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FOREWORD

This analytical study report is submitted to the National Aeronautics and
Space Administration in accordance with NASA Contract NAS 1-14222, The work
reported herein was performed between November 1975 through March 1976
culminating in an oral presentation at NASA LRC on 17 March 1976. The study
was performed by the Advanced Development Projects '""Skunk Works' of the
California Company, a Division of Lockheed Aircraft, under the supervision of
Mr. H.G. Combs, Study Manager. Engineering graphics and supporting text
were developed under the direction of Messrs. D.H. Campbell (Propulsion and
Thermodynamics), M.D. Cassidy (Aerodynamics), C.D. Sumpter (Structures),
R.C. Murphy (Flight Dynamics), E.B. Seitz (Weight), G.J. Kachel and R. P. James
(Vehicle Design), J. Walters and consulting services of J. Love (Maintenance),

and R.T. Passon {Cost). The Program Monitor for NASA was Mr. J.D. Watts.

This study was a co-operative effort between the contractor and NASA in

which data and frequent consultation, as well as program direction were pro-

vided by NASA,
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SUMMARY

Phase I analytical study was performed to determine the vehicle configura-
tion most cost effective for refinement in Phase II and III of the NASA Configura-
tion Development Study of the X-24C Hypersonic Research Airplane. The results
permitted selection of cost-effective configurations for further refinement in the

follow-on phases of the study.

Nine vehicle configurations, consisting of three different structure concepts
in combination with three propulsion systems, were subjected to a systematic pro-
gram involving development and evaluation of realistic design concepts coupled
with propulsion and airframe integration. All configurations were constrained by

predetermined mission profiles, aerodynamic shape and launch mass as specified

by NASA.

Trade-off assessment of the thermal protection system clearly indicates the
Lockalloy to be more cost-effective than the LI-900 RSI configuration, and to a
lesser degree than the Ablator TPS. Both the Ablator configuration and Lockalloy

configuration are recommended as the Phase II candidates.

Engine combination analysis concluded the kerosene fueled LR-105 engine
with 12 I.LR-101 vernier engines to be the-most effective combination as the Phase II
study candidates. The LR-99 engine with two LR-11 engines is also recommended

for the Phase II study.

Trade studies have systematically narrowed the configuration to the four
most promising for the Phase II analytical study. In addition to meeting all require-~
ments set forth by NASA for the X-24C they are the most cost-effective and pro-

vide the maximum payload mass capability for research activities.

Design refinement during the Phase II study will include analytical analysis
to expand the selected configurations and an assessment of the impact to boost the

vehicle to higher mach numbers.
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INTRODUCTION

During the past 15 years considerable progress has been made in ground-
based R&D aimed at solving the critical problems of future high- speeci aircraft.
Many of these developments have reached the stage where they must be demon-
strated in actual flight at large scale prior to applications. The research air-
plane provides focus and stimulus for ground-based research and development
and demands a level of commitment which will guarantee worthy hardware. While
it is evident that much of the value of a flight test program is derived from the
focused laboratory development and testing which it generates, the actual flight
demonstration in the real environment of large critical components enables de-
cision makers to accept these technologies as proven options for future opera-

tional systems. *

A number of special purpose research aircraft with limited objectives have
been built, 1.e., USAF X-24A and NASA HL-10 and M2F2 specifically to explore
the piloting problems of the lifting-body reentry vehicles at low speeds and land-
ing. The successful X-24A program was extended by the USAF to include a more
slender shape, the X-24B, at speeds up to about Mach 2. Recently the USAF pro-

posed a further extension to Mach 5 denoting the program X-24C, *

While the proposed X-24 vehicle could accomplish some of the objectives for
a high speed aircraft the question arose as whether some other low-cost derivative
of the X-24 configuration could not be developed to accomplish all the major ob-

jectives of a new high speed research aircraft. *

Since considerable interest was evident on the part of both USAF and NASA,
an ad hoc study group was formed in May 1974, The study centered on the use of

the X-24C concept to develop a flight vehicle which would fulfill USAF and NASA

*
From Reference 48




research objectives. The approach taken was to develop a flight research vehicle
which has the inherent capability to be a test bed for a significant number of
experiments, not only those which can be visualized now but the unknown experi-

ments of the future, *

The original research vehicle concept adopted as a starting point a research
vehicle primarily intended to explore the aerodynamic and heating characteristics
of a blended wing-body delta-planform vehicle in the Mach 2 to 5 speed regime

and was conceived as a growth version of the X-24B. *

From the joint NASA/USAF ad-hcc group studies, requirements for higher
speeds and the ability to accommodate payloads of greater mass and larger pay-
load volumes were established. In addition, the basic aerodynamic configuration,
the mission performance and the research payload defimition were established
for a research vehicle which would provide maximum research versatility at
minimum cost. Trade studies by the joint NASA/USAF group further outlined a
number of configuration alternatives regarding propulsion, structures and thermal

protection systems which the research vehicle could accommodate.

- Since ultimate performance capabilities of the proposed research vehicle
will largely depend on the final selection of the structure and thermal protection
system, 1n addition to the propulsion system, a three part study expressly for

the purpose of narrowing these design options was let out to industry.

