings - Vertical Fins 11 389
Gussetts and Attachments 60 285.
Equipment Supports 56 235

Elevons (17.2 sq ft) 241 441.00

Elevon Seals 25 419.O0

Body Flaps (11.6 sq ft) 93 412.00

Vertical Fin (34.3 sq ft) - 274 397.00

... Separation Ring (incl Hard Points) 65 430.00

Nose and Main Landing Gears 270 275.00

Contingency 395 294.00

EQUIPMENT: (See Table 10) 2787 2417.14

BALLAST: (To 62 percent) 525 50.00

Gross Weight 7666 260.42

Less:
Water -418 249.00
Ammonia - 20 226.OO
Hydrogen Peroxide -438 276.00

Minimum Landing Weight 6790 260.22
-. *Nose of vehicle 0 1O

Body reference length = 420 in. UNCLASSIFIED
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TABLE 10

(U) EQUIrENT BREAKDOWN

Weight (Lb) C.G. (Sta)

GUIDANCE AND NAVIGATION SYSTEM: 69 184.00
IMU and Electronics 40 184
Computer and Rate Gyros (3) 19 184
Cabling and Connectors 10 184

FLIGHT CONTROL SYSTEM
AERODYNAMIC CONTROL SYSTEM: 270 306.07

Hydraulic Pump, Accumulator,
Reservoir 140 250

Hydraulic Actuators 70 402
Plumbing and Valves 60 325

LANDING PROPULSION SYSTEM: 50 411.80
Thrust Motors (4) 40 427
Plumbing and Valves 10 351
Propellant included in RCS --

AUTOPILOT SYSTEM: 50 198.00

REACTION CONTROL SYSTEM: 686 287.30
Thrust Motors 54 425
Tanks (H2 02 ) 113 276
Tank (N2 ) 28 246
Hydrogen Peroxide 46o 276
Nitrogen 16 246
Plumbing and Valves 15 350

DATA MANAGEMENT SYSTEM: 190 184.87
Real-Time Microwave Transmitter 14 184
Microwave Power Divider 3 184
Real Time VHF Transmitter 3 184
Delayed Time VHF Transmitter 4 184
VHF Multiplexer 2 184
PCM Deck 20 172
Subcarrier Oscillator, Sampler, and

Translator 2 184
Telemetry Tape Recorder 13 172
Microwave Antenna 1 184 UNCLASSIFIED
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"TABLE 10

(U) EQUIPMENT BREAKDOWN (Concluded)

___Weight (Lb) C.G. (Sta)

VHF Antenna 3 184
Instrumentation 100 184
Cabling and Connectors 25 178

TRACKING AND COMMAND SYSTEM: 86 161.20
C-Band Transponder 7 396
C-Band Diplexer 4 396
C-Band Power Divider 3 396
C-Band Antenna 1 396
Transponder - Landing 18 78
Diplexer - Landing 4 78
Power Divider - Landing 3 78
Antenna and Corner 8 78
Receiver Decoder 20 78
Antenna 1 78
Cabling, Connector, etc 17 237

ENVIRONMENTAL CONTROL SYSTEM: 748 253.86
"Water 460 249
Azmonia 22 226
Ethylene - Glycol 67 285
Loop Distribution 83 285 ,
Pump and Motor 10 226
Tanks and Supports 53 252
Heat Exchanger 53 226

ELECTRIC POWER SYSTEM: 300 147.56
Batteries 208 138
Inverter and Regulator 30 172
Umbilical and J Box 27 172
Wiring 35 155

DESTRUCT SYSTEM: 24 172.00

LANDING GEAR SYSTEM: 60 275.00
Landing Gear (included in structure)
Controls 60

CONTINGENCY 254 247.00

TOTAL 2787 247.14

UNCLASSIFIED
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SECTION 7

(u) CONCLUSIONS

(U) A new lifting entry vehicle concept has been defined and tested through

• Parametric configuration analyses

* Parametric structural analyses

* Wind tunnel testing at M = 1.5 to 20

* Preliminary design

(U) The configuration has been designated FDL-5 to identify it as one of a
series undergoing concurrent development by the Air Force Flight Dynamics
Laboratory.

(U) The FDL-5 configuration design provides a high degree of useful volume,
while maintaining high hypersonic lift-to-drag ratio. The configuration has
been derived through a series of design trades involving the consideration of:

"* Aerodynamic performance

"* Aerodynamic stability and control

"* Aerodynamic heating

"• Material temperature limitations

"* Usable volume

"* Booster compatibility

(U) Modification of controls, base geometry and/or addition of variable
geometry may be required to obtain satisfactory subsonic performance.

