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FOREWORD

This papet was piepared by the Space Division of North
Ametican Rockwell Corporation and 1ts team member the Convau
Diviston of General Dynamics It deals with' details of the Phase B
Space Shuttle Defimtion Program and the oveiall scope of the design
and test actiity being peiformed under the direction of NASA’s
Manned Spaceciaft Center at Houston, Texas The matertal con-
tamed i the paper was developed specifically for a National
Aeronautics and Space Administration/European Launch Develop-
ment Orgamzation (NASA/ELDO) Shuttle conference held in Bonn,
Germany 7-8 July 1970
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1. PROGRAM INTRODUCTION

The North American Rockwell Space Division and the Convair
Division of General Dynamics welcome the opportunity to partici-
pate in this review of the Space Shuttle Program by the National
Aeronautics and Space Administration (NASA) and the European
Launch Development Organization (ELDO). It is encouraging to see
the interest and enthusiasm that exists in Europe for the space
program. It requires little imagination to envision the space shuttle
being used to carry French, German, British, or, for that matter, any
international payload into ecarth orbit, with flight crews and scientists
from various nations. A further level of participation in the shuttle is
also possible through teaming or subcontract arrangements. It is,
therefore, timely at the outset of the Phase B to bring you up to date
on details of the shuttle. The material discussed today will possibly
provide a foundation for further communication between our
governments and assist industry-to-industry discussions on programs
of collaboration. Previous speakers have reviewed the primary reason
why the United States strongly supports development of the space
shuttle as the transportation system of the 70’s and 80’s. Therefore,
.this paper will summarize the major aspects of the Space Shuttle
Phase B Definition Program contract that was recently awarded by
NASA to an industrial team headed by Space Division. The material
is divided into the seven major sections, as specified in Figure 1-1.

As will be seen from this outline, we will cover all aspects of the
prograin, emphasizing the technical features of our baseline vehicles,
operations, and the development program plan. In addition, we will
briefly review the rationale we used in arriving at these baseline
shuttle designs. The baselines provide a comprehensive definition of
the total shuttle system — vehicles and the vehicle subsystems. These
are to be used as points of departure, or as references, in investigating
different approaches. During Phase B, the approaches will be
compared to the bascline, and the system that meets the overall
program cost objectives, the mission flexibility requirements, mission
safety goals, and schedules will be selected. The contract for NASA
will be performed by a team of major United States corporations

SUMMARY & QUESTIONS

, e

TIME

DEVELOPMENT PLAN

OPERATIONS

SHUTTLE BOOSTER

SHUTTLE ORBITER

SHUTTLE SYSTEM
PAYLOAD

PROGRAM INTRODUCTION /
$BPLAN

=l AP
=]

TEAM

Figure 1-1. Presentation Outline

with extensive experience in the aircraft and space design, develop-
ment, and operations fields. As Figure 1-2 illustrates, Space Division
is the team leader and will be responsible for overall direction of
Phase B contract. It will perform the overall program and system
integration function and will be responsible for the preliminary
design of the orbiter. This includes formulation of the development
and operational plans and associated cost for this stage. Responsi-
bility for the design and associated plans for the shuttle booster rests
with Convair, The total integration of the avionics system for the
shuttle will be carried out by Space Division. IBM will support in the
arca of data management systems. Honeywell will be responsible for
the vehicle guidance control systems used on both the orbiter and
booster. The team is rounded out by American Airlines. It will
provide information pertaining to commercial aircraft operational
experience and will support the program by studies on vehicle
maintainability and the ground handling and turnaround.
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Figure 1-2. Phase B Shuttle Team

Space Division and Convair have long histories in aviation. Both
have also made significant contributions to the United States space
" program. North American Rockwell built the X-15 airplane for
NASA. This hypersonic rescarch craft can be regarded as the first
step in the shuttle program evolution in that it was a reusable rocket
vehicle that explored a flight envelope similar to that the shuttle
booster will fly on its normal mission. Referring to Figure 1-3, it will
also be seen that Space Division’s most recent space experience was
gained through the development, production, and operations support
of the Apollo command and service module and the S-11 stage of the
Saturn V launch vehicle. This performance provided in a most direct
manner the technology and management experience necessary for
undertaking a shuttle program. Convair Division of General Dy-
namics was a pioneer in development of launch vehicle and cryogenic
upper stages. It designed and built the Atlas booster, which put the
first American astronaut into earth orbit. In addition, Convair
developed the Centaur upper stage used in the Surveyor lunar landing
program. It is also planned as the stage that will boost many future
deep space exploration and planetary spacecraft. Recent experience
of our avionics and airline team members is summarized in Figure 1-4,

‘ Space Division
North American Rockwell

APOLLO C5M

B, Hello C. FELTZ
(VP, LAUNCH OFPS) (ASST PROG MGR)
W, Ezell B. HELLO
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\B\- A. KEHLET
0\)0 (SC MGR)

ATLAS CENTAUR

(ASSISTANT PROG MGR)

C, Feltz R, Keehn

(CHIEF ENGINEER)

Figure 1-3, Introduction to North American Rockwell and General Dynamics

Thus, by working together over recent months, and because of the
proved space and aircraft program capability, we feel confident that
we have assembled a team that can perform the shuttle definition

study and, of course, successfully compete later for the hardware
development,
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Figure 1-4. Introduction to IBM, Honeywell, and American Airlines

The contract awarded by the NASA is 12 months in duration.
As Figure 1-5 illustrates, it is divided into three major parts: vehicle
configuration selection, preliminary design and evaluation of the
vehicle subsystems, and preliminary design and documentation. The
latter phase includes generation of detailed program plans and overall
resource requirements definitions. The Phase B contract will be
supported by a substantial test program. The tests will provide
supporting data that will assist in the overall configuration selection
and design. Further, the tests will guide the detailed definition in
critical technology areas such as (1) establishing high-temperature
insulation material properties; (2) establishing the characteristics of
long-life, high-temperature materials suitable for the external surfaces

‘ Space Division
North American Rockwell
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Figure 1-5. Phase B Contract Plan

of the vehicles; (3) developing design details, weight, and perform-
ance capabilities of integrated thermal protection systems; (4) veri-
fying the aerodynamic characteristics of the vehicles; (5) predicting
the thermal environment for vehicle design, and (6) evaluating the
vehicle flight control systems. The phasing of these supporting tests,
with respect to the vehicle design definition portions of the study, is
illustrated in Figure 1-6. The contract performance will also be
enhanced by the ongoing Phase B high-pressure main-rocket-engine
studies and a large number of supporting technology development
projects. Results of this companion effort will be fed continuously
into the vehicle studies, as Figure 1-6 indicates.

Overall management aspects of the Phase B program having
been described, we will concentrate on the technical aspects of
shuttle design and operation. The study will consider only two-stage,
fully reusable, shuttle systems that could be operational in the latter
half of the 1970’s. Figure 1-7 illustrates the major requirements that
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Figure 1-6. Major Elements of Phase B

e LIFTOFF WEIGHT 1.587 X 106 Kg

e REF MISSION, SPACE STATION RESUPPLY - 500 Km X 55° ORBIT
e CROSS-RANGE - 200 & 1500 N MI

® COMMON MAIN ENGINE - 181,400 Kg THRUST

® CARGO BAY - 18.3M X 46 DIAM

e AT LEAST 100 MISSIONS/VEHICLE

® ORDER OF MAGNITUDE COST REDUCTION

Figure 1-7. Shuttle Requirements
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were used in defining the current-shuttle system baselines we are
studying for NASA. As the figure shows, the designs are based on a
fixed gross liftoff weight of 1,587,000 kilograms. As a reference
mission, it is assumed the shuttle will be used for crew rotation and
logistics resupply of an earth orbiting space station. It should be
noted, however, that, in the study, we will consider many other
missions such as (1) satellite deployment; (2) satellite maintenance,
repair, or retrievability; (3) transporting into earth orbit propulsion
stages that would later be used for high-energy missions such as
boosting a satellite to a geosynchronous orbit; (4) transporting
propellants into orbit for loading into propulsion stages or space
tugs, and (5) space rescue missions. As will be discussed in more
detail later, two shuttle orbiters will be investigated in Phase B
although only one will be developed. They will be designed to meet a
cross-range requirement of 200 and 1500 nautical miles. (Cross range
is defined here as the distance that the shuttle orbiter must be
capable of aerodynamically traversing out of the plane of the orbit
during entry.) The booster and orbiter will use the same basic .
LO/LH7 main rocket engine. It is a high-pressure, bell-nozzle engine
that has a retractable nozzle. The contour of the nozzles may be
uniquely configured to each stage beyond where the area ratio € = 6.
Thrust level of this common engine is established as 181,400
kilograms at sea level. The shuttle orbiter is designed such that it can
accommodate a payload or cargo canister that is 18.3 meters by 4.6
meters in diameter. The final major shuttle requirement is that each
vehicle should be capable of performing at least 100 operational
missions.

As noted, shuttle designs will be developed to meet two
cross-range requirements. Referring to Figure 1-8, it will be seen that
this is a major configuration driver. The necessity to meet a high
cross range (1500 nautical miles) means that the orbiter must be
flown at a high hypersonic lift-to-drag ratio (L/D = 1.8) during a
major portion of its earth atmospheric entry maneuver. Flying at this
attitude over a large distance means that the vehicle exposes
substantial areas of its surface to high heating rates for a long period
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of time as compared to the shoit cross-range vehicle Consequently,
the high cross-tange vehicle must be piovided with greater thermal
protection In fact, the total heat load experienced by the high
ctoss-range vehicle 1s five to seven times greater than that iealized 1n
the limited cross-range case (A comparison of the specific heat loads
for orbiters 1s given later in this paper )

CROSS RANGE {N MI)

0 500

LIMITED

LOW RANGE CONFIGURATION
# Hl ANGLE OF ATTACK ENTRY

HIGH RANGE CONFIGURATION
® VARIABLE ANGLE OF ATTACK

(=609} (% =55°TO 10°}
« HEAT LOAD 15% OF H1 CROSS o MAX SURFACE HEATING OVER TOTAL
RANGE VALUE ® THERMAL PROTECTION SYSTEM CRITICAL

TO FEASIBILITY
® CAN BE USED FOR HI & LOW ANGLE ENTRY

* MAX HEATING ON BASE ONLY

Figure 1 8 Shuttle Configurafion Requirements and Conceplts

For the himited cross range case, the vehicle 1s flown close to the
maxmmum hft coefficient (Cy) attitude (the L/D = 0 5 at max Cy ),
that 1s to say, at a high angle of attack, typically &« = 60 degrees At
this attitude, the majority of the aerodynamic heating 1s experienced
across the base of the vehicle, the upper surfaces being in the shadow
of the pumary shock system As a iesult, only hmited thermal
protection 1s tequuied on the sides and upper surfaces of the fuselage,
wing, and empennage Flying at a high angle of attack, a fixed
straight-wing vehicle of the type selected can eapect some shock
mteractions and mteiferences on the forward portion of the wing

Space Division
North American Rockwell
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This could cause very high temperatuies 1n localized areas Limited
hypetsonic wind tunnel tests have been conducted by NASA to
mvestigate this phenomenon on the straight wing oibiter ! In tests
conducted at M = 10 with the model at an angle of attack « = 60, the
shock mterference effects were found to be only slightly more severe
than observed on other shuttle configutations As the authors noted,
the tests were limited, but at least fiom our viewpoint, the results are
promusing

Throughout most of the 1960’s, NASA, Space Division,
Convatr, and other companies, both mn the United States and
Europe, have mvestigated shuttle configuration concepts ¢ This
culminated last year i the award of Phase A studies on the Integral
Launch and Reentiy Vehicle {(ILRV) and Space Tiansportation
Systems (STS) by the NASA and Awr Force, respectively ILRV
study results were presented to many of you at the Space Shuttle
Sympostum3 held last October m Washngton These studies,
supported by mote than 200 man-years of engineering effort during
the past 12 months and backed up by wind tunnel tests, extensive
materials tests, and structures tests, resulted in selections of the
baseline vehicles outlined 1n Figuie 1-9 The concepts investigated
ranged from lifting body shapes to vatiable-geometiy wing configura-
tions The figute illustrates four generic classes of orbiters mvesti-
gated It also lists some of the major criteria used to arrive at the
baseline designs The check maiks indicate factors that weigh

1Mm|'s. Maxi's and Mustard Considerations in the Sizing of International Space

Transportation Systems Paper presented at the 16th Ahnual Meeting,
American Astronautical Socrety, Anaheim, Califormia (9 June 1970) by
Raymond F Creasey, Director of Advanced Systems and Technology, British
Aarcraft Corporation

2Heatmg Studies on Manned Space Shuttle Concepis Paper presented at the
Space Technology and Heat Transfer Conference ASME, Los Angeles,
Califorma (21 24 June 1970} by Arthur Henderson, James C Dunavant, and
Robert A Jones of NASA Langley Research Center Hampton, Virginia