Phase I of the study would provide cost and mass trade study results of the
alternative structure, thermal protection system, and propulsion systems from
which multiple concepts would emerge as the contender for review in Phase II.
Phase II would look into the performance growth of the potential design concept(s),

selected in Phase I, along with the attendant costs associated with the increased

“Fr om Reference 48




performance. Phase III would study the refinement of the NASA-USAF X-24C
aerodynamic configuration and conceptual design of the vehicle which evolves

from the design trades and growth potential evaluation, Phase I and II.

This report covers the Phase I analytical stud‘y conducted by the Advanced
Development Projects of the California Company, a Division of Lockheed Aircraft
Corporation. Aerodynamic, structural, thermal, mass and cost analysis based
on realistic designs were conducted with sufficient depth to verify and support
the trade study analysis configurations. Critical problem areas investigated in-
clude: (1) selection of thermal protection systems, (2) selection of propulsion
systems, (3) scramjet integration, (4) definition of a stability and control system,
and (5) initial and operational costs. Analytical studies include analysis of life-
cycle costs of vehicle field maintenance and thermal protection system (TPS)
field maintenance. The results from these systematic analysis narrowed the con-
figuration alternatives down to the most cost-effective concepts, meeting the

Phase I vehicle requirements, from which a selection for Phase II was possible.

BASIS FOR DESIGN TRADES

The basic objective of the study effort was to determine, through a compre-
hensive, systematic trade study, a viable X-24C design concept that could proceed
directly into the hardware phase. The amount of detail design which went into
each of the configurations was of sufficient depth to support each of the trade
study analysis, but entails further design effort before it could support a manu-
facturing program. The analytical study was performed on vehicle configura-
tions, and missions established by NASA/USAF and meet the following salient
input data as set forth by NASA/USAF:

Aerodynamic Configuration - The aerodynamic configuration for the X-24C

(Figure A) with three Scramjet modules was supplied by Langley Research Center.

Changes to the configuration developed during the study included: (1) shifting to







vertical fin aft approximately 25.4 cm to align the fin rear spar with the fuselage

aft-most frame, and (2) converting the flat bottom, side, and top surface to large

radius of curvature to aid in carrying longitudinal axial loads in the Lockalloy

monocoque shell configuration.

Performance - Performance defined for the Phase I study included:

1)

2)
3)

4)

40 seconds cruise at M = 6.0 and 47. 9 kPa dynamic pressure (26930 m)

with a 3 module Scramjet package i1nstalled.
Launch from a B-52 at M = 0. 85 and 13720 m.
Rocket performance supplied by the engine manufacturers.

Payload bay in the fuselage for research experiments including Scramjet

hydrogen tanks and following payload bay options:

@ All rocket propellants to meet the performance to be carried in

the primary propellant tanks, and

° A portion of the rocket propellant may be carried in the payload

section.

Research Requirements - Research requirements dictate the following

vehicle features to be maintained:

1)

2)

3)

The vehicle shall have a full-depth, replaceable 3.0 m long research
payload bay provided by a section of the body structure between the
cockpit and rocket propellant tanks.

The volume within the payload bay shell be used for research payloads,
research structures, integral and nonintegral experimental hydrogen
tanks, research instrumentation and equipment, and fuel for research

propulsion systems such as the Scramjet.

The payload bay structure may be of conventional construction com-

patible with the rest of the vehicle and have transition sections at both




4)

5)

6)

ends to allow a load path offset as required in 4 below. Field splices
will be provided at each end of the bay to allow replacement of the bay

structure with advanced research structure.

The payload bay shall have a heat shield type stand-off thermal protec-
tion system (TPS) with the same TPS concept as the vehicle 1tself and

a mold line recessed 0.10 meter on the upper and side surfaces and
0.15 meter on the lower surface. This arrangement will allow partial
or complete replacement of the payload bay stand-off TPS with advanced

research TPS concepts.

The vehicle shall have removable and replaceable wings, fins, and
stabilizers to allow testing of advanced aerodynamic surface structures.
Slip joints or other appropriate interface structure shall be provided at

the fuselage junction to enable testing of hot structures.

The vehicle shall have a lower surface designed.to allow efficient aero-
dynamic integration of LRC Scramjet modules of sufficient size to
cruise the aircraft at Mach 6. The integrated design concept utilizes
the forebody of the vehicle as an inlet precompression surface and the

aftbody as an external nozzle expansion surface.

Vehicle Operations - The X-24C vehicle shall be operated in the following

manner during the flight research program:

1)

2)

B-52 Air Launch — The vehicle will be air-launched from B-52B
S/N 008 at 13720 meter altitude and a Mach nuimber of 0.85. The as-
sumption is made that mass, c.g., and clearance constraints are the

same as with the X-15A-2 vehicle.

Test Range — The NASA High Range test corridor in the Utah-Nevada-
California area will be utilized for X-24C 1n the same manner as with
the X-15, Existing radar, telemetry, and communications stations at
Edwards AFB and Ely, Nevada, shall be considered satisfactory for
the X-24C program.




3)

4)

Flight Frequency — For planning purposes and operational cost esti-
mating, an average of 12 flights per vehicle per year will be used for
the X-24C vehicle unless refurbishment or other characteristics of a
particular design concept made this an unrealictic assumption. The
flight research program will be assumed to consist of 100 flights per

vehicle.

Energy Management — For the purposes of energy management in the

flight operations of X-24C, a speed brake system is required.

