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FOREWORD

This volume of Convair Report No. GDC-DCB 69-046 constitutes a portion
of the final report for the '"Study of Integral Launch and Reentry Vehicles."
The study was conducted by Convair, a division of General Dynamics Cor-
poration, for National Aeronautics and Space Administration George C.
Marshall Space Flight Center under Contract NAS 9-9207 Modification 2.

The final report is published in ten volumes:

Volume I Condensed Summary

Volume 11 Final Vehicle Configurations

Volume 111 Initial Vehicle Spectrum and Parametric Excursions

Volume IV Technical Analysis and Performance

Volume V Subsystems and Weight Analysis

Volume VI Propulsion Analysis and Trad-offs

Volume VII Integrated Electronics

Volume VIII Mission/Payload and Safety/Abort Analyses

Volume IX Ground Turnaround Operations and Cacility
Requirements

Volume X Program Development, C:-st Analysis, and Technology
Requirements

Convair gratefully acknowledges the cooperaiion of the many agencies and
companies that provided iechnical assistance during this study:

NASA-MSFC Aerojet -Gene -al Corporation
NASA-MSC Rockellyne

NASA-EF " catt an] Whatney
NASA-LaRC Pan Americai World Airways

The study was managed and supervised by Glenn Karel, Siudy Manager,
C. P. Plummer, Principal Configuration Designer, and Carl E. Crone,
Principal Program Analyst (all of Convair) under the direction of
Charlco M. Akridge and Alfred J. Finzel, N.\SA study co-managers.
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- ABSTRACT

A study was made to obtain a conceptual definition of reusable space
shuttle systems having multimission capability. The systems as defined
can deliver 50, 000-pound payloads having a diameter of 15 feet and a
length of 60 feet to a 55~degree inclined orbit at an altitude of 270 n.mi.
The following types of missions can be accommodated by the space shuttle
system: logistics; propellant delivery; propulsive stage delivery; satellite
delivery, retrieval, and maintenance; short-duration missiong, and
rescue missions. '

Two types of reusable space shuttle systems were defined: a two-element
system consisting of a boost and an orbital element and a three-element
system consisting of two boost elements and an orbital element. The ve-
hicles lift off vertically using high pressure oxygen/hydrogen rocket
engines, land horizontally on conventional runways, and are fully reusable.
The boost elements, after staging, perform an aerodynamic entry and fly
back to the launch site using conventional airbreathing engines. Radiative
thermal protection systems were defined to provide for reusability. De-
velopment programs, technology programs, schedules, and costs have
been defined for planning purposes.

During the study, special emphasis wags given to the following areas:
System Development Approaches, Ground Turnaround Opé’%ations, Mis~
sion Interfaces and Cargo Accommodations/Handling, Propulsion System
Parameters, and Integrated Electronics Systems.,
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SUMMARY

The baseline development program described in Section 2 is considered representative
of either the FR-3 or the FR-4 Space Shuttle configuration. NASA Study Phase C and
Development Phase D are assumed concurrent insofar as required by long-lead develop-
ment activities. The combined C/D Phases are assumed to begin by the second quarter
of 1971 and continue for 66 months to a first operational flight piior to the fourth
quarter of 1976. The first horizontal flight of an element will occur in 43 months from
go-ahead; the first single-element vertical launch occui's in 53 months; the first all-up
launch configuration in 61 months; and the final R&D flight in 65 months. The FR-3
requires 12 and the FR-4 requires 13 major test articles to complete the development
phase; six are used in the flight test program for the FR-3 concept, and seven for the
FR-4.

Total program costs, which are presented in Section 3, are estimated at $6. 84 billion
for the FR-3 vehicle and $6.91 billion for the FR-4 with the following breakdown:

FR-3 FR-4
Development $5.20 $4.83
Investment .49 .69
Operations 1.15 1.39

$6. 84 billion $6. 91 billion

These costs are based on a 10~year operational program at a traffic rate of 56 launches
per year. The FR-3 and FR-4 total program costs are not significantly different be-
tween 20 and 50 launches per year. At traffic rates above this range, the FR~4 program
becomes increasingly more expensive than the FR-3 program.

“he operations cost per flight (including launch operations, refurbishment, and support)
is $2. 30 million for the FR-3 and $2.77 million for the FR-4. This results in a recur-
ring operations cost of $46/pound and $55/pound of payload delivered to orbit for the
FR-3 and FR-4 respectively.

Technology prog-ams, with their schedules and costs, required to support the develop-
ment of the space shuttle are described in Section 4. It is intended that these programs
will be conducted in parallel with the development programs associated with Phases B,
C, and D, but would be supported as separate and distinct technology studies. The pro-
grams presented here are directed to the solution of basic technology problems in the
fields of aerodynamics, aerothermodynamics, structures, thermal protection systems,
materials, propulsion systems, aeroelastics and dynamics, integrated electronics, and

xiii
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human factors. The programs include analysis studies, such as the Structural Design
Criteria Tradeoff Studies; wind tunnel programs sucb as Transitional and Turbulent
Boundary Layer Heat Transfer; and experimental flight test programs such as Aero-
dynamic Heat Transfer Flight Tests. Technolcgical breakthroughs are not required

for the successful completion of these programs, as the programs are considered to be
state-cf-the-art either currently or within the time reriod of their projected application.
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SECTION 1
INTRODUCTION

Section 2 of this volume discusses the development program considerations for the
space shuttle vehicle. The primary function of the development program is to build,
test, and demonstrat- the capability of the space shuttle design to satisfactorily per-
form a variety of misc ons; and to attain this capability within a reasonably targeted
time span. The two vel’ :le concepts discussed are the FR-3, a two-element configu-
ration, and the FR-4 3 tt ree-element configuration. The basic designs of both vehicle
concepts are described in Volume II; however, the major differences affecting their
respective developmer programs are noted in Section 2 of Volume X.

The baseline development program presented in Section 2,2 refers primarily to the
FR-4 configuration as » eference vehicle; however, it also reflects the FR-3 develop-
ment as both programs are very similar in total time iun< typical development activi-
ties, including major test phases. Specific variations to this baseline program due to
the FR-3 configuration 1re discussed in Section 2.4. Alternate approaches to the base-
line program are covered in Section 2. 3.

Section 3 cuntains a descrir’ion of the methodology used in generating cost estimates
for the FR-3 end FR-4 veuicle development, investments, and operations programs.
The methodology includes 2 listing of study ground rules and assumptions, and cost
estimating relationships. A discussion of the basis for cost estimates is also included.
The results of cost sensitivity analyses and cost comparisons between the FR-3 and
FR-4 vehicles are shown. Dciailed ccst breakdowns for the final vehicle configurations
are provided in both Convair and NASA cost reporting formats.

Section 4 discusses the technology programs required to complement Phases B, C, and
D development programs for the space shuttle vehicles. It is intended that the technol-
ogy programs be conducted in parallel with the development programs, but supported as
separate studies. Their primary purpose is to support major design and systems
decisions encountered during Phase B and C, thus reducing the development risk to a
mini) wum and increasing the confidence of a successtul development at the beginning of
Phase D and an early operational capability.

The technology programs fall into two categories. Category I includes those programs

that support the space shrtcde configuration development and selection. It is mandatory
that these programs be initiated immediately to minimize the development risk. Cate-

gory II programs are only slightly less important in that they do not necessarily support
configuration definition; they are required to support milestone decisions.

1-1 o
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SECTION 2
DEVELOPMENT PROGRAM

2.1 DEVELOPMENT CONSIDERATIONS

The primary function of the development program is to build, test, and demonstrate

the capability of a selected space shuttle vehicle design to perform all selected missions
satisfactorily and to attain this capability within a reasonably targeted time span. The
twn vehicle concepts pursued were the FR-4 (a three-element version) and the FR-3 (a
two-element version). The basic design approaches followed are described in more

¢ *ail in Volume II, whereas the probable missions are discussed in Volume III.

The development program discussions in this section refer to the FR-4 vehicle concept,
which is considered representative of the FR-3 concept with specific exceptions noted
in Section 2.4,

Program considerations that constrained the baseline development program include:

a. Firm target date (at least as established for this study) for the initial operational
mission in mid-1976.

b. Strong emphasis on minimizing the total number of R&D vehicles because of their
relatively high production costs (when compared to existing comparable launch
vehicles) and on maximizing the mumber of these R&D vehicles converted for opera-
tional use.

c. Expendable hardware must be held to an absolute minimum.

The developmenat approach followed, as implied in Figures 2-1 and 2-2, is one of
satisfying alternative and sometimes conflicting requirements from various sources.
In meeting the imposed mission requirements, the triple functional or operational re-
quirements of a space shuitle that is a launch vehicle, entry spacecraft, and aircraft
must be considered. Applications of current capabilities or state of the art must be
used wherever feasible to ensure timely availability., For the FR—4 configuration,
such areas would include folding wings, LOg2/LHs main rocket propellants, modified
existing types of turbofans as flyback engines, etc. For a fully reusable space shuttle,
however, new developments will also be required where existing capability is not ade-
quate. In some areas, new technologies must be explored in time to implement ade-
quate design decisions in support of an orderly planned program aimed at a specific
operational target goal. These areas would include such i;tems as the thermal protec-
tion system (TPS), integrated electronics, high-pressure rocket engine, attitude con-
trol propulsion system, reusavle cryogenic tank and duct insulation, composite

2-1
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APPLICATIONS OF

NEW DEVELOPMENTS CURRENT CAPABILITY

SPECIFICATIONS
s/C
FAA
A/C
DOD
NASA
LV
MISSION REQUIREMENTS
Figure 2-1. Sources of Requirements
LAUNCH
AIRCRAFT INTERACTION VEHICLE
EQUIREMENT REQUIREMENT
INTEGRATED
DEVELOPMENT
FROGRAM
INTERACTION | INTERACTION
SPACECRAFT
REQUIREMENTS

Figure 2-2. Integrated Development Plan
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materials application to spacecraft structures, and high-temperature insulation develop-
ment. Selected key FAA and/or DOD and NASA 3pecifications will probably have to be
satisfied for the peculiar aspects of the space shuttle operational mission.

These considerations meld into the baseline approach to be used. In defining the total
integrated development requirements, all three aspects of the vehicle configuration
need to be satisfied (Figure 2-2). The aircraft-type flight requirements are analyzed
in light of both the launch vehicle and spacecraft requirements. These requirements
are merged wherever feasible into a single development or test verification require-
ment satisfying two (all three, if possible) cf the facets cf the it -functional vehicle.
Such tests as static firings, propellant tanking and flow, and launck tests are principal-
ly launch vehicle tests; docking, attitude control simulations, and space environmental
tests are indicative of spacecraft tests; taxiing, takeoff, landing, and horizontal fly-
ing and handling qualities are typical of the aircraft-type tests. Even though these
tests are predominately oriented toward only one of the three facets considered, they
have some effect or influence on testing relative to the other two facets. In other
areas, there is a strong interdependency between types of tests; i.e., structural

tests must be established to satisfy the critical loading conditions found in each vehicle
facet (aircraft, launch vehicle, and spacecraft). These will not always be satisfied by
taking onlv the more stringent flight phase for testing, Where feasible, however, the
three facets were combined into integrated tests to minimize total test article reauire-
ments as well as test facility recquirements and the test operation. Another considera-
tion (discussed in Sections 2.2.6 and 2.2.7) concerns utilization of existing develop-
ment facilities as much as possible, particular.y for large test articles approaching

a complete element size. Development of new test facilities is restricted to test-type
fixtures for the smaller ground test articles and vehicle subassemblies.

2.2 BASELINE DEVELOPMENT PROGRAM PLAN

The baseline development program reflects the FR-4 space shuttle configuration;
possible variations relating to the two-element FR-3 vehicle configuration are dis-
cussed in Section 2.4. Since both vehicle concepts include booster and orbiter ele-
ments that are similar, their overall development plans are very similar in context
aad schedule, especially when considering the same targeted initial operational flight.

Alternative approaches to the baseline program discussed in Section 2.3 are relative
to the FR-4 vehicle configuration only. In general these approaches discussed for the
FR-4 are also appropriate for the FR-3.

Several assumptions have a direct affect on the course and content of this baseline
development program. The degree of design differences between the booster and
orbiter elements of the FR-4,as compared to the FR-1 configuration is a good
example. The FR—4 boosters differ structurally from the orbiters, even though their
external aerouynamic configurations are similar. This alone has a great effect on

2-3
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the total development program plan, impacting design, toclng, manufacturing, and
ground and flight testing as well as indirectly affecting mcst other development re-
lated areas. The specific design comparisons of the orbiter and booster are described
in detail in Volume II. To more clearly visualize the impact of subsequent discussion
relative to tooling, manufacturing, and testing, the basic differences between the
booster and orbiter airframe configurations are shown in Figure 2-3. Some basic
vehicle subgystems are also different; for those that are considered similar, the
orbiter subsystems reflect the more complex configurations., It is the major differ-
ences between these elements, however, that cause the significant increases in tool
and test article quantities when compared with the FR-1 concept of basically common
elements. A single contractor approach to development is also implied in this pro-
gram plan,

As shown in Figure 2-4, the development program reflects a combined Phase C/D
effort, with a contract award date assumed for the beginning of the second quarter of
CY 1971. A 1976 initial operational launch date was considered as a firm target mile-
stone; some overlap of engineering and testing activities is required to support this
date. In spite of the lack of commonality between the orbiter and booster elements,

a concentrated effort was expended to minimize the quantity of expendable test hard-
ware and support facility requirements. Where the orbiter test configuration was con-
sidered representative of both elements, a booster article would not be provided. Con-
sequently, as discussed in a later section on testing, one test article/test stand is
sometimes used to satisfy the test requirements for both the booster and orbiter ele-
ments. In addition, major test facilities for the larger ground test articles were not
considered as new facility hardware if suitable existing facilities could be modified

for the task (e.g., static firing test facility, Section 2.2.7).

Development of the jet (cruise) engines and the main rocket propulsion engines is
assumed initiated prior to the start of Phase C/D go-ahead by six months or more.
Engine selection is assiimed made prior to the preliminary design review (PDR) indi-
cated in Figure 2-4, The overall space shuttle development time reflects a nominal
state of the art advance for that period, especially in the tooling, mamufacturing, and
testing areas. The state of the art achieved should be that estimated attainable by
CY 1972,

Scme specific areas of design, however, must be supported by timely pursuance of
technology items, notably:

a. Radiaiuive-type thermal protection material as well as fabrication and joining
techniques.

b. An expanded-capability attitude control propulsion system.

c. Entry cooling requirements.

d. Reusable propellant (cryogenic) duct and tank insulation,

2-4
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Figure 2-3, FR-4 Vehicle Configurations
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e. High-temperature insulation development.

Section 4 includes the key technology requirements directly supporting Phases B, C,
andD, The more important technologies, including the Categorylitems, are discussed
in Section 4. Their activity schedules are also included, and relate to some of the kev
development program milestones,

A comprehensive wind tunnel test program and TPS material development program
should also be initiated prior to vehicle development go-ahead.

2.2.1 PROCRAM SUMMARY. The combined Phase C/D development program for the
space shuttle is imtiated in April 1971 and contimes for 66 months to the first opera-
tioral launch in October 1976. This reflects the earliest attainable operational launch
date; a more nominal approach, which would greatly reduce the risk, would probably
extend the first operational launch into CY 1977 or early 1578. The current baseline
is attainable under a degree of development risk and increased costs, especially in
tooling, manufacturing, and testing.

The key milestones reflected by the baseline schedule oi Figure 24 are:

17 months to start of major vehicle subasszmbly.
43 months to first horizontal flight.

47 months to start of vehicle static-firing tests.
54 months to first single-element vertical launch.
60 months to first three-element vertical launch.
63 months to first eartb-orbital flight.

Delivery dates of the seven flight-test elements and the major ground test haraware
subassemblies are reflected in th: mamufacturing schedule also shown in Figure 2-4.
(See Sections 2,2.6.2 and 2.2.6.3 for a discussion and description of each major test
article and flight vehi~le.)

The major ground test program, excluding the wind tunnel and component and materials
development and qualification programs, begins in the second quarter of CY 1973 and
ends in the fourth quarter of CY 1975 (33 months). The development activities on the
master program schedule concern primarily the airborne equipment development tests;
testing of ground support and handling equizment is covered summarily to reflect
appropriate time interfaces. The basic ground test program is structured in a sequen-
tial fashion that tends toward progressive support of {he more severe or complex test
conditions, including appropriate and timely support to the various phases of the flight
test program.

(P
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The flight test program begins 42 months after go-abead and spans about 23 months.
The two basic flight test phases (horizontal and vertical) overlap by seven to eight
months; however, the vertical launch phase does not begin until the design limit loads
for horizontal flight have been demonstrated adequately. Horizontal flight tests would
be conducted at an existing test site such as the Edwards Air Force Test Site. Vertical
launches would be performed at a site designated for the initial operational launches,

Deveiormcont and availability of ground test facilities in support of both the grouns
fligit test programs (Section 2.2.7) are shown in the master schedule, giving ths

key milestones or interface timing requirements. These include the launch comy

and turnaround facilities necessary to meet the operational program requirement..,
satisfy the continuous standby requirement for emergency rescue operations during the
operational phase, two launch pads must be available by the 1976 operational date even
though only one pad would be required for the R&D flight test phase.

2.2.2 DESIGN AND ENGINEERING. Considering a combined Phase C/D develop-
ment program beginming in second quarter 1971, a preliminary design review (PDR)
of the selected vehicle coixfiguration would be attained in nine months (by 1972). The
critical (final) decign review (CDR), which constrains assembly of the flight test
vehicles, occurs some 16 months later (second quarter of 1973). Inspection of the
first horizomtal flight element configuration occurs 41 months from go-ahead (third
quarter 1974), and inspection of the first vertical launch configuration occurs 11
months iater (third quarter 1975). The final operational configuration inspection
would be performed in the third quarter of 1976, prior to releasing the vehicle for the
first operational flight.

The combined C/D phase is preceded by a vehicle definition and predesign phase,
where one configuration would have been selected and soft mockups for this configura-
tion established. Six months after the start of Phase C/D, sufficient configuration
design data should be available to establish the basic vehicle lines, permitting initia-
tion of the tooling operations.

An initial major structural design release by mid-1972 would allow completion of
some basic fixtures and tools. Final structural release by early 1973 allows all tools
to be completed, enabling manufacturing to proceed with assembly of the major ground
and flight test vehicles.

The CDR would approve the basic build-to specifications and would be supported by
data from the research, development, and design support tests (e.g., wind tunnel,
materials, and component development).

The horizontal flight configuration inspection or design review would serve to evaluate
the first flight article against the final design and the results of applicable ground test
phases (those in support of the horizontal flight mode). The vertical flight configuration
inspection would likewise evaluate the first vertical launch element against its design

2-8 "y
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requirements and applicable ground test results, The operational configuratior in-
spection would ascertain that the component elements making up the first operational
flight vehiele do, in fact, retlect all design changes or modilications determined
necessary from the ground test program and the flight test program, The R&D flight
test elements or vehicles being transferred to the operational program must also
retlect these modifications.

2,2.3 MAJOR PROCUREMEXNT. The main rocket propulsion engines and the turbo-
fan i+ (cruise) engines are prime procurement items, although both are considered
to e under separate-but-parallel development contracts. The main rocket engine,
w.aether it is of the bell or aerospike configuration, would have to begin development
in CY 19750 to support the baseline vehicle development program. The rocket engine
preliminary {light rating tests (PFRT), &n engine development milestene, should be
accomplished by the first quarter of 197,

Initial engine delivery to the vehicle contractor would be in sccond quarter 1974 to
support vehicle/propulsion system integration testing. Engines qualified for flight
would be used on flight test vehicles No. 5, 6, and 7 and would be retrofitted on
vehicle No. 1 through 4 during one of their scheduled modifications hetween flight
phases. The turbofan jet engine development milestones arc also indicated in Figure
2-1+. This program reflects a comprehensive modification of existing type engines.
The primary candidates include the CF 6-B1, RB 211-22, TF 39-1, and JT 9D-7.

Of these, the RB 211-22 appears to be a likely choice for the FR-4 vehicles. At

this time, availability of these engincs in time to support the ground and flight test
program nceds is not considered a pacing problem.

Other major hardware procurement milestones are also reflected on the scheaule

and are based on the initial purchase orders being placed by the beginning of CY 1572,
at PDR or immediately thereafter. The longer lead items in this schedule would
include the rendezvous radars, attitude control engines, certain mission-required
avionics, and the environmental control and life support systems hardware.

The ground test program uses some prototype hardware for initial testing as well as
preproduction and production hardware elements. The flight test program will re-
require all production-type hardware or at least components that have been previously
qualified for flight by the vendors. No procurement problems have been identified

as yet.

2.2.4 TOOLING. The approach to tooling as applied to a haseline space shuttle

concept such as the FR-4 design is governed by the manufacturing breakdown struc-
ture (MBS) shown in Figure 2-5,

2-9
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Figure 2-5, Mamufacturing Breakdown Structure
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The design and application of tooling will be heavily influenced by physical size of
the airframe. The largest infiuences however, are the advanced manufacturing tezh-
niques in the realm of materials, facilities, and equipment as applieu to:

Fabrication

Hot Form Dies
Stretch Forms
Form Rolls
Form Dies

Joining

Roll Fusion Tools
Welding Fixtures
Weld Manipulators
Fusion Dies
Fastener Drill Tocls

Dimensional Control

Master Gages
Coordination Plates
Inspection Gages
Protective Tools
Laser Devices

Interface Tooling
Environment

Metal Removal

Plank Mill Fixtures
Numerical Control Tapes
Ring Turning Fixtures
Special Cutting Tools
Chem-milling

Assembly

Air Bearing Devices
Modular Assembly Fixtures
Laser/Optics Equipment
Mobile Fixtures

Processigg

Handling Tools
Conveyance Adaptations
Maskant Aids

Development & Test

Mockups

Harness Fixtures
Test Fixtures
Production Samples

The make or buy analysis will identify the subcontract items and related tcols to be
provided by the respective vendors. Control tools in the form of "masters would
be maintained in sufficient quantities to ccordinate the mumerous interfaces and
interchangeability ard replaceability requirements. With the variable environments
cons.dered for these vehicles, extensive tool families are expected for spares and
maintenance service. Experience data on such items as erosion of thermal-coated
panels; leading edge life; door seal, hinge, and latch performance; fusion-bonded
composite adhesion; etc., is required.

Fabrication tools should have longer production lives than cur-ent tooling; thus,
material selection is of primary interest in the sense of hot-forming dies, bonding
fixtures, and machine tcols. For economy, expendable materials would also be
considered; e.g., cerro-matrix, glass die pads, urethane and wax fillers, vermiculite
insulation, mylar blankets, etc.

2-11
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Certain aspects of hot-forming titanium details are exemplified in Figures 2-6 and
2-7. Typical press form dies are illustrated in Figure 2-8. An example of develop-
ment tooling and/or facility expected to suppoit a particular form of welding is the
automatic sinusoidal welder pictured in Figure 2-9 (E/B or GTA).

The TPS fabrication requires the only true mass-production tooling concept used in the
space shuttle development. A tooling philosophy comparable to that of a landing mat
production line is expected. Within this flow, a means of bead-forming of strip materi-
al is conceived, with perhaps a continuous or interrupted spur diffusion bonding. As-
sembly may resort to high-temperature brazing for further development. TPS shingle
quantities approach 4, 000 units per month on average vehicle nroduction rates.

A more or less conventional fixture approach will be applied on major FR-4 component
tools to properly align the part while operations such as drilling, riveting, or welding
are performed by moving the cutting head or welder. Major tank assembly fixtures
would be of a vertical buildup concept comparable to the Saturn production practice.
Design of fixtures would be sensitive to stage length.