3Integral Launch and Reentry Vehicle Paper presented at the Space Shuttle
Symposium, Washington, DC {16 17 October 196%) by George F Fraser,
Space Dwvision of North American Rockwell Corporation
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favorably n the selection Lifting-body vehicles have been studied
and tested by NASA for a number of years However, this class of
vehicle was not competitive for the shuttle application because

1 The body shape did not lend itself to efficient packaging/
mstallation of the laige cargo bay, propellant tanks, and
major subsystems

2 'The double curvature of the body results in a vehicle that
1s complex to fabricate Further, the body shape cannot be
teadily divided into subassemblies and thereby simplify

manufacturmg

3 The large base area yields a relatively low subsonc
lift-to-drag ratio Thus, the vehicle has a less attiactive
crutse capabiity and low-speed flight characteristics

© A ILRV/STS & COMPANY STUDIES

STRAIGHT LOW SWEPT DELTA
SWEEP FIXED WING WING

STOWED WING/
VARIABLE GEOM

LIFTING BODY

7

Y HIGH L/Dyyp % ADVERSE HEATING] v HIGH L/Dyyp * DESIGN/DEVEL/
HIGH RANGE x POTENTIAL STAB RANGE MFG COMPLEXITY
RANGE v LOW WEIGHT PROBLEM ¥ WIDEx TRIM & RISK
ORBITER | x HIGHER ENTRY ¢ ¥ SIMPLE DESIGN x POTENTIAL WT
X POTENTIAL RISKS] v LDW WEIGHT INCREASE
v LOW WEIGHT ¥ SIMPLE DESIGN % WT INCREASE x DESIGN/DEVEL/
Low * HIGHER v Li0W WT FOR 4 MFG COMPLEXITY
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¥ SIMPLE DESIGMN
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¥ GDDD CRUISE ¥ GO0D CRUISE ATT » POOR CRUISE
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Pigure 1 9 Reusable Shuttle Concept Options
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The variable geometry designs were found to have many
attractive featuies These mncluded low nert/burnout weight and the
high hypeisonic L/D necessaiy to meet the maximum cioss tange
The stowed-wing approach also permits the wing to be designed for
the low-speed flight regime It was found to be less attractive than
the selected configurations because

1 The high vehicle weight to projected planform area ratio
results 1 higher average base heat-shield temperatures,
relatve to the selected straight-wing design

2 Increased design and manufacturing complexity would
tesult from the mechanisms required to actuate the wing
and to transmut the flight loads

The selected oibiter vehicle designed to provide low aero-
dynamic cioss-ange capabiity has a low, swept, fixed wing
configured to provide design simplicity, low weight, good handling,
and good landing characteristics The vehicle enters at a high angle of
attack to minimize heating and to facilitate use of heat shield
materials now available or m an advanced state of development A
delta-wing orbiter was selected for achieving high aerodynamic cross
range This system 15 designed to piovide capability for tim over a
wide angle-of-attack range This allows init1al entry at a high angle of
attack to minmize the severity of the entty environment After peak
heating, the vehicle 1s pitched down to a low angle of attack and
banked to achieve cioss tange This vehicle also eahubits good
handling qualities and landing characteristics The selected booster 15
also based on a fixed-wing design This booster 1s common for etther
orbiter

Artists’ concepts of each baseline vehicle ate illustrated in
Figure 1-10 It should be stressed that these configurations will be
used as pomnts of departure at the beginning of the Phase B study
The pumaty objective of the Phase B study is to evaluate improve-
ments 1n these designs so that a system can be developed consistent
with the cost, mission capability, and safety objectives noted eailer
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2. SHUTTLE SYSTEM

The shuttle system consists of the vehicles illustrated in
Figure 1-1 and all supporting equipment necessaty to accomplish a
variety of designated mussions at a rate of 25 to 75 per yea,
assuming a two-week tuinaround period Figuie 2-1 dllustiates the
shuttle’s total mission cycle The major events mnclude the boost
flight phase, on-orbit opetations, oitbiter and booster entry phase,
and the ground operations cycle In the shuttle vehicle design
development, all elements of this mission profile must be taken into
account if a system consistent with the cost and operational
objectives 1s to be designed One of the fust steps i the vehicle and
system evaluation process 1s the actual sizing of the vehicles, that 1s
to say, determining the boost/payload performance capability, the
optimum staging velocity, thrust-to-weight 1atio at liftoff, number of
engnes, etc (Figure 2-2) This optimization process was peirformed
for the candidate integrated vehicles The gross hftoff weight limit of
1 587 x 109 kg was used, as was the requirement that the same basic
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Figure 2 1 Shuttle Mission Profile
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Figure 2 2 Integrated Velucles

engmne (184,000 kilograms sea level thrust each) be employed on
both stages Fwther considerations weie

1 The actodynamic heating expetienced during boost should
(wherever practical) not exceed the values encounteied
duting entry

2  The stages should be capable of positive separation
without use of special sepaiation rocket systems of the

type used on the Satutn vehicle

3  The vehicle should be aetodynamically stable m the
integrated configuratton This 1s required so that the
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vehicles can coast with the mamn engines shut down The
coasting may be necessary duiing an abort The vehicles
could slow to a lowet velocity, where safe sepaiation could
take place

4  For safety, 1t was requued that mission teimination
capability be incotporated This 15 particularly important
when a one-engine-out conditton 1s considered on the
otbiter immediately after sepaiation fiom the booster In
fact, as will be seen later, this consideration limits the size
and gross weight of the orbiter

5 In the intetest of lower cost, a goal was to minimize the
modification to the existing launch facilities at Com-
plex 39 of Kennedy Space Center (KSC) This constrained
mtegrated vehicle designs as 1egards geometry and giound
operations

Figuie 2-3 dlustrates the typical vehicle peiformance and
stage-size tradeoff studies that weie petformed The figure on the
left-hand side presents the payload capability to the reference orbit as
a function of the orbiter gross weight The data i the figure are for
both the high and low cross-ange orbiters Also ilustrated 1s the
difference 1n payload that results from the use of two or three man
rocket engines on the orbiter By comparing the two upper curves on
the lefthand graph, 1t will be seen that the highest payload
peiformance tesults when two engmnes are used The appioximate
diffetence n payload 1s around 20 peicent The payload decrement
1esults puncipally fiom the additional engtne and engine installation
weight ptesent in the three-engine arrangement Of course, fiom a
cost viewpoint, 1t 15 more deswrable to use a smaller number of
engines 'That arrangement yields lower production, mamntenance,
and operation costs The orbiter gross weight of 344,700 kilogiams
was selected 1n otder that safe mussion termination could be achieved
in the one-engine-out condition This results in a payload degradacion
of shghtly over 10 percent for the low cross1ange orbiter relative to
the optimum case The chart on the rght-hand side of Figuie 2-3
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Figure 23 Effect of Orbriler Gross Weight on Payload

Ullustrates the on-orbit AV capability of the orbiter {(using both mam
and on-orbit propellants) as a function of the system gross weight
This 1s for the case of falure of one orbiter rocket engine
immediately after separation from the booster The slope of the line,
o1 decreased AV available, 15 a result of the higher gravity losses
mvolved m achieving a safe orbit of 185 hilometers The limit hine on
the curve 15 the AV tequned to circularize the oibit, and retro-thrust
out of oibit for the entty and ieturn phase Thus, taking the
mteicept of the capability versus the limit/requirement line, 1t will be
seen that the orbiter gioss weight must not exceed 344,700
kilograms

To summatize the main points from this figure, the staging
velocity/stage weights of the oibiter and booster aie gieatly
influenced by the tequirement for safe russion teimination Two
engucs on the orbiter weie found to be optimum for the gross liftoff
weight of 1587 x 100 kilograms and the mamn engmne thrust limits
specified The next step 1n the evaluation 1s to consider the number
of boost engmes Figure 2-4 dlustrates the mfluence of liftoff
thrust-to-eight ratio on the payload capabthity The case presented 1s
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Figure 24 Number of Booster Engines

15

for the straight-wing orbiter As this figure shows, the maximum
payload 1s achieved with a thrust-to-weight ratio of approvimately
135 This thrust level 1s achieved thiough the use of 12 engines with
a thrust of 181,400 kilograms each

When input data weie developed for this tradeoff, various
engne nstallation designs weie considered, and the influence of the
boost parameteis such as gravity losses and drag wete evaluated over
a range of liftoff thiusts A further consideration 1n selection of the
number of engines 15 that the shuttle be able to accomplish 1its
primary musston with a single booster engne out and that safe
mission termination be achievable with two engines out In both
cases, 1t 1s assumed that the booster engines can be run at an
over-thrust condition n the engme-out case

As a result of the sizing processes and associated design analysss,
the two mtegrated-system configurations shown in Figures 2-5 and
2-6 were developed In both systems the orbiters ate located forwaid,
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Figure 2 6 Mated Configuration, High Cross Range Orbiter

on the upper swface of the booster fuselage This location provides
an aerodynamically stable configuration It also minmmizes the
mam-engine gimbal angle requued for the booster engne thrust
vector to be aligned with the centet of gravity (c g ) of the integrated
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system As the figue indicates, approaimately thiee degices of
gimbal 15 1equired because of the movement of the ¢ g duting boost
for the straight-wing orbiter system An additional two degtees 13
necessary on the delta-wing system As the figures show, the booster
size and weight aie identical for both cross-tange systems The
difference wn overall length of the two mtcgiated vehicles results
from the overhang of the orbiters Refeting to the stiaight-wing
oibitet, 1t will be seen that the overall length of the encire system 1s
approximately 79 2 meters The overall height of the stacked
configuration, while resting on the booster landing geat, 15 32 2
meters The equivalent dimensions for the delta-wing oibiter are
given 1n Figute 2-6

With the integrated designs developed, the capability of the
shuttle to undertake other missions was determined That 15 to say,
the performance of the vehicles at vaiious altitudes and inclinations
was compuced Typical of this are the data given 1 Figure 2-7, which

ALTITUDE
INCLINATION
DELIVERED DELIVERED
PAYLOAD PAYLOAD
(1000 Kg) (1000 kg)
r~ -
POIN
20 | 2ol DESIGN POINT
10— 10—
N T B i SR SR A S AV R B
0 a0 800 1200 1600 O 30 60 80 60 30 O

ALTITUDE {Km} INCLINATION {DEGREES)

Figure 27 Payload and Mission Capability
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depicts the payload capability of the straight-wing orbiter as a
function of altitude and orbit inclination As can be seen from the
left-hand eutve of Figure 2-7, appronmately 25,000 kilograms of
payload can be delvered to a 185-kilometer orbit Thas, of course,
means that, with the exception of the Saturn V, the shuttle would be
able to catry more payload than any other launch system in the free
woild As the curve illustiates, the payload capability reduces sharply
with otbit altitude such that, for altitudes greater than 1500 kilo-
metets, 1t will be necessary to use a separate propulsive stage or
otbit-to-orbit tug The propulsive stage, which could be an Agena or
Centaut, and 1ts payload, would be housed within the caigo bay of
the shuttle It would be cairted to a 185-kifometer o1bit by shuttle
After deployment fiom the caigo bay, 1t would be checked out and
then sgnited and boosted to the final operational mussiontrajectory
Foi example, this could be to a geosynchionous orbit or into a
ttans-Mais flight-path The special tequirements for conducting
musstons such as these, including the methods of loading the
piopulsion stage and 1ts payload, checking the system out on the
giound and 1 oibit and deploymng 1t, will be investigated as part of
the Phase B contract The influence of carrymg a tug and propellants
for the tug withm the shuttle will also be studied Actual design of a
space tug 1s bemg investigated for NASA under a separate contract
awarded recently to Space Division Details of the tug mvestigations
will be covered 1n the paper to be piesented later in this conference

So far, we have primarily referied to optimizing the ascent
poition of the vehicle flight to achieve maximum payload perform-
ance However, the actual vehicle optimzation must consider all
phases of the mission Specifically, the tradeoffs of vehicle boost
loads, drag, boost and entry heating, m-orbit operations, etc , must
be evaluated befoie the total system can be optumized The
trajectory or flight profile for the complete mission 1s illustrated 1n
Figure 2-8, with added detail given m Figure 2-9 As shown, the
vehucle 15 1nially boosted fiom its vertical hLftoff position to a
staging altitude of 65 8 kilometers and velocity of 2846 metets per
second, where the booster and orbiter sepaiate Durmg boost
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through the atmosphere, a maximum aerodynamic pressute of about
2600 Kg/M2 15 expertenced This occuts approsimately 65 seconds
after hftoff at a Mach number of shghtly gicater than one and an
altitude of 9 75 kilometers During ascent, the engines on both stages
will be throttled to 1educe the axial acceleration experienced on the
system to 3 g’s Refeing to the left-hand side of Figure 2-9, 1t will
be scen that the booster 1s rolled and banked duting entry to 1educe
the down-tange distance At subsonic speeds, the turbojet engines on
the booster are deployed and operated to fly the approaimately 700
kilometers back to the launch site Fiom the pomnt of sepaiation, the
otbiter accelerates to an elliptical otbit 92 by 185 kilometeis at
buinout of its mam-rocket-engine system Burnout actually occurs
appronimately 450 seconds after hftoff The orbiter then coasts up
to apogee, whete 1ts on-orbit maneuvering propulsion system 1s fued,
and the vchicle orbit 15 circulaiized 1t remains m a circular otbit of
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Figure 29 Ascent Trajectory Profile