Structural Design Criteria - The requirements for structural performance

were established by NASA and delineated by Appendix A. Criteria were expanded

during the study for the Lockalloy vehicle design corresponding to the time 1n

flight when the maximum temperature differentials exist.

Costing Assumptions - The following assumptions were made regarding cost

determinations:

1)

2)

3)

4)

The program philosophy is based on the need by both NASA and USAF

to keep program costs to a minimum commensurate with accomplishing

the research objectives.

The management approach shall be in the form of prototype management

wherein the Contractor who builds the vehicle is given considerable

freedom to accomplish the task with minimum Government control.

The operating mode shall be in a '"classical" exper1mex;ta1 shop or

""Skunk Works'" type wherein the engineering, design, and fabrication
team is separate from normal corporate activity and 1s located in an
atmosphere which is conducive to close communication and minimum

red tape and paperwork.

All cost estimates and breakdowns (actuals) are provided in terms of

January 1975 and January 1976 dollars.




5) Maximum usage of Government furnished equipment and off-the-shelf
hardware has been made in the interest of minimizing cost. Estimates
include the cost of GFE and identify the source and availability. Except-
ing for rocket engines, which will be procured and costed separately by
the Government, the design effort and cost estimates include all other

components of the primary propulsion system including installation of

the rocket engines.

6) In order that dollar estimates are more representative of potential
Government funding, a Contractor fee of 10% is included in all prices

except for the cost of GFAE.

CANDIDATE VEHICLES

Considering the range of heat loads and mission profile anticipated for the
X-24C vehicle, nine configurations emerged as candidates based on the spectrum
of structural approaches and propulsion system combinations available to support

the X-24C program schedule. The candidate configurations were based on the

following:

Propulsion System - The X-24C vehicle requirement for acceleration to

Mach 6 and cruise for 40 seconds dictated a rocket engine propulsion system.
Additionally, since the steady state 40 second cruise requires lower thrust than
acceleration, this leads to a throttleable propulsion system or separate cruise
engines. These characteristics produced eight candidate propulsion systems for

the analysis:




f MAX THRUST ISP MIN CRUIS,

e 8 A THRUST @
1. LR-99 EXT NOZZLE, A 277.1 kN 285 SEC 131 2 kN
(62,300 LB) (29, 500 LB) ~
2. LR-105 A 367 5 306 204 6
(82, 620) (46, 000)
3. LR-105 DERATED, A 262.0 300 57.8
(58, 900) (13, 000)
4. LR-99 + 2 LR-11 NH, FUEL FOR 351.9 279 9.3
BOOST AND CRUISE (79, 100) {2, 100)*
§. LR-105 + 12 LR-101's FOR 367.5 306 27
) CRUISE ONLY (82, 620) (600)
6. LR-105 + 12 LR-101's FOR 442 6 288 27
BOOST AND CRUISE (99, 500) R (600)
7. LR-105 ALC FUELED + 298 9 289 913
2 LR-11'a FOR CRUISE (67, 200) (2, 100)*
8. LR-105 ALC FUELED + 373.7 217 93
2 LR-11's FOR BOOST (84, 000) (2, 100)*
AND CRUISE
& THROTTLEABLE A 21336 METER A 27432 METER ¢ = INCREMENTS
{70,000 FEET) {90,000 FEET)

Structural Systems - Three structural concepts were anticipated for the two

categories of passive TPS: (1) high temperature metal, and (2) nonmetallics
established for the study. The high temperature metal candidate used a substruc-
ture compatible with Lockalloy/beryllium paneling. The nonmetallic concept
evolved around an aluminum substructure on which LI-900 RSI or Ablator TPS
could be attached to the skin as an insulator. While the two nonmetallic TPS
substructures were essentially the same, the panel stiffness required by the LI-900

did produce a structure somewhat heavier than that required for the Ablator TPS.

TECHNICAL APPROACH

A systematic trade-off analysis was conducted on each of the candidate
configuration concepts in sufficient depth to verify and support the final results,

The Phase I study was subdivided into four main tasks:




Task 1

Iask II

Task III

Task IV

10

Developed mission profiles and maximum zero fuel mass for each
of the propulsion concepts. This was done by determining that
portion of 25855 kg launch mass that would be used as fuel to

accomplish the mission.

Developed realistic design and mass data for each configuration
concept. The concept designs were carried to sufficient depth to
permit valid comparisons between the spectrum of approaches.
On concepts found to be lighter in mass than the zero fuel mass
the excess was reflected as an increase in the research payload

capacity.

Evaluated the research capability of each of the candidate concepts,
this 1involved primarily payload, speed, and time considerations,
and included adaptability of each of the concepts to the research

requirements.

Vehicle cost and program risks were evaluated. Costs were
developed on detail design and mass for each concept.

The risk analysis took into account:

° Mission
o Cost

[ Maintenance

Based on data developed at this point, recommendations were made
relative to the selection of the concepts showing sufficient promaise

to be pursued further in the next phase of the study.