As shown in Figure 2-10, major fixtures take on the appearance of shipyard dry docks.
The unique forms of laser alignment and total parts positioning are omitted for clarity.

Wing buildup of the primary structure would also resort to the more conventional tool-
ing with particular attention applied to the wing pivot fitting. Wing and empennage
fixtures would resemble Figure 2-11 in left- and right-hand sets.

Preliminary calculations show the centerbody section buildup to be the pacing item
of both booster and orbiter elem:. nts. On the basis of this component rate (see Figure
2-14, next section), the following tooling sets are required for typical total element
inventories and production rates.

Two-Year Inventory

Total Elements

5 Boosters

3 Orbiters

Tool Sets 2 sets tooling 1 set tooling
Production Rate 2-2-1 1-1-1
Total Elements 7 Boosters 6 Orbiters

Tool Sets 3 sets tooling 2 sets tooling
Production Rate 3-3-1 2-2-2
2-12 %
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HOT
FORM DIE

Figure 2-6. Hot Form Die

|

| HOT FORM DIE
; (CREEP FORMING)

PRE-FORM
(GATHERING)

Figure 2-7. Hot Forming Die Techniques ‘ ,
2~-13
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SIDE ACTION DIES

i

LA\

[

WITHOUT CUSHION ASSIST

DRAWFORM DIES

SIDE ACTION CJLY

L 4
4 '
WA/
\ COMBINED SIDE AND DOWN ACTiON

N
Wl Q\

WITH LOWER CUSHION ASSIST

Figure 2-8. Press Form Die Classifications

Figure 2-9. Automatic Sinusoidal Welder
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7 3
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Figure 2-11, ¥R-4 Wing Primary Assembly Fixture

Three-Y 2ar Inventory

Total Eleinents 11 Boosters 6 Orbiters
Tool Sets 3 sets tooling 2 sets tooling
Production Rate 3-3-3-2 2-2-2
Total Elements 21 Boosters 11 Nrbiters
Tool Sets 4 sets tooliny 5 sets tooling
Production Rate 4-4-4-4-5 3-3-3-2

2-15
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2,2,5 MANUFACTURING, Technologies involved in production of reusable space
transports are of greater expanse over the industry than ever before encountered.

Raw material suppliers must provide extensive shapes and sizes (i. e., integral panels,
rails, rings, forgings, aind castings) in substantially increased volumes of the higher
level metal allovs. Heat-resistant and high strength/weight composite materials are
also imperative. Suppliers throughout the industry will have extensive demands made
upen them to permit the airframe builders tc concontrate oa fabricatior and assembly
operations.

Considerations of the modes and routes of transporting materials and components are
a chief concern of the aerospace industry. Manufacturing planning is contemplated in
terms of national location of suppliers, subcontractors, in-plant logistics, and ulti-
mate flight tesis. Since space shuttle design trends are becoming composites of
aircraft, spacecraft, and launch vehicles, manufacturing facilities should be capable
of producing these miilti~-functional vehicles. An airframe design such as the FR-4
has some conmumonality within its subsystems equipment; structurally, however, there
is little similarity.

Fabrication facilities are confronted with three metals: vasic aluminum alloys, inter-
mediate titaniums, and superalioys of Rene 41, Columbium, and TD nickel. Compo-
site materials such as aluminum-boron and graphites essentially represent a fourth

group.

Categorically, the production methods as applied to thc iluminum parts of integrally
stiffened panels, structural bulkheads and frames, and crew-compartment structure
and asaociated details will almost be totally machined of sized plates, extrusion, and
forgings. Metal removal would be rapid via multispindle machines, while forming
operations are essentially conventional. Adjoining facilities would be appropriate to
accomplish aluminum-boron ! -brication and to laminate bonding of caps to structural
parts. Development techniques acquired on F-111 aircraft test parts is rapidly be-
coming state-of-the-art. Tape-laying machines, rjll corrugation, and compression
forms 1ceu advancement to further eifect autoclave bonding processes.

Gains are being attained with the hot-forming of titanium ailoys. Titanium work,
properly tooled, and formed gradually as with cushion presses or staged rolls and
subsequently heat-treated, is rapidly becoming a competitive material application.
Cost reduction in tooling and equiment is becoming a continucus trend in areas of
heated platen dies, heated stretch forms, multistaged forms, etc. to new areas of
ceramics, vacuum forming and heated draw die forming material, Suppliers can pro-
vide valuub.e assistance in the cost reductior areas.
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Inconel 71%, indicated for use in the FR-4 booster, is a usable ilioy. Considerable
manufacturing knowledge has been attained at Convair from t.. production of a 20-foot-
long Siamese Lii, tank under Contract AF35(615)-20438, No outstanding problems are
foreseen in the erming, welding, machining, or heat-treating of sheet metal parts for
the space shuttle elements,

A concentration of effort is needed in the area of the TPS panel fabrication. High-
ratc production is represented in this area of materials difficult to form and join
while retaining a quality finish. Considerable research is in order to accomplish
strip roll form (bead) and to perform a laminate fusion or brazed joining of inner/
outer skins.

Covering of these articles entails weld-joining integrally stiffened skin panels, adding
a protective insulation, and attaching the TPS. Large numbers of TPS panels are
needed to support the ultimate production: hence, some manufacturing development is
necessary to acquire high production rates of quality titanium and superalloy shingles.
A production savings may be available in the substitution of aluminum alloy parts
from common tocls and installed for limited horizontal flights.

Primary structural frames, rings, or bulkheads would incur some extersive numerical-
controlled maching approaches. Mill heads travelling about the part with proper spin-
dle spacing would apply to the more symmetrical rings, while multi-spindled three-

to five-axial profilers continue to provide gross metal removing operations.

Final assembly production lines do not contain sufficient dimensional commonality
between the booster and crbiter elements to warrant a two-track line or end-to-end
conveyance. Parts stock would not be inhibited by the items of similarity, but would
tend to congest flow into dual production lines. Figures 2-12 and 2-13 present a
typical production sequence for the orbiter and booster elements, respectively. Fig-
ure 2-14 is symbolic of the ~elative fabrication spans of the major element assemblies
and total vehicle ussembly.

2,2,6 TESTING

2,2,6,1 Test Program Summary. Testing in support of the FR-4 vehicle develop-
ment actually begins well in advance of the combined Phase C/D program with design-
information-type tests; e.g.. wind tunnel analysis of spacific configurations under
varying environment and effects on critical maneuvers. Also, advanced testing would
develop special material handling techniques and applicability to the specific space
shuttle missions. Individual co.nponent design support or evaluation testing and ve-
hicle subsystem or subassembly testing would begin after PDR of the combined C/D
Phase, and then only after completion of sufficient design, tooling, and fabrication to
support such tests. This later test phase, identified as major ground tests, closely
supports the horizontal and vertical flight test phases.
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The combined ground and flight test programs span about 41 months, with a 15-month
overlap. Ground and flight tests are scheduled to support succeeding tests requiring
more severe test conditions. Specific milestone> must be met in the ground test pro-
gram before the horizontal flight tests are begun. Specific milestones must also be
attained inthe horizontal flights before the vertical launches may begin.

Manufacturing fabrication and assembly of the required test articles must be geared
to deliver these test articles to support the test program. Sequencing of test hardware
in the subassembly areas has a direct bearing on initial flight article availabilities and
must be considered in establishing the desired test article delivery requirements.

Facility and ground support equipment planning, design, construction, test, and/or
checkout are scheduled for proper integration with the airborne hardware test program.,
Specific availability and need dates are indicated in the program development schedule,
Figure 2-4., The ground and flight test facility approaches used reflect intended utiliz-
ation of existing government facilities wherever feasible, especially for large ground
test articles and for the complete fligh: test program. Test phases and facility
requirements are discussed further in the following sections.

2.2.6.2 Ground Test Program., The baseline-vehicle ground test program was
based on two considerations:

a. The need to determine all structural and subsystem critical performance parame-
ters, in so far as possible, prior to their flight phase verification or demon-
stration. This is considered essential in establishing the required confidence
level for the initial vertical flight tests, all of which are manned.

b. The need to maintain the ground test program costs within reasonably budgetary
constraints.

The latter goal is approached through conservation of test hardware and ground test
facilities. Composite test articles and single test fixtures are designed to satisfy two
or more test phases (except when tests would have to be run concurrently).

In the FR-4 vehicle configuration, the booster and orbiter elements are different struc-
turally (even though they are very similar in their aerodynamic configurations) but

are similar in most of their subsystems., Thus, dual test articles (one orbiter and

one booster configuration) are required to fulfill the requirements of most of the major
ground tests identified herein, particularly in the areas of major structural, thrust
vector control, cold flow and static-firing tests, flight and attitude control systems.
For other limited tests, the test article requirements were tailored to support the

more extensive orbiter subsystem design, then modified to test the booster subsystems.
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Because the principal ground test articles are large, existing industrial or govern-
ment facilities are the best approach where modifications to these facilities to accom-
modate the specific space shuttie configuration are feasible.

The ground test program shown in the baseline vehicle development program schedule
(Figure 2-4) reflects three major subdivisions for convenience of handling: 1) wind

tunnel test program, 2) materials and component development, evaluation, and quali~
fication test program, and 3) major ground test phase. This latter phase is also a

development, evaluation, and partial qualification test program; the only difiererce is
the size and extent of ussembly of the rejuired test articles and supporting test hard-
ware 7nd test stands. Major ground tests are identified and discussed in this section.

Table 2-1 lists the ground test phases and major ground tests showr on the master
program schedule and states the primary onjective of each test. The basic test article
configuration and hardware are also obtained and any special test or facility consider-
ations implied by the tests are discussed. Tables 2-2 and 2-3 summarize the ground
test hardware configurations for these major ground tests.

The ground test program outlined requires 33 calendar months to complete, beginning
in early CY 1973 and terminating around the fourth quarter of CY 1975 (excluding the
wind tunnel or component development test phases, which essentially parallel the en-
tire vehicle development phase). The higher risk or potential problem area reflected
in this ground test program is the capability of testing sufficiently large sections of
thermally protected skin surfaces or TPS panel assemblies at or near the temperatures
expected during vehicle entry. Such tests are currently assumed limited to small
sections of the body and vertiical tail leading edges and to test specimens of the TD NiCr
or other TPS materials representing the booster and orbiter elements.

2.2,6,3 Flight Test Program. The FR-4 flight test program begins 43 months after
the combined Phase C/D go-ahead and spans about 23 months to the first opberational
flight. The program is divided into two basic test phe.ses: horizontal and vertical flight
tests. Flights in both phases are manned and flight test vehicles are recoverable and
reusable, as in the operational program. This over-all test approach is more aligned
with an aircraft approach to testing than with the launch vehicle approach, as discussed
under the alternative development approaches in Section 2, 3.

Seven flight test elements, (four-booster and three-orbiter) are used to fulfill the flight
test program requirements. Four are required to fully satisfy the horizontal flight
test phase and all seven are used in the vertical launch phase. The first two elements
delivered (a booster and an orbiter) would satisfy the basic flying requirements within
a restricted, low-subsonic flight envelope. Both elements would be modified or up-
dated as required and would join the third and fourth elements in extending the flight
tests into a high-subsonic flight regime. These test phases are described later in this
discussion.
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The fifth vehicle element, a modified booster, is introduced at the start of the vertical
flight test phase for single-element launches. Two more elements (one each) are re-
quired to support the multi-element launches. When the four elements used in the
horizontal tests complete their program, they will be modified as required and retro-
fitted for a vertical launch capability in the multi-element launch phase. Initial de-
livery of these four elements does not include vertical launch capability. This is to
nrovide a reasonable horizontal flight test lead time over the vertical launches.

Table 2-4 shows the initial configuration for each of the seven elements. The vertical
flight test phase will verify and demonstrate the launch vehicle and spacecraft cap-
abilities of the FR-4 and its design mission compatibility. This test phase is also
described in detail later in this diccussion. Figure 2-15 is a composite flight program
schedule showing the time phasing of both the horizontal and vertical flight test phases.
The principal flight test objectives and their applicability to each type test within the
horizontal and vertical flight phases are summarized in Takle 2-5.

The seven flight-test articles used in the R&D program would eventually be refurbished
and used to support the operational program. It may be advantageous, however, to
hold back one complete three-element vehicle for extended test evaluations and analy-
ses of potential flight problems. The elements held back for this continuing fiight
backup test phase, should be those produced early in the program and those that are
heavily instrumented for limit-load testing; these types of vehicles are the least suited
for immediate operational status.

The all-manned flight test approach in this program may help reduce total R&D costs
by conserving high-cost test vehicles, but some element of risk is involved. One
potential problem area is the transition phasing from horizontal test flights to vertical
launch tests. The entry attitude control subsystem, the orbiter TPS, and the post-
entry wing and engine deployment subsystem must be demonstrated to be adequate
prior to their first full-requirement flight (which is manned under this baseline approach).
These areas need further investigation before an optimum test solution can be devised.
Possible solutions reflected in the alternative development approaches of Section 2, 3
include: unmanned expendable launch vehicles with scaled-down simulations of space
shuttle and critical subsystems and a launch vehicle approach to development, at least
for the vertical flight tests pricr to manned launch tests.

The baseline development program requires ample supporting data from extensive,
repetitive ground testing of critical subsystems; ¢.g., wing and engine dep'~yment
cycles under various simulated flight conditions, attitude control subsystem functional
reliability, TPS evaluation through wind tunnel and materials testing. The baseline
program is also strongly dependent on a thorough technology program in several areas.
These tests must be completed early in the development program so design decisions
can be made in time to support the high aititude vertical launches.

Sl . e
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Ground Test Program (FR-4 Baseline Vehicle Configuration)

A. WIND TUNNEL TESTS

1.

Objectives — Investigate and provide data
support to final design decisions re:

a. Subsonic through supersonic stability
and control,

b. Afterbody effect and lift-to-drag
ratios.,

¢. Aerodynamic force and moments. C.

d. Flow field and heat transfer data.

e. Surface roughness and discontinvity
effect.

f. Flutter and aeroelastic stability.

g. Staging dynamics.

h. Jet engine exhaust flow effects.

Test Article Configuration — Approxi-
mately 18 scale models, powered and
Janpowered, full and semi-span; some
with cold gas plume simuiation.

Special Test Considerations — This test
program is a continuation of the wind
tunnel tests begun during Study Phase B
and will be accomplished through a series
of test phases using models sized to the
specific facility identified for the test.

Special Test Facility Considerations

a. High and low speed wind tunnels.,
b. Plasmic-arc thermal tunnel. D.
¢. Hypersonic shock tunnels.

B. THERMO-MATERIAL DEVELOPMENT AND
QUALIFICATION

1,

Objectives — Develop, evaluate, or
validate design concepts for:

a. Composite materials applicability to
the ILRV vehicle.

b. Newly develeped superallcys, re-
fractory metal alloys, and oxidation
protection coatings in high-
‘emperature environments,

¢, Joining TD NiCr parts and other
materials for applicable TPS use.

Test Article Configuration — Many
coupor: -type test specimens of various
types of thermal and thermo-structural
materials, including one fourth of a com-
plete set of dissimilar TPS panels for
both the orbiter and booster elements.
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3. Special Testing Considerations — Material
properties in high temperarure ranges
would be determined. Ciclic environ-
mental exposure tests would be performed
under varying stresses and pressure.
Tests would also include various contour
and joint designs for advanced materials.

COMPONENT DEVELOPMENT AND
QUALIFICATION

1. Objective — Provide design evaluation of
engineering prototypes to validate design
approaches and specification attainability,
and later to qualify the resulting pre-
production and production hardware to
design specifications.

2. Test Article Configuration — The test
specimens will consist of various quan-
tities of each i< design or critical com-
ponent of both the booster and orbiter
elements, where different. These quan-
tities would be determined after a more
detailed analysis of the specific tests to
be performed, but will probably equate to
two or three equivalent ship-scts of com-
ponents (exclusive of major structure).

VEHICLE STRUCTURAL STATIC LOADS
TESTS

1. Objective — Verify and qualify the basic
vehicle structure (booster and orbiter
elements) for criticzl ground and flight
conditions (to ultimate loads).

2. Test Article Cenfiguration — The follow-
ing structural subassemblies are used
rat! er than a completely assembled ve-
hicle element,

a. Booster Element:

(1) Jet engine equipment bay.

{2) Mair rocker engine thrust struc-
ture, including vertical stabil-
izers (Empennage section).

(3) One wing and wing pivot support
structure.

(4) Complete set of unlike maior
doors and hatches (i.e., wing,
engine, access, etc.).
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(5) Selected sections of TPS panels
and support structure.
(6) Stage separvation gear.

b. Orbiter Element:

(1) A structural centerbody sectior.

(2) Jet: engine equipment bay.

(3) Rocket engine thrust structure,
including vertical stahilizers
(Empennage sect.on).

(4) One wing and wing pivot support
structure.

(5) Complete set of all unlike docrs
(i.e., wing, payload, engine,
access, ete.).

(6) Selected sections of TPS panels
and support structure.

(7) Swage separation provisions,

Special Test Considerations — Static
testing of each major structural assem-
bly will simulate loading conditions of:

a. Rolling pull-out and negative
maneuvers.,

b. Positive symmetric low and high
angle of attack conditions.

c¢. Maximunm bending and torsion effects
(wings/tail/fuselage).

d, Controls proof tests.

e. Positive symmetric and unsymmetric
and gust loading conditions.

E. VEHICLE STRUCTURAL FATIGUE TESTING

1.

Objective — Structurally qualify the ve-
hicle elements for repeated loads and
design service life and establish the
acquired margins of safety.

Test Article Configuration — Basic struc-
tural assemblies required for this test
program are:

a. Booster Element:

(1) Crew compartment and integrated
electronics compartment.

(2) Empennage section (including
thrust structur., vertical stabil-
izers, and section of afterbody
with TPS panels).

(3) Two LO,/LH, integral structural
tanks, (LHs section a stub tank
configuration).

(4) One wing and pivot support
structure,
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F. JET FUEL SYSTEM TESTS

1,

b. Orbiter Element:

(1) Crew compartment and integrated
elec.ronics compartment.

(2) Empennage section (including
thrust siructure, vertical stabil-
izers, and section of afterbody
with TPS panels).

(3) Two sets of main propellant
tanks; full LO, tanks and stub
LH, tanke.

(4) Two sets of unlike payload ba.
propellant tanks (two zach of the
three different size tanks in a
stub configuration).

(5) One wing and wing pivot support

structure.

(G) One main landing gear b
ore nose gear set with , ~ting
structure.

Special Test Considerations — Structurd!
fatigue tests on these assemblies would
include:

a. Structural integrity of tanks at cryo-
genic ten . -iatures, including
fatigue cycling.

b. Qualification of cryogenic ta.uk
insulations.

c. Re; cated loads simulatirz two selvice
lives and then to failure.

d. Crew and avionics compartment leak
and cyclic fatigue.

e. Simulated acoustic environment as
induced by ma1n rocket engines on the|
crew and avionics area.

f. Landing gear qualification and service
drop tests and cyclic operation.

Objectives

a. Demonstrate full-scale fuel system
operation and design performance.

b. Verify analytical predictinns
of engine fuel supply, vent, and
pressurization characteristics of
.ie system.,

c¢. Verify fuel system flow character-
istics at various simulated altitudes
and conditions of fuel icing, hot fuel,
and expecter _.e. flow aemands.
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Table 2-1. Ground Test Program (FR-4 Baseline Vehicle Cunfiguration). Contd

2. Test Arti~ie C afiguration 3. Svecial Test Considerations — Tests
. ‘ou,d obtain da imes,
4. Tos of the jet tuel systems wor 11'.1 ta on response tm.u s
. . fotps, breaitout forces, hyvsteresis,
ter ‘coster and orbiter . .
. . . control terce gradients, and positioning
coniigure+ions, nsing production
. accuracy.
conm onents and plumbing in a sinular -
geometric layout, The hydraulic actuation system would be
b. 3See-th ‘ough modelys) o1 the above tested for back pres«ures, flow rates,
for earlv design verificatioun. temperatuce, and surges under no loads
and simulated flight loads.
3. Special Test Considerations '8 ® ,
ts 1d al btain data on the AFCS |
a, Scale model tests will precede the Tes wou S0 0 ta' . the . [
electrical parameters, stability, position-
full-scale test phase. ing accuracy, dynamic response and limits |
b. La'wratory heat exchangers wiil be ertli - P i
used for hot fuel tests and icing tests. : E
c¢. Prime movers used for fuelp » 1. HYDRAULIC SYSTEM TES13
drives, ;
1, bjective — Verify ify th -
d. Tank calibrations will be run on the Objective ?rlf} and qualify t < struc‘ )
) ) tural and functional adequacy oi the various :
No. 1 and 2 flight elements. . i
hydrsulic subsystems and components. |
G. JET EXNGINE SYSTEM INTEGRATION 2. Test Article Configuration — All booster/ i
biter avdrauli bsys y |
1. Objective — Verify compatibility of the Of‘ 1te l.} aulic s'uos3 ‘ten-x hardware not
ot engincs with the jet fuel managemert aiready included with the flight control |
Jsvs+:§15 > jet & & : svstem hardware, except for the main :
- ) rocket thrust vector control system. The
2. Test Article Coafiguratior — Production flight controls system "iron horse’ test i
plumbing and control ~lcments of the jet stands would be used.
fuel 1.1i.agement sys ‘Booster and
th_ or) sement s3 ) ' 5. Speciat Test Considerations -- This tes.
e would be an extension of the flight controls
3. Spec: | Test Considerations — Fuel svs- system tests to determine fiil and bleed
tem components would be integrateu with procedures, flow rates, pressure drops,
he jet engines a* the engine contractors’ temperatures, etc. for the hydraulic sub-
test site. system hardware associated with engines,
docrs, and landing gea-
H., FLIGHT CONTROLS SYSTEM TESTS
R J. ELECTRICAL SYSTEM TESTS

1,

Objective — Verify the desiga and sixuc-
tural adequacy of flig. . controls and
actuation system angd verify the design and
compatihili*y of the automatic {light con-
tro! avstem (AFCS) with the flight contrcl
and hvdraulic system.

Test Article Configuration — Jwo "irorn
horse’ test stanss (one for the booster

~nct one for the orbiter) vonsisting of
structure simulating the wings and fuse-
lage with 2 flight configuration empennage
and aft tuselage section. All control sur-
faces would be simulateu, vut using pro-
cuction actuators .na linkage. The cockpits
would include alr ~«lat :d controls required
to fly a simuiate. .r.esion, The autom-_tic
light ~ontrnl systems ana hvbrid computers
would be used with theaze s fu o
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1.

Objectives

a., Verify and demonstrate adequacy of
the electrical systems for normal
Mis-ion and emergenc:” "merations.

L. Derernine proper system operation
and estabiish svstem integrity under
conditions >f operational loads.

Test Article Configurati~n

a. A complete orbiter production elec-
trical sy stem including racks, paneis,
v ring harnersses, and power gener-
2 or syvstems complete wite hvdraulic
drives.

b. Any Booster electric.” equinment
that ditfers frora the orbiter |
configu—ation,
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c. Laboratory equipment (i.e., prime
movers, gear boxes, load banks,
batteries, and recording equipment)
would be required,

Special Test Considerations — Testing
would demonstrate ability of the electrical
system to satisfy specification require-
ments. The a-c¢ and d—c loads -vouid be
simulated and voltage and frecuency regu-
lation, harmonic distortion, synchroni-
zation, IR drcps, feeder current, gener-
ators and converter temperatures, etc.,
would be monitcred.

The system would be evaluated under nor-
mal, emergency, excess capacity, and
failure conditions.

K. R&D FLIGHT CREW ESCAPE TESTS

1,

Objective — Verifv and demonstrate func-
tional adequacy of a crew eject system
for the R&D horizontal flight phase only.