185 kilometers until 1t 1s appropuiately phased with the rendezvous
point After cotrect phasing 1s achieved, the on-orbit mancuvering
propulston system ts used to change the alticude and inchination This
change requies 2 AV = 170 meters per second From this pomnt, the
orbit opeiations ate performed After the orbic mussion phasc 1s
completed, AV =130 meters pei second 1s used to decclerate the
vehicle and apply an mutial entry angle of —0 15 degrees After
deorbit, the vehicles proceed thiough the atmospheric entry, through
transition, jet engine deployment, and final landing

This, then, 1s a summary of the integrated vehicles, their design
featuies, sizing, and performance We will now take cach element of
the system (orbiters, boosters, operations, and development pio-
gtam) and give more details
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3. SHUTTLE ORBITER

This section discusses 11 mote detail specific features of each
orbiter

GENERAL CONFIGURATION

Figures 3-1, 3-2, and 3-3 illustrate the high and low aero-
dynamic cioss-iange orbiters that we started with i the Phase B
mnvestigations

Low Ci oss-Range Orbiter

The stiaight-wing, low cross-tange orbiter has the capability of
placing approximately 20,400 kilogiams of payload mto the refer-
ence migston orbit In computing this value, 1t 15 assumed that a
nominal Igp of 459 seconds 1s achieved with a high-pressure engine

LOW CROSS RANGE

HI CROSS RANGE

Figure 3 1 Shuttle Orbters
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PL = 20412 Kg (NOM Igp}/ 18 025 Kg (MIN Igp)
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PRIMARY TITANIUM
STRUCT/TPS | TANKS ALUMINUM
HEATSHIELD RADIATIVE
SEPARATE MAIN {2 ENG) OMS (2 RL10)
SYSTEMS 1AS REDUNDANCY

Figure 3 2 Strawght Wing Orbater, Low Cross Range

The nozzle expansion ratio of the engine selected for the baseline 1s
¢=120 1 A payload degradation of 11 percent would result if the
engines used on both stages actually delweied a specific impulse one
percent under that quoted This 1educed payload 1s also noted on the
figute The low c1oss-1ange orbiter 1s configured to provide

1 A flat bottom, a lmge planform atea and the ability to
enter at high angle of attack to minimize heating (Unlike
the high ciossnange system, the low cross-range system
does not tequire hypersonic trim capability at low angles
of attack The vehicle, therefore, mantamns a high angle of
attack until subsonte speed is achieved Then 1t 1s pitched
down for approach to the landing site )
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Figure 33 Orbiter Design Details, Straight Wing Orbiter

2 Efficient system packaging to munimize weight and to
facilitate maintenance

3  Low-sweep, fined wings for design simplicity, low weight,
and good landing chaiactenstics

The exteinal shape and design characteristics are presented m
Figmes 3-2 and 3-3 The configuration 1s a dervatve of a design
conceived by a NASA-MSC team and investigated by Space Division
during the previous Phase A study The body shape and tank
arrangement ate directed towaid design simplicity, ease of manufac-
tute, maximum packaging efficiency, and minimum weight A large
leading-edge fillet at the mtersection of wing and fuselage 1s used to
reduce the inteiference flow between the wing leading edge and body
during entry An all-movable horizontal tail suiface incorporates an
elevator capable of the required 1esponse rates for the normal flight
control mode The mdependently hinged stabilizer 1s capable of low
1esponse rates to provide the necessary pitch trim Because of the
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independent hinging, 1t is possible to use the stabilizers for roll tiim
Noimal roll control 1s achieved by spoiers on the upper surface of
the wing This method of roll control was selected to eliminate a
movable jomt or slot on the lower suiface of the wing The problem
of 1educed effectiveness at high angles of attack may require either
relocation of the spoilers or addition of small ailerons

Internal features of the orbiter are shown in Figure 3-3 The
basic load-cairying structure 1s titanium alloy with a 1adiative heat
shield The body 1s divided mto thiee basic sections (1) nose,
(2) cargo bay and oxidizer tankage, and (3) fuel tank and mam
engine

The nose section has provisions for the ciew and passengers,
nose landing geat, and vehicle equipment, mcluding power supply
and consumables The crew and passenger compartments are ai-
ranged 1n two decks because of the short distance between the flight
deck and the cargo bay (4 6 meters in diameter by 18 3 meters) and
because of the deep body section Station iesupply missions
noimally will have a crew of two, plus two passengess for cargo
handling Piovisions have been made for these four on the upper
deck, with the crew and passengers sharing 2 common pressutized
compartment The area between the upper ciew-passenger compart-
ment and the cargo bay houses an air lock and the cargo deployment
actuation system Ten passengets are located on the lower deck This
approach was favored over using the cargo bay as the passenger
compartment because 1t simphified the ctew and life support system
interfaces

The oxidizer for the main propulsion system 1s caitted m two
floating aluminum tanks The tanks ate cwcular m section and
slightly tapered They are ummnsulated and located just below the
forward portion of the cargo bay The wing catry-through structuie
consists of front and rear spais and provides sufficient volume foi the
four JTF22B-2 engines, which are mstalled in rotating pods The
engmes ate modified to use LHy The volume between the stowed
turbofans and the cargo bay 1s used to store LHy turbofan fuel
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The aft body section contamns a floating LHp tank that 1s
cicular 1 section and inteinally msulated Structural provisions are
made for mounting mdependently hinged horizontal stabilizers and
the vertical fin, on-orbit tankage suppoit, and main-engine thrust
structure A single bulkhcad suppoits the stabilizer spindle and
actuator and the front spai of the veitical fin A separate thiust
structute 1s used for the main engines and the on-orbit engines Orbut
maneuveting propellant 1s contaned mn two spherical LO5 tanks and
two spherical LH» tanks

The main engine bay has provision for installation of the two
main engines and two orbit mancuveting engines The main engines
ate LO9/LHj, high-chambet-pressute, bell-nozzle 1ochets with a
sea level thrust 1ating of 181,436 kilograms Structural and nozzle
clearance 1s provided for a gimbal travel of 7 degices i piech and
yaw, with the yaw clearance based on a return to null on one failed
engine This minimizes the base area by permitting the engines to be
installed on a minimum center-to-center distance The orbit maneu-
verng engmes are mounted on a common-thiust structure with the
main  cngmes and provide 4 degrees pitch and yaw gimbal
capability

!

Booster attach fittings are located on a bulkhcad just ahead of
the tubofan engine pod and on the rear bulkhead that supports the
hotizontal stabilizer This takes advantage of the existing main
stiucture

The low cioss-ange orbiter was designed to accomplish the
entty and recovery mission profile shown in Figures 344 and 3-5
High angle-of-attack tiim capability (60 degrees) from initial entry
condition to subsonic speeds 1s 1equued over a wide vehicle c g
range Low lift loading also 1s necessary to mimimize entiy heating,
and aetodynamic control authority 1s essential to make che transition
fiom high angle of attack to cruise conditions subsonically Good
subsonic flight characterstics and handling qualities are provided for
safe landing within a 3000-mete1 runway

-17-

Space Division
North Amernican Rockwell

2\

TRANSITION

GLIOE & JET ENGINES
120 GROUND ]
CROSS RANGE TRACK
90 =g
ALTITUDE e — L7
(Km} 50 - | LANDING
30 200 N M: —5@7
AL Ly Se— I
i} yd / % g E
0 $000 2600 3000 4000 5000/
DOWN RANGE (Km)
Iigure 34 Entry Flight Profile for Low Cross Range
EVENT ME'I\'IER/ 4 & [#BANKI ¢ a N
sec | (DEG) | (DEG) | (DEG) | (SEC) | Kg/MZ | {gs}
ENTRY 7650 | 155 | 60 0 0 0 0
PULLUP 7410 01 60 |0——79| 264 43 05
MAX g 2040 [ 34 | 60 20 g16 | 138 @
TRANSITION 122 | 800 |60-—10| © 1000 118 100
BEGIN GLIDE & 150 | 0 i0—5 0 1130 100
TURBOFAN IGNITION
LANDING 30 12 o | 1800 | 366 | 100

Figure 35 Entry Flight Profile for Low Cross Range

The external shape has been governed by stability and heating
considerations During cntiy at a high angle of actack, the flat
bottom of the fuselage piovides gh Iift, while the negative body
camber aids mn pitch trim and stabihty The relatively sharp corners
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promote separation atound the sides of the body, resulting n low
tempeiatures The slopmg sides aid i providing lateral and dirce-
tional stability Lateral range greater than 370 kilometets 1s achieved
by programming a bank angle while matntaining angle of attack n
the control mode shown in Figure 3-4 The configuration 1s
longitudinally stable duting entiy and 15 self-trimming to the
specified prech angle (60 degrees) with a hift coefficient of 1 6 and 2
lift-to-drag ratio (I/D) of 056 Figure 3-6 defines the hypersonic
actodynamic characteristic of the oibiter The data shown atc based
on analysts and verified by wind tunnel tests performed by ourselves
and NASA Damping and roll contiol 1s provided by the attitude
control propulsion system Subsonic characteristics displayed 1n
Figures 3-7 and 3-8 show that the vehicle 1s stable at high {60 degree)
and low angles of attack and that adequate contiol authority s
available to perform the pitchdown maneuver to subsonic cruise
Center-of-gravity limits at hypeisonic and subsonic speeds arc
displayed in Figures 3-8 and 3-9, respectively The forward ¢ g limzt
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Figure 3 7 Subsorue Aeradynamic Gharacterns fics, Low Cross Range Orbiter
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1s defined by the nominal forward ¢ g location, with payload 1n, plus
60 centimeters of tolerance The aft ¢ g location 1s defined with the
payload removed The all-movable taill provides mancuver and ¢rim
capability over the ¢ g range
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Flight stmulation studies have shown that the subsonic tiansi-
tion manecuver to a low angle of attack can be peiformed with
aerodynamic contiol, with the pitchdown maneuver accomplished by
a stabilizer command Dynamic tesponse was smooth and well
damped There was hittle overshoot, even though 1t was necessary to
maneuver from one stable equilibrium pomt to another with
nonlinear aerodynamic moments

During subsonic cruise, the maximum trimmed L/D 1s 8 2 at an
angle of attack of 7 degrees The landing speed on a standard day 1s
149 knots (Figure 3-10)

The peak 1adiation equilibrium temperatutes for the undetside
of the straight-wing oibiter enteiing at a 60-degiee angle occur at
approximately the pullout condition It has been obseived that wing
leading-edge blending and sweep ate beneficial in teducing ter-
ference heating on the wing and fuselage at hugh angles of attack

RUNWAY LENGTH 3 048M
TURBOJET APPROACH
LANDING SPEED 149 KTS
AUTO LANDING AIDS

Figure 3 10 Orbiter Landing
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Radiation equilibtium temperatuie distiibutions for the vehicle
duiing ascent and entty are presented m Figuic 3-11  Design
tempetatuies over the upper suiface of the vehicle occur during
boost and ovei the remainder of the vehicle duting entiy Tempera-
tures ovet a laige arca of the vehicle are less than 1000°C, with
higher temperatutes on the nosc and wing leading edge The
maximum temperatuie on the leading edge of the vertical stabilize
1eaches 470°C during boost because of interference effects The wing
leading edge tcaches 1690°C because of the interaction of the body
and wing shock
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::"Zi__:!""*'; 27 Uy " Q\ - i
ey N ~ /
o IR e
=R m
= [900 SEC ENTRY HEATING PERIOD}
LOCATION MAX SURFACE TEMP
Q) NosE cap nogec
WING LEADING EDGE
SHOCK INTERFERENCE 1690°C
UNDISTURBED 1470°C
@© HORIZ STABILIZER LEADING EDGE 1660°C
@ FUSELAGE LOWER SURFACE 781°C

Figure 3 11 Stratght Wing Orbiter Entry

Figuie 3-12 provides additional temperature data It also shows
a condensed summary of heat shield material selections Over a large
arez of the vehicle, the temperatures are less than 10009C, allowing
use of matetials that ate 1 a more advanced state of development
than those for the delta wing
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Fgure 3-12 Maximum Temperatures and Materzals

ngh Cross-Range Orbiter

The baseline, quasi-delta-shaped, high cross-range orbiter has a
payload capability to the ieference mission orbit of approximately
9000 kilograms This 1s based on the engine performance assump-
tions defined earlier It 1s configured to provide the following

1 Large planform area and capability for entry at high angles
of attack to minimize heating

2 Aerodynamic shape with good hypersonic lift-to-drag
characteristics

3  Thermal protection system (TPS) designed for 1500-
nautical-mile cross-range thermal environment

4  Efficient system packaging to mimmize weight and facali-
tate maintenance
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5  Aerodynamic shape for good subsonic flight and landing
charactetistics

