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FOREWORD 

This final report for the Integral Launch and Reentry Vehicle (ILRV) Study, conducted 

under Contract NAS9-9206 by Lockheed Missiles & Space Company under direction of 

the NASA Marshall Space Flight Center, is presented in three volumes. Volume I, 

Configuration Definition and Planning, contains results of the preliminary cost anal

yses, conceptual design, mission analyses, program planning, cost and schedule 

analyses, and sensitivity analyses, accomplished under Tasks 1 through 6. Volume II 

covers Task 7, Technology Identification; and Volume III contains results of the 

Special Studies conducted under Task 8. 

Principal LMSC task leaders and contributors in performance of this study include: 

Systems Integration T. E. Wedge Primary Engines A. J. Hief 

System Synthesis ~J. E. Torrillo Propulsion L. L. Morgan 

Mission An.alysis D.W. Fellenz Integrated Avionics J.J. Herman 

Design G. Havrisik Safety J. A. Donnelly 

Cost J. Dippel Structures P. P. Plank 

Schedule W. James Thermodynamics F. L. Guard 

Test R. W. Benninger Aerodynamics C. F. Ehrlich 

Operations K. Urbach Weights A.P. Tilley 

The three volumes are organized as follows: 

Volume I - Configuration Definition and Planning 

Section 

1 Introduction and Summary 

2 System Requirements 

3 Configuration Summary 

4 Vehicle Design 

5 Performance and Flight Mechanics 

6 Aerodynamics 

7 Aerothermodynamics 

8 Structures and Materials 

9 Propulsion 

iii PRECEDING PAGE BLANK NOT FlLMED. 
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Appendix A Drawings 

Appendix B Supplemental Weight Statement 

10 Avionics 

11 Crew Systems 

12 Environmental Control System 

13 Reliability and Maintain.ability 

14 System Safety 

15 Operations 

16 Test and Production 

17 Cost and Schedules 

Volume II - Technology Identification 

Section 

1 Introduction and SUID.ml ry 

2 Propulsion System Technology 

3 Aerodynamics Technology 

4 Aerothermodynamics Technology 

5 Structures Technology 

6 Avionics Technology 

7 Bioastronautics Technology 

8 Technology Development Program 

Volume III - Special Studies 

Section 

1 Introduction 

2 Propulsion System Studies 

3 Reentry Heating and Thermal Protection 

Appendix A Rocket Engine Criteria for a Reusable Space 
Transport System 

4 Integrated Electronics System 

5 Special Subsonic Flight Operations 

Appendix B Summary of Electronics Component Technology (1972) 

Appendix C Requirements Defi'mition Example (Propulsion) 

Appendix D Application of BITE to Onboard Checkout " 
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INTRODUCTION AND SUMMARY 
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The Integral Launch and Reentry Vehicle Study was initiated by LMSC in March 1969, 

under direction of the Marshall Space Flight Center. The general objectives of the 

study were to assess technical feasibility, performance, and cost for development of 

reusable earth-orbital transportation systems that provide potential for an order of 

magnitude reduction in operating costs. A specific objective was to define baseline 

Space Shuttle configurations to perform the crew and passenger and logistics trans

port mission to support the large NASA Space Stations planned in the late 1970s and 

1980s. The Space Shuttle, as presently conceived, is a versatile multim.ission 

vehicle system, based entirely 011 advanced liquid hydrogen and oxygen propulsion, 

with the capability of delivering 50,000 pounds to the nominal Space Station orbit at 

.270 nm and 55 degree inclination and returning to earth intact. The recommended 

vehicle design approach calls for a blend of advanced rocket and aircraft development 

techniques in a fully reusable Two-Stage configuration, consisting of an orbiter space

craft and a flyback booster. Operations and facilities concepts provide for economi

cal use at the high traffic rates forecast for routine common-carrier modes of space 

cargo and passenger flights in the decade of NASA and OOD space programs follow

ing IOC. 

Significant aspects of the total system evaluation addressed in this final report in

clude technical feasibility of the primary structural and propulsion concepts and 

technology requirements to achieve these developments; total payload performance 

for the nominal Space Station logistics mission; flexibility in performance and cross 

range to accommodate alternate missions; and the RDT &E and recurring operational 

costs. 

Of the alternative approaches to design and development of a reusable Space Shuttle 

system investigated, several are not reflected in the baseline configurations. These 

alternatives and the rationale supporting various contractor ~d NASA decisions that 
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successively narrowed the range of alternatives are traced in Volume I, Section 3.4. 

Two prominent configurations investigated initially in the study are the Stage-and

One-Half/Star Clipper and the pure Triamese, each adhering to the preliminary study 

requirements for a 25, OOO-pound payload carried in a 3000-cubic foot cargo bay. 

Both concepts represent an orbiter development approach that could achieve the de

sired mission capability without relying on parallel development of a separate flyback 

booster, and both inherently require propellant crossfeed for full utility of all main 

propulsion engines at liftoff. The Stage-and-One-Half concept was conceived to 

achieve this objective through use of low-cost drop tanks and carrying all primary 

engines to orbit. The pure Triamese concept embodies a high degree of structural 

and propulsion commonality so that the orbiter and booster functions could be perform~d 

intercbangably by any element of the system. One concept is for a fully reusable 

vehicle; and the other, a partially reusable vehicle, with the principal cost elements 

concentrated in the orbiter. 

Early in the study, new requirements forced system growth to a 50 f OOO-pound pay

load, accommodated in 10, OOO-cubic foot bay. This typically increased the liftoff 

gross weight of candidate configurations by 70 percent. At this stage in developnlent 

of these concepts, essentially no significant differences in total development and 

operational costs were identified; and another alternative, the Two-stage fully re

usable concept, with either parallel or tandem burning of the primary propulsion 

systems was introduced into the comparisons. 

The remainder of the study revolved around resolution of key configuration sizing and 

evaluation discriminators as issues for evaluation and selection of the recommended 

baseline configurations. One such key issue was the drop tanks in the Stage-and-One

Ha.lf concept, eliminated by NASA to accommodate requirements for full reusability, 

omnidirectional launch capability and in consideration of the cost and inconvenience 

associated with drop-tank impact and disposal at the increased launch rates contem-

plated for joint NASA and DOD use of the shuttle. This step left only the pure 

Triamese concept dependent on propellant crossfeed for technical feasibility and 

achievement of its development objectives. One aspect of the pure Triamese concept 

is that the orbiter is required to carry variable-geometry wings in order to fulfill 
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the booster cruir:'e-back function when it is used in booster application. The delta 

planform lifting body orbiter configuration applied in this study has inherently a 

sufficient subsonic L/D to accomplish approach and landing, and this proved to be a 

strong motivation In departing from the concept of rigorous commonality in the 

Triamese. Indications were apparent in LMSC trade studies that the doctrine of 

forced commonality between orbiter and booster elements could not be maintained and 

yet provide a competitive system gross weight. Vehicle sizing. and optimization 

studies indicated cascading weight penalties for carrying elements for performing 

orbital and reentry functions in the booster and for carrying elements for performing 

cruise-back functions in the orbiter. Thus, the doctrine of forced commonality in 

structure and propulsion was abandoned and the need for crossfeed put in doubt. Only 

the dissimilar Triamese was carried forward into the final baseline configurations 

offered in this report. This configuration is essentially a Two-stage fully reusable 

system, in which the booster is divided into two elements. 

The remaining key question of parallel burn with or without crossfeed involved both 

configuration and operational imp1i.cations. The weight savings provided by parallel 

burn with crossfeed over a pure tand·em-burn condition is less than 2 percent in lift

off weight if the structural costs for crossfeec1 are not considered. The estimate of 

the structural weight for providing crossfeed is approximately 2500 PQjmds for a typi

cal 3.5 x 106 lb liftoff weight configuration. Hence, the advantage of a parallel 

burn plus crossfeed configuration over a pure tandem-burn configuration is about 1 

percent, which is outweighed by the disadvantages in technical risk and complexity. 

Burning the orbiter engines at 10 percent thrust during boost withm.lt crossfeed re

sults in a 6 percent liftoff weight penalty, as compared to parallel burn with cross

feed. If the engines are initially burned at 100 percent thrust, the penalty is 10 per

cent. These penalties result from the necessity of providing the extra propellant 

storage in the weight-sensitive upper stage. These penalties are considered too 

high; therefore, operational Space Shuttle system should employ sequential burning 

of the stages. It is expected that there will be sufficient experience by the 1975 time 

period to warrant confidence in both on-orbit and during-boost starting of hydrogen/ 

oxygen propulsion systems. During the development period, it may be feasible to 
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design the system initially for a parallel burn. If the system is initially sized for thc 

sequential-burn condition, it can be flown at reduced payload in a parallel-burn con

dition during development and, after propulsion system experience and confidence 

are obtained, switched to the sequential burn :mode with full payload capability. The 

recommended baseline configuration is a Two-Stage tandem-burn concept. 

Alternative prinlary propulsion systems were carried throughout the study. These 

were the bell-nozzle and aerospike nozzle engine configurations at engine sea-level 

thrust values between 400,000 and 1, 000,000 pounds. The shuttle concept that 

appeared to benefit most from the aerospike engine is the Stage-and-One-HalfJ in 

which all engines are burned from liftoff through orbit injection and the deep throttling 

capabilities and aititude compensation characteristics of the dual-throat aerospike 

are fully used. No clearly defined configuration installation and performance ad

vantages could be determined for the aerospike engine in the Two-Stage, tandem-burn 

vehicle configurations. 

Further discrilnination among alternatives concerns cross-range potential. Cross 

range may not be a requirement for initial operational capability of the system, 

although in the interest of developing a highly versatile shuttle systenl; a capability 

for growth to at least a 1500-nm cross-range capability would be a highly desirable 

feature of any design. If the initial configuration of the orbiter is properly chosen, 

it can provide this capability by allOWing for an increase in heat shield size and weight. 

The payload difference be:ween a zero cross-range condition and 1500-nm Cross

range condition is expected to be 10,000 pounds or less. The delta planform lifting 

body provides an additional attractive approach to the flight testing of the thermal 

protection system. Since the vehicle trims and is stable hypersonically through a 

wide range of angles of attack, the initial reentry tests may be perforrned at angles 

of attack for 'L max, wh~re the peak tmnperature and the total heat are lowest. Then, 

as confidence in the thermal protection system is gained, the angle of attack can be 

reduced toward LID max and gradually larger cross -range reentries performed. 

The most significallt issue in the final assessment of shuttle configurations is that of 

liftoff gross weight, which essentially is a measure of performance effectiveness, the 
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flight hardware inert weight, and the facilities and total program cost. Feasibility of 

the total system concept and the development planning, reflect significantly the im

pact of liftoff gross weight. The baseline Two-Stage configuration reported herein is 

sized to accommodate the nominal Space Station logistic mission with the full com

plement of reserves and contingencies embodied in the guidelines and with powered 

go-around for the orbiter landing mode. Analysis of inert weight growth sensitivity 

of the conceptual design based on historical trends in development of spacecraft from 

concept definition phase to opera.tion indicates that the reserves and contingencies 

can accommodate mission requirements in an evolutionary development approach. 

A significant contributor to launch system size and weight is the requirement that 

leads to selection of a jet engine system for powered go-around, since engines plus 

fuel must go to orbit and back. Development risk for the total program involves 

assessment of the dispersions anticipated due to weight growth in context with utiliza

tion of all contingencies and reserves, and with planned adjustments in requirements 

as the development program proceeds. This aspect is discussed definitively in 

Volume I, Section 3.3, which shows that a projected weight-growth penalty of 19,000 

pounds in payload can be offset by eventual elimination of powered go-around in the 

operational phase or alternatively by reduction of flight performance reserves. 

With the recommended Two-Stage baseline configuration, a suggested concept is a 

planned minimum capability of 25,000 pounds at IOC for the nominal Space Station 

logistic mission, with identifiable growth potential to 50, 000 pounds as performance 

reserves and contingenCies are committed. and as operational experience justifies 

elimination of some of the more costly options and requirements. 
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Section 2 

SYSTEM REQUffiEMENTS 
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The requirements defined here form a basis for conceptual design of the ILRV base-

line vehicles and support equipment. These requirements are consistent with de-

sired characteristics defined by NASA in June 1969, and the conceptual design ap

proaches presented in this report have been sized to meet all of these desired char

acteristics. The status of alternate requirements and design approaches is presented 

in Section 3.4, Alternate Configuration Approaches. Requirements for which future 

designs may deviate from the baselines are also identified parenthetically in this section . 

2.1 MISSION TYPES 

The vehicle is to be operationally flexible and capable of accepting a large variety of 

payloads, either cargo only or including passengers or miSSion-peculiar personnel, to 

accomplish the following mission types: 

• Space Station/Base logistics 

• Placement and retrieval of unmanned satellites 

• Delivery of propulsion stages and payloads 

• Delivery of propellants 

• Experiment module/satellite service and maintenance 

• Short-duration orbital mission 

2.2 ASCENT REFEHENCE ORBIT 

Inj ection into the ascent reference orbit is not required, but performance beyond this 

orbit is definition of on-orbit delta velocity. Following are the particulars: 

2-1 
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Perigee altitude: 

Apogee altitude: 

Inclination: 

45 nm 

100 nm 

55 deg 

LMSC-A!)5!H~:l7 

Vol 1 

Note: Ascent flight performance reserve of 3/4 of 1 percent of ascent ideal 

velocity. 

2.3 ON-ORBIT DELTA VELOCITY 

There will be an on-orbit delta velocity of 2000 ft/sec, including both main propulsion 

system and the translational capability of the H2/02 reaction control system (RCS). 

Propellants for on-orbit use will be stored partially in the main propulsion tanks and 

partially in extended-time storage tanks (up to 30 days), according to the following 

tabulation, which also shows a typical Space Station logistics mission t:l.V breakdown: 

• With main tank propellants: 

C3rcularize at 100 nm 

Transfer into 260-nm phasing orbit 

Launch dispersion plane change 

Total 

• With extended-time stored propellants: 

Terminal rendezvous, docking, and 
undocking (RCS) 

Deorbit 

C ontingenc ies 

Total 

On -orbit totaJ 

100 ft/sec 

558 

200 

858 ft/sec 

142 ft/sec 

500 

500 

1142 ft/sec 

2000 ft/sec 

Note: For sizing purposes, it is to be assumed that only 142 ft/sec is to be used 
at the lower I of the RCS. sp 
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2.4 CREW SIZE AND ACCOMMODATIONS 

LMSC-A959837 
Vol I 

• Basic two-man crew with systems designed to be operable by one man in an 
emergency 

• Crew cabin sized for an additional two men for mission-peculiar functions, 
with space for installation of mission-peculiar modular console (alternate 
approaches with two-man cabin to be studied further) 

• ECS sized for four men total but expendables of baseline vehicles for the 
two-man crew only; additional expendables to be deducted from payload on 
missions with additi()nal personnel (not applicable to two-man cabin 
alternati ves) 

• Landing visibility comparable to that of high-performance aircraft 

• Shirtsleeve envir?nment wi!h 10 psi total pressure, 2. 7 psia .02 parti.al 
pressure, 7.3 pSla N2 partlal pressure (These values are ILRV reqUIre
ments; compatibility with Space Station/Base atmosphere is to be pro
vided, but effects of possible increased pressure is not included in ILRV 
baseline sizing. ) 

2.5 MISSION DURATION 

• Seven days self.-sustaining an orbit 

• Up to 30 days capability, with additional expendables provided from payload 
allocation 

2. 6 PA YLOAD BAY 

• Bay sized to contain two alternate payload sizes: 

15-ft diameter, 60-ft long 

22-ft diameter, 30-ft long 

2.7 RETURN CROSS RANGE 

• Aerodyna.:wic configuration adequate to meet DOD reqUirements 

• Heat shield sizing to be based on 400-nm cross range 

• Vehicle to be capable of :reentry in high angle of attack, low L/D.mode, 
with reduced cross range to provide more predictable (laminar) peak heating 
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2.8 MAXIMUM ACCELERATION 
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• Astl":~nt: 3 g (eye balls in) with passengers, 4 g with crew only 

• Reentry: 2 g (may be eyeballs down or out) * 

2.9 DESIGN CONTINGENCY 

• Ten-percent of all dry weights design contingency allowed 

2.10 DOCKING CAPABILITY 

• Piloted hard docking to Space Station/Base 

• Full automatic hard docking 

• Undocked stationkeeping within 10 feet 

• Shuttle-to-shuttle hard docking 

2.11 GUIDANCE AND CONTROL 

• Autono.mous capability 

• Restrictions to vehicle attitude of limited duration permissible for use of 
G&N sensors; otherwise no on-orbit attitude restriction 

• One degree/sec
2 

rotational acceleration, all axes 

• One ft/sec
2 

translational acceleration, all axes 

2.12 PASSENGER/CARGO ACCOMMODATION 

• Payload bay of basic vehicle to be designed to accommodate payload systems 
for either all-cargo or cargo-pIus-passenger module for up to 50 people 

• Design to allow for shirtsleeve transfer of crew and passengers to and from 
Space Station or Space Base 

• Limited cargo transfer through personnel transfer hatches 

• Larg'e cargo transfer normally without EVA (Suited IVA in evacuated area 
is permissible in normal mode.) 

*Normal reentry will have peak of about 1. 5 g, but some minimum range trajectories 
could exceed 2 g unless restricted. Penalty for restriction is small, and 2 g is reason
able maximum value for eyeballs down or eyeballs out. 
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2.13 RELIABILITY AND SAFETY 
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Adequate redundancy will be provided so that all subsys terns fail operational with the 

failure of any critical component and fail 'safe with any second failure. Electronic 

systems should be designed for fail ·operational, with failure of two components pro

viding any critical function and fail safe with a third failure. ("Fail operational" 

implies that mission capability remains after the failure; "fail safe" implies no ef

fects of the failure lead to los s of life or equipment. ) 

Additional safety features include the following: 

• Intact abort for operational vehicles 

Primary abort mode through orbit 

Return-to-base alternate mode for early portion of ascent 

Multiple-engine design with zero deadband for single-engine-out 
condition (any engine) 
Propellant expulsion to achieve landing weight by operation of 
remaining engines 

• Highly reliable automatic landing system. v,lith zero-zero capability 

• One time go-around capability for all landings for both booster and 
orbiter (alternates without go-around to be considered in future designs) 

• Vehicle and launch site facilities for Ji'apid, safe crew and passenger 
egress in case of prelaunch abort 

• Basic vehicle to provide systems for crew egress after landing without 
ground system support and to accommodate payload system for safe 
passenger egress 

2. 14 PROPULSION REQIDREMENTS 

• Bell-type, high Pc' hydrogen/oxygen primary engines with approximately 
400,000 pounds of sea level thrust; minor resizing only to be needed if 
400, 000 pounds is chosen as engine specification level 

• Three primary orbiter engines 

• Sequential burn; orbiter engines started at staging 

• Hydrogen/oxygen reaction control system 

• Airbreathing engines fueled with JP-4 (alternate use of hydrogen-fueled 
airbreather to be further studied) 
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Section 3 

CONFIGURATION SUMMARY 

LMSC-A959837 
Vol I 

Summarized in this section are baseline configuration data and evaluations and then 

alternate approaches. 

3.1 TWO-STAGE CONFIGURATION DATA 

Presented first are data on the 50, OOO-pound payload vehicle, then data on the 

25, OOO-pound payload vehicle, in the following sequence: 

• Design Summary and Geometry 

• Propulsion/Performance Characteristics 

• Vehicle Velocity Requirements 

• Weight Summary 

• Longitudinal Centroids (50 K case only) 

3-1 

LOCKHEED MISSILES & SPACE COMPANY 



DESIGN SUMMARY AND GEOMETRY (TWO-STAGE 50.-K VEHICLE) 

Overall length (nose to fixed engine exit) (ft) 

Overall length (nose to wing or fin tip) 

Maximum span (ft) 

Maximum body width (ft) 

Maximum body height (ft) 
3 

Body volume - total (ft ) 
3 

- propellant (ft ) 
2 

Body planform area (ft ) 
2 

Body wetted area (ft ) 

Nose radius (ft) 
. 2 

Theo wIng area (ft ) 

Leading-edge sweep (deg) 

Wing airfoil section 

Vertical tail area (two fins) (ft2) 
2 

Elevon area (ft ) 

Tail rollout angle (deg) 

Entry wing loading (psf) 

Hypersonic LID (trimmed) 

Subsonic LID (trimmed) max 

*Includes lower body surface blanketed by wing 
** Aerodynamic reference areas 
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Booster 

220. 

237 

20.0. 

35 

38 

140.,0.0.0. 

99,843 

14,740. 

17,850.* 

3.0. 

12,0.0.0.** 

51. 5 

64-0.0.6 

3,10.0. 

1,80.0. 

35 

34 

0..57 at 60.°a 

7.5 
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Orbiter 

160. 

179.5 

10.1 

70. 

27 

30.,20.0. 

5,720.** 

15,0.0.0. 

3.0. 

78 

1,540. 

1,350. 

30. 

46.4 

2 at 15 0 a 

4.66 
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PROPULSION/PERFORMANCE CHARACTERISTICS (TWO-STAGE 50-K VEHICLE) 

Propellant/mixture ratio 

Expansion ratio sea level vacuum 

SpeCific impulse SL/vac (sec) 

Propellant fraction 

Ideal L\ V (fps) 

Mass ratio 

Rocket engines 

Thrust - sea level 

- vacuum 

Flyback engine sy,stem 

Number/type 

Maximum static SL thrust (lb) 

SFC (1/hour) 

Fuel (lb) 

Stage 1 

7:1 

35:1 SL 

387.8 SL/428.5 vac 

0.850 

13,612 

2.69 

13 at 416K (SL) 

5410K 

6000K 

4 turbofan 

135,000 

0.4.3 

35,000 
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Stage 2 

7:1 

35:1 SL and 150:1 vac 

378.8 SL and 454.2 vac 

0.763 

18,810 

3.64 

3 at 487K (vac) 

1460K 

4 turbofan 

87,000 

0.50 

5600 
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VEHICLE VELOCITY REQUIREMENTS (TWO-STAGE 50-K VEHICLE) 

*Ascent Ideal ( 45 nm) 55° 

Total 
(Subtotal) Stage 1 Orbiter 

-100 
, 

, 
30,J96 13,612 

Inertial orbit velocity 25,882 

Losses 

Drag -952 -931 -21 

Gravity (including potential -3797 -3616 -181 
energy) 

Back pressure -278 . ::~2 -26 

Thrust alignment! 

Maneuver 
-158 ~9 -149 

Earth rotation (gain) , :·:71 +871 -
(Equiv initial vel) 

Flight performance res 226 
(3/4% ~ V) 

Phasing 
\ 

Transfer 100 to 270 nm 
Circularize 
Rendezvous} 142 ft/sec 2 
Docking at 1 ft/sec 2,000 , 
Orbit maneuvers I 

Undocking 
Deorbit 
Orbit contingency ) 

Total ideal velocity 32,422 13,612 

*Based on vacuum performance, this includes orbit velocity plus potential 
energy gained plus losses minus earth rotation velocity vector. 
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WEIGHT SUMMARY (TWO-STAGE 50-K VEHICLE) 

Function or Condition 

Aerodynamic Surfaces 

Wing 

Fin 

Elevon 

Body Structure 

Shell and frames 

Shell, frames, and tank domes 

Base shield 

Thrust structure 

Pressurized compartment 

Induced Environment Protection 

Body 

Wing 

Fin 

Launch, Recovery, and Docking 

Launch gear 

Landing gear 

Docking structure 

Main Propulsion 

Liquid rocket engine 

Airbreathing engine 

Rocket fuel container 

.Rocket oxidizer container 

Rocket propellant systems 

Jet fuel container 

Jet propellant systems 
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Booster 

57,952 

67,160 

2,421 

13,404 

1;350 

18,741 

8,163 

15,000 

14,994 

58,720 

32,341 

11,990 

2,653 

455 

Orbiter 

4,601 

9,000 

41,930 

1,292 

2,849 

1,350 

30,618 

4,656 

5,000 

10,380 

500 

12,493 

20,806 

13,392 

10,647 

2,i37 

421 

433 
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WEIGHT SUMMARY (TWO-STAGE 50-K VEHICLE) (Continued) 

Function or Condition Booster Orbiter 

Orientation Controls, Separation and Ullage 4,387 2,059 

Prime Power Source 447 1,026 

Power Conversion and Distribution 8,563 4,082 

Guidance and Navigation 842 842 

Instrumentation 200 200 

Communication 141 141 

Environmental Control 1,181 1,231 

Personnel Provisions 636 636 

Crew Station Controls and Panels 612 612 

Range Safety and Abort 200 200 

Contingency 32,255 18,383 

Dry Weight 354,808 202,217 

Personnel 514 674 

Cargo - 50,000 

Residual/reserve propellants and 19,515 6,610 
reactants 

ECS and prime power reactants 427 1,310 

Reaction control propellants 2,000 6,320 

Jet engine propellants 35,076 5,567 

Rocket engine propellants 2,344,297 705,571 

Launch Weight 2,756,637 978,269 

Less main propulsion propellants -2,344,297 -

Stage Burnout Weight - -
- Less main propulsion propellants -669,507 -
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WEIGHT SUMMARY {TWO-STAGE 50-K VEHICLE) (Continued) 

Function or Condition Bo('ster Orbiter . 
Booster/Orbiter Burnout Weight 412,340 308,762 

Less ECS and prime power reactants, -127 -485 

reaction control propellants, and -2,000 -6,320 

orbit and retro propellants - -36,064 

Entry Weight 410,213 265,893 

Less prime power reactants and -300 -825 

jet e.ngine propellants -35,076 -5,567 

Landing Weight 374,837 259,501 
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LONGITUDINAL CENTROIDS (TWO-STAGE 50K VEHICLE) 

LMSC-AH59H:~7 

Vol I 

All centroids are given in terms of feet and percentage of reference length. The 

reference length has its origin at the apex of the body sweep angle and ends at tho 

base shield. The launch vehicle combined CG is given in the booster reference axis 

system. 

Sta (ft) % Ref L 

Launch Vehicle at Ignition 97 44.0 

Launch Vehicle at Burnout 150 68.0 

Booster at Entry (Ref.J.J = 220 ft) 163 74.0 

Booster at Landing 160 72.0 

Orbiter at Ignition (Ref L = 164 ft) 115 70.2 

Orbiter On-Orbit 120 73.0 

Orbiter at Entry (50,000 Ib payload) 121 73.5 

Orbiter at Landing 121 73.5 

Orbiter at Entry (no payload) 123 75.0 
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DESIGN SUMMARY AND GEOMETRY (TWO-STAGE 25-K VEHICLE) 

Booster 

Overall length (nose to fixed engine exit) (ft) 211 

Overall length (nose to wing of fin tip) (ft) 231 

Maximum span (ft) 

Maximum body width (ft) 35 

Maximum body height (ft) 38 
3 Body volume - total (ft ) 

3 - propellant (ft ) 81,000 
2 

Body planform area (ft ) 

Nose radius (ft) 3.0 

Theo wing area (ft2) 10,914* 

Leading-edge sweep (deg) 51.5 

Wing airfoil section 64-006 

Vertical tail area (two fins) (ft2) 

Tail rollout angle (deg) 35 

Entry wing loading (psf) 

Hypersonic Lin (trimmed) 0 
0.57 at 60 a 

Subsonic LID (trimmed) max 7.5 

* Aerodynamic reference areas 
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154 

173 

100 

60 

24 

22,800 

5,050* 

3.0 

78 

1,370 

30 

41. 0 

2 at 150 a 

4.66 
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PROPULSION/PERFORMANCE CHARACTERISTICS (TWO-STAGE 25-K VEHICLE) 

Propellant/mixture ratio 

Expansion ratio sea level vacuum 

Specific impulse SL/vac (sec) 

Propellant fraction 

Ideal V (fps) 

Mass ratio 

Rocket engines 

Thrust - sea level 

- vacuum 

Flyback engine sy stem 

Number / type 

Maximum static SL thrust (lb) 

SFC (l/hour) 

Fuel (lb) 

Stage 1 

7:1 

35:1 SL 

387.8 SL/428.5 vac 

0.841 

13,671 

2.70 

11 at 399K (SL) 

4390K 

4860K 

4 turbofan 

118,000 

0.43 

31,000 
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Stage 2 

7:1 

35:1 SL and 150:1 vac 

378.4 SL and 454.2 vac 

0.745 

18,589 

3.58 

3 at 467K (vac) 

1400K 

4 turbofan 

68,000 

0.50 

4400 

LOCKHEED MISSILES Be SPACE COMPANY 

_ i 
, I 

i 

.J 

J 
"1 

... 

] 

] 

] 

] 

] 

"J 

~J 

] 

.', ~ I 
I , 
f 



E::i 
.~ LMSC-A959837 

Vol I 

VEHICLE VELOCITY REQUIREMENTS (TWO-STAGE 25-K VEHICLE) 

Total 
(Subtotal) Stage 1 Orbiter 

* Ascent Ideal 100 nm , 550 

30,034 13,671 , 
'a. 

Inertial orbit velocity 25,882 

Losses 

Drag -951 . -931 -20 

Gravity (including potential -3689 -3538 -121 
energy) 

Back pressure -274 -250 -24 

Thrust alignment I " 

Maneuver 
-109 -9 -100 

Earth rotation (gain) +871 +871 -
(Equiv initial vel) 

Flight performance res 226 
(3/4% L\V) 

Phasing 
, 

Transfer 100 to 270 nm 
Circularize 

. RendeZVOUS} 142 ft/sec 2 
Docking at ~ 1 ft/sec > 2,000 
Orbit maneuvers 
Undocking 

~" 

'. 

Deorbit 
Orbit contingency ) 

Total ideal velocity 32,260 13,671 

*Based on vacuum performance, this includes orbit velocity plus potential 
energy gained plus losses minus earth rotation velocity vector. 
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WEIGHT SUMMARY (TWO-STAGE 25-K VEHICLE) 

Function or Condition Booster Orbiter 

Aerodynamic Surfaces 

Wing 54 244 -, 
Fin - 4,058 

Elevon - 7,940 

Body Structure 

Shell and frames - 36,776 

Shell, frames, and tank domes 57,760 -
Base shield 2,121 1,142 

Thrust structure 10,876 2,906 

Pressurized compartment 1,350 1,350 

Induced Environment Protection 

Body 16,420 27,150 

Wing 7,640 -
Fin 4,108 

Launch, Recovery, and Docking 

Launch gear 15,000 5,000 

Landing gear 13,127 8,295 

Docking structure - 500 

Main Propulsion 

Liquid rocket engine 47,993 13,192 

Airbreathing engine 28,298 16,152 

Rocket fuel container - 10,414 

Rocket oxidizer container - 8,278 

Rocket propellant systems 9,568 2,547 

Jet fuel container 2,347 328 

Jet propellant systems 455 433 

3-12 

LOCKHEED MISSILES & SPACE COMPANY 

LMSC-A9598:~7 

Vol I 

Stage 

J 
~J 

] 

] 

~] 

] 

I 
r 



I 
I H 
, 11 

I 
I 
I [. i 
, f 

I :. : 
r , 
t "'. 

I t, ~ 
(, i 

I I l 
;' ! 

I I' .{ 

1~ ~ 

'<'.I 

I I· ·r 
if J 

I !- .~ 

'. !; 

I i' } . , 
I " 

I ' 1 

, 1 

I .' ': t .oj 

~ ~ 

I 
I ' ,! 
; : 

f ~ I i: 

6 ,'~ 
, :,~ 

r~ 
tJ "Ii 

WEIGHT SUMMARY (TWO-STAGE 25-K VEHICLE) ,(Continued) 

Function or Condition Booster Orbiter 

Orientation Controls, Separation and ullage 3,684 1,640 

Prime Power Source 447 1,026 

Power Conversion and Distribution 7,346 3,506 

Guidance and Navigation 842 842 

Instrumentation 200 200 

Communication 141 141 

Environmental Control 1,088 1,166 

Personnel Provisions 636 636 

Crew Station Controls and Panels 612 612 
" 

Range Safety and Abort 200 200 

Contingency 28,240 16,054 

Dry Weight 310,635 176,592 

Personnel 514 576 

Cargo - 25,000 

Residual/ reserve propellants and 16,975 5,264 
reactants 

EC S and prime power reactants 427 1,304 

Reaction control propellants 2,000 5,205 

Jet engine propellants 31,039 4,341 

Rocket engine propellants 1,924,126 553,709 

Launch Weight 2,285,716 771,991 

Less main propulsion propellants -1,924,126 -
Stage Burnout Weight - -

Less 'main propulsion propellants - -524,873 
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WEIGHT SUMMARY (TWO-STAGE 25-K VEHICLE) (Continued) 

Function or Condition Booster Orbiter 

Booster/Orbiter Burnout Weight 361,652 247,118 

Less ECS and prime power reactants, -127 -479 

reaction control propellants, and -2,000 -5,205 

orbit and retro propellants - -28,836 

Entry Weight 359,525 212,598 

Less Prime power reactants and -300 -825 

jet engine propellants -31,039 -4,341 

Landing Weight 328,186 207,432 
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3.2 DISSIMILAR 11RIAMESE DATA 

DESIGN SUMMARY AND GEOMETRY (TRIAMESE 50K VEHICLE) 

Overall length (nose to fixed engine exit) (ft) 

Overalliengtla (nose to fin or wing tip) 

Maximum span (ft) 

Maximum body width (ft) 

Maximum body height (ft) 

Body volume - total (ft3) 

- propeUant (ft
3

) 
2 

Body planform area (ft ) 
. 2 

Body we tted area (ft ) 

Nose radius (ft) 

Theo wing area (ft2) 

Leading edge sweep (deg) 

Wing Airfoil section 

Vertical tail area (two fins) (ft2) 

Tail rollout angle (deg) 

Entry wing loading (psf) 

Hypersonic LID (trimmed) 

Subsonic LID max (trimmed) 

*Includes lower body surface blanketed by wing 
**Aerodynamic reference areas 
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Booster 

182.5 

200 

178 

29 

32 

108,600 

59,000 

5,000 

14,200* 

3.0 

9,160** 

51. 5 

64-006 

2,010 

35 

32 

0.5 at 600 a 

7.5 

LOCKHEED MISSILES Be SPACE COMPANY 

Vol I 

~, .. 