MISSION PROFILES

Mission profiles were developed to allow performance comparison of the

various propulsion concepts and to define aerodynamic heating data for evaluation

eSS




of the three thermal protection systems described in the 'Thermal Analysis'
herein. These profiles also entered into the conceptual design of various vehicle
components and systems required for development of realistic vehicle designs,
mass and costs. Mission requirements, used in developing the mission profiles,
were established by NASA and defined under 'BASIS FOR DESIGN TRADES' herein,
include a 40 second cruise at Mach 5 and a dynamic pressure of 47.9 kPa on

rocket power.

The boost phase varied for the different propulsion concepts requiring maxi-
mizing performance within the common requirements defined by NASA and delineated
under 'BASIS FOR DESIGN TRADES' herein. Cruise, deceleration and descent
were kept the same except for mass effects. A minimum heat input, high @,

deceleration was used.

The following paragraphs present the basic input data, methods and philoso-

phy used and the resulting time histories.

Flight Path Analysis

Aerodynamic Data - The configuration was established by NASA and defined

under 'BASIS FOR DESIGN TRADES' herein. The 3 module scramjet module

is intended for scramjet flight development and as such is nonthrusting.

A maximum usable angle of attack of 20° was found desirable and estimated
to be attainable for the pullup during boost and during deceleration. This
required an extrapolation of the LRC data from & = 16° to 20°. The trimmed
l1ft characteristic used in this study as shown in Figure 1l is a function of

Mach number at constant angle of attack.

The drag characteristics are shown in Figures 2 and 3 in the form used 1n
this study. The data received from LRC was reworked to the form zero
lift drag and drag due to lift. The scramjet drag increment 1s also shown
in Figure 2. An overview of the lift/drag characteristics with the 3 scram-

Jet modules is shown in Figure 4 in terms of drag polars, L/D max, and

11
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angle of attack for L./D max versus Mach number. Of note 1s the L./D max
of over 4 subsonically and 2.5 at M = 6.0 with angle of attack for L/D max
being 16 and 13 degrees; respectively. These data were the result of early
analysis by NASA Langley Research Center. Subsequent wind tunnel data
analysis indicate that these values are highly optimistic through the sub-
sonic and transonic speeds and slightly pessimistic at moderate supersonic
speeds (2 < M < 5). The net result could be a slight loss 1n performance

over that predicted in this study.

Propulsion Data - The statement of work, Appendix A, defined three pro-

pulsion concepts for the design trades: LR-99 -- extended nozzle, LR-105
-- throttleable, and LR-105 + Atlas verniers. Other engines were re-

viewed to assure that other potential contenders were not being overlooked.
Also, a quick look at the cruise requirement indicated that more needed to

be done in that area.

,PHASE 1 WITH 3 SCRAMJET MODULES

.5 g iy
\
\

L \ e —

-

I/ e

Figure 4 - Lift/Drag Characteristics with Scramjets




As far as the basic thrust engine and vehicle performance are concerned,
the LR-91, Titan 2nd stage, and LR-105, Stlas sustainer, are essentially
the same. The LR-81 Agena engines were ruled out because of the highly
toxic IRFNA oxidizer. The LR-99 was specified fcr study because it is man
rated, throttleable, and available.” Due to the limited throttling capability
of the basic LR-99 and LR-105 (132.6 kN and 204. 6 kN, respectively, com-
pared to 71.2 kN required) other cruise modes needed consideration. Ex-
cess thrust during cruise is detrimental 1n two respects. Excess propel-
lant 1s burned and the speed brake requirements add considerable vehicle
mass. A derated LR-105 was included with a throttling capability down to
57. 8 kN.

Several cruise engine options were 1ncluded. To allow flexibility between
rocket cruise time and boosted Mach number, a common propellant is re-
quired. Therefore, two NH3 fueled LR-11's were considered as cruise
engines with the LR-99. LR-10l's are compatible with the LR-105 and, 1n
fact, can utilize the LR-105 propellant pumping system. This gives a high
degree of flexibility insofar as number of chambers used 1n combination
with the potential throttling capability of the LR-105 pumps. The LR-101
thrust -can vary from 2.74 to 5.23 kN per chamber. The presently qualified
LR-11 1s fueled with 75% ethyl alcohol. For propellant compatibility, an
alcohol fueled LR-105 with two LR-11's was evaluated.

X-24C boost and cruise performance were evaluated for the above engines
for prelimin?.ry review in the form of three throttleable and five cruise.
engine propulsion system concepts listed under 'CANDIDATE VEHICLES'
herein. The engine performance used in this study is presented for each
engine in Figures 5 through 10. This performance is based on data received

from each of the engine manufacturers for application to the X-24C.

Basis for Mission Performance - The mission analysis required for the trade

study included boost cruise, deceleration and descent. Launch and landing

were assumed capabilities that affected all of the vehicle concepts equally.

15
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The mission constitutes a rather dynamic flight path with only the 40 sec-
ond cruise portion amenable to accurate hand calculation. A point mass
3-dimension flight path computer program incorporating considerable flexi-
bility as to control laws, vehicle limitations and nonlinearities was used.

The 1962 U. S, Standard Atmosphere was used for the calculations.

Ground rules for vehicle concepts were established by NASA and are de-
lineated in 'BASIS FOR DESIGN TRADES' herein. Maneuver load factors

limits used include:

Maission Structural Design
Launch and pullup 0-2.0g -1.0-2.5¢
At high Mach 0-2.5 -1.0 - +#3.0

Angle of attack limits 0 - 20 degrees

The mission load factor limits were reduced from structural design limaits
to allow for real world accuracy and overshoot. Negative load factors were

not allowed out of respect for the pilot.