The exteinal shape and design chaiacteristics of the orbiter
vehicle are presented i Figute 3-13 Internal featuses are shown in
Figure 3-14 Vehcle basic load-cartying stiucture 1s titanum alloy
with a radiative heat shield The body 1s divided into thiee major
sections (1) the nose and crew and passenger compartment, (2) the
cargo atea, and (3) the main engine bay

The nose section has sufficient volume for the LHy tank, crew
and passenger compattment, and nose landing gear The shaping
provides the necessary aerodynamuc charactenstics, resulting m the )
crew compaltment being located aft of the nose Thus, the projected
lateral area 1s minimized, and a reasonable fin size 15 maintained fo1
directional stability A floating aluminum LHjp tank 15 used 1t 1s a
double-cell pressuse vessel shaped for maximum volume usage

GROSS WT = 344700 Ky

PL = 9070 Kg (NOM Igp}/ 6 70D Kg (MIN Igp}

CONFIG FLOATING TANKS SIMPLE LOW
| WEIGHT EFFICIENT PACKAGE
AERO/ ENTRYL/D 07 22
THERMAL | SUBL/D 69
w/c s 180 Kg/M2
PRIMARY TITANIUM
STRUCT/TPS | TANKS ALUMINUM
| HEATSHIELD  RADIATIVE
SEPARATE MAIN (2 ENG} OMS (2 RL10}
SYSTEMS 1AS REDUNDANCY

Figure 3 13 Delta Wing Orbrter, High Cross Wing
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Figure 3 14 Orbiter Design Detarls

LHz TANKS (2)
JTF 228 2
TURBOFAN ENGINES {4}

ON ORBIT PRCGPELLANT TANKS

The crew and passengers are accommodated 1 a single
pressutized compartment, with an an lock provided for intiavehicu-
lar actwvity (IVA) access to the carge bay and space station The
flight compartment has side-by-side seating This makes 1t practical
for shating certain controls, windows, and displays and for multiple
use of access spacc

The cargo bay 1s designed with top loading doors The mam
LO4 tanks are located on both sides of the cargo bay to piovide a
relatively stable ¢ g location, wath only a slight aft travel during burn
of the main propellants These uninsulated aluminum tanks are of a
stmple cylindrical shape and ate supported from the body structure
in a manner that mimmizes mduced body loads mto the tanks The
area below the caigo bay and LOj tanks 15 used for the wing
carry-through stiuctmie and installation of aiwr-breathing engines,
landing gear, and otbit maneuvering propellant

The air-breathing engines are 1dentical to those desctibed earlict
As with the straight-wing orbiter, the engines are paned m two

-2 -
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deployable nacclies located m the undersui face of the body neat the
¢ g Thus, clmmation of the an-bicathing engines through modifica-
tion of the go-around 1equuement would not significantly affeet the
vehicle c g

The landing gear consists of two dual-wheeled mam landing
geats with a dual-wheeled, steetible, nosc landing geat The prelimi-
nary analysts used to cstabhsh the baschine landing gear 1esulted
the selection of standard Type VII ties The landimg gear extension
and retraction system and landing gear doors are clectrically
controlled and hydtaulically operated

Booster attach fittings, located on the bulkheads at cach ¢nd of
the catgo bay, are shghtly recesscd mside the mold lme of the
theimal protection system At sepatation, the 1ecesses are coveted
with self-closing doots to assurc a smooth exterior sutface and to
minimize local heating

The baselme high crossrange orbitet’s actodynamtic configut 1
tion was designed to satisfy critetia bascd on the entry flight profile
shown 1n Figures 3-15 and 3-16 At the same time, the design
ptovides low drag and aerodynanuc stabihity during the full flight
tegime and good subsonic handling and landing chaiactetistics
Acrodynamic heating must be minumized during the mitial entry
phase of the flight, and an adequate hypeisonic L/D 1s necessary to
provide the 2770-kilometet cross range To achieve the low cntry
heating and cross-range capability, 1t 1s necessary to provide for a low
planform loading and the ability to trim over a wide angle-of-attack
range With this wide tiim capability, the orbiter’s baseline cntry
mode 1s to enter at a high angle of attack (55 degices) and to pitch
down (35 degrees) after peak heatmg Referning to Figure 3-15, 1t
will be obscived that the transition to the low-angle-of-actack,
maxmmum-L/D attitude occurs when approxunatcly half the cross-
tange distance has been achieved The vehiele 1s then further banked
to achieve cross range Transition to a low angle of attack occurs at
supersontc speed, followed by subsonic powered approach to the
landing site
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Figure 3 15 Entry Flight Profile for High Cross Range, Delta Wing Orbiter

v -
EVENT MSEE“’ tDzG) { D%G) ﬁgéglx tséc) Kg?MZ (gNs)
ENTRY 7 650 155 55 0 0 [+ 0
PULLUP 7500 | 004 |55--35(0—381| 261 39 02
BEGIN TRANSITION 3750 | 03 35 20 1626 | 180 094
MAX g 1640 17 20 20 1984 205 @
90 DEG TURN 625 | 79 10 {20-—~0f 2142 | 293 1
TURBOFAN IGNITION 182 100 8 0 2350 @ 10
LANDING |119 KTSy 30 15 0 2800 234 10

Figure 3 16 Entry Flight Profile for High Cross Range, Delta Wing Orbater

The delta-wing orbiter planform and acrodynamic fincness tatio
provide high L/D at hypeisontc speeds and an acceptable trim range
over the entire flight regime Roll modulation for range control
during entry 15 accomplished through the attrtude contiol propulsion

‘ Space Division
North American Rockwell

system Actodynamic characeenistics of the vehicle are picsented in
Figures 3-17 and 3-18 They show that the vehicle provides
hypersontc L/D of 1 4 when ttunmed at « = 35 degrecs and L/D=2 2
at @ = 20° The maxmmum subsonic L/D 1s 69 As shown n Figurc
3-19, pitch control by elevons 1s sufficient for actodynanmic tm
throughout an angle-of-attack range fiom 0 to 60 degrecs, with an
operational ¢ g range of 60 centimetets withar side of a nommal
position to provide flexibility m payload ¢ g and for uncertameies in
consumablcs The vehiele 15 designed to temaim stable ae all speeds
and prech angles At hypersonie speeds, the unstable 1egion at low

10 30 50 70 90
ANGLE OF ATTACK o {DEG)

ANGLE OF ATTACK « (DEG)

Figure 3 17 Hypersonie Acrodynamic Characte nsfics Delta Wmg Orbuter
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02 |- )
P70 W I " BT S
0 10 20 3¢ 40 50 o 10 20 30 a0 50
ANGLE OF ATTACK o " ANGLE OF ATTACK o
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tagure 318 Subsorie Acrodynamic Charactenstics Delta Weng Orbiter
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Figure 3 19 Cargo Center of Gramty Vanations

angles of attack has been mimimized by high forebody fineness 1atio
and by ieducing body camber effects This design also results i
relatively low diag durning ascent, wheie booster-oibiter drag influ-
ences total payload to orbit Duectional stability 1s provided by twin
vertical tails mounted at the wing tips and sized to prowide stability
throughout the speed range Two varables (wing dihedral and
vertical tail cant) are used to establish the proper level of effective
dihedral Control 1s through conventional rudders and elevons, with
control interlinkage whete necessary to eluninate aerodynamic
coupling

With the vehicle trimmed at a 15-degree angle of attack, its
landing speed on a standard day 1s 119 knots, with an approximate
total landing distance of 1150 meters on a dry runway Additional
data on the aerodynamic and landing parametess, such as approach
speed and go-around chimb rate, are given n Figures 3-20 and 3-21

Radiation equilibrium temperature distribution over the vehicle
during ascent and entry 15 presented i Figure 3-22 Design tempera-
tures for the upper surface of the vehicle occur during boost The
remainder of the vehicle experiences its maximum temperature

-23.
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Figure 3 21 Landmg Charactenstics

during the high crossrange entty Entry temperatutes are generally
less than 1000°C over a large atea of the vehicle, however, the nose
and leading edges experience temperatures up to appiovimately
1400°C These temperatuies reflect the modulated entry profiles
already discussed

Referring to Figure 3-23, 1t can be seen that load-carrying
structutal mateiral, because of its attractve stiength-to-density
properties, coupled with satisfactory cieep characteristics in thermal
envitonments up to 340°C, 1s titamum The fuselage, wing, and
thrust structuie use T-6A1-4V alloy The main propellant tanks are
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Figure 3 23 Maxsmum Temperatures and Matenals
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constructed of 2219-T81 aluminum alloy It was chosen for its
compatibility with cryogens, acceptable strength, good fracture
toughness, and weldability Extensive experience with this matenal
has been ganed on the Saturn progiam Figure 3-21 15 a condensed
summary of heat shield matetials They were chosen primarily on the
basis of vehicle surface—temperature proﬁles Major portions of the
surface aie Haynes 188 and Inconel 718, with lesser amounts of TD
NiCr and coated columbium The major portion of the upper surface
of the orbiter fuselage and the wing will be titamum hot structure

It 15 well recognized by engineers working on the shuttle vehicle
design that developing a hightweight, low cost, thermal protection
system with multi-reuse capability 15 a key factor We define the
thermal protection system as the heat shield, insulation and structure
from the external smiface through to the mside of the propellant
tanks or the cargo bay or the passenger cabm Illustrated in
Figuie 3-24 1s a typical cross section of the thermal protection

EHAV
THERMAL PRESSURE MATER{ALS BEHAVIOR
ENVIRONMENT STRENGTH CREEP

I/

PRESS
TEMP

OXIDATION FATIGUE

STRUCTURE/TPS CONCEPTS
BOOSTER ORBITER
GUTER SU(‘FACE LNTEGRAL TANK

y METALLIC
€ ‘ 4 5 D\ yEAT SHIELD
C I 9 e NPT AT DYNAFLEX
[T~ 1G 15000
e T T SOF
CRYOGENIC  PRIMARY STRUCTURE

INSULATION

Figure 3 24 Thermal Protection System Key Technology Factors
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system. Referring to the orbiter drawing, it shows a metallic heat
shield and dynaflex insulation supported on the primary load-
carrying structure. Between the primary load-carrying structure and
the propellant tank is additional insulation. The governing parameter
is the total temperaturc rise that occurs at the spray-on foam

insulation (SOFI) bond line of the hydrogen tank. A limiting value of

approximately 2209C exists at this point. Above that value the
integrity of the bond breaks down. Also shown in Figure 3-24 are the
other major parameters that must be accounted for in selecting the
thermal protection system. Not the least of them is the accurate
prediction of the thermal environment and the computation of the
temperature distribution within the structure. Through the X-15,
Apollo and other programs, sophisticated analytical tools have been
developed for performing these estimates. They will require further
refinement and test program verification during shuttle development.

Space Division and Convair have both been investigating heat
shield and high-temperature structural materials and designs for the
past several years. In addition, tests on TD Ni chrome materials and
coated columbium have been performed, with the entry environment
of the shuttle orbiter simulated. Photographs of typical specimens
are illustrated in Figure 3-25.

=

ALl

COLUMBIUM LEADING EDGE

TD NiCr HEAT SHIELD
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PRIMARY ORBITER SUBSYSTEMS

Structure and Primary Orbiter System

The material covered so far in this section has been configura-
tion dependent. To the first-order approximation, the overall
requircments and design characteristics of the systems are the same
for both the low and high cross-range orbiters. Therefore, the
structures, propulsion systems, and avionics subsystems for the delta
wing will be discussed as they are typical for both orbiters.

Vehicle Structures

An overall summary of the primary structure and matcerials for
the orbiters has alrcady been presented. The primary loading
conditions that govern the strength requirements of the load-carrying
structure are illustrated in Figure 3-26. As this figure indicates, the

p——MAX q & ——sfe— MAX g—=]| 2ND STAGE
| | . ROCKET
DESIGN LOAD - THRUST
CONDITIONS e
" | THRUST FITTING
BOOSTER ATTACH MAX g ‘SSBSTEH
|——o« MAX q o 1 \\TTACH
LOAD INTENSITY 2ND STAGE
(108 DYNES/cm) ROCKET
42— THRUST
comp o[
o P Ll m
b T o e o -
| /
a— TOP
TENSION | | / BOTTOM
8 I /
12— -
el [t d T e
0 1520 2900 4060 5387
{cm)

Figure 3-26. Delta-Wing Orbiter Design Conditions and Load Intensity
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highest loads experienced over a large portion of the fusclage
structure occur during boost flight. Specifically, the upper and lower
surfaces of the forward fuselage are designed by the maximum
acrodynamic pressure (max qa) and control moments that are
experienced in reacting steady-state wind shears and wind gusts in
the integrated launch configuration. The loading level per unit length
of cross section is also shown in this figure.

In conjunction with NASA, the space shuttle contractors will
design and test a representative large-scale section of the booster and
orbiter. Examples of the type of structure under consideration for
design and test are shown in Figure 3-27. It illustrates the wing
root-fuselage joint for the orbiter. Also shown is a propellant-tank
fuselage cross section of the booster.