Orbiter 

160 

179.5 

101 

70 

27 

30,200 

5,720** 

15,100 

3.0 

78 

1,540 

30 

46.4 

2 at 150
a 

,4.66 
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PROPULSION/PERFORMANCE CHARACTERISTICS (TRIAMESE 50K VEHICLE) 

Propellant/mixture ratio 

Expansion ratio SL/vac 

Specific impulse SL/vac (sec) 

Propellant fraction 

Ideal i\ V (fps) 

Mass ratio 

Rocket engines 

Thrust - sea level 

-vacuum 

Flyback engine system 

Number /type 

Maximum static SL thrust (lb) 

SFC (l/hour) 

Fuel (lb) 

Stage 1 

7:1 

35:1 SL 

387.8 SL and 428.5 vac 

0.826 

14,029 

2.77 

8 at 394 K (SL) 

3,480 K (ea module) 

3,480 K (ea module) 

4 turbofan 

96,000 

0.43 

26,000 ea 
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Stage 2 

7:1 

35:1 SL and 150:1 vac 

378.8 SL and 454.2 vac 

0.763 

18,843 

3.64 

3 at 460 K (vac) 

1,380 K 

4 turbofan 

87,000 

0.50 

5,600 
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VEHICLE VELOCITY REQUffiE:MENTS (TRIAMESE' 50K VEHICLE) 

( 45 ) 0 *Ascent Ideal ioo nm , 55 

Inertial orbit velocity 

Losses 

Drag 

"al Gravity (including potentI 
energy) 

Back pressure 

Thrust alignment 1 
Maneuver 

Earth rotation (gain) 
(Equiv initial velocity) 

Flight performance 
(3/4% L\V) 

Phasing 
Transfer 100 to 270 nm 
C irc ularize 
Rende. zvous } 142 ft/sec .2 
Docking at ~ 1 ft/ sec 
Orbit maneuvers 
Undocking 
Deorbit 
Orbit contingency 

Total ideal velocity 

, 

> 
I 

J 

Total 
(Subtotal) 

30,643 

25,882 

-1238 

-40'02 

-264 

-127 

i871 

229 

2,000 

32,872 

Stage 1 

14,029 

-1230 

-3774 

-264 

-3 

i871 

14,029 

LMSC-A959837 
Vol I 

Orbiter 

16,614 

-8 

-228 

-0 

-124 

-

229 

2,000 

18,843 

*Based on vacuum performance, this includes orbit velocity plus potentia~ energy 
gained plus losses minus earth rotation velocity vector. 
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WEIGHT SUMMARY (TRIAMESE 50K VEHICLE) 

LMSC-A959837 
Vol I 

~------.~'------------------------------r---------~-----------r------~ 
Function or Condition 

Aerodynamic Surfaces 

Wing 

Fin 

Elevon 

Body Structure 

Shell and Frames 

Shell, Frames, and Tank Domes 

Base Shield 

Thrust Structure 

Pressure Compartment 

Induced Environment Protection 

Body 

Wing 

Fin 

Launch, Recovery, and Docking 

Launch Gear 

Landing Gear 

Docking Structure 

Main Propulsion 

Liquid Rocket Engine 

Air Breathing Engine 

Rocket Fu.el Container 

Rocket Oxidizer Container 

Rocket Propellant Systems 

Jet Fuel Container 

Jet Propellant Systems 

Orientation Controls, Separation and Ullage 

Prime Power Source 

3-18 

Booster 

45,568 

53,502 

1,550 

7,789 

1,350 

14,929 

6,418 

9,000 

10,603 

34,045 

22,818 

6,705 

1,926 

455 

2,618 

447 

Orbiter 

4,601 

9,000 

41,930 

1,292 

2,862 

1,350 

30,618 

4,656 

4,741 

10,380 

500 

12,544 

20,806 

13,392 

10,647 

2,448 

421 

433 

2,059 

1,026 
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WEIGHT SUMMARY'(TRIAMESE 50K VEHIC LE) (Continued) 

. 
Function or Condition Booster 

. 
Power COI1~f.arsion and Distribution 5,743 

Guidance and Navigation 842 

Instrumentation 200 

Communication 141 

Environmental Control 962 

Personnel Provisions 636 

Crew Station Controls and Panels e12 

'Range Safety and Abort 200 

Contingency 22,906 

Dry Weight 251,965 

Personnel 514 

Cargo -
Residual/Reserve Propulsion and Reactants 12,587 

ECS and Prime Power Reactants 432 

Reaction Control Propellants 1,500 

Jet Engine Propellants 25,476 

Rocket Engine Propellants 1,386,199 

Launch Weight . 1,678,673 

Less Main Propulsion Propellants -1,386,199 

Stage Burnout Weight -
Less Main Propulsion Propellants -

Booster /Orbiter Burnout Weight 292,474 

Less ECS and Prime Power Reactants, -132 
Reaction Control Propellants, and -1,500 
Orbit and Retro Propellants -

Entry Weight 290,842 

Less Prime Power Reactants and -300 
Jet Engine Propellants -25,476 

Landing Weight 265,066 
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Orbiter St8:ge 

4,082 

842 

200 

141 

1,231 

636 

612 

200 

19,069 

202,719 

674 

50,000 

6,741 

1,310 

6,337 

5,580 

709,523 

982,884 4,340,230 

- -2,772,398 

- 1,567,832 

-673,372 

309,512 

-485 
-6,337 

-36,151 

266,539 

-825 
-5,580 

260,134 
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LONGITUDINAL CENTROIDS (TRlAMESE 50K VEHIC LE) 

LMSC-A959837 
Vol I 

All centroi.ds are given in terms of feet and percentage of reference length. The 

reference length has its ori.gin at the apex of the body sweep angle, as seen in the plan 

view and ends at the base shield. The launch vehicle combined cg is given in the , 

booster reference axis system. 

Sta. (ft) % Ref. L 

Launch Vehicle at Ignition 77 42.8 

Launch Vehicle at Burnout 125 69.3 

Booster at Entry (Ref L = 180') 129 71. 8 

Booster at Landing 127 70.5 

Orbiter at Ignition (Ref L = 164') 115 70.2 

Orbiter on Orbit 120 73.0 

Orbiter at Entry (50-K Payload) 121 73.5 

Orbiter at Landing 121 73.5 

Orbiter at Entry (No Payload) 123 75.0 
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DESIGN SUMMARY AND GEOMETRY (TRlAl\{ESE 25-K VEHICLE) 

Overall length (nose to fixed engine exit) (ft) 

Overall length (nose to wing or fin tips) (ft) 

Maximum span (ft) 

Maximum body width (ft) 

Maximum body height (ft) 

Body volume - total (ft
3

) 
3 

- propellant (ft ) 

Body planform area (ft2) 

Nose radius (ft) 

Theo wing area (ft2) 

Leading edge sweep (deg) 

Wing airfoil section 

Vertical tail area (two fins) (ft2) 

Tail rollout angle (deg) 

Entry wing loading (psf) 

Hypersonic LID (trimmed) 

Subsonic LID' (trimmed) max 

*Aerodynamic reference areas 

3-21 . 

Booster 

171 

191 

29 

32 

49,000 

3.0 

8,640* 

51. 5 

64-006 

35 

32 

0.5 at 600 a 
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Orbiter 

154 

173 

100· 

60 

24 

22,800 

5,050* 

3.0 

78 

1,370 

30 

41. 0 

2 at 150 a 

4.66 

... 
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PROPULSION/PERFORMANCE CHARACTERISTICS (TRIAMESE 25-K VEmCLE) 

Propellant/mixture ratio 

Expansion ratio SL/vac 

Specific impulse SL/vac (sec) 

Propellant fraction 

Ideal /\V (fps) 

Mass ratio 

Rocket engines 

Thru,st - sea level 

-vacuum 

Flyback engine system 

Number /type 

Maximum static SL thrust (lb) 

SFC (l/hour) 

Fuel (lb) 

Stage 1 

7:1 

35:1 SL 

378.8 SL and 428.5 vac 

0.814 

14,100 

2.78 

7 at 382 K (SL) 

2,670 K (ea module) 

2,870 K (ea module) 

4 turbofan 

86,000 

0.43 

23,000 ea 

3-22 

Stage 2 

7:1 

35:1 SL and 150:1 vac 

378.8 SL and 454.2 vac 

0.745 

18,624 

3.58 

3 at 447 K (vac) 

1,340 K 

4 turbofan 

68,000 

0.50 

4,400 
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VEHICLE VELOCITY REQUIREMENTS (TRIAMESE 25-K VEHICLE) 

*Ascent Ideal (1~~ j run • 5ff 

Inertial orbit velocity 

Losses 

Drag 

Gravity (including potential 
energy) 

Back pressure 

Thrust alignment 'j 
Maneuver 

Earth rotation (gain) 
(Equiv initial vel) 

Flight performance: res 
(3/4% ~V) 

Phasing 
Transfer 100 to 270 nm 
Circularize 
Rendezvous t 142 ft/sec 2 
Docking l at ~ 1 ft/ sec 
Orbit maneuvers 
Undocking 
Deorbit 
Orbit contingency 

Total ideal velocity 

Total 
(Subtotal) 

30',498 

25,882 

-1238 

-3887 

-263 

-99 

of871 

229 

2,000 

32,724 

Stage 1 

14,100 

-1236 

-3733 

-263 

-3 

+871 

14,100 

LMSC-A959837 
Vol I 

Orbiter 

, 16,395 

-2 

-154 

-0 

-96 

229 

2,000 

18,624 

*Based on vacuum performance, this includes orbit velocity plus potential energy 
gatned plus losses minus earth rotation velocity vector. 
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WEIGHT SUMMARY (TRIAMESE 25-K VEHICLE) 

Function or Condition 

Aerodynamic Surfaces 

Wing 

Fin 

Elevon 

Body Struc ture 

Shell and Frames 

Shell, Frames, and Tank Domes 

Base Shield 

Thrust Structure 

Pressurization Compartment 

Induced Environment Protection 

Body 

Wing 

Fin 

Launch, Recovery, and Docking 

Launch Gear 

Landing Gear 

Docking Structure 

Main Propulsion 

Liquid Rocket Engine 

Air Breathing Engine 

Rocket Fuel Container 

Rocket Oxidizer Container 

Rocket Propellant Systems 

Jet Fuel Container 

Jet Propellant Systems 

Orientation Controls, Separation and Ullage 

Prime Power Source 

3-24 

Booster 

42,920 

47,109 

1,375 

6,425 

. 1,350 

13,425 

6,045 

9,000 

9,454 

28,304 

20,460 

-
-

5,481 

1,611 

455 

2,265 

447 

Orbiter 

4,058 

7,940 

36,776 

-
1,142 

2,930 

1,350 

27,150 

4,108 

5,000 

8,308 

500 

13,242 

16,182 

10,452 

8,309 

2,552 

328 

433 

1,640 

1,026 
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WEIGHT SUM:MARY (TRIAMESE 25-K VEHICLE) (Continued) 

Function or Condition Booster 

Power Conversion and Distribution 5,044 

Guidance and Navigation 842 

Instrumentation 200 

Communication 141 

Environmental Control 904 

Personnel Provisions 636 

Crew Station Controls and Panels 612 

Range Safety and Abort 200 

Contingency 20,470 

Dry Weight 225,175 

Personnel 514 

Cargo 

Residual/Reserve Propulsion and Reactants 10,596 

ECS and Prime Power Reactants 432 

Reaction Control Propellants 1,500 

Jet Engine Propellants 23,021 

Rocket Engine Propellants 1,155,946 

Launch Weight 1,417,184 

Less Main Propulsion Propellants -1,155,946 

Stage Burnout Weight -
Less Main Propulsion Propellants -

Booster/Orbiter Burnout Weight 261,300 

Less ECS and Prime Power Reactants, -132 
Reaction Control Propellants, and -1,500 
Orbit and Retro Propellants 

Entry Weight 259,668 

Less Prime Power Reactants and -300 
Jet Engine Propellants -23,021 

Landing Weight 236,347 

3-25 

Orbiter 

3,506 

842 

200 

141 

1,166 

636 

612 

200 

16,083 

176,912 

576 

25,000 

5,282 

1,303 

5,214 

4,348 

555,730 

774,365 

-
-

526,860 

247,505 

-478 
-5,214 

-28,870 

212,943 

-825 
-4,348 

LMSC-A959837 
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Stage 

3,608,733 

-2,311,892 

1,296,965 

207,770 
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3.3 BASELINE CONFIGURATION EVALUATION 
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Vol I 

The spectrum of concepts and design points carried into this final configuration evalua

tion includes both the fully reusable Two-Stage and the Triamese concepts at both 

50, OOO-pound and 25, OOO-pound design payload. The comparative evaluation of the four 

baseline designs encompasses a basic technical and cost comparison and consideration 

of sensitivity and development risk. A plan is included in Section 3.3.3 for compensa

tion of weight growth by management of operational requirements, reserves and contin

gsncies. This evaluation demonstrates the superiority of the 50, OOO-pound payload 

Two-Stage approach over the other three baselines and verifies feasibility of this base

line design, even after cons?deration of projected weight growth. 

3.3. 1 Basic Technical and Cost Comparisons 

The Triamese system has only a small degree of commonality between the orbiter and 

the boosters. As discussed in Section 3.4.2, commonality in the structure subsystem 

was completely abandoned on the dissimilar Triamese in order to improve performance 

in a concept that promised smaller boosters than the optimized Two-Stage concept. 

3.3.1.1 Reliability, Crew Safety and Mission Success. The existence of a pair of 

boosters on Triamese increases complexity and introduces failure modes not existing 

on Two-Stage. Furthermore, the additional booster crew increases communications 

problems. The triple separation maneuver is inherently less reliable, since a pro

cedure with a given unreliability must be performed twice. In addition the probability 

of collision between the separated vehicles is increased. 

Both Triamese boosters contain a large number of redundant subsystems to satisfy the 

triple redundant fail-safe reliability requirement. 

Configuration synthesis is compromised by the need for simple load paths between the 

vehicles and the need for rapid removal of crews and passengers in the event of pad 
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abort. Also, sufficient clearance for crew ejection during R&D flights must be avail

able. The triple-stacked system provides for minimum weight, but a triangular cluster

ing could simplify the implementation of personnel safety requirements at the expense 

of structural efficiency. 

3.3.1. 2 Ground Handling. Triamese ground handling requires vertical asselubly and 

probably vertical transportation on a crawler, whereas the Two-Stage system can be 

mated horizontally and towed to the launch site on the first stage landing gear. 

3.3.1. 3 Responsiveness to DOD Needs. Both Triamese and Two-Stage are capable of 

omniazimuth launch without hardware fallout. Since the staging velocity of the dis

similar Triamese is very nearly the same as that ·of the Two-Stage, there is essentially 

no difference ~n terms of accommodation of a large payload bay or regarding the impact 

of return payload on reentry wing loading and heat shield requirements. 

3.3.1.4 Cost Comparison. The development costs and recurring costs per 1000 flights 

for Two-Stage and Triamese are tabulated below. 

2-Stage Triamese 
Payload LB 50-K 25-K 50-·K 25-K 

RDT&E M$ 5512 5340 5525 5224 

Recurring cost per 
M$ 1255 1145 1493 1356 1000 Flights 

As shown, the difference in development cost between the Two-Stage and the Triamese 

is within the noise level of the cost analysis. The primary advantage presumed for 

Triamese was to cut development cost by developing a small booster with extensive 

commonality with the orbiter. In dissimilar Triamese commonality in the structures 

was abandoned and only fractional commonality in other subsystems was retained. 

More Triamese vehicles have to be bought, and the flight test program would be more 

costly. In addition, it should be noted that the RDT&E term also pays for the initial 

operational capability. 
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A comparison of recurring costs and total program costs is given in Fig. 3-1 on the 

basis of a fixed cumulative payload of 50x106 Ib in 10 years. It is assumed that the 

learning experienced during the additional flights of the 25-K systems is compensated 

for by the additional vehicles that have to be purchased. On the basis of total transpor

tation cost, the 50-K Two-Stage system is clearly superior. 

3.3.2 Fixed Vehicle Sensitivities 

Triamese has an inherently larger structural fraction in the boosters than does the 

Two-Stage. The move to a dissimilar Triamese has improved this situation slightly. 

The following table contains the fixed design point sensitivities of Two-Stage and dis

similar Triamese. It can be seen that the Triamese is always slightly more sensitive 

than the Two-Stage. The sensitivities of the 25-K payload vehicles are about of the 

same magnitude as those of the 50-K vehicle, which indicates that, on a relative basis, 

the smaller system is considerably more sensitive. 

Two-Stage Dissimilar 
Triamese 

Payload ~tage LB 50-K 25-K 50-K 25-K 

aPID 1 lb/sec 720 569 845 690 

alsp 2 lb/sec 908 712 1065 870 

aPLD 1 lb/lb 0.065 0.062 0.067 0.064 , 

aWpROF 2 lb/lb 0.176 0.183 0.170 0.1'77 
,. 

aPID 1 lb/lb -0.151 -0.149 -0.153 -0.151 

aWINERT 2 lb/lb -1.0 -1. 0 -1. 0 -0.1 

3.3.3 Development Risk 

An attempt was made to assess the dispersion of total program costs resulting from 

weight growth and consequent payload reduction of the Space Shuttle system. Sub

sequently, the use of weight contingencies and reduction of requirements is discussed 

to suggest how design performance can be regained by adjustment of requirements. 

This exercise was performed with Phase A weights used to simulate a Phase C situation . 
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CUMULATIVE PAYLOAD: 50 x 10
6 

LB/lO YR 
3 

2.5 

1.5~ __ ~--------~~~--------~ 

1 

o 
5.5 6 

DEVELOPMENT COSTS (B$) 

TOTAL PROGRAM COSTS 
(B$) 

BOTTOM-UP COST 
ESTIMATE (59 K) : 

o TWO-8TAGE 
ll. TRIAMESE 

Fig. 3-1 Cost Comparison of Two-Stage and Dissimilar Triamese 
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3.3.3.1 Weight Growth. Weight growth historically occurs during all phases of vehicle 

design. The growth history is typically unpredictable until the acquisition phase is 

reached. During the conceptual and definition phases, the uncertainties regarding mis

sion requirements and system definition provide an oscillating trend in predicted weight, 

which has been frequently biased by competitive posture. During acquisition, 

weight growth occurs more predictably as requirements are firmed up, and flight 

hardware is defined. 

Statistically, weight growth seems to be related to complexity and design risk. Fig

ure 3-2 is a graph showing weight growth due to all causes dt.:ring acquisition of 19 

space vehicles representing three levels of sophistication. * Examples of typical candi

dates for each generation are first generation, Mercury or Apollo eM; second genera

tion, Gemini; third generation, LMSC Agena D. The graph shows average weight 

growths of 35 percent, 15 percent, and 6 percent for first, second, and third genera

tion designs. 

Weight growth predictions are complicated by the fact that they do not fit neatly into 

any ont:! generation. Although the Space Shuttle concept is clearly first generation, 

many elements pf structure and equipment are based on mature concepts and designs. 

Thus, to make an assessment of total vehicle potential growth, it was assumed that the 

statistical growth percentages developed for vehicles could be applied with reasonable 

accuracy at the subsystem level. 

An estimate of design maturity was made for each major system in the orbiter and 

booster, and growth factors from Fig. 3-2 were applied. Some systems might be split 

into two or more genera~~_. ~lS, thus some multiplying factors are weighted averages of 

the standard growth factors. The results, tabulated below, show an estimated growth 

of about 16 percent of the booster and 17 percent for the orbiter. Whether the tech

nique described above or the magnitude of the growth values are rigorously accurate 

*Excerpted from a presentation by Charles Pullen of the Aerospace Corporation at the 
proceedings of the Government Industry Session on Weight Growth at the 1966 Annual 
Conference of the Society of Aeronautical Weight Engineers. 
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is somewhat second~ry in this analysis. The major point to be recognized is tha.t 

weight growth is a historically substantiated condition with severity being dependent, 

in part, on complexity and technical risk. An assessment shows that most technologies 

to be applied are second generation at best; consequently, it is prudent to anticipate a 

weight growth in excess of that normally encountered in conventional aircraft design. 

. 
ESTIlVIATED BOOSTER WEIGHT GROWTH 

Item 

Wing 

Body Structure 

Environmental Protection 

Interstage Structure 

Landing Gear 

Rocket Engines 

Jet Engines and Nacelle 

Rocket Engine Systems 

Jet Engine Systems 

Orientation and Control 

Electronic Systems 

Environmental Control and Personnel Systems 

Power Systems 
'. 

Total Dry Weight 

ESTIlVIATED ORBITER WEIGHT GROWTH 

Item 

Aero Surfaces 

Body Structure 

Environmental Protection 

Interstage Structure/Docking 

3-32 

Percentage of 
Dry Weight 

18.0 

26.1 

8.3 

4.7 

4.6 

18.2 

10.0 

3.7 

1.0 

1.4 

0.6 

0.6 

2.8 

100.0 

Percentage of 
Dry Weight 

7.4 

25.8 

19.2 

3.0 

LOCKHEED MISSILES Be SPACE COMPANY 

Estimated 
Growth Factor 

1.15 

1. 20 

1.35 

1.15 

1. 06 

1.15 

1. 06 

1. 06 

1. 06 

1. 35 

1.15 

1. 06 

1. 06 

1.162 

·Estimated 
Growth Factor 

1.15 

1. 20 

1. 35 

1.15 
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ESTIMATED ORBITER WEIGHT GROWTH (Cont) 

Landing Gear 

Rocket Engines 

Item 

Jet Engines and Nacelle 

Rocket Engine Systems 

Jet Engine Systems 

Orientation and Control 

Electronic Systems 

Environmental Control and Personnel Systems 

Power Systems 

Total Dry Weight 

Percentage of 
Dry Weight 

5.6 

6.8 

11. 3 

14.4 

0.5 

1.1 

1.1 

1.0 

2.8 

100.0 

LMSC-A959837 
Vol I 

Estimated 
Growth Factor 

1. 06 

1.15 

1. 06 

1.10 

1. 06 

1. 35 

1.15 

1. 06 

1. 06 

1. 777 

3.3.3.2 Effect of Weight Growth on Progran~Cost. With a vehicle system presumed 

to be in the hardware stage, the effect of weight growth is payload reduction according 

to fixed design point sensitivities. The projected most likely weight growth based on 

historical trends is estimated at 17.7 percent for the orbiter and 16.2 percent for the 

booster(s) of both Two-Stage and Triamese. O1t of these percentages, 10 percent are 

covered by the design margin. The effect on program cost of any parameter (p) vari

ation that .t;l1pacts payload (PLD) is described as~ 

$ REC 
$ REC NOM 

1 
= - 1 

1 + 1 '~aPLD" 
PLDNOM"~ ap ,p 

The parameter p may stand for weight growth as well as for other requirements. 

Figure 3-3 shows the effects of the projected weight growth on recurring and total 

program costs associated with carrying 50 x 106 lb of cumulative payload into orbit 

in 10 years. It can be seen that the costs of a 25-K vehicle are unproportionately more 
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50 x 106 LB/10 YR 

PROJECTED DRY 
WEIGHT GROWTH: 

17. 7% FOR ORBITER 
16. 2% FOR BOOSTER 

2~ 5~ 

DESIGN PAYLOAD WT (LB) 

Fig. 3-3 Cost Effect of Weight Growth 
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affected than those of a 50-K vehicle for the same percentage weight growth. It can be 

argued that even this is an optimistic assumption for the smaller vehicle. The sensi

tivityof Triamese cost to weight growth is higher than for the Two-Stage. This effect 

is accentuated at the smaller vehicle size, at which program costs may almost be 

doubled as a result of weight growth. 

3.3.3.3 Requirements Reduction vs Weight Growth. The prospect of weight growth 

poses the question for a performance recovery plan. The present systems are sized 

for full go-around capability on landing, and they provide for 2000 fps beyond injection. 

Both requirements can be reduced and result in considerable payload growth, as shown 

in Fig. 3-4 for the 50-K Two-~age. Also entered is the latest set of requirements 

received from NASA. The re~luction of turbofan size and fuel from the go-around 
. . I 

condition to the 3-degree gliq,e slope case increases payload by 19,000 pounds; a veloc-

ity reduction of 500 fps increases payload by 10,000 pounds; and additional payload 

growth may be obtained by an improvement in I . The effect of a change in FPR on sp 
payload can also be seen. 

A payload growth potential well in excess of 29,000 pounds is available to comperisate 

for a projected weight-growth payload reduction of 19,000 pounds. This means that 

the considerable impact of weight growth on program costs can be aVOided if require

ments are adjusted accordingly. 

It also means that the resulting 10,000 pound payload reserve can be convented into a 

270,000 pound reduction of launch weight; i. e., it appears that a Two-Stage system 

meeting the reduced requirements with 50-K payload capability can be realized at 

3.5 x 106 lb launch weight including consideration of projected weight growth. 
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50 __ -----~~------~ __ --------~--------._------~ 
OCT. 21. 1881 
NEW SPACE 
SHUTTLE 
DEIIGN 
REQUaEMENTI 

ON-ORBrr ~V (Fr/SZC) 

40~~----~~----~~~------+--

ELIMINATE 
Go-AROOND • POB S. 73M f TWo-STAGE 

BUT OJ:!' 3° GLIDE SLOPE 
10~-4-----4---------'~----'-'--+-------~~------~ 

O~~----~--------~--------~------~~--------o 2 4 6 8 10 

~ISp - BOOSTER AND ORBITER (SEC) 

"----........ ---"--.""'" 
o 1/4 1/2 3/4 

L\ F'PR (fo L\V) 

Fig. 3-4 Payload Growth Potential 
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3.4 ALTERNATE CONFIGURATION APPROACHES 

3. 4. 1 Introduction 

LMSC-A959837 
Vol I 

During the course of the ILRV study, LMSC investigated a number of conceptual de

sigrt alternatives in developing the baseline configurations described in this report. 

The status of several of the most important alternative approaches that are not 

characteriz,ed in the baseline designs is given in this section of the report. 

There are, of cour~se, design alternatives that were not studied because of the neces

sity to limit the scope of the ILRV study. Of particular significance is the possibility 

of alternate aerodynamic shapes. In the LMSC ILRV study, delta body orbiters, with 

'and without variable-geometry wings, and booster configurations, with cylindrical 

bodies and fixed delta wings, were emphasized. While these approaches have superior 

characteristics for the Space Shuttle, other possibilities, which have not yet been 

studied in depth, may also offer promise. These include orbiters and boosters with 

cylindricial bodies and fixed or variable-geometry wings and blended wing-body orbiters 

The design alternatives not used in the baseline systems that have been studied for 

ILRV fall into four categories: 

• Those eliminated from further consideration during the study either by NASA 
direction or as a result of study evaluations (These cases are not discussed 
in detail in this report but reviewed briefly in Section 3.4.2 below. Reference 
is made to other appropriate documentation.) 

• Those eliminated from further consideration by NASA decisions made after 
completion of the ILRV study technical effort (These cases are discussed in 
other sections of this report and are reviewed in Section 3.4.3 to clarify 
their status.) 

• Those cases that represent NASA requirement changes after completion of 
IiLRV technical effort (These two cases, elimination of operational go
around capability and reduction from 2000 ftl sec to 1500 ftl sec on-orbit 
delta velocity, are the only design requirements for which the ILRV base-
line sizing deviates from current NASA requirements and desired characteristICS. 
They are discussed in other appropriate sections of this report and are 
reviewed briefly in Section 3. 4. 4. ) 
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• Those alternatives studied that remain valid alternatives to the baseline 
designs and for which further study is needed (These cases include thermal 
protection system design alternatives, structural material alternatives, 
integrated electronic system alternatives, crew cabin sized for basic two
man Space Shuttle crew only, pilot visibility system alternatives~ and use 
of hydrogen fueled airbreathing engines. Each of these areas is discussed 
in appropriate sections of Volume I or Volume ITI of this report.) 

3.4.2 Approaches Eliminated During Study 

3.4.2.1 Two-and-One-Half Stage. For the first 3 months of the ILRV study (until 

NASA directed a discontinuance on June 10 1969), the Two-an~ne-Half Stage concept 

was one of three being studies by LMSC; the other two were Stage-and-One-Half and 

Triamese. The Two-and-One-Half Stage concept was to reduce the propulsive re

qUirements and vehicle size of the Stage-and-One-Half by reason of launching on an 

inexpensive solid or liquid first stage. At low 'traffic rates, this concept could be 

competitive; but when it became evident (by early June) that total NASA/nOn traffic 

for Space Shuttle is expected to exceed 100 flights per year, this concept was clearly 

noncompetitive. 

The results of LMSC Two-and-One-Half Stage studies, summarized in LMSC -A951790, 

"Stage-and-One-Half with Solid Boost, " dated July 11, 1969, show the ratio of Two

and-One-Half Stage recurring cost to that of Stage-and-One-Half to be 1. 6 to 3.0, 

depending on staging velocity, at a launch rate as low as 20 flights per year. At 100 

flights per year, the ratio is estimated to be in excess of 2.3 over the entire range 

of feasible staging velocities. 

3.4.2.2 Stage-and-One-Half. Study of the Stage-and-One-Half concept was a major 

portion of the ILRV effort fronl its initiation on March 10, 1969, to August 8, 1969, 

when NASA directed that this effort be discontinued and the Two-Stage concept be 

substituted. While Stage-and-One-Half recurring costs would clearly be higher than 

those for Two-Stage, they were estimated to be equivalent to those for Triamese, 

which involves relatively high refurbishment costs (three vehicles for each flight). 

However, estimatilon of drop-tank production cost& is subject to significant uncertainty, 

which could not be resolved by demonstration prior to the configuration selection date. 
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Also, the disposal of drop tanks on each flight would impose an operational incon

venience, which becomes increasingly significant at higher launch rates. NASA 

ILRV direction originally suggested a traffic of 4 to 12 flights per year; but, with the 

definition of six types of NASA missions in early June, coupled with DOD requirements, 

total traffic estimates have since increased to over 100 flights per year. While the 

drop-tank disposal problem could be solved even at these traffic rates by using tech

niques that include taking them to orbit on easterly launches and de orbiting them at 

convenient places on the first orbit, the growth of the system to other applications 

and still greater traffic would clearly be more inhibited with the Stage-and-One-Half 

than with a fully reusable approach. 

Stage-and-One-Half data developed for the ILRV study are summarized in LMSCr

A955317, HSpace Shuttle Date," dated July 31, 1969. 

3.4.2.3 Tri,amese With Structural Commonality. This basic Triamese concept, 

studied through early August, was an attempt to minimize development cost by using 

high commonality of structure in the orbiter and booster vehicles. The 50 K payload 

case, reported in LMSC-A955317, "Space Shuttle Data," dated July 31, 1969, had a 

launch weight of 5. 9 million pounds. While this weight could be reduced with improved 

propellant packaging to about 5 million pounds, it could never become competitive in 

recurring cost to the 4. 3-million pound dissimilar Triamese chosen as the baseline 

for the Triamese concept. Also, the orbiter dry weight for the basic Triamese would 

(even after size reduction) be about 40 percent greater than,that for the dissimilar 

Triamese. The increased development CQst for this heavier vehicle would offset the 

structural commonality savings in booster development to within about $100 million. 

This is less than 2 percent of the total estimated development cost and well within 

the resolution of Phase A cost estimation. 

In addition, the basic Triamese incorporates a significant technical disadvantag~ in 

requiring cross-feed from the booster to the orbiter engines during the boost phase; 

cross-feed can be eliminated in the dissimilar Triamese and Two-Stage cases. Cross

feed would not only impose an operational inconvenience but would also decrease system 

rebliability; a Significant effect would be an increase in the complexity of staging, which 

is one of the most critical events for the system. 
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The first configuration of dissimilar Triamese, reported in LMSC-A955317A, "Space 

Shuttle Data, " dated September 12, 1969, included a retention of structural similarity 

at the forward portion of the booster. Cost estimates in that reference were based on 

an assumed 10 percent similarity, but further examination of the design indicates a 

value of not more than 5 percent. This advantage is more than offset in the baseline 

Triamese by improved propellant tanking efficiency and other cost and weight saving 

advantages, such as simpler provisions being reqt1;~ .. ed for pilot visibility in tl.L~~' booster. 

Thus, the baseline Triamese booster structure optimized independently of the orbiter 

design and zero structural commonality is assumed for costing. Each Triamese 

booster is essentially a reduced-scale version of the booster for the Two-Stage 

configuration. 

3.4.2.4 Cross-Feed During Boost. Cross-feed of propellants from the booster tanks 

to the orbiter engines, for either Two-Stage or dissimilar Triamese, could reduce the 

booster thrust requirement and decrease launch weight by 1 to 2 percent, by comparison 

to the ba~eline sequential burn approach. An additional advantage is that all engines 

would be started before liftoff. 

Even though the booster dry weight would decrease with cross-feed, this reduction is 

largely due to a smaller number of engines, which would have little effect on develop

ment cost. Thus, total development cost would probably increase somewhat as a 

function of development of the valving and disconnect systems. Recurring costs for 

operation and maintenance of these systems could also override the savings of oper

ating the slightly smaller system. 

The valve and disconnect systems would have to be highly redundant and pree,ise to 

minimize the effect on reliability. Eve:?;'! then, the effect on the probability of suc

cessful stagtng could not be disregarded, since failure to accomplish staging would 

be a catastrophic event. For the sequential burn system, failure to start all three 

orbiter engines is also catastrophic, but three-level redundancy is inherently pro

vided and techniques for accomplishing reliable engine start have already been devel

oped to a high level. 
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3.4.2.5 Parallel Burn with No Cross-Feed. Burning the orbiter engines at 10 percent 

flowrate during boost without cross-feed results in a 6 percent liftoff weight penalty, 

as compared to parallel burn with cross-feed. If the orbiter engines are initially 

burned at 100 percent thrust, the penalty is 10 percent. These penalties result from 

the necessity of providing the extra propellant storage in the weight-sensitive upper 

stage. These penalties are considered too high, so the operational Space Shuttle 

system should employ sequential burning of the stages. It is expected that there will 

be sufficient experience by the 1975 time period to warrant confidence in both on-orbit and 

during-boost starting of hydrogen/oxygen propulsion systems. 

During the development period, it may be feasible to design the system initially for a 

parallel burn, as noted above. If the system is initially sized for the sequentiai"burn 

condition, it can be flown at reduced payload in a parallel-burn condition during devel

opment and, after propulsion system experience and confidence are obtained, switched 

to the sequential burn mode with full payload capability. The payload differential here 

is about 10,000 pounds for the Two-Stage vehicle with 50, OOO-pound payload capability. 

3.4.2.6 Alternate Aerodynamic Shapes. While, as discussed in Section 3.4.1, not all 
--------------------------the candidate aerodynamic shapes were investigated, certain significant conclusions 

were drawn for those investigated. Two important reGults are the following: 

o If the orbiter is a lifting body with a subsonic: liD of 4 or more, variable 
geometry wings should not be added. 

o Of several delta-shaped lifting body possibilities, the baseline orbiter based 
on the LMSC 8MX vehicle was chosen for its supelrior characteristics. 

As presented in some detail in LMSC-A960088, "ILRV Interim Technical Review, 

Huntsville, " August 21, 1969, and summarized in Volume III of this report, the use 

of variable-geometry wings added to the lifting body orbiter adds about 16 percent to 

the system launch weight, even after allowance for the additional propulsive requirements 

of the lifting body for go-around capability. The landing speed for the baseline vehicle 

is estimated to be 160 knots, and rollout distances are acceptable for 10, OOO ... foot runways. 

Variable-geometry wings would reduce this speed by 10 to 15 knots, but would introduce 

an additional failure mode (failure to deploy); and they are not needed to meet the runway 

length requirements. Some penalty is taken in ferry range with the lower LID of tl1~ 
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lifting body, but the cost effects of the resulting operational inconvenience are small as 

compared to the cost impacts of variable-geometry wing development and a 16 percent 

increase in launch weight. The ferry range could be extended with in-flight refueling. 

Relative to delta body shapes, several cases were compared for their propellant volume 

efficiencies, which is a driving parameter for sizing both Two-Stage and Triamese 

orbiters. Competitors for the chosen baseline studied in some depth are the following: 

• Case A - the proposed Triamese shape reported in LMSC-A9553l7, "Space 
Shuttle Data, " dated July 31, 1969. 

• Case B - a modified FDL-5B with side fins added to stabilize the vehicle 
with the more aft center-of-gravity for accommodation of Space Shuttle engines. 

Surface-to-volume ratios for the chosen baseline were found to be about 30 percent 

lower than Case A and 20 percent lower than Case B. The Case B version includes an 

extended body surface, which tends to mediate the effect of the 20 percent penalty. 

This versicn may Wa:-rant further investigation 

3.4.2. 7 Load-Carrying Tanks in Orbiter. In the studies on improving the volumetric 

efficiency of the orbiter, consideration was given to providing load-carrying propellant 

tanks, which nearly fill the available space within the vehicle. Designs of this type were 

reported in LMSC-A955317 A, "Space Shuttle Data, " dated September 12, 1969. Evalu

ation of this approach resulted in a return to the nonintegral tanks now represented in 

the baseline designs. The major difficulties with the load-carrying tanks are as follows: 

• Complex load paths where the tanks are terminated to accommodate the pay
load cutout and landing gear cavities 

• Thermal contraction of the tank around the payload bay during propellant 
loading 

• The practical consideration of complex vehicle assembly and inspection 

While these problems could be solved, the development time for this complex structure 

is not considered compatible with Space Shuttle requirements. 
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3.4.2.8 Space Shuttle Crew in Excess of Two Men. Initial investigations of the pos

sibility of a flight engineer added to the crew were reported in LMSC-A955317A, 

"Space Shuttle Data, " dated September 12, 1969. The baseline design approach, 

throughout the study and as used for the vehicle sizing of the baselines reported herein, 

is based on a two-man crew in a cabin sized for four men. The additional space is 

provided for mission-peculiar personnel. Alternate compartment layouts, sized for 

the two-man crew only, are discussed in Section 11. While the size of the basic crew 

compartment is subject to further study, further consideration of more than two men 

for the basic Space Shuttle crew was eliminated by NASA in October 1969. The 

issue now becomes the optimum design of the system so that two men can accomplish 

all Space Shuttle operational functions and one man can operate the system in an emer

germy. Mission-peculiar functions may still be assigned to additional personnel, who 

may be housed in the basic compartment, the payload bay, or in the airlock, which is 

also provided for EVA. 

3.4.3 Approaches Recently Eliminated by NASA 

3.4.3.1 Aerospike~ Engine. Throughout the ILRV study, the bell engine configuration 

has been the primary approach in defining the baseline primary propulsion system. 

Study of the alternate aerospike concept has been a major portion of the Special Study 

Task 8f, Propulsion System Parameters, which is reported in Volume III, Section 2. 1, 

of this report. In October 1969, NASA decided to eliminate the aerospike from 

further consideration; however this type of engine should be reexamined for possible applica

tion in auxiliary propulsion systems. 