Boost Analysis - The X-24C boost problem required that it (1) launch and

clear the B-52, (2) pull-up to gain altitude and keep down the aerodynamic
drag, and (3) push-over so it would be at zero flight path angle at M = 6.0
and q = 47.9 kPa.

With the high accelerations required to minimize drag and gravity losses,
the optimum boost path is far from the path of instantaneous optimums,

being compromised by the dynamic requirements.

Our experience has been that a relatively simple pitch attitude, 6, schedule
can be constructed that will yield a flight path very close to the minimum
propellant path. The schedule used in this study was in basically two parts.
For launch, separation and pullup, 8 was a function of time. This allows

close control of separation and pullup where n, and g are critical. To

19
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capture cruise altitude, 6 was a function of ambient pressure, Ps' This
gives a closed loop on the critical problem of capturing altitude. The 0
schedule is shown pictorally in Figure 11. For the first five seconds, 6
was held constant- and a 91.4 m of separation from the B-52 was achieved.
At five seconds, boost engine was started along with a linear increase in

6 with time.

The maximum increase in 8 with time, as limited by load factor, was found
to minimize propellant. The 6 vs. P  schedule was also linear in three
segments. The commanded 6 was the smaller of the two 6 (t) or 6 (Pg).

For each engine/vehicle combination 8 (Pg) schedule was varied to minimize
boost propellant. An example of the effect on the boost profile is shown in
Figure 12 for an alcohol fueled LR-105 boost. As the profile shows, the
Mach altitude relationship can be controlled directly by the 8 vs. altitude

schedule.

Einansons & T W#WM}

! Ps’kPQ

Figure 11 - Launch/Boost Control by Pitch Attitude Schedule
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Cruise Analysis - Cruise at M = 6.0 requires approximately 71.2 kN of

thrust. At q = 47.9 kPa the effect of mass on thrust required 1s small,

A problem develops as discussed in 'PROPULSION DATA' herein that the
throttled booster's minimum thrust 1s excessive. This causes excessive
propellant usage for cruise as well as design and mass problems to di.sm—

pate the excess thrust with speed brakes.

For the LR-99, the excess thrust 1s 60.1 kN and is 133, 4 kN for the LR-105T
both at q = 47.9 kPa. It is a very serious speed brake design problem to
handle the excess thrust of the LR-99 plus what is needed for speed control.
For the LR-105T, 1t is prohibitive. Scramjet thrusting, other engine tests,
and cruising at lower q's where vehicle drag decreases while minimum
rocket thrust increases slightly all make the speed brake design problem

worse.
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|
A basic speed brake requirement of 1/2-g at 47.9 kPa was used in the
vehicle design. Even for this basic requirement, aerodynamaic heating
considerations will design the speed brake system (see elevon and rudder

thermal analysis). 1

Deceleration and Descent Analysis - The deceleration to Mach 2.0 1s pri-

marily concerned with minimizing heating. The remaining deceleration
and descent is available for flight path control to landing. Deceleration or
the dissipation of kinetic energy of the X-24C is accomplished by aerody-
namic drag. Achieving this drag in the form of pressure drag and mani-
mizing friction drag in general minimizes the vehicle total heat absorbed.
This 1s important for both the insulator and heat sink method of thermal
protection. Increasing angle of attack increases the proportion of pressure

drag.

Five deceleration paths at a mass of 9525 kg were investigated to verify
and/or find the best technique. The techniques covered the available range
of angles of attack and dynamic pressure. The maximum, 20° angle of

attack as expected yielded the least total heat input with the savings primarily

on the top surfaces.

For the 1nitial deceleration, while at high dynamic pressure, angle of attack
1s limited by normal load factor limat of 2.5 g's. If this 1s done with wings
level, the vehicle zooms to high altitude with loss of aerodynamic control
and stretches the flight path down range. By holding a 60° bank éngle, the
vehicle climbs to approximately 30480 m and maintains sufficient dynamic
pressure for control. Consistent with a minimum heat input is a short
deceleration time and distance. Alternative descent modes must be studied
in the event that 2. 5g maneuvers become impractical due to abort conditions

or research requirements.




The 60° bank can be used for cross-range maneuvering as shown in Fig-
ure 13 or alternated three times to stay within 19 km of track as shown
in Figure 14. Figure 14 also shows that the descent from M = 2.0 can be
used for maneuvering to yield a terminal guidance foot print of approxi-

mately 130 x 130 km.

Mission Profiles - Mission profiles were defined for three propulsion con-

cepts to be used i1n vehicle design, thermal protection system design and vehicle
system design. The three propulsion concepts are the throttleable LR-99, the
LR-105 with LR-101's for cruise, and the alcohol fueled LR-105 with two LR-11's
for both cruise and boost. The maission profiles are shown in the form of time
histories, altitudes vs. Mach and altitude vs. distance. Waith the exception of

the altitude vs. distance figure, all of the profiles end at M = 2.0. Figure 15
shows the time history of altitude and Mach number. During boost, it 1s noted,
the final acceleration 1s at cruise altitude, 26930 m. During the deceleration

the peak altitude is just over 30480 m and the altitude at M = 2.0 1s between 24380
and 27430 m. As the vehicle approaches M = 6.0, the longitudinal acceleration
1s between 3.0 and 3.5 g's. The deceleration from M = 6.0 to M = 2.0 is high

taking less than 140 seconds.