Test Article Configuration — A static
crew compartment mockup (for either

the booster or orbiter)with test crew
specially designed ejection seats. Crew-
area clearances will be simulated and
special desigu eject or breakaway hatches
will be installed in the mockup structure.

Special Test Considerations — Testing
wou'ld be 1 mnited to static eject tests,
with emphasis on escape hatch operation
and crew,seat stability and clearances
during the escape maneuver,

L. THRUST VECTOR CONTROL (TVC) SUB-
SYSTEM TESTS

1.

Objectives

a. Verify TVC system structural re-
sponse and adequacy.

b. Verify response characteristics of
the TVC hydraulic support subsystem.

c. Determine load distribution through
aft thrust structure during simulated
engine gimba.ing.

c. Aft thrust structure and engine mounts
(uses one of the structural test
articles).

d. TVC-associated hydraulic subsystem
hardware.

M. ATTITUDE CONTROL SUBSYSTEM (ACS)
TESTS

1,

Obtjectives

a. Verify attitude control syvstem pro-
pellant management and utilization
systein performance.

b. Detersrune reaction engine thrust
rise and decay ra'e-.

c. Verify ACS operationz] sequencing
and dynamic and time-respcnse
charactevistics.

d. Demonstrate integration and com-
patibility of all ACS hardware and
total system control effectiveness
a.d reliability.

Test Article Configuration
a, Orbiter:

(1) Static test fixture simulation of
the orbiter airframe for proper
positioning of reaction engines
and propellant system hardware
el~ments.

(2) Complete set of orbiter reaction
control engines and structural
support hardware.

(3) ACS propellant storage and
management system hardware.

(4) System control elements and
associated electronic hardware.

b. Booster:

(1) Static test fixture sirulating the
nose stiucture and ya'v—ontiol
rocket engine positions,

/2) The four : aw-contrc! rngines,
control elen.ents, propeflant
storage, and munigemert sys-
tein hardware .

N. DOCKINC SIMULATION TESTS

[RV]
.

Test Article Configuration (one each for

Boosier and Orbit>r) 1. Objectives

Evaluate docking maneuvers, se-
quence, and procedures.

a. O set of durimy rocket engines. a.
b. Thrust v>ctor controls and actuators.

2-27

. . . con —



Volume X

Table 2-1. Ground Test Program (FR-4 Baseline Vehicle Configuration), Contd
b. Determine adequacy of dockirg system 2. Test Article Configuration — One set of
hardware elements, specialized ground support equipment
c. Provide test and operational crew including cargo ground handling, booster/
training support. orbiter erector gear, transport dollies,
3. Test Article Configuration tow-bars, maintenance lift jacks, etc.
3. Special Test Considerations — Majority of

1.

a. Docking simulator at MSC, Houston,
modified for the spae shuttle
configuration.

b. Prototype and production components

representing any docking interface
systems hardware.

Special Test Facility Requirements —
Apollo docking simulator at Manned Space
Center (MSC) Houston,

CARGO HANDLING TESTS

Objectives

a. Verify structural and functional ade-
quacy of the orbiter cargo-handling
equipment under a full gravity
environment.

b. Jemonstrate cargo ground loading

and in-orbit deployment operatiers
procechires, and envelope cleararce ..
Verify compatibility of the orbiter
equipment, pavload/cargo pallets,
and associated ground support
equipment.

(]

Test Articlie Configuration

a. Soft mockup of tke >rbiter cargo
cempartment, sin ‘2ng the fuselage R.
structure and carg: bay doors.

b. Payload/cargo pallet mockups.

c. Fuselage-cargo securing, alignment,
and deplovment mechanisms hardware.

d. Supporting external ground handling

equipment will be required.

Special Test Facility Requirements —
Coumerbalancing system for simulating
test concut’ons during cargo deployment
tsts.

P. GROUND HANLLING EQUIPMEXNT TESTS

1,

Objective — Verify structural integrity,
functional performance, and compatibility
of speciatized ground support anr vehirle
handlirg equipment.
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PROPELLANT MANAGEMENT AND FLOW

TESTS
1. Objectives

a. Verify main propellant system flight
worthiness and subsystem compati-
bility and interfaces.

b. Demonstrate the propellant manage-
ment system integration, including
chilldown, tanking, detanking, flow,
pressurization, \enting, purging, etc.

¢. Demonstrate design adequacy of in-
ternal and external cryogeric tank
insulation.

d. Develop and validate test and oper-
ational procedures for static firing
tests and prelaunch operations.

2. Test Article Configurations — These tests

VEHICLE STATIC FIRING TESTS

1.

this equipment to be refurbished, if nec-
essary, after tests for use in the ground
and flight 1. st programs.

use the Booster and Orbiter static-firing
test articles and test facility.

Objectives
a. Demonstrate satisfactory integration
of the main propulsion system with
the airframe interfaces and other
associatea systems.

Demoanstrate propulsion system
flight readiness capability.

Verify system test and prelaunch
checkout procedures.

d. Monitor acoustic levels and environ-
mental temperatures in and around
critical vehicle areas for design
evaluation.

e. Der onstrate and verifv ad _iacy of
launch support equipment.

e ——er o
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W
-

Test Article Configurations
a. DBooster:

(1) An assembled booster element
structure including:

(@) Main integral propellant tank
structure.

() Internal and external cryo-
genic tank insulation as
applicable.

(c, Main propulsion system
engines and vehicle thrust
structure.

{2) The TVC system ana necessary
hvdraulic supnort hardware.

(3) Propellant management and
control system.

(4) Simulated vertical stabilizer
for engine-exhaust radiation
tests.

(5) Simulated wings, jet engines, and
associated doors.

(6) Selected areas of TPS material
and support structure.

b. Orbiter:

(1) An assembled orbiter element
strucvure including:

(a) Forward and aft integral
tank structures.

(b) Centerbodv structure with
included pavload kay pro-
pellant tarks.

(2) Cryogenic tank insulation
as applicable.

(1) Main nropulsion system
engines and vehicle thrust
structure.

(2) The TVC syctem and necessary
hydraulic support hardware.

(3) Propellant management and
control system.

(4) Simulated vertical stabilizers
for engine exhaust radiation
tests.

(5) Simulated wings, jet engines,
21 associated doors.

(6) Some selected areas of the TPS
panels and support structure.

Special Test Considerations — The static
cest articles will test botl the booster and
orbiter tanking configurations. Thiottlable
engine “2sts will simulate the orbiter Zight
counfiguration and firing s<uence.

2-

29

Static firing tests will be preceded by
main propellant system cold-flow tests
and progress from initial short-duratio
shakedown firings through longer and
finally full-duration static firingson* a
test articles.

4. Special Facility Considerations — Static
firing test stand(s) and support facilities
similar to that used for the Saturn launch
vehicles would be required. Use of exist-
ing facilities is a primary consideration
for this test series.

S. BOOSTER/ORBITER ELEMENT DYNAMIC
AND GROUND VIBRATION TESTS

1. Objective — Determine the longitudinal
and torsional dynamics and the lateral !
bending mode frequencies, shapes, and !
lamping ratios of the booster and orbiter
elements.

2. Test Article Configuration — Hcrizontal
flight test vehicle configuration with
appropriate mass,/cg simulations for
missing vertical launch hardware. The
initial horizontal flight elements of both
the booster and the orbiter would .sed
prior to delivery to the flight test site.

3. Special Test Considerations — Both ele-
ment configurations would be tested under
conditions simulating individual element
flight under various conditions (i.e.,
landing gear up and down, flaps versus
no flaps, deflected versus non-deflected
surfaces, maximum gross weight, landiny
gross weight, etc.).

T. HUMAN FACTORS TESTS

1. Objective — Develop and demonstrate
man/vehicle physical and functional
interfaces (i.e., crew compartment
furnishi.gs and locations, controls and
displays, avionics and other serviceable
equipment, hardware accessability, visi-
bility, ingress arnd egress under normal
and emergency conditions).

2. Test Art.cle Configurations (Booster and
Orbiter)

a. 3Soft mockup of the avionics and crew
compartment areas.

b. Sin.ulated or prototype crew furnish-
ings, displays, and centrols.

. . e i i
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Ground Test Program (FR-4 Baseline Vehicle Configuration), Contd

¢. Simulated avionics and other service-
able equipment.
d. Simulated access and egress hatches.

3. Special Test Considerations — Human
factors testing will also be associated with
other test articles for evaluation of criti-
cal handling, loading, maintenance
operations.

U, AVIONICS INTEGRATION TESTS

1. Objectives

a. Verify the individual and integrated
performance adequacy of the navi-
gation and guidance, communications,
automatic landing system, data proc-
essing, flight control, rendezvous,
and other related avionics equipment
and subsystems under simulated
mission environments.

b. Demonstration o1 avionic subsystems
compatibility under various comkbi-
nations of operation, simulating
expected or en.ergency operating
conditions.

2. Test Article Configuration

a. Complete set of the orbiter avionics
equipment and supporting subsysteins.

b. Additional booster avionics that are
uncommon to the orbiter.

3. Special Test Considerations — Initial
testing to support design and engineering
decisions may use prototype equipment
and breadboard-type layout (bench tests).

Later testing will use production hard-
ware in a bench-test-type layout simu-
lating the operational configuration
electrically.

The final test phase will make use of the
environmental test vehicle when under-
going testing in a solar vacuum chamber
(orbiter element only).

V. ENVIRONMENTAL CONTROL SYSTEM TESTS
1. Objectives

a. Verification of the environmental
control system design for both the
buoster and orbiter.

b. Demonstrate proper cabin air distri-
bution between crew compairtmeut,
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avionics, and cargo compartuients,
as applicable, under simulated con-
ditions of equipment operation and
heat loads.

c. Demonstration of adequate perform-
ance of the windshield rain repellent
and washing system under simulated
rain and airflow across the windshield
area will be conducted on this test
article.

Test Article Configurations (Booster and
Orbiter)

a. Mockup of crew area, avionics, and
cargo compartments,

b. Flight-type ducting.

c. Simulated avionics and crew heat
loads.

Special Test Considerations

a. The initial test phase consists of
breadboard-type tests for design
verification and/or support.

b. Subsequent tests use the above mock-
up for production equipment evaluation
in the operational vehicle configucration.

c. Final tests use the environmental test
vehicle for verification of production
hardware under simulated solar vac-
uum conditions.

W. LIFE SUPPORT SYSTEM (LSS) TESTS

Objectives

a. Verification and demonstration of the
crew cabin pressurization, atmos-
pheric conditioning, and oxygen supply
system under various operational and
mission conditions.

b. Demonstrate adequacy of the food,
water, and waste management sub-
systems.

c. Demonstrate satisfactory operation or
functional capability of life support
subsystems and hardware including
combined operation compatibility.

Test Article Configuration
a. Booster:

(1) The crew/avionic compartment
mockup as established for the
booster-element ECS tests will
be used for this test on a time-
sharing basis.
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Table 2-1. Ground Test Program (FR-4 Baseline Vehicle Configuration), Contd

3.

bo

(2) The mockup will be complete
with life support and cabin en-
vironmental subsystems.

Orbiter:

(1) The orbiter test phase will use
the environmental vehicle test
article before and during its
simulated mission testing in a
vacuum chamber.

(2) The above test article will in-
clude lift support and cabin
environmental subsystems.

Special Test Considerations

a.

Initial testing includes breadboard-
type tests for design support and
verification.

The second phase covers evaluation
of the life support subsystem (LSS)
and crew/avionics compartment
under an earth-atmospheric environ-
ment (including qualification tests).
The third phase concludes the ground
demonstration of the LSS and ECS in
the simulated vacuum environment,

with all included subsystems in a
simulated vacuum environment.
b. Demonastrate satisfactory cabin leak
rates and thermal balance capability.
¢. Demonstrate contimed subsystems
performance under simulated space
missions.

2. Test Article Configuration

a. A production crew and avionics com-
partment and forward nose section
with thermal insulation systems in-
cluded is required.

b. Production subsystems and hardware
to be included in the test article are
the LSS, ECS, crew simulators and
furnishings, displays and controls,
lighting and electrical equipment,
se: of mission avionics for the orbiter,
access hatches and seals, and mech-
aaical support systems.

3. Specia! Test Facility Considerations

a. A 35-foot-diameter thermal vacuum

X. VEHICLE ENVIRONMENTAL TESTS (ECS) chamber with cold-wall capability is

(ORBITER ONL required for this test phase. There
1. Obiecti are existing vacuum chambers of this
: jectives size, capable of simulating the near-

a. Demon: rate the compatibility of a earth thermal space environment
produc: on crew/avionics compartment (see Figure 2-20).
2-31
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Table 2-3. FR-4 Orbiter Muajor Ground Test Hardware Summary
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Table 2-4, Flight Test Article, Initial Configuration
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Booster/Orbiter Element Configuration
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Tabie 2-5, Flight Test Program Summary Test Objectives

’__w““—— : 7 Horizontal Flight Pha~e Vertical Launch Phase
low ;u.:h Single
Lest Ubjectiyes Subsonic Subsone Elem, : 3=Flem. Launch
_ Boﬁter Orbiter | Booster _(Lrbltor Launch | Sep. Abort Orbat

Demonstrate sround handling equipment and procedures. [ ] [ ] [ ] ® ® ® [ [ ]
Verify vehicle crection and miating operations. [ ] @ [
verifs vehicle ‘launch complex compatibilaty, [ [ ® ®
Vorify pre-launch ground purging operat on. [ ® ® [ ]
Verify vehicle turnaround faciuties compatibility, [ ] [ o @
Verify adequacy of cargo loauing equipment. [ ]
Demonstrate horizontal ta .ec. - ‘or lanuing. ® ® ® ® [ ® o
Verih airframe structural int riw . ® e ® ® ® [
Demonstrate adequacv of TPS. ] ® [ ] [ ]
De.nonstrawe satisfar or. horizonta!-flight characteristics. [ ] [ ] @® [ ]
Demonstrate satisfactory hypersonic through transonic flight characteristics, ® [ ] [ ] [ ]
Verify sat sfactorv jet engire performance., [ ] [ ] o o [ ] [ [ ] ®
Demonstrate satisfactory performance of the rocket propulsion sy stem. [ ) [ ] [ ] ®
Demonst-ate adequacy of the ACPS/mission compatibility. ® [ ] ® o
Demonstrate vehicle subsy stem compatibiliwv. ® ® [ ] ® [ ]
Demonotrate postentry herizontal . 'ight configuration attainment. ® [ ] [ ] ®
Demonstrate sa.isfacto: v horizontal flight engine deployment. [ ® [ ®
Demonstrate horizontal flight cruise and ferry capabulity. [ ] [ ]
Demor.strate preflight tanking and launch operations. ® [ ] [ ] [
Demonstrate satisfactorv subsvstem performance, 9 ® [ ] [ ] ® ®
Demonstrate satisfactory vertical flight characteristics. [ ] ® [ [ ]
Demonstrate satisfactory booster staging sequence. [ ] ] o
Demonstrate adequacv of the boos' phase abort maneuver. [ )
Demonstrate vehi~le /mission performance capability, [ J (] [ ]
Verdv adequacy of on-orbit carge handling. [ ]
Verify adequacv of the rendezvuus and docking maneuvers. [ ]
Demonstrate vehicle pstflight serviceability and maintainability . [ ) ® [ J ®
Obtain dat.. on vehicle components ‘nardware reusabi.ity. [ ] [ ® [ ]
Verify adequacy of ECS and L.CS in mission environment. ® (] ® [}
Demonstrate satisf- ctory performance of the automatic landing subsystem. [ ] o [ ] ®
Demonstrate guidance and control subsystem accuracy. [ ) o [ ]
Verifv adequacy of crvogenic tank insulation. [ ] [ ] o [
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Table 2-6. Horizontal Flight Tests — Low-Subsonic

PHASE I — LOW SUBSONIC FLIGHT TESTS

S

BOOSTERS: 1 ORBITERS: 1

FLIGHT TEST SITE:

Horizontal Flight Test Site

TOTAL VEHICLE TEST MONTHS:

Approximately 15

OBJECTIVES:

Establish basic flight safety

Demonstrate basic vehicle subsonic flying
qualities.

Determine flight vehicle dynamic response
characteristics,

Evaluate initial subsystem performance.

Demonstrate normal landing and takeoff
capability and general jet engine system
performance.

TEST VEHICLE CONFIGURATION:

Booster and ortiter horizontal
flight configuration.

Hardware, equipment, and/or
subsystems required only for the
launch, orbital or entry configu-
ration may be simulated to main-
tain external aerodynamic shape
and cg location. (See Table 2-4.)

TEST APPROACH:

This test phase encompasses the basic flying qualities of the flight vehicle and sub-
system performance tests that can be conducted within a restricted operational
envelope which is, at that time, limited primarily on the basis of sound engineering
kaowledge and that will be expanded as appropriate ground testing permits. The
intent is to examine as mai.y areas as possible within the restricted operational
envelope so that maximum time for solution and retesting is available.
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Table 2-7,

Horizontal Fli--ht Tests — High-Subsonic

Volume X

PHASE II — HIGH SUBSONIC FLIGHT TXSTS BOOSTERS: 2 ORBITERS: 2

FLIGHT TEST SITE:

a}——-

Horizontai Flight Test Site

Approximately 30

TOTAL VEHICLE TEST MONTHS:

OBJECTIVES:

Extend jet engine/fuel system perform-

ance and intzgration,

Extend dvnamic und structural load tests
to design limits (inciuding conditions of
flutter. vibration, and buffet).

Investigate stability and control in the
extended speed/altitude envelope.

TEST VEHICLE CONFiGURATION:

Booster and orbiter horizontal
flight test configuration.

Hardware, equipment, and/or
subsystams required only for the
launch, orbital, or entry mission
phases ~~ay bc simulated to main-
tain the external aerodynamic
shape and horizontal flight charac-

Continue evaluaticn, integration, and teristics. (See Table 2-4,)

demonstration of the horizontal-flight
avionic equipment and other vehicle

subsyst . 3.

Verify increased gross weight and ferry

capability.

TEST APPROACH:

This test phase is intended to extend evaluation, verification, and qualification of the
vehicle (horizontal flight configuration) and necessary subsystems as the flight enve-

lope is gradually increased to design limits,

Demonstration and veriticatic ° of all

horizontal-flight subsystem performance and integration are an esseatial part of
this test phase, with special emphasis on avionics (including automatic landing sys-
tem and on-hoard checkout) and airborne crew support systems.
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1974 1975
PHASE C/D AWARD w) - 50, 55, 0
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Figure 2-15. Summary Flight Test Program
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Horizontal Flight Test Phase. Space shuttle norizontal flight test may be considered
as a subsystem test relative to the final mission for the shuttle vehicles. Therefore,
the basic approach is to use horizontal flight tests to supplement, or in some cases re-
place, ground laboratory tests where advantages can be realized in environmeit, re-
duced complexity, and/or costs. Specific objectives to be realized are:

a. Evaluation of vehicle hardware characteristics and operational procedures that
cannot be adequately evaluated by laboratory testing.

b. Collection of inflight quantitative data that will allow correlation of flight environ-
ment with laboratory test data.

c. Extended flight verification and qualification of vehicle subsystems prior to verti-
cal launch, including man as an active element in the subsystem.

d. Crew training in vehicle horizontal flight and handling characteristics.

Horizontal flight tests can parallel ground laboratory tests in many cases, thereby
realizing a schedule advantage and reducing program cost. This departure from
normal series-type testing requires that the early test vehicles be ballasted and
equipped with dummy and/or mockup external aerodyns'nic shape simulating the verti-
cal launch vehicle element configurations, e.g.; dummy rocket nozzles and alternative
TPS covering. Horizontal flight tests are planned to provide a safe and progressive
expansion of the space shuttle design-speed/altitude/normal-load-factor envelope.
This testing can generally be divided into two phas<s, based on the level of engineering
confidence. The first encompasses those flight tests that ca.. be conducted within a
restricted ooerational envelope based on sound engineering knowledge (low-subsonic
regime). The second phase involves conducting tests for gradual and progressive
collection of quantitative data necessary to permit :valuation, verification, and quali-
fication of the vehicle and tc expand the systems 1]1‘ght envelope to design limits (high-
subsonic regime). Test objectives, vehicle confis uration, test approach, and other
data for the low-subsonic horizontal flight tests are contained in Table 2-6 and for the
high-subsonic flight tests, in Table 2-7. The tim2-dependency of both phases and
their relation to the vertical (launch) flight tesis are shown in Figure 2-15. The test
philosophy used for the horizontal flight phase is f r rapid examination of as many
areas as possible while restricted to each operati nal envelope, thereby uncovering
problems early so as to provide maximum time :c - solution and retest. Control sub-
systems, life support and vehicle subsystem:, freadom from flutter, structural vibra-
tion, and buffet a.e the major items that can he evaluated by horizontal flight test.
Horizontal flight test provides an early opportunity to verify and qualify the onboard
checkout equipment, along with other elements of electronics including real-time
discrete-function monitoring.

As noted in Tables 2-6 and 2-7 and Figure 2-15, the horizontal flight test phase con-
tains abo.. 45 vehicie-flight-test months, inclu.ing the field operations and checkout
rhase for each test vehicle. The high-subsonic >hase is minimum even at twice the 1
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time allowed for the low-subsonic phase; however, both phases are toreshortened so
the test vehicles can be refurbished for vertical launch tests during third quarter
1976. Four test vehicles (two orbiters and two boosters) are required for the hori-
zontal flights since the booster and orbiter are considered to he primarily different
vehicles.

Vertical-Launch Flight Test Phase. This phase extends testing to the launch vehicle
configuration and ultimately to the spacecraft mission capability demonstrations.
These tests are conducted in single and multi-element launch configurations.

The first subphase involves the single-element, vertical-launch configuration for ini-
tial verification of vertical flight performance of the single element and its recover-
ability to the horizontal subsonic flight configuration. These single-element launches
are planned to explore the higher velocity/altitude recovery environments progressively,
approaching the orbiter entry conditions as closely as possible. These tests present a
minimum-hazard approach to evaluation of TPS for manned flights.

The second subphase verifies the three-element launch configuration for the first time.
Since all flight tests in this baseline program approach are manned, each successive
flight and test phase must be approached with a high level of confidence based on posi-
tive results of each prior flight test and extensive ground backup tests. Each test
would then be designed to prepare the test article configuration adequately for its next
test phase. The three-element test flights extend the test program from the vehicle
staging demonstration to the final mission capability demonstration.

a. Single Element Vertical Launches (Table 2-8). These tests will be conducted
initially on a booster element. A prime test consideration is to test the TPS
incrementally under simulated entry conditions in as far as attainable with the
single-element launches. The booster includes an additional propellant cap-
ability and slightly greater thrust-to-weight ratio than the orbiter. Preliminary
investigation indicates that a velocity of around 19, 000 ft/sec at a £60, 000-foot
altitude could be attained by the booster, with some reduction considered for
flyback jet fuel. The orbiter capability is about 4000 ft/sec less than booster
capability at the same altitudes. Specific trajectory paths must be explored for
maximum attainable simulation of orbiter entry conditions and possibly to reduce
the fuel flyback requirements, although the velocity penalty for the latter may be
too restrictive.

The test article designated for this test phase would spend one to two months in
normal field checkout operations prior to initial vertical launch tests. The
vertical launch tests would begin only after the horizontal flight test phase (high-
subsonic regime) had demonstrated the vehicle's structural capability to limiting
loads for that flight mode.




Table 2“80

Volume X

Vertical Launch Tests — Single Element

PHASE I — VERTICAL
LAUNCH - SINGLE
ELEMENT TESTS

BOOSTERS: 1 ORBITERS: 1

FLIGHT TEST SITE:
Operational Launch Site

TOTAL VEHICLE TEST MONTHS:
Approximately 14

OBJECTIVES:

Ground handling, erection, and launch
support compatibility.