3.4.3.2 Engine Thrust in Excess of 400, 000 Pounds. During much of the ILRV study, 

Two-Stage and Triamese design concepts called for 500K to 700K engines with two engines 

on the orbiter and 10 or 11 booster engines for the 50K payload cases; as reported, for 

instance, in LMSC-A955317A, "Space Shuttle Data," dated September 12, 1969. In 

September, 400K engines were chosen for the baseline approach, as indicated in 

LMSC-A959125, "Space Shuttle Data, Two-Stage Summary, " dated September 29, 1969. 
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• It allows for the use of three orbiter engines, which meets the fail
operational requirement with single engine out. 

• It reduces engine development cost by about $140 million, as compared 
to that for a 600K engine, including the effect of less propellants re
quired for test. 

• The lesser estimated development time gives greater assurance of 
meeting the desired IOC date. 

The primary effect of the large number of booster engines-13 on the baseline 50K 

Two-Stage vehicle-is to increase recurring costs somewhat. However, engine pro

curement and maintenance costs represent a fairly small fraction of total recurring 

costs; so the impact is not great. 

NASA decided in October, to continue emphasis on the 400K case. 

3.4.4 Changed NASA Requirements 

3.4.4.1 No Operational Go-Around Capability. The baseline concepts presented in 

this report include design for one-time go-around for a missed approach to landing 

to meet the desired characteristics established by NASA in June. Studies since that 

time have established that retaining this characteristic as an operational requirement 

imposes severe penalties on the system. The effect on launch weight for the 50K 

Two-Stage case is estimated to be from 14 percent to 20 percent, depending on the no go

around design chosen, i. e., whether engines for a 3 degree glide slope or the use of 

a dead-stick landing is considered. 

NASA decided in October 1969, to eliminate go-around as an operational require

ment, but to provide this capability during development. This approach allows for 

development and testing of the Space Shuttle automatic landing system to the level of 

confidence needed before the go-around capability is removed. The engine system 

used can also be employed to implement an engine kit for the self-ferry mode. The 

alternate landing system approaches are further discussed in Volume III, Section 

5. 2. 10; and the effects on baseline vehicle sizing are covered in Section 3.3.3 of 

this volume. 

3-44 

LOCKHEED MISSILES Be SPACE COMPANY 

il 
. J 

] 

Ii 
: f 

!' 

I 
f 



LMSC-A959837 
Vol I 

3.4.4.2 1500 Ft/Sec On-Orbit Delta Velocity. The ILRV vehicle sizing has been based 

on 2000 ft/ sec on-orbit delta velocity in response to NASA -desired characteristics 

established in June 1969. This included 500 ft/ sec contingency in addition to conserv

ative allowance to meet the requirements of the Space Station/Base logistics mission. 

NASA decided in October, to reduce the requirement to 1500ft/sec. The 

500 ft/ sec reduction is equivalent to about 8 percent reduction in launch weight for the 

50K Two-Stage case. The effect on the baseline design is further discussed in this 

volume, Section 3.3.3. 
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This section covers the design of the Two-Stage and the Triamese reusable Space Shuttle 

vehicles. 

For both, the orbiter is of the lifting body type with a delta plan form, whereas the 

boosters are of a wing-body arrangement, consisting of a delta wing and a cylindrical 

body. 

The orbiter is similar in both systems; the difference is the additional support points 

required for the Triamese vehicle for attachment of the second booster. The payload 

bay on the orbiter is sized to carry the 50, OOO-pound payload and will accept the 22-foot 

diameter, 30-foot long payload; the 15-foot diameter, 60 foot long payload; or a combi-

I~ nation of both. 

f~ The drawings describing the systems are contained in the appendix in the following 
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Two-Stage System 

Launch Vehicle General Arrangement (SKS 101069) 

Booster General Arrangement (SKS 100969) 

Booster Inboard Profile (SKS 101169) 

Booster Structural Arrangement (SKX 100267) 

Booster Main Propellant Lines (SKD 101569) 

Orbiter General Arrangement (SKS 100769) 

Orbiter Inboard Profile (SKS 100869) 

Orbiter Structural Arrangement (SKW 101069) 

Orbiter Main Propellant Lines (SKB 101569) 

LalIDch Vehicle Two-Stage - 25 K Payload (SKJ 101669) 
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Triamese System 

Launch Vehicle General Arrangement (SKQ 100969) 

Booster General Arrangement (SKG 100769) 

Booster Inboard Profile (SKG 100369) 

Orbiter General Arrangement (SKG 100969) 

Orbiter Inboard Profile (SKG 100869) 

Launch Vehicle - 25K Payload (SKJ 100769) 
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The following drawings show airframe system concepts that are generally applicable 

to both Two-Stage and Triamese systems: 

Pilot Vision study (Spacecraft) (SKE 100969) 

Personnel Escape System Concept (SKJ 100169) 

Personnel Escape System Concept (SKJ 100269) 

Personnel Escape System Concept (SKJ 100369) 

Launch Vehicle Attachment System (SKB 101069) 

Payload Door Concept (SKM: 10156) 

Orbiter Nosecap Concept (SKR 060969) 

Nosecap Concept (SKR 060669) 

Orbiter Tank Support Concept (SKT 100969) 

Booster Thrust Structure (SKQ 092969) 

Booster Propulsion System (SKQ 101569) 

4.1 TWO,.,STAGE VEIllCLE ...... DESIGN DESCRIPTION 

4. 1. 1 Launch Vehicle (SKS 101069) (SKJ 101669) 

A-15 

A-16 

A-17 

A-I8 

A-19 

A-20 

A-21 

A-22 

A-23 

A-26 

A-27 

The position of the orbiter relative to the booster was influenced by the following 

requirements: 

• Accessibility of the payload compartment in the orbiter 

• Attachment points between orbiter and booster with minimum heat shield 
penetration 

• CG travel during the ascent phase 
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The tip of the orbiter fin is at the booster base station. The geometric axes of the 

two stages are convergent toward the nose by 3 degrees. 

The payload volume for the 25,000-pound payload launch vehicle (Dwg SKJ101669) 

(15 ft dia, 60 ft long; 22 ft dia, 30 ft long) is identical to that of the 50, OOO-pound pay

load vehicle. The orbiter contains 550, 280 pounds of propellant. The LH 2 is stored 

in one forward and two rear tanks, whiie the L02 is carried in two amidships tanks. 

The maneuvering propellant is stored aft below the payload bay. 

Propellant fill, drain, vent, and pressurization connections are all located in the base 

of both the orbiter and booster and hence provide for favorable ground servicing. 

The mating and separation of the two vehicles entails a three-point attachment arrange

ment, with the two aft points as axial load carriers. 

4.1.2 Booster (SKS 100969 and SKS 101169) 

The booster has an overall length from nose to wing tip of 237 feet and a maximum 

wing span of 200 feet. The maximum body height is 41 feet, while the vehicle height 

of body to wing tips is 47 feet and the taxi height is 59 feet. 

The booster is a 51. 5-degree sweep clipped aero wing vehicle, with 55-degree canted 

wing tips for directional stability. The wing has an area of approximately 12,000 square 

feet, with the lower surface canted up by 3 degrees. The forward cross-sections are 

basically flat bottom shaped and have a 5-degree inward sloped side to shadow behind 

the leading edge. The vehicle has a 3-foot radius spherical nose. 

The lower part of the vehicle as seen from the side view is basically horizontal with 

just the nose section slightly cambered up. The wing is attached below the fuselage 

and permits expansion and contraction of the fuselage without constriction by the wing. 
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For the 25,000-pound payload vehicle the booster reference length (nose tip-to-base) 

is 2110.1 feet. Eleven 400, OOO-pound thrust (sea level) bell-type rocket engines provide 

liftoff thrust. Propellant loading is 1,916,691 pounds, contained in two separate tanks. 

Four turbofan jet engines provide the necessary takeoff thrust of 148,500 pound. Over

all dimensions are 230.8 feet long, 184.4 feet wide, and 89.5 feet high. 

4.1.2.1 Structure (SKX 100269). The main fuselage, which is chiefly the cryogenic 

tankage, is constructed from aluminum planking, in which are incorporated intcgral 

T-section longerons. The structure is ring stiffened, again with aT-section, which 

is attached to integral risers, spaced to stress requirements between the longerons. 

The end bulkheads are gored sections, welded to a Y -ring, which also affords attach

ment points for the thrust structure, inter stage section, and the cabin area. 

The cabin is a pressurized area for pilot and crew with the same basic construction 

as the rest of the shell. The window section breaks away in the event of the necessity 

for crew ejection. 

The wing is of a minimum -weight multibeam, multirib concept with corrugated heat 
" 

shields on the top and bottom surfaces. The primary structures consist of tubular, 

circular-arc stiffened panels. The temperature on these surfaces is maintained at a 

low level by using insulation and corrugated heat shields. The latter are attached to 

the primary structure by flexible clips. 

The major interfaces on the booster are for wing to fuselage and orbiter to booster. 

Wing-to-fuselage connection is effected through a series of fixed and flexible joints. 

Approximately at the center of gravity of the LH2 tank are mounted the drag-load attach

ment brackets, 'which constrain all m()vement between wing and fuselage, except that of 

contraction or expansion of its tank diameter. All other connections permit fore and 

aft temperature differential movement but no side shift. 

All major loads resulting from the connection of the orbiter at the booster are routed 

through the thrust structure main beam system. Forward on the top surface between 

the two cryogenic tanks is a hard point, calculated to accept the orbiter nose tie-down 

loads necessary to stabilize the composite system. On the vehicle lower surface, aft 
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of the nose wheel housing, there is another hard point, designed to accept the thrust 

loads of the ground erection system. 

The rocket engine thrust loads are routed from the engine gimbal point through a truss 

structure to a massive twin beam assembly. The beam assembly integrates with a 

conical longeron and ring stiffened inter stage section, which spreads the loads evenly 

into the fuselage. The inter stage is attached to the main fuselage by riveting to the 

tank Y -ring. In addition to the rocket loads, the thrust structure has also to transmit 

the cruise engine thrust and the reaction loads of the orbiter during boost and separation. 

4.1.2.2 Subsystems. Provisions for most of the subsystem equipment is made at the 

forward nose section, behind the two-man crew compartment. The auxiliary power 

unit, however, is positioned, as in the orbiter, in the aft section of the booster to 

provide the auxiliary power for the actuation of the aerooynamic control surfaces. 

4.1.2.3 Main Proplusion System. The booster has 13 high-performance rocket engines 

with fixed nozzles, using oxygen-hydrogen propellants at a mixture ratio of 7:1. The 

engines, installed at the aft skirt section, are arranged for a smallest base area with 

consideration for gimbal requirements during the ascent phase. The engine thrust 

structure is built up from a space frame concept. The engine nozzles are skirted by 

the body for protection during the return flight. 

The oxid.izer and fuel tanks are designed as the primary load-carrying structure. 

Their capacity is 2,051,260 pounds of L02 and 293,037 pounds of LH2 , for a total 

impulse propellant of 2,344,297 pounds. 

The L02 flows from the forward tank Via a single line to two manifolds just forward of 

the engines. The manifolds distribute the flow to seven and six engines, respectively. 

The LH2 is distributed directly from the tank to each engine via individual lines. (1'he 

booster main propellant lines are shown in SKI> 101569.) 
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4.1.2.4 Subsonic Cruise Propulsion System. Four cruise-back fanjet engines, each 

rated at 38, 600 pounds takeoff thrust, are mounted at the upper tail section by two 

primary supports with diagonal truss bracings. 

The 35,000 pounds of jet fuel is shown stowed in the wing, but it may be located in the 

fuselage, if desired. 

4. 1. 2. 5 Main Propellant Lines (SKD 101569). Between the lower two engines, a panel 

mounted flush with the aft structure contains the inlets for fuel and oxidizer fill and 

replenish lines. The fuel vent outlet is also located on this panel. 

The LH2 tank is located just forward of the engines. A manifold located on the aft end 

of the fuel tank contains 13 outlets, one for each engine, and an outlet for the fuel fill 

line. Each of the engine feeder lines and fuel fill line is 8 inches in diameter. A 

12-inch fuel vent line starting at the forward end of the fuel tank runs aft on the lower 

right-hand si~e to the inlet panel noted above. Three manifolded engines provide 

hydrogen gas pressurization for the fuel tank through a 6-inch line, which is tied into 

the fuel vent line. The 2-inch fuel replenish line is manifolded to each engine from 

which the fuel is circulated into the main fuel lines for cooling of the lines. 

The L02 tank is located forward of the fuel tank. A 22-inch line, running aft on the 

lower left hand side, carries L02 to two manifolds , which distribute the oxidizer through 

8-inch lines to each of the 13 engines. Venting of the oxidizer tank is by an 8-inch line 

at the forward end of the booster. A 6-inch oxygen pressurant line runs forward from 

the engine on the lower left-hand side of the booster to the forward end of the oxidizer 

tank. The three engines that provide pressurization for the fuel tank also provide 

oxygen pressurant for the oxidizer tank. A 2-inch manifolded replenish line providess 

L02 to each engine for effective feed line cooling. 

Piping and tubing for the fuel and oxidizer lines are of stainless steel or other low 

expansion metal. Lines carrying fuel and oxidizer are insulated to the latest cryogenic 

practices. Bends are protected by gimbaled joints, and each tube contains one or more 

expansion or sliding joints. 
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4.1. 2. 6 Reaction Control System (RCS). The RCS prop:r}llants are stored in six 

hydrogen tanks and six oxygen tanks for a total usable propellants of 750 pounds. Two 

tanks each feed the forward thrusters, and the other tanks are located in the boattail 

to be used for the aft thrusters. 

Fourteen RCS thrusters are located on the booster to perform pitch, yaw, and roll 

functions. Four of these thrusters, located in the nose section, provide a good moment 

arm for pitch and yaw corrections. Eight thrusters are placed in the wing for roll and 

pitch maneuvers, and two thrusters are mounted to the aft face for yaw functions. 

4.1. 2,.7 Landing Gear. Based on a booster landing weight of 375,000 pounds, the tires 

selected are 56 x 16 type VII tires. The main landing gear has eight tires of 36-ply 

rating, while the nose landing gear has two tires of 32-ply rating. The arrangement of 

the gear is a tricycle type with a liquid ... spring shock absorber system for the main gear. 

4.1.3 Orbiter (SKS 100769 and SKS 100869) 

The overall length of the orbiter from nose to rudder is 179.5 feet,and a maximum width, 

as taken over the rudder tips, is 101 feet. The maximum height of the vehicle with 

wheels down is 55 feet. 

The orbiter is a lifting-body shaped vehicle. The basic plan view is a delta, modified 

to produce an efficient distribution of volume. The sweep angle is 78 d~grees, with a 

basic reference length of 164 feet, providing a plan view area of 5,717 square feet. 

The nose is ellipsoidal with a semimajor axis of 3 feet. The leading edge is a con

tinuation of this 3-feet radius nose section with a slight increase toward the aft sections. 

The aft cross-sections are rolled out (+30 degrees from the vertical), adding benefit 

in pitch and yaw stability. The basic body has been cambered 6 degrees up on the nose 

ramp and 5.5 degrees on the boattail. The flap and elevon have been Sized to approxi

mately 23 percent of the 5,717 square foot plan view, or 1,300 square feet and have a 

nlaximum pitchup deflection of 30 degrees. The angular movement of 30 degrees can 

be achieved only when the two-position bell nozzle is in the retracted and pitchup posi

tion. The elevon portion of the flap is split to provide a left and right roll capability. 
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The fin, providing hypersonic directional and longitudinal stability, in addition to 

contributing to subsonic Lin maximum, has been sized to approximately 27 percent 

of the 5,717 square feet plan view, or 770 square feet, for each fin. 

4. 1. 3. 1 Structure (SKW 101069). The nose section is composed of the nose heat shield, 

outer shell, nose landing gear support structure, crew cabin structure, and outer heat 

shield. 

The outer intermediate nose section shell has longitudinal joints, which permit removal 

of the main forward LH2 tank from a completed vehicle. This panel arrangement re

duces to a minimum the disruption of the other subsystems in the vehicle if a hydrogen 

tank must be replaced. Mounting points and load distribution longerons for support of 

the LH2 tanks are provided in this intermediate nose section. 

A portion of the payload bay is included in the center section. Here panels are also 

located for removal of the main L02 tank. The main landing gear bulkhead and the 

landing gear doors are included in this section. L02 tank attach points and load distri

bution longerons are also provided. The payload bay door is mission peculiar, so it 

is described separately. 

The aft portion of the payload bay is included in the aft section. Support points and 

longerons for the main L02 and LH2 tanks, as well as the orbit maneuver and de

orbit tanks, are provided. Rocket engine thrust structure attach pOints occur on the 

lower part of the aft payload bay, at the aft end continuation of the payload bay door 

jamb edge members, and at the upper longeron of the booster ascent thrust pad sup

port structure. 

A removable structural panel is provided for ease of fuel tank replacement. 

The trim flap support bulkhead spans across the full width of the section and also 

serves as a carry through structure for the fin aft spar. 
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Both the left-hand and the right-hand fin and rudder assembly take the form of a typical 

two-spar fin, bolted to main frames and drag members on the aft section of the body. 

The rudder is also typical of aircraft design and construction. The reentry heat shield 

is attached to the outside surface of the basic structure. 

The trim flap assembly consists of the forward panel, which is in one piece across the 

base of the vehicle, and two aft panels, which can be deflected differentially to provide 

roll control of the vehicle. These panels, of typical aircraft construction, are covered 

by a reentry het\t shield. Several bearing concepts being evaluated include a flexural 

pivot, which ha$ !fl,a sliding parts. 

The structural system has a heat shield subassembly, consisting of a phenolic subpanel, 

to which is Inounted the external metallic h~at shield, the heat shield support clip, and 

microquartz and dynaflex insulation. The heat shield panel sizes are governed by the 

frame spacing, with the largest size being approximately 60 inches x 60 inches. 

The cavity between the heat shield and the inner structural skin is used for circulating 

cooling air, which could be supplied by an external scoop during subsonic flight and by 

ground equipment after landing. This arrangement permits longitudinal members to be 

attached to the inside of the inner structural shell and not interfere with the passage of 

cooling air between the frames. In addition, the frame joints at the removable panels 

are accessible from the outside after a portion of the reentry heat shield is removed, 

thus making it easier to disconnect the frame joints in the removable panels. 

In an alternate arrangement of the shell structure, the outer metallic heat shield is 

mounted directly to the corrugated skin panel, with the frames on the inside of the skin 

instead of outside. The cooling air is directed along the cavity of the corrugations. 

Disconnection of the frames for panel removal is achieved through access holes in the 

corrugated skin panel. 

4. 1. 3. 2 Subsystems. An auxiliary power system is provided to meet short-term peak 

demands not efficiently met by the electrical power system, principally the demand for 

hydraulic power to actuate aerodynamic control surfaces during reentry and landing, 

deployment of jet engines, and extension of landing gear. This system is a turbine

driven power unit, employing hydrogen and oxygen as reactants. Along with the 
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30 pounds LH2 and 30 pounds L02 reactants, the system is located in the boattail 

near the principal power demand areas. 

The fuel cells with 120 pounds of LH2 and 1000 pounds of L02 reactants are positioned 

near the crew compartment. 

Most of the components or equipment for the other subsystems (guidance, navigation, 

and flight control, data management, and communications) are located in the nose 

section near the crew compartment. 

4. 1. 3. 3 Main Propulsion System (SKT 100969 and SKB 101569). The orbiter has three 

high-performance rocket engines (with two-position nozzles), using oxygen-hydrogen 

propellants at a mixture ratio of 7: 1. The three engines, installed in the tail section 

side by side, are separated for freedom to gimbal 8-degrees maximum with one engine 

out. The bell nozzles have been skirted by the upper surface of the body for maximum 

protection during reentry, creating an artifically lengthened vehicle over the ba::?ic 

164-footler~h. The engines are mounted on a welded tube space structure with joint 

fittings. The load paths are carried into built up beams, terminating near the aft bulk

head of the payload compartment. 

The number of propellant storage tanks has been kept to a minimum, with one large 

nose tank holding 46, 508 pounds impulse LH2 . Two slender side tanks straddle the 

payload compartment, each for a capacity of 290,808 pounds L02 . Two more large 

tanks are located at the aft section, each providing 18, 290 pounds of LH2 . These 

five tanks hold the total impulse propellant of 664,706 pounds to be used during the 

ascent phase. Two smaller tanks, located in the aft section under the payload com

partn1ent, are extended-time storage tanks. One holds 34,976 pounds of L02' and 

the other holds 5, 358 pounds of LH2 . Of this propellant, 850 pounds LH2 and 

3,420 pounds L02 is scheduled for the reaction control system, with the remainder 

for on-orbit maneuver and retro usage. The propellant storage tanks are supported 

by a network of struts. 
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4.1.3.4 Subsonic Propulsion System. For landing go-around, a thrust of 

74,219 pounds at 3000 feet is required. This is accomplished by four fanjet engines 

of approximately 25,000 pounds takeoff thrust each. The engines are normally stowed 

in the aft section and deployed individually as required. The location of the engines 

is favorable for the quality of ingested air, pressure recovery, distortion, and turbu

lence, as was determined on the wind tunnel model. Stored under the payload com

partment is 6000 pounds of jet fuel. 

4. 1. 3. 5 Main Propellant Lines (SKB 101559). Liquid hydrogen is stored in three tanks. 

The largest of which is located in the forward portion of the vehicle. The other two 

t.anks are mounted in the aft portion, just in front of the engines. Another LH2 sump 

tank is located off center in between the two LH2 tanks. Two 10-inch fuel lines con

nect each of the smaller LH2 tanks with the large forward LH2 tank. Another 10-inch 

line feeds fuel from the aft LH2 tanks into the LH2 sump tank. The exit of the LH2 

sump tank is provided with a short l1-inch trunk line, branching out into three separate 

8-inch lines, which provide fuel to each of the three engines. 

A 6-inch line, extending from the forward end of the large LH2 tank to the rear of 

the vehicle, is for LH2 venting. An LH2 fill line, located at the rear, connects into 

one of the engine feed lines. 

The two main L02 tanks, identical in size, are located immediately aft of the large 

LH2 tank. They are interconnected at the exit with a 10-inch line and feed L02 to the 

sump tank through a 14-inch line. The L02 sump tank is located off center, next to the 

LH2 sump tank. It is provided with a short 11-inch trunk line and, similarly to the LH2 

system, branches out into three 8-inch lines to feed L02 through the shortest route to 

each of the three engines. An L02 fill line, conveniently located at the rear, taps into 

one of the L02 engine feed lines. 

4.1. 3. 6 Reaction Control System (SKS 100869). LH2/L02 propellants are used for 

the ReS, in which propellants are pumped from the low-pressure sump tanks (also 

called extended-time storage tanks) to the high-pressure gaseous 02 and H2 accumu

lator tanks. Four pairs of these accumulators are located near each thruster arrange

ment. The propellants are stored as liquid and supplied to the thrusters as a gas. 
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The 30 ReS thrusters, which perform attitude hold, attitude maneuver, and t\V trans

lation, are arranged to provide three-axis functions such as slewing about any axis, 

attitude control, and translation along any axis. 

The 30 thrusters are grouped into 12 small clusters (100 pounds) for limited cycling 

operations and 18 large clusters for attitude maneuvers and translation. The large 

thrusters are throttlable with a maximum thrust level of 3600 pounds. Four of the 

large thrusters are in the nose section. For the reentry phase the nose section is 

moved back to its flight configuration, covering the forward RCS thrusters. An altern

ative to be investigated is to penetrate the heat shield, allowing the forward thrusters 

to be used during the reentry operation. 

At the aft section, six large and six small thrusters are clustered at each side. These 

clusters are deployable to satisfy operational phases. During launch, the clusters are 

stowed and insulated; in orbit they are fully deployed, allowing all the above mentioned 

functions. For reentry, the clusters are partially retracted, removed from the high

temperature areas but still permitting the necessary roll and yaw functions. This 

straight-line deployment eases nozzle alignment during all operational modes. Two 

more large thrusters are located at the upper aft center area, with one deployable 

and one fixed. 

4. 1. 3.7 Landing Gear. Based on a landing weIght of 260,000 pounds and a tricycle type 

landing gear arrangement, the tires have been sized. The main landing gear, con

Sisting of two six-wheel walking beam clusters, have 34 x 11. 0 - 28-ply tires, mounted 

on liquid-spring shock absorbers. The nose landing gear has two 32 x 11. 50 - 15, 

18-ply tires. 

4. 1. 3.8 Payload Compartment. This compartment is configured in a cross fashion, 

providing space for either a 30 x 22 foot diameter payload, a 60 x 15 foot diameter pay

load, or a combination. A small cargo hatch is provided to tile transfer station. The 

transfer station is connected by a passageway to the crew compartment. 
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4.1. 3.9 Crew Compartment. The basic two-man crew compartment is capable of 

expanding to a four-man compartment. The compartment, designed for shirtsleeve 

operations, has three hatches - one for launch entry or emergency exit, one for access 

to the passageway, and the third for crew egress after landing. The environmental

control and life-support systems provide an N2-02 cabin atmosphere, with approxi

mately 60 pounds of L02 and LN2 stored outside the compartment. Inside the com

partment is the equipment for atmosphere control, humidity control, carbon-dioxide 

removal, trace contaminent control, thermal control, food and water supply, and 

waste management. 

. " 
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4. 2 TRIAMESE 

4.2. 1 Launch Vehicle (SKD 100969 and SKJ 101769) 
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In the process of selecting the arrangement of the Triamese launch vehicle, various 

possible combinations of orbiter and booster positions and orientations were con

sidered. It was found that with the orbiter in an outside position the travel of the 

center-of-gravity of the launch vehicle during the boost phase of the ascent is pro

hibitively large. Hence, the orbiter must occupy the center position. Of the four 

arrangements possible with the orbiter in the center, the one selected affords sym

metry and compactness, and with it the two boosters would have identical orbiter 

attachment structure. 

For the 25, OOO-pound payload launch vehicle, the booster reference length (nose tip to 

base) is 169.2 feet. Seven 400, OOO-pound thrust (sea level) bell-type rocket engines 

per booster provide liftoff thrust. Propellant loading is 1,152,778 pounds, contained 

in two separate tanks. Four turbofan jet engines provide the necessary takeoff thrust 

of 107,300 pounds. All vehicles are in parallel alignment. Overall dimensions are 

191 feet long, 178 feet wide, and 89.3 feet high. 

The launch vehicle has the orbiter sandwiched between two booster stages, which are 

back to back. 

The method of loading and unloading the Triamese launch vehicle causes some compli

cations peculiar to thi-:: configuration. Since the payload compartment opens toward 

the top of the orbiter, it will be necessary to load large-sized pay loads before erecting 

the booster on that side. To provide for boarding and disembarking passengers, there 

are passages from the payload compartment to doors on the sides of the orbiter. Emer

gency ejection of the crews, both booster and orbiter, in the conventional direction 

normal to the aircraft centerline is precluded in this configuration. A possible solution 

would require a programmed sequential ejection of the orbiter crew vertically upward, 

followed by ejection of the booster crews on trajectories approximately 45 degrees up

ward and clear of the opposite booster. In the case of the boosters, the same trajec

tory could be used for aircraft-type operations. The orbiter, however, would require 

other means for ejecting the crew in aircraft-type operations. 
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4. 2. 2 Boostel'" (SKG 100769 and SKG 100369) 
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The Triamese booster is derived from the same design concepts as the Two-Stage 

system booster. The structual arrangement is identical; and internal arrangement 

and design details are essentially identical to those of the Two-Stage booster, except 

for size, number of rocket engines, and minor differences. 

4.2.2. 1 Propulsion System. Locations and construction of the load-bearing main 

propellant tanks are similar to those of the Two-Stage system. Volume of the L02 

tank is 17,500 cubic feet. Volume of the LH2 tank is 41,500 cubic feet. They hold 

1. 386 x 106 pounds of tlsable propellant at a mixture ratio of 7 to 1, including allow

ances for ullage and residual propellant. 

Eight rocket engines of the fixed bell nozzle (€ = 35) type are gimbal mounted in three 

rows of three, three, and two. Each engine produces 400,000 pounds of thrust for 

takeoff at sea level. A thrust structure transfers the engine thrust from the gimbal 

trunnions to the liquid hydrogen tank wall. Four fanjet engines (5:1 bypass ratio) are 

mounted in pairs in nacelles on each side of the thrust structure. Each fanjet engine 

produces 27,000 pounds thrust for sea level takeoff. In the wing structure, 21,000 

pounds of fuel is carried in cells. 

4. 2. 2. 2 Reaction Control System. The 14 ncs nozzles, burning gaseous hydrogen 

and oxygen, provide thrust for pitch, yaw, and roll control and for stage separation. 

The propellant is stored in six pairs of spherical tanks; two pairs are carried forward 

in the nose wheel compartment area, and four pairs are located in the thrust structure 

area. The nozzles are mounted in three groups of four nozzles each. One group, 

mounted in the space between the crew compartment and the forward end of the L02 

tank in a cruciform pattern, provides thrust for pitch and yaw control and for stage 

separation. Two groups, one in each wing near tbe base of the fin, provide thrust for 

pitch and roll control and for stage separation. 1'he two remaining nozzles, mounted 

on the thrust strU(1§~m-e rear bulkhead, primarily provide thrust for yaw control. 
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4.2. 2.3 Landing Gear. The main landing wheels of the tricycle type landing gear 

are located just aft of the landing center-of-gravity. Each main gear consists of two 

pairs of wheels in tandem, with the aft pair mounted on a trailing arm to help provide 

for a large angle-of-attack at touchdown without an extremely long shock strut. The 

main landing gear is mounted on the wing main beams, and it is retracted into the 

space ill the wing-body fillets. The nose gear is situated in the bay between the L02 

and LH2 tanks. Bulkheads at each end of the intertank structure isolate the L02 tank 

from the LH2 tank and provide hard points for mounting the nose gear and actuating 

mechanisms. Both main and nose gear retract by swinging forward to assure positive 

fail-safe extension. 

4.2.2.4 Orbiter Attachments. The booster is attached to the orbiter at three points. 

One attachment strut, mounted on the intertank structure front bulkhead, retracts 

into the space between the L02 tank at the top of the fuselage. The strut and its sup

ports are designed to resist loads normal to the vehicle centerline but to permit 

relative motion of the orbiter and booster in the axial direction. Two attachment 

struts are fastened to the upper edge of the thrust structure inboard of the inboard 

fanjet engines and approximately in the plane of the rocket engine gimbal mounts. 

Integrated with these two hard points are two launch-support pads. One of these 

struts is designed to resist loads along all three axes; the other strut resists axial 

and vertical loads, but permits relative movement of the orbiter and booster struc

tures in the spanwise direction. 

A third launch support pad is located on the wing trailing edge at the booster 

centerline. 

4.2.2.5 Crew Compartment and Miscellaneous Systems EqUipment. The crew com

partment and life support systems equipment is located in the nose of the vehicle. 

A space of apprOXimately 1000 cubic feet and structure for mounting additional vehicle 
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system equipment exists in the intertank structure. It is accessible through the nose- , 

wheel compartment. 

4-16 

LOCKHEED MISSILES Be SPACE COMPANY 



I 
I 
~ 

4.2.3 Orbiter (SKG 100969 and SKG 100869) 
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The Triamese orbiter general arrangement is similar to that of the Two-Stage 

system orbiter, except for certain additional features required for the rl'riamese 

launch vehicle. 

The passenger entrance on the left-hand side connects via a passage to a door in the 

passenger module in the payload compartment. A swing-arm on the launch tower 

services this entrance. A redundant entrance is provided on the right-hand side. 
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The pilot vision concept calls for providing the pilot a direct view of the approach zone 

and runway through a forward windshield. The windshield and pilot location geometry 
\ 

is configured to prOvide, atthe high angles of attack a\ssociated with lifting body vehicles, 

landing vision comparable to that in conventional transport aircraft. 

During the reentry phase, the windshield is covered by a variable geometry (droop) 

nose. The nose, in the up position, is configured to minimize reentry heating. (A 

reusable heat shield is used.) The nose in the down pOSition allows the pilot an un

obstructed straightahea:d view down 30 degrees from the vehicle horizontal reference 

point. 

An oblique view of the nose side and top gives the pilot a visual pitch and yaw reference. 

Since all vehicle aerodynamic flight phases involve relatively high angles of attack, the 

crew compartment horizontal reference plane is positioned 17 degrees nose down from 

the vehicle horizontal reference plane. This angle approximates the angle of attack for 

both subsonic and hypersonic LID maximum. This arrangement nlaximizes the display 

space available between the pilot's knees and his line of vision over the instrument 

panel. 

The windshield, of a V-shape, is composed of two large radius conical elements. The 

center of these elements coincides with the nose droop axis so that close clearances 

are maintained between the windshield and the aft upper end of the nose at all inter

mediate positions. 

The use of intermediate positions provides the pilot adequate forward vision during 

cruise flight while minimizing the drag and pitching moment due to the nose droop. 

Two side windows, aft of the windshield, are flush with the body lines. They are not 

covered during reentry. 

Other visibility concepts are discussed in Section 11. 
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4.4 PERSONNEL ESCAPE SYSTEMS 
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A hazardous condition may necessitate escape by means of anyone or a combination 

of the following: 

• Nose capsule escape system 

• Ejection seats 

• Inflated and uninflated slides 

• Ladders 

• Elevators 

• Portable platforms 

• Slide wire 

• Slide pole 

The selection of an. optimum escape must be based on a thorough failure mode and re

ability analysis of the complete launch vehicle. Some typical situations that would re

quire escape abort are as follows: 

• When a satisfactory landing site cannot be readied or when conditions make an 
attempted landing impractical 

• Failure of an essential system after launch 

• Failure of a booster system (explosion, fire, collapse) 

• Crash landing of booster or orbiter 

fj On-pad abort 

Escape requirements of the two recoverable vehicles are dissimilar. In the orbiter 

the passengers should not be expected to use such devices as ejection seats for emer

gencyescape. On the other hand, the crewmen of the booster can be expected to use 

ejection devices. 

Several methods of emergency escape, similar to those with conventional aircraft, 

include ejection seats, encapsulated ejection seats, and nose capsules. The choice of 

an escape method can, come only from a thorough examination of the hazards, weight of 

the systems, the reliability of each system, the aerodynamic qualities of the vehicle, 

4-19 

LOCKHEED MISSILES 8: SPACE COMPANY 



LMSC-A959837 
Vol I 

and (equally important) the configuration of the vehicle. In addition, the abort capa

bilities of the total vehicles must be compared to emergency escape systems as a means 

of providing crew escape. A matrix presenting some of the critical aspects of the 

"' . various escape concepts in relation to flight phases is presented in Table 4-1. 

An important consideration is the advent of a booster explosion on the pad and during 

boost. On-the-pad explosion is generally critical because of the quantity of propellant 

on board. The characteristics of the explosion varies with the type of propellant and 

with the rate of mix of the fuel and oxidizer. Cryogenic systems generally produce the 

more severe explosion and with the highest overpressures. Selecting the method of es

cape from this type of hazard must be based in part on the time history of the size of 

the fire-ball and the overpressure generated. 

The configuration of the vehicle eliminates some escape methods from consideration. 

Typical lifting body shapes, typified by the M-2 and HL-10 vehicles, are without a con

ventional fuselage; hence, nose capsules are not easily incorporated. Other body shapes 

considered for reentry are of the Dyna-Soar type, in which the fuselage can be distin

guished. In this type, a nose capsule can be considered, especially if the cockpit is 

small as compared with the rest of the vehicle. The nose capsule would require com

plete control and maneuver capability in order to function during the high-altitude and 

near-orbit abort casese It would require a large abort propulsion system to effect 

abort off the pad and through the maximum q phase and a parachute recovery system 

for terminal descent. 

4.4.1 Flight Escape 

4.4.1.1 Approach. Consideration of parameters applied to the low earth orbital vehi

cle shows that the use of encapsulated seats is one valid approach. Escape by this 

means is divided into three logical modes: 

• Abort Mode I 

Eject at up to 100,000 feet 
Eject at below 100, 000 feet followiq?; reentry 

• Abort Mode II (100,000 to maximum altitude of boost phase) 

Terminate vehicle thrust 
Separate from booster and perform retrograde burn if necessary 
Eject from vehicle below 100,000 feet is necessary 
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• Abort Mode III (booster separation to orbit) 

Terminate vehicle thrust 
Perform reentry attitude and retrograde maneuvers 
Reenter 
Eject from vehicle below 100,000 feet if necessary 

LMSC-A959837 
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This system is of minimum weight, currently feasible, and simple; but escape is re

stricted by the flight envelope of the encapsulated ejection seats. 