ORBITER BOOSTER

Figure 3-27. Large Structure Tests, Major Structural Subassemblies

Rocket Engine Systems

During a normal mission, the orbiter will be required to
(1) boost itsclf into orbit; (2) perform on-orbit mancuvers and

=265
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operations, (3) deorbit; and (4) control its attitude and make small
course corrections. To accomplish this, it is provided with separate
main rocket engine systems, on-orbit systems, and attitude control
systems (Figure 3-28). The general locations of the engines and their
propellant tanks are also shown in this figure.

The orbiter main propulsion system (Figure 3-29) employs two
turbopump-fed rocket engines burning a LO2/LH propellant com-
bination at a nominal mixture ratio of 6:1. The engine power head
assembly is identical to that used in the booster. A e =120:1
expansion ratio nozzle assembly (two-position type) is used to
achieve high performance. A redundant, self-checking engine control
unit (ECU) controls and monitors engine operation, including
throttling over a thrust range of 50 to 115 percent of rated thrust.
Thrust vector control over a range of £7 degrees is obtained with a
self-contained gimbal actuation system mounted on the engine.
Enginc-mounted pressure volume compensated (PVC) flexible lines
arc employed at the engine/vehicle propellant duct interfaces. Use of

® 6800 Kg ON-ORBIT
ENGINE THRUST

MAIN ROCKET ENGINES
® 181,436 Kg THRUST
® TWO-POSITION NOZZLE
® 210 Kg/em?2
CHAMBER PRESS.
® 100 MISSIONS

/‘
ON-ORBIT

ATTITUDE CONTROL
LOz TANK SYSTEM (ACS)
ON-ORBIT LO, TANK ® LOg/LHo
LHo TANK ® INTERNAL NOZZLE INST
e LOW PRESS.

Figure 3-28. Rocket Engine Systems
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VENT  ISOLATION VALVE MAIN ENGINE CHARACTERISTICS installed in each LO5 and LHj feedline to provide emergency cutoff
DISCONNECT [ Em.z—ﬂ_——: 5 : : e SR caks ine
= =T THRUST, VAC = 215,400 Ky. of propellant flow in the event of extreme leakage or propellant line
— g SPECIFIC IMPULSE = 458 SEC (NOM) rupture.
(w) 4545 SEC (-30)
oy G o s MW THRUST RISE TIME = § SEC Point sensors and capacitance probes monitor liquid level and
— ) 1 5 - . e
o HELIUM SPRRATURG:MSIX RATID = 8.0 (0/F) measure on-board propellant weight during prelaunch servicing.
TomEATICS & /| orscommecr b g Propellant residuals are minimized by propellant loading bias;
L0 e, PRESSURANT = G02/GH2 pet ; ‘ _ i
VENT THROTTLE RANGE = 115%-50% depletion sensing and shutdown will be accomplished by the engine
el e WEIGHT (BASIC ENG) = 2084 Kg subsystem. Provisions are made for propellant utilization because of
Log Lha PR the dl.rcct .cxchangc -bctwecn residual propellant weight and payload
e ) e (WOZZLE EXTENBED) capability in the orbiter.
. ] 3658 mm (NOZZLE RETRACTED)

Loz FiLL ) I g !

& cra PHABRETES B9AN M The orbiter attitude control propulsion system (ACS) provides
aHy Khieidecs | NBLSEE ARCA WATI N capability for small translational maneuvers and three-axis attitude
PRESSURANT 5 1 1 2 = 5 - 1M 1 3 .

' et e o) CODLING TRANSPIBATION ¢ REGENERATIVE control. As shown in Figure 3 30', the baseline engine arrangement
PRESSURANT ~ HEAT EXCHANGER + DUMP employs 22 thrusters, each operating at a vacuum thrust of 680 kilo-
grams to provide minimum angular accelerations of 0.59/sec2 and

Figure 3-29. Orbiter Main Propulsion System translational rates of 0.03 m/sec2 for each vehicle axis with one

common engines and related equipment in the two stages will engine inoperative. Fail-safe attitude control at 67 percent of the

substantially reduce development costs and simplify the operational

phase Of thC program. THRUSTERS

The propellant tanks are pressurized with GHy tapped from the g [t
engine preburner inlet and GO extracted from the turbine discharge Ut o
heat exchanger of the LOj turbopump. Tank pressure is controlled Isp, SEC AZLINRISIER/ NS SRS DEL
by redundant flow control regulators. Ground-supplied helium is Pc 21 Kg/em?
used for prelaunch pressurization prior to engine ignition. MR 41

€ 20:1

The LHj tank is insulated with closed-cell polyurethane foam WEIGHT 11Kg
applied to the tank inner wall. A fiberglass reinforcement layer DIAMETER 254 mm
protects the surface of the foam from damage and inhibits LENGTH 584 mm
permeation of the foam by the LHy. The LO7 tank is uninsulated; a
dry GNj purge is used to inhibit ice formation on the tank during o SIMILAR ACPS ENGINE LOCATIONS
prelaunch servicing. Propellant feedline ducts are routed to allow ;?:Gag;:ﬁTE:A’G“TW*"G&DELTA
convective preconditioning of the main propulsion engines before
liftoff. Normally open isolation valves with position latches are Figure 3-30. Orbiter Attitude Control Propulsion System
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minimum design rate is possible after loss of any two thrusters,
Translation at the minimum acceleration rate is possible after loss of
either one or two thrusters.

The thruster configuration selected for the baseline system
burns a gaseous hydrogen/oxygen propellant combination at a
chamber pressure of 21 kg/cm2, A nozzle expansion ratio of 20:1
was selected to limit nozzle exit plane diameter and thereby
minimize the area of vehicle outer skin penetrated by the thruster
nozzle. The selected baseline thruster uses augmented spark ignition.
Shielding will be employed if required to minimize electromagnetic
interference effects. In addition to providing adequate attitude and
translation rates for the orbiter, the selected 680 kilograms thrust
level provides the desired attitude control system (ACS) control
authority for the booster; therefore, a common thruster configura-
tion may be used with an associated reduction in hardware
development and production costs.

The orbit maneuvering system provides the capability for
orbiter maneuvers, including circularization, orbit transfer, rendez-
vous, and deorbit. Our baseline system (Figure 3-31) employs two
rocket engines using LO and LHj propellants stored in tankage
completely independent of the main propulsion system.

Integrated Avionics and Electromechanical Subsystem

Through the integrated avionics and electromechanical sub-
system (IAS), all elements and subsystems of the vehicle are
integrated, controlled, and monitored. Since the requirements
between the orbiter and the booster vehicles are quite similar, a high
degree of commonality is possible in the avionics equipment, and the
following descriptions are therefore equally applicable to both
vehicles.

Figure 3-32 represents a simplified block diagram of the IAS
showing the major functional elements that are all controlled
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ENGINE CHARACTERISTICS - RLI0A-3-34
® PERFORMANCE THRUST, VAC = 6,800 Kg
SPECIFIC IMPULSE = 444 SEC (NOM)
439 SEC (-3@)
THRUST RISE TIME = 2 SEC
« WEIGHT 145 Kg (INCL ACCESSORIES)
® SIZE LENGTH = 1778 mm
DIAMETER = 1014 mm
® CYCLE EXPANDER CYCLE DRIVEN
TURBOPUMP
«COOLING REGENERATIVE
® NOZZLE
AREA RATIO |57
® THERMAL
CONDITIONING|LOX BLEED THRU T/C
LH2 BLEED THRU MANIFOLD
©PAST USAGE CENTALR, SATURN S5-IV

Figure 3-31. On-Orbit Maneuvering System Schematic
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4 » e DATABUS [® P il

Figure 3-32. Integrated Electronics
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through a central data management system. Characteristics of the
IAS are enumerated on Figure 3-33. A brief description of the 1AS
elements follows.

® PROVIDE ON-BOARD CHECKOUT, COMMAND & CONTROL & SAFING PROVISIONS

® INTEGRATED GN&C

® CONVENTIONAL COMM, NAV & LANDING AIDS

® CENTRALIZED & SELECTED DEDICATED COMPUTERS

® DATA BUS & STANDARD INTERFACE UNITS

® MULTIPURPOSE DISPLAYS & CONTROLS

® FAIL OPERATIONAL / FAIL OPERATIONAL / FAIL SAFE OPERATION

® ACCESS TO EACH LINE REPLACEABLE UNIT (LRU) INDEPENDENTLY

® COMMON MODULAR SOFTWARE

Figure 3-33. Integrated Avionics Characteristics

Data Bus and Computers

A common multiplexed data bus transmits all commands,
responses, and data, thus integrating all functional elements of the
vehicle. The current preliminary computer configuration is primarily
centralized with dedicated processors for flight control and main
rocket engine systems. Standard interface units are used to couple

subsystem elements to the common data bus. They include data

acquisition and stimulus capability to support checkout and redun-
dancy management.

Guidance, Navigation, and I'light Control

These functions use a strap-down-type inertial reference that is
aligned optically. Flight control is accomplished through a digital
system. Control of the vehicles throughout all boost, orbital, and
atmospheric flight phases presents a difficult flight-control problem
in which we must use the knowledge gained through operations of the
Saturn and Apollo vehicles, as well as commercial aircraft practices.
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Communications

This clement of the IAS provides voice, data, ranging, and
navigational aids capabilities, as shown in Figure 3-34. The voice,
data, and ranging requirements will apply the techniques and
probably much of the equipment that has been space-flight proved in
Apollo. For the atmospheric flight phase, equipment developed for
commercial and military aircraft is directly applicable. This sub-
system, therefore, requires little basic development but rather an
effective means of integrating its functions into the vchicle system.

RELAY
SATELLITE

GROUND STATION
& LANDING SITE

ATMOSPHERIC NAVIGATION &
LANDING AIDS

SPACE RENDEZVOUS &
DOCKING AIDS®

TWO-WAY DATA &
VOICE EQUIPMENTS

® ACOUIRE DATA FOR LINE -OF
SIGHT NAVIGATION

® ACQUIRE, TRACK & RANGE
COOPERATIVE & PASSIVE
TARGETS

® TRANSMIT & RECEIVE VOICE &
DATA

* PROVIDE VOICE INTERCOM e PROVIDE RADAR IDENTIFICATION

BETWEEN CREW, PASSENGERS, &

(HARDWIRE) SPACE STATION

& GROUND PERSONNEL

& SUPPORT RENDEZVOUS,
STATION-KEEPING, & DOCKING
WITH SPACE STATIONS

® DETERMINE RADAR ALTITUDE

® ACQUIRE DATA FOR CAT 11

® RE-TRANSMIT (TURNAROUND) LANDING SYSTEM

GROUND RANGING SIGNALS®

‘ORBITER ONLY ® PROVIDE RECOVERY SIGNAL

Figure 3-34. Communications

Crew Command and Control

The shuttle cockpit is configured basically like an aircraft
cockpit (Figure 3-35). However, since the orbiter vehicle must
function either as a spacecraft or an aircraft, the cockpit incorporates
controls and displays to satisfy all mission phases. On the Apollo
spacecraft, the principal flight displays were represented by indivi-
dual instruments, as shown on Figure 3-36. If this approach is used
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ALPHANUMERIC
MESSAGE PANEL

CAUTION & WARNING
STATUS INDICATORS

MULTIFORMAT
CRT DISPLAY

COMPUTER STATUS/
ACTIVITY READOUT

RUDDER, NOSEWHEEL

COMPUTER ENTRY/
STEERING, BRAKE PEDALS

CONTROL KEYBOARD

NAVIGATION & FLIGHT
CONTROL MODE SELECTION

THROTTLES & TRANSLATION
CONTROLLER

Figure 3-35. Shuttle Orbiter Cockpit

COMPUTER DISPLAY
KEYBOARD (DSKY)

ENTRY MONITOR
SUBSYSTEM (EMS)

FLIGHT DIRECTOR
ATTITUDE INDICATORS

ROTATION CONTROLS

Figure 3-36. Apollo Crew Station and Equipment
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on shuttle, the cockpit would be larger and more complex and might
require more than the two-man crew now planned. Thercfore, a
solution is to use fewer instruments having greater flexibility.
Multi-format cathode-ray tube (CRT) displays can present on a single
instrument the information that required a number of instruments in
the past. Examples of the types of formats that will be used in two
different flight phases are shown in Figures 3-37 and 3-38. The samc
CRT presents a display for ascent guidance during the boost phase
and later presents a space attitude display for flight control during
on-orbit phases. On Apollo, the computer was used only for
navigation and guidance, and the display keyboard unit (DSKY) was
limited to that task. Since the shuttle computers do many additional
things, more flexibility is required but the same approach is used.

Solid-state alphanumeric readouts and all-clectronic keyboards
are planned. To command the vehicle attitude in space, the
Apollo-type and proved three-axis rotation hand controller is used.
During atmospheric flight, only two axes pitch and roll, are
controlled with the hand controller. Conventional aircraft-type
pedals control yaw. A single translation controller similar to the
Apollo type is mounted on the pedestal near the throttles for lincar
motion control in space.