Vertical launch and boost-phase flight
capability.

Post-boost phase recovery and transition to
horizontal subsonic flight configuration.

Extend TPS evaluation to approximate
orbiter entry conditions as far as feasible.

Extend vehicle/subsystem performance and
integration.,

Initial evaluation of post-recovery turnaround
operation and facilities.

TEST VEHICLE CONFIGURATION:

Complete booster and orbiter
element vertical launch configuration.

The booster/orbiter separation sys-
tem and launch interconnects may
be omitted, as they are not required
for this test phase. '

The orbiter includes additional
flyback fuel tanks in the payload
bay.

The orbiter is essentially complete,
ready for the multi-element launches.

TEST APPROACH:

This test phase will primarily use a single booster element in the vertical launch

mode.

Extensive use of this vehicle will be made in initial evaluations of ground

handling and launch support equipment and for the operational site vehicle turnaround

operations and facilities.

The vertical flight phase will Le explored in increasing

velocity increments to the limit attainable by a single booster and/or orbiter element.
The velocity steps will be controlled by offloading launch ballast on each succeeding :
flight until the maximum test conditions are reached. Other flight trajectories will ;

be tailored for simulating maximum heating conditions. 3
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The initial vertical launches would be short-duration boost-phase flights with
ballasting to replace the offloaded propellants (so the required launch conditions
will be maintained). Ten vertical launches are assumed, with each extending the
serverity of the flight regime explored. The postflight vehicle turnaround opera-
tions for these flight tests will prciide initial assessment of the ground recovery,
maintenance, and servicing operat ous and facilities, )

The la~ test orbiter may be launched in the single-element configuration prior
to its use in a multi-eiement launch to demonstrate its capability of postboost
recovery to a horizontal flight configuration and its pre-entry attitude control
system performance as well as that of the main rocket propulsion system. To
attain a reasonable thrust-to-weight ratio for these flights, the booster engine
exhaust nozzles may be used on the orhiter engines and the total propellant
quantities reduced. This would linit the velocity/altitude envelope, but should
be sufficient for the demonstrations even with the necessary flyback fuel added.

Multi-Element Vertical Launches (Tables 2-9 and 2-10). These flight tests re-

quire the all-up launch configuration to extend the flight environment envelope
oeyond the single-element flight capability and to demonstrate the operational
launch configuration and stage separation techniques.

The first three-element launch verifies the launch complex facilities and support-
equipment compatibility with the space shuttle vehicle., The first two launches
(Table 2-9) will demonstrate the vehicle staging maneuver and the horizontal-
flight-mode recovery and cruise flyback (to iaunch site) for the two booster ele-
ments. The orbiters will circle the earth once and return to the launch site or a
designated alternate. The reconcd launch will simulate a boost-phase abort con-
dition to evaluate the staging and recovery maneuvers under abort conditions.
The recovery maneuvers for the booster and orbiter elements are similar for
both flights. Post-flight turnaround operations will continue verification and
validation of the turnaround facilities, support equipment, and procedures and
will provide data essential to maintenance and service analyses.

The third and fourth vertical launches extend exploration of the orbiter's flight
environment and vehicle performance to operational mission simulations in orbit
(Table 2-10). On both flights the orbiter will perform orbital-transfer and
target-rendezvous maneuvers, docking operations as applicable, and simulated
cargo/crew transfer or payload deployment a:d retrieval operations applicable
to the orbiter element. Two tests are considered sufficient to demonstrate cap-
ability and repeatable performance, retest any minor subsystem modifications
required, verify basic mission capabilities, and demonstrate orbiter adequacy
for maximum mission duration (seven days),
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Table 2-9, Vertical Launch Tests — Separation and Ahort

PHASE III - VERTICAL LAUNCH - MULTI-
ELEMENT, SEPARATION AND ABORT TEST

FLIGHTS

/

BOOSTERS: 2/Launch
ORBITERS: 1/Launch

FLIGHT TEST SITE:
Operational Lauach Site

TOTAL VEHICLE TESTS:
Two Vertical Test Flights

OBJECTIVES:

Demonstrate multi-~element erection and
mating plus facility integration and
checkout.

Demonstrate capability of three-element
launch configuration through the launch
and boost phases of flight.

Demonstrate satisfactory staging, recovery
and ertry maneuvers and attainment of the
haorizontal subsonic cruise configuration.

Demonstrate boost-phase abort and recovery
sequence and performance.

TEST VEHICLE CCNFIGURATION:

Complete operational configuration
for booster elements.

Complete operational configuration
for orbiter element. Rendezvous,
docking, cargo deployment, and
other on-orbit mission support
hardware need not be operative

on these tests,

TEST APPROACH:

Two vertical flights are programmed for this test phase. The first will demonstrate
adequacy of the stage-separation maneuver, including the booster-element recovery
maneuver, entry, and subsonic flyback to the launch site, and the orbiter once-
around return to the launch site or an alternate. The second launch will demonstrate
a simulated boost-phase abort operation and maneuver sequence that closely follows
the same recovery techniques as the first launch.
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Table 2=10. Vertical Lzunch Tests - Earth Orbital

I’'HASE III - VERTICAL LAUNCH - MULTI-
ELEMENT, EARTH-ORBITAL MISSION
EVALUATION FLIGHTS

I
T

BOOSTERS: 2/Launch
ORBITERS: 1/Launch

FLIGHT TEST SITE:
Operational Launch Site

i TOTAL VEHICLE TESTS:
Two Orbital Test Flights

OBJECTIVE:

Demonstrate orbital transfer, rendezvous,
and docking maneuvers and simulated cargo
handling ard transfer operations.

Demonstrate adequacy of orbiter and mission-
related subsystems during extended (7 days)
on-orbit operations.

Validate operational turnaround and servic-
ing procedures.

Demonstrate the maintainability and service-
ability of booster and orbiter elements.

TEST VEHICLE CONFIGURATION:

Complete orbiter- and booster-
element operational configurations
with all mission systems
operational.

TEST APPROACH:

Two orbital flights are considered sufficient for demonstrating adequacy and repeat-
ability of orbital operations and maneuvers. Modifications to mission equipment
determined during the initial flight will be accomplished and verified on the second

flight. The turnaround operation for the space

shuttle will be thoroughly validated

for operational mission support. Reliability and maintainability demonstrations
will also be a2 major milestone during this flight test phase.

PR O
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Ground turnaround operations between these flights will be geared to booster
turnaround spans that would be required to support the second orbital test
flight. At this phase ir the flight program, the turnaround span should not
exceed one month, but may be considerably less. Early in the operational
flight program, this turnaround time per three-element vehicle will be reduced
to something less than two weeks. (See Volume IX,)

Following the final two R&D flight test vehicle recoveries, the three shuttle elements
will serve during their turnaround sequence to:

a. Demonstrate the booster/orbiter maintainability and serviceabil:ty.
b. Demonstrate capability to support the initial operational flights a.- -quately.
c. Indicate the level of confidence of the reusability of each shuttle element.

The vertical launch phases are conducted from one pad at an initial operational launch
complex; the second pad will be used tc erect a standby vehicle as necessary for '
emergency or mission backup., The vehicle to be erected on this backup pad would be
one of the R&D flight test vehicles. The operational site layout, faciiities, and opera-
tions are covered in Section 2.2, 7, 2,

2,2,7 TEST FACJILITIES, Test facilities outlined in this section have been identified
as necessary to support the ground test program described in Section 2.2, 6.2 and

the flight test program described in Section 2.2. 6, 3, Existing government test facili-
ties have been examined; those that could be used to support the program have been
identified.

Where modification is required, only gross requirements have been identified. Re-
finement of these requirements can be made only aner completion of detailed vehicle
design.

The impact of the planned use of government facilities on other current or projected
test programs has not been resolved, but should be considered in future studies.

2.2,7.1 Ground Test Facilities

a. Wind Tunnel Tests. High and low speed wind tunnels, plasma arc tunnels, and
hypersonic shock tunnels. All test medels will be sized to suit existing facilities.
Since this program will probably re=quire use of severai major facilities concur-
rently, full usage of the best facilities available (AGDC, MSFC, NASA Langley
and Ames, and other industrial facilities) is foreseen.

b. Thermo Material Development and Qualification. Test laboratories capable of
performing these tests are common throughout government and industry, so no
special emphnasis is placed on this facility.
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Component Development und Qualification, Test iaboratories are cecmmon,
no special emphasis.

Vehicle Structural Static Loads Tests., Static load testing could be performed
at either the contractor's facilities or tha MSFC Static Load Tes* Annex. No
apparent modification is required fcr the MSFC facility., Test articles identi-
fied for these tests (except for the wing and wing pivot support structure) could
all be testcd within this facility., Wing testing could best be accomplished in
the hangavr-type facility common to the aircraft industry.

Vehicle Structural Fatigue Testing. Several separate facilities are required
to perform tests in this category, including:

. Fatigue cycling of tanks at cryogenic temperatures.
. Crew compartment leak and cyclic fatigue.

. Acoustic environment of rocket engines on avionics and crew.

B W =

. Empennage structure (including thrust structure) fatigue tests.

Fatigue cycling of tanks requires an enclosed tower-type support structure
(Figure 2-16) capable of receiving a full-scale integral LHy/LOg beoster tank.
The LHy tank wonld be a stub tank to hold the overall length to apprr.ximaately
80 feet. An additional tower structure will be requirzd to support ti:e independ-
ent (orbiter) LOg tank and an independent LH2 stub tank.

The test stands will require cryogenic storage facilities consisting of about

400, 000 gallons of LHg and 140,000 gallons of LNo. Pumpiug systems to dup- ¢
licate the flow rates i r operational systems will be required (20, 500 gpm).

Calibration and heat flow measuring devices, together with rzcording instru-

mentation for insulation testing, should be locaied in an ares or separate build-

ing adjacent to the test stand. |

Crew compartment leak and cyclic fatigue could be accomplished in the MEFC
Static Load Trst Facility. No apparent modification is 1equired.

Acoustic environmental testing of the crew/passenger compartment c: - ac-
complished at MSC Houston in the Spacecraft Acoustic Laboratory. Nc ,or
modification to the structure is envisioned. Two acoustic sh:iouds tailored to
the configuration of the crew module and the passenger module will be required,
and the sound production capability must be increased from 170 to 180 db, A
schematic representation of this facility is shown in Figure 2-17,

Fatigue testing of the empennage and thrust structure can be accomplished at
the contractor's site or in the MSFC Static Load Test Facility. The latte-
facility cannot accept the full empennage and thrust structure unless a porticn
of the tail structure is cropped. : t
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STRUCTURAL TESTS:
FATIGUE TEST AT CRYOGENIC TEMPERATURES
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Figure 2-16, Structural Fatigue and Cycling Test
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Landing gear and nose wheel testing will be accomplished in contractor-owned
facilities.

Jet Fuel Subsystem Tests. Will be accomplished at engine contractor's facilities.

Flight Control Subsystem Tests. The "iron horse'' test stand referred to in
Table 2-1 is illustrated in Figure 2-18, Facility requirements other than hous~
ing are for a source of hydraulic power, electrical power, and connections to a
hybrid computer. In addition to the flight controls subsystem, system hydraulic
subsystems will be tested on this stand.

Electrical Subsystem Tests. No special facility is required to perform these

tests.

Flight Crew Escipe Tests. These tests would be performed at the contractors
facility., No special equipment is involved.

Thrust Vector Control Subsystem Tests. Testing of the thrust vector control
subsystems could be accomplished at the contractor's facility or at MSFC Static
Test Facility. No modification is assumed required.

Attitude Control Subsystem Tests. This test will require a hangar-type building
large enough to accept simulated airframe segments of both booster and orbiter.
Since hot-firing tests will be conducted, the building should be fireproof and
equipped with power-operated ventilation systeras to remove heat buildup from
combustion products. Storage tanks containing approximately 5000 gallons of
LOg2 and 13, 000 gallons of LHg, a fuel-transfer system, recorders, and instru-
mentation will be necessary to support the tests.

Typical of the facilities capable of supporting these tests are the MSFC Rocket
Propulsion Test Stands (4583) and (4570). Other facilities available, include
KSC, MSC, and MSC/White Sands.

Docking Simulation Test, The Simulation Laboratory at MSC Houston is pro-
posed for this test. Because the space vehicles are so large, only hardware
pertaining to docking systems will be n3ed. Vehicle masses and moments of
inertia will be simulated. Alternatively, scaled models would be used to obtsin
the required test information.

Cargo and Ground Handling Tests. A major portion of the cargo and ground

handling equipment tests can be performed ai MSFC GSE Test Facility (4646).
No facility modifications are indicated, although certain special tools may have
to be built. For example, a counterbalancing system to assist operations during

cargo deployment is required. No design has yet been formulated, but equipment v
designed to counterbalance a 15-foot-diameter, 60-foot-long payload may be B
fairly large and complex, :
y targe an mp 2-49 : Q
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COCKPIT WITH FULL FLIGHT CONTROL

SKELETON WING AND
EMPENNAGE STRUCTURES

Figure 2-18. Skeleton '"Iron Horse' for Flight Control Systems Test

n. Propeilant Flow and Management Tests and Vekicle Static Firing Tests. The ;
existing Mississinpi Test Facility (MTF) S-IC test stand is proposed for both
of these tests. The stand will require modification, as shown in outline in
Figure 2-19. The proposed modification does not exceed the planned design
growth for this facility.

For cold-flow testing and static firing, augmented pumping capability to equal
operational flow rate requirements and a complete LHy storage and transfer
system containing approximately 400, 000 gallons are required. Existing LO9
storage capacity is adequate. If desirable, the extension of both firing cells on
this stand wculd allow installation of the FR-4 booster and orbiter at the same
time.

o. Booster/Orbiter Element Ground Vibration Tests. No special facility is required
to support these tests; test equipment is common through industry.

p. Human Factors Tests. No special facility is required to support these tests.

q. Avionics Integration Tests. Support facilities at MSC Houston (such as the
Electronic Systems Compatibility Lab and the Guidance and Control Electronics

Lab) could be used for these tests, although ample industry capability is avail- A
able. No facility modification is envisioned. Vehicle-peculiar equipinent would
be required.

2-50




Volume X

===
- I

/
<FR 4 BOOSTER / | ‘{
p.r
r- -. -------

I
[ ]
1]
[]

- o a»
- oniie anol o

-l an afas o o o

-

' bee—179.5 FT ]

/
/
[

Figure 2-19, SIC Test Stand. MTF, Modification Required to Accept
FR-4 Booster

r. Environmental Control Systems Test. These tests would be performed jointly
with contractor facilities and the MSC Houston Environmental Test and Evalua~
tion Laboratories. The MSC Space Environmentai Simulation Chamber A is
proposed for verification of production (orbiter) hardware under simulated solar
vacuum conditions (Figure 2-20),

2.2,7.2 Flight Test Facilities

a. Horizontal Flight Testiug. Sevaral DOD bases within the continental United
States have faciliti»s for horizoptal flight testing. The recommended facility
is Edwards Air ¥orce Bagse, California, which has been used many times for
experimental aircraft. In general, all necessary ground support equipment is
available (except specialized tow bars). Examination of available hangar space
is desirable and hangar clearances will require checking, especially in the
empennage area (which has an envelope about 75 feet wide by 55 feet high,

Wm
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ACCEPT 20-FT DIA x 27-FT-LONG CREW CAPSULE
VERT & HORIZONTAL MODE
LNy COLD WALL,

1 x 10°6 PUMPING CAPABILITY

SOLAR RADIATION SIMULATION
FROM TOP AND SIDE OT CHAMEBER,

Figure 2-20, Environmental Control
Systems Test
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Vertical Launch Tests. Vertical
launch testing will be accomplish-
ed at an operational launch facility.
For this facility, either the concept-
ual new facility shown in Figure 2-21
or the modified KSC Complex 39
shown in Figure 2-22 will be used.
The facility construction/modifi-
cation schedule should be formu-
lated to meet the scheduled re-
quirements of the test program,

(See Figure 2-4,) Other than
scheduled need, the test require-
ments impose no constraints on
facility design. In effect, partial
construction completion of the
launch facility will allow imple-
mentation of _he early portions of
the vertical-launch test program.

2.3 ALTERNATI7E DEVELOPMENT

APPROACHES

In examining alternatives for develop-
ment of the space shuttle system, certain
constraints used to scope the baseline -
development program were compromised
to define alternatives that would reduce
development risk or improve development
timing. More specifically, the mid-1976
initial operational capability IOC) date

was not considered a hard date and was
permitted to extend to a time commensurate
with achieving a higher level of operational
confidence at the conclusion of the develop-
ment program. Alternatives with the most
merit for consideration are discussed in
the following sections.
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2.3.1 FLIGHT TEST PROGRAM. The baseline development program depicted in
Figure 2-4 shows IOC achieved in the third quarter of 1976. Analysis of the design,
tooling, manufacturing, and ground test programs against other large aircraft, large
launch vehicles, and spacecrs“t programs indicates that time spans for these activities
compare favorably. Therefore, availability dates for flight-test articles are considered
somewhat invariable. However, ichieving a very high level of confidence in operational
capability after a limited 24 month horizontal and vertical flight test program is not
substantiated by other program data.

The alternative to this baseline program is shown in Figure 2-23, where the IOC date
is extended to mid-1978 to accumulate about 49 horizontal-flight test months on the
booster element and 45 flight-test months on the orbiter element. Also, a more
balanced flight test program is achieved because the low subsonic tests are accomp-
lished on two booster elements and only one orbiter, whereas the high subsonic tests
are accomnrlished on two orbiters and one booster.

The single-element vertical test program could be flown using booster elements only,
eliminating the need for extensive flight test modifications and innovations required
to fly the orbiter as a single element. With this approach, however, the orbiter will
never have flown in the vertical environment until the first multi-element launch, and
may require a more extensive ground test and analysis program to achieve the same
level of confidence as currently generated for other large launch vehicle (booster)
programs,

Another alternative in the flight test development program is to develop the integrated
avionics subsystem (including, but not limited to, cockpit controls and displays, con-
trol and navigation, and approach and landir.g subsystems) in a flying test bed (possibly
a NASA 990 aircraft). This development program could be run concurrently with the
laberatory test and development programs to provide a higher level of confidence for
the first booster horizontal flights. This approach has added effect in that it will per-
mit the shuttle vehicles to expend more time evaluating the high speed/temperature
regime and flying qualities rather thar. develcping the integrated avionics.

Another major departure from the baseline rrog=am could be to conduct unmanned
flight tests for early evaluation of 2~rv ” -namic heating effects and the orbiter TPS
under entry conditions. Such a tes® ,rcicam would augment the baseline test approach
of all manned flights, and the orbiter T#& vonfiguration could be thoroughly evaluated
before man would be exposed to the entry environment., Predicting aerodynamic heat
transfer to a spacecraft is cormaplicated. The lower surface of the orbiter element
would experience the most severe aerodynamic environment during entry and hence

is the controlling factor in the design and operation. Therefore, a flight test program
designed to obtain data in the true aerodynamic environment would provide a definite
plus factor for future manned flight safety.
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For this test approach, an existing launch vehicle such as Atlas or Titan would be fitted
with a shroud or model representative of the space shuttie's lower surface. This
shroud or model should be at least 60 feet long and flown on trajectories representative
of the L/D and Cy, maximum capabilities of the orbiter. The resulting data snhould
support TPS final design decisions early enough in the vehicle development p.aase to be
useful on the initial vertical launch tests. A typical program would require at least
two separate launch tests and would span 24 to 26 months. The full value of this
approach should be explored further, as it may be constrained by the size of the test
vehicles usable with the Atlas or Titan vehicies and launch facilities. An alternative
approach is to consider use of available Saturn IB launch vehicles for these tests.

2.3.2 GROUND TEST CONSIDERATIONS. A few alternative approaches to the base- ‘:
line g_ound test program and their likely effect ~n the overall schedule are briefly ‘
outlined in this section. For instance. the major vehicle structural tests (static load
and fatigue) may be accomplished better on complete structural vehicles than on major
subassemblies such as used in the baseline program. The tctal vehicle concept is the
more normal approach and has some definite test advantages; however, it does impact
the manufacturing schedule because it takes longer to produce the fully assemblied
structural test vehicles. Test facilities and support functions are also impacted by
the much larger size of the completed test articles. Tooling and manufacturing efforts
must be significantly increased to support the baseline schedule as it now stands.

Another approach to testing could be concidered if time is critical: various phases of
the test program, such as qualification tests of components and subsystems, could be
accelerated. For the major ground test phase, this would require duplicate test
articles and test facilities in some cases and a definite reduction in the amount of
combined, non-simultaneous testing for a single test article (such as was considered
in the baseline program). The degree of parallel testing, as permittc d by duplicate
test articles, would be limited to those tests that do not have to be performed sequent-
iallv. Such an accelerated nrogram would cause cost increases in tooling, manufac-
turing, testing, and facilities, but could improve scheduled availability of operational
flights; the degree of risk invoived would need to be better understood.

Another consideration would be to optimize multiple use of major test articles. This
approach was followed to some degree in the baseline program, as reflected by the
environmental test vehicle (crew/avionic cabin) being used to evaiuate portions of the
avionics system, the life support system, and the envirorn.mental control system in
both a sequential and parallel test operation.

Another approach to vehicle dynamic testing would be to provide a limited~configura-
tion booster and orbiter element for testing in the Saturn V dynamic test stand at
MSFC. It is nssumed that this stand could be modified to accept either ithe booster or
orbiter element individually, but some other method of simulation would be required
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for the three-element vehicle configuration, If the two -elements were to be provided,
their level of assembly wouid be sufficient to permit ryogenic tanking and cold-flow
operations as well. Still another approach would bs, .o route the initial vertical launch
test articles through this facility for verification prior to delivery to the test site. In
either case, the overall program schedule woulu probably be delayed by the necessity
for additional test articles and/or tesi time that constrains vertical launches.

2.4 FR-3 DEVELOPMENT PROGRAM

In general, the development programs for the FR-3 and FR-4 space shuttle concepts
are very similar, esp>cially since both programs are constrained by an I0C target
date of mid-1976 and since there is about the same degree of difference between the
booster and orbiter 2slements of either vehicle configuration. Figure 2-3 showed the
basic booster and orbiter configurations for the FR-4 vehicle; Figure 2-24 displays
the general vehicle configurations for the FR-3 concept. The orbiter elements have
essentially the same structure, general configuration, and sbsystems, with the FR-3
being slightly smaller than the FR-4. Table 2-11 compares some basic physical
characteristics of the FR-3 and FR-4 orbiter elements.

The booster elements display the greater differences, with the FR-3 booster outsizing
its FR-4 counterpart. Even the aerodynamic configurations vary considerably in the
nose, crew, and jet-engine compartment areas. As shown in Figure 2-24 the FR-3
booster nose is more blunt and “he crew area is on top of the jet engine compartment
rather than in front of it. The FR-3 body consists primarily of two separate integral
tank structures, whereas the FR-4 is a 3ingle tank with an intermediate bulkhead.

The 33-foot-diameter tank of the FR-3 is about 10 feet lnnger than the FR-4. The
FR-3 vehicle cross-section is 41 feet across the bottom and 27 feet high, not including
the seven-foot landing gear or the vertical tail heights. The total height of the vertical
tail when i.: the taxiing configuration is 68 feet witl an 84-foot span between vertical
tail tips. The thrust structure is more complex because it supports 15 rocket engines
instead of 9 engines on the FR-4. Table 2-12 compares the basic booster character-
istics.,

In the total vehicle or multi~-element launch configuration, the FR-3 has one booster
element :d the FR-4 has two. The differences in the vehicle launch configuration
cause some differences in their respective flight trajectories. As noted in Table 2-13,
these differences reflect slightly different flight test conditions between the vehicles,
but not enough to alter the type or number of R&D vehicle launches signficantly.