Another valid approach is a nose capsule escapf~ system, with which escape may be 

accomplished as follows: 

• Abort Mode I 

Separate nose capsule between zero velocity and suborbital velocity 
(approximately 9100 feet per second) 

• Abort Mode II (150,000 feet to maximum altitude of boost phase) 

Terminate thrust 
Separate from booster and perform retrograde burn if necessary 
Remove nose capsule below 150,000 feet if necessary 

• Abort Mode III (booster separation to orbit) 

Terminate vehicle thrust 
Perform reentry attitude and retrograde maneuvers 
Reenter 
Remove nose capsule below 150,000 feet if necessary 

In addition to failure mode and reliability, the decision to eject an encapsulated seat or 

an entire nose or crew capsule is dependent on many other factors, including develop

ment costs and operational considerations. For instance, during development of the 

Space Shuttle, all crew members should have maximum feasible protection. Once the 

orbiter becomes operational, expanded crew and passenger payloads must rely on the 

basic vehicle to overcome in-flight difficulties. The booster crew will remain small 

after going opera.tional~ thus ejection systems may :)e appropriate. However, the 

booster crew must. be concerned with optimizing the vehicle impact area and should 

have the opportunity to control the descent of the booster until the last moment. An 

encapsulated seat for all crew members of the booster and the orbiter during develop

ment and for the operational booster satisfies these needs~ 
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Table 4-1 

ESCAPE SYSTEM COMPARISON 

Operational Parameters Ejection Seats (Oxygen, 
Encapsulated Seat Nose Capsule Supply, No Presfi>ure Suit) 

D 

Operational limitations in Mach 4, max altitude of Mach 4, max altitude Mach 4, max altitude of 
current state-of-the-t.rt 50,000 ft above 100,000 ft 150, 000 ft (capsule must be 
(limited by aerodynamic 

- capable of being controlled 
heating and human toler- during all atmospheric and 
ance to deceleration) exoatmospheric flight 

phases) 

Weight of system to imp le- Ejection seat and para- Encapsulated seat and 1500-3500 lb per person; 
ment escape chute recovery system parachute recovery sys- abort propulsion system 

260 Ib per person tern 450 Ib to 1000 Ib per weight dependent on time/ 
person distance history necessary 

to escape fire-ball (Apollo 
LES is 2/3 of CM weight.) 

Launch abort Applicable for storable Applicable for storable Applicable for either types I 

(0 to 50, 000 ft) propellants; not applicable propellants; not always ap-
I 

of launch propellants 
for cryogenic propellants plicable for cryogenic pro-

pellants; requires specific 
case study 

High-altitude abort Not applicable Applicable except altitude Applicable except altitude 
(5Q, 000 to 500,000 ft) limited limited i 

I 
I 

Orbital abort Not applicable Not applicable Not applicable 
I 

, Reentry abort Not applicable Not applicable Not applicable 

Landing abort Applicable j ejection seats Applicable Applicable if separation 
used to abort anytime dur- propulsion system is 
ing terminal flight phase provided 
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4.4. 1. 2 Encapsulated Seat (SKJ 100369). Several seats have been developed for 

high-performance aircraft, but such seats would have to be modified to allow for the 

vertical launch condition. In this case, an upward thrust is provided hy canting the 

rocket exhaust or ejection seat guide rails. 

The er capsulated seat for the B-70 aircraft represents a fully developed system, 

which could be modified for use in the Space Shuttle. 

There are two crew stations, side-by-side, in the XB-70A airplane. Each crewman 

is provided with an encapsulated seat, as shown in Fig. 4-1. Upon entering the seat, 

the crewman connects the on-point oxygen and communication lead and the torso-hip 

restraint harness at two fittings. Other than these devices, there is no tie to the 

occupant. 

The major subsystems incorporated in the escape capsule are the rocket catapult, 

turso restraint, stabilization booms and parachutes, pressurization system, and 

recovery system. The seat is 20 inches wide at the hip and 21.25 inches wide at the 

elbows and shoulders. Figure 4-2 shows the overall installation dimensions, and 

Table 4-2 shows the weight breakdown of the capsule. To reduce fatigue during flight, 

arm rests are provided; and the seat may be reclined, electrically raised and lowered, 

and the under-thigh surfaces varied. 

The seat occupant in normal flight (Fig. 4-3) sits well forward of the capsule shell ann 

is able to perform flight duties unrestricted. Actuation of either of two control levers 

ballistically retracts the seat and crewman into the shell, closes the clamshell doors 

from top and bottom, and pressurizes the capsule. From this position, the pilot can 

monitor the instrument panel and control the airplane; or he may eject by squeezing 

one of two triggers at his side. The retracting-enclosing sequence may be performed 

alternately by hand and may be reversed to restore the crewman to his usual position. 

Operation of either hand grip trigger jettisons the individual overhead hatch and, in 

sequence, ejects the capsule by firing the rocket-catapult, which produces an impuls e 

of 4500 lb-sec. Within 11. 0 second after ejection, a pair of cylindrical booms rotate 

and extend to a length of 9 feet from the capsule back, imparting medium- and high

speed aerodynamic stability to the capsule. For increased stability during low-speed 
4-23 

LOCKHEED MISSILES Be SPACE COMPANY 



EMERGENCY 
RADIO 
BEACON, 

EMERGENCY RADIO, 
BEACON BATTERY 
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PRESSURIZATION BOTTLES 

SEAT LOCK RELEASE LEVER 

EMERGENCY RADIO 
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Voll 

BEACON ANTENNA (STOWED) 

CHAFF DISPENSER 

STABILIZATION BOOM (BOTH SIDES) 

IMPACT BLADDER 
INFLATION 
BOTTLE 

RH UPPER SURVIVAL 
KIT CONTAINER 

CAPSULE DOOR 
INTERIOR RELEASE BAR 

HEADREST 
LH UPPER SURVIVAL 
KIT CONTAINER 
(DESCENT CONTROL 
GRIP INSIDE) 

SEAT HANDGRIP (BOTH SIDES;))I==~~i;~~ 
HANDGRIPiDOWNLOCK RELEASE -
LEVER (BOTH SIDES) ~~~~7~-MOVABLE 
EJECTION TRIGGER (BOTH SIDES) ~=~IAi. ARMREST 

FLIGHT STATUS SAFETY Pli~N::~~(#~iS( (BOTH SIDES) 
EMERGENCY OXYGEN ACTUATOR ARMREST 
KNOB ("GREEN APPLE") RELEASE LEVER 

HEEL PEDAL (BOTH SIDES) (BOTH SIDES) 
LOWER SURVIVAL KIT SHOULDER HARNESS 
COMPARTMENT INERTIA REEL . 

LOCK HANDLE 
NOTE FOOT GUIDE HANDGRIP UPLOCK 
AFTER HANDGRIPS ARE RAISED AND CAPSULE RELEASE LEVER 
CLOSED, EITHER OR BOTH EJECTION TRIGGERS 
MAY BE SQUEEZED TO EJECT CAPSULE 
FROM THE AIRPLANE. 

Fig. 4-1 North American B-70 Escape Capsule 
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Fig. 4-2 North AmericanB-70 Encapsulated Seat Installation Dimensions 
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NORTH AMERICAN B-70 ENCAPSULATED SEAT WEIGHT BREAKDOWN 

Capsule structure 

Seat 

Catapult inner tube and propellant 

Stabilization booms 

Recovery parachute installation 
(parachute = 31 pounds) 

Oxygen installation 

Impact attenator installation 

Cartridge devices, hoses, and fittings 

Miscellaneous (capsule) 

Clothes and personnel equipment 

Survival gear 

Catapult outer tube 

Ejection rails 

Miscellaneous (airplane) 

Ejectable weight 

Nonejectal?le weight 

Total installed weight 

Crewmember Weight (lb) 

5 Percentile 

50 Percentile 

95 Percentile 

4-27 

134 

162 

200 

Weight (lb) 
Ejectable 

208 

67 

38 

102 

38 

35 

17 

24 

33 

12 

27 

601 

664 

Weight (lb) 
Nonejectable 

13 

36 

14 

63 

iRECEDING PAGE BLANK NOT fiLMED. 
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NORMAL FLIGHT 
POSITION 

RETRACTED EJECTION 
POSITION 

:r~ig. 4-3 B-70 Seat Operation 
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ejections and for free-fall, a parachute deploys from each boom tip 1. 5 seconds after 

extension. The main recovery parachute i.s deployed 1. 9 seconds after ejection below 

15,500 feet; if above 15, QOO feet, the parachute withholds deployment until the caps pie 

descends to this altitude. A radio homing beacon is actuated upon parachute deploy

ment. To reduce opening loads and to ensure inflation, the 34. 5-foot solid canopy with 

10 percent extended s~irt parachute is reefed for 2 seconds. A ,cautionary light illumi

nates within the capsule at 15,500 feet to inform the occupant that parachute opening 

altitude has been reached and deployment may bo initiated manually 1 if necessary. 

During descent, the capsule is in an upright attitude and contacts the ground or water 

in this position. One second after main parachute deployment, a bladder inflates from 

the bottom of the capsule to attenuate landing loads and, in conjunction with the stabi

lization booms, to bring the capsule to a rest position, affording rapid exit. The occu

pant may collapse the parachute to avoid dragging the capsule during high winrls. Egress 

can be accomplished by raising the upper door or by explosively separating both doors. 

All survival equipment is readily available to the seated occupant within the enclosed 

capsule. The eqUipment is stowed in two containers beside the crewman's head and 

in an underseat compartment. After water landings, the capsule floats stably in the 

supine position, allowing the crewman to scan the horizon and sky through the three 

capsule windows while awaiting rescue. 

A complete developmental and qualification test program was accomplished on the 

capsule and the capsule subsystefils. The complete systems was demonstrated in 32 

ejection tests, in which escape conditions covering the complete XB-70A flight envelope 

were simulated. In these tests, 19 ejections were accomplished in flight, 11 from 

sleds, and 2 from a static ground position. Typical test trajectories demons trating 

the system's capability are shown in Fig. 4-4. 
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The event-time sequence history recorded during 93 KEAS tests was as follows: 

Event 

Ejection initiation 

Capsule first motion 

Tripper actuation 

Stabilization booms unlock 

Upper roller tipoff 

Catapult tube separation 

Center roller tipoff 

Lower roller tipo;f 

Stabilization booms fully rotated 

Stabilization booms fully extended 

Rocket catapult burnout 

Stabilization boom parachute caps fired 

Recovery parachute lid fired 

Impact attenuator door jettisoned 

Recovery parachute line stretch 

Recovery parachute reefed open 

Impact attenuator fully inflated 

Recovery parachute disreefed 

Recovery parachute fully open 

Capsule touchdown 

Seconds 

0.0 

0.022 

0 .. 145 

0.173 

0.177 

0.195 

0.196 

0.214 

0.227 

0.264 

J. ;13 

1. 83 

2.27 

3.56 

3.70 

5.47 

5.96 

6.85 

7.98 

11. 05 

Capsule accelerations are moderated by aerodynamic characteristics, recovery 

parachute reefing, and by the gas-filled bag landing impact attenuator. The most 

severe conditions result in maximum force applications of 21 g seat-to-head and 15 g 

chest-to-back during ejection of a 5 percentile occupant at maximum indicated ai rspeed. 

Accelerations experienced during and immediately following capsule ejections during a 

low- and high-speed sled test are shown in Figs. 4-5 and 4-6. Since the ejected capsule 

trims aerodynamically at an angle close to the zero lift attitude, the variations in verti

cal accelerations are small with changes in air speed. During deployment and inflation 

of the recovery parachute, a maximum of approximately 11 g (at reefed open time) was 

recorded with force applications from seat-to-head predominating. 
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Fig. 4-5 Ejection Exit Histories - B-70 Escape Capsule Ejection Accelerations 
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Touchdown applied forces, recorded by instrumentation near the mass center-of-gravity 

during water entry, peak to 7 g seat-to-head and 4 g chest-to-back and laterally, while 

accelerations on drifting contact onto decomposed granite and vertical approach onto 

concrete reach maximums of 12 g seat-to-head and chest-to-back with 6 g laterally. 

Imposition of a 16-knot wind drift onto concrete raises maximum to 19 g seat-to-head 

and 9 g chest-to-back and laterally. 

The encapsulated seat will provide safe escape throughout a speed range to supersonic. 

4.4.2 On-Pad Escape 

The prelaunch to liftoff period represents one of the most demanding escape conditions. 

This is further complicated by the need to avoid any umbilical tower or even a person

nel mast. Even if a personnel mast were permitted, the final configuration is intimately 

involved with the vehicle erection procedure. 

In the escape version with a personnel mast, a vertical column is placed as near to the 

flyaway envelope as possible. The function of this column is solely to provide support 

to an inclined elevator truss. The elevator truss contains two cars, one stationed at 

the booster crew level and the other at the orbiter crew level. The inclined elevator 

truss provides for lateral displacenlent from the launch vehicle base as it descends. 

A subterranean sanctuary provides she Iter in case of adverse ground level conditions. 

In addition, a 4-foot diameter tubular slide is provided for each crewman to use in 

case of elevator inadequacy. The slides discharge below ground level in the sanctuary 

room. If desired, a fan can blow air up the slide tube to provide ventilation or a 

braking effect. 

The orbiter passengers are provided only with two slides. Repeated trips of an ele

vatorcar is deemed inadequate in an emergency, whereas a slide provides continuous 

means of escape. The distance from the passenger compartment to the elevator truss 

becomes excessive at lower elevations. Therefore the slides are located at the nearby 

vertical column. The two sanctuary rooms are connected below ground by an escape 

tunnel. Swing arms are hinged and actuated near the vertical column. If the persoIL.?lel 
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mast were to be located in the alternate location, the swing arms would have to he 

L-shaped and be markedly longer. 

The orbiter passenger would not be able to use the personnel mast, since a swing arm 

around the booster wing would be unwieldy. In this case, a portable slide would be 

implaced after vehicle erection. Other escape dEvices that would be used only if a 

personnel mast were present are slide wires and fireman's poles. Depending on the 

passenger payload configuration, a fireman's pole could be of value within the orbiter 

payload area to assist in vehicle egress. 

If-the personnel mast is not permitted, several alternates may be used. Encapsulated 

seats may be used by both booster and orbiter R&D crews. Inflated slides similar to 

those used in current airline practice could be deployed. It is feasible to have two side 

tunnels for the orbiter passengers. This tunnel, approximately 7 feet high by 4 feet 

wide, permits direct egress to the outside of the vehicle at an elevation of 59 feet above 

the pad. From here an inflated slide would be automatically deployed. Cherry pickers 

could be available for both crews. Even a helicopter with suspended net could be used. 

Development work has been done by some community safety groups on an uninflated 

tubular slide for tall buildings wherethe person's descent is slowed by internal friction 

on the tubes walls. As a last resort, a flexible ladder could be deployed. 

4.4.3 Post-Landing Escape (SKJ 100269) 

The normal post-landing egress fronl the orbiter, where the vehicle has come to a stop 

away from ground facilities, is through a short internal tunnel, leading down through the 

personnel compartment to a stowable metal ladder. The ladder descends through the 

wheel well area to the ground. In case the vehicle has made a ditch landing, inflatable 

slides or flexible ladders can be deployed from the side egress tunnel (for passengers) 

or the normal entry hatch (for passengers and crewmen). Although the side egress 

tunnels are now oriented horizontaUy, their 4-foot height still permits rapid egress. 

The height above ground (10 to 12 ft) for a ditched vehicle is now to the point at which 

jumping is feasible. In the R&D versions, the encapsulated seat can be used by the 

crew. 
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The booster crew compartment is not accessible to the front wheel well; therefore, an 

inflated sli.de or flexible ladder deployed from the entry hatch is the preferred means of 

egress. The encapsulated seat is also available; and, in case of ditching', personnel 

could jump. 

In addition to the basic problem of escape, survival after a satisfactory E~scape must he 

considered. Survival kits must contain food and clothing for the extremes of climate 

likely to be encoWltered. In the case of water landing, life rafts must be available for 

all the personnel. If encapsulated seats are provided, they are generally used as a 

seat cushion; but in a passenger vehicle, where individual ejection methods are not used, 

the location of survival gear becomes an important design problem. If this type of 

vehicle makes an emergency landing in water, it will be necessary to carry the survival 

gear and life rafts out of the vehicle before flooding occurs, necessitating an accessible 

storage area. On the other hand, a conventional arrangement where the raft and sur

vival gear are automatically ejected and inflated from a compartment on the outside of 

the vehicle is more desirable if the environmental and structural conditions permit 

such a location. In either case, the crewman's path to the exit should be free of pro

truding objects and structure that may obstruct, strike, or snag the clothing of the 

escaping crew members. 

4.4.4 Orbital Escape 

The temporary objective of orbital escape is to seek sanctuary from the hazard and then 

return to a safe environment. Several pressurized spaces may be used as sanctuary -

the Space Station, the orbiter passageway, passenger compartment if any, or air lock. 

The next phase is to deorbit and return to earth. If the orbiter is Wlusable, a standby 

shuttle could effect a rescue. 

One system studied' by LMSC in 1968 could provide emergency orbital return capability. 

This system contains a minimum of components and complexity and makes maximum 
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possible use of available technology and hardware. Relatively simple manually 

controlled systems are used to provide high reliability and low cost. The overall 

system is divided into the following parts: 

• Titan IIIB launch vehicle system 

• Agena rendezvous and docking system 

• Emergency escape system 

In order to keep the emergency escape system simple, use is made of the Titan IIIB 

and Agena for launch, rendezvous, and docking of the escape system as a passive 

payload. Once the escape system is docked, the Agena is separated ann used for 

other purposes or moved out of the Space Station orbit trajectory. The escape system 

hatch would be opened and the system checked out and statused by the crewman, at 

which time it would be ready for emergency escape. 

When used for escape, the crewmen would enter the system, secure the hatch, activate 

the environmental control and reaction (attitude) control system, and separate from the 

disabled vehicle by ignition of a pyro or V-band separation joint in the docking adapter. 

Separation action and pressure with the docking adapter would pulse the vehicle away 

from the station and impart a slow tumble of a few degrees per second. The artificial 

horizon and yaw indicator is a simple self-contained instrument containing a rate mode 

for use in the event of a tumble condition. The pilot aligns the vehicle to. the earth's 

horizon by means of a sight and reticle on the hatch window, cages and uncages the 

artificial horizon indicator, and sets the earth geocentric rate potentiometer. Reentry 

time is verified by radio contact with the ground. The crewmen may loiter on orbit 

for as long as 9 or 12 hours while preparations are made for their recovery from the 

water and their orbit precession carries them into a select landing area. The pilot 

alone controls the vehicle attitude. He puts the escape vehicle into the proper attitude 

for retro propulsion by reference to the earth horizon or artificial horizon indicator 

and fires the retro rockets. After retro, the vehicle is oriented for atmospheric re

entry so that the system will have a minimum angle of attack. But if the vehicle enters 

the atmosphere backwards, the aerodynamic stability will right the system. At 

400,000 feet, the pilot separates the retro module and reaction control system. At 

approximately 80,000 and Mach 2, the drogue chute is deployed and is later separated 

and a reefed main chute deployed. After water impact, the main chute is separated 
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and the system floats upright on the heat shield because of hydrodynamic single-point 

stability. The vehicle will right itself if inverted by wave action. If neeessary, the 

crewmen can open the hatch and exit the escape vehicle. The battery supply and fan 

. allow the crewmen to remain in the escape vehicle for at least 24 hours with the hatch 

secured. 

The Phase A and B study requiremen.ts, which dictated the system configuration" 

encompass the Apol1o Applications escape system requirements, as follows: 

study Requirements 

100 - 300 nm orbit altitude 

28- to 90-degree orbit inclination 

12-hour on-orbit loiter time 

Water landing only 

24-hour minimum post-landing electrical capability 

Ballistic (zero life) aerodyn~"'nic reentry 

Single-point aerodynamic stability 

Single-point flotation stability 

One-, two-, or three-man optional escape crew 

Suited or unsuited ingress 

Suit removal capability 

Single-gas environmental control system 

Near-zero physiological angle 

5-year orbit storage life 

Apollo Applications 
Requi rements 

210 nm orbit altitude 

35 degrees 

9 hour maximum 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

9 month on-orbit life 

The resulting three-rllan system configuration weight is 2400 pounds stored on orbit, 

and the size is 100 inches in diameter and 100 inches long. The nine-man system 

weight is approximately 5200 pounds, and the size is 143 inches in diameter and 

143 inches long. The ablative heat shield is of a modified 80-degree conical shape of 

1. 00 to 0.25 inch thickness of silicon elastomer, contained in Fiberglas honeycomb 

cells. Attitude is determined by visual reference. A hand control operates the mono

propellant hydrazine reaction control system. Four 780-pound thrust, solid-propellant 

propulsion motors are fired sequentially for the three-man system to provide a 
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600 ft/ sec retro velocity for reentry. Drogue and main chutes provide final descent 

velocity control. The basic capsule structure is of aluminum ring and skin construction. 

4.4.5 Recommendations 

• Establish crew and passenger constraints, i. e. , maximum g loading 
temperature extremes, etc. 

• Determine requirements for escape, i. e., routes, speed of egress, 
volumes, etc. 

• Conduct tradeoff of encapsulated seat versus nose capsule. 

• Determine feasibility of reentering a nose capsule. 

• Determine impulse requirements for on pad ejection. 

• Acquire definitive information on state-of~he art escape systems. 
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4.5 LAUNCH VEHICLE ATTACHMENT SYSTEM (SKB 101069) 
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The attachment scheme for the orbiter and the booster is basically of a three-point 

attachment concept. The two aft attachment points are rigid, while the forward point, 

floating (forward/aft), absorbs all forward/aft dimensional changes from the time of 

original mating on the ground to separation in flight. Built-in alignment capabilities 

are included at all attachment points for all three axes of the orbiter and the booster. 

This attachment concept permits two methods of separation: 

• By simultaneous actuation of the release mechanisms at all three attachment 
points on the orbiter, perpendicular separation between orbiter and booster 
can be accomplished . 

• A controlled rotational mode of separation is possible by sequencing the for
ward and aft release mechanisms. 

4.5.1 Orbiter - Forward Attachment 

The forward attachment point in the orbiter is a double-latch arrangement located 

apprOximately 40 feet aft of the nose, just aft of the nose landing gear. Designed as a 

complete module, it can be operated, adjusted, and checked out prior to installation. 

The latcn. can then be installed and aligned, as a unit, without any further adjustment. 

The forward latch half and aft latch half are opened or closed with two links actuated 

by hydraulic cylinders. The link from the booster can be latched and released by 

actuating either one or both of the actuators, giving redundancy of operation. In oper

ating the latch, there is only a locking and unlocking action, free from exerting any 

forces tending to pull together or separate the orbiter and the booster. 

4.5.2 Orbiter - Aft Attachments 

Aft attachment forks are mounted on the aft frame, 27 feet from the centerline of the 

orbiter (54 feet total). The fork fittings are adjustable in all three axes for final 

alignment during mating; they are retractable into the fuselage after separation. 
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The forward attachment point in the booster is approximately 70 feet aft of the nose, 

on centerline, on top of the fuselage (lining up with the orbiter forward attachment 

point). The attachment link, stowed horizontally, pivots up and forward to engage 

with the latch in the orbiter. The link is hydraulically actuated for erection and re

traction with free floating capability, between stops, so that the link can absorb the 

longi tudinal differential lengths that occur from the time of original mate to separation. 

4.5.4 Booster - Aft Attachment 

The aft attachment arm to the orbiter is a large V -frame mounted in the top of the 

nacelles, erected and rigidly held in place by drag links. The links are hydraulically 

actuated to extend and retract the V-frame. There are two V-frames symmetrically 

located (27 feet from the centerline of the booster) to line up with the two fork fittings 

on the aft end of the orbiter. A clam-shell type latch, located at the top (or end) of the 

V -frame, is designed to clamp and rigidly hold the pin, which extends through the fork 

fitting on the orbiter. The clam-shell type latch is pivoted on the aft end and when 

folded closed (forward), it is locked with two bolts. To release the orbiter's fork 

fitting, explosive nuts release the spring-loaded half of the clam-sheil, which then 

rotates 90 degrees to permit separation. On the aft (or top) surface of the V -frame 

is attached insulation surface. W'hen the V -frames are retracted into the top of the 

nacelles, the insulation is flush with the outer surface, thus eliminating the necessity 

for doors. 

Internal retracting doors are used at the forward attachment points on both the orbiter 

and the booster. After separation, the self-sealing doors are extended into the 

closed position. 

The two captive explosive bolts on each of the two aft attachment points on the booster 

are the only expendable items within the separation mechanism; they must be replaced 

after every separation. 
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An alternate location for the aft attachment location of the orbiter is lower and farther 

forward. 'The geometry is similar but with different attachment hinge arm locations 

on the booster. 'The forward attachment point remains the same, and the method of 

release is unchanged. 
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4.6 PAYLOAD BAY DOOR CONCEPT (SKM 101569) 
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Two general concepts of cargo bay door design have been considered. One is a single 

door design actuated about a single hinge line, located parallel to and in the region of 

either of the bay longerons. The other is a pair of clam-shell type doors, each hinged 

parallel to the bay structure longerons. 

The following ground rules appear to be appropriate at this time: 

• The structural interface with door or doors must mate with any cargo bay 
structural cover that a wide and varied range of possible payloads may require. 
This implies an interchangeability feature for the payload bay interface. 
Present design plan is to incorporate interchangeability at this interface by a 
series of latches. 

• Continuity of structure must be maintained across the payload bay span. This 
is done by adequate door structure and by adequate latching tiedowns along all 
edges of interface and at the centerline of vehicle, where two doors are used. 
Door hinges would not be structural in transferring or carrying loads across 
bay, but this would be capable of carrying door deployment loads only. 

• The internal surface of door or doors must provide a radiator surface for cool
ing internal equipment. The door would be properly orientated for various 
rates of heat radiation. This implies a variable positioning of the door in open 
position to satisfy variable requirements. (Positioning would be automatically 
controlled. ) 

• Payload doors and accompanying mechanisms must be compatible with deploy
ment/retrieval mechanisms now contemplated. 

Latching has not been completely studied, but plans are to actuate door latches with a 

single mechanically synchronized actuation system. Such a design makes interchange

able payload structures quickly installable. 

The outside of the door assembly is a replaceable heat shield, consisting of Rene' 41 

supported by Rene' 41 flexible standoffs, which are mounted on a corrugated Fiberglas 

panel. The Fiberglas panel is attached to aluminum alloy substructure, consisting of 

frames and transversals, covered on the interior with special aluminum alloy paneling. 

This paneling serves as a radiator surface when doors are deployed. 
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It is planned that each door (where two are used) be actuated with a single hycit'aulic 

actuator with a manually actuated override. The opening sequence opens the left-hand 

door first. For varied radiator requirements in orbit, an automatic positioning mecha

nism for each door should be provided. 

In the closed position, the substructure would be insulated from the doors to prevent 

heat shorts to the substructure. 

It is planned to use necessary reinforoing corner structure as mounting bracketry for 

latches and door hinges. 

The nominal clearance of 8 inches for theoretical payload clearance and deployment/ 

retrieval mechanisms may be reduced in the future. 
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Reusable coated refractory metal nose cap studies have been conducted for a number 

of concepts, summarized in Table 4-3. Two basic design appraches were considered -

one without redundancy (1 and 2) and one having a reliable redundant passive nose cap 

(.3, 4, 5, and 6) • 

Employment of zircon insulation allows for a bonded attachment to the titanium substrate 

or redundant silicone elastomeric ablator, as in concept 1, illustrated in SKR 060969, 

and in concept 3, illustrated in SKR 060669. While the insulation composite of zircon 

and LI-1500 concepts 2 and 4 are lightest in weight, they entail mechanical attachment 

problems. Efficient design of a composite insulation, zircon/LI-1500, allows only for 
~ , " 

bonding of LI-1500 to the substrate or the ablator. Because of the high temperature 

at the zircon/LI-1500 interface, bonding agents cannot be employed, since decomposi

tion of the organic constituents would occur. Differential expansion between zircon 

and LI-1500 requires a mechanical attachment technique that allows for a large differ

ential expansion. (The outer layer of zircon is at the highest temperature and also has 

a thermal coefficient of expansion that is one order of magnitude greater than 1J-1500. ) 

The complexity of mechanical attachments for the composite insulation system more 

than offsets the weight advantage that may be achieved by employment of LI-1500. 

The fail-safe concept (3) calls for a prime reradiative nose cap and a secondary 

(redundant) nose cap~ capable of surviving a single entry if subjected to the entire 

aerodynamic heating environment. The insulation (zircon) system between the primary 

cqated refractory metal nose cap and the silicone elastomeric ablator limits the ablator 

to temperatures sufficiently below the decomposition temperature for'" "11se. The most 

probable failure that could result in the prime nose cap would be a local failure in the 

coating undetected by preflight inspect.ion. Oxidation of the rrwtallic substrate would 

take place locally, and a hole would develop in .the primary cap. The purpose of the 

redundant cap i.s to provide safe return of the vehicle from orbit in the event of such 

an unlikely fail ure • 
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Table 4-3 

REUSABLE NOSE CAP DESIGN CONCEPTS 

System Description 

Passive High- Redundant j Substrate Advantages 
Temperature Nose Cap Insulation Material 

Zircon None Titanium Li.ghweight 
I Simple design 

Zircon/LI-15 None Titanium Lightweigh t 

Zircon Lightweight Titanium Fail-safe 
Silicone feature 
Elastomeric 
Ablator 

Zircon/LI-15 Lightweight Titanium Fail-safe 
Silicone feature 
Elastomeric 
Ablator 

None Beryllium None Heat sink reduces 
(Structural maximum equi-
Member librium 
Included) operational 

temperatures 

None Carboni None Fail-safe 
Carbon feature 

\ 

firT-U ~ ~ .i!IifI 

Disadvantages 

Insulation composite 
attachment problem 

Slight weight penalty 
for redundancy 
feature 

Slight weight penalty 
for redundancy feature 
Insulation composite 
attachment problem 

Heavy 

Complex attachment 
problems 
Redundant system 
C arbon oxidation 
affects reuse 
Heavy 
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Concept 5 (the coated tantalum, heat sink hybrid) is complex and heavy. The only 

advantage is that the equilibrium temperatures of the tantalum nose cap can be reduced 

by allowing a substantial portion of the convective heat load to radiate inward to the 

beryllium heat sink. Securing the heat sink, which. retains substantial heat energy 

and maintains moderately high temperatures (lOOOoF) for a long period after landing, 

will result in a complex design, which could be justified only if the tantalum system 

temperature is critical with regard to either coating life or nose cap vehicle survival. 

Concept 6 calls for a carbon/carbon redundant nose cap. While the carbon or graphite 

reinforced systems appear to be sturdy candidates, complex attachment problems are 

created because of their brittleness. They undergo oxidization at the anticipated opera

tional temperature levels with the evolution of carbon dioxide. In addition, these 

material systems represent a significant weight penalty over the silicone elastomeric 

ablator. Fabrication of large size (6 ft diameter) and thick (5 in. ) nose caps requires 

manufacturing development, which at best would lead to a graded denSity composite in 

depth, thus requiring considerable qualification and development testing. This system 

appears to present no distinct advantage and many design and manufacturing hazards. 

A marginal thermal stress situation exists, particularly in the stagnation region 

attributed to the thickness and type of thermal gradient in the material. For these 

reasons, the carbon/carbon redundant system is less attractive than the others 

described. 

Both tungsten and tantalum were considered as the outer nose cap material in all the 

above concepts. Tantalum has inherently superior high-temperature properties in 

that it does not present a problem like that of tungsten because of embrittlement as 

a result of recrystallization after exposure at high temperature. Tantalum has 

satisfactory mechanical properties at high temperature and may be recycled in an 

entry environment. This makes it the preferred refractory metal candidate for reuse. 

The thin shell reradiative caps (oblate spheriod, ratio of semiminor to semimajor 

axes = 0.4) undergo some yielding at high ternperature near the attachment region; 

however, the structural integrity of the system is satisfactory. 
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Since all refractories are subject to severe oxidation at high temperatures, the 

properties of applicable coating materials is of primary importance. 

The reentry environment encountered by the Space Shuttle upper stage can be expected 

to produce a maximum temperature of 29000 F for an emittance of 0.8. Studies indicate 

that coated tantalum is compatible with these values. The data in this reference and 

recent test data indicate that, in the case of tantalum coated with R512C (Si-20T: -10Mo), 

the emittance is greater than 0.8 and the coating life exceeds 12 entry cycles for a peak 

temperature of 29000 F and a stagnation pressure range (30:::; ps 200-mm Hg). The 

effect of reduced pressure (corresponding to free stream pressure conditions between 

0.025 and 1. 0 mm Hg) results in a coating life of five entry cycles. In order to achieve 

a coating life on the inner surface of the nose cap consistent with that for the external 

surface, it may be necessary to maintain an air pressure of 10 mm Hg or greater on 

the inner surface by either a partially sealed gas purged reservoir or a sealed reservoir. 

Por a sealed system, the pressure would rise approximately nine fold from 10-mm Hg 

to 90-mm Hg (0.2 to 1. 8 psi) during the heating period and therefore would not present 

any design difficulties. For a controlled pressure environment on the internal surface 

of the reradiative nose cap, the coating life may be increased by a factor of 4 or more as 

compared to an uncontrolled pressure environment based on the preliminary coating 

life data. 

Improvement in maximum temperature capability of tantalum may be achieved by use 

of an experimental coating R515 (Hf-20Ta). This coating may afford better protection 

at low pressures, because it can be applied in a thicker coating than the silicide coatings. 

The temperature capability may be extended to 35000 F. 
'., 

Tantalum is currently considered to have manufacturing advantages over tungsten. 

Presently tungsten spun items are limited to sizes of 30 inches in diameter because 

of presently available sheet stock widths. Similar limitations for tantalum do not exist 

for nose caps up to 6 feet in diameter or larger, presently being considered for the 
. . 

Space Shuttle. Screening tests conducted for four coated tungsten candidate systems 

(R516 , R516B, R512, and R512I) did not indicate any significant high-temperature 
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advantage of coated tungsten over the single coated tantalum (R512C) system, 

based on coating life; therefore, the coated tantalum system is presently 

considered to be superior. 

In summary, the large Two-Stage Space Shuttle concept has a large radius nose 

cap, resulting in relatively low equilibrium temperatures. This allows for the use of 

coated tantalum as the primary refractory metal nose cap material. Because of the 

distinct manufacturing advantages of tantalum over tungsten for large nose caps and 

the satisfactory mechanical properties at high temperature, the tantalum reradiative 

nose cap is considered to be the prime candidate refractory metal. 
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For the tank support system, Fiberglas and titanium materials were selected as the 

potential materials for strut and skirts, because of their high strength-to-weight ratio, 

as well as their low thermal conductivities. 

As shown in views A and E, a network of eight struts in the forward end of the tank, is 

used. The struts are arranged in four pairs around the perimeter of the tanks, and 

each strut is desi~ned to withstand tensile load. 

The forward LH2 tank struts, as shown in view A, have a diameter of 3 inches and a 

nominal wall thickness of . 065 inch for the orbit storage tanks. As shown in view E-E, 

the strut diameters are 2.50 inch and nominal wall thickness is .065 inch. Each strut 

is insulated with superinsulation. 

As shown in view B, a network of eight struts in the aft end of the tank are arranged 

in four pairs around the perimeter of the tank dome. The struts are arranged in such 

a way that the longitudinal and vertical contraction could be achieved. A typical strut 

design consists of a continuous polar-wound epoxy resin-impregnated S-glass filament 

tube and titanium end fittings. Rod end bearings with a shank diarneter of 1 inch have 

been selected on the basis of high load capacity and particular sUftability for cryogenic 

use. Spherical bearings, incorporated in the rod ends, permit excursion of the strut 

assemblies during tank contraction. The strut attachment to ,the tank is achieved by 

m.eans of titanium brackets and alulninum brackets to the spacecraft structure, as shown 

in views A and E. 

A typical tank insulation for ascent storage is shown in section C-C. The insulation 

consists of . 20 inch thick polyurethane foam and the vapor-barrier is on the outside. 

A typical tank insulation for orbit storage is shown in section D-D. The insulation 

consists of 4.0 inch thick superinsulation made up of blankets and a mylar vapor barrier 

on the top of the insulation. On the outside of the vapor barrier is a netting of dacron, 

which considerably improves handling characteristics of the multilayer insulation 

blankets. 
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This a typical engine support system; station locations do not coincide with the base

line vehicle. 

The design concept of engine thrust structure is defined for an 11-engine installation. 