DIGITAL
(_Mls'SION TIME H H v \/PARAMETER
aiEsig ewo{ -3 { -3 C_YY ReapouTs
e il e T [ N ]//Reoumeo
e Lo H/V LIMITS
[T . o L

REPRESENTATION
OF

> . NOMINAL H VS.
LAUNCH TUBE"J e ERBEILE

—H &V VALUES

™ RELEVANT H/V
COMBINATION
LIMITS

PRESENT POSITION” \
ACTUAL H VS. V PROFILE

VELOCITY VECTOR
COMMAND POSITION

Figure 3-37. Boost and Ascent Display
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COMMAND ATTITUDE
ANGLES READ-OUT

({dv- :D;\s\o;’j

'g 100020
(¥ roos9° |

/PR ESENT ROLL ANGLE

SCALE_ _
| ATT ERR £5.09 4
LRATE  10.5%

ATTITUDE ERROR
\/ & RATE SCALE
RANGES

/PITCH RATE

PRESENT PITCH
& YAW ANGLES

J

PITCH ATTITUDE
ERROR SCALE

Figure 3-38. Space Attitude Display

Checkout

For a drastic reduction in ground equipment, number of ground
personnel required, and turnaround time, the shuttle vehicles uses
on-board checkout. How the central data management system is
applied in accomplishing the checkout function is shown in
Figure 3-39. The example is the main rocket engines. Using appro-
priate sensors and transducers for the important engine parameters,
the computer processes these data and compares the results to the
expected or normal case. Through judicious use of primarily
operational parameters, the broad requirements of checkout are
satisfied. These include demonstration of operational readiness,
caution, and warning displays for critical functions, fault isolation,
and switching techniques, in addition to long-term trend analyses.

Electrical Power and Control
The power sources include fuel cells, APU’s, and batteries.

Appropriate conversion and distribution equipment is controlled
through the common data bus.
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| MEASUREMENTS | T3
® PROPELLAN P
gt B s PROCESSING
ON-BOARD
® VALVE POSITIONS COMPUTERS

e THRUST ® VEHICLE COMMAND & CONTROL

® VIBRATION LEVELS ® GUIDANCE, NAV & FLIGHT
CONTROL
® MIXTURE RATIO

® MONITORING & DATA

® GIMBAL ANGLES PROCESSING COMPARISON

MAIN ENGINE

RESULTS

® DETERMINES OPERATIONAL READINESS

®CAUTION & WARNING SIGNALS -
® FAULT ISOLATION & SWITCHING
® TREND DATA FOR GROUND ANALYSIS

Figure 3-39. On-Board Checkout

ORBITER COMPARISONS

It is appropriate to conclude the discussion with a comparison
of the two systems. It has been noted that the payload performance
characteristics of each orbiter differ by 2:1 in favor of the
straight-wing design. This higher payload results principally from less
thermal protection being required to meet the low cross-range
requirement. Other benefits are gained because a simpler packaging
of the propulsion and other systems is possible. Additional details of
the weight breakdown and stage mass fraction of the vehicles are
shown in Figure 3-40. The values are for the gross liftoff weight limit
of 1,587,000 kilograms. These same data are illustrated graphically in
Figures 3-41 and 3-42. These figures indicate clearly the magnitude
of the penalty for thermally protecting vehicles to achieve a high
cross range.
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WEIGHT WEIGHT
(Kg) ) (Kg)

STRUCTURE & TPS (56.382)
LANDING & DOCKING 2,899 3,581
PROPULSION 19,187 20,140
ORIENTATION,
CONTROL & SEPARATION 4,218 2,495
SUBSYSTEMS 5,035 5,126
PERSONNEL 318 318
PAYLOAD 20,412 9,070
MAIN PROPELLANT 242,041 241,224
OTHER PROPELLANT 7,394 7,757
LIFTOFF WEIGHT 344,736 344736
ENTRY WEIGHT
LANDING WEIGHT 97.257 97751
STAGE MASS FRACTION 74 712

Figure 3-40. Baseline Vehicle Mass Characteristics, Gross Liftoff Mass = 1,587,000 Kilograms

STRAIGHT WING
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Figure 3-41. Structural and Subsystem Weight Distribution
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Figure 3-42, Structural and Subsystem Weight Distribution
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A further illustration of this point is shown in Figure 3-43. This
presents the heating rate histories of both orbiters. These heating
histories were computed for the entry trajectories presented in the
General Configuration section. The integral under this heating-rate-

533+

o\
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time curve provides a direct measure of the total heat load
experienced by a vehicle of this design. It shows that the hcat load
for the high and low cross-range vehicles vary by a factor greater than 5.
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4. SHUTTLE BOOSTER

BOOSTER MISSION PROFILE

The booster illustrated in Figure 4-1 will be briefly discussed
according to the outline in Figure 4-2. The object of the booster, of
course, is to accelerate the orbiter to the appropriate staging
conditions. The booster flight profile is indicated in Figure 4-3.
Features of the booster include (1) vertical launch, (2) a maximum
dynamic pressure of slightly more than 2600 kilograms per square
meter (occurring at an altitude of slightly under 10 kilometers) and
(3) separation of the orbiter at an altitude of slightly more than 65
kilometers 3.2 minutes after launch and at a velocity of 2850 meters
per second. After separation, the booster coasts to its apogee of 75
kilometers and then enters at a high angle of attack (55 degrees) and
with a bank angle of approximately 40 degrees. The bank angle is
modulated to limit the maximum load factor to 4 g’s. The bank

Figure 4-1. Baseline Booster After Staging
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GENERAL DESCRIPTION OF BASELINE
AERODYNAMIC CHARACTERISTICS
SEPARATION AND ABORT
STRUCTURE AND TPS

PROPULSION SYSTEMS

OTHER SUBSYSTEMS
Figure 4-2. Outline of Booster Briefing

maneuver minimizes the down-range travel and thus the fuel required
for cruising back for a landing at the launch site.

After the booster has slowed during the entry maneuver to
subsonic speed, the air-breathing flyback engines are deployed and
started, and the booster cruises back as a large subsonic aircraft and
makes a normal horizontal landing at a runway near the launch site.
Landing occurs at a vclocity of 155 knots approximately 111
minutes after liftoff.

As noted in Figure 4-4, the booster operates as a rocket-
powered launch vehicle for approximately three minutes, as an
unpowcrcd |1ypcrsonic g|icl(-:r for approximatc|y 10 minutes, and as a
subsonic aircraft for approximately an hour and a half. Landing is
followed by a two-week turnaround operation on the ground.

The booster is designed to be an efficient rocket-powered
vehicle during the three-minute boost phase. During entry, cross-
range capability is not required for the booster. The configuration
selected has acceptable hypersonic characteristics, but the lift-drag,
ratio (4D) at high velocities has been purposely compromised in the
selection of its design features to assure efficient operating character-
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istics during the hour and one-half that the vehicle is operating as a
subsonic aircraft.

STAGE SEPARATION

T = 32MIN.
H = 65.8 KM
MAX. DYNAMIC il i L ENTRY
PRESSURE - ——=9——_ - __BANKANGLE = 40°
Omax = 2626 KG/M2 — "' BOOSTER  g~"< MAX.LOAD FACTOR = 4g
i S ’ APOGEE .
4 T = 39MIN.
/_1 H = 75.3 KM
e e 45
| el .
dilss - / FLYBACK ENGINES STARTED,
Al | /= :;-:,,’I CRUISEBACK T = 13MIN.
st H = 6.1 KM H = 6.1KM
V = 250 KTAS DOWNRANGE
LANDING DIST. = 355 N.MI.
T = 111 MIN.

VTOUCHDOWN = 155 KTAS

Figure 4-3. Booster Flight Profile

ORBITER
3MIN.
BOOSTER 10 MIN.

HYPERSONIC
GLIDER

|
! — -

7//?//7///7/}‘/%////%/%//- :)J:slghlc

AIRCRAFT

e —

Figure 4-4. Booster Flight Modes
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BOOSTER CHARACTERISTICS

Design of the hypersonic vehicle is influenced by the require-
ment to assure rapid and low-cost refurbishment during the
turnaround cycle. The basic characteristics of the baseline booster
are listed in Figure 4-5. Note that the tail area is slightly larger than
that of the wing: 219 square meters for the tail and 186 square
meters for the wing. The total platform area of more than 1000
square meters is largely fuselage underbody. This, of course, provides
most of the lift during the hypersonic glide phase. The baseline
configuration has a fixed straight wing and a vee tail. The straight
wing was chosen for simplicity and low weight, taking into
consideration that the hypersonic characteristics need not be
optimized and that the low hypersonic L/D of 0.5 is satisfactory
since cross range is not a criterion. The ﬁxed-wing conﬁguration
yields an L/D of 6.7. This ratio assures satisfactory cruise capability.
The lift loading of 430 kilograms per square meter is moderate to
minimize aerodynamic heating.

Pertinent characteristics of the baseline booster are noted in
Figure 4-6. The air-breathing engines for the cruise phase are stowed
during the boost and hypersonic flight phase and then are deployed

for cruising back to the launch site. These engines are mounted

WING 185.8
AREAS TAIL 2191
(M2) TOTAL PLANFORM | 1,008.0
L/D HYPERSONIC 0.5
. SUBSONIC 6.7
STAGING | VELOCITY (M/SEC.)| 2,874
ALTITUDE (KM) 65.8
LIFT W/SC, (KG/M2) | 4321
LOADING
LANDING | V(KTAS) 155
SPEED

Figure 4-5. Baseline Booster Configuration
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ﬁ\ CHARACTERISTIC RATIONALE
p =) AIR BREATHING ENGINES | BALANCE MINIMUM WEIGHT
STOWED FORWARD
I 1
>=2 > SEPARATE CYLINDRICAL | MINIMUM DEVELOPMENT COST
. TANKS & OPERATIONAL RISK
\— FIXED STRAIGHT WING | SIMPLICITY CRUISE LANDING

PERFORMANCE & MAXIMUM
PAYLOAD

VEE TAIL ORBITER PLUME IMPINGEMENT
/ MINIMUM WEIGHT

12 ENGINES MISSION COMPLETED EVEN WITH
TWO ENGINES FAILED

Figure 4 6 Characteristics of Baseline Booster

forward to bring the center of gravity of the vehicle forward and help
compensate for the large weight of the rocket engines at the aft end
The liquid oxygen and liquid hydrogen tanks are cylindrical,
load-carrying structures and they are separate tanks with no common
bulkheads Twelve rocket engines are provided for the boost phase
The choice of 12 engines will be discussed later

The vee tail was selected partly because of the consideration of
plume impingement of the oibiter engines during the staging
sequence Basic dimensions of the booster are indicated mn Fig-
ure 4-7 The overall length 15 slightly under 80 meters, the wing span
1s slightly over 43 meters, and the fuselage diameter 1s approxmmately
9 and 1/2 meters The gioss hftoff weight of the booster 13
approximately 1 2 million kilograms

A size comparison of the booster with the Boeing 747 and the
Boeing 707 1s presented in Figuie 4-8 The relative dimensions and
other characteristics of these three systems are presented 1n
Figure 4-9 Note that the major differences are that the booster has a
much higher maximum speed than either of the commeicial

955 M

=
%}

v
=

-
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GROSSWEIGHT = 1,242864 KG
LANDING WEIGHT = 210 470KG

783 M I 433MmM
Figure 4 7 Baselme Booster
BOEING 747 BOOSTER BOEING 707
‘a)
£

Figure 4 8 Booster Size Comparison
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transports, a much higher payload (the orbitet gross weight), and a
much higher gross weight The wing span for the booster 15 almost
sdentical with the wing span for the Boeing 707, and the total height
for the booster 1s almost 1dentical to that of the Boeing 747 The
booster 1s approsimately 8 metets longet than the Boeing 747

Note that the landing weight of the booster 15 actually less than
the maxmmum landing weight of the Boeing 747, which 1s operating
commercially

A comparison of the weght charactetsstics of the booster with
those of the stiaight-wing otbiter and the delta-wing orbiter 1s
presented 1n Figme 4-10 The gioss weight of the booster 1
approximately four times that of either of the oibiters, while the
empty weight 1s slightly over two times that of the orbiters Major
empty weght differences are n the structural and theimal protection
area and 1n the propulston systems The propellant mass fractions for
these thiee vehicles are booster, 0 81, straight wing, 074, and
orbiter, 0 71

BOEING 747 | BOOSTER | BOEING 707

VELOCITIES {KTAS)

MAXIMUM SPEED 556 541

LANDING SPEED 140 155 140
DIMENSIONS (M)

SPAN 596 433 434

LENGTH 705 783 466

HEIGHT 194 195 127
WEIGHTS (KG)

PAYLOAD 28,123 12,792

EMPTY WEIGHT 165 564 201897 61236

LANDING WEIGHT | 255830 210 606 93 895

GROSS WEIGHT 351540 1,242 864 141523

Figure 49 Booster Comparison Data
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™Y straient [ peLTA
WING WING