2.4.1 PROGRAM SUMMARY. The total development program span for the FR-3
configuration, based on the same ground rules as considered for the FR-4, is the
gsame as shown in Figure 2-4; i,e., 65 months from the start of a combined Phase
C/D effort. The earliest probable operational flight, based on these same ground ,
rules, would be about 66 months from go-ahead. Such a program reflects a relatively -
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Table 2-11. Comparison of Orbiter Characteristics

FR-4 FR-3 FR-3
ORBITER ORBITER DIFFF" E
Weight (pounds)
Propellant 825, 500 628, 600 -196, 900
Flyback Fuel 3,200 2,900 =300
Structure 246, 900 213, 000 -33, 900
Total* 1,161,100 925, 600 -235, 560
Landing 322,400 286, 600 -35, 800
3
Volume {t7)
Fuel 19,100 15, 000 -4,100
Oxidizer 10, 000 7, 600 -2,400
Propellant 29,100 22, 600 -6, 500
Total* 107,500 88, 900 -18, 660
oy
Geometry
Length ({t) 191 179 -12
Body Wetted Area (t°) 16, 900 14, 900 -2, 006
Body Planform Area (t2) 5, 560 4, 900 -660
Propulsion
T/W 1.22 1.53 +0,31
Number of Engines 3 3 0
Total Vacuum Thrust 1,414, 800 1,414, 800 0

(pounds)

£
b

*Totals include other breakdowns besides those included in this table.
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Table 2-12, Comparison of Booster Characteristics

Volume X

FR-4 FR-3 FR-3
Booster Booster Difference
Weight (pounds)
Propellant 1,507,500 2,809,600 +1,302,100
T'lyback Furl 30,700 46,900 + 16,200
Structure 294,800 469, 700 + 174,500
Total* 1,877,500 3,399,800 +1,522,300
Landing 324,600 517,300 + 192,700
Volume (ft3)
Fuel 49,800 92,900 + 43,100
Oxidizer 19,400 36,100 + 16,700
Propellant 69,200 129,000 + 59,800
Total* 122,400 235,800 + 113,400
Geometry
Length (ft) 199 210 + 10
Body Wetted Area (ft2) 18,400 26,600 + 8,200
Body Planform Area (ft2) 6,070 8,170 2,100
Propulsion
T/W (Vehicle Launch) 1.46 1,39 - 0,07
T/W (Single Element) 1.9 1,77 - 0,13
No. of Main Engines 9 15 + 6
No. of Jet Engines 3 4 + 1

*Totals include other items not listed in this table
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Table 2-13, Trajectory Data Comparison

FR-4 FR-3 FR-3
Vehicle Vehicle Difference
Trajectory Data
Max, aq (Ib/f2) 658 670 +12
Staging Dynamic Press (lb/ft2) 50 50 0
Relative Staging Velocity (ft/sec) 9,400 10,900 + 1500
Staging Altitude (ft) 179,300 187,500 + 8200
Relative Staging Flight Path 5.8 2,2 - 3.6
Angle (deg)
Inertial Injection Velocity 25,900 25,900 0
(Ib/sec)
Injection Altitude (ft) 260, 000 260,000 0

high-risk approach when compared to a nominal approach where reasonable manufac-
turing and test activities are allowed to pace the program. When considering sufficient
time for a proper evaluation in the horizontal flight test phase, the initial operational
flight data could slip into late 1977 or early 1978, as mentioned with respect to the
baseline program of Section 2, 2,

In general, the tooling, manufacturing, and testing phases will not change appreciably
from the baseline program, Tooling sizes will differ, but the same basic approach is
considered., Separate manufacturing production lines will still be required, although
the specific test articles sizes and configurations may differ from those defined for the
FR-4, The same number of booster and orbiter test articles will be required, except
for the flight test program where the FR=3 has one l2ss than the FR-4, However, the
size of some FR=3 major ground test articles causes variations in their respective
test facilities and locations,

The same high risk or potential problem areas identifiec >r FR-4 apply to the FR-3
development program.

2.4,2 DESIGN, ENGINEERING, ANC PROCUREMENT, Specific design and engineer-
ing activities are somewhat different for the FR-3, but the design and engineering
milestones in the baseline schedules (Figure 2-4) are basically valid, Typical pro-
curement milestones reflecting initial availability of subsystem hardware for test
operations is also about the same, at least until specific subsystems are further de-
finitized, such as in Phase B and C,
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The rocket engine development milestones would not be altered unless affected by the
larger number required by the vehicle contractor for ground and flight testing, (FR-3
requires six additional rocket engines.) The fanjet engine requirements would also
slightly increase bacause the booster requires four as opposed to three for the FR-4,
However, this increase is considered to be of little significance to the engine develop-
ment program,

2.4.3 TOOLING AND MANUFACTURING, The tooling and manufacturing approach
is basically the same as described for the baseline (FR-4) approach in Section 2, 2,
Separate tooling is required for the orbiter and booster under both vehicle concepts,
although tool sizes are necessarily increased to support the FR=3 booster subassembly
and assembly requirements, The FR=3 orbiter is only slightly smaller than the FR-4
orbiter,

Separate assembly lines are also used in producing the booster and orbiter test and
operational elements, However, due to the larger vehicle cross-section (41 feet
wide by 37 feet high) and larger booster tank diameter (33 feet), the availability of
adequate clearance assembly facilities may be limited, Adequate vertical clearances
for the primary assembly operation could dictate the methods to be employed in this
operation, A high-bay assembly area (probably a modification of existing contractor
facilities) will be required for the vertical stabilizer installations. Because of size
and complexity, the FR-3 booster will probably require a slightly longer production
span than the FR-4 booster, but, this will not significantly alter ihe test hardware
availability shown in Figure 2-4,

2.4.4 TEST PROGRAM, The FR-3 development test program is very similar to the
content and 3cheduling of the baseline FR-4 concept (Figure 2-4), Specific deviations
from the baseline schedule for the ground and flight test phases are discussed in this
section, This program like that for the FR-4, will make maximum use of available

test facilities within government and industry, especially for large ground-test facilities
and for the flight-test sites, This becomes even more demanding because of the larger
dimensions of this booster, but also constrains the current capability of some of the
existing facilities. The capability of adequate modification to these facilities must be
re-assessed when a specific Phase B configuration is explored.

2,4.4.1 Ground Test Program. The FR-3 will require dual test articles for most
major ground tests; i, e, , static and fatigue tests, thrust vector control, attitude con-
trol, flight controls, propellant management or cold-flow tests, static-firing tests,

A slight increase in test activity spans and manpower requirements may be expected,
primarily due to the increased size of the booster, but this effect is insignificant,
Sharing of test facilities between the booster and orbiter will be limited to the sub-
system test areas because of the relatively large difference in sizes of the booster

and orbiter element and because parallel testing is required to support a tight carget
date for operational flights, D
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There is even greater emphasis on subassembly testing of the static structural and
fatigue test articles as opposed to total vehicle tests. The nature of the tests and the
large size of the elements lean more toward the subassembly approach when consider-
ing the capability of existing test facilities and the advantage gained in simultaneous
testing capability to meet the early operational date, Tank fatigue tests will require
simultaneous test stand capability to meet the early operational date. Tank fatigue
tests will require simultaneous test stand capability for the orbiter and booster tanks,
The primary difference over the FR-4 test requirements is that the booster now has two
individual propellant tanks (which are larger in diameter) instead of one integrated LOg/
LHo tank., The aft tanks in either element would be a stub-tank configuration. Either
four test stands would be needed for simultaneous testing of all four tanks (two in booster
and two in orbiter) or sequential testing must be performed in two stands, extending the
total tank test spans. The extension would not impact the total structural test span as
shown in Figure 2-4, however,

FR-3 fuel, flight controls, hydraulic, and orbiter subsystem testing will require somewhat
largertest articles, but the activities displayed in the baseline schedule are basically valid.
The impact of booster size on major ground test facilities is summarizedia Section 2.4.5.

The level of detail reflected in Figure 2-4 for the wind tunnel, materials development,
and component development and qualification programs would not show the differences
involved when considering the specific designs of the FR=3 vehicle elements.

2,4.4.,2 Flight Test Program. The total flight test program span will remain the
same as shown in Figures 2-4 and 2-15 because the availability of the flight test ele-
ments should not differ significantly from the baseline and because of the tight opera-
tional target date and the need for the same type of test flights, Since the FR-3

concept has structurally different orbiter and booster elements, both must be evaluated
and demonstrated in flight; thus, the same horizontal and vertical flight phases are
required. Four horizontal flight test articles (two orbiter and two booster) would be
required for inuch the same reasons given for the FR-4 vehicle, A fotzl of 8ix elements
(three booster and three orbiter) are necessary for the total flight test program, with
at least two boosters and two orbiters used in the operational program at conclusion

of the R&D phase, Since only one booster is required for the multi-element (total
vehicle) configuration, only two elements need be held back to provide a launch capabil-
ity for operational phase backup testing, Then, as for the baseline program, this
vehicle would later be outfitted as an operational vehicle, Again, all flights are
manned and all vehicles fully reusable,

a, Horizontal Flight Phase, The four test articles required reflect the same
reasoning as used for FR-4; i.e., at least two of each basic type of flight article
is required, and the booster and orbiter fall ir this category. If anything, the
horizontal flight test phase for the FR-3 should be longer than that planned for
the FR-4 because of the greater relative differences between the boosters
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and orbiters. Even the baseline horizontal fight phase is considered tight relative
to the aircraft flight-test months attainable. That program was shortened t, a
bare minimum so as to fall within the consfraining elements of the operational
target date and the production availability of test articles, and yet mairiain o
reasonable number of total R&D test vehicles., The FR=3 booster Las a larger
volume and an increase of at least 50 percent in landing weight over the FR-4
(Table 2-12),

Vertical Flight Phase, The vertical launch test flights outlined under the FR-4
test program are equally applicable t¢c the FR-3 program, even though vehicle
geometry is rather different, The flight maneuvers beyond separation or staging
are essentially the same, Using only two elements instead of three for each
vehicle launch will impact the number of booster /orbiter elements to be in the
postflight turnaround cycle at any one time, but its immediate effect on mainten-
ance and servicing facilities is not fully apparent without also considering the
required launch rates,

Single-element vertical launches are also used with this configuration for incre-
mentally exploring the flight envelope from the high subsonic regime to the full
mission maneuver. For the FR-3, however, it seems advisable to use an orbiter
el-ment rather than a booster for this phase for the following reasons.

1. To fit orbiter TPS panels to a larger booster would create excessive new
designs and tools not otherwise warranted,

2, The orbiter thrust-to-weight ratio is high enough when excluding the payioad;
the booster would re wire excessive ballast to approach its thrust-to-weight
ratio when in the total vehicle configuration,

Even so, the orbiter must be fitted witl. the booster engine exhaust nozzles for
sea-level launch, and extra flyback fuel tanks must be added, This area will
need to be explored further prior to and during the Phase B activities, but it
seems reasonable that enough of the desired flight envelope can be obtained fo
make the approach worthwhile,

The booster element would at least be checked out in this flight mode initially,
prior to the first multi-element launch,

The multi-element launches will remain the same as for the FR-4 program
except, of course, for the launch vehicle configuration, Table 2-13 compares
the differences between the flight trajectory parameters for the two~ and three-
element launch vehicles, Maximum q is slightly increased for the FR-3 concept,
but staging g remains at 50 psf. Staging velocity and altitude are only slightly
increased over those for the FR-4 configuration. In general, these differences
should not vary the type or number of flight tests shown.

2.4.5 TEST FACILITIES, Test facilities required for the FR-3 vehicle will not
differ appreciably from those described for the FR-4, Exceptions are:
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a., Static firing of the FR-3 booster cannot be accomplished within the MTF S-1C
Test Stand because of the 41-foot envelope required for the fuselage, The MSFC
S-1C stand may be usable if it can be extended vertically to accept a 186-foot-
long vehicle,

b, A 60-percent increase in the volume of fuel required for firing tests will be
necessary. Similar increases will be required for structural tank testing
(cryogenic cycling).

¢, Vertical launch tests will have a much smaller impact on launch facility construc-
tion schedules if Complex 39 is used, because much of the existing facility requires

little or no modification. (Figure 2-25), Volume IX describes the launch facilities
required for the FR-3 veh‘cle,

Table 2-14 reflects the general test facility requirements and probable existing cap-
ability for both the FR-3 and FR-4 vehicle concepts.
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Table 2-14. Test Facility Requirements for FR-3 and FR-4 Space Shuttle Vehicle

Test

Type of Facility Required

Location

Wind Tunnel

Material development
Component development
Structural static load test

Structural fatigue test
Cryogenic cycling

Acoustic

Jet fuel system tests

Flight control subsystem tast
Electrical subsystem test
R&D crew escape test
Thrust vector control test

Attitude control subsystem test

Docking simulation tests

Carg, & Ground Handling test

Propellant flow & vehicle static
firing

Ground vibration tests

Human factors test

Avionicls integration tests

Environmental control tests

Horizontal flight tests

Vertical launch tests

High and low speed tunnels
Placma Arc tunnel
Hypersonic shock tunnel
Environmental test lab
Component test lab

Test tower and hangar

Test Tower

Cryogenic propellant
Loading equipment

180ds acoustic chamber
Jet engine tcst facility
Vehicle skeleton mockup
Electrical test equipment
Compartment mockup
Test stand

Hang :r building

Docking simulator

GSE test facility

Large static firing test facility

Hangar

Life science support facility
Electronics lab

Space vacuum chamber
Aircraft test facility

Launch complex

Contractor facility
MSFC

Contractor facility
Contractor ficility

MSFC static load test facility
(Contractor hangar for wing test)

None suitable existing
Contractor/or MSFC

Houston MSC, acoustic test facility
Contractor {acility
Ccntractor facility
Contractor facility
Contractor facility
Contractor MSFC

Static test facility
Contractor facility

MSC simulation laboratory
MSFC GS3E test facility
MTF S-IC test stand*

Contractor facility
Contractor facility
MSC Houston

MSC chambes A
Edwards AFB, Calif,
ETR, Florida

*FR-3 booster cannot be accommodated at MTF S-IC stand, It can be tested at MSFC S-IC

stand if stand is modified,
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SECTION 3
COST ANALYSIS

In conjuncticn with design, development, and operations studies of the space shuttle,
an anslysis was performed to determine the cost of developing, procu.ing, ana operat-
ing the candidate systems. The costs were generated using Convair-developed cost
esdmating relationships (CERs) and methodology. This section presents the cost
analysis results for the final FR-3 and FR-4 configurations and a discussion of Convrir
CERs and methodology. Tables 3-1 and 3-2 present summary total program costs for
the FR-3 and FR-4 configurations. The relationship of prc~ram costs to variations in
annual traffic rates is shown in Figures 3-1 and 3-2. These costs represent {otal cost
to the government for development, production, and ten years of operation (excluding
mission-associated costs such as range operations, and payload ccsts). In addition to
the baseline vehicle cost aralyses, the sensitivity of program cost to variations in
vehicle design characteristics for both the FR-3 and FR~4 vehicle configurations was
investigated.

3.1 COST METHODOLOGY

System costs were synthesized using parametric CERs aad point estimates. Parametric
CERs were generated for hardware cost elements and subsystem development tasks by
collection and analyris of cost data from various hardware and study contracts and pro-
posals, together with CERs developed by research institutes, otuer contractors, and
government agencies. Some cost estimates (test operations, facilitics, operationai
personnel, etc.) were generated from direct estimates of the requirements (number o
personnel, etc.) for the system under consideration.

Convair's Advanced Vehicle Systems Evaluation Model (AVSEM) cost model, Reference
3-1, was modified for use in analyzing reusable space transportation system costs.
The model generates costs in three major categories: development, investment, and
operations. The n.odel uses vehicle configuration data (e.g., weights, engine thrust,
number of engine. ), program plan data (mimber of equivalent test articles, number of
production units, etc.) and operational requiremerts (manpower, recycle times, etc.)
to generate detailed total nrogram costs.

3.1.1 GROUND RULES AND ASSUMPTIONS. The following are the ground rules and
assumptions for tae cost study.

a. Costs are expresse< in constant 1969 dollars and include contractor overhead,
burdens, and fee,
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Table 3-1. FR-3 Configuration — Total Program Cost

ANNUAL LAUNCH RATE

COST ITEM* 25 50 100
Development 5231 5231 5231
Invectment 378 435 §78
Operations 697 1151 2084

Total 6306 6867 8193

*Costs in millions of dollars

Table 3-2. FR-4 Configuration — Total Program Cost

ANNUAL LAUNCH RATE

COST ITEM* 25 50 100
Development 4883 4883 4883
Invesament o84 694 1141 {
Operations 830 1387 2535

Total 6297 6964 8559

*Costs in million3 of dollars

No NASA headquarters or centers costs are included in program costs.
One airframe contractor was assumed to develop both tke booster and orbiter
elements.

The airframe contractor is the system prime contractor; however, rocket and jet
engine development and hardware are government direct purchased items.

Development facilities, tooling, etc. are the minimum required to demc- strate
operational capability, but will be suitable for operaiional program use.

The cost of flight test vehicle hardware and GSE that is acquired and used during
development anu later transferred to the operational program is included in the
development costs.
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Two flight -test orbiter elements
and two booster elements will be
transferred to the operational
program from the FR-4 develop-
ment program. Two boost s
and two orbiters will be transfer-
red to the operational program
from the FR-3 development

program.

Rocket engines are without idle
mode capability and use different
nozzle extension configurations

for booster and orbiter application.

Manufacturing facilities are as-
sumed to be avaiiable.

Operational program costs are
based on 10 years of steady-state
operations at 25, 50, and 100
launches per year.

All launch rates assume two pads
operational (one pad with a stand-
by vehicle).

1. Operational vehicle inventories are sized according to turnaround time spans,
orbital stay times, and standby vehicle requirements.

m. The seven-day mission was used to determine orbiter inventory.

n. Unlimited vehicle life is assumed for determination of vehicle inventory.

o. Operaticas manning for the FR-3 is assuming to be 80% of the FR-4 manning.

3.1.2 UNIT HARDWARE COST. In generating cost estimates for the FR-3 and FR-4
systems, primary attention was given to the theoretical first unit (TFU) hardware cost.
As subsystems were defined, their characteristics were reviewed to determine if cost .
data were available on analogous systems, to appraise the validity of existing CERs,

and (if necessary) to request vendor cost estimates.

Because of the size of the thermal protection system, its cost was of special interest.
The matcrials used represent ar advancement in the state-of-the-art of both develop-
ment and fabrication techniques. Radiative TPS cost analyses have been undertaken

by McDonnell Douglas (References 3-2, 3-3, and 3-4),Martin (Reference 3-5), and
Convair (Reference 3-6). While costs are not in specific agreement, two things are
apparent: costs are generally stated in terms of area rather than weight, and efficiencies
of scale appear to be sensitive to panet size rather than the total TPS area.
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The thermal protection system used on the
FR-3 and FR-4 vehicles is estimated to
cost approximately $480/ft2 for fabr:ication
cover panels plus $200/ft2 for installation.
The vehicle insulation is estimated to cost
$50/ft2 for installation. Although booster
and orbiter cover panels are of different
materials, the material cost differences
do not appreciably affect the average cost
per square foot,

The first article cost CERs that were de-
veloped or adopted for use on FR=3 and
FR-4 vehicles are shown in Table 3=3,

3.1,3 DEVELOPMENT PROGRAM COST,
An investigation was made of development
costs at the subsystem level. The level at
which engineering design and development
costs were generated is:

Basic Vehicle

Thermal Protection

Landing Gear

Electrical

Reaction Control

Crew Systems

Environmental Controls & Life oupport
Guidance and Navigation
Communication

Onvoard Checkout and Instrumentation
Rocket Engines

Jet Engines
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These categories include engineering personnel and laboratory test hardware but do
not include vehicle ground test and flight test hardware,
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Table 3-3. First Unit Cost Estimating Relationships

CERs
CATEGORIES (for costs in millions) .
Wings | 0.00782 Wo'7
Vertical Surfaces 0.00782 WO'7
Horizontal Surfaces 0.00782 WO'7
Fairings 0.00782 w7
Inte; « Fuel Tanks 0.00252 WO'7
Integial Oxidizer Tanks 0.00252 W()"7
Basic Body Structure 0.00782 WO'7
Thrust Structure 0.00923 WO'7
Secondary Structure 0.000175 W
Radiative Cover Fanels 0.000682 A
Vehicle Insulat.on 0.000065 A
Landing Gear 0.00094 WO‘8
Docking Structure 0.0005 W
0.52

Rocket Engines 0. 0037(Fvac) °21
Nonintegral Fuel Tanks 0.00252 WO'7
Nonintegral Oxidizer Tanks 0.00252 W0'7
Secondary Fuel Tanks 0.00252 WO' 7
Secondary Oxidizer Tanks 0.00252 Wo'7
Propellant Insulation 0.000903 WO'668
Fuel System 0.0076 W0'7
Oxidizer System 0.0076 WO"7
Pressurization and Purge 0.0076 WO'7
Airbreathing Engines 0.000243(FSL)°‘ 8737 1
Airbreathing Fuel System and Tankage  0.00176 W~ ' ’
Separation and Staging 0.0091 w'* %% .
ACS System 0.0318 W' 54° ’
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Table 3-3. First Unit Cost Estimating Relationships (continued)

CERs
CATEGORIES  (for costs in millions)

0.512
ACS Tankage and Systems 0.0348 W

0.49
Power Sources, Tankage, and 0.0703 W 493
Electrical Power Conversion

o. 5
Hydraulic Power Conversion and 0.0156 W 555
Distribution

0.555
Aerodynamic Control 0.0162 W

0.
Guidance and Navigation 0.3041 W 485
Onboard Checkout and Instrumentation 0.016062 Wo' 5956
Communication 0.1032 WO'F“43
Environmental Controls and Life 0.00855 WO'84
Support
Personnel Provisions 0.0002 W
Crew Station Controls and Panels 0.0015 W
Final Assembly and Checkout 14.5% of Subsystems TFU

Less Engines & Avionics

W = weight in pounds, F = thrust in pounds, A = area in ftZ.

Convair's propulsion costs are based on the assumption that the engine contractors will
be funded directly by the contracting agency, and that the airframe contractor would
add no cost overrides to the propulsion costs. Therefore, the rocke* and jet engine
development and hardware cost includes only engine contractor burdens, fee, and over-
head.

The basic vehicle category includes all structure and subsystems that are not specifi-
cally identified by another category. All of the above engineering design and develop-
ment costs were generated using parametric CERs. Table 3-4 shows the specific
CER used for each of these cztegories.

The development cost of booster subsystems that are siinilar to those in the orbiter
element are reduced by a commonality factor (C) as shown below:

Net booster subsystem cost = (1 -~ C) x gross booster subsystem cost
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where C =

weight of subsystem common pieces

total subsystem weight
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Program costs that were not estimated parametrically (e.g., system ground tests and
flight tests) are dependent on a development program plan. Point estimates were made
of test hardware requirements, test manning, etc., and costs were estimated based on

these figures.

Table 3-4. Development Cost Estimating Relationships

CATEGORY

CERs
(for costs in millions)

Contract Definition - Contractor Segment

Systems Engineering and Integration

Engineering Design and Development
Basic Vehicle
Landing Gear
Thermal Protection System

Electrical Power

Attitude Control

Crew Systems Furnishings, Controls
& Displays

Eanv. Control and Life Support

Guidance and Navigation, Incl.
A.utcpilot

Communication
Onboard C/O and Instrumentation
Rocket Engines

Jet Engines
Systems and Ground Tests

Operations

*W = i i
iry element dry weight
3-7

2 contractors, 390 men,
11 months @ $0. 0035/manonth

*
0. 01534(w )0‘7544
dry,

64.0 (Airframe TFU)O' 308

0.001643 W0° 8

0.G506 WO'675

Booster: (1-C) x 0.0716 WO'765

Orbiter: 1.022 w048
1.423 w2

0.3473 Wo'525

0.8567 wo‘48756
0.4084

(1-C) x 3.797 W

412
1-C) x 1.720 w*r 4!