4. 9. 1 Rocket Engine Installation 

The rocket engine installation equipment is a gimbal system, mounted on a tube and 

beam space structure. 

The welded space structure has joint fittings attaching to either forgings or built-up 

beams. 

All loads are carried via tubes to built-up beams and to eight longerons on the fuselage 

and complemented by three longerons at the lower wing surface. 

Access panels should be provided in the sides and upper portion of the fuselage. 

4.9.2 Turbofan Engine Installation 

The turbofan engine mounting equipment consists of two primary supports at station 

2845 and 2921 with diagonal truss bracing in the upper and lower regions. 

Primary supports are forgings at station 2845 and 2921 with integral support positions 

for transferring engine loads and interfacing to fuselage side walls. 

The entire engine can be installed in the fuselage by means of four tension bolts buttock 

line 160 on each side of the fuselage. 

A welded truss is used at station 2845, and a bolted truss is used at station 2521. 
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All loads are carried via truss systems, while jet engine thrust loads are transferred 

to two forward/aft longerons at the fuselage side panels. 

Access covers should be provided for the engine support system and fillets provided in 

the upper and lower portions of pod to fuselage region. 

The engine pod concept should include removable panels for servicing. 

4.9. 3 Wing to Engine Space Structure 

The wing should be capable of jOint interfacing to rocket and turbofan engine instal

lations. 

Mating joints at the aft portion of wing should be provided with three vertical fittings 

at stations 2698, 2845, and 2921, attaching to spars and/or wing chord ribs. 
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This concept is for a 14-engine system. The cryogenic primary propulsion system 

consists of an oxidizer tank (L02) in the forward portion of booster and a fuel tank 

(LH2), located in aft portion of the booster along with the plumbing lines and associated 

valves and mechanical components. 

The L02 fill line feeds from the left-hand aft end of the vehicle to the trunk line and 

then to the tank. The lli2 fill line feeds from the right-hand aft end of the vehicle 

directly to the tank. 

The L02 feeds directly to 10 engines from the left-hand side of the vehicle and the 

four pressurant engines feed from a Y in the same trwlk line. Pressure/volume joints, 

along with associated sliding joints and gimbals, are in the feed lines. Separate LH2 

lines feed to the four pressurant engines and to the 10 other engines. Pressure/volume 

joints and gimbals are in the feed lines. 

The L02 replenish line feeds from the left-hand aft end of the vehicle to the 10 engines 

then through a Y to manifoldtfeerl to the four pressurant engines. The LH2 replenish 

line feeds from the right-hand aft end of the vehicle to manifold/feed to the 10 engines, 

then through a Y to manifold/feed to four pressurant engines. 

The L02 pressure line feeds from the forward end of the oxidizer tank on the left-hand 

side of the vehicle to manifold/feed to four pressurant engines. The LH2 vent line 

feeds from the right-hand aft end of the vehicle directly to the forward end of the tank 

and divides at a Y distribution to become a pressure line to the four pressurant engines. 

The L02 vent line feeds directly from the forward end of the oxidizer tank overboard 

to the left-hand side of the vehicle. The line is a part of the L02 pressurization sys

tem, but divides for plumbing Simplification. 
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The configurations reported on in this section are the '£wo-Stage and dissimilar 

Triamese, for both 50, OOO-pound and 25, OOO-pound payload capacity. Primary empha

sis is on the Two-Stage, 50,000 configuration. Sequential (tandem) burning is assumed 

for both configurations. 

The various phases of flight covered in this section and where they may be found are 

illustrated in Fig. 5-1. 

5.1 SYSTEM SIZING AND PARAMETRIC ANALYSIS 

A launch vehicle sizing and sensitivity analysis was performed to accomplish the 

following: 

• Examine parametrically design variables that have a major impact on the 
system, and select the values of those variables that tend to maximize per
formance or minimize cost. 

• Investigate system sensitivity to certai.n vehicle parameters, and identify 
parameters that are critical to vehicle performance so that proper emphaSis 
can be placed on them in the study. 

• Study the effect of mission requirements on laWlch vehicle size in order to 
establish the mission parameters that have the greatest impact on launch 
system size. 

• Define the capability of point-design vehicles at missions other than the design 
mission. 

The primary emphasis in the sensitivity studies has been on the Two-Stage system, 

particularly the 50,OOO-pound payload vehicle (launch weight equal to 3.74 million 

pounds). 
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Two methods were used to obtain sensitivities of the variable-size (rubberized) vehicle. 

The first method, a generalized technique used to optimize staging ratios of a two

stage system, was developed under the assumption of selected laws governing the 

behavior of inert weight with impulse propellant. This procedUf'e is summarized in 

5.1.1. The second procedure used to generate the remainder of the variable vehicle 

sensitivities involves use of the computer program MAGIC, described briefly in 5.1.2. 

Fixed vehicle sensitivities (for a point-design case, where the vehicle size has been 

fixed) are presented in 5.1.3. 

5. 1. 1 General Performance Analyses 

A generalized performance analysis of the Two-Stage system has been accomplished 

through use of basic performance parameters. This analysis, although based on 

relatively simple assumptions, models the Two-Stage system realistically and enables 

the effects of complex quantities to be evaluated in terms of simple paramete:l~s. The 

process is described below. 

Given a linear weight scaling law for the booster and the orbiter of the form: 

W ::;; K.' + (!. -1) W 
I. 1 n. P. 
III 

i = 1 booster 
i = 2 o$~'biter 

The impulse propellant in the stage is de,noted as WPi; the inert weight of the stage 

is called Wli. The inert weight includes that of all dry weights, residuals and non

impulse expendables, and the crew, but not the discretionary payload for the orbiter 

or noseload for the booster. The propellant factor (r].) and inert constant (K.) are 
1 1 

assumed to be constant for a given vehicle design. (K2 for the orbiter is a function 

of payload, however.) For a total ideal velocity and payload, the stages may be sized 

any number of ways. A certain combination of booster and orbiter propellants (W PI 

and Wp2) minimizes launch weight and still satisfies the mission requirements (pay

load and l::.V). The ideal staging velocity (l::.V supplied by the booster) that result8 from 

these propellants is called the optimum ideal staging velocity. The less efficient a 

stage, either in propulsive efficiency (specific impulse) or in structural efficiency 
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(propellant factor 11 or inert constant k), the less the velocity contributed by that stage 

should be to minimize launch weight. Figure 5-2 displays launch weight and optimum 

ideal staging velocity for a variety of orbiter and booster propellant factors, for both 

the 25, OOO-pound and the 50, OOO-pound payloads. 

The relationship between 11. and 'A:, the propellant fraction, is given below. 
1 1 

Wp . 

11· 
1 = k. 1 WP. + WI. -

1 
1 1 

propellant factor 

Wp . 1 
A~ 1 = = k· 1 WP. + WI. 1 + ----1... 

1 1 11· WP. 1 

propellant f:caction 

1 

For a given design (fixed shape but variable size), Tl. and k. are apprOximately 
1 1 

oonstant; but A ~ is a function of propellant. Assuming Tl i and k i to be fixed during 

vehicle growth is a less realistic assumption than assuming A ~ to be fixed on the basis 

of studies performed with MAGIC. The A ~ = constant is a special case of this more 

general model, where k1 = k2 = 0 and A ~ = Tl.. Tl. is always greater than A ~ • 
1 1 1 1 

For the Two-Stage system, the follOwing values were used: 

Total ideal velocity = 32,422 ft/ sec 

Booster: Orbiter: 

k1 = 139,000 lb (50K) k2 = 107,000 lb (50K) 

= 139,000 lb (25K) = 99,000 lb (25K) 

Tll = .895 112 = .862 

A' -. .850 (50K) A' :;:; .763 (50K) 1 2 
- .841 (25K) = .745 (25K) 

Isp = 428.5 sec I = 454.2 sec 
sP2 1 
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~ __ ~ __________ ~ __ ~~ __ ~~~ __ ~~ ____ ~~ __ ~~ __ ~_1 

10 15 20 

OPTIMUM IDEAL STAGING VELOCITY (FT/SEC X 10 3) 

*OPTIMUM POINT LAUNCH WEIGHT SLIGHTLY LOWER THAN 
BASELINE BECAUSE BASELINE STAGING VELOCITY IS NOT 
OPTIMUM 

TWO-8TAGE 

Fig. 5-2 Effect of Propellant Factor on Launch Weight and Staging Velocity 
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The results of this analysis demonstrate the high sensitivity of launch weight and 

optimum staging velocity to propellant factor. On the other hand, the opti.mum staging 

veloCity is not very sensitive to either payload or its equivalent, the orbiter inert 

constant (k2). 

5.1.2 Variable-Vehicle Parametric and Sensitivity Analysis 

The Two-Stage system was studied with the benefit of the computer program MAGIC, 

which sizes a launch vehicle (either Two-Stage or Triamese) on the basis of mission 

requi rements and information available from studies in other technology areas (vehicle 

design, weights, structure, ascent performance, reentry and thermodynamics, aero

dynamics, propulSion, etc.). A vehicle is first geometrically defined in the program 

(both orbiter and booster) and then weighed. Its performance capability is compared 

to that required. The size of one or both of the stages is then adjusted; and, through 

an iterative procedure, a launch system is developed to satisfy mission requirements 

down to subsystem level. MAGIC is a useful tool for launch vehicle. definition, and it 

is continually being expanded and updated to reflect the latest studies being performed 

by the various disciplines involved in the system study. 

The effect on system size of the follOwing parameters was examined for this study: 

• Thrust-to-weight ratio at launch 

• Thrust-to-weight ratio of orbiter at separation 

• Staging velOCity 

• Oxidizer/fuel ratio in booster and orbiter 

• Payload weight and valume 

• On-orbit 6V 

• Inert weight of booster and or biter 

• Propellant packaging factor in orbiter 

• Specific impulse of booster and orbiter 

• Orbiter cross range 

• Go-around at landing 

• Orbiter ignition at launch 
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For this study, both the orbiter and booster sizes change tl.s the parameters are varied. 

Sensitivities are given in Table 5-1. Plots of various sensitivities are given in 

Figs. 5-3 through 5-8. 

Table 5-1 

VARIABLE-SIZE VEHICLE SENSITIVITIES 
TWO-STAGE 

Launch Weight Partials 50K Payload 
Vehicle 

Launch weight/inert weight of booster (lb/lb)* 4.73 

Launch weight/inert weight or orbiter (lb/lb)* 27.0 

Launch weight/specific impulse of booster (lb/ sec) -19,100 

Launch weight/specific impulse of orbiter (lb/sec) -21,300 

Launch weight/payload weight (lb/lb) 28.0 

Launch weight/payload volume (lb/ft3) 74.4 

Launch weight/ideal velocity (lb/ft/ sec) 550. 

Launch wei.ght/orbiter cross range (lb/nm) 260. 

Launch weight/contingency (lb/%) 71,400 

Launch weight due to elimination of go-around -501,000 
requirement (lb) 

Launch weight due to 10% mass flow rate in 180,000 
orbiter during first stage (lb) 

*Does not include 10% contingency effect 
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Fig. 5-3 Effect of Thrust-to- Weight Ratio 
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5.1. 2.1 Thrust-to-Weight Ratio. As the thrust-to-weigli.t ratio (either at launch or at 

stage separation) increases, total ideal velocity required decreases as a result of re

duced gravity and drag losses. Engine weight, as well as other weights dependent on 

engine weight, increases because more thrust is required. A tradeoff between tl. V 

and inert weight is therefore called for. For the booster, a large reduction in required 

tl. V can be obtained by designing for a high thrust-to-weight ratio, with only a relatively 

small penalty in launch weight due to the extra inert weight (because of the low sensitivity 

of launch weight to booster inert weight). The optimum launch thrust-to-weight ratio is 

in excess of 1. 45; but, because of engine packaging considerations and dynamic pressure 

constraints, the baseline vehicle has been limited to a thrust-to-weight ratio of 1. 45. 

The impact, of the thrust-to-weight ratio of the orbiter on launch weight involves criteria 

similar to those; for the booster. For the orbiter, however, velocity gains due to high 

thrust-to-weight ratio are much smaller because of the small flight-path angle at stage 

ignition. In addition, the penalty for carrying additional inert weight is much greater. 

Therefore, the launch weight minimizes at a low, second-stage thrust-to-weight ratio, 

in the neighborhood of 1.1 to 1. 3, depending on the velocity at staging. The recommen

dation, then, is for a relatively high thrust-to-weight ratio on the booster and a low 

thrust-to-weight ratio on the orbiter. Figure 5-3 presents these data for two different 

staging velocities and reflects the combined effect of thrust-to-weight ratio on ascent 

performance and vehicle weight. 

5.1. 2. 2 Staging Velocity. The effect of staging velocity on launch vehicle size involves 

several tradeoffs. As staging velocity is increased, the booster gets larger, the orbiter 

smaller, and velocity losses get snialler (so the required tl.V beco'lnes less). The opti

mum staging velocity is sensitive to the particular vehicle designed and relative propel

lant packaging effiCiency of the booster and the orbiter. For the type of configuration 

represented by the baseline vehicles, the optimum staging velocity is approximately 

10,600 ft/sec (relative or aerodynamic velocity) or 15,400 ft/sec ideal velocity. The 

staging velocity chosen for the baseline vehicles is about 9000 ft/sec, somewhat less. 

This value, chosen primarily to provide a more desirable structural arrangement in 

the orbiter for accommodation of the large payload bay, involves little penalty from the 

optimum case, as shown in Fig. 5-4. 
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5.1. 2. 3 Oxidizer-Fuel Ratio. The effect of oxidizer fuel ratio on the launch weight 

and dry weights is shown in Fig. 5-5. The basic tradeoff involved is that for higher 

mixture ratios, the propulsive efficiency (lsp> is less but the structural efficiency (7]) 

is greater. Launch weight minimizes at about a 6:1 ratio in both the orbiter and the 

booster, . but the total dry weight of the system (booster plus orbiter) minimizes at 

about 7:1 ratio (in both stages). 

5.1.2.4 On-Orbit ~V. The effect on launch weight of changing the on-orbit Av require

ment is shown in Fig. 5-6. Launch weight is quite sensi,tive to this parameter. Reduc

tion of the on-orbit ~V by 500 ft/sec decreases launch weight by 250» 000 pound. !tcan 

also be seen that for the payload weights of interest, the magnitude of payload weight 

is a biasing effect and does not significantly affect the launch system sensitivity to 

velocity. 

5.1. 2. 5 Payload Weight. The impact of payload weight is also shown in Fig. 5-6. In 

this case, as in all variable launch system studies, the data were developed under the 

assumption that ascent and return payload weights are equal. 

5.1. 2.6 Inert Weight. The sensitivity of launch weight to inert weight of both the 

booster and the orbiter is given in Fig. 5-7. For each extra pound of inert weight in 

the orbiter, the launch weight is increased approximately 30 pounds. As weight is 

added to the booster, a smaller sensitivity is evident, indicating a launch weight to 

inert weight ratio in the order of 5. 

5.1. 2.7 Propellant Storage Factor of the Orbiter. The propellant storage facto'" :.3 a 

measure of the volumetric efficiency for packaging propellant. It is defined as the ratio 

of the propellant weight that might be stored to the propellant that is actually stored in 

the tanks called for in the baseline configuration; nominally it is 1. For values less 

than 1, the implication is that simpler tanks are used so that less propellant would be 

stored in the same volume. For values greater than 1, more complex tanks (such as 

lobed or pillow tanks) are required. As shown in Fig. 5-8, a value of .8, for example, 

implies that only 80 percent of the volume used in the present desigri would be used in 

the new design to obtain the new launch weight. 
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5.1.2.8 Payload Volume 'The impact of payload volume is also shown in Fig. 5-8, 

'since its influence on launch size is somewhat equivalent to propellant storage efficiency. 

As payload volume is reduced, propellant tanks are installed, enhancing the performance 

capability of the ~aunch system. As shown in the figure, however, payload volume is not 

a significant parameter in terms of launch system size for the configuration under 

in ve stigation. 

5.1.3 Fixed Vehicle Sensitivities 

To aid in the analysis of the launch system, fixed vehicle sensitivities have been gener

ated. This has been done to aid analysis of muitimission capability and to aid assess

ment of payload degradation due to off-nominal values of certain performance param

eters. The sensitivities are listed in Table 5-2. Payload versus ideal velocity and 

orbit inclination are shown in Fig. 5-9. These sensiltivities include the effect of 

velocity losses. 

Table 5-2 

FIXED VEmCLE SENSITIVITIES - TWO-STAGE 

Payload Sensitivity Partials 50K Payload 25K Payload 
Vehicle Vehicle 

Payload/inert weight of booster (lb/lb) -.151 -.149 

Payload/inert weight of orbiter (lb/lb) -1.0 -1.0 

Payload/propellant in booster (lb/lb) .065 .062 

Payload/propellant in orbiter (lb/lb) .176 .183 

Payload/ speCific impulse of booster (lb/ sec) 720 569 

Payload/ specific impulse of orbiter (lb/ sec) 908 712 

Payload/launch thrust (lb/lb) .0117 .0114 

Payload/ on-orbit (lb/ft/ sec) 21. 9 17.2 
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An ascent trajectory analysis has been conducted for the following purposes: 

• Examine system behavior for a wide range of vehicle parameters to assist 
in. choosing design characteristics that maximize vehicle performance. 

• Analyze the performance for alternate mission requirements, and investi
gate other ascent modes for the design mission. 

• Provide a reference trajectory for use by other technology groups to aid 
in a vehicle design. 

5.2.1 Trajectory Trades 

A comprehensive study of ascent trajectories" of Two-Stage configurations was per

formed for the purpose of assessing the mission velocity sensitivity to staging velocity, 

injection altitude, lauI!ch thrust/weight, second stage ignition thrust/weight, and final 

orbit inclination. Acceleration limits of 3 and 4 g were imposed, requiring continuous 

throttling capability in both stages. The orbit injection velocity tradeoff for four repre

sentative configurations designed to have different staging velocities is summarized in 

Fig. 5-10, from which the follOWing conclusions can be drawn: 

• The 30,400 fps is representative of the ideal injection velocity requirement 
for the current class of vehicles at 4 g. Although minimurn velocity require
ments occur with the higher acceleration levels (i. e., shorter total burn 
times), the impact of the correspondingly larger engine sizes must be included 
in an evaluation of minimum launch weight. 

• The 3-g acceleration limit requires 20-60 fps additional velocity capability. 

• The 1. 25 launch thrust-to-weight ratio (T/W) and 28-degree inclination data 
repeat the velocity trends with (T/W)2' implying that the sensitivity to 
staging velocity is predictable for alternate missions. 

• Direct injection at 100 om shows a different trend, favoring lower (T/W)2' s. 
Optimum flight time conditions correspond to (T/W)2 = 1. 25, with a net 
additional velocity requirement of 300 fps (400 fps-100 fps circularization 
not required), increasing to 650 fps at (T/W)2 = 2. O. The 3-g constraint 
requires an additional 70 fps. 
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Additional supporting studies (not documented in Fig. 5-10) have shown that: 

• Velocity variations due to mixture ratio shifts (specific impulse effects) are 
equivalent to staging velocity shifts, since inert weight effects are negli
gible (less than 10 fps) 

• Higher losses incurred by the Triamese require an additional 420 to 470 fps 
more than the Two-stage for identical staging velocities 

• Assuming a perigee injection at 45 nm is only marginally satisfactory because 
of: post-injection drag forces potentially large enough to cause impact. Rede
fining perigee injection at 50 nm alleviates the problem for a minor velocity 
penalty (about 35 fps). 

The effect of launch thrust/weight on the ascent velocity requirement, used for system 

sizing studies, is summarized in Fig. 5-11 for the 15, 500-fps staging velocity configu

ration with a 4-g constraint. The effect of increasing launch (T /W) is one of reducing 

ascent velocity losses, achieved mainly through reduction in the gravity loss compon

ent. The ideal velocity requirements fOJ;~ various inclinations are also summarized in 

Fig. 5-11. The launch azimuth was not restricted and was varied as required to maxi

mize the booster system performance. 
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5.2.2 Reference Trajectories 
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The ascent trajectory profile studies have been conducted with the aid of the PRESTO 

digital computer program, in which a steepest descent optimization technique is used 

to define optimum thrust attitude guidance profiles. Initial representative ascent 

trajectories have been established for the Two-stage and Triamese configurations. 

An ETR launch into a 55-degree inclination, 45 x 100 run elliptic orbit is simulated. 

The launch T/W ratio was selected at 1. 45; and second stage ignition T/W, at 1. 20. 

Figures 5-12 and 5-13 show the primary trajectory parameters versus flight time and 

define the reference ascent profiles. Acceleration constraints of 3 and 4 g are shown 

for the Two-Stage and 3 g for the Triamese. The profiles are representative of ballis

tic flight for the first 130 seconds of burn. At this point, where the dynamic pressure 

is less than 100 Ib/ft2, optimum thrust attitude programming is initiated. These ascent 

profiles are terminated at perigee injection into a 45 x 100 run transfer orbit. 

Reference trajectories are necessary for guidance, dynamics, ascent heating, and 

reentry analyses. A comparison of the profile histories generated for various sensi·

tivity trades shows only minor differences, except for peak dynamic pressure, which 

directly reflects the launch T/W. Thus analyses based on these data should produce 

essentially valid results for an extremely wide variety of missions and vehicle 

configurations. 

For the Two-Stage tl"d Triamese configurations, respective dynamic pressures of 

558 and 540 psf are encountered during first-stage burn, and first/second-stage separa

tion occurs above 170,000 (221, 000) feet altitude with a dynamic pressure of less than 

40 (11) psf. Staging velocity is about 9300 (9910) fps at less than a 13 (11) degree flight 

path angle. 

5.3 REENTRY MANEUVER TRAJECTORY ANALYSIS 

The reentry maneuver trajectory analysis was perfornled with a LMSC 500F point 

mass computer program, which was specifically developed for analyzing lifting reentry 

and guidance problems and techniques. " 
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Past studies indicate that to satisfy thermal protection system requirements for 

minimum surface temperature and total heating and to maximize cross-range, reentry 

should be initiated with the vehicle at a high angle of attack (a
v 

= 55 deg) for CLmax-

to be held through pullup. Afterwards, bank angle and a can be modulated downward v 
to selected values determined for the critical heating/temperature region. During the 

subsequent terminal glide phase, a v must be modulated dowl1.ward again to 15 degrees 

for (L/D) for maximum cross-range maneuvering capability. This mode of opera-max 
tion was used for both the booster and the orbiter return/reentry trajectory analyses. 

5.3.1 Vehicle Aerodynamic Characteristics 

For this analysis, the geometry and Wing loading ,of the LMSC Triamese and Two

Stage reusable vehicles were essentially identical; therefore, the vehicle aerodynamic 

force coeft\cierics and characteristics shown in Fig. 5-14 were used for studies of both 

configurations. The aerodynainic force coefficients include increments due to hyper

sonic viscous effects. 

5.3.2 Booster Return Analysis 

The combined ascent/return trajectory profiles for a typical reusable Space Shuttle 

are shown in Fig. 5-15. The two staging points are for the LMSC Triamese at 

221,000 feet and the Two-Stage at 170,000 feet altitude. Following orbiter staging, 

the booster reenters and returns to a lower altitude, where cruise-back operations are 

initiated. Constraints on the return trajectory include maximum load limitations, 

temperature limits, and range from final landing site. 

Constraints imposed on the return trajectory included a 4-g load limit and a maximum 

lower surface temperature of 16000 F. Booster flight sequence after staging included 

trim at CLmax (~v = 55 deg) with a bank angle (X) to sustain equilibrium glide after 

pullup until X = 45 degrees. Bank angle was then fixed until a heading change from 

180 to 200 degrees was accomplished. Angle of attack was modulated from G5 to 22 

degrees in the supersonic flight regime to preclude overly steep descent angles and to 

ensure that assumed stability limits were not exceeded. Final descent to cruise-back 

altitude (20 t 000 ft) was at subsonic (L/D) . max 
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Final range from the launch point is about 425 nm, as shown in Fig. 5-15. This range 

will change if staging conditions or other bank angles are assumed during the turn 

maneuver. 

Histories of various trajectory parameters shown in Fig. 5-15 indicate ma}!imum accel

eration loads during descent will be about 3.6 gls. The two load peaks shown represent 

conditions at initial booster pullout and when angle of attack is reduced for supersonic 

flight. Maximum descent angle is about 23 degree, as illustrated by the flight path 

angle history. 

5.3.3 Orbiter Ascent/Reentry Profiles 

The ascent trajectory characteristics for the combined booster/orbiter and the orbiter 

injection history are shown in Fig. 5-16, in which the curves show the variation of 

flight path angle (T), velocity (V), longitudinal load factor (g), and dynamic pressure 

(q) as a function of time. 
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Typical reentry trajectory curves from retro at 100 and 270 nm altitude down to 

20,000 foot altitude are summarized in Figs. 5-17 and 5-18. Reentry parameters 

during terminal glide are quite similar for both altitudes, except for down-range 

difference s • 

5.3.4 Retro and Reentry Parameters 

In the interest of minimizing retro propellant requirements and reentry pull up heat 

rates (also g loads), the effects of orbit altitude on retrovelocity (VR) and reentry 

flight path angle (FPA) were investigated. The results, which are plotted in Fig. 5-19 

(a and b), show that minimum retrovelocity is required at the shallow reentry FPA. 

Also, pullup stagnation heat rate and, implicitly, heat shield weight are minimum at the 

shallow reentry FPA. Superimposing the maximum equilibrium glide heat rate values 

represented by a dashed line on the curve (a) yields the desired approximate reentry 

FPA for each orbital altitude. Curve (b) shows that a :rainimum retrovelocity of 262 

ft/sec applied 180 degrees to the flight direction (e
VR 

= 180 degrees, which is near

minimwn deboost impulse for the range of reentry FPA conSidered) will, for a 100 

run circular orbit, attain the desired reentry FPA of -1. 0 degree at 400,000 foot alti

tude. Similarly, a retrovelocity of 434 ft/sec will produce a reentry FPA of -1. 5 

degree at 400,000 foot altitude for a 270 nm circular orbit. 

Reentry FPAs less than equilibrium glide values were arbitrarily excluded to avoid 

oversensitivity to deboost and guidance errors. FPA and corresponding retrovelocities 

can be selected for each altitude mission from these curves. 

The additional reentry parameters at 400,000 foot altitude, such as reentry velocity 

(VE ) and range angle (eRG)' and the vehicle mass ratio (R) are shown as a function 

of orbit altitude and reentry FPA in Fig. 5-19 (c and d). 

5.3.5 Vehicle Lower Surface Minimwn Peak Temperature Concept 

Current rationale indicates that reentry trajectories should be flown not at maximum 

design temperature but at the minimum peak temperature that could be expected at a 

judiciously selected point along the reentry trajectory. At this point, the vehicle 
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lower surface minimum peak temperature profile, as developed from Rho-Mu turbulent 

flow theory, is coincident with the unbanked equilibrium glide profile; in other words, 

the altitude distance/corridor margin between the two profiles is zero. By design, 

other trajectory points have some greater positive altitude corridor margin. This 

altitude increment then represents a region whereby vehicle maneuvers via angle of 

attack and/or bank angle modulation can be made primarily to fly- at reduced temperatures 

on the vehicle lower surface and also to maximize cross-range maneuvering capability. 

5.3.5.1 Reentry Heating Boundaries. Minimum flight altitude/velocity profiles based 

on lower surface temperature limits of 2100, 2200, 2300, and 25000 F were used for 

this analysis. These temperature profile curves, which are based on radiation equili

brium conditions, are used to establish the entry corridor available for maneuvering. 

The configuration assumed to generate the minimum altitude/velocity profiles is a slab 

delta wing with 78 degrees sweep angle. 

The calculations exclude the first 5 feet aft of the stagnation point, where use of a 

material with higher tenlperature capability is assumed. At the higher velocities, the 

altitude limits are determined by laminar heating at the start of the lower surface heat 

shield (x = 5 ft). At lower velocities, the altitude limits are determined by turbulent 

heating at the location of boundary layer transition on the forward ramp. The heating 

boundaries are calculated as a function of forward ramp local angle of attack (a L), 

which is equal to vehicle angle of attack plus 6 degrees for both orbiter configurations. 

Because of geometric and planform loading similarities, the LMSC Triamese and Two

Stage vehicles have identical entry thermal environments. Consequently, entry heating 

analyses, which have been based on the Two-stage orbiter, are also applicable to the 

Triamese orbiter. 

5.3.5.2 Altitude Corridor Margin. The curves shown in Fig. 5-20 (a) are typical of 

the equilibrium glide trajectories (EGT) for wing loadings (W IS) from 40 through 

80 lb/ft2 and lower surface temperature profiles from 2100 to 25000 F, all as functions 

of altitude, velocity, and vehicle angle of attack. The positive altitude displacement 

at any given a of the EGT above any temperature profile represents positive altitude v 
corridor margin (~H). 
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The ~H for selected temperature profiles were plotted in Fig. 5-20 (b) as a function 

of velocity for constant WIS. In turn, the value of ~H within the temperature pro

file bucket was cross plotted as a function of a , as shown in the curves of Fig. 3-20 
v 

(c). For a temperature of 25000 F, the minimum value of ~H was selected from the 

(b) curves at a velocity of 18K ftl sec; for 22000 F, ~H was selected at 20K ftl sec. 

The ~H for the selected a and velocity was taken from Fig. 5-20 (c) and cross 
v 

plotted as shown in (d) as a function of wiS. Further cross plotting in (e) yields ~H 

as a function of lower surface minimum peak temperature (T .) and WIS. Several mln 
important points may be drawn from the curves of Fig. 5-20 (e). First, for a heat 

shield temperature limit of 21000 F, the vehicle wing loading cannot exceed 50 Ib/ft2, 

whereas at 22000 F, wing loadings up to approximately 65 Ib/ft2 can be used. In other 

words, changing the heat shield allowable temperature by only 1000 F permits the wing 

loading to be increased by about 15 Ib/ft2• Second, higher wing loadings are desirable 

because of their association with shorter vehicle lengths and reduced launch weights, 

in contrast to low wing loading vehicles. 

The value of T . for any WIS can be determined from the ~H = 0 curve. For a 
mln 2 0 

value of WIS = 50 lb/ft ,T. = 2100 F (Rho-Mu turbulent flow theory). By commln 
parison, Spalding-Chi theory yields T . = 19700 F for WIS = 50. The value of mln 
T . associated with various values of ~H and WIS can be readily determined from mIn 
the curves of Fig. 5-20 (e). 

5.3.5.3 Cross-Range Maneuver Capability. The curves of Fig. 5-20(e) were cross 

plotted and appear as the upper curves of Fig. 5-21 to show the relationship between 

~ Hand T . for various values of W IS. mln 

A variety of trajectory cases were computed and the resulting cross-range values 

plotted as shown in the lower curves of Fig. 5-21 as a function of T . and wiS. 
mIn 

Since these cases represent the use of a variety of conditions, the cross-range values 

are not necessarily maximum; they will be subject to revision upward as optimization 

programs for minimum peak temperature, angle of attack and bank angle modulation, 

and maximum cross-range maneuvering capability are developed. 
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Again, a comparison of the Rho-Mu and Spalding-Chi values at a W /S of 50 Ib/ft
2 

can 

readily be made to evaluate the effects of turbulent flow theory on temperature/heating 

predictions. 

5.3.6 Reentry Trajectory Maneuver Analysis 

The data and curves just presented indicate that the orbiter ideally could reenter at a 

minimum peak temperature of 21000 F for a W/S of 50 Ib/ft2 - ideally, that is, if the 

assumed initial conditions, atmospheric and earth models, guidance and navigation 

techniques, and trajectory temperature profiles were perfectly predictable to allow 

a realtime flight with zero altitude margin. 

Realistically, errors or uncertainties in each of these operational modes will affect 

the altitude corridor/margin and, consequently, the reentry tra,kcLory. This means 

that flight simulations must be performed at temperatures great~r than the ideal mini.

mum of 2100
0

F to insure altitude margin. Therefore, temperatures of 2200 and 2500o F, 

which are the design temperatures for the thermal protection system materials of 

TD-NiCr and LI-1500, respectively, were selected for study. 

The 100 run orbit altitude reentry trajectory data are shown in Figs. 5-22 and 5-23 for 

22000 F and 25000 F, respectively. Whereas the curves for 22000 F are reasonably 

smooth, the velocity~altitude profile for 25000 F shows definite phugoid-type motion, 

beginning at 15,000 ft/ sec. This, in turn, initiates abrupt q and g oscillations. 

The 270 run orbit altitude reentry trajectory data are shown in Figs. 5-24 and 5-25 

for 22000 F and 25000 F, respectively. Again, the prime difference between the two 

trajectories (with range neglected) lies in the q and g histories. For the same 

temperature profile, the datal curves for 100- and 270-nm initial orbit altitude appear 

to be quite similar. 

The range results of the orbiter reentry trajectory maneuvering studies are plotted 

in Fig. 5-26 as typical footprints for 20,000 foot termination altitude. Because of 

its higher initial orbit altitude, the 270 nm orbit footprint has the greater down-range 

distance. The cross-range values for each altitude are essentially the same, partly 

because of the thermal restraints and vehicle attitude/modulation siInilarities. 
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5.3.7 Reentry Maneuver Trajectory Conclusions 

LMSC-A959837 
Vol I 

A limited evaluation of the various trajectory reentry/attitude modulations support the 

operational mode of initial reentry at high angle of attack for CLmax through pullup; 

a gradual reduction in both a and bank angle thereafter, and a further decrease in v 
a to the value for (L/D) for the terminal glide phase of the trajectory. v max· 

The booster return-to-base range can be reduced from the 425 nm value if the staging 

altitude is decreased or the ascent trajectory steepened. Additional reentry attitude 

modulation optimization could afford improvements in range reduction. 

Although firing the retro rocket horizontally aft requires only the simplest guidance, 

certain missions could possibly require SOlne restraint on the down-range distance. 

If this arises, other retro angles with appropriate increases in retro velocity/propellant 

can be used to decrease down range. Reentry conditions, as well as maneuvering capa

bility, will be affected. 

The vehicle lower surface minimunl peak temperature concept provides a very useful 

tool for establishing thermal protection system materials requirements. With consider

ation of various sources of altitude error, such as guidance and control, initial entry 

conditions, atmospheric disperSions plus required tolerance for uncertainties, and re

quired tolerance for uncertainties in aerodynamic heating prediction, an altitude margin 

of about 20,000 feet is probably required for realtime operations. 

These considerations lead to the conclusion that a lower surface heat shield temperature 

capability of about 2500
0

F is most desirable to allow flexibility in wing loading and also 

altitude margin. As shown earlier, the requirement for large cross-range drives to

ward either low wing loadings or high heat shield temperature capabilities. 

The reentry maneuvering trajectories presented in this report were selected as repre

sentative of the wide variety of mission profiles available that meet established ground 

rules and requirements while prOviding reasonable altitude corridor/margin. 
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5.4 JET ENGINE SYSTEM STUDIES 
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It has been the purpose of this study to investigate and assess the implications of re

quirements leading to the selection of a jet engine system. Of main concern were the 

following primary modes of operation: 

• Cruise back of the booster 

• Go-around capability for the booster and orbiter 

• Ferry performance 

A fourth mode, which is applicable to the orbiter only, is the minimum requirem~nt 

of instant LID. This particular mode has been studied for purposes of comparison. 

The primary objective has been to accommodate the requirements of the modes of 

operation and to study parameters leading to the minimization of the jet system weight. 

Parameters available in the selection of jet engine systems are the unique character

istics displayed by the low and high bypass ratio turbofan, as well as the lift engine. 

Considerations of engine weight and specific fuel consumption, coupled with the varia

tional effects of the performance delivered with altitude and Mach nwnber, must be 

combined with the operational time. In addition, the final jet system size and operating 

condition is further influenced by the vehicle weight and aerodynamic properties. 

These considerations have been studied, as docwnented in the follOwing paragraphs. 

5.4.1 Cruise-Back Performance for the Booster Vehicle 

The study of the cruise-back operation is one in which engine class selection, opera.ting 

altitude, and Mach number are combined to determine the minimum jet system weight. 

As brought out in 5.3, the summation of booster ascent and entry range is in the order 

of 400 nm. The operational time of cruise back is therefore in the order of 1-1/2 to 

2 hours and, as shown in Fig. 5-27, the minimum jet engine system weight is provided 

by a high bypass ratio turbofan engine. While the figure is representative of sea ~evel 

operation, similar results were obtained for higher cruise altitudes. 
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With the trimmed booster aerodynamics shown in Vol ill, a study was made to 

minimize the system weight of the booster vehicle for a cruise-back range of 400 nm . 