Dynamic pressure, (q), normal load factor (n,), and angle of attack, (a) are
shown in Figure 156. During boost the q stays below 19. 2 kPa until near the end
when it climbs rapidly to the design point of 47.9 kPa. During deceleration it
drops fairly linearly until below M = 3.0. Load factor, n,, is seen to be imtially
near zero for separation then climb to the 2 g's for the pull-up. The remainder of
the boost 1s pushing over at less than 1 g until capturing cruise. High load factor

is used during deceleration.

The o time history shows that the 20° capabaility 1s used during pull-up as

well as deceleration.
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Altitude vs. Mach number and vs. distance ard:e shown in Figures 17 and
18. The boost, cruise and deceleration to M = 2.0 takes approximately 315 km.
The deceleration can be lengthened by using less than 60° bank and conversely
shortened by using more ¢ with small effect on aerodynamic heat load. A maxi-
mum distance descent 1s shown in Figure 18 to illustrate maneuvering capabaulity

following the aerodynamic heating period.

Maximum Allowable Zero Propellant Mass - The eight (8) propellant con-

cepts discussed under 'Propulsion Data' were analyzed to determine propellant
required for boost and cruise. For each propulsion concept the boost path was
varied to find the minimum propellant path with the constraints discussed under

'Boost Analysis' above, Table 1 summarizes the performance of the eight concepts.

For all propulsion concepts the launch mass was held constant at 25855 kg,
propellant for boost and cruise are subtracted leaving a mass at end of cruise.
Since there are no further propellant requirements the mass at the end of cruise
is the Maximum Allowable Zero Propellant Mass. This represents the mass allow-

ance available for vehicle/TPS, systems and payload. The larger the better.

In Table 1 the eight propulsion concepts are listed in descending order of
zero propellant mass. The LR-105 plus cruise engines being first at 10759 kg
as a result of the LR-105's high Isp and thrust. The throttleable LR-99 being

last at 8876 kg due to 1ts low Isp, thrust and high cruise propellant consumption.

Burning the cruise engine with the LR-105 during boost caused increased
propellant usage. The Low Isp of the LR-101's was more detrimental than the
saving boost time with the high thrust. The derated LLR-105 suffers from the
large reduction in thrust along with a 2% reduction in Isp. Burning the LR-11's
during boost with both the LR-99 and alcohol fueled LR-105 reduced the boost
propellant. The throttleable LR-105 1s next to last due to the high propellant

usage during cruise.
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ONCEPT

A\

A | A

A A | A A A

Average Boost Thrust 365.9 | 442.6 | 262.0
@ 21340 M, kN (82, 000) [99, 500) [58, 000)
(70°000')’ (Lb)
Average Boost Specific 306 288 300
Impulse @ 21340 M, sec
(70, 000')
Boost Propellant - kg 13770 14053 14750

(Lb) (30, 357) [(30, 981) |(32, 535)

Mass at End of - 12085
Crulse - k% (26, 643) |
{Lb)
Cruise Propellant - kg 1326
(Lb) (2, 924)
Maes at End of Crulse 10759

11802 | 11097
26, 019) |(24, 465)

1326 1061
(2,924)| (2, 340)

10476 | 10036

or Max. Allowable Zero | (23,719) |(23, 095) (22, 125)

Propellant Mass - kg

(Lb)
Total Propellant - kg 15096 | 15379 | 15819
- (Lb) (33, 281) (33, 905) |(34, 875)
Fuel Volume - M3 5,86
(Ft3) {207)
Oxldlzer Vol, - M3 9.08
(Ft3) (321)
Total Vol, - M3 14.9
° ° (Ft3) {(528)

/\ LR-105 + 12 LR-101's (Crulse)

B>

28

LR-105 +12 LR-101's (Boost and
LR-105DT

Crulse)

LR-99 + 2 LR-11's NHj3 {(Boost and Crulige)

N
&\

A\

8\

351.8 373.6 | 298.9 367.5 | 277.1
[79, 100) |84, 000) [67,200) [82,620) (62, 300)

279 277 289 306 285

14694 | 14639 | 14716 | 13770 | 15072
(32, 398) |(32, 273) |(32, 442) |(30, 357) (33, 227)

11161 | 11216 | 11140 | 12085 | 10783
(24, 605) |24, 727) |(24, 558) [(26, 643) {23, 773)

1139 1236 1236 | 2703 1907
(2,511) | (2,725) | (2,725) | (5, 960)| (4, 205)

10022 | 9980 | 9903 | 9382 | 8876
(22, 094) |22, 002) |{21, 833) {20, 683){(19, 568)

15833 | 15875 | 15952 | 16473 | 16979
(34, 906) [(34, 998) k35, 167) k36, 317)K37, 432)

10.4 | 8.35 11.1
(368) | (295) (392)
7.41 | 7.61 7 98
(262) | (269 (282)

17.8 | 16,0
|_(630) | (564)

[52)

LR-105 ALC + 2 LR-11's (Boost and Crulse)
Like 5 (Crulse)

LR-105 Throttleable

LR -99 Throttlieable

Table 1 - Performance of Propulsion System -
Launch Mass =~ 25, 85 Mg




The three propulsion concepts carried into design evaluation were:
(1) LR-105 plus 12 LR-101 cruise engines, (2) the alcohol fueled LR-105 plus
2 LR-11 boost and cruise engines, and (3) the throttleable LR-99.