0.644 Wo'365 ‘
0.65 i

0. 1215(F ) i
vac

Input cost determined outside model

Man months x
$0.0025/man month

-
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Table 3-4. Development Cost Estimating Relationships (continued)

CATEGORY

CERs
(for costs in millions)

Hardware

Propellants & Gases
Tooling
AGE Design & Development

AGE Cost Per Stage
Flight Tests
Operations

Mission Control
Hardware

Propellants & Gases
Facilities
Ground Test
Flight Test Complex
Training
Trainers
Simulators
Training Program Development

No. of equivalent elen.ents x

TFU of element

$0.15 x 10'6/pound
0.52

6.96 (Airframe TFU)

0.2 (total airframe engineering
design & development)

.2
3.00 (Stage TFU)O 88

Man months x
$0.0025/man month

1.25 yeer . x $3M/yr

No. of equivalent elements x
TFU element

$0.15 x 10-6/pound

Direct input determined outside model
Direct input determined outside model

0.2 (element TFU)
Direct input determined outside model

1.0 (simulators and trainers
cost)

For the FR-3 configuration, 3.5 equivalent booster elements and 4.4 equivalent orbkiter

[P v

elementn are required for the ground test program test hardware. For the FR-4, 3.65
equivalent booster elements and 4.4 orbiter elements are required. In the flight test
program, the FR-3 requires 4.56 equivalent booster elements -u 6.03 equivalent
orbiter e. ..nents for flight test hardware and spares. The FR-4 re~uircs 4.2 equiva-
lent booster elements and 4.2 equivalent orbiter elements. Both the ¥R-3 and FR-4
require three sets of AGE with associated spares.

© e vr a4 e Weaw o ar P
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3.1.4 INVESTMENT COST. The estimation of investment costs requires application
of appropriate cost improvement (learning) curves to the TFUs for the hardware

quantities required for the operational program. The log-linear unit cost improvement

curves assumed are presented in Table 3-5 together with the rclationships used to
derive the cost of spares and GSE.

Table 3-5. Investment Cost Estimating Relationships

CATEGORY COST BASIS

Flight Hardware (by major category) TFU of category with the following cost
improvement applied.

0.90 for structure
0.90 for subsystems
0.95 tor rocket engines
0.90 for jet engines
0.95 for avionics

Spares Fraction of investment flight hardware:

0.1 Airframe Structure

0.1 Airframe Subsystems
0.3 Rocket Engines

0.3 Jet Engines

0.1 Avionics

GSE 2 adaitional operational sets for each
stage, 0.95 learning

The development tooling, which is sufficient for production of te <t hardware, is also
adequate for the production of the operational vehicle flect.

3.1.5 OPERATIONS COST. The operations cost CERs are shown in Table 3-6. The
manning estimates shown are based upon the analysis performed by Par American
World Airways (Reference 3-7). This analysis covered the manpower levels required
by a three-element vehicle (FR-4) for an annual traffic rate of 100 launches per year.
Figure 3-3 shows the manning levels used for other launch rates. As can be seen,
certain minimum crew sizes were estimated for the different functions. Based on the
relative difference in size and number of elements it was assumed that the manning
level for the FR-3 vehicle configuration is 80% of that required for the FR-4,

3-9
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Table 3-6. 'Operations Cost Estimating Relationships

CATEGORY COST BASIS ,
Launch Operations Personnel FR-3 (FR-4)
25 launches per year 10 yrs. < $0.03/M-Y x 59 men (73 men)
50 launches per year 10 yrs. x $0.03/M-Y x 59 men (73 men)
100 launches per year 10 yrs. x $0.03/M-Y x 59 men (723 men)
Maintenance (Refurbishment) Personnel
25 launches per year 10 yrs. x $0.03/M-Y x 128 men (160 men)
59 launches per year 10 yrs. x $0.03/M-Y x 128 men (160 men)
100 launches per year 10 yrs. x $0.03/M-Y x 216 men (270 men)
Operations Support Personnel
25 launches per year 10 yrs. x $0.03/M-Y x 252 men (315 men)
50 launches per year 10 yrs. x $0.03/M-Y x 268 men (335 men)
100 launches per year 10 yrs. x $0.03/M-Y x 300 men (375 men)

Refurbishment Materials &
Operational Spares (per flight)

Structur 0.00035 TFU
ucture 3 structure

TPS Cover Panels Booster: 0.02 TFU
cover panels

Orbiter: 0.0222 Tr'U
cover panels

TPS Insulation 0.02 TFU,

insulation
Airframe Sub .
irfr systems 0.005 TFUs ubsystems
Rocket Engi .25 TF 'y
oc ngines 0.25 T Urocket (pec 100 flights)
Jet Engines 0.005 TFUjet
Avioni 0. 00"
vionics 005 TFUa vionics
Propellants and Gases Vehicle load @ 0.15 x 10~6/pound
GSE Maintvnance 5% of operational GSE cost per year ¥
Facility Maintenance 5% of operational facilities cost per year

All Costs in § Milliona
M-Y = Many=2ar

T

Eray

3-10
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The refurbishment matecials and opera-
tional spares factors were determined
from estimates of wearout, replacement,
OPERATIONS AND MAINTENANCE and failure rates. This cost category was -
400 dominated by the allowance of an entire
TPS replacement after 50 flights. In
/ this manner, 1/50 of the TPS cost is
L charged to each flight. The orbiter was

300 / charged an additional 0.22% of the TFU
VEHICLE MAINTENA1\§/ per flight to account for the small areas

500

AND REFURBISHMENT
! cf limited life materials.

200
° / 3.2 COST SENSITIVITY ANALYSIS

PERSONNEL (Equivalent men)

VEHICLE The sensitivity of cost to changes in
100 SUPPORT J various vehicle design characteristics
AN was analyzed for an annual traffic rate
of 50 launches per year. The total pro-
gram cost associated with variations in
0 ' design characteristics was determined
0 50 100 150 by costing out several synthesized
ANNUAL LAUNCH RATE vehicle configurations and comparing
them to the baseline vehicle. The re-
sults of this analysis are shown as
parametric sensitivity curves of the
change in total program cost plotted against the change in the cost-sensitive parameter.
In all cases the 0 cost point represents the baseline vehicle configuration.

Figure 3-3. Operational Program Manning
Levels

The cost sensitivities associated with the FR-3 vehicle configuration appear in Figures
3-4 through 3-11. Figure 3-4 shows the cost impact of changes in inert weight of both
the booster and orbiter. The much higher sensitivity of program cost to orbiter inert
weight is a result of the cascading effect of stage weight growth on the stage below it.

Figure 3-5 shows the cost reduction that is associated with reducing the booster and
orbiter contingency from the taseline 10% value to 0%. The cascading effect, once
again, results in a greater orbiter sensitivity. The results shown in this figure must
be tempered with the realizatior that the cost reductions shown could only be achieved
if the vehicles were built without any weight growth and do not reflect the cost assoc-
iated with expensive weight control programs that would probably be required if a
vehicle were designed without an adequate allowance for weight increases.

The program cost sensitivity to variations in the unusable vehicle volume are shown in
Figure 3-6. More unusable volume results in a larger, heavier vehicle and hence
higher program costs. It can be seen that the orbiter is more sensitive than the booster
to packing efficiency.

3-11 L3
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Figure 3=5. FR-3 Program Cost
Sensitivity to Weight Contirgency

Figure 3-7 portrays the change in pro-
gram cost with variations in payload
weight. It should be noted that program
costs are presented for 50 launches per
year, and therefore, different payload
weights represent different values of

' payloads to orbit per year.

Figure 3-8 shows the change in total
program cost associated with varying
the on-orbit AV requirement. The
marginal cost of one fps of AV renuire-
ment about the baseline is approximately
$382,000 for the FR-3 configuration.

The sensitivity of cost to variations in
staging velocity about the baseline sys-

tem value is shown in Figure 3-9. This indicates that total program cost exhibits a
decreasing trend as staging velocity is increased within the area of interest.

Figure 3-10 depicts the change in total program cost of the FR-3 configuration when
the ISp of the booster and orbiter are allowed to vary about the baseline value. As can
be seen from the plot, a greater cost impact is associated with a given change in

orbiter Isp than in booster I sp® This is due to the cascading effect of orbiter growth
on booster size. When orbiter Is is varied the size of both the orbiter and booster are
affected to a greater extent than when booster Isp is altered.

3-12
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Volume X

Figure 3-11 illustrates the change in
total program cost associated with
changes in vehicle flyback L/D. From
thig it can be seen that program costs
are relatively insensitive to excursions
in flyback L/D.

The same cost sensitivity analysis
described above was also conducted on
the FR-4 vehicle configuration. The re-
sults of this study are shown inT'igures
3-12 through 3-19. The general com-
ments for the FR-3 vehicle cost sensi-
tivities also apply to the FR-4 witn the
exception of the AV reguirem~nt sensi-
tivaty, which exhibits a ma- 1 cost of
approximately $400, 000 per ..5 of AV
for the FR-4 vehicle.

In addition to the cost sensitivities pre-
sented in graphical form, an alternate
payload size was also analyzed. The
baseline veh ~:2s were sized for a 15
foot diameter payioad. If the vehicle
were sized for a 22 foot diameter pay-
load the impact on total program cost
would amount to an increase of approxi-
mately $240 million for tbe FR~3 vehicle
and $282 million for the FR-4 vehicle.

3.3 COMPARISON OF FR~-3 AND FR-.

The total program costs (at 50 launches/
year) for the FR-3 and FR-4 are com-
pared in Figure 3-20. It can be seen
that ai this launch rate the FR-4 has a
slightly higher total cost. On the other

hand, the development cost of the FR-3 is higher than that of the FR-4. This is be-
cause although the FR-3 and FR-4 oipLiters are quite similar in size, a smaller booster
is developed in the case of the FR-4 since ine boost function has been broken down into
two 1dentical hardware elements rather than one large one. (A detailed development
cost comparison was tabuiated and appears in Table 2-7.) Both th ‘perations and iL-
vestment costs are larger for the FR-4. This is the result of a larger total vehicle at
liftoff, since the volumetric efficiency of two boost elements is not as good us for one

element.

3-13
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Volume X

The operations cost per launch for the
two vehicles were also compared over

a raage of launch rates froin 25 to 100
per year. This comparison appears in
Figure 3-21. The greater volumetric
and operational efficiency of one boost
element rather than two results in lover
per launch costs at all launch rates for
the FR-3. A more .- tailed comparison
of the recurring costs per iaunch for the
two vehicles appears in Table 3-8.

Since a comparison of FR-3 versus
FR-4 on a total program basis is de-
pendent on the launch rate assumed,
total program costs for the two systems
have Leen plotted versus launch rate.

This cc.nparison appears in Figure 3-22.

Frem this plot, it can be seen that at low launch rates (25 per year) the FR-3 and FR-4
have approximately the same total prcgram cost. However, as the traffic rate is in-
creased the higker recurring costs of the FR-4 begin to dominate and the FR-4 total
program costs becom: progressively higher than those of the FR-3 configuration.
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Table 3-7. Development Program Cost “omparison

Volume X

DEVELOPMENT FR-3 FR-4
Airframe 984 * 952
Propulsion 557 527
Avionics 79 79
AGE 254 243
Ground Test 1267 1098
Flight Test 1384 1331
Facilities 224 248
SE&I 452 385
Total 5201 4853

*A]l costs are in millions of dollars

ANNUAL LAUNCH RATE.
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Figure 3-21. Recurring Cost Per Lauuch,
25 to 100 Launches Per Year
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Table 3-3. Comparison of Operations Cost Per
Launch at 50 Launches Per Year

Volume X

ITEM FR-3 FR-4

Personnel 0.273* 0.341
Materials
Booster 0.805 1,121
Orbiter 0.477 v.511
Propellants & Gases 0.513 0.573
GSE Maintenance 0.108 0.102
Facilities Maintenance 0.126 0.126
Recurring Cost/Launch  2.302 2.774

*All costs are in millions of dollars

w0

FR-4
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Figure 3-22. FR-3 Versus FR-4 Program
Cost Comparison
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3.4 DETAILED PROGRAM COSTS

This section presents the detailed FR-3 and FR-4 total program costs. Costs for
each vehicle system are shown in Convair and NASA Work Breakdown Structure (WBS)
formats. Completed Cost Estimate Data Forms and Technical Characteristics Data
Forms are included. Also included are funding schedules for the FR-3 and FR-4 pro-
grams. Development and production plan schedules in the NASA format are presented.

3.4.1 APPROACH. The current configuration of the Convair cost model does not out-
put costs in the NASA WBS format. Consequently, it was necessary to manually re-
arrange the FR-3 and FR-4 costs into a format consistent with NASA WBS require-
ments. The Convair model's first unit and development cost output formats are in close
agreement with the NASA categories down to the WBS level 5. However, subsequent
operations internal to the computer model result in significantly less format agreement
in the investment and operations outputs. For example, investment costs are cal-
culated by aggregating the various first unit subsystem costs into the categories of
airframe structure, airframe subsystems, rocket propulsion, jet propulsion, and
avionics. Table 3-9 shows the various first article subsystem costs, the correspond-
ing categories (structure, subsystems, propulsion, avionics) they are aggregated into,
and the equivalent NASA WBS identification numbers. Appropriate factors for quan-
tity, learning rate, and spares are applied at these higher level categories. This

type of a computation results in significant masking of the equivalent NASA level 5
categories for recurring costs.

The data shown in the NASA Cost Estimate Data Forms were generated based on the
following ground rules and assumptions:

a. The WBS Identification, ID Numbers, and WBS level are based on the terminology
and definitions of Reference 3-8.

b. All costs appearing in the Cost Estimate Data Forms are for a launch rate of 50
per year ~nd include fee.

c¢. The number of units indicated for each line item are based on the total units (less
spares) of each investment category (A/F Structure, 4 ‘F Subsystems, Propulsion,
Avionics).

d. "ExpectedCost" values are the first unit cost of an item increased by the applicable
spares percentage.

e. Spares rv - entages used were 10% for A/F structure, A/F subsystems, and avionic
items, «.d 30% for rocket and jet propulsion items.

f. The cost improvement percenteges (learning) for each line item represent the
learning applied to the corresponding Convair investment categories (90% for
A/F structures, A/F subsystems and jet propulsion, and 95% for rocket pro-
pulsion and avionics).
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Table 3-9, Map of First Article Costs Into NASA WBS
and Convair Investment Categories

EQUIVALENT
CONVAIR FIRST ARTICLE NASA WBS
COST CATEGORY ID NUMBER

CONVAIR
INVESTMENT
CATEGORY

Wing & Wing Mounted Control Surfaces xxx-xx -01-00

Airframe Structure

Vertical Surfaces -01-00 Airframe Structure
Horizontal Surfaces -01-00 Airframe Structure
Fairings, Shrouds, & Assoc. Structures -01-00 Airframe Structure
Structural Fuel Containers -01-00 Airframe Structure
Structural Oxidizer Containers -01-00 Airframe Structure
Basic Body Structure -01-00 Airframe Structure
Thrust Structure -01-00 Airframe Structure
Cover Panels, Nonstructural -19-00 Airframe Structure
Vehicle Insulation -19-00 Airframe Structure
Landing Gear -15-00 Airframe Subsystems
Primary Engines and Accessories -03-01 Propulsion Rocket
Fuel Containers and Supports (Tank) -01-00 Airframe Structure
Secondary Fuel Containers & Supports -01-00 Airframe Subsystems
Secondary Oxygen Containers & Supports -L1-00 Airframe Svbsystems
Propellant Insulation -01-00 Airframe Structure
Fuel System -03-08 Airframe Subsystems
Oxidizer System -03-09 Airframe Subsystems
Pressurization & Purge System -17-00 Airframe Subsystems
Air-Breathing Engines -03-04 Propulsion Jet
Fuel & Tankage System, Jet -03-08 Airframe Subsystems
Separation and Staging -04-00 Airframe Subsystems
Spatial Attitude Control System -04-00 Airframe Subsystems
Control Propellant Tankage & System -04-00 Airframe Subsystems
Electrical Power -05-00 Airframe Subsystems
Hydraulic/Pneumatic -08-00 Airframe Subsystems
Aerodynamic Control -08-00 Airframe Subsystems
Guidance and Navigation -10-00 Avionics
Onboard Checkout & Instrumentation -13-00 Avionics
Communication ~-07-00 Avionics
Environ. Contro}l & Life Support -06-00 Airframe Subsystems
Personnel Provisions -16-00 Airframe Subsystems
Crew Station Controls & Panels -08-00 Airframe S.ubsystems
Final Assembly and Checkout Xxx-xx -02-00 Ajrframe Subsystems
3-21
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Propulsion values are shown at the NASA WBS level 6 io distinguish between
rocket engines, jet engines, and their respective propellant feed systems.

Subsystem installation nonrecurring costs are not identified separately, but are
included in the test hardware item at level 5 (3xx-0x-97).

Launch escape system costs are not applicable to either configuration.
Ordnance subsystems costs were included in the basic structure.
Thermal protection system costs were identified as a new level 5 item (3xx-0x-19),

The Test Hardware (3xx-0x-97) category included stage-associated nonrecurring
costs for systems and ground test hardware, initial tooling, initial sets of ground
test and launch site AGE, and flight test hardware.

Ground and Flight Test Operations and Services costs are shown at the vehicle
level (WBS level 4) under ID number 300-98-000 and include ground and flight test
operations, ground and flight test propellants and gases, and flight test mission
control.

GSE design and development costs and GSE procurement costs for operational sets
(sets in addition to those carried over from the development program) are shown
at the vehicle level (WBS level 4) under ID number 300-18-00.

Facilities costs are shown at the vehicle level under ID number 300-95-00 and in-
clude ground and flight test facilities cost, training program equipment costs, and
operational launch facility costs.

Recurring launch operations and services costs are shown at a WBS level 3 under
ID number 500-00-00. Included are the operational program costs associated with
launch personnel, maintenance personnel and materials, operations support per-
sonnel, propellants and gases, GSE maintenance, and facility maintenance.

The values shown for "highest cost' and '"lowest cost'' in Tables 3-11 and 3-14
allow for uncertainties in the cost estimating relationships, advancement in the
level of technology required, and differences between the existing design definition
and the article actually produced. Uncertainties associated with commonality
assumptions are also reflected in these figw: es.

A rectangular spreading function was selected as the cost distribution carve most
applicable to sever.l FR-3 and FR-4 program cost items. This function is
designated by index number 6.

o
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3.4.2 FR-3 PROGRAM. Detajled FR-3 program costs are presented in the Convair
format in Table 3-10. The FR-3 Program Funding Schedule is shown in Figure 3-23.
Detailed FR-3 prograin costs are shown in the NASA WBS format in Table 3-11.
Technical characteristics data for the FR-3 configuration are presented in Table 3-12.
The FR-3 Development and Production Plan Schedule generated from Table 3-11 data
appears as Figure 3-24.
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Figure 3-23. FR-3 Program Funding
Schedule
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Table 3-10. Detailed FR-3 Costs ($ Million) in Cunvair Format

FIRST ARTICLE COST, FR-3 CONFIGURATION

Booster Orbiter
First-Article Cost Total 193.500 102.519
Aerodynamic Surfaces 24,615 18.692
Wing and Wing Mounted Control Surfaces 15.427 8.945
Vertical Surfaces 9.188 7.284
Horizontal Surfaces 0.000 1.336
Fairings, Shrouds and Assoc. Structure 0.000 1,126
Body Structure 42,304 19.652
Structural Fuel Containers 3.305 1,393
Structural Oxidizer Containers 2.022 1.240
Basic Body Structure 22,338 12.860
Thrust Structure 14.638 4.159
Thermal Protection 19.880 17.134
Cover Panels, Non-Structural 18.150 10.165
Vehicle Insulation 1.730 . 969
Launch Recovery Docking 3.084 1.999
Landing Gear 3.084 1.809
Docking Structure 0.000 . 100
Main Propulsion 80.657 20.804
Primary Engines and Accessories 53.658 10.850
Fuel Containers and Supports (Tank) 0.000 .710
Secondary Fuel Containers and Supports 0.000 . 347
Secondary Oxidizer Containers+Supports 0.000 .221
Propellant Insulation .374 .296
Fuel System 3.870 1.067
Oxidizer System 7.601 2,053
Pressurization and Purge Systems 1.883 .817
Air Breathing Engines 12.932 4.356
Fuel and Tankage System, Air Breathing .540 .087
Orientation, Sep.and Ullage Control 2.307 8.389
Separation and Staging . 808 .331
Spatial Attitude Control System 1.046 6.802
Control Propellant Tankage and Systems .453 1.256
Electrical Power 2.4891 3.186
Hydraulic Power 3.840 2.652
Hydraulic/Pneumatic 1.353 .934
Aerodynamic Control 2.487 1,718
ow 7.291 8.461
Jdance and Navigation 4.874 5.980
Onboard Checkout and Instrumentation .480 .544
Communication 1.937 1.937
Environmental Controls and Life Support 2,048 3.529
Personnel Provisions . 054 112
Crew Station Controls and Panels .420 .420
Final Assembly and Checkout 4.109 3.3580
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Table 3-10. Detailed FR-3 Costs ($ Million) in Convair Format (Cont'd)

DEVELOPMENT PROGRAM, FR-3 CONFIGURATION

Development

Definition Phase

Development Phase

Systems Engineering and Integration
Engineering Design and Development

Airframe
Basic Vehicle
Thermal Protection
Lapding Gear
Electrical
Reaction Control
Crew Systems
Environmental Controls and Life Support

Avionics
Guidance and Navigation
Communication
Onboard Checkout and Instrumentation

Proupulsion
Rocket Engines
Jet Engines

Systems ana Ground Tests
Operations
Hardware
Propellants and Gases

P |

Booster Orbiter Vehicle

2422,701 1755.5857 1023.620

0.000 0.000 30.030

291.584 160.615 0.000

426.612 544,966 497.290

384,350 448.646 0.000
251.533 208.370 0.000
67.966 56.418 0.000
5.391 3.162 0.000
5.145 41.886 0.000
27.556 102.619 0. 000
6.360 7.938 0. 000
20.599 28.253 0.000

12.262 66.320 0.000
5.688 46.648 0.000
1.410 14,097 0.000
5.165 5. 15 0.000

30.000 30.000 497.290
0.0090 0.000 497.290
30.000 30. 000 0.000

686.581 449,899 130.500
0.000 0.000 130.500
678.110 448.115 0.000
8.471 1.785 0.000

| 2

Total

5230.878
30.030

452,199
1468.863

1266.980

X awnioA



7‘ Table 3-10. Detaijled FR-3 Costs ($ Million) in Convair Format (Cont'd)

DEVELOPMENT PROGRAM, FR-~3 CONFIGURATION (CONT'D)

Booster Orbiter Vehicle Total
Tooling-Airframe 83.765 67.445 0.000 1561.211
Ground Support Equipment 47.562 39.611 166.599 253.772
Design and Development 0.000 0.000 166.599
Ground Test Site GSE 15.854 13.204 0.000
Launch Site GSE 31.708 26.407 0.000
Flight Tests 886.596 431,027 6G.201 1383.824
Launch Operations 0.000 0.000 60.400
Mission Control 0.000 0.000 3.750
Hardware 882. 360 430,581 0.000
” Propellants and Gases 4,236 .446 2,051
8 Facilities 0.000 0.000 162. 000 162. 000
Ground Test 0.000 0.000 7.000
Launch 0.000 0.000 165. 000
Trainers 0.900 61.99%4 ¢.000 61.994