As shown in Fig. 5-28, minimum fuel weight for cruise back occurs when the booster 

is operating at the highest possible altitude, 40,000 feet. This is also the highest alti

tude at which the engines selected can be started. However, at these high altitudes, 

engine performance is poor and more thrust is required. 'Ibis correspondingly means 

heavier and larger engines, resulting in increased engine installed weight, as shown in 

Fig. 5-29. With the effects of fuel and engine weight combined, it can be seen from 

Fig. 5-30 that econOlnical cruise-back performance (minimum system weight) occurs 

when the booster is cr~si~ at ~!ti~udes ~derI20, 000 feet. Figure 5-30 indicates 

that the altitude for minimum system weight lies between sea level and 20, 000 

feet and that the booster is operation at a lift coefficient near but on the front side 

of the booster's LID ,maximum. To determine the fuel and system weights for 

cruise-back ranges other than 400 nm, the incremental fuel and range curve shown 

in Fig. 5-31 can be used to determine the fuel reduction or addition to cruise ranges . 
other than 400 nm. 

The effect of vehicle aerodynamics on the cruise-back range is shown in Fig. 5-32. It 

was assumed that the LID ratio of the booster can be increased 10 percent by raiSing 

the lift 10 percent or by reducing the vehicle drag 10 percent. From Fig. 5-32 it can 

be seen that the reductio.n in drag results in a direct increase in range. However, the 

increase in lift results in a small increase in range at the lower angle of attack and a 

much higher increase in range at the higher angle of attack, because at lower angle s 

of attack, the vehicle is operating along the flat part of the drag curve, where changes 

in the coefficient are small. However, at the higher angles of attack, the vehicle is 

operating on the drag curve, where there is a definite slope and an increase in lift 

results in large reduction in vehicle drag. Thus, as indicated in Fig. 5-32, the most 

advantageous way of increasing booster cruise coefficient back range is by reducing the 

vehicle drag rather than trying to increase lift coefficient. 
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5.4.2 Approach and Landing Performance 
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The trajectory dynamics and performance characteristics of the booster and the 

orbiter for horizontal landing have been studied, as discussed in Volume ill, 

Section 5.1, of this report. 

The orbiter approach and landing pattern established enables either a normal power-on 

landing or an emergency dead-stick landing in event of .failure of the jet engines to 

start. As shown in Fig. 5-33, as the orbiter glides toward the landing field, an engine 

start sequence is initiated at 40, OOO-foot altitude. A decision-key point is established 

at 25,000 feet. If the engines have started by this time, a 360-degree spiral turn is 

made, leading to a standard aircraft final approach and landing pattern. If the engines 

have not started at decision key, a straight-in-gliding approach is made and landing is 

accomplished in the same manner as at NASA-FRC (Edwards) with the X-15, M2~F2, 

X-24, and HL-lO. 

Orbiter touchdown speed with a powered approach is 160 knots; and with an unpowered 

approach, 168 knots. Both speeds are sufficiently low to meet NASA safety criteria 

and to enable operation on 10, OOO-foot runways. 

The booster will necessarily be approaching the landing field with jet engines running 

and therefore will not require dead- stick landing capability. Booster landing patterns 

are expected to be similar to those of present jet transport aircraft. The low booster 

wing loading results in a touchdown speed of only 128 knots. 

A standard go-around pattern has been established, (as shown in Fig. 5-34); and jet 

thrust and fuel requirements have been identified. The go-around. maneuver is ex

pected to be similar to that for present large aircraft. 

·-5.4.3 Ferry Mission 

A comprehensive analysis of the ferry missions of the orbiter and the booster is re

ported in Volume m. Contained in this section is a brief summary of the ferry study 

to permit comparison of the effects of criteria on jet sys tem size. 
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The ferry mission consists of the vehicle accomplishing a takeoff, climb-to-altitude, 

cruise, descent, and landing. Figure 5-35 summarizes the fuel requirements assoc

iated with ferry range, vehicle weight, and cruise altitude and includes an assessment 

for takeoff, climb, and descent. Four 40,000-pound thrust engines were assumed in 

this study with the size dictated mainly by takeoff and climb requirements. The engine 

size influence on fuel requirements has been determined to be of secondary signifi

cance. The satisfaction of ferry requirements is accomplished therefore with a much 

larger jet system than was evidenced for go-around or cruise back. Should ferrying 
-

become a requirement, it is recommended that a strap on system be considered. 

5.4.4 Jet System Comparisons 

A study of subsonic performance has been accomplished in the sense of satisfying 

each mode of operation through separate analyses. A comparison of the operational 

modes is contained in Table 5-3, reflecting the approach used and the jet system 

weight (fuel plus installed engine weight) required if those modes were imposed on 

an orbiter vehicle. 

In the case of instant aerodynamic improvement (LID), the short operation time (in the 

order of 6 minutes) supports the selection of the jet engine system based primarily on 

engine installed weight, with specific fuel consumption being of secondary importance. 

The lift fan engine, which shows both the lightest weight and thrust degradation with 

velocity, is therefore the selected system for instant LID. For go-around, marked 

improvement in specific fuel consumption of a high bypass ratio turbofan makes it the 

best candidate. This situation, of course, holds for the cruise and ferry modes. 

It is interesting to note. that the engine required for go-around corresponds in size to 

that which would be used for cruise. The additional system weight between the two 

operational modes is therefore due to the propellant requirements. In the ferry mode, 

ta~eoff field length in the presence of an engine out increases significantly the engine 

size requirements. Additional fuel for takeoff and climb to cruise altitude is of second

ary ilnportance. 
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It can be seen in Table 5-3 that the final selection of the operational requirement 

will severely impact the size of the launch system. 

Table 5-3 

EFFECT OF JET SYSTEM CRITERIA 

Instant Go- Cruise Ferry 
LID Around 400 nm 400 nm 

Power setting Takeoff Takeoff Max cont Takeoff 

Operating altitude - feet Sea level 3,000 1,000 Sea level 

Selected engine Lift fan Turbofan Turbofan Turbofan 

Number - takeoff static 4- 10,000 4- 25,000 4- 25,000 4- 40,000 
rating- lb 

Installed engine weight - lb 3,200 20,600 20,600 33,000 

Fuel- lb 4,700 6,000 46,200 49,000 

Total system weight - lb 7,900 26,000 66,800 82,000 
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Section 6 

AERODYNAMICS 

LMSC-A959837 
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Aerodynamic characteristics are presented for the orbiter, the return booster, the 

composite two-stage, and the composite Triamese configurations shown in Figs. 6-1 

through 6-4. The orbiter and the return booster, which are used in combination to 

form the composite Two-Stage and Triamese launch configurations, are sized in each 

case to meet the mission requirel)1ents of the particular composite configuration. The 

design payload is 50K lb in all cases. 
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Data for the orbiter are based on results of wind tunnel tests and hypersonic predictions 

made with the aid of an arbitrary body computer program. These data include trimmed 

subsonic through hypersonic coefficients as well as longitudinal and directional stability 

characteristics. 

The aerodynamic data for the return booster are based on low-speed wind tunnel re

sults for a similar configuration and analytical prediction techniques. Longitudinal 

trim capability and longitudinal and directional stability characteristics are presented 

for subsonic (Moo = 0.2) and hypersonic I; Moo = 10. 0) velocities. 

Linear aerodynamic coefficients (C
Na 

and C Ao) are presented as a function of 

Mach number for the composite Two-Stage and Triamese launch vehicles. These 

characteristics have been estimated between Mr-ch 0 and Mach 10.0 for use in trajectory 

simulation. 

Terms are defined as follows, with values given for 50K payload systems: 

2 Base area ,.., ft 

Reference area 

Two-stage 

Orbiter ( 5,720 ft2) 

Return booster (12, 000 ft2) 

Composite launeh (12,000 ft2) 

Triamese 

Orbiter ( 5,720 ft2) 

Return booster ( 9, 160 ft2) 

Composite launch (9, 160 ft2) 

Reference length 

Two-Stage 

Orbiter 

Return booster 

Composite launch 
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(164 ft) 

(206 ft) 

(206 ft) 
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C Ao 

Cn 

Cnf3 

C 
nf3D 

Moo 

qoo 

mrp 

H 

LID 

~ 

{3 

c5E 

Ix' I z 

Triamese 

Orbiter 

Return booster 

(164 ft) 

(180 ft) 

Composite launch (180 ft) 

Axial force coefficient at zero lift -, Force 
qoo A ref 

Normal force coefficient = 

Normal force coefficient slope - per degree 

Moment Pitching moment coefficient = . 
qoo Aref Lref 

Moment Rolling moment coefficient = -q-':'A"::":'--':'~L":"'--
00 ref ref 

Rolling moment derivative 

Yawing moment coefficient Moment = _a 

qoo Aref Lref 

Yawing moment derivative 

Dynamic yawing moment derivative 

Freestream Mach number 

Freestrearii'dynamic pressure 

Moment reference point 

Altitude - feet 

Lift-to-drag ratio 

Angle-of-attack - degrees 

Angle-of-sideslip - degrees, positive nose lift 

LMSC-A959837 
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Elevon deflection angle - degrees, positive trailing edge down 

Moments of inertia 

6-7 

LOCKHEED MISSILES & SPACE COMPANY 



6. 1 ORBITER CHARACTERISTICS 
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The aerodynamic force and moment characteristics for the orbiter were determined 

froln a combination of wind-tunnel results; extrapolated wind-tunnel results; and high

speed studies, in which the results of a hypersonic arbitrary body computer routine 

were used. In general, the subsonic Mach number data are directly related to wind

tunnel results, whereas the high-speed data are a combination of the aforementioned 

computer analyses and experimental results. 

The orbiter, shown in Fig. 6-1, consists of a modified delta planform, configured 

for efficient use of volume along with acceptable aerodynamic characteristics at all 

Mach numbers. Forward cross-sections, which are basically triangular, are de

signed to be shadowed behind the leading edge at a preselected hypersonic attitude. 

Aft cross-sections are rolled out 30 degrees fronl the vertical, providing an additional 

benefit in pitch and yaw stability. The basic body has been cambered to provide 

favorable trim characteristics for all Mach numbers. Side fins· have been added to 

provide acceptable hypersoniC directional and longitudinal stability. Elevons are 

installed to provide pitch trim over the entire Mach number regime. 

Aerodynamic data as a function of angle of attack are presented in Fig. 6-5 for Mach 

numbers of 0.24 and 20. The maximum trimmed lift-to-drag ratios are seen to be 

4. 7 at Mach o. 24 and 2. 0 at Mach 20. 0 for normal force coefficients of 0.42 and 

0.24, respectively. The vehicle is stable in pitch at all trim angles of attack at 

Mach 0.24 and Mach 20. 0, as shown. A stable vehicle in yaw is indicated by the 

dynamic yaw stability parameter at all angles of attack at Mach O. 24 and at angles 

of attack greater than 10 degrees at Mach 20. 

The longitudinal stability characteristics for the Mach number regime are shown in 

Fig. 6-6. A trimmable vehicle throughout the Mach number regime is shown with 

no transonic pitch-up noted for the anticipated normal force coefficient range. 
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The variation of vehicle aerodynamic characteristics with Mach number is summarized 

in Figs. 6-7 and 6-8. The trimmed normal force variation with Mach number shown in 

Fig. 6-7 for 0E = +100 to _250 indicates that a wide range of trimmed vehicle attitudes 

can be attained. Full-scale maximum trimmed lift to drag ratio variation with attitude 

is shown in Fig. 6-7 for a typical Mach number-altitude variation. As previously noted, 

the maximum trimmed lift-to-drag ratio varies from 4. 7 at subsonic Mach numbers to 

2. 0 at hypersonic Mach numbers. Stable pitch trim at LID is attained throughout max 
the flight regime. The normal force slope and zero lift axial force variation with Mach 

number is shown in Fig. 6-8. The rolling and yawing moment derivation variation with 

Mach number indicates a stable vehicle in roll and yaw for the Mach number regime. 

6.2 RETURN BOOSTER CHARACTERlSTICS 

The aerodynamic force and moment characteristics were determined from low-speed 

wind tunnel results for a similar configuration as well as data predicted by use of the 

USAF Datcom, RAS Data Sheets, and a hypersonic arbitrary body computer routine. 

The booster, shown in Fig. 6-2, consists of a fuselage, configured to provide the re

quired volume efficiently, and a 51. 5~egree sweep clipped-arrow wing. The wing is 

located aft on the fuselage with a surface area and planform selected to provide the re

quired lift and stability throughout the Mach number regime. Partial span elevons are 

installed to provide trim and pitch control throughout the Mach number range en

countered. The wing tips are rolled up to provide adequate lateral and directional 

stability. Rudders are installed on the trailing edge of the rolled up wing tips to pro

vide yaw control. 

Return booster aerodynamic data as a function of angle of attack are presented in 

Fig. 6-9 for Mach numbers of O. 20 and 10. O. The maximum untrimmed lift-to-drag 

ratio - 8. 1 at Mach 0.2 and 1. 5 at Mach 10.0 - occurs at angles of attack of 5.5 and 

21. 5 degrees, respectively. The maximum subsonic lift-to-drag ratio of 8.1 will 

provide efficient subsonic cruise capability, while the hypersonic value of 1. 5 is 

sufficient to meet the high-speed requirements. The dynamic yaw stability parameter 

shown in Fig. 6-9 indicates yaw stability at all angles of attack for Mach 0.2 and at 

angles of greater than 10~ 0 degrees for Mach 10. O. A stable vehicle in ~oll is indicated 

at Mach 0.2 and 10. O. 
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The longitudinal stability data presented in Fig. 6-10 show a stable configuration for 

all angles of attack at Mach 0.2 and trim capability with small values of elevon de-

flection. The stability data for Mach 10.0 presented in Fig. 6-10 show that for the 

proposed entry attitude of 60 degrees angle of attack, the configuration is trimmed 

with zero elevon deflection. Trim capability is available to zero degrees angle of 

attack with elevon deflections of 15 degrees or less. The configuration at Mach 10.0 

is stable to neutrally stable in pitch at trim angles of attack above 15 degrees. 

The variation of normal force coefficient slope and zero lift axial force coefficient with 

Mach number are shown in Fig. 6-11. The axial force coefficient remains at a high 

relative level for increasing supersonic Mach numbers because of the effect of the blunt 

nose of the fuselage and the flat face of the nonoperating jet engines. The maximum 

lift-to-drag ratio is shown in Fig. 6..,11 as a ftmction of Mach number for an altitude

Mach number variation expected for a nominal descent trajectory. The lift-to-drag 

ratio varies from 8.1 to 1. 5 over the subsonic to hypersonic Mach number range. 

Longitudinal stability and trim characteristics have been shown in Fig. 6-10 for Mach 

numbers of 0.2 and 10. O. The wing planform and elevon selected are expected to pro

vide a stable and trirnmable transition from the 60-degree hypersonic entry to the sub

sonic cruise mode. No undesirable transonic trim changes are anticipated. 

6.3 COMPOSITE LAUNCH VEffiCLE CHARACTERISTICS 

The Two .... Stage composite launch vehicle, shown in Fig. 6-3, consists of a combination 

of a return booster and an orbiter. The Triamese composite launch vehicle, shown in 

Fig. 6-4, consists of a combination of two return boosters and one orbiter. For both 

the Two-Stage and Triamese launch configurations, the individual stages are sized ac

cording to the mission requirements for the particular composite configuration. 

Normal force coefficient slope and zero lift axial force coefficient for the Two-Stage 

and Triamese composite launch vehicles are presented in Fig. 6- He as a function of 

Mach number. These data represent best available estimates and are intended pri

marily for use in trajectory simulation. 
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Ascent, reentry, and base heating thermal environments and plume effects during 

separation for the baseline vehicles are discussed in this section. More detail on 

reentry heating and thermal protection is given in Volume III. 

7. 1 ASCENT THERMAL ENVIRONMENT 

The thermal environment for the Two-Stage and Triamese boosters is based 

on the trajectory shown in Fig. 7-1. Staging of the orbiter element occurs at 

10,500 ft/sec at an altitude of 235,000 feet. The booster continues along a ballistic 

flight path after staging and enters at~ an angle of attack of 55 degrees to minimize 

the cruise time back to the launch site. 

Radiation equilibrium temperature histories for the booster wing are presented in 

Fig. 7-2. The maximum temperature on the leading edge varies from 13500 F at the 

root chord to 15000 F at the tip chord. Maximum temperatures on the wing are 

14000 F on the lower surface and 6200 F on the upper surface. 

Temperature histories for selected locations on the fuselage are presented in 

Figs. 7-3 and 7-4. The maximum temperature on the booster fuselage is 14800 F 

at the nose cap. The maximum temperatures on the lower surface of the fuselage, 

about 1300oF, occur during reentry at a velocity of about 8500 ft/sec. 

According to an estimate of the .effect of impingement of the o-rbiter bow shock on the 

booster upper fuselage and upper wing, using an interference heat transfer coefficient 

of five times the undisturbed value would increase the maximum temperature on the 

booster upper fuselage from about 600°F to 1100oF. The assumed interference heating 

factor was based on wind tunnel data for a wedge-generated shock impinging on a circu

lar cylinder. Windti.i..~el tests will be required to establish a more accurate value for 

the Space Shuttle lau.nch configu~ {ltion. 
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The results of a preliminary separation analysis presented in Section 7.4 indicate 

that the temperatures resulting from impingement of the orbiter plume on the booster 

are within the capability of the proposed upper surface heat shield materials (Rene 41 

for windward surfaces and titanium for leeward surfaces). 

7. 2 REENTRY HEATING AND THERMAL PROTECTION 

A parametric study of reentry heating and thermal protection concepts has been con

ducted on the basis of the LMSC orbiter. This configuration, which is representative 

of both the Two-Stage and the Triamese systems, is characterized by a flat bottom, 

constant leading edge sweep, delta wing lifting body. An oblate ellipsoidal nose cap is 

used to minimize stagnation point heating levels. 

Reentry temperature-time histories are shown in Figs. 7-5 through 7-8 for various 

orbiter locations. These curves are based on an entry trajectory generated for a wing 

loading of 50 Ib/ft2 , initial entry angle of -1 degree, constant angle of attack of 25 de-
o grees, and peak lower surface temperature of 2200 F. The resulting aerodynamic 

cross range is 1606 nm. 

Figure 7-5 shows temperature histories for the nose stagnation point and the fin and 

body leading edge stagnation lines. The nose cap is ellipsoidal with semimajor axis 

of 3 feet and semiminor axis of 1. 5 feet. The peak stagnation point temperature is 

27300 F. Peak temperatures on the fin and body leading edges are 22000 F and 20700 F, 

respectively. Low:'"-:-:- centerline temperature histories at 25, 50, 75, and 100 percent 

chord are shown in Fig. 7-6. Peak temperatures are 2120, 2190, 1890,. and 17300 F, 

respectively. The change in slope of the temperature histories reflects the assunlption 

of gradual boundary layer transition, starting at a local Reynolds number of 1 Inillion 

and ending at 2 million. Figure 7-7 shows temperature histories at four upper sur-

face locations. A sketch of the vehicle cross-section is included to show the locations 

analyzed. Peak upper surface temperatures range from 600 to 10000 F. 
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Additional heating analyses have been performed for 35 and 45 degree angle-of-attack 

entry trajectories. These trajectories are also temperature constrained, with bank 

angle m,odulated to maintain a constant lower surface maximum temperature of 22000 F 

during periods of high heating. The resulting crossrange is 46& nm for a :: 45 degrees 

and 840 nm for a = 35 degrees. Figure 7-8 shows the effect of cI'ossrange on peak 

surface temperature at six vehicle locations, based on calculations for' the three 

trajectories. Entering at large angle of attack (which increases with decrease in 

crossrange) results in a reduction in peak temperature for the nose cap, the fin lead

ing edge, and all upper surface locations. The body leading edge and most lower sur

face locations experience an increase in peak temperature as the angle of attack is 

increased although the peak temperature is 22000 F for all three trajectories. 

Table 7-1 sho'Ys the percentage of orbiter surface area that experiences various peak 

temperature levels for crossrang'es of zero, 500, 1000, and 1500 DID. These data 

were generated by using the three constant angle-of-attack entry trajectories discussed 

above. With the exception of the nose cap, all surfaces experience temperatures be

tween 500 and 2200oF. 

Table 7-1 

PERCENTAGE OF ORBITER SURFACE AREA FOR VARIOUS 
TEMPERATURE RANGES 

Temperature Range Crossrange (nm) 

(OF) 0 500 1000 1500 

Below 200 0 0 0 0 
200 to 500 0 0 0 0 
500 to 800 34, 33 33 32 
800 to 1500 11 12 13 13 

1500 to 2000 25 27 28 30 
2000 to 2200 30 28 26 25 

" 

2200 to 2500 0.3 0.4 0.4 0.4 
t 2500 to 3000 0 0.1 0.1 0.1 

Over 3000 0 0 0 0 
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The thermal environment associated with the orbiter unbanked reentry at CL MAX 

(a = 550 ) has also been evaluated. This trajectory involves a reentry time of 1950 sec

onds from 400,,000 feet to touchdown, as compared to 3150 seconds for the 25-degree 

angle-of-attack trajectory, which generates 1606-nm crossrange. Temperature his

tories for the nose cap and leading edge are shown in Fig. 7-9. Peak temperatuf'·es 

of 24000 F and 22250 F are experienced by the nose cap and leading edge, respectively. 

To constrain the maximum temperature on the lower surface to 22000 F the first 12 feet 

of the vehicle requires a heat shield material capable of withstanding temperatures 

from 22000 F to 24000 F. Figure 7-10 shows temperature histories for five lower sur

face locations. The abrupt increases in temperature indicate transition from laminar 

to turbulent flow; for entry at CL MAX' peak temperatures usually result from 

laminar heating. 

.-. 
~ 

o ---
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1000 

500 

o 
o 500 1000 1500 2000 

TIME (SEC) 

Fig. 7-9 Nose and Leading Edge Temperature Histories for Entry at a = 55 Deg 
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Fig. 7 -10' Lower Centerline Temperature Histories for Entry at a = 55 Deg 

7.3 BASE HEATING ENVIRONMENT AND CANDIDATE MATERIAL SYSTEMS 

7. 3. 1 Heating Environment 

The thermal environment in a base region involving a multiengine cluster is rela

tively severe because of the combined convec~ion and radiation (primarily from 

exhaust gases) as a result of nozzle plume interaction. Considerable flight data 

have been accumulated from Fleet Ballistic Missiles, Minuteman, and Saturn. 

For example, an' empirical correlation of a considerable quantity of Fleet :&1-

listic Missile data for four-nozzle clusters has been obtained to predict the base 

heating environment. * This method has been applied to Minuteman and Saturn with 

*"An Empirical Correlation of Polaris Base Heating Data," by D. M. Tellep and 
Y. l{a.wamura, LMSC-801511, March 20, 1962. 
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equal success; therefore, it represents a suitable method for a first estimate of the 

heat transfer when the major contribution to the total-heat is a result of reverse flow 

into the base region from nozzle interaction without combustion. The estimated peak 

heating environments are presented in Table 7-2 for the candidate booster and orbiter 

configurations. The gas temperature near the base shield surface is on the order of 

32500 R, 50 percent of the chamber temperature. Therefore, the actual convective 

heat transfer to the heat shield surface and flame curtains will be significantly less 

than those presented in Table 7-2 for a cold wall temperature of 700 11!'. Estimates of 
I 

the combustion effect on the total heat transfer to the base heat shield, which constitutes 

an e!1gine compartment protective cover, were made on the basis of S-1 and S-IV data. 

(An an~lys-i~ should be made to establish an upper limit value of the hydrogen burning 

contrtbution to'the base heat transfer during the entire ascent phase. ) 
........ 

--
Regions of external air flo:W" separation at the rear of the vehicle cause recirculation of 

hydrogen from the base region (for an. oxidizer /fuel ratio of 7: 1), with resultant localized 

burning and associated radiative heat transfer. For asymmetri.cal vehicles (mated 

booster and orbiter), large separated regions could exist between the booster and the 

orbiter, particu.lariy at angles of attack. The extent of this region will be defined from 

wind tunnel tests, and depending on the estimated combustion contributed heat rate levels, 

reconfiguring may be required to minimize this effect. The amount of free hydrogen in 

the nozzle exh~ust j.s essentially i.dentical for both the bell-type and the Aerospike engines. 

7. 3. 2 Candidate Material Systems 

Candidate material systems that may be used for the booster base heat shield and 

flexible flame curtains are presented in Tables 7-3 and 7-4. A promising state-of-the

art system consists of a rigid heat shield of silicone elastomer in an open-celled honey

comb of phenolic fiberglas, supported by a reinforced phenolic Fiberglas honeycomb 

structure. The flame curtains are composed of a flexible silicone elastomer, reinforced 

by silica fibers and covered on both surfaces with silica cloth covers. They are attached 

between the rigid heat shield and movable nozzles, similar to that for the S-1 vehicle. 

The corresponding typical heat protective material and compartment s'tructure section 

weight are presented for both bell-type and the Aerospike engine systems in Figs. 7-11 

and 7-12. 
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Table 7-3 

BASE HEAT SHIELD CONCEPTS 

Maximum Use 
Temperature, 

of 

Reusable Candidate Material Systems 

Stainless steel - Fiberglas insulation 1400 

Haynes 25 - Fiberglas insulation 1800 

TD-NiCr - Fiberglas insulation 2200 

Rigid lightweight silica insulation (LI-1500) 2500 

Columbium/disilicide coating - silica insulation 2500 

Tantalum/disilicide coating - zircon insulation 3000 

Regeneratively cooled liquid hydrogen -

Nonreusable Candidate Material Systems 

Open-faced honeycomb-cells, filled with 
lightweight silicone elastomer* 

Silicone elastomer reinforced with silica cloth 
or rigid silica matrix* 

Refrasil phenolic or carbon phenolic 

*Substrate - phenolic Fiberglas 
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FLAME CURTAIN HEAT PROTECTION CONCEPTS 

Maximum. Use Maximum. Use 
Temperature, Heat Rate, 

of Btu/ft2 sec 

Silicone elastomer, reinforced with silica fibers 125-200 
or cloth and sandwiched between Fiberglas cloth 

Flexible metallic (accordion like) structure <3000 <60 

Metallic shingle system <3000 <60 

In addition to these systems, a variety of refractory metallic (reradiative), high

temperature insulative materials, regeneratively cooled liquid hydrogen, and ablative 

materials may be used for the base heat shield, as outlined in Table 7-3. Each of 

these systems will be considered for application in the base region, dependent on the 

localized heating environment and upon weight and cost of the protective system. 

Candidate systems for flame curtains are quite limited because of the requirement for 

flexibility. In addition to the flexible reinforced silicone elastomer, flexible metallic 

(accordion like) structures and metallic shingle systems are potential candidates for 

further consideration. 

Table 7-2 shows that the compromise bell configuration base shield environment is 

expected to be less than 40 Btu/ft2 sec, which allows for application.of reusable shields 

of coated tantalum. or a regeneratively cooled liquid hydrogen heat exchanger of Haynes 25 

metallic shield. Because of the high heating environment, 130 Btu/ft2 sec, the reusable 

heat shield candidate for the optimum Aerospike configuration may be limited to a re

generatively cooled liquid hydrogen heat exchanger shield. 
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TYPICAL SECTION WEIGHTS 

HEAT SHIELD 

• HEAT PROTECTIVE MATERIAL - SILICONE ELASTOMER/ 
PHENOLIC FIBERGLAS HONEYCOMB. 

• REINFORCED PHENOLIC FlliERGLAS HONEYCOMB STRUCTURE 

FLAME CURTAIN 

• FLEXlliLE HEAT PROTECTIVE MATERIAL -REINFORCED 
SILICONE ELASTOMER WITH SILICA CLOTH COVERS 
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FLAME CURTAIN 

RIGID HEAT SHIELD 

HEAT PROTECTIVE 
MATERIAL OVER 
COMPARTMENT 
COVER 

? 
2.0 LB/FT'"' 

2.0 LB/FT2 

1.0 LB/FT2 

Fig. 7-11 Typical Booster Base Heat Shield - Bell System 

TYPICAL SECTION WEIGHTS 

HEAT SHIELD 

FLAME CURTAIN 

RIGID HEAT SHIELD 

• HEAT PROTECTIVE MATERIAL - SILICONE ELASTOMER/ 
PHENOLIC FIBERGLAS HONEYCOMB. 

• REINFORCED PHENOLIC FlliERGLAS HONEYCOMB 
STRUCTURE 

FLAME CURTAIN 

• FLEXlliLE HEAT PROTECTIVE MATERIAL -REINFORCED 
SILICONE ELASTOMER WITH SILICA CLOTH COVERS 

4.0 LB/FT2 

2.0 LB/FT2 

4.0 LB/FT2 

Fig. 7-12 Typical Booster Base Heat Shield - Aerospike System 
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The most severe heating rate on the orbiter heat shield occurs during ascent. For the 

bell nozzle configuration, the maximum heating rate during orbiter engine operation 

is less than 5 Btu/ft2 sec (combined convective and radiative heating neglecting cOm

bustion); therefore, this potentially allows for consideration of all the reusable candi

dates of Table 7 -3. However, localized combustion in the orbiter base region during 

the booster burning with or without simultaneous low-level thrusting of the orbiter 

(10 percent of full thrust) could result in a substantially higher heating rate environ

ment and restrict the number of reusable candidate systems. The combined level of 

convective and radiative heating for the Aerospike configuration results in a 

more severe heating environment than for the bell nozzle configuration and further 

restricts the candidate material systems to those capable of surviving in environments 

in which the heating rate exceeds 20 Btu/ft2 sec when combustion is significant. The 

insulation required to protect the substructure from heat conduction is sized in all cases 

by the long heating period during entry. 

7.4 ORBITER PLUME EFFECTS DURING SEPARATION 

Evaluation of the effect of the orbiter engine p-xhaust plumes on the convective heat 

transfer to the booster as the orbiter exhaust sweeps over the booster during the 

separation maneuver shows that the heating environment has a negligible impact on the 

boostl3r thermal protection system. 

The booster nose (stagnation point) and fuselage heating rate and heat flux histories 

presented in Figs. 7-13 and 7-14 were calculated for initial vertical separa.tions of 

zero, 50, and 200 feet between the orbiter and the booster prior to dethrottle of the 

booster. For this parametrl.c study, the initial vertical separation was assumed to 

occur by a separation device that provides only vertical parallel movement of the 

booster relative to tIre orbiter without relative axial motion. 

The addition of the plume heating to the aerodynamic heating load during ascent results 

in a peak forward fuselage temperature of less than 16000 F (allowable for Rene 41). 

Where titanium is employed (as on booster leeward surfaces), the available heat capacity 

limits temperature increases resulting from plume heating to less than 6000 F, which 

is the allowable reuse temperature for titanium. 
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Fig. 7-13 Convective Heat Rates to Booster Stage From Orbiter Bell Engine Exhaust 
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Fig. 7-14 Convective Heat Flux to Booster Stage From Orbiter Bell Engine 
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For separation systems in which the flow could impinge on either the booster or orbiter 

vehicles from hot gas, liquid, or solid propellant rocket devices, the additional localized 

heating from these plumes should be accounted for in future designs. 
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Structural design criteria and the thermal load environment data were used to select 

candidate materials for the preliminary weight estimates. The results of an evaluation 

of candidate thermal- structural concepts and materials were used to define the struc

tural arrangements. 

8.1 DESIGN CRITERIA AND LOADING REQUIREMENTS 

The structure must survive the critical loading conditions and associated environments 

over the specified number of missions with a minimum refurbishment and in a manner 

that does not reduce the probability of mission success. Consideration should be given 

to the cumulative deteriorating effect of repeated exposure to critical environmental 

conditions such as temperature, creep, and fatigue. 

Nonflight conditions and environment should be treated in a manner that will minimize 

influence on the structural design. 

The following ultimate factors of safety have been established: 

• General structure 1. 5 

• Pressurized compartments 2.0 

... Documents serving as guidelines for establishing the structural design criteria include 

I 

the follOwing: 

NASA-SP 8000 Series 

NASA-TM-X-53328 

MIL-A-8860' (ASG) 

Design. Criteria 

Terrestrial Environment (Climatic) Criteria 
Guidelines for Use in Space Vehicle Develop
ment, 1 May 1966 

I 

General Specification for Airplane Strength 
and Rigidity, 18 May 1960 
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MIL·· A- 8861 (ASG) 

MIL-A- 8862 (ASG) 

MIL-A-8865 (ASG) 

MIL-A- 8866 (ASG) 

MIL-M,.,,855A 

MIL-HDBK-5A 

LMSC-A959837 
Voll 

Airplane strength and Rigidity, Flight 
Loads, 18 May 1960 

Airplane strength and Rigidity, Landplane 
Landing and Ground Handling Loads, 
18 May 1960 

Airplane Strength and Rigidity, Miscel
laneous Loads, 18 May 1960 

Airplane Strength and Rigidity, Reliability 
Requirements, Repeated Loads and 
I'atigue, 18 May 1960 

Missiles, Guided: Design and C<. .. lSt-rUC
tion, General Specifications for 1 

6 October 1960 

Metallic Materials and Elements for 
Aerospace Vehicle structures, 
8 February 1966 

8.1.1 Loads and Structural Dynamics Criteria 

Forseeable factors that can influence the structural design include vibration, shock, 

acoustics, buffeting, flutter and aeroelastic effects, and q,uasistatic and dynamic loads. 

Landing and ground handling criteria are as follows: 

• Hoisting- The vehicle is hoisted only in the dry weight configuration. 
The hoisting load factor is 1. 5. 

• Taxiing- For taxiing, the vehicle weight is the dry weight plus payload 
plus jet engine propellant weight. Taxi load factor is N = 2. o. 

z 
• Turning - The turning weight is the taxi weight. The side load factor 

isN =0.4. 
y 

• Landing- The landing weight is the taxi weight less half of the weight 
of the jet engine propellants. Landing Sinking speed is 9 feet per 
second. The aerodynamic lift is equal to the landing weight, and the 
maximum load transmitted through the landing gear is assumed to be 
two times vehicle weight. 

• Ground winds - The vehicle structural loads with the propellant tanks 
full or empty, pressurized or unpressurized,is induced by the 99 per
cent probability ground winds and gusts defined in NASA TM-X-53328. 
The effects of vortex shedding, stand misalignment, launcher and launch 
vehicle flexibility, and the interaction of winds with adjacent structures 
must be considered. 

-, 
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• Ascent - The ascent trajectory must be tailored so that the maximum longi
tudinalload factor will be Nx = 4.0 for cargo missions and Nx = 3.0 for mis
sions with passengers aboard. The effects of winds and gusts must be included 
and oriented in the most adverse direction. Fcm preliminary design loads de
termination, it is assumed that the autopilot will limit the maximum angle of 
attack to 5 degrees in the presence of 95 percent worst month or 99 percent 
mean annual MSFC winds. Engine-out oonditions must be considered. 

• Separation and staging- Loads arising from staging, thrust transients, 
and control forces acting during separation must be deterrrlined. The 
effects of gimbal offsets and aerodynamic forces, if applicable, should 
be included. 

• Orbital flight- During the orbital phase, maneuvers are required to 
effect orbit changes, rendezvous, and docldng. Loads nlust be deter
mined for each of these modes, including the possible interaction and 
coupling between control systems and vehicle structural modes. The 
structural implications resulting from payload deployment and cargo 
transfer requirements should be investigated. 

• Atmospheric reentry - The reentry trajectory should be tailored to 
minimize the surface temperatures of the vehicle. Maximum acceler
ations should be limited to 2 g's. 

• Maneuvers - For low-speed flight,the maximum design maneuvering 
load factor is limited to 2.5. Velocity is limited to 25,0 knots from 
sea level to 25,000 feet and Mach 0.6 above 25,000 feet. The weight 
configuration is for entry weight. 

• Vertical gust- For low-speed flight, the design vertical gust velocity 
is 50 feet per second at the limited level flight speed. At velocities 
up to 1.6 times stall velocity, the design vertical gust velocity is 
66 feet per second. 

Since the abort, or early separation, criteria constitute a mandatory requirement for 

manned craft, a detailed investigation of this mode must be performed. Early separa

tion loads should be considered, and propellant expulsion to reduce the landing weight 

should be investigated. 

8.1. 2 Loading Requirement 

Preliminary design loading distributions have been determined during the concept 

design phase so that values of structuralloadi~g can be ascertained, critical load 

paths established, and primary structural elements sized. While not all possible 

loading conditions have been fully analyzed at this point in the design development, 
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the loads presented should constitute an adequate definition of the vehicle loading 

environment for preliminar-y sizing purposes. The structural design criteria sections 

and vehicle performance parameters form the basis for establishing these design loads. 