The LR-99 plus 2 NHj fueled LR-11 boost and cruise engines is a close sub-
stitute to the alcohol LR-105 plus 2 LR-11 combination requiring 12% more pro-
pellant volume. The LR-105 + 12 LR-101 combination not only gives the largest

allowable zero propellant mass, it also requires the least propellant volume.

It is noted that the vehicle physical size and the vehicle aerodynamics re-

mained constant for all cases studied.

REALISTIC DESIGNS

The study objective to develop sound technical basis for the candidate vehicle
concepts was achieved through a systematic program involving the interactions
between the technical disciplines shown in Figure 19 in conjunction with results

of the other tasks delineated in the Technical Approach section.

The primary purpose of the design study was to provide the basis for accurate
cost and mass estimates on vehicle configurations meeting the NASA requirements.
The study could not explore the details of all the structural concepts involved
recognizing that further work would be required to finalize the detail design before
hardware could be produced. Additionally, 1t 1s anticipated that the design phase
will involve a number of structural tests which would assist 1n making the choice

between design alternatives.

Using the results of the Mission Profiles and Maximum Fuel Loading Analy-
sis, based on the technical constaints defined in the 'BASIS FOR DESIGN' and
'"CANDIDATE VEHICLES' sections, analysis on propellant tankage volumes and
vehicle fuel cell placement was initiated. This initial activity was used as the

starting point for each of the analysis investigations delineated in Figure 19. As
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results of these on-going analysis were developed, trade-off decisions were
possible leading to vehicle detail design finalization. Mass, Maintenance and
Cost analysis contributed heavily in trade-off selection by defining those design

concepts which would produce the results intended by the <tudy.

Load Analysis

Criteria - Of the load conditions defined in Appendix A for the X-24C the

following conditions were found to be critical:

® =n, = 2.0 g B-52 Taxi, X-24C attached
® n, = -1,0 g after launch

e n, = 2.5g after launch

e n, = 3.0gcruise

e Landing 3.0 m/s

@ n, = -1,0gcruise

Airload Determination - Airloads for structural load analysis were based

on the Lockheed VORLAX program, Reference 1, for both subsonic and low-
supersonic conditions. For hypersonic conditions the ""Hypersonic Arbitrary-
Body Aerodynamic Computer Program, '" Reference 2 was used. These two pro-

grams produced the surface pressures used 1n the load analysis.

Interia Data - Mass used in the loads analysis were consistent with the

vehicle mission profile and the 25855 kg launch mass. Initial pushover and pull-up
were calculated for a GW = 24040 kg, representing a 1814 kg fuel burn-off re-
quired to obtain sufficient airspeed for maneuvers. Cruise at maximum airspeed

was calculated for a GW = 11204 kg.

Looads Program - Loads were applied at 74 point locations, see Figures 26

and 29 on the in-house NASTRAN model. Inertia is determined at each of the

74 points utilizing a boundary system. The loads program during this phase 1s a
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"by hand" transformation due to the difference in grids between the air loads

and NASTRAN.,

Landing Loads - The basis for the loads determined and applied to the

NASTRAN model are as follows: The landing condition 1s based on a gross mass
of 10396 kg and a sink rate of 3.0 m/s. For design purposes the F-106 main
landing gear has been used. (However, an extensive analysis on landing gear
selection was conducted and reflected in the Landing Gear Selection analysis
herein.) Utilizing 0. 300 m of stroke a landing load factor of 1.85 g's has been

calculated.

Elevon Loads for Trimming High Drag Configurations - Since the LR-99 is

throttleable to only 132.6 kN, scramjets produce40,03 kNof thrust and the drag
of the baseline vehicle is 71,17 kN at cruise, approximately 101.4 kN of addi-
tional drag must be developed by drag brakes to maintain a steady M = 6.0 cruise
portion of the flight., Assuming the drag brakes on the vertical fin can develop
this much drag, the elevon angle to trim at n = 1.0 is +15° (trailing edge down).
This elevon position at a q = 47. 9 kPa produces4l, 81 kNof elevon load (upward
acting) and -23900 Newton- meter of hinge moment (nose down). These are total

loads, for both sides. In the LR-105 with 12 LR-101 engine configurations, ap-
proximately 44, 48 kNof additional drag is required by the drag brakes.

Critical Load Conditions - Net vehicle loads, based on the vehicle configura-

tion and mission profile, were determained for application to the structural model.
Using these external loads and the structural model, NASTRAN static solutions
were obtained to define the internal axial loads, shear flows and stresses on the

airframe.

The magnitudes of these loads and stresses defined the critical load condi-
tions for each region of the airplane. At a given point in the structure, one condi-
tion may result in high axial loads and low shear flows, and another condition may
give the reverse. When the critical condition in this situation is not obvious by
inspection, the structure is analyzed for both conditions to determine the more

ecritical condition.
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A total of six load conditions were investigated; they included:

e B-522 gtaxi (with £0.25 g n, load factors)

e  Pull-up after B-52 launch, n, =2.5¢

e Negative load factor after launch, ny; = -1.0g
® Maneuver at maximum Mach, n, = 3.0g

° Descent, M = 3.0, n, = 2.5 g

® Two-wheel landing

For the Lockalloy design an additional condition corresponding to the time

in flight when the maximum temperature differentials exist was included 1n the

internal loads analysis.