X aWInjoA



Lz-¢

Tcial Investment Cost

Flight Hardware
Airframe Structure
Airframe Subsystems
Primary Engines
Air Breathing Engines
Avionics

Spares
Airframe Structure
Airirame Subsystems
Rocket Engines
Jet Engines
Avionics

Ground Support Equipment

Total Investment Cost

Flight Hardware
Airframe Structure
Airframe Subsystems
Primary Engines
Air Breathing Engines
Avionics

Spares
Airframe Structure
Airframe Subsystems
Rocket Engines
Jet Engines
Avionics

Ground Support Equipment

,,*..,u:w.l-w,zmﬂmw R e Ntpap o

e
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Table 3-10. Detailed FR-3 Costs ($ Million) in Convair Format (Cont'd)
INVESTMENT, FR-3 CONFIGURATION — ., LAUNCHES PER YEAR

Booster Orbiter Vehicle Total
242,372 136.039 0.000 378.410
185.233 100.812 G.000 286, 045

87.173 50,583 0.000
32.446 28.269 0.000
46,550 9.413 0.000
11.773 4,086 0.000
7.291 8.461 0.000

30.188 12,781 0.000 42,969
8.717 5.058 0.000
3.245 2.827 0.000
13.965 2.824 0.000
3.532 1.226 0.000
729 . 846 0.000

26,951 22.445 0.000 49. 396

INVESTMENT, FR-3 CONFIGURATION — 50 LAUNCHES PER YEAR

241.726 243.409 0.000 485. 135

184.'736 196.114 0.000 380,850
87.173 98. 502 0.000
32.446 54.938 0.000
46.0563 18.625 0.000
11.773 7.563 0.000
7.291 16.685 0.000

30.039 24.849 0.000 54,888
8.717 9.830 0.000
3.245 5.494 0.000
13.816 5.588 0.000
3.532 2.289 0.000
.729 1.669 0.000

26.951 22.445 0.000 49. 396

X awnjop
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Total Investment Cost

Flight Hardware
Ajrframe Structure
Afrframe Subsystems
Primary Engines
Air Breathing Engines
Avionics

wpares
Alrframe Structii ¢
Airframe Subsystems
Rocket Engines

Jet Engines
Avionics

Ground Support Equipment

Table 3-10. Detailed ¥R-3 Costs ($ Million) in Convair Format (Cont'd)

INVESTMENT, FR-3 CONFIGURATION — 100 LAUNCHES PER YEAR

Booster Orbiter Vehicle
440.622 437.911 0.000
356.184 368.735 0.000
169.411 184.197 0.000
63.056 102.943 0.000
87.684 35.462 0.0n0
21,655 13.822 0.000
14.378 32.311 0.000
57.486 46.730 0.000
1€ _641 18,420 0.000
6.306 10,294 0.000
26.305 10,819 0.000
6.497 4,147 0.000
1.438 3.231 0.000
26.951 22.445 0.000

Total

878.533
724.920

104.217

49.396

X awnjoA
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Launches Per Year

Total 10 Years Operations

Personnel
Operations and
Maintenance
Vehicle Support
Vehicle Maintenance
& Refurbishment

Materials

Booster
Airframe Structure
Airframe Subsystems

Rocket Engines
Jet Engines
Avionics

Orbiter
Airframe Structure
Airframe Subsystems
Rocket Engines
Jet Engines
Avionics

Propellants and Gases
AGE/GSE Maintenance
Facility Maintenance

Table 3-10. Detailed FR-3 Costs ($ Million) in Convair Format (Cont'd)

OPERATIONS, FR-3 CONFIGURATION

29 50 100
Per Per Per
Total Launch Total Launch Total Launch

697.266 2.789 1150.875 2,302 2084.495 2.084

131.700 527 136.500 .273 172.500 .172
17.700 17.700 17.700
38.400 38.400 64.800
75.600 80.400 90,000

320.614 1.282 641,.2.8 1.282 1282,455 1.282

201.263 402,526 805.053
107. 026 214.062 428.105
35.421 70.843 141. 686
33.536 67.073 134. 145
16.165 32.330 61.661
9.114 18.228 26.457
119,351 238.701 47%.492

65.686 131.372 262.745
30.862 61,723 123.446
6.782 13.563 27.126
5.415 10.889 21.778
10.577 21.154 42,307

128.196 .513 256. 392 .513 512.784 .513

53.756 .215 53.756 . 108 53.756 .054

63.000 .252 63.000 63.000 . 063

§ emsamne, an

.126
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PHASE B (PPP) Table 3-11. Detailed FR-3 Costs ($ Million) in NASA WBS Format Page L of 6
X_Design and Development (Nonrecurring)
—.Production and Operations (Recurring)
Identification . WBS No. Expect. Highest Lowest Confid. | T d Ts Spred. Learn
Number WBS Identification Level Units Cost Cost Cost Rating Funct. Index
a b c d e f g h i j k 1
000-00-00 Program Nonrecurring 3 NA 5230.878 NA NA NA NA |NA NA NA
300-01-00 Booster Stage 4 2907.284 See Details 2 NA |NA NA
300-02-00 Orbite: Stage 4 1691.333 See Det#lls 2 NA |NA NA
300-18-00 Vehicle GSE 4 166.599 280 68 2 45 |54 3
300-95-00 Facilities 4 223.99%4 249 199 2 36 |51 5
340-98-00 Test Operations & Services 4 211.639 775 156 2 50 |51 5
- CDP Studies NA NA 30.030 45 15 2 12 |78 6 NA

0e-¢
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PHASE B (PPP)

Table 3-11.

Detailed FR-3 Costs ($ Million) in NASA WBS Format (Cont'd)

X Design and Development (Nonrecurring)
__Production and Operations (Recurring)

Page 2 of _6

Identification WBS No. Expect. Highest Lowest Confid, | T T | Spred. Learn

Number WBS Identification Level Units Cost Cost Cost Rating d ®| Funct. Index
a b c d e f g h i j k 1

300-01-00 Booster Stage 4 NA 2907.284 NA NA NA NA |[|NA NA NA

300-01-(*) Basic Vehicle 5 251.333 4290 140 2 61 66 1 ‘

300-01-03** Propulsion (Rocket) 497.290 720 270 57 |73 3

300-01-03 Propulsion {(Jet) 30.000 47 20 34 73

300-01-04 Reaction Control 27.556 180 22 57 66 3

300-01-05 Electrical Power 5.145 42 4 62 3

300-01-06 Environ. Ctrl. & L.S. 20,599 41 15 63 —b

300-01-07 Cormmmunication 1.410 15 0.5 — ‘»~- - 3

300-01-10 Guidance & Navigation 5.688 44 2.0

300-01-13 Instrumentation 5.165 14 3.4 63 3

300-01-15 Land ' ng & Recovery 5.391 19 2 51 5

300-01-16 Crew Systems 5 NA 6.360 40 2 55 |66 3

300-01-18 Ground Support Equipment | (See Veljicle Levell.) NA NA NA |NA NA

300-01-19 Thermal Protection Sys. 5 NA 67.966 143 40 63 66 1

300-01-92 Systems Support 291,584 520 170 66 (66 6 ‘

300-01-97*** | Test Hardware 5 NA 1691.797 NA NA 2 42 52 3 NA

*Includes -01.

~-08, -14, -17

**Covers rockes engine R&D for both stages due to common design.

***Includes -02

. i
"

£
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PHASE B (PPP) Table 3-11. Detailed FR-3 Costs ($ Million) in NASA WBS Format (Cont'd) Page 3 of &
X Design and Development (Nonrecurring)
—Production and Operations (Recurring)
Identification o WBS Nc?. Expect. Highest Lowest Confid. | T d Ts Spred. Learn
Number WBS Identification Level Units Cost Cost Cost Rating Funct, Index
a b C d e f g h i j k 1
300-02-00 _Orbiter Stage 4 NA 1691, 333 NA NA NA NA |NA NA NA
300-02-(*) Basic Vehicle 5 NA 208.370 360 110 2 61 66 1 l
300-02-03** Propulsion (Rocket) 5 NA - NA NA 3 57 73 3
300-02-03 Propulsion (Jet) 5 NA 30.000 47 20 3 34 |73 5
300-02-04 Reaction Control 5 NA 102.619 180 82 2 57 |66 3
300-92-05 Electrical Power 5 NA 41.886 76 38 2 62 L 3
¢ 300~02-06 Environ. Cirl. & L.S. 5 NA 28.253 54 21 2 63 6
Z 200-02-07 Communication 5 NA 14.097 40 8 2 3
* | 300-02-10 Guidance & Navigation 5 NA 16.648 85 40 2 r
300-02-13 Instrumentation 5 NA 5.575 14 3.7 2 63; B 3
300-02-15 Landing & Recovery 5 NA 3.162 19 2 2 51 ] 5
300-02-16 Crew Systems 5 NA 7.938 60 2.5 2 55 |66 3
300-02-18 Ground Support Equipment | (See Vebicle Levdl.) NA NA 2 NA | NA NA
300-02-19 Thermal Protection Sys. 5 NA 56.418 119 40 2 63 |66 1
300-02-92 , Systems Support 5 NA 162.615 340 100 2 66 | 66 6 ]
300-02-3;7*** Test Hardware 5 NA 985.752 NA NA 2 42 52 3 NA
-
=~ H

* Includes -~01, -08, -14, -17
** Covers rocket engine R&D for hoth stages due to common design.

**x* Includes -02

‘m» “’u-ne;‘.xw‘gM RS
. ' !
. . N ‘;‘ . -
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! PHASE B (PPP) Table 3-11. Detailed FR-3 Costs ($ Million) in NASA WBS Format (Cont'd) Page 1 of O

I

;‘ — Design and Development (Nonrecurring)

f X Production and Operations (Recurring)

b

'

Identificaticn WBS No. Expect. Highest Lowest Confid, | T d T | Spred. Learn

i Number WBS Identification Level Units Cost Cost Cost Rating S| Funct. Index

a b c d e f g h i j k 1

000-00-00 Progrom Recurring 2 NA 1529.285 NA NA NA Na | NA NA NA
500-00-00 Launch Ops & Services 3 NA 1150.875 2346 830 2 120 |0 6 NA
300-00-00 Launch Vehicle 3 NA 485.135 NA NA NA NA | NA NA NA
300-01-00 Booster Stage 4 NA 214.775 NA NA NA NA | NA NA FNA

i 300-02-00 Orbiter Stage 4 NA 220. Y64 NA NA NA NA {NA{ NA | NA

1. 1

N 300-18-00 Vehicle GSE 4 2 25.330 88 8.4 2 21 [21] s a5

|

iI

"

! o

1 w

i

!

i

{
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'
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PHASE B (PPP) Table 3-11. Detailed FR-3 Costs ($ Million) in NASA WBS Format (Cont'd) Page ®_of 8
__ Design and Development (Norrecurring)
X Production and Operations (Recurring)
Identification WBS No. Expect. Highest Lowest Confid. | T d T8 Spred. Learn
Number WBS Identification Level Units Cost Cost Cost Rating Fu t. Index
2 b c d e f g h i j k 1
300-01-00 Booster Stage 4 NA 215.421 NA NA NA NA |NA NA NA
300-01-01 Structure 5 1 72.921 160 40 2 14 |25 6 90
300-01-02 Subsystem Irstallation 5 1 4.520 43 3.1 2 13 |20 6 90
300-01-03-01 | Rocket Engine 6 15 4.650 6.1 3.4 3 24 |38 6 95
300-01-03-04 | Jet Engine 6 4 4.203 4.2 A | 3 12 26 6 90
300-01-03-08 | Fuel Delivery System 6 1 4.631 7.5 21 2 15 35 6 90
300-01-03-09 | Oxidizer Delivery System 6 1 §.361 15 4.3 2 15 |35 6 90
300-01-04 Reaction Control 5 1 2.934 5.8 1.5 2 15 |35 6 90
:'; 300-01-05 Electrical Power 5 1 3.180 5.4 2.1 ‘ 15 35 6 90
300-01-06 Environment Control 5 1 2,253 6 i,6 15 135 6 90
300-(:1-07 Communication 5 1 2,131 2,3 0.9 2 18 |38 6 95
300-01-08 Stabi’ization & Control 5 1 4,686 9.4 3.3 2 15 |35 6 90
300-01-10 Guidance & Navig}:.l:ion‘ 5 1 5,361 6.5 3.5 2 18 38 6 95
300-01-13 Instrumentation 5 1 0,528 0,8 0.4 2 15 |35 6 95
300-01-15 Landing & Recovery 5 1 3,392 12 2,3 2 15 |35 6 90
| 300-01-16 Crew Systems 5 0,059 0.12 0,02 2 15 |35 6 90
300--01-1% Pressurization 5 1 2,071 3.5 1.0 2 15 35 ] 90
300-01-19 Thermal Protection 5 1 21,868 33 19 2 15 |35 6 90

R
Rwr -
$ T
=
o
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PHASE B (PPP) Table 3-11. Detailed FR-3 Costs ($ Million) in NASA WBS Format (Cont'd) Page 6 of 6

—_ Design and Development (Nonrecurring)
X Production and Jperations (Recurring)

Identification WBS No. Expect. Highest Lowest Confid. | T d ’IQ Spred. Learn
Number WBS Identification Level Units Cost Cost Cost Rating " [ Funct. Index
a b c d e f g E h i j k 1
30¢ "7-00 Orbiter Stage 4 NA 220.964 NA NA NA NA | NA N NA NA
300-02-01 Structure 5 2 43.909 95 24 2 22 25 6 90
300-62-02 Subsystem Installation 5 2 3.938 22.7 2.1 2 16 14 6 90
300-02-03-01 | Rocket Engine 6 6 4.650 6.1 3.4 3 12 22 6 95
300-02-03-04 | Jet Engine 6 —6‘ 1.888 4.2 .9 3 14 28 6 90
300-02-03-08 | Fuel Delivery System 6 2 3.471 6.5 | 1.8 2 18 |35 | @ 90
| 300-02-03-09 [ Oxidizer Delivery System 6 2 2,258 4,2 1.2 2 18 35 6 90 N

300-02-04 Reaction Control 5 2 9.228 18.5 4.6 2 18—_{ "5 6 90

z 300~02-05 Electrical Power 5 2 3.505 5.7 2.4 2 18 {35 6 90

e 300-02-06 Euvironment Control 5 2 3.882 10 2.8 2 18 35 6 90
300-02-07 Coemmunication 5 2 2.131 2.3 1.5 2 20 38 6 95
300-02-08 Stabilization & Control 5 2 3.373 6.8 2.7 2 18 35 6 90
300-02-10 Guidance & Con. ol S 2 6.578 12 4.2 2 20 38 6 95____J
300-02-13 Instrumentation 5 2 0.598 0.9 0.5 2 18 35 6 95
300-02-15 Landing & Recovery 5 2 1.990 10.7 1.4 2 i8 35 6 a0
300-02-16 Crew Systems 5 2 0.123 0.2 0.1 2 18 35 6 9¢

| 300-02-17 Pressurization ~ 5 2 0.899 1.7 | 0.5 2 18 | 35 6 90
300-02-19 Thermal Protection 5 2 12, 247 25.5 10,5 2 18 35 6 90
B T
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Table 3-12. Technical Characteristics Data for the FR-3 Configuration

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER \WBS IDENTIFICATION LEVEL — OR VALUE MEASURE CHARACTERISTICS NOTES
CURRENT| NEW
300-01-00-00 Booster 3 3.402 M Pounds Gross W-* -ht
0.517 M Pounds Dry Welg...
210 Feet Length
41 Feet Width
_ 37 Feet Height -
300-02-00-00 Orbiter 3 0.927 M Pounds Gross Weight
0.234 M Pounds Dry Weight
179 Feet Length
31 Feet Width
26 Feet Heigat ]
300-01-01-00  |Structure 5 | 6 g Ulrimate Loading J|—-- ]
| 4 g Limit Loading ‘
300-02-01-00 Structure 5 6 g Ultimate Ioadmg_ o
’ 4 g Limit Loading
300-01-03-00 Propulsion (Rocket) ! 5 400. 000 | Pounds Thrust
| _A_S_f Vol.VI Seconds IST Actue_l_ln 4_ a
See Vol. Y1 Seconds ISP Theoretical i
See Vol.Y{I Lb-Sec Total Impulse
10,912 Ft-Sec AV Requirement
100 -- Number of Burns
= L 469,868 | Pounds Inert Weight
190 Seconds Max Burn Time

¥ SWNIOA
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Tahle 3-12. Technical Characteristics Data for the FR-3 Configuration (Cont'd)

(NENTIFICATION , QUANTITY
S
NUMBER WBS IDENTIFICATION WB s OR VALUE UNTTS OF CHARACTERISTICS NOTES
LEVEL - ME..SURE
CURRENT| NEW ]
- — — - [
L10 Hours Operating Life
S e I S RSN S - —— -~T— e me i T S SE—
J J 10 - Throttling Ratio
b — e s e e 4 o e e e —de e e
| | 80 -- Expansion Ratio
F_h_—___ﬁ_hw_.._ B U U S O [N SNUIURIN S W S [ 4
LH,/LO, . == Propellants
e e .V_, e e b e b _.,._é./._._....z” RO SN p___-» U,
| 300-02-03-00 Propulsion (Rocket) 5 ¥ 400,000 | Pounds Thrust
—— - — —_— T mm——— e - e T e e e R e e Sataend e e e T ———— —'
n ' s OO
R S S S P_ie_gygl.v I Scconds ISP Actual -
o L L | See Vol.\I Scconds ISP Theoretical
. ~-Sec T I
L D —L__“______%_S_e_iyol Y! Lb-Sec otal Impulse
: L— _ 14,000 | Ft/Sec AV Reguirement
. t 5 -- Number of Burns/Missipn
B “_-J SN S | 213,150 | Poands | Inert Weight |
1 o 300 Seconds Max Burn Time/Missio
——— :
10 Hours Operating Life
10 - Throttline Ratio
160 - Expansion Ratio
LHy/ LO, -- Propellants F
S —
300-01-03-00 Propulsion (Jet) 5 4 Number No. of Engines
e ———
. 52,500 | Pounds Max S.L.S.T/Engine
_ B 39,600 Pounds Total Engine Weight
lk | 46,916 Pounds Fuel Weight
»0C -02-03-90 Progu:sion (Jet) 5 3 Number No. of Engines
—————— = A = s e r - s e et e e e — ———— e e Tk_—_‘ e — -_—
! 21,000 Pounds Max 8. L.S. T/Engine

X awninA
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Table 3-12. Technical Characteristics Data for the FR-3 Configuration (Cont'd)

IDENTIFICATION

. QUANTITY

NUMBER WBS IDENTIFICATION nggl. * OR VALUE [hLNEfSSIgF;‘J CHARACTERISTICS NOTES
CURRENT| NEW
16,100 Pounds Total Engine Weight
2,868 Pounds Fuel Weiglii_
300-01-04-00 Reaction Control 5 2,500 Pounds Thrust
16 - Number
400 Seconds ISP Actual
450 ' Seconds ISP Ideal
0.4 M Lb-8Sec Total Impulse
1,000 Pourds Wt. of Propellant
250 Lb-8ec Min Impulse Bit
1,300 Pounds Inert Weight
i 500 Seconds Burn Time
L 2.5 Deg/! Sec2 Acceleratiop
~ 1 1b/Sec Compressor Flow Rate | GHg
. 10 Hours —(;perattng Life
5 Lb/Sec Compressor Flow Rate | GO,
300—02-04;00 Reaction Control 5— 2,600 Pounds T:l;rust
48 - Number
_ 400 Seconas ISP Actual
450 Seconds iSP Keal o
2.4 M Lb-Sec Total Impulse
- 6, 200 Pounds Wt. of Propellant
250 Lb-Sec Min Impulse Bit

X awniop
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Table 3-12.

Technical Characteristics Data for the FR- 3 Corfiguration (Cont'd)

IDENTIFICATICN WBS QUANTITY UNITS OF
NUMBER WBS IDENTJFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
- CURRENT| NEW N
5,200 Pounds Inert Weight
B o T 1,300 Seconds Burn Time o
P 2.5 Deg/Sec'2 Acceleraiion
L R 0.03 Lg Acceleration
- B B B 1 o Lb/Sec (:ompress_or Flow Rate Gl*»lz
10 Hours Operating Life
5 Lb/Sec Compressor Flow Rat; a0,
300-01-05-00 £lectrical Power 5 9,000 Waits Tota! Power F:;l_(_‘—(l—l.s— ]
3,700 Wgt;. Average i;;wer
3,048 I;ounds Weight_ B
300-02—;5—00 E-l~c-ctrical Powel 5 600 — W-Hr o Total Power Batteries
B o 1,313 Watts Average Power
646 _____I_’qt_mds ‘Weight
300-01-06-00 Environmental Control 5 344 Ft3 . Press., Module Vol.
_ Ei Powics 'Wt. of Atmos. Gas
1 AT, Mii:. List.from Sun
1 A.U, I;/Iax. Dist.from Sm | -
L i 0 M. Mi, Min, Dist.from Earth
30 N.Mi, Max. Dist. from Earth -
i F 118 Founds Weigh:
100 Ft3/Min | Max.Cas Flow Rate
300-02-06-00 | Environmental Control 5 344 Ft3 Press. Module Vol.