8.1.2.1 Two-Stage Vehicle Loads. Loading distributions shown are typical of loads 

developed for various two-stage vehicle configurations analyz~d during the design 

development phase. Conditions for which loading distributions have been evaluated 

are as follows: 

• Ground wind loading conditions resulting from the combined vehicle 
configuration erected on the launch pad 

• Maximum airload bending condition (maximum a q) occurring during 
ascent phase of flight 

• Booster stage burnout condition 

• Landing approach condition (subsonic maneuver) resulting from a 
2. 5-g low-altitude maneuver 

• Landing condition based on a Sinking speed of 9 feet per second 

• Taxi condition with the 2.0 g loading required by MIL-A-8862 

Load distributions for these conditions, presented in Figs. 8-1 through 8-11, are for 

the alternate separation system concept. A summary of design load factors and in

cluding other ascent and reentry flight loading events is presented in Table 8-1. 

8.1. 2.2 Triamese Vehicle Loads. Preliminary loading distributions have been es

tablished for the conditions of maximum airload bending, landing, and taxi. for a typi

cal Triamese vehicle configuration analyzed during the design development phase. 

A summary of design load factors used for the Triamese vehicle system load studies 

is shown in Table 8-2. 
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Table 8-1 

LMSC-A959837 
Vol I 

TWO-STAGE VEHICLE- DESIGN LOAD FACTORS 

Booster Vehicle Orbiter Vehicle 
Loading Condition N N N N N N 

x Y z x 

Ground Handling ±2.0 in Any Direction 

Y z 
SIGN CONVENTION FOR 

LOAD FACTORS 

Liftoff +1. 8*** ±0.3 ±0.3 

Launch Phase Maximum aq +1.7 ±0.3 ± .75 

Stage Burnout +4.0* ±0.3 ±0.3 

Orbit Phase - - -
Reentry 4.0 max vector sum 

Landing Approach (Subsonic -2.0 ±1.O +0.5 
Maneuver) -2.5 

Landing -1.0 ±0.7 -2.0 

Taxi - - -2.0 

+1. 8*** ±0.3 ±0.3 

+1. 7 ±0.3 ± .75 

+4.0* ±0.3 ±0.3 

** ** ** 

2.0 max vector sum 

-2.0 ±1.O +0.5 
-2.5 

-1.0 ±0.7 -2.0 

- - -2.0 

+N 
x 

(FWD) 

+N z 

+N 
Y 

(TO THE 
RIGHT) 

--/ 

Abort To be determined (DOWN) 

All load factors shown in g's (acceleration units) 
*For cargo missions only. Limited to 3.0 gls for mission with passengers aboard. 

**Accels not critical for major structure. 
***Includes emergency rating factor (1. 25 x nominal thrust) 

Table 8-2 

TRIAMESE VEHICLE - DESIGN LOAD FACTORS 

Booster Vehicle Orbiter Vehicle 
Loading Condition N N N N 

x Y z Nx Ny 

Ground Handling ±2. 0 in Any Direction 

z 
SIGN CONVENTION FOR 

LOAD FACTORS 

Liftoff 

Launch Phase Maximum aq 

Stage Burnout 

Orbit Phase 

Reentry 

Landing Approach (Subsonic 
Maneuver) 

Landing 

Taxi 

Abort 

+1. 8*** ±0.3 ±0.3 +1. 8*** ±0.3 ±0.3 

+1.7 ±0.3 ±0.5 +1.7 ±0.3 ±0.5 

+4.0* ±0.3 ±0.3 +4.0* ±0.3 ±0.3 

- - - ** ** ** 

4. 0 max vector sum 2.0 max vector sum 
-

-2.0 ±1.0 +0.5 -2.0 ±1.0 +0.5 
-2.5 -2.5 

-1.0 ±0.7 -2.0 -1.0 ±0.7 -2.0 

- - -2.0 - - -2.0 

To be determined 

+N x 
(FWD) 

+N z 
(DOWN) 

All load factors shown in g's (acceleration units) 
*For cargo missions only. Limited to 3.0 gls for mission with passengers aboard. 

**Accels not critical for major structure. 
***Includes emergency rating factor (1. 25 x nominal thrust) 
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8.2 MATERIALS 
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The Lockheed concept calls for a state-of-the-art aluminum or titanium primary load

carrying structure, shielded from the thermal environment by interchangeable heat 

shields of three type s: 

• LI-1500* lightweight rigid insulation 

• Metallic with insulation 

• Ablative 

Current weight estimates are based on either LI-1500 or metallic heat shields, since 

the weight values are competitive for these two systems. The metallic materials con

sidered 'attractive are summarized in Table 8-3. As indicated, TD-NiCr is being 

considered for applications to 22000 F. While TD-NiCr has a short time capability 

to 24000 F, Cb-752 will be considered for ranges from 2200 to 25000 F for prolonged

temperature designs. 

Merit indices were devised to relate materials to various design characteristics and 

to provide an efficient index for materials comparison. Considered in preparation 

of these indexes were factors listed below: 

• Structural stability during cycling exposure p /E c 1/2 

• Fabricability 

• PhYSical properties (a K C p and emiSSivity) 

•• Mechanical properties (Ftu/p, F cy/p , and creep) 

• t - material practical minimum gage thickness m 
• Oxidation characteristics 

• Metallurgical stability during cyclic environment 

*During the past several years the Lockheed Materials Sciences Laboratory has been 
working on material systems applicable to reentry vehicles. One of the major develop
mental efforts has been on an advanced, reusable, rigidized, lightweight insulation heat 
shield for application to lifting reentry vehicle designated as LI-1500 (a lightweight in
sulation,weighing approximately 12 to 15 lb/ft3). This material system is an all-silica 
system, consisting of randomly oriented quartz fibers inorganically bonded and sintered 
at high temperatures. It has a surface temperature capability in excess of 25000 F for 
long periods of time without surface melting or material removal. It is being consi
dered for application over the major portion of a lifting reentry vehicle in the areas in 
which the heating rate is 40 Btu/ft2-sec or less. 
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An example of the first factor, structural stability, is shown in Fig. 8-12, in which 

the weight advantage of the composite materials is noted. The lower the factor, p /E 1/2 , 

the lighter the structural weight. For stability critical primary structure, graphite

composite structure may offer up to 40 percent weight savings. Projected costs of 

graphite-composite systems for the Space Shuttle time phase make this material 

attractive for ,further consideration. 

A similar chart, Fig. 8-13, shows the stability index of heat shield materials, with 

Rene 41 having flome advantage in the below 18000 range. Also, it can be welded 

(with careful attention) and is quite reusable for the mission life considered. 

TD-NiCr can be used to 22000 F (short times to 24000 F) without oxidation-protection 

coatings. However, this material does have its disadvantages, such as low welding 

allowables and low strength at 2200oF. But minimum weight heat shield concepts can 

be designed by using mechanical fasteners and unique panel configurations. However, 

this material requires further evaluation before final selection. 

Columbium. (Cb-752)' with an oxidation-protection coating (R512E) is a candidate for 

application from 20000 F to 2500oF. While recent coating tests have shown many hours 

of life at 2500
o
F, Cb-752 may be limited to approximately 50 reentry cycles with a 

maximum. temperature of 25000 F due to creep deflection. This material requires 

further evaluation for application to the Space Shuttle. Other columbium materials 

with higher creep strengths must be investigated. 

Ta-10w alloy with an oxidation-protection coating (R512c), for nose cap application, 

has been evaluated in a plasma-arc facility for 37 6-minute cycles (3.7 hours) at 

28000
F without failure. 
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Table 8-3 

MATERIALS AND PREDICTED TEMPERATURES 

T wo-S tage . 
Orbiter Booster 

Surface Forward Center Aft Forward Center Aft 
~ .... --

Body Upper 700 to 1100 600 to 1000 500 to 1000 1100 650 500 
Heat Shield Rene' 41 Rene 41 Rene' 41 Rene' 41 Ti Ti 

Body Lower 2000 to 2200 2000 to 2200 1800 to 2000 1200 1000 800 
Heat Shield TD-NiCr TD-NiCr TD-NiCr Rene' 41 Rene' 41 Rene' 41 

Nose 
2750 1450 - - Rene' 41 - -Ta-lOW 

Fin Leading 2200 1650 - - TD-NiCr - -
Edge Rene' 41 

Wing/Body 2080 2080 1650 1650 
Leading Edge - TD-NiCr TD-NiCr - Rene' 41 RenJ 41 

Wing Upper - - - 650 600 550 I 
Heat Shield Ti Ti Ti 

Wing Lower - - - 1250 1200 1100 
Heat Shield Rene' 41 Rene' 41 Rene' 41 

Primary 
150oF, Structure- ... 

I 
2219-T87 Aluminum -.---- . .. 

Tanks I l I J 
Triamese 

Orbiter Booster 

Surface Forward Center Aft Forward Center Aft 

Body Upper 700 to 1100 600 to 1000 500 to 1000 1100 650 500 
Heat Shield Rene' 41 RenJ 4] Rene' 41 Rene' 41 Ti Ti 

Body Lower 2000 to 2200 2000 to 2200 1800 to 2000 1250 1200 1100 
Heat Shield TD-NiCr TD-NiCr TD-NiCr Rene' 41 Hene' 41 Rene' 41 

Nose 2750 1450 
Ta-l0W - - Rene' 41 - -

Fin Leading - I 2200 1650 
Edge - TD-NiCr - - Rene' 41 

Wing/Body - 2080 2080 ! H>50 1650 
Leading Edge 

.,-
Rene' 41 Rene' 41 TD-NiCr TD-NiCr' I Wing Upper - - - 1 1350 600 550 

Heat Shield ! Ti Ti Ti 

Wing Lower - - 1250 1200 1100 
Heat Shield -

.1' 

Rene' 41 Rene' 41 Rene' 41 

Primary 
Structure- ..... 150°F, 2219-T87.Abminum .. 
Tanks I 1 ,..... I 

Note: 1. Cb-75~., 2200
0

F to 2500
0

F (if required) 
2. LJ-1500 is interchangeable for heat shields 
3. Ablator - backup heat shield 
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The heat shield approaches are indicated in Fig. 8-14 for the orbiter. Both metallic 

and rigid insulation (LI-1500) are shown; the rigid heat shield is interchangeable 

with the ablative system. 

GLASS ROCK INSULATOR 

PRIMARY 
STRUCTURE 

CORRUGATION 
STIFFENED 

METALLIC 

HEAT SHIELD (TD-NiCr) 
ADHESIVE BOND LINE 

SUPPORT CLIP 

RAM AND GROUND 
COOLING 

CRYOGENIC TANK 
INSULATION 

LI-1500 

Fig. 8-14 Orbiter Heat-Shield Approaches 
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The use of interchangeable thermal protection systems entail minimum development 

risks. During early vehicle flights, good temperature data are needed; this indicates 

the use of a radiative (nonablative) heat shield. Existing metallic heat shield mater

ials or LI-1500 can be used for early test flights. However, if temperatures are higher 

than anticipated for the fully operational flights, ablators are available for use on local 

areas of the vehicle. The various heat shields can be made interchangeable without 

greatly affecting the aluminum primary structure. The preferred metallic heat shield 

is a large corrugated panel mounted with a multiple clip arrangement through a glass 

rock insulator to the prima,ry aluminum structure. Corrugation amplitude is one-tenth 

the corrugation pitch,with a flat provided between corrugation arcs to enable attachment 

of the continuous support clip. Mechanical fasteners and resistance spot welding are 

used to attach the TD-NiCr and Rene'41 corrugated heat shields. 

Blanket-type insulation (dynaflex and microquartz) is packaged between the corrugation 

shield and the structural panel. 

The LI-1500 material system shown in Fig. 8-14 is being considered as the outer sur

face thermal protection system for the vehicles in areas where the temperatures are 

25000 F or less. The LI-1500 material protects the primary load-carrying structure 

and is subjected only to its own inertial loads and to air loads. The LI-1500 panels 

are bonded to the primary structural panels. Since the LI-1500 material has a very 

low thermal coefficient expansion, minimum external expansion joint are necessary. 

The temperature ranges and metallic heat shield materials are shown in Fig. 8-15 

with percentage of surface area plotted against temperature for both booster and 

orbiter. Titanium and Rene' 41, are used over 99 percent (>~ 'he surface area of the 

booster and over 52 percent of the surface area of the orbiter. 
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Fig. 8-15 Temperature Ranges and Heat-Shield Materials 

Initially, various thermal protection systems employing both passive and active systems 

were studied. Passive systems provide sufficient thermal insulation to limit the maxi

mum structure temperature to an acceptable value. The following passive system con

cepts were evaluated: 

• Felt-like high-temperature insulatIons, such as dynaflex and microquartz 
in conjunction with metallic heat shields 

• IJ-1500 

• A fiberglass-reinforced silicone elastomeric ablator «(J = 201b/ft
3
) 

The IJ-1ROO and metallic heat shield concept were also evaluated in conjunction with a 

closed-lo("~ .1.ctive cooling system. In all cases, orbiter internal structure was assumed 

to have a design maximum temperature of 150oF. Heating calculations were based on 

the LID' . .:spacecraft and maximum cross-range entry trajectory. 
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Because of the large potential saving in insulation weight, two approaches to alleviate 

the effects of post-touchdown heating were considered. One is to cool during low-speed 

flight with either ram air cooling or engine-bleed air; the other is to use a ground 

cooling system after landing. Analysis indicates that the use of ram air and ground 

cooling reduces the required LI-1500 thickness from greater than 5 inches to approx

imately 3 inches at the maximum heating lower surface location. 

Shown in F'ig. 8-16 are comparisons of the candidate therlnal protection system weights 

(exclusive of the structure weight common to all systems). The ablator weight is based 

on an assumed 20 Ib/ft3 partial depth ablator with a bond -line temperature of 6000 F. 

A 12-lb/ft3 rigid insulator is used betw'een the ablator and the structure. 
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Fig. 8-16 Thermal Protection System Comparison (Orbiter) 

The 3.22 Ib/ft2 weight for the corrugated heat shield compares favorably with the 

3.10 Ib/ft2 for the LI-1500 rigid insulation. These values are for the hottest point 

at the lower centerline of the vehicle. 
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8.4 VEHICLE STRUCTURAL ARRANGEMENT 

The leading structural arrangements and materials presently being considered are as 

follows: 

41. Booster 

Heat shielding: 

Load -carrying structure: 

Lo&J-carrying tanks: (fuselage) 

• Orbiter 

Heat shielding: 

Load -carrying structure: 

N onload -carrying tanks 

8.4. 1 Orbiter 

lower surface -Rene' 41 or LI-1500 
upper surface: Rene' 41 and titanium or 
LI-1500 

fuselage, aluminum; winlg, titanium or 
aluminum 

upper surface (Rene' 41 or LI-1500; 
ablator, backup) 

lower surface (TD-NiCr or LI-1500; 
ablator, backup) 

aluminum 

The orbiter structural configuration has a wedge planform shape with a triangular 

cross-section for the required lifting body characteristics. The booy is basically of 

corrugated stiffened panel construction, wiiiz; intermediate supporting frames of 

aluminum construction to sustain the critical flight and landing lc/ads. Figure 8-1 7 

indicates primary thrust longeron load paths. A preliminary weight trade study for 

the corrugated panel construction applicable to the lower fuselage structure is shown 

in Fig. 8-18, in which the present all-aluminum baseline design is compared to that 

of aluminum skins with beryllium frame; all beryllium construction, graphite/epoxy 

skins with aluminum frame; and graphite/ epoxy skins with beryllium frame. The 

figure shows that a significant weight reduction may be achieved by using materials 

other than aluminum. For the predicted ultirnate loading intensity of Nx = 30001b/in. 

at the fuselage midbody lower surface, the geometric proportions of the other 

materials are well within the manufacturing limitations. Since 1 pound of inert 
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orbiter weight is worth 30 pounds of liftoff weight, it is recommended that these 

alternate materials be given serious consideration as a replacement for the baseline 

aluminum construction. PA YLOAD DOOR REMOVED 

MAIN ENGINE 
THRUST LEGS 

LONGERONS 

GIMBAL ATTACH 

THRUST FORCES 

Fig. 8-17 Orbiter Primary Load Paths 
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LOADING INTENSITY (LB/IN.) 

Fig. 8-18 Variation of Orbiter Primary Structure Weights 
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The aluminum propellant tanks are nonintegral to the fuselage structure and are de

signed by membrane stresses caused by the internal ullage and hydrostatic pressure. 

A weight trade study for the large forward LHo (2219-T87) propellant tanks to that 
.0::;, 

of 6Al-4V titanium alloy indicated that weight savings of 15 percent could be achieved 

by the use of this titanium alloy, with a negligible weight savings available for the 

smaller LH2 tanks. The conclusion is based on a minimum gage restraint of . 030 for 

the titanium construction. The nose section of the fuselage is designed to withstand 

the collapse pressure and the body bending loads induced during the max a.q flight 

condition. Since the body bending loads are relatively small over this region, light

gage skins are used primarily to react the pressure loads to the closely spaced 

stringers and supporting frames. 

With the present planform design, based on the nonintegral tank concept, cylindrical 

and conical shaped LH
Z 

and L02 tanks are used to achieve high-volumetric efficiency. 

Support of the propellant tanks to the primary fuselage structure is accommodated by 

circumferentially located tension link supports connected to the dome closure rings. 

These discrete support points reduce the heat flux to the primary shell and minimize 

the thermal stresses in the tank structure. The concentrated longitudinal forces 

induced in the fuselage structure are reacted out by longitudinal members and sub

sequent shear transfer in the skin. 

8. 4. 2 Booster 

The booster load paths are indicated in Fig. 8-19, with fuselage tankage considered as 

primary load-carrying structure. This tankage is designed for dual roles - first, as 

a pressure vessel (storing fuel or oxidizer) and, second, a spacecraft fuselage (reaction 

to loads imposed from various flight and ground conditions, including support of the 

orbiter vehicle). 
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In order to consider damage-tolerance (fail-safe) criteria, full pressurization is 

considered active only for the primary ascent boost load condition, at which time 

maximum dynamic pressure and thrust occur. Should a loss of internal pressure 

occur within a portion of the tankage, engine malfunction will follow. For abort 

modes and maneuver landing, taxi, and ferrying modes, zero gage pressurization is 

assumed for design; i. e., the fuselage shell structure must be capable of sustaining 

loads without aid from internal pressure. 

The booster comprises three basic structures, of which a wing box and a cylindrical 

fuselage housint~ L02 ani LH2 propellant are similar to corresponding components 

of conventional aircraft. The third is the engine thrust structure. The fuel tankage 

(in the fuselage) is designed as primary load-carrying structure to mininlize vehicle 

weight. The J .... 0 2 tank, located in the forward section, is tied structurally to the 

LH2 tank by a conventional missile interstage ring-stringer stiffened shell. 

The L02 tank is designed principally for a combination of internal ullage and hydro

static pressure. The shell thickness ;'0 tailored to meet the linear varying pressure 

requirements. Interrnediate rings &.re added to the shell to provide the necessary 

stiffness required for the additional flight and ground load conditions. The LH2 tank 

is designed for a combination of internal pressure, body bending, and axial boost loads. 

Since hydrostatic pressure is small in comparison to ullage pressure, the maximum 

design pressure for determination of shell wall thickness is established from the 

maximum (absolute) ullage pressure requirements. Transverse rings and longi

tudinal stiffeners are added to the shell to provide the necessary stiffness for the 

additional flight and ground load conditions. 

Both the L02 and LH2 tanks have fusion-welded elliptical domes, which are built up 

from gore sections and a spherical cap. The walls of the tanks are fabricated from 

rolled-extruded and machined integrally stiffened planks. Y rings are used at the 

dome-cylinder junction to permit mechanical fastener attachment of the adjacent 

structure. At the aft- skirt section, the engine thrust structure sUPP0rts fourteen 400 , 000 

pound thrust engines and four turbojet engines. In addition to reacting the booster thrust 

loads and flight thrust loads, prOvision is made for interstage (shear and radial load) 

attachment of the orbiter vehicle. Additional radial load attach structure for the 
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orbiter is located in the forward booster L02/LH2 intrastage structure. The thrust 

structure is a combination of a space frame assembly (to gather up the numerous 

engines) and a double-bridged plate girder to react the orbiter inertia loads during 

boost and to distribute the engine thrust loads to a conical stiffened shell aft skirt. 

The basic problem in the design of this complex structure is to react the large con

centrated loads introduced by the orbiter, as well as the concentrated engine thrust 

loads,and redistribute them to the LH2 tank as uniformly as possible. The booster 

L02/LH2 intrastage structure, which connects the LH2 tank, is merely an extension 

of the LH2 ring-stringer stiffened shell, except that mechanical fasteners can be used 

to attach the shell to the Y -ring stub skirts of the tanks. In addition to the miscella

neous equipment stored within this area of the booster, provisions for the nose landing 

gear are located here. Access doors are provided where necessary. 

The wing is a single delta, multispar and rib-box type, assembled from built-up 

extruded shapes and integrally stiffened cover sheets. Propellant storage is accom

plished elsewhere, allowing a dry wing design. The main landing gear will be housed 

within the center wing section. The major structural problem is the design of the 

attachment of the hot wing to a cold fuselage. Extreme relative displacements take 

place between the hydrogen filled fuselage (at a temperature of -42QoF) and a wing 

at a temperature of 100oF). To permit the fuselage to contract freely (approximately 

10 inches), a simple statically determinate trussed frame is extended vertically from 

the wing root rib to the fuselage at five discrete transverse frame locations. Of the 

five spanwise shear ties, only the middle tie resists chordwise shear. The remaining 

four permit the fuselage to move longitudinally relative to the wing chord by providing 

a captive""roller support design. 

Several prime material candidates for the fuselage and wing have been under considera

tion. For the L02 tank, two materials evaluated were 2219-T87 aluminum and 

9Ni-4Co-.25C steel. For the LH2 tank, 6Al-4V titanium was also considered. (It 

exhibited good service experience in cryogenic applications.) The following weight 

comparisons resulted: 
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LH,2 tank 

LMSC-A959837 
Vol I 

Mass Thickness, pounds per square feet 

Aluminum Steel Titanium 

4.41 

4.60 

3.87 

3.68 3.06 

These study results reveal that 2219-T87 aluminum may be heavier than high-strength 

steel and titanium alloys. The main reason is that weldable aluminum alloys do not 

result in high strength-to-weight efficiencies, as do the typical aircraft alloys, such 

as the 2024 and 7075 series. More detail studies are required to confirm this trend 

and evaluate related disciplines, i.e e., producibility, cost, etc. 

Comparison of wing weight results may reflect the opposite conclusion; i. e. ~ aluminum 

may be lighter than titaniUln. The main reason is that full advantage of titanium Com

pressive properties may not be realized. While studies of C-5A structures have con

firmed this conclusion, further detail design studies of titanium are warranted for 

Space Shuttle applications. Aluminwn is also attractive since the critical design con

dition occurs at room temperature during the ascent max aq condition. 
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Section 9 

PROPULSION 

LMSC-A959837 
Vol I 

The Space Shuttle propulsion requirements are fulfilled by three systems - primary, 

reaction control, and subsonic cruise. Propulsion requirements for the Two-Stage 

vehicle configurations and in a Triamese vehicle configuration have been identified in 

terms of thrust level and impulse propellant in Table 9-1. 

Table 9-1 

ENGINE AND PROPELLANT REQUIREMENTS 

~ Vehicle , 50,0001b 25,000 lb 
.. 

Booster Orbiter Booster Orbiter 

Thrust 13-400 k (SL) 3-470 k (Vac) 11-400 k (SL) 3-470 k (Vac) 
Two Stage Impulse 

Propellants 2, 344, 297 lb 705,571 lb 1,924, 126 lb 553,709 lb 

Thrust 8-4.00 k (SL) 3-4.70 k (Vac) 7-400 k (SL) 3-470 k (Vac) 
Triamese Impulse 

Propellants 1,386, 199 lb 709,523 lb 1, 155, 946 lb 555,7301b 
Each B()oster Each Booster 

The primary propulsion systems of the booster and the orbiter use high-performance 

rocket engines having commonality in turbomachinery and in combustion chamber 

sizing. The booster engines operate at maximum thrust until the maximum acceler

ation limit (3-g or 4-g) is reached; they are continuously throttled thereafter to sus

tain the maximum acceleration until the stage-separation altitude is reached. After 

staging, the three orbiter engines are operated at maximum thrust until the vehicle 

acceleration limits are reached. They are continuously throttled thereafter to sustain 

the limiting acceleration until orbit injection is attained. After staging, the booster 

follows a ballistic flight path and reenters with aerodynamic braking. It is powered 

by subsonic cruise turbOjets during a portion of the return flight to the launch base. 
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The orbiter, after performing its mission, is braked out of orbit by operation of its 

rocket engines. It then reenters the atmosphere and returns to the launch base in 

the same manner as does the booster. 

Descriptions, design and performance requirements, and operational considerations 

for each of the separate propulsion systems are presented in the following paragraphs. 

9. 1 PRIMARY PROPULSION SYSTEM 

The primary propulsion systems for each stage of both vehicle configurations have 

been examined with the consideration that either the bell-type or the aerospike 

oxygen/hydrogen engine might be used. The selected approaches and subsystem 

applications are based on maximum application of existing cryogenic propulsion sys

tem technology and hardware. However, in some instances, subsystem8 selected 

are somewhat more advanced than current systems. Also basic to the approaches 

are anticipated ilnprovements in the state-of-the-art over the next several years. 

9. 1. 1 Overall Propulsion System Configurations 

The vehicle configurations of the Two-Stage and Triamese systems, presented in 

Section 3, Configuration Summary, and Section 4, Vehicle Design, are shown with 

bell-type engine installations, although LMSC has examined the various tradeoffs 

associated with the aerospike engine as well as the bell type. A sumrrlary of these 

studies is presented in Volume III, Section 2. Results related to the booster indi

cate that: 

• On the Two-Stage booster, use of the 35:1 bell-type engine results in 
somewhat more performance than use of the 100:1 bell-type engine, 
indicating a trend toward the use of the lower expansion ratio bell
type engine. 

• The base area of a Two-Stage booster employing a 35:1 bell-type engine 
must be enlarged to approximately twice its area to provide for inter
changeability with an aerospike engine of the same thruat, giving better 
overall vehicle performance. 

• In terms of Two-Stage booster base area, the equIvalent area between 
35:1 bell-type engines and aerospike engines is essentially achieved by 
replacing two bell-type engines with one aerospike engine of twice the 
thrust. . 
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• For Two-Stage booster base areas designed for aerospike engines, there 
is an overall increase in booster performance with increasing specific 
impulse (or increasing area ratio), which is a result of increasing the 
engine diameter at a fixed thrust. (This is the converse of the trend for 
bell-type engines as previously discussed. ) 

• Plumbing, thrust structure, and other aspects of the booster designs are 
of relatively minor consequence in designing for either the bell-type engine 
or the aero spike engine. 

The general result of these studies related to the orbiter indicate that it appears 

possible to design an orbiter that could use either a bell-type engine or an aerospike 

engine at the same thrust with relatively minor modification to the designs. An 

additional fairing appears to be necessary for protection of the nozzle of the bell-type 

engine (retracted positions) during entry and landing phases. 

9. 1. 2 Two-Stage Propulsion System Configuration 

9.1. 2.1 Booster. The booster is designed with cylindrical load bearing propellant 

tanks integrated into the fuselage structure. The LOX tank (located forward) and 

the fuel tank (aft) together occupy most of the fuselage volume. LOX flows from the 

tank via a single line to a manifold, located just forward of the engines. The mani

fold distributes the flow to each of the engines. The fuel is distributed directly from 

the tank sump to each engine via individual lines. 

Tank surfaces adjacent to the outer mold line of the vehicle support the vehicle skin 

with a standoff structure having a high thernlal resistance. The propellant tank in

sulations are discussed in Section 9. 1. 7. 

The booster propellant systems are not required to store propellants for extended 

periods; so, as in the case of any cryogenic booster, providing sufficient net 

positive suction pressure is the major consideration. The propellant tanks will be 

pressurized prior to engine start; and pressurization during engine operation will be 

provided by heated engine bleed, as shown in Fig. 9-1. The pressurization system 

is discussed in Section 9. 1. 6. 
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9.1. 2. 2 Orbiter. The orbiter propulsion system has multiple oxidizer and fuel tanks. 

In the current configurations, the tanks are of simple-geometry, nonload-bearing 

design. The propellants required for ascent are separated from the propellants re

quired for orbital transfer, maneuvering, and retro. This allows the ascent tanks to 

be designed in such a manner that prolonged propellant storage is not necessary. The 

tanks containing the orbit transfer, maneuver, and retro propellants, which may be 

slightly oversized, 'serve as sump tanks~ receiving the flow from the ascent tanks ill 

a series/parallel feedline configuration. This procedure assures that all of the liquid 

propellants are dra!,ned from the ascent tanks. The tanks containing the orbit transfer, 

maneuver, and retro propellants are designed for storage of cryogenic propellants for 

extended periods of time. The orbiter propulsion system, shown schematically in 

Figs. 9-2 and 9-3 is based on the assumption that the orbital maneuvers will be accorn

plished by low thrusts with the main engines, 

9. 1.3 Triamese Configuration 

The design of the primary propulsion system for the Triamese configuration is 

essentially the same as that of the Two-Stage configuration. The booster is similar 

to and follows the same design concepts used in the design of the booster of the Two

Stage vehicle. Also, the Triamese orbiter is very similar in design to that of the 

Two-Stage orbiter. 

9.1.4 Reusable Propellant Tankage 

The fill cycles and pressurization cycles to which the propellant tanks are subjected 

are relatively insignificant in their effect on the tankage reusability. This is, of 

course, based on the assumption that the tanks and related structure are designed so 

as to prevent over streSSing from these effects. The major problem with tank re

usability is the sustained pressure loading to which the tanks are subjected in their 

multimission applications. 
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Fig. 9-3 Orbiter L02 Propulsion Fluid Schematic 
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The design allowables for reusable tankage for the Space Shuttle must be based on 

consideration of the threshold stress intensity factors of the tank materials. This 

is related to the maximum flaw sizes established as being acceptable in the materials 

under cryogenic conditions and sustained pressure loading. As indicated in the tech

nology recommendations in Volume II, there are presently insufficient data to estab

lish accurately the design allowables; so additional experimental programs are 

required. 

Low heat leak tank supports will be required for the orbital transfer, maneuver, and 

retro propellant tanks .. in the orb.iter, since these must store propellants for extended 

periods of time. Fiberglas or titanium support struts appear to be satisfactory for 

this application. 

9. 1. 5 Propulsion System Plumbing Design and Operation 

In plumbing designs formulated for the booster and the orbiter, maximum use is 

made of Saturn technology and approaches. 

9. 1. 5. 1 Booster Plumbing Description and Operation. In the booster, a single 

22-1/2-inch diameter line carries the propellant from the L02 tank in the forward 

portion ot the vehicle to the distribution manifold in the aft end of the stage. Feeder 

lines of 7 -1/2 inches in diameter distribute the flow to each of the engines. The LH2 

is d.istributed to the engines by individual lines from the fuel tank in the aft portion of 

the vehicle. Gimbal motion is taken care of by pressure volume compensators in both 

L02 and LH2 lines. In segments of the line supported structurally against axial 

force due to internal line pressure, simple bellows joints capable of linear displace

ment are used to take care of thermal expansion/contraction from the line tempera-

tures changes. A set of three bellows type gimbal joints is used to take care of thermal 

expansion/contraction where structural support against internal line pressure reaction 

may not be available, such as at bends. Flexures used for thermal expansion/contraction 

provide a secondary function of also taking up linear and angular variations due to manu

facturing tolerances. The booster plumbing is shown in Fig. 9-4. 
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Lox Vent Line 8" x 13' 2 
Lox Pressurization Line, Fwd 6" x 15' 2 
Lox Press. Line, Long 6" x 190' -
Lox Trunk .Line, Fwd 22" x 13' 2 
Lox Trunk .Line, Long 22" x 100' -
Lox Fill Line, Fwd 8" x 15' 2 
Lox Fill Line, Aft 8" x 15' 2 
Lox Press. Line, Fwd 6" x 10' 2 
Lox Manifold Feed Line, Long 15" x 25' 2 
Lox Manifold Feed Line, Short 15" x 16' 2 

Fuel Feed Line, Fwd 8" X 20' 3 
Fuel Fill Line, Fwd 8" x 20' 2 
Fuel Vent I.ine, Fwd 12" x 13' 2 
Fuel Vent Line, Long 12" x 100' -
Fuel Vent Line, Mid 12" x 20' 2 

Lox Replenish Line 2" x 20' 2 
Lox Replenish Manifold 2" x 30' 3 
Lox Replanlsh Line, Engine 2" x 5' 3 
Lox Press. Manifold 6" x 19' -
Lox Press. Line, Engine 3" x 15' 3 

Lox Feed Manifold 15" x 30' -
Lox Feed Line, 8" x 14' 2 
Fuel Feed Line, Engine 81r x 14' 2 
Lox Replenish Manifold Feed 2" x 20' 3 
Fuel Replenish Line, Engine 2" x 5' 3 

Fuel Press •. Line, Engine 3" x 15' 3 
Fuel Press. Manifold 6" x 19' -
Lox Feed Manifold 15" x 30' -
Fuel Replenish Manifold 2" x 30' 3 
Fuel Replenish Manifold Feed 2" x 20' 3 

Lox Replen~sh Manifold 2" x 30' 3 
Fuel Replenish Manifold 2" x 30' 3 
Fuel Replenish Manifold Feed 2" x 20' 3 
Fuel Press .Line Aft 6" x 30' 2 
Fuel Vent Line, Aft 12" x 15' 2 

Fuel Fill Line, Aft 8" x 15' 2 
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Fig. i9-4 , 
Cryogenic Schematic, Booster, Two
Stage Primary Propulsion 
(Preliminary) 
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Maintaining the propellants at the proper conditions in the lines in the reference 

booster configuration is by the flow of replenishment propellant selectively throug;h 

the i feed lines. After propellant loading, replenishment propellant is pumped into 

the tanks via the propellant circulation lines, the engine pumps, and the feed lines. 

(The redundant series check valves prevent reverse flow into the propellant circulation 

lines upon engine start as the pump discharge pressure builds up .. ) This method is 

marginal, since the amount of required replenishment propellant is dependent on the 

boiloff loss rate. An alternate approach is to provide for recirculation by pump 

through the feed lines and back into the tanks. 

The vent and pressurization lines are connected to the umbilicals at the aft base of 

the vehicle. In both oxidizer and fuel vent circuits, dual-function redundant valves 

are used. Each valve is designed with a single helium-powered actuator, controllled 

by a small solenoid valve pilot and a vacuum referenced relief valve pilot. During 

liquid hydrogen loading, the valve is opened by the solenoid pilot for force passagt~ 

of vent gas to the ground support equipment that maintains emergency control over 

fill rate and vent backpressure to avoid tank over pressurization. Tank pressure is 

monitored by the ground support equipment. The relief valve function is an emergency 

measure in that the ground system maintains ground hold pressure and relief of pres

sure is not expected in a normal flight. Helium prepressurization is provided prior 

to engine start to provide necessary NPSP. 

A similar system is provided for the oxidizer system. The direct venting of the 

oxygen to the atmosphere is not considered to be desirable at this time. If it is 

possible to provide adequate separation between hydrogen lines and the oxygen vents, 

direct venting may be adopted. Helium prepressurization is provided prior to engine 

start. 

9. 1. 5.2' Orbiter Plumbing Description and Operation. Because of the vehicle design 

constraint to locate the payload at the spacecraft center of gravity, propellant tanks 

have to be packaged in the remaining available space; and this necessitates multiple 

tanks. Consideration had to be given to solving filling, draining, and venting problems 

associated with multiple tanks. 
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Liquid Hydrogen System Description and Operation. The four fuel tanks are arranged 

with the large aXially located forward tank draining into the two side-by-side aft tanks. 

These two tanks are coupled in parallel to the tank containing the orbital transfer, 

maneuver, and retro propellant, which forms the series link to the terminal lines 

feeding the engines. The plumbing diagram is shown in Fig. 9-5. With this tank 

arrangement, the propellant required for ascen.t is stored in the large forward and 

side-by-side aft tanks. No valving separates these tanks; and the tanks have minimum 

insulation, consistent with the short propellant storage time requirement. The pro

pellant for on-orbit maneuver and retro propulsion is stored in the small sump tank, 

which is insulated with super insulation, consistent with the requirement for storage 

of propellant from 7 to 30 days . 