BOOSTER J ORBITER ORBITER
STRUCTURE & THERMAL PROTECTION 120 159 43636 56 282
LANDING (& DOCKING) SYSTEM £ 800 4899 4581
PROPULSION SYSTEM 61236 19 187 20 140
ORIENTATION CONTROL & SEPARATION 7 258 4218 2495
OTHER SUBSYSTEMS 4445 5 035 5126
PERSONNEL 227 318 318
PAYLOAD 18 008 6713
MAIN PROPELLANT 1013206 242 041 241224
OTHER PROPELLANT 27533 7 394 7 757
LIFTOFE WEIGHT 1,242 864 344 736 344 736
ENTRY WEIGHT 217,320 98 250 a8 749
LANDING WEIGHT 210 606 97 297 87 751

Figure 4 10 Baseline Vehicle Wesght Charactenstics (kg) Gross Liftoff Wesght 1,587,000 kg
AERODYNAMIC CHARACTERISTICS

The combination of the large, flat undersurface of the fuselage
with the fixed straight wing and the laige vee tail leads to favorable
aerodynamic stability trends, as indicated 1n Figuie 4-11 The normal
force coefficients for the booster fuselage by itself, for the wing by
itself, and for the vee tail by 1tself as a function of Mach number are
shown 1 the diagram at the upper right-hand corner of the chart
Note that the body noimal force coefficient 1s essentially inde-
pendent of the Mach numbe: The force coefficient for the tail
increases moderately and that for the wing increases quite dramat-
cally as the Mach number decreases toward the transonic regime
When these three elements are combined, the overall effect (as
indicated 1n the diagram in the 16wer left-hand corner of Figure 4-11)
1s a decreasmng trim angle of attack (noted by circles in the diagram)
with decreasing Mach number The trim angles of attack are

determined by considerng the location of the center of pressure and
the center of gravity

Another way of indicating the vatiation of the trim angle of
attack with Mach number 1s presented in the diagiam n the lower
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Figure 4-11 Booster Stabihity Trends

right-hand corner of Figure 4-11, which shows the notmal force
coefficient versus the moment coefficient For trim conditions, the
moment coefficient must be zeto Therefore, as indicated, the tiim
normal force coefficient (and angle of attack) decreases with
decreasing Mach number

The 1esultant variation 1n trim angle of attack with Mach
number 15 portrayed in Figure 4-12 The upper dashed control
boundary 1s for the maximum ruddervator travel of 40 degrees up
The lower dashed control boundaiy 1s for the maximum down
ruddervator travel of 20 degrees Stable operating conditions lie
between these boundaries Note that for the case of no ruddervator
deflection, the t1m angle of attack decreases from approximately 55
degrees at Mach 10, i a smooth manner, to zero degiees at
approximately Mach 1 The natural reduction 1 trim angle of attack
as the Mach number decreases during the entry phase has a very
favorable weight impact Potentially high buffet loads associated
with penetrating the tiansonic regime at a high angle of attack are
avorded Ruddervator aiea and control power requirements are also
minimized

-39

Space Division
North Amencan Rockwell

A\

80

RUDDERVATOR 40° UP

NO DEFLECTION

TRIM ANGLE OF

ATTACK (DEGREES) 40

20° DOWN

0 2 4 6
MACH NUMBER

Figure 4 12 Varation of Trim Angle of Attack,

The payload capability for the mated booster/orbiter system 1s
quite sensttive to drag loss during the boost phase As a result of
recent investigation, the nose of the booster has been sharpened from
that of the proposal booster This change 1n nose shape has resulted
n a net payload change of 57 kilograms (Figuie 4-13) Still sharper
noses, such as nose C, are being investigated The tradeoff that must
be examined, of course, 1s the teduction 1n boost-phase drag loss as
compaied to the weight increase associated with further streamlining
This study of nose shape 1s typical of the many studies which are
underway to improve the capability of the baseline booster further

SEPARATION AND ABORT

Selection of the baseline separation concept was based on many
cniterta These ncluded (1) the exclusion of droppable hardware
(wlnch would preclude the attainment of all azimuth launch
capability), (2) the exclusion of pyrotechnics and of expendable
components such as solid rocket staging motors, and (3) the inherent
capability to provide positive separation, not only at normal staging
conditions, but also under abott conditions
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4

PROPOSAL

13
NOSE D SECTIONS BOCSTER

ALL CIRCULAR

NOSE SHAPE PAYLOAD CHANGE (KG)
PROPOSAL BOOSTER 0
WITH NOSE D +56 7
WITH NOSE € +226 8
WiTH HEMISPHERE NOSE 1088 6

Figure 4 13 Vanations fo Baselme Booster Nose

The separation concept selected for the baseline 1s shown mn
Figure 4-14 The otbiter main rocket engines are 1ignited to provide
separation force The ausihary propulsion systems, in both booster
and orbiter, piovide attitude control during the separation phase
Mechanical linkages attached to the booster ensme the mamtenance
of appropriate separation clearances

Separation sequencing 15 shown 1 Figute 4-15 The sequencing
15 mitiated when a low-level sensor m either the Liquid oxygen or
hquid hydrogen propellant tank in the booster is uncovered near the
end of the boost-phase operation Uncovering the low-level sensor
activates a run-out clock, which, in proper time sequencing, sends
out the discietes to ignite the rocket orbiter engines, to command
shutdown of the booster rocket engmes, and to imtiate linkage
rotation The exact time sequencing can only be detetmined after
definitive experimental data are obtained on the thiust transients
assoctated with booster shutdown and otbiter engine startup and
altitude Thus staging system, as noted, offers the inheient capability
to operate under conditions of abort
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Figure 4-14 Buaseline Separatron Concept
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Figure 4 15 Baseline Separation Sequencing
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Intact abort 15 a desired feature and 1s indicated in Figuie 4-16
The concept 1s that, if major malfunctions occut prior to staging, the
mated vehicle combination will continue to an altitude wheie the
dynamic pressure 1s sufficiently low to permit separation of the
otbiter and booster After this abort separation, the booster will
continue to operate at least some of the rocket engines to burn off
all the rocket engine propellants It will then make a normal entry
and cruise, using 1ts air-breathing engines, back to the landing strip at
the launch site After abort sepaiation, the orbiter will also burn off
its rocket propellants and, during this operation, will adjust its
trajectories to assure that at the completion of 1ts entiy phase 1t 15
within range of an acceptable landing site

STRUCTURAL AND THERMAL PROTECTION SYSTEMS
A simple 1inboard profile of the booster 1s presented m
Figure 4-17 The major characteistics selected and the rationale for

ther selection are presented m Figure 4-18 The main propellant
tanks are separate, cylindiical, load-carrying structures fabricated of

\S{/ i‘* " BURN OFF
& \ PROPELLANTS
Pl

X / ——— >
GLIDE SEPARATION
/ GLIDE

\ /_

Figure 4 16 Intact Abort
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2219 aluminum Such tanks lead to high volumetric efficiency and
low structural weight

The liquid oxidizer tank 1s located forward to assist 1 keeping
the center of gravity forward near the aerodynamuc center of
pressure No penetrations are made of either liquid oxygen or liquid
hydrogen propellant tanks for purposes of stiuctural attachment
The air-breathing engines are deployable and mounted forward This
provides a benign environment for the air-breathing engines during
the boost and entry phase, assists in balance by moving the center of
gravity forward, and assures excellent mlet performance for the
engines In their deployed (operating} condition

L0 :_\fcamsns | \ LHi ."“"“(-. =
MAI )

2 }:' LH, 2 ‘j =

2 =&

Fagure 4 17 Booster Design and Packaging Considerations

MAIN PROPELLANT TANKS
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NO STRUCTURAL PENETRATIONS AND CGST
AIRBREATHING ENGINES
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E‘ép“.‘_'é’mm — | ENVIRONMENT
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Figure 4 18 Booster Design and Packaging Considerations
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Some other packaging arrangements consideied are shown
Figure 4-19 Common bulkheads were eliminated to assure a reliable
structure compatible with low-cost fabrication and with easy
accessibihity for mspection and repair Floating tanks were eliminated
in favor of integral load-cairying tanks This 1s feasible for the
booster since 1t does not have large cutouts such as the orbiter
requires for the cargo bay The aft location of the hquid oxidizer
tank was eliminated because that position resulted in an unfavorable
aft location of the center of gravity

Structural design conditions are portrayed in Figure 4-20 The
forward portion of the fuselage 1s designed by the condition of 3 g’s
at booster burnout The cylindrical portion of the oxtdizer tank and
the mteistage structure 1s designed by the max qo condition The
cylindrical poition of the liquid hydrogen tank 15 primarily designed
by the 3-g condition at booster burnout, but at an aft station the
maximum ground-wind condition dominates The lower portion of
the aft fuselage 1s designed by thrust plus max qa The corresponding
load intensities (plus for tension and minus for compression) ate
shown in the lower diagram of Figure 4-20 Peak values i both
tension and compression are approximately 900 kilograms per
centimeter

To avoid penetiation of the main propellant tanks, four majo
rng structural assemblies are used (Figure 4-21) A ring assembly just
forward of the liqmd oxygen tank takes out structural loads
associated with the nose landing gear, with operation of the attitude
control propulsion system thrusters, and with deployment and
operation of the am-breathing cruise engines The second major
structural assembly 1s 1n the intertank region, where, at the top of
the fuselage, the loads associated with the forward orbiter attach-
ment are taken out The main structuial ring assembly 1s located at
approsimately the middle of the hquid hydrogen tank At this
station the structural loads associated with the wimng, main Janding
gear, and with the aft attachment of the orbiter are taken out The
rear barrel assembly aft of the hiquid hydrogen tank takes out
structural loads associated with the vee tail and the axial thrust of
the main rocket engines
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Figure 4 21 Booster Structural Features

The cold load-carrying structure 1s protected fiom the boost
and entry heating environment by a thermal protection system In
addition, cettain of the structural elements are of the hot structure
variety Selection of the exaternal material 1s dependent on the
thermal environment experienced during the boost and entry phase
This 1s determined by detailed thermodynamic analysis and will be
confirmed by wind tunnel tests

Figure 4-22 presents a comparison of the booster entry
trajectory with the flight corridor that has been experimentally
explored during fhghts of the X-15 research awcraft Maximum
heating during booster entry occurs just to the right of where the
booster entry trajectory penetrates the right boundary of the
corridor explored by the X-15 However, 1t 1s close enough so that
good extrapolation of X-15 flight test data 1s possible, and this
extrapolation of experimental data coirelates well with theoretical
analysis Frgure 4-23 shows the calculated variation of the tempera-
ture of a thermal protection system panel located under the hquid
oxygen propellant tank 12 2 meters from the nose of the booster
The temperature of the aluminum liquid oxygen tank 1s also shown
as a function of time
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The outer shell experiences a peak temperature of approx:-
mately 500°C, and this peak temperature 1s reached at approxi-
mately six minutes after launch, during the entiy phase The outet
shell 1s separated from the aluminum liquid oxygen propellant tank
by a space purged with dry mitiogen Thus, the alumimum LO, tank
1s protected from convention heating, and its modest temperature
increase (Figure 4.23)1s that resulting from radiation from the inside
sutface of the thermal protection system panel

Similar data are presented mn Figure 4-24 at a point on the lowet
surface on the booster 27 4 metets from the nose 1 the hquid
hydrogen propellant tank region The outer shell temperatures are
quite stmilar to the previous case The temperature of the aluminum
liquid hydrogen tank 1s somewhat higher than that of the alummum
liquid oxygen propellant tank (Figure 4-22) since the hydrogen tank,
unlike the LO4 tank, has mnternal msulation and 15 thus not subjected
to the internal cryogentc temperature of the hquid hydrogen
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Figure 4 24 Booster Temperature, Hydrogen Tank Area Lower Surface 27 4 Meters From Nose
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The mavumum tempeiatutes experienced during either the
boost or the entry phase and selected mateuals for the thermal
protection system and hot stiucture are summarized 1n Figure 4-25
The upper surface of the fuselage has moderate temperatures of less
than 300°C Thus titantum 6A1-4V, which has an excellent
strength-to-weight ratio, can be used Majot portions of the undersui-
face of the fuselage are subjected to temperatures 1n the range of 400
to 700°C For these areas Inconel 718 has been chosen The lowet
surface of the stabilizer, which 15 subjected to high heating rates
during entry, experiences tempetatures up to 850°C, and m tlus
region René 41 has been selected The leading edge of the wing 1n the
inboard region and 1 certam other small areas of shock 1mpingement
heatmg will experience temperatures as high as 1300°C Fou these
relatively small areas, coated columbium has been selected The
temperature disttibution shown and choice of mater1als will probably
change shghtly as more definitive experimental data are obtamed m
wind tunnel tests and more definitive material characterisiics are
obtained from material and structural tests
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|
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Figure 4 25 Booster Maxsmum Temperatures and Materals Distributon
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The variation of acoustic levels at liftoff versus distance from
the rocket nozzle ewit plane 1s presented in Figure 4-26 Overall
sound pressure levels of approximately 175 db are experienced near
the nozzle exit plane As a consequence, careful attention to fatigue
assoclated with repeated eaposure to such acoustic levels must be a
prime consideration in design of the vee tail and selection of
structural materials