Wing Critical Load Conditions - The external loads for each of the preceding

load conditions were determined and applied to the applicable structural model to

define the internal forces/stresses and deflections acting on the wing structure.

For the aluminum design, the most critical design condition for the wing
up;;er surface was the pull-up after B-52 launch condition. The corresponding
design condition for the wing lower surface was the negative n, subsonic flight
condition. A comparison of the wing load intensities for all of the load conditions
is shown in Table 2. This table presents the ultimate inplane loads for the upper

and lower surface panels at an inboard region in the vicinity of the rear beam.

Figures 20 and 21 display the wing surface load intensities on a spanwise
strip for the two critical design conditions. This strip is located adjacent to the
rear beam and spans from wing tip to root chord. The maximum compressive
load intensities (ny) for the upper surface occurs during the pull-up after launch
conditions, Figure 20, with loads approximately 19261 kN/m indicated at the

root chord.
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Table 2 - Comparison Wing Inplane Load
Intensities - Aluminum Design




“ator 7] [V
% -1GOL
2
> -80
Z :
- A 3
q & =
- 4160 ®
. 2
[+240- 3 E
Figure 20 - Wing Spanwise Load Intensities - Pullup
After B-52 Launch (Aluminum Design)
- |ULTIMATE LOADS
g 451 Ny
I LIy -
: [ (W
E OB TN
3 Ny Y
& A Xy
g 'IS" g‘_ o
O — ——
A =30 3% 7 |TOWER SURFACE] "
Ny 2
=45 S

Figure 21 - Wing Spanwise Load Intensities - Subsonic
Flight Negative One G (Aluminum Design)

35




Similarly, Figure 21 shows a maximum compressive load on the same
spanwise wing strip of approximately 3940 kN/m on the wing lower surface for

the negative n, subsonic flight condition.

The critical load conditions for the Lockalloy design are the pull-up after
launch and the maximum temperature gradient conditions. Generally, the wing
upper surface 1s designed by the loads during the pull-up condition, the exception
being those regions adjacent to the leading edge which are designed by the heat
sink requirement and the maximum temperature differential condition. For com-
parison purposes, Table 3 presents the upper and lower wing surface load intensi-
ties for the complete set of load conditions investigated for the Lockalloy design.
These loads exist on an inboard wing region adjacent to the rear beam and clearly

illustrate the critical design conditions.

More definitive maps of the wing load intensities are shown in Figures 22
and 23 for the critical design conditions for the Lockalloy design. Figure 22
depicts the ilpper and lower surface load intensities for the pull-up condition;
whereas, Figure 23 shows the lower surface load intensities for the maximum

temperature gradient condition.

A comparison of the upper ‘w1ng surface load intensities for the aluminum
and Lockalloy design is presented in Figure 24. This figure displays the varia-
tions in chordwise load (ny) and spanwise load (ny) intensities for the two designs
during the pull-up after launch load condition. The Lockalloy design has the highest
chordwise loads and conversely the aluminum design has the highest spanwise

loads.

Structural Analysis Models

Finite element structural analysis models were used for the evaluation of
the candidate structural design concepts. These models were coded in NASTRAN,
(Ref. 3) and used to provide the internal loads/stresses and displacements for the

stress analysis, and the stiffness matrices for the vibration and flutter analyses.
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Figure 24 - Wing Surface Load Intensities - Comparison

The structural model 1s presented in Figure 25 and includes some pertinent model

s1ze statistics and the external load conditions applied to the model.

Two basic airframes were modeled for this investigation, which were char-

acterized by their primary load carrying structural arrangement, and included:

@ An Aluminum airframe design which incorporates a frame supported

uniaxially stiffened fuselage shell with a spanwise stiffened wing, and

® A Lockalloy design consisting of a frame supported monocoque shell

with a wing constructed of unstiffened surface panels.

In addition to these basic airframe structural models, a detail sub-model of
a typical fuselage frame-to-shell juncture of the Lockalloy design was constructed

to evaluate the thermal stresses associated with the application of various material

candidates.
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® ALU!I\MNUM MODEL LOOKING DOWN

® LOCKALLOY MODEL Ok WING
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Figure 25 - NASTRAN Model

A summary table containing an annotated history of the NASTRAN runs con-

ducted using the structural models 1s shown in Table 4.

Modeling Technique - Both Aluminum and Lockalloy éeneral airframe struc-

tural models used the same grid system and coordinates with only the element
properties and materials being varied to reflect the specific airframe under
investigation. These three-dimensional structural models 1dealized the actual
fuselage and wing structure using the ridig-format elements defined for NASTRAN.
No attempt was made to include the strakes or vertical stabilizer in the basic
airframe models. In addition, the airplane midplane of symmetry was assumed

at the fuselage centerline, thus requiring only one-half of the airframe to be

modeled.

The wing planform grid for the model 1s shown in Figure 26, and includes

the grid and element identification numbers for the wing surface panels and
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