. The fill system consists primarily of a fill line from the aft end of the vehicle to the 

orbit storage tank. All of the LH2 tanks are filled simultaneously through the single 

fill line. An initial slow flow will be used to chill the aft ascent tanks and the orbital 

storage tank. After adequate chilling and initial loading at slow fill, the valves in the 

vapor removal line are closed and fast fill is started. When the forward tank is almost 

full, flow is reduced to slow fill and the valves in the vapor removal lines are opened, 

allOWing vapors to vent off from the orbital storage and aft ascent tanks so that venting 

allows these tanks to become essentially full. Prior to engine start, the tanks are 

pressurized to suppress boiling and produce NPSP. Any vapor formed will be removed 

by the vapor removal lines, and liqUid will flow down the intertank lines. 

The nonisolation feed line concept employed affords the following advantages: 

• Reduced feedline weight and elimination of isolation valves 

• Reliance on one pressurization line, with attendant reduction of valves 

• Elimination of switching of flow from the forward tank to aft tank 
dur.ing burn 
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Lox Vent Line, Aft 5" x 42" 2 
Lox Vent Line, Long 5" x 60' -
Fuel Press. Line Aft 3" x 40' 2 
Lox Vent Line, Interconnect 4" x 13' 2 
Lox Vent Line, Interconnect 4" x 13' 2 

Lox Press. Line, Fwd 3" x 7' 2 
Fuel Press. Line, Long 3" x 60' -
Lox Feed Line, Le~" 10" x 25' 2 
Lox Feed Line, RigU 10" x 25' 2 
Lox Feed Line, Fwd 14" x G' 2 

Lox Feed Line, Eng. 111 8" x 20' 2 
Lox Feed Line, Eng. 112 8" x 6' 2 
Lox Feed Line, Eng. 413 8" x 20' 2 
Lox Fill Line 4" x 34' 2 
Lox Press.' Line, Aft 3" x 40' 2 

Lox Press. 'Line, Long 3" x 60' 2 
Lox Replenishing Line, Aft 1" x 34' 3 
Lox Press. Line, Gimbal 2" x 6' 3 
Lox Replen. Manifold 3" x 32' -
Lox Replen.. Line, Gimbal 1" x 6' 3 

Lox Feed Line, Gimbal 8" x 6' 2 
Lox Press. Manifold 3" x 32' -
Fuel Feed Line 10" x 22' 3 
Sump Vent },ine, Ground 3" x 56' 3 
Fuel Feed 1,.ine 10" x 22' 3 

Fuel Vent Dine, Long 6" x 60' -
Fuel Feed Line, Long 10" x GO' -
Fuel Press : Line , Fwd 3" x 20' 2 
Fuel Circulation Line I" x 10' 3 
Fuel Feed Line, Sump 10" x 39' 2 

Fuel Interconnect Line 10" x 40' 4 
Fuel Feed 1;.ine, Eng. 113 8" x 20' 2 
Fuel Feed Line, Eng. 412 8" x 6' 2 
Fuel Feed Line, Eng. #1 8" x 20' 2 
Fuel Replen, Manifold 1" x 32' -, 
Fuel Press Manifold 3" x 32' -
Fuel Vent Line, Aft 6" x 42' 2 
Fuel Feed Line, Gimbal 8" x 6' 2 
Fuel Press Line, Bimbal 2" x 6' 3 
Fuel Replen. Line, Gimbal I" x 6' 3 

Fuel Replen. Line, Aft 1" x 34' 3 
Fuel Feed Line 10" x 18' 3 
Fuel Feed Line 10" x 18' 3 
Fuel Feed Ijine, Long 10" x 60' -
Fuel Fill Litle 4" x 34' 2 

Fuel Vent Line Fwd 6" x 12' 2 
Fuel Vent L~ne, Grnd, Aft 3" x 20' 3 
Fuel Vent 14ne, Grnd, A;'t 3" x 20' 3 
Fuel Vent Line, Grnd, 6" x 10' -
Fuel Vent Line, Fwd 6" x 15' 3 

Fuel Vent Line, Aft 3" x 15' 3 
Lox Circulation Line 1" x 30' 3 
Lox Vent Line, Fwd 5" x 30' 2 
Lox Press. ;Line, Tar,k 3" x 13' 2 
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Fig. 9-5 Cryogenic Schematic, Orbiter, 
Primary Propulsion 
(Preliminary) 
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At ignition, propellant will flow from the forward tank to the aft tanks, through the 

orbital storage tank, and to the engines. Depletion of the tanks will also follow that 

order. However, as each tank is drained, all of the liquid propellant will be drained 

with no residuals remaining. Complete scavenging of the intertank lines is assured 

by sizing the sump tank to contain some of the ascent propellant. The intertank line 

shutoff valves are closed by propellant sensors in both lines. This assures that when 

one aft tank depletes before the other, it can be isolated by closing the proper valve. 

The shutoff valves incorporate dual redundant pilot valves to give fail safe reliability. 

Two vent systems are provided in the orbiter - one for normal inflight vent and the 

other for emergency in-flight vent and ground venting. The in-flight vent, designated 

TCV in Fig. 9-5, operates by cooling the tank contents. Cooling is accomplished by 

extracting a portion of the liquid hydrogen, expanding and subcooling it in a throttling 

process, running it through an in-tank heat exchanger, and feed line heat exchangers, 

and finally venting it overboard. The ground/ascent/emergency vent design approach 

is the same as that called for in the booster design previously described. 

Recirculation mainta.ins propellant temperature in the feed lines at a temperature 

approaching bulk propellant temperature. It is required to assure proper propellant 

conditions at the pump inlet during ascent on the booster if sequential burn is employed. 

Vacuum jacketed lines are used in conjunction with forced flow, and a pump is installed 

at the fill line to provide forced flow~ Propellant is drawn from the sump tank through 

the feed line, forced through a distribution manifold to the engine pumps, and returned 

to the orbital storage tank via the feedlines. Dual, series-redundant check valves are 

placed in each engine branch of the manifold to prevent backflow as the pump pressures 

build up at engine start. 

Liquid Oxygen System Description and Operation. The L02 systems are very similar 

to the hydrogen system, with only a few noteworthy differences. The basic configura-

. tion differs in that there are only two ascent propellant tanks. These both feed into 

the sump tank, as in the hydrogen system. Figure 9-5 shows the corresponding 

plumbing diagram. 

9-15 ~RECEDING P/~GE BLANK NOT ftlMED. 

LOCKHEED MISSILES & SPACE COMPANY 



LMSC-A!)5!'H37 
Vol J 

The fill system operational procedure will be similar to the LH2 side. The ground 

vent, pressurization, feed, and recirculation systems are quite similar to the LH2 

systems and need not be discussed further here. 

9. 1. 6 Pressurization 

The pressurization for oxidizer and fuel of both stages is by propellant vapors bled 

at 6000 R from the engines during ascent. Prepressurization, if required, is supplied 

a ground or by an onboard source. Pressurant trapped in depleted propellant tanks 

is used for on-orbit operation. 

In the booster, three engines are plumbed to the pressurization system, with a 

capability of any two engines to supply all of the pressurant for the stage. In the 

orbiter, all engines are plumbed into the pressurization system, with either capable 

of supplying all of the pressurant for the stage. Redundant check valves, located at 

the pressurant outlet of each engine, provide for engine-out or for malfunction in the 

pressurant supply systems of a single engine on each stage. 

The pressure is regulated by on/off operation of a quad cluster of normally closed 

valves for each propellant in both the booster and the orbiter. 

Ullage pressure is sensed by transducers mounted at the ullage end of each tank. The 

pressure sensors are coupled in closed loop to their respective valve clusters. In 

addition, redundant sensors are coupled through a voting circuit capable of overriding 

pressure sensing circuits in the event of malfunction or out-of-tolerance operation. 

After the ascent phase, the propulsion impulse requirements are small and a single 

engine operating at 10 percent thrust is adequate to meet even the largest on-orbit 

impulse requirement (retro at 500 ft/sec) within a burn time of 2 minutes. With 

pump chill-down requirements for operating the engines at 10 percent thrust still 

somewhat in doubt, the assumption was made, for purposes of analysis, that the 

engine pumps would be chilled down by unpumped idle mode operation over 10 seconds, 
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after which the engine would operate at 10 percent thrust. The pump inlet pressure 

for unpumped idle mode operation was assumed to be 20 psia for the oxidizer and 

25 psia for the fuel. This pressure would give an unpumped idle mode thrust of 

approximately 800 pounds thrust per engine (based on recent Pratt & Whitney data). 

Based on the on-orbit starting sequence indicated above, adequate on-orbit pressuri

zation is considered to be available for both oxidizer and fuel from residual GH2 and 

002 trapped in the empty ascent tanks. This is evident from the fact that the volume 

of the on-orbit propellants, which are contained in the orbital storage tanks, is only 

6 percent of the total orbiter propellant volume. 

An evaluation was made of the effect of varying NPSP on both the L02 and LH2 sys

tems on stage and vehicle system weight. The approach was to optimize feed line 

sizes for the reference conditions selected and then to determine the slope of NPSP 

versus stage weight. The results a:.:'e presented in Table 9-2. As may be seen, an 

improvement in the liquid hydrogen NPSP can result in Significant weight savings. 

Table 9-2 

STAGE AND VEHICLE WEIGHT VS PUMP NPSP 

Stage Wt (lb) Vehicle Wt (lb) 
per 1 psi NPSP per 1 psi NPSP 

Booster LOX 126 690 

Booster LH2 600 3300 

Spacecraft LOX 57 1880 

Spacecraft LH2 265 8745 
, 

9.1. 7 Cryogenic Thermal Protection 

The insulation for the booster tanks is required only to prevent liquefication of air 

and excessive icing and to prevent excessive vapor pressure rise from affecting 

NPSP. A foam-type of insulation may be employed for this purpose. Since internal 

foam insulations cannot be used on the liqUid oxygen tanks and may produce contamina

tion problems in the liquid hydrogen tanks, external insulation is necessary. 
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The ascent tanks for the orbiter, used during ascent only, require only a foam -type 

insulation. The tank containing the orbital transf,,~r, maneuvering, and retro pro

pellant must be insulated with high-performance nlultilayer insulation. This insula

tion must be purged during ground hold with helium, which is vented to produce a 

vacuum during ascent. Reentry with the in.sulation in a vacuum would result in 

crushing and atmospheric contamination (icing, vapor, particles, etc). Therefore, 

the recommended insulation would be refilled with helium during reentry by main

taining a slightly positive pressure in the purge bag. 

9.1.8 Propellant Utilization 

Variations in temperature, in engine pumping ratio caused by pump inlet variations 

and engine control variables, in propellant loading, and in propellant heating are all 

capable of producing unpredictable deviations between the ratio of propellant loaded 

and nominal engine propellant mixture ratio. In order to maximize the utilization of 

propellant, the engine mixture ratio is computer controlled in response to propellant 

gaging data so that the consumption ratio always matches the ratio of effective im

pulse propellant remaining on board. 

The gaging method tentatively selected consists of ~ capacitor gage for primary 

sensing plus a minimum number of resistance-type point sensors to establish cali

bration levels and to serve as a minimum capability redundant system. While this 

gaging system is limited to measuring propellant quantity only under acceleration, 

its capability to measure within 0.5 percent accuracy has been established. During 

orbital operation, the effectiveness of the system is a function of the frequency of 

readings permitted by maneuvers that orient the propellants. 

9.2 REACTION CONTROL SYSTEM 

The selected reaction control systems for the booster and the orbiter are oxygen/ 

hydrogen integrated reaction control systems, which use propellants from the main 

propellant tanks. The integrated reaction control system provides the following: 

• Flexibility in use of propellants 

• Elimination of redundant propellant tankage 
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• Lower system weight 

• Less prelaunch activity 

• Lower system volume requirements 

LMSC-A959837 
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One possible disadvantage of the integrated reaction control system is that it operates 

at a mixture ratio of 4, rather than the engine mixture ratio of 6 or 7. 

The propellants will be supplied to the thrusters in a gaseous condition, approximately 

350 to 4400 R and 400 psia. The gas/gas approach was selected because of the pulsing 

and short operating requirements of the thrusters. The integrated reaction con.trol 

system consists of the following major components: 

• Propellant collection devices or methods to allow propellants to be taken 
from the main tanks 

• Pumping devices to raise the pressure of the propellants 

• Liquid/gas conversion and temperature conditioning heat exchangers 

• Gas accumulators 

• Thrusters 

9. 2. 1 Thruster Selection and Locations 

The reaction control system thrusters provide capability in the pulse mode for limit 

cycling and in the steady-state mode for attitude ma.neuvers and translations. The 

required thrust levels and the requirements establishing these are presented in 

Figs. 9-6 and 9-7. For the orbiter limit cycling operations, small thrusters 

(100 pounds thrust) are pulsed indiVidually or in pairs. The smaller impulse hits 

of these thrusters minimize propellant consumption on the orbiter. For attitude 

maneuvers and translation, the large throttlable thrusters (3500 pounds maximum 

thrust) are employed as required. The larger thrusters are sized by the accelera

tion requirements. 

Since the minimum impulse bit of the large thrusters is estimated to be over 60 lb-sec, 

an appreciable propellant saving can be accomplished through the use of the 100-pound 

thrusters with minimum impulse bits of approximately 10 lb-sec. This orbiter pro

pellant saving would make installation of the smaller thrusters economical for even 

the shortest missions. 
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:> 
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o &&~--A---GD""e ® ~ 3080/790 (Y) TYP 

AAA 1\ AAA 
100 TYP 3200 TYP 

REQUIREMENTS 

TRANSLATION t\V =- 142 FT/SEC 

ACCELERATION -- 1 FT /SEC
2 

(ABOLTT ALL AXES) 

MANEUVER ACCELERA TION --: 1 DEG/SEC2 (ABOUT ALL AXES) 

RATE = 1 DEG/SEC (ABOUT ALL AXES) 

DEADBANDS COARSE: :5.0 DEG, ·~O. 5 DEG/SEC, 166 HR 

FINE: ±-0.5 DEG, 10.5 DEG/SEC, 2 HR 

APPROXIMATE VALUES 

ROLL PITCH YAW 

MOMENT OF 
4.0 X 10

6 
10.8 X 10

6 13. 4X lOG INER'I'IA 
(SLUG-FT2) 

LEVER ARMS 30 FT - RIGHT 95 FT - FORWARD 95 FT - FORWARD 
C. G. /fL TO AND LEFT 53 FT - AFT 53 FT-AFT 
THRUSTERS 

Fig. 9-6 Typical Thrust Levels, Orbiter 
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0.--.------
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REQUIREMENTS 

3330/3500(P) TYP 

2350/1750(P) TYP 

2350/1750(P)/640(R) 
TYP 

SEPARATION L\ V 
SEPARATION ACCELERATION 
MANEUVER RATE 
DEADBANDS 

= 10 FT/SEC DOWN ONLY 
= 1 FT/SEC2 

= 39 DEG IN 30 SEC, PITCH ONLY 
= ±5.0 DEG, ±0.5 DEG/SEC 

MOMENT OF 
INERTIA 
(SLUG - FT2) 

LEVER ARM 
CG/<J. TO 
THRt1STEIus 

APPROXIMATE VALUES 

ROLL 

6 
5.9 x 10 

:PITCH 

6 55.3 x 10 

YAW 

6 55.8 x 10 

49 FT - RIGHT 
AND LEFT 

148 FT - FORW AR 148 FT - FORWARD 
52 FT - AFT 52 FT - AFT 

Fig. 9-7 Typical Thrust Levels, Two-Stage Booster 
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The attitude maneuver and translation requirements of the orbiter result in thrust 

levels that are best fulfilled by a common thruster that has a 5.5:1 throttling ratio. 

The difference in thrust level results from the ratio of lever arms and the require

ment that a pure translational force be imparted to the vehicle. 

The thruster arrangements and operational modes are presented in Figs. 9-8 and 9-n. 

The orbiter has 30 nozzles - 18 thrusters of 3500-pound thrust and 12 thrusters of 

100-pound thrust. The twelve 100-pound thrust limit cycling thrusters afford complete 

redundancy for a single malfunction. The high thrust level thrusters should have series

parallel propellant valves to satisfy the single-malfunction, fail-operational criteria. 

The only single malfunction that would prevent satisfaction of the criteria would be a 

sticking throttle valve. Conlpletely satisfying the criteria would require an additional 

10 large thrusters on the orbiter. 

On the orbiter, all of the aft-mounted thrusters are on extendable structure and are 

retracted for reentry. All of these thrusters except the forward fir ing units, can be 

operated in the retracted position. The thrusters in the forward end of the orbiter 

are covered by the nose cap during reentry. 

The thrusters on the booster are of the same design as the attitude maneuver / 

translation thrusters for the orbiter except that the nozzle area ratios would be 20: 1 

instead of 30:1. This results in a thrust chamber assembly that is approximately 

5 inches shorter. 

The reaction control system performance characteristics are summarized in TabV.-:! 9-3. 

9.2.2 Propellant Feed and Conditioning System 

Propellant feed and conditions systems for the reaction control systems have been 

examined in considerable detail. The selected approaches provide practical and 

workable systems. 
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L-REAR R-REAR C-REAR FORE 

LIMIT CYCLE 
PITCH - - - 2 
ROLL - 2 - -
YAW - - - 1 

'ATTITUDE MANEUVERS 
PITCH 1 1 - 1 
ROLL 1 1 - -
YAW-RIGHT - 1 - 1 
YAW- LEFT 1 - - 1 

TRANSLATE 
RIGHT 2 - - 1 
LEFT I - 2 - 1 
FORE & AFT 1 1 1 -
UP & DOWN 1 I 1 - 1 

LMSC-A959837 
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<: 
<: 

NORMAL 
OPERATION 

TOTAL 

2 
2 
1 -
3 
2 
2 
2 

, 

3 
3 
3 
3 

Fig. 9-8 RCS Thruster Arrangement and Operational Mode, Orbiter 
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Fig. 9-9 RCS Thruster Arrangement and Operational Mode, Booster 
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Table 9-3 

RCS PERFORMANCE CHARACTERISTICS 

Orbiter 

Maneuvering/ 
Limit Cycle Translation .. 

Thrust (lb) 100 3500/640 

Specific Impulse (sec) 

Steady state 410 420 

Pulsing 336 -
Minimum Impulse Bit (lb-sec) 10-12 -

Mixture ratio 4.0 4.0 

Chamber pressure (psia) .~50 250 

Thruster area ratio 40:1 30:1 

Thruster weight (lb) 10 67.5 

Thruster length (in. ) 10 33 

Thruster diameter (in.) 4 16 

Propellant feed pressure (psia) 400 400 

Propellants G02/GH2 G02/GH2 

LMSC-A959837 
Vol I 

Booster 

3360/640 

414 

300 

120 

4.0 

250 

20:1 

65 

28 

15 

400 

G02/GH2 

9.2.2.1 Orbiter Vehicle Propellant System. The selected system for the orbiter is 

sho~ in Fig. 9-10, and the system description is presented in Table 9-4. As indi

cated, the power for the pump has been integrated with auxiliary power units and 

hydraulic pumps, discus sed in Section 9. 4. 

Each of the hydrogen accumulator tanks, 5 feet in diameter, has a capacity of 

53 cubic feet. The oxygen tanks are 3 feet in diameter, each having a capacity of 

10 cubic feet. 

Considerable redundancy is provided in the system. 
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*HYDRAULIC PUMPS FOR THE AUXILIARY POWER 
SYSTEM. DETAILS OF APS SCHEMATIC SHOWN 
ELSEWHERE 

LEGEND: 

R 
HE 
GG 
T 
P 
GB 
NO 
NC 
RCS 
APS 
CV 

REGULATOR 
HEAT EXCHANGER 
GAS GENERATOR 
tURBINE 
PUMP 
GEAR BOX 
NORMALLY OPEN VALVE 
1'{ORMALLY CLOSED VALVE 
nEACTION CONTROL SYSTEM 
AUXILIARY POWER SYSTEM 
SINGLE CHECK VALVE 

F~g. 9-10 Integrated RCS/ APS Propellant Feed 
and Conditioning Schematic, Orbiter 
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Table 9-4 

LMSC-A959837 
Vol I 

DESCRIPTION OF THE ORBITER PROPELLANT SYSTEM 

Components 

Liquid Hydrogen and Liquid 
Oxygen Pumps (4 of each) 

Gear Boxes (4) 

Turbines (APU) (4) 

Gas Generators (4) 

Heat Exchanger/Vaporizer 

Check Valves (8) 

. GH2 Accumulator Tanks (4) 

G02 Accumulator Tanks (4) 

Regulators (16) 

Normally Closed Valves 
Located at Heat Exchanger (8) 

Application 

Increase the pressure ()f the liquid pro
pellants from the orbital storage tanks to 
to the pressure of the accumulators 
(500 to 1000 psia) 

Distribute the power from the turbines 
to the propellant pumps or to the 
hydraulic pumps 

Operate on the gases from the gas gen
erators to produce the power to drive 
the pumps . 

Operate at a mixture ratio of 1: 1 to pro
duce gases to run the turbines at 
approximately 15000 F 

Convert the propellants from the liqUid 
phase to the gaseous phase and adjust 
the temperature to 350 to 4000 R (The 
burner operates at a mixture ratio of 
4: 1 and a temperature ·of approximately 
48000 F. ) 

Prevent backflow of propellants in the 
pumps 

Store gaseous hydrogen at high pressure 
and at a temperature of 350 to 4000 R for 
use by the engines when the pumps are 
inactive (Four are used for redundancy 
if one fails. Two are located in the 
forward region and two in the aft region. ) 

Same as GH2 accumulator 

Reduce pressure of propellants in 
accumulator tanks to the operating 
pressure of the engines (The regulators 
are parallel redundant. ) 

Control the flow of GH2 and G02 
to the combustion chamber of the heat 
exchanger 
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Table 9-4 (Cont.) 

Components 

Normally Closed Valves Located 
at Gas Generator (8) 

Normally Closed Valves Located 
Upstream of Propellant Pumps (8) 

Normally Open Valves - Gaseous 
Failure Only (64) 

Normally Open Valves (Liquid) 
Failure Only (8) 

Application 

Control the flow of propellants to the 
combustion chamber of the gas 
generator 

Control the flow of liquid propellants to 
to the pump inlets 

Isolate component failures 

Isolate component failure 

9.2.2.2 Booster Propellant System. The propellant system for the booster vehicle 

reaction control differs substantially from that of the orbiter vehicle. The system 

is separate in that the propellants are not taken from the main propellant tanks, but 

are stored in the gaseous state at approximately 3600 R. The maximum tank pres

sures are 1500 psia and the pressures are allowed to drop to a minimum of 500 psia. 

The thrusters operate at 400 psia. The booster system is presented schematically 

in Fig. 9 -11. 

The propellant tankage consists of six 5-foot diameter gaseous hydrogen tanks and 

six 3-foot diameter gaseous oxygen tanks. To minimize tank development, these 

tanks were chosen to be the same size as the booster vehicle tanks. 
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Fig. 9-11 RCS Schematic, Booster 
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9. 3 SUBSONIC CRUISE PROPULSION SYSTEM 

LMSC-A959837 
Vol I 

For the orbiter, the subsonic cruise propulsion system provides the thrust required 

for powered approach, go-around, and ferry. For the booster, the system provides 

thrust for fly-back, powered approach, go-around, and ferry. 

During the reentry glide of the orbiter at a predetermined altitude and Mach number, 

the engines are deployed and started. The slope of the glide path is altered to decrease 

the rate of descent. The system is designed for providing for one go-around, if re

quired, followed by a powered approach and landing. 

The sequence of events affecting the subsonic cruise propulsion for the booster is the 

return to base mission mode, whereby, after separation, the booster follows a ballis

tic trajectory coupled with a turn to head back to the landing site and, at a predeter

mined altitude and Mach number, the engines are ignited. The booster then cruises 

back to the landing site for a normal powered approach and landing. 

For the orbiter and the booster, the ferry mission mode consists of thrusting for 

takeoff and climb, cruise, go-around (if required), powered approach, and landing. 

9.3. 1 Engine Selection Considerations 

The selection of the subsonic cruise propulSion system is strongly dependent on the 

planned flight profile. The cruise altitude and the time allowed for climb to this 

altitude in go-around and ferrying are very important considerations. The require

ments, based on a cruise altitude of 10,000 feet, are listed in Table 9-5. 

A general comparison and relative positions of various engines are presented in 

Fig. 9-12. The absolute values of the weights are not complete in that fuel storage, 

installation, and other related factors are not included. However, the information 

presented indicates a trend. 
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Table 9-5 
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SUBSONIC CRUISE PROPULSION SYSTEM REQUIREMENTS 

Parameter Orbiter Booster 
. 

Number of engines 4 4 

Engine thrust level 
(sea-level static) (lb) 21,750 33,750 

Total thrust 
(sea-level static) (lb) , 87,000 135,000 

Intended use 
(standing, ferry) Both Both 

Subsonic cruise for 15 min plus 
cross-range capability go-around -

While the information in Fig. 9-12 indicates that lift type engines are very attractive, 

the engines produced to date of this type are of relatively small thrust. Advancement 

to a thrust level on the order of 40, 000 to 50, 000 pounds is considered to be a 

major step. T,herefore, the turbofan engine has been selected as possibly being the 

most attractive candidate engine type at this time. 

9.3.2 Subsonic Cruise Propulsion Systems 

FQur high by-pass ratio turbofan engines, installed in the orbiter to provide the re

quired thrust, are submerged within the vehicle during the boost and orbit phase of 

the mission, deployed during the entry glide mission phase, and operated during the 

remainder of the mission. In addition to providing thrust, the engines incorporate 

power takeoffs to run auXiliary equipment, such as hydraulic and electrical power 

generators. These auxiliary power generators are used during the ferry mode and 

may be used as a backup during the entry mission phase. 

Four high by-pass ratio turbofan engines, installed in the booster to provide the re

quired thrust, are installed in nacelles at the rear of the vehicle and need not be 

deployed for operation. However, a protective housing may be necessary at the inlet 

and exhaust duct to protect the engine during the boost and reentry phases. In 
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Fig. 9-12 Comparison of Engine Types 
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addition to providing thrust, the engines incorporate power takeof~s to run auxiliary 

equipment, such as hydraulic and ~~lectric power generators. These power generators 

are used during the ferry mode and the return-to-launch-base mode. 

9.3.3 Propellant Storage and Feed System 

Propellant storage and feed hardware consists of the fuel tanks, boost pumps, control 

components, and associated fuel lines from the tanks to the engines. The configuration 

shown in Fig. 9-13 consists of two tanks for powered approach and go-around for both 

the orbiter and the booster. The system will be used to ferry the orbiter back from the 

landing base to the launch base. Because more fuel is required for the ferry mission 

than for the reentry cruise mi'ssion, additional fuel and associated tankage, pumps, 

lines, etc., are stored in the payload compartment and connected through connectors 

mounted in the payload compartment walls. The fuel tanks for the booster, sized to 

provide sufficient fuel for flyback, may be adequate for the ferry requirement. 

With the vehicle in the horizontal attitude, fuel is loaded under pressure through the 

disconnect (1) into Tanks A and B. Tank A will fill first because of the increased line 

pressure drop going to Tank B. When the fill indicator (2) is activated, shutoff valve 

(3) is closed; and filling of Tank B is completed when the fill indicator (4) is activated. 

A total flow gage of the ground fuel-transfer system will provide assurance that the 

proper amount of fuel is loaded. The vent float valyes (5), which are horizontally 

functional, are above the level of the fuel; so the vents are open to atmosphere. De

fueling can be accomplished in the reverse direction by gravity. 

During ascent and at all other times when jet engine use is not required, the ram air 

shutoff valve (6) is closed. At 40, OOO-foot altitude, the aneroid valve (7) closes auto

matically. The tanks are then sealed at a pressure less than 3 psia. The aneroid valve 

contains a relief feature in the event tank pressures rise above some predetermined 

level. 

The ram air shutoff valve (6) is opened at or immediately before jet engine ignition. 

The boost pumps (8) supply fuel to the jet engines. One boost pump has the capacity 

to supply two engines. A second pump in each tank is added for redundancy and to 
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EQUIPMENT LIST 

Item No. Quantity Required Nomenclature 

1 1 DiSconnect - fill and drain 

2 1 Gage - flU indicator 

3 1 Valve - shutoff, fuelinl 

4 1 Gage - fill indicator 

5 4 Valve - float, vent 

6 1 Valve - shutoff, ram air 

7 1 V.lve - anerf?id, vent 

8 4 Pump - boost 

9 1 Valve - shutoff, crossfeed 

10 4 Valve - check. fuel supply 

11 2 Valve - shutoff, eDilne ; 12 2 Gage - fuel quantity 

13 1 Valve - disconnect ~ 

14 1 Valve - shutoff, lntercolUlect 2 
15 1 Valve - disconnect, defuel 

16 2 Pump - scavenge, vent box 

17 1 Valve - shutoff, pneumatic 

18 1 Valve - check, pneumatic 

19 1 Gage - fuel quantity, auxiliary tank 

20 2 Valve .. check, scavenge 

21 4 Switch .. pressure, boost pump 

22 1 Coupling - interconnect 

23 1 Coupling .. interconnect 

24 1 Coupling - interconnect 

25 3 Valve .. flow llmiting, N2 gas 
~ 

26 1 Flame Arrester ~: 
27 1 Generator - N2 gas ~I 
28 1 Va.\ve - shutoff. isolation ral, 
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permit operation of all engines from one tank. The electrical power supply for each 

pump in each tank comes fronl a separate bus. Either tank can supply fuel to all 

engines by opening the crossfeed shutoff valve (9). Reverse flow into an inoperative 

pair of pumps is prevented by the fuel supply check valves (10). The engine shutoff 

valves (11) are open duri.ng engine operation. Fuel availability is monitored with the 

fuel quantity gage (12), which will probably be the new type resi!stance-gage system. 

For ferrying, an auxiliary tank is installed in the orbiter cargo compartment. Fuel 

is loaded by gravity through the auxiliary tank fuel-fill connect (13) with the vehicle 

in the horizontal attitude; that is, fuel is loaded in essentially the same way that an 

automobile is fuebid. Tanks A and B are gravity filled when the tank interconnect 

shutoff valve (14) is opened. 

If the auxiliary tank is located lower than Tanks A and B, the following prOCedu.l'·,e may 

be used: 

• Fill the auxiliary tank. 

• Close the fill interconnect (13). 

• Pressurize the auxiliary tank. 

• Fill Tanks A and B. 

• Top off the auxiliary tank. 

The vent float valves (5), which prevent Tanks A and B from overflowing, have a reli~f 

fe'ature to prevent overpressurization~ 

Defueling is accomplished by gravity from all tanks. It is directed from Tanks A and 

B through disconnect (1) and from the auxiliary tank through disconnect (15). The 

scavenge pumps (16) are used for draining the vent box compartments. 

The auxiliary ta~ is pressurized through shutoff valve (17) from the jet engine com

pressor (stage X) bleed air. The auxiliary tank empties while maintaining the filled 

Tanks A and B. The check valve (18) prevents any possibility of vapor or liquid 

reverse flow to the engine compressor. Auxiliary tank fuel is monitored with the 

fuel quantity gage (19). 
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Vernier control of vehicle balance was not considered. For primary mission descent, 

the change due to uneven feed from Tanks A and B will be negligible. Location, shape, 

and size of the auxiliary tank must be designed to provide satisfactory balance during 

the ferry flight. More than one auxiliary tank may be required for satisfactory balance 

control if a single tank creates problems. 

Fuel jettfsoning was not included in this first design. It is assumed that safe landing 

may be aecomplished when Tanks A and B are full. Rapid jettisoning of auxiliary tank 

fuel may be accomplished by teeing off from the auxiliary tank defueling line. 
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9.4 AUXILIARY POWER/HYDRAUliC SYSTEM 
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The auxiliary power system on each element of both the Two-Stage and Triamese 

vehicles provides power to meet short-term peak demands not efficiently met by the 

electrical power system. On the orbital element of each concept, the principal 

short-term demands are the requirements for hydraulic power to actuate aerodynamic 

control surfaces during reentry and landing. High requirements are caused by the need 

for high-rate actuation of the control surfaces. Additional hydraulic power may be re

quired as primary or backup supply for extending and starting the subsonic propulsion 

engines and for extending the landing gear. Provision for generating electrical power 

can also be provided. 

9.4. 1 System Description 

The system is based on the use of auxiliary power units in three phases of the missions: 

• Shaft power from the rocket engines is employed to drive hyd'raulic pumps 
at any time that the rocket engines are operating. 

• Power is available from the jet engines during the times that they are operating. 

• Oxygen/hydrogen auxiliary pmrw'er units are in the reentry phase when 
other sources of power are not available. 

The auxiliary power/hydraulic system for the orbiter is illustrated in Fig. 9-14. 

9.4. 2 Prelaunch Functions 

Preflight checkout operations, general housekeeping, and prelaunch system conditioning 

will require hydraulic system pressuri.zation, performed with the electric motor pump 

in the standby flight control hydraulic system. The checkout operations should include 

system leak checks and verification of functional response of engine gimbal actuators 

and control surface actuators. 
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Firing of the main rocket engines will supply power to the hydraulic pumps of the 

rocket engine gimbal system. These pumps are of the constant-pressure variable 

volume type, functioning in parallel at partial capacity. Tandem rocket engine actua

tors have mechanical feedback to assure better servo-loop accuracy and a null position 

if the electrical input signal is lost or removed. 

In the event of loss of these systems, the gimbal actuators can be pressurized from the 

flight control system by switching in the system test selector valve. During launch and 

orbit operations, the flight control surfaces are faired and snubbed by the hydraulic 

actuators. This is an automatic characteristic of the actuator design which does not 

require system pressurization. The trim flap system is a hydraulically powered me

chanical screw jack system, which will remain in whatever position it is placed. 

9.4. 4 Orbit Functions (Engines Not Operating) 

There are no defined requirements for auxiliary power supply system usage during 

orbit. Minor housekeeping requirements would be supplied by the accumulator and the 

electrical motor pump. Should a major. work load be desired, the flight control auxil

iary power unit pump(s) could be started to support main rocket engine operation in the 

unpumped idle mode for maneuvering or retro action. The flight control system could 

also be used to move the rocket engines away from the flap in preparation for reentry 

and to retract the rocket engine nozzle extensions. Actuators will stay in their last 

position after hydraulic pressure has been removed. 

9.4.5 Reentry Functions 

The reaction control system will provide attitude control during reentry until the atmos

phere becomes dense enough to make the control surfaces effective. The auxiliary 

power system would be powered at the beginning of reentry operation, but until the con

trol surfaces develop loads the pump would supply full system pressure with minimum 

stroke. After the reaction control system is shutdown, the attitude control is 
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maintained by the control surfaces throughout the remainder of the flight. Auxiliary 

power system drive hydraulic pumps supply pressure actuators for the elevons and hy

draulic screw jacks for the flaps. The flight control hydraulic system also has check 

valves in each of the pump high-pressure lines to prevent back flowing a nonoperating 

pump, a heat exchanger for sustained operation, and an accumulator reservoir. Should 

the primary hydraulic system fail, a secondary system comes on the line when the pres

sure to the actuators drops below a predetermined point, thereby Signaling failure mode 

activity. 

9.4.6 Turbojet Engine Flight Mode Functions 

The primary extend engine system consists of a hydraulic actuator, charged with aux

iliary power system hydrauliC pressure. When the normally closed valve is opened, 

hydraulic pressure is transmitted to the extend engine actuators, driving them to the 

full-extend position. The secondary extend engine hydraulic system obtains pressure 

from the drive pumps (primary hydraulic flight control system). The normally closed 

valve is opened to the extend --'ngine actuator and the normally open by-pass valve is 

closed. This directs flight control hydraulic system pressure to the extend engine 

actuator, which has two pistons on the same shaft. One piston is fed by the secondary 

hydraulic system, and the second piston is fed by the flight control hydraulic system. 

When the second piston is not in use, oil is by-passed by one side of the piston to the 

other. through the normally open valve. In the event of failure resulting in loss of fuel 

to the auxiliary power units, an accumulator is provided to ensure the capability of 

fanje t extension. 

Power for the hydraulic system can be taken from the airbreathing engines. This is 

desirable to satisfy reliability design requirements, and it is the preferred mode of 

operation for extended subsonic flight. During reentry flight, the auxiliary system 

would furnish hydraulic power. The air-breathing-engine- supplied hydraulics would 

be standby power thereby avoiding unnecessary switching. 

Landing activities require hydraulic power for control surfaces, landing gear exten

sions, nose wheel steering, and wheel braking. Power is normally obtained from the 

auxiliary power units or from the fanjet engines. The accumulators and electric 

motor pump can be configured to provide these functions. 
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