(U) A preliminary candidate structural concept has been defined for an
unmanned hypersonic test vehicle using the FDL-5 configuration. The concept
provides maximum internal volume. An insulated-and-cooled aluminum primary
structure is employed, while the vehicle surface is composed mostly of
radiation-cooled, coated, refractory metal and superalloy heat shields.
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(U) Candidate subsystems to perform the research mission have been reviewed
and a tentative selection is described.

(U) Specific conclusions related to the various technical disciplines are

as follows:

7.1 (u) AERODYNAMICS

1. (C) The configuration is stable in all three axes over the Mach
range from 1.5 to 20.

2. (C) Trimmed hypersonic L/Dmax extrapolated to reference conditions
(200,000 feet altitude, 20,000 fps, 35 feet length) is 2.84 at
11 degrees angle of attack. Maximum trimmed L/Dmax during entry

is 3.3 at Mach 12.

3. (U) Test data correlate in general with analytical predictions using
tangent-cone theory on compression surfaces and Prandtl-Meyer
theory on expansion surfaces at hypersonic speeds.

4. (C) Modification to the aft upper surface, base and elevon geometry
will be required as a result of subsonic and transonic wind
tunnel tests. Modification of these surfaces of the FDL-5 sys-
tem are not expected to affect hypersonic performance.

7.2 (U) AEROTHERMODYNAMICS

1. (U) For the low-altitude reference trajectory, predicted surface
temperatures are compatible with the proposed structural mate-
rials: tungsten-thoria for the n~se cap, coated tantalum for
leading edges, coated columbium for the lower surface, and
Inconel for the upper surface. The leading-edge material must
be extended approximately 4 inches beyond the leading-edge/side-
panel tangency line, and portions of the forward upper surface
must be fabricated from a material, such as coated columbium,
which has a temperature capability exceeding that of superalloys.

2. (C) From a heating standpoint, the lower surface is the most criti-
cal. Peak centerline temperatures on this surface range from
about 2000°F at station 396 to 2450OF at station 120 for the
banked low altitude reference trajectory.

3. (C) For the low-altitude reference trajectory, predicted maximum
temperatures on essentially the entire lower surface result from
turbulent flow. For a practical range of transition Reynolds
numbers, peak temperatures on the aft lower surface are not
sensitive to transition criterion. Forward ramp peak tempera-
tures, however, decrease significantly with increasing transition
Reynolds number. Results of wind tunnel transition data on the
FDL-5 and basic geometries indicate that heating rates based on
the assumption of an instantaneous shift from laminar to turbu-
lent flow at Ree/Me 150 may be overly conservative.
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)4. (C) At the design point flight conditions, radiation equilibrium
temperatures based on the AEDC heat transfer data generally
agree with analytically predicted temperatures within ±200'F on
the lower surface, ,d within ±.L00°F on the body side panels
and aft lower comnression surface.

5. (U) Increasing the vehicle wing loading from the assumed value of
35 psf results in an increase in lower surface temperature of
approximately 180 F/psf.

7.3 (u) sTRUCT•EN-.i

1. (U) The parametric structural analysis indicates that:

* Minimum gage criteria establish structural weight require-
ments ovar most of the body shell.

"* The radiation-cooled, hot-load-carrying structural concept,
without internal temperature constraint, is minimum weight.

"* The v(hicle weight for a hot-load-carrying structure con-
cept, with internal insulation and active cooling, is
2 percent more than with the use of an insulated and cooled
primary load carrying aluminum alloy structure.

"* The passive insulated concept weight is competi'tive with
that of the other concepts; however, this concept has a
lower volumetric efficiency.

2. (U) Structural concept and material selections were made, and the
following is recommended for the flight test vehicle:

* Insulated and actively cooled concept, using 2219-T81
aluminum alloy for the internal primary load carrying
structure (skin, frames, longerons).

* Edge-supported heat shield panels. The lower surface uses
integrally stiffened panels, made of Cb-752/R512E coated
columbium alloy. The upper surface uses skin-corrugation
panels, made of Inconel-625 nickel alloy. (The more com-
mercially available and more oxidation-resistant cobalt
alloy Haynes-25 may be used at a weight increase of
approximately 60 lbs.)

* Dyna-Flex (6 lb/ft3 ) and Micro-Quartz (3.5 lb/ft 3 )
insulation.

,.14 (U) WEIGHT

1. (U) The estimated unmanned free flight vehicle launch weight is
7666 pounds.

2. (U) Estimated landing weight is 6790 lb, and the landing wing loading
is 33.5 psf.
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