BOOSTER PROPULSION SYSTEMS

Three propulsion systems provide thrust for the booster during
its flight (Figure 4-27) Twelve iquid ovygen and liqud hydrogen
propellant rocket engines developing 2,170,000 kilograms of total
thrust at launch accelerate the booster and orbiter to staging
conditions When the acceleration 1eaches a level of 3 g’s, the rocket
engine thiust 1s throttled to maintamn acceleration at 3 g's After
separation, the booster 1s pitched to an angle of attack of 55 degiees
and banked 40 degtees to reduce its down-range flight Thrust from
the attitude control system provides reactant torque for these

7B e - - —— — — ~ - L — —
170 /
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LEVEL (db) /
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MICROBAR 150 el
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Figure 4 26 Acoustic Levels at Liftoff
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ATTITUDE-CONTROL
PROPULSION SYSTEM

680 KG GO2/GH, THRUSTERS (22}

MAIN
PROPULSION SYSTEM

180 000 KG
LOo/LH, ENGINES (12)

AIRBREATHING
PROPULSION SYSTEM

23 100 KG TURBOFAN ENGINES (4)
Frgure 4 27 Booster Propulsion Systems

maneuvers and vehicle stabilization dunng entry until aerodynamlc
surfaces are effective Four arr-breathing engines are deployed when
the booster s subsonic, and these provide thrust for the ctuise return
flight of approximately 350 nautical miles to the launch site The
engines are also used for ferry flights of the booster from one
location to anothet Each system will now be discussed in more
detail

Main Propulsion System

The man propulsion system (Figuie 4-28) 1s the primary
propulsion system of the booster The othet two propulsion systems
provide for the safe recovery of the booster after 1t has accelerated
the orbiter to staging conditions

The propellant tanks for the main propulsion system serve as
the puimaiy structural member of the booster body The oxygen
tank 15 located foiward of the hydiogen tank to provide balance
(center-of-gravity location) for vehicle stability in case of loss of
rocket power
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The main propulsion system includes 12 high-performance
LO,/LH, engimes The capability to complete the mission even after
loss of one engine 15 required to meet the system rehability criteria
This capability 1s provided by operating the remammng engines at
9 percent overthrust Even with two engine failures, the primarty
mission can be accomplished by operating the remaimng engimes at
15 peicent overthrust

Design features of the propulsion system (Figure 4-29) have
been selected to minimize maintenance and servicing requirements,
while obtamning high reliabihity and safety This 1s achieved by the
elimination of nonessential components and subsystems, or by
redundancy Use of flex joints or bellows, which may be subject to
fatigue fatures, 1s mimmized Where required, tension-carrying flex
joints with external double-wall multiple bellows are used LH, ducts
are vacuum-jacketed thioughout An actwve propellant utihization
system 1s not used, since repeated flight experience with each
operational booster will allow elimination of significant systematic
residual errors, and sensitivity of payload capabilities to remaining
errots 1s slight Tank pressurization 1s obtamed by gasified propel-
lants supplied from the engne (278 K, Hy, and 444 K, O,) This
reduces maintenance through elimmation of a separate hehum
pressurization system
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Figure 4 29 Booster Main Propulsion System

LO9 1s supplied to the engine through two manifolds, each
branching to feed six engines The LH, 1s supplied to the engine
through four mantfolds, each branching to feed three engines Branch
points are located to provide equal-length flow paths to each engine,
minimizing residuals and giving equal pressure losses and transients at
each engme Thermally driven natural crrculation, obtamned by
connectmg the liquid oxygen manifolds at the engine interface with
recirculation ducts, eltminates geysering and preconditions the engine
feed ducts This form of recirculation 1equues no active subsystems
and has been proved on the Saturn 1C, Atlas, and Titan I

As shown 1 Figure 4-30, the number of main 1ocket engines on
the booster optimizes at 12 for the 180,000-kilogram-thrust engines
This telates to a thrust-to-weight ratto of 137 at liftoff for the
booster As the number of engines 1s increased or decieased by one,

there 15 a corresponding reduction of payload capability of 7 and 11
percent, respectvely
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Figure 4 30 Number of Booster Engines

Reltability and cost analyses have shown that 1t 15 most cost
effective to continue the flight 1f one engine becomes inoperative To
provide this capability, the remaming engines overthrust to compen-
sate for lost thiust resulting from one engine out This engme
capability 1s pronded at the engine nominal mixtare 1at10 with httle
or no reduction 1 engine life If two engines fail, the mission can be
completed by overthrusting the ten operating engmnes by 15 percent
Operation at 15-percent overthiust will probably result n a modest
reductton 1n engine life, but such operation would only occur i the
rare case in which two engines fail

Several hquid oxygen feed duct options were nvestigated to
select the baseline configuration of two external lines (Figure 4-31)
Then geometry 1s important to the booster propulsion system since
they contain 67,000 kilogiams of hquid oxygen (8 percent of the
total} and reach an nternal pressumie of 17 kﬂograms per square
centimeter during flight as a result of acceleration effects
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Figure 4 31 LO, Feed Duct Geometry Options

Wesght favors the external duct configmation, as only a single
wall duct 15 required versus a dual wall duct for an internal line to
insulate the oxygen from the hydrogen Additonally, with the
external ducts, both propellant tanks are shotter, and ovygen volume
m the ducts s greater Also, there 15 no corresponding reduction
available hydrogen tank volume

Restduals occur as a result of unequal usage in the event of an
engine out or different flowrates The least effect will be felt with
the arrangement having the shortest lne length from the bianch
point, 1¢, the dual external line

If leaks occur with the internal duct configuration, the duct
must be temoved fiom the tunnel for repair For external ducts, leak
potential 1s halved, since there are no tunnels, and liquid oxygen duct
leaks may be repaited tn place without duct :emoval
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The use of dual exteinal lines also provides a natural recircula-
tion to prevent geysering and to mamtain subcooled LO, at the
thrust section for nnlimited hold durations With mnteinal lines, heat
transfer to the LHy may suppress recirculation to an unsteady flow
condition that may not be predictable A subsystem such as helmm
injection would therefore be needed to force circulation

Booster Attituzde Control Propulsion System

The boostet attitude contiol propulsion system provides pitch,
yaw, and roll control during the phase of booster flight between
booster and orbiter separation and tiansition to aerodynamic
controls at appioximately six minutes after separation Duiing this
phase, when aerodynamic controls aie ineffectve, the system
provides the required control torques to coriect separation dis-
turbances, maneuver the vehicle to the desired pitch and bank
attitude for atmospheric entry and turn to the flyback heading, and
maintain deswed vehicle attitude during the entty phase

The booster system uses lugh-chamber-pressure, 21 kg/cmz,
engines operating with gaseous hydrogen and oaygen propellants
supplied thiough vapotization of stored liquids 1n a gas generator and
heat exchanger conditioning loop The baseline system (Figure 4-32)
1s a low development nisk system It can be developed and proved
independently of the booster vehicle and can use mmimum tech-
nology risk components

The system 1s configured to provide opetational capability aftes
component fallure with no reduction m performance Even after
thiee component failures, safe capability 1s provided, although with
reduced performance Components are sized to accommodate the
marimum system tmpulse over the range of missions assigned

As 1llustrated, engines and system components are Jocated
forward of the mam LO, tank to maximze engine moment arms,
minimize system weight and complexity, and aid vehicle balance
considerations
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Figure 4 32 Attitude Control Propulsion System

Twenty-two engines, at 680 kilograms of thrust each, supply
0 5-degree per second squared of rotational acceleration iates and
minimum cross coupling with one engine in any axis moperative
Engines ate located to avoid penetration of the vehicle theimal
protection system in areas of maximum entry heating As propellants
arc used by the thiusters and by the gas generators, decay of
accumulator pressute 1s sensed and makeup hquid propellants are
supplied to the heat exchanger for thermal conditioning and
accumulator charge The proper feed temperature to the attitude
control engines 1s obtained by modulating the gas generator flowrate
to maintain constant propellant dischaige tempeiature fiom the heat
exchanger

Propellant feed for the vehicle auxihary power units 1s tapped
off downstream of the accumulators Operation of the propellant
supply and conditioning loop for auxiliary power supply begins at
launch minus five minutes and continues until termination of
operation shottly after booster landing

The hot-gas generator exhaust gases are ducted to the base of
the vehicle, where they aie vented duting in-flight operation During
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operation prior to launch, the eahaust products are ducted away
frtom the vehicle thiough a disposal system connected to the in-flight
vent poxt

For maaimum commonality and mmimum development cost,
attitude control engines, propellant conditioning loop components,
and system valving and 1egulators will be common between boostet
and o1biter, whete possible

A chamber pressute of 21 kilograms per square centimeter and a
nozzle expansion ratio of 20 1 were selected to limut engine size and
exit plane atea and mintmize system weight An msulation jacket
around the engine nozzle and combustion chamber allows buited
mstallation 1n the booster Dump-cooled extensions to the basic
thrust chamber provide for engine installation, with the exit plane
flash with the vehicle skin surface and resulting et plane scarfing
angles of approximately 32 degrees for the picch and 1oll engines
The engine uses a dual spark igmition system Engine design
accommodates both steady-state and pulse-mode fliing operation
The requirement for extended operating hife and cyclic capability 1s a
major challenge for design of the attitude control engines The basic
chaiacteristics of the engine ate summanized 1n Figure 4-33

Air-Breathing Propulsion System

Cruise, go-around, and ferry propulsion ate provided i the
baseline configuratton by four hydiogen-fueled General Electric
CF6-50C high-bypass-tatio (BPR) turbofans (Figure 4-34) These
engmes, committed to productton for the DC-10 Series 30 transport,
have the highest thrust rating and the best thrust-to-weight ratio
(T/W) of any programmed high BPR turbofans m the 18,000- to
23,000-kilogram-thiust class The superior cruise specific fuel con-
sumptton results 1n the lowest system weight Other candidate
engines, howevet, are being considered

The four-engine installation permits safe cruise flight aftet entry
even 1f two of the engines fail to deploy or operate With the failure

-49 _

Space Division
North Armencan Rockwell

o\

of one engine, three engines will provide thiust for cruse at
Mach 0 35, at maximum contmnuous thrust setting With two engines
failed, the vehicle will crusse at masimum contmuous thrust at
Mach 0 28 with the two remaining engines operating LHj 15 used for
booster cruise Its greater energy per pound, relative to JP-type fuel,
results 1n an increase of 9,000 pounds in payload to orbit

— THRUST (VAC) 680 KG
CHAMBER PRESSURE 21 KG/CM
SPECIFIC IMPULSE 423 SEC
OPERATING LIFE 3 X 10 SEC
RESTARTS 106
WEIGHT 113 KG
58 CM

pea— 28 CM———I

Figure 4 33 Astrtude Control Propulsion System Enginme Characternsics Suttimary
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Figure 4 34 Aur Breathmg Propulsion System
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The podded turbofans are stowed 1n an unpiessurized compart-
ment forward of the main hquid oxygen tank After entry, they aie
deployed hydraulically about individual pivots Short concentric
inlets and concentric noncoplanar exhaust nozzles provide optimum
cruise performance The DC-10 wing-mounted pods are similarly
atranged The pod and pylon concept places the engmes m a
desirable flow field for opeiation It also enhances ground turn-
around, service, and maintenance Double-breech cartridge starters
are used for maarmum ar-start reliability

The LH, fuel 1s contaned 1 a separate crusse fuel tank, formed
by an added bulkhead in the forwaird portion of the mamn LH, tank
Submerged boost pumps supply hquid to the engine After the
stareup, gaseous hydiogen, bled fiom the heat exchangers at the
engines, 1s used for tank pressurization

An existing air-breathing engime 1s preferred over a new
development to save $200 to $500 million in nonrecutring costs and
12 to 20 months m development time, at a ielatively small engine
and fuel weight penalty (Figure 4-35) Not only are the development
costs an order of magnitude higher for a new engme, but the
maintenance costs would be appreciable because of engine use on the
shuttle alone, and not on any airlines

EXISTING NEW
NON RECURRING COST THRU QUALIFICATION ~ $30M $200 500M
GO AHEAD THRU QUALIFICATION 36 MONTHS | 48 56 MONTHS
AVAILABLE FOR FIRST HORIZONTAL YES DOUBTFUL
FLIGHT TEST
CYCLE OPTIMIZATION GOOoD BETTER
COMMONALITY WITH ORBITER UNLIKELY UNLIKELY

Figure 4 35 Existing Versus New Aw Breatiung Engmes
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Four engines available from three different companies are prime
candidates for the booster turbofans The ensuing competition will

help to reduce engine development and procurement costs These
engine options ate shown in Figure 4-36

The GE CF6-50C turbofan was selected for the basehne booster
because 1t 15 lighter and has a higher thiust level than competing
engines committed to production The higher-thiust engines permat
the booster to lose t