X dwniop
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Table 3-12. Technical Characteristics Data for the FR-3 Configuration (Cont'd)

IDENTIFICATION

QUANTII'Y

NUMBER WBS IDENTIFICATION L‘g\l/;;L OR VALUE llJ[NEIA;rSSU(I){Pl;: CHARACTERISTICS NOTES
CURRENT| NEW
138 Pounds \ﬁt. of Atmes. Gas
1 A..IJ_. Mi. Dist.®rom S-n
1 A.U. Max TMist.1rous Sun_ 1
0 N. ML Min. Dist.from Earth
270 N.Mi. Max. Dist.from Earth
1,507 Pounds Weight ]
B 300 Ft3/Min Max. Gas Flow Rate
300-01-07-00 Communication 5

UHF Transceiver 15 Pounds Weight
30 Watts Output .
3 d\’gﬂd_)er Units

Crash Beacon 9 Pounds Weight
15 Watts Cutput
1 Number Units

Radar Beacon 10 Pounds Weight
15 Watts Output
1 Number Units

Intercom 3 Pounds Weight
12 Watts Output T

] 6 Number i Units

Matrix SW 8 Pounds @ Weight fetianad

1 Number Units idechanical RF

X awnjop
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Table 3-12. Technical Characteristics Data for the FR-3 Configura.ion (Cont'd)

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
CURRENT| NEW
300-02-07-00 Communications 5
UHF Transceiver B 15_" Pounds Weight
30 Watts Output
3 Number Units
S-Band Transceiver 30 Pounds Weight
30 Watts Output
3 Number Units
S-Band Amplifier 30 Pounds Weight
180 Watts Output
2 Number Units
Crash Beacon 9 Pounds Weight
15 Watts Output
1 Number Units
Radar Beacon 10 Pounds Weight
15 Watts Output
1 Number Units
Intercom . 3 Pounds Weight
12 Watts Output
8 Number Units
Matrix SW 8 Pounds Weight Solid State Audig
. H Number Units Mechanical RF
P Antenna Parabolic 1 50 Pounds Weight

¥ 9WN[OA
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Table 3-12. Technical Characteristics Data for the FR-3 Configuration (Cont'd)

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
CURRENT| NEW i
1 Number Units
300-01-07-00 Stabilization & Control 5 0.01 Deg/Sec Min. Attitude Change I?.a{,e
Permissible
Angular Errors
0.1 Degrees Roll
) 0.1 Degrees Pitch
3 0.1 i Degrees Yaw
400 N. Mi. Max. Dist.from Refereugpe
_ 10 - No.of Major Maneuvers
P 360-02-08-00 Stabilization & Control 5 0.001 Deg/Sec Min. Attitude Change Raje
= Permissible
_ Angular Errors
0.01 Degrees Roll
0.01 Degrees Pitch
0.01 Degrees Yaw
3,0C N. Mi. Max.Dist.from Referenfce
- 100 - No. of Major Maneuversl
300-01-10-00 Guidance & Navigation 5
Inertial Meas. Unit 85 Pounds Weight
Accelerometer 40 PPM 3o Bias
40 PPM 30 Scale Factor
Gyro 0.15 Deg/Hr 30CT

X aWIn|oA
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Table 3-12. Technical Characteristics Data for the FR-3 Configuration (Cont'd)

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
CURBENT| NEW
0.2 Deg/Hr/g 30 MUIA
0.3 Deg/Hr/g 30 MUSA
3 Number Units
Instrument Land System 2 Number Units
5 Pounds Weight
Radar Altimeter . 3 Number Units
5000 Feet Range
53 Pounds Weight
¢ Distance Meas. Equip. 2 Number Units
& 20 Pounds Weight
~ Weather Radar 1 Number Units
18 Inches Antenna ¢ iz—; )
180 N.Mi. Range o
37 Pounds Weight -
300-02-10-00 Guidance & Navigation 5 S N
Inertial Meas, Unit 85 Pounds ) Weight
Accelerometer 40 PPM 30 Bias
40 PPM 3cu Scale Factor
Gyro 0.15 Deg/Hr 35 CT
| 0.2 Deg/Hr/g 30 MUIA
0.3 Deg/Hr,’g 30 MUSA
3 Number Units T
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Table 3-12. Technical Characteristics Data for the FR-3 Configuration (Cont'd)

IDENTIFICATION WBS QUANTITY UNITS OF
“"UMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
CURRSNT| NEW
Instrument Land System 2 Number Units
5 Pounds Weight
Radar Altimeter 3 Number Units
300 Feet Range
80 Pounds Weight
Distance Meas. Equip. 2 Number Units
20 Pounds Weight
Weather Radar 1 Number Units
18 Inches Antenna Size
z 180 N.Mi. Range
. 37 Pounds Weight
300-02-10-00 Horizon Scanner 5 1 Number Units
50 Pounds Weight
Rendezvous Laser Radar 3 Number Units
46 Pounds Weight
300-01-15-00 Landing and Recovery 5 517,286 | Pounds Landing Weight
12 Ft/Sec Term. Sink Speed
2.5 Degrees Term. Glide Slope
25,000 Pounds Subsystem Weight
0.0765 | Lb/Ft3 Term. Atmos. Density |Sea Level, 59°F
300-02-15-00 | Landing and Recovery 5 286,655 | Pounds Landing Weight
12 Ft/Sec Term. Sink Speed

LSNP T S A I R TR ST
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Table 3-12.

Technical Characteristics Data far the FR-3 Configuration (Cort'd)

At

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL F OR VALUE MEASURE CHARACTERISTICS NOTES
CURRENT| NEW
2,5 Degrees Term. Glide Slope
] 13,000 Pounds Subsystem Weight

0.0765 | Lb/Ft° Term.Atmos.Density | Sea Level @59°]

300-01-16-00 Crew Systems 5 2 Number No. Crew Stations
344 Ft3 Press. Volume

300-02-16-00 Crew Systems 5 2 Number No. Crew Stations

o 344 Ft3 Press. Volume -
300-01-17-00 ! Pr:v.;;u'i'zatior‘. 5 30,000 Pounds Gas
S o 2,000 Pounds Hardware
IS 300-02-17-00 | Pressuri “icn 5 7,000 | Pounds Gas
< T 500 Pounds Hardware

300-01-19-00 Trermal Protection Sys. NA RTPS Specify Type
26,610 Ft2 Surface Area Body Area
1.54 Lb/ Ft2 Unit Weight
1,700 Degree F Temperature Mean Lower S
30 Ft2 Panel Size Avg.for Vehicl

NA 50 Number Reusahility No.of Flights

300-02-19-00 Thermal Protection Sys. NA RTPS Specify Type
14,900 Ft2 Surface Area Body Area
2.07 Lb/Ft* Unit Weight
1,850 Degree F Temperature Mean Lower Syrf.
30 F2 Panel Size Avg.for VehiclLe

NA 50 Number Reusability No.of Flights
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Volume X

300-01-03

300-01-03

300-01-04

300-01-05

300-01-06

300-01-07

300-01-10

300-01-13

300-01-15

300-01-16

300-01-19

300-01-92

300-01-01,-08
-14,-

Booster Level

Basic Vehicle
17

Propulsion
(Rocket)

Propulsion (Jet)

Reaction Control

Electrical
Power

Environ. Control
and L.S.

Communications

Guidance and
Navigation

Instrumentation

Landing and
Recovery

Crew Systems

Thermal Pro-
tection Systems

Systems Support

300-01-97,-02 Test Hardware

V'BS SCHEDULE
ID NUMBER IDEN TIFICATION 70 71 72 73 74 75 16 71
DESIGN AND DEVELOPMENT

Vehicle Level
360-18-00 Vehicle GSE &#
300-95-00 Facilities
300-98-00 Test Operations

and Services

CDP Studies —

Figure 3-24. FR-3 Configuration Development and Production Plan 'Schedule
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ID NUMBER

WBS
IDENTIFICA:ION 70

SCHEDULE
72 73 74 75 76 7

Orbiter Level

300-02-01, -08
-14,-17

300-02-03

300-02-03

300-02-04

300-02-05

300-02-06

300-02-07

300-02-10

300-02-13

300-02-15

300-02-16

300-02-18

300-02~19

300-02-92

300-02-97, -02

PRODUCTION £

Vehicle Level

Basic Vehicle

Propulsion
{Rocket)

Propulsion (Jet)

Reaction Control

Electrical
Power

Environ. Control
and L.S.

Communications

Guidance and
Navigation

Ihstrumentation

Landing and
Recovery

Crew Systems

Ground Support
Equipment

T.ermal Pro-
tection Systems

Systems Support

Test Hardware

~ ) OPERATIONS

500-00-00 Launch Ops
and Services )
300-18-00 Vehicle GSF SR
. {
Figure 3-24. FR-3 Configuration Development and Production Plan Schedule (Cont'd) s
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ID NUMBER IDENTIFICATION 70

WBS

SCHEDULE
71 72 73 74 75

76 77

Booster Level

300-01-01

3060-01-02

300-01-03-01

300-01-03-04

300-01-03-08

300-01-01-09

300-01-04

300-01-05

300-01-06

300-01-07

300-01-16

300-01-17

300-0i-19

Orbiter Level

300-02-01

300-02-02

Structures

Subsystem
Installation

Rockev Engine

Jet Engine

Fuel Delivery
System

Oxidizer
Delivery System

Reaction Control

Electrical
Power

Environ. Control

Comirunications

Stabilization
and Control

Guidance and
Navigation

Instrumentation

Landing and
Recovery

Crew Systems

Pressurization

Thermal
Protection

Structures

Subsystem
Installation

[ T, |

d

Figure 3-24. FR-3 Configuration Development and Production Plan Schedule (Cont'd)
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Volume X

—

D NUMBER

WBS

IDENTIFICATION

r

v

|
0

~1
|8

SCiHEDULY

T T4

V6

300-02-04

366-02-05

300-02-Cu

200-02-07

3u0-02-0¥

300-02-10

300-07-16

300-02-17

300-02-19

300-02-03-01

360-02-03-04

300-02-93-0>

300-02-03-09

Orbiter Level (Cont.)

Rocket Engine

dot Yogine

Fuel Delivery
Svstem

Oxidizer
Delivery System

Reaction Contrel

Flectrical

Power

Environmental
Control

Coinmurication

Stabilization
and Control

Guidance and
Control

Instrument.ation

Landing and
Recovery

Crew Systems

Dreseurization

Thermal
Protection

— -..-.»4__.1r-

T,

Figure 3-24. FR-3 Ccnfiguration Development and Production Plan Schedule (Cont'd)




Volume X

3.4.3 FR-4 PROGRAM, Detailed FR-4 program costs are presented in the Convair
format in Table 3-13, The program funding schedule for FR-4 is shown in Figure 3-25,
The corresponding detailed FR-4 program costs in the NASA WBS format appear as
Table 3-14, The FR-4 configuration technical characteristics data are presented in
Table 3-15, Figure 3-26 shows the FR-4 Development and Production Plan Schedute,

1600

E 1100

= 1200

g i | DEVELOPMENT

€ 1000} /]

O Y

Z 800k

a

Z 00}

S

= " INVESTMENT

< 100 ‘ 7 |opPERATIONS

Z

z 2004 87

Ou [ U U U T R T N S R S
70 71 72 713 74 15 76 77 18 19 80
FISCAL YEAR

Figure 3-25, FR-4 Program Funding Schedule
#‘ vy
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Table .-13. Detailed FR-4 Costs ($ Million) in Convair Format

FIRST ARTICLE COST, FR~-4 CONFIGURATION

Boosier Orbiter
First-Article Cost Total 133.262 107.50~
Aerodynamic Surfaces 20.089 20.409
Wing and Wing Mounted Control Surfaces 9.820 9.82C
Vertical Surfaces 7.493 7.9¢ .
Horizontal Surfaces 1.471 1.4
Fairings, Shrouds and Assoc. Structure 1.306 1.2
Body Structure 27.218 . .279
Structural Fuel Containers 3. 140 1.648
Structural Oxidizer Containers 1.870 1,508
Basic Body Structure 13. 369 13. 367
Thrust Structure 8.838 4,157
Thermal Protection 13.767 12.617
Cover Panels, Non-Structural 12,569 11.519
Vehicle Insulation 1,198 1.098
Landing Gear 1.994 1.9%¢
Main Propulsion 49.539 22,198
Primary Engines and Accessories 32,180 10. 846
Fuel Containers and Supports (Tank) 0.000 1.060
Secondary Fuel Containers and Supports 0.000 .378
Secondary Oxidizer Containers + Supports 0.000 .239
Propellant Insulation .286 . 308
Fuel System 2.494 1.078
Oxidizer System 5.210 2.065
Pressurization and Purge Systems 1.218 . 966
Air Breathing Engines 7.748 5.165
Fuel and Tankage System, Air Breathing .103 .094
Orientation, Sep. aand Ullage Control 2.256 6.943
Separation and Staging .758 .375
Spatial Attitude Control System 1.046 5.232
Contro! Propellant Tankage and Systems .453 1.337
Electrical Power 2.536 3.244
Hydraulic Power 2.924 2,837
Hyvdraulic/Pneumatic .999 .999
Aerndynamic Control 1.925 1.838
Avionics 7.291 5.461
Guidance and Navigation 4.874 5.980
Onboard Checkout and Instrum entation .480 .544
Communication 1.937 1.937
Environmental Controls and Life Support 2,018 5.920
Personnel Provisions . 054 . 112
Crew Station Controls and Panels .420 .320
Final Assembly and Checkout 3.126 3.465
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Table 3-13. Detailed FR-4 Costs ($ Million) in Convair Format (Cont'd)

DEVELOPMENT PROGRA™,, f#R-4 CONFIGURATION

Booster Orbiter Vehicle Total
Development 1980. 029 1804.797 1047.500 4883. 326
Definition Phase 0.000 0.0100 30,030 30.030
Development Phase
Systems Engineering and Integration 205.163 179.444 0.6G00 384.607
Engineering Design and Development 356.490 524,664 527.015 1408.170
Airframe 344.228 458.344 0.000
Basic Vehicle 225,481 213.852 0.9000
Thermal Protection 56.548 72,505 0.000
Landing Gear 3.485 3.485 0.000
Electrical 4.199 42.625 0.000
Reaction Control 27.556 89, 687 1.000
o Crew Systems 6.360 7.938 ¢.000
o Environmental Controls and Life Support 20.599 28,253 0.000
o
Avionics 12,262 66.320 0.000
Guidance and Navigation 5.688 46,6438 0.000
Communication 1.410 14,097 0.000
Onboard Checkout and Instrumentation 5.165 5.575 0.000
Propulsion 0.000 0.000 527.015
Rocket Engines 0. 000 0.000 497.015
Jet Engines 0.000 0.000 30.000
Systems and Ground Tests 492,573 475,136 130.500 1098.209
Operations 0.000 0.000 130.500
Hardware 488,027 472,776 0.000
Propellants and Gases 4,546 2,360 0.000
Tooling - Airframe 70.577 69.283 0.000 139.860
Grod Support Equipment 42,719 40.156 160.514 243. 389
esign and Development 0.000 0.9000 160,514
Ground Test Site GSFE 14.240 13.385 0.000
Launch Site CSE 28.479 26.771 0.000
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Table 3-13. Detailed FR-4 Costs ($ Million) in Convajr Format (Cont'd)

DEVELOPMENT PROGRAM, FR-4 CONFIGURATION (CONT'D)

ahy

Booster Orbiter Vehicle Total
Flight Tests 812.508 452. 124 66.440 1331.072
Launch Operations 0.000 0.000 60.400
Mission Control 0.000 0.000 3.750
Hardware 810.235 451.534 0.000
Propellants and Gases 2.273 .590 2,290
Facilities 0.000 0.000 184.000 184.000
Manufacturing 0. 000 0.000 0.000
Ground Test 0. 000 0.000 7.000
Launch 0.000 0.000 177.000
Recovery 0.000 0.009 0.000
Refurbishment 0.000 0.000 0.000
Mission Control 0.000 0.000 0.000
Trainers 0.000 63.989 0.000 63.989

) =
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Table 3-13. Detailed FR-4 Costs ($ Million) in Convair Format (Cont'd)

INVESTMENT, FR-4 CONFIGURATION — 25 LAUNCHES PER YEAR

Volume X

Booster Orbiter Total
Total Investment Cost 443.19%4 140,592 583.786
Flight Hardware 362.814 104.721 467.535
Airframe Structure 172,692 55.673
Airframe Subsystems 69.468 27.363
Primary Engines 80.800 9.077
Air Breathing Engines 18.660 4.147
Avionics 21.195 8.461
Spares 56.173 13.117 69.290
Airframe Structure 17.269 5.567
Airframe Subsystems 6.947 2,736
Rocket Engines 24,240 2.723
Jet Engines 5.598 1.244
Avionics 2.119 .846
Ground Support Equipment 24,206 22.754 46.961
INVESTMENT, FR-4 CONFIGURATION — 50 LAUNCHES PER YEAR
Total Investment Cost 441.939 252,597 694.536
Flight Hardwar:? 361.849 204.195 566.044
Airframe Structure 172.692 108.195
Airframe Subsystems 69.468 53.176
Primary Engines 80.253 18.032
Air Breathing Engines 18.240 8.107
Avionics 21.1S5 16.685
Spares 55.884 25.647 81.531
Airframe: Structure 17.269 10.820
Airfram: Subsystems 6.947 5.318
Rocket Lngines 24,076 5.410
Jet Engines 5.472 2.432
Avionics 2.119 1.669
Ground Supnort Equipmeat 24,206 22.754 46.961
INVESTMENT, FR-4 CONFIGURATION — 100 LAUNCHES PER YEAR
Total Investment Cost 685.665 455,443 1141.109
Flight Hardware 572.842 384.1328 957.170
Airframe Structure 272,280 202.735
Airframe Subsystems 109.529 99.641
Prirnary Engines 128.603 34.674
Air Breathing Engines 28.063 14.967
Avionics 34.367 32.311
Spares 88.617 48.361 136.978
Airframe Structure 27.228 20.273
Airframe Subsystems 10.953 9.964
Rocket Engines 38.581 10.402
Jet Engines 8.419 4.490
Avionics 3.437 3.231
Ground Support Equipment 24.206 22,574 46,961
3-54
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Table 3-13. Detailed FR-4 Costs ($ Million) in Convair Format (Cont'd)

OPERATIONS, FR-4 CONFIGURATION

Launches Per Year 25 50 100
Per Per Per

Total Launch Total Lauach Total Launch

Total 10 Years Operations Cost 829.756 3.319 1387.008 2,774 2534.510 2.535

Personnel 164.400 .658 170.400 .341 215.400 .215
Operations and 21.900 21.900 21.900

Maintenance
Vehicle Support 48.000 48.000 81.000
Vehicle Maintenance 94,500 100.500 112.500
& Refurbishment
Materials 408.103 1.632 816.205 1.632 1632.411 1.632
Booster 280. 127 560.254 1120.508
Airframe Structure 143.410 296.821 593.641
Airframe Subsystems 53.893 107.786 216.571
Rocket Engines 40.225 80.450 160.900
Jet Engines 19.370 38.741 77.481
Avionices 18.228 36.457 72.913
Orbiter 127.976 255.952 511.903

Airframe Structure 74,292 148.584 297.168
Airframe Subsystems  29.872 59.744 119.487
Rocket Engines 6.778 13.557 27.114
Jet Engines 6.457 12.914 25.827
Avionics 10.577 21.154 42,304

Propellants and Gases 143.148 .573 286.297 .573 572.594 .573

AGE/GSE Maintenance 51.105 .204 51.105 . 102 51.105 .051

Facility Maintenance 63.000 .252 63.000 .126 63.000 .063
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PHASE B (PPP) Table 3-14. Detailed FR-4 Costs ($ Million) in NASA WBS Format Page Lof 8
X Design and Development (Nonrecurring)
. Production and Operations (Recurring)
Identification WBS No. Expect. Highest Lowest Confid. | T d T | Spred. Learn
Number WBS Identification Level | Units Cost Cost Cost Rating °|Funct. | Index
a b c d e f g h i j k 1
Progrﬁm Recurring
000-G0-00 Launch Vehicle NA 4883.326 NA NA NA NA |[NA NA NA
300-01-00 Booster Stage 4 ‘ 2500,227 1 _L L
300-02-00 Orbiter Stage 1737.858 NA NA NA NA |NA NA
300-18-C0 Vehicle GSE 160,514 256 150 2 45 54 3
300-95-00 Facilities 247,989 273 223 1 36 51 5
300-98-00 Test Operations,Services 4 { 206,709 780 156 50 51 5
CDP Studies NA NA 30,030 45 15 2 12 78 6 NA
w
)
o
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PHASE B (PPP) Table 3-14. Detailed FR-4 Costs ($ Million) in NASA WBS Format (Cont'd) Page 2 _of &
X Design and Development (Nonrecurring)
__Production and Operations (Recurring)
Identification J WBS No., Expect. i Highest Lowest Confid. | T d Ts Spred, Learn
Number WHBS Identification Level Units Cost Cost Cost Rating Funct, Index
a b c d c f E h i j k 1
300-01-00 Booster Stage 4 NA 2500.227 NA NA NA NA | NA NA NA
300-01-( *) Basic Vehicle 5 225,481 395 120 2 61 66 1
300-01-03 ** Propulsion \ 527,015 765 287 57 73
300-01-04 Reaction Control 27.556 180 22 57 66
300-01-05 Electrical Power 4,199 42 4 62 A 3
300-01-06 Environ, Ctrl & 1.S, 20,599 41 15 63 6
300-01-07 Communication 1.410 15 0.5 3
300-01-10 Guidance & Nav, 5,688 44 2
300-01-13 Instrumentation 5.165 14 3.4 63 3
300-01-15 Landing & Recovery 3.485 19 2 51 5 ]
300-01~16 Crew Systems 5 NA 6.300 40 4.5 55 | 66 3
300-01-18 Ground_ Suppart Equip. (See Vehicle Level) NA |NA NA
300-01-19 Thermal Protection Sys. 5 NA 56,548 119 40 63 66 1
300-01-92 Systems Support 205,163 460 152 66 | 66 6
300-01-97 *** Test Hardware 5 NA 1411,558 See Unit|Costs 2 42 52 3 NA |
r_

* Includes -0i,

-08, -14, -17.

** Covers rocket & jet engine R&D for both stages.

*** Includes -02,
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Table 3-14. Detailed FR-4 Costs ($ Million) in NASA WBS Format (Cont'd)

PHASE B (PPP) Page 3_of 6
X Design and Development (Nonrecurring)
_Production and Operations (Recurring)
Identification r WBS No, Expect. Highest Lowest Confid, | T d Ts Spred, Learn
Number WBS Identification Level Units Cost Cost Cost Rating Funct, Index
a b c d e f g h i j k 1
300-02-00 Orbiter Stage 4 NA 1737.858 NA NA NA NA |NA NA NA
300-02-( *) Basic Vehicle 5 213.852 370 115 2 61 66 1
__300-02-03 A Propulsion - NA NA 57 73 3
300-02-04 Reaction Control J 89,687 180 82 57 66 1
300-02-05 Electrical Power 42,625 76 38 62 3
300-92-06 Environ, Ctrl & L.S, 28,2563 54 21 63 6
300-02-07 Communication 14,097 40 8 } 3
300-02-10 Guidance & Nav. 46,648 85 40
| 300-02-13 Instrumentation 5.575 14 3.7 63 3
300-02-15 Landing & Recovery , 3.485 19 2 5i 5
300-02-16 Crew Systems 5 NA 7.938 60 6.0 55 |60 3
300-02-18 Ground Support Equip. (See Vehicle Uavel) NA | NA NA
300-02-19 Thermal Protection Sys. 5 NA 72.505 153 40 63 66 1 ‘
300-02-92 Systems Support 179.444 312 169 66 66 6
306-01-97 *** © Test Hardware 5 NA 1033.749 See Unit|Costs 2 42 52 3 NA
—

* Includes -01, -08, -14, -17,
** Covered in booster stage.
*** Includes -02,
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PHASE B (PPP) Table 3-14. Detailed FR-4 Costs ($ Million) in NASA WBS Format (Cont’'d) Page 4 of G
__ Design and Development (Nonrecurring)
X Production and Operations (Recurring)
Identification WBS No. Expect. Highest Lowest Confid, | T d T | Spred, Learn
Number WBS Identification Level Units Cost Cost Cost Rating s Funct. Index
a b C d e f g h i j k 1
000-00-00 Program Recurring 2 NA 2081, 544 NA NA NA NA |[NA NA NA
500-00-00 Launch Ops & Services 3 | 1387.008 2765 979 2 120 0 6
300-00-00 Launch Vehicle 3 694,536 NA NA NA NA |NA NA
i
300-01-00 Booster Stage 4 417,733 4 1 1
) - h v
300-02-00 Orbiter Stage NA 229,843 NA NA NA NA |NA NA NA
300-18-00 Vehicle G.S.E, 4 2 24,080 73 7.9 2 21 |21 5 95

's*;i‘l:

X awnjoA



Table 3-14. Detailed FR-4 Costs ($ Million) in NASA WBS Format (Cont'd)

PHASE B (FPP) Page 5 of 6

— Desigri: and Development (Nonrecurring)
X Production and Operations (Recurring)

)

Identificatior WBS No. £xpect. Highest Lowest Confid. | T d TS Spred. ' Learn
Number WBS Identification Level Units Cost Cost Cost Rating Funct. Index
a b c d e f g h i j k 1
300-t*-00 Tooster Stage 4 NA 417,733 NA NA NA NA [NA NA NA
300-01-01 Structure 5 3 52,352 115 29 2 23 |25 6 90
300-0:-02 Subsystem Inztallation 5 3 3.439 84 2.4 22 20 { 90
300-01-03-01 Rocket Engine 6 27 4,650 6.1 3.4 33 40 95
300-01-03-04 Jet Engine | 9 3.357 3.4 1.6 14 28 90
300-01-03-08 Fuel Delivery System 3 3.187 6.0 1.7 18 35
300-01-03-09 Oxidizer Delivery System 6 / 5,731 10 3
$  1300-01-04 Reaction Control 5 2.483 5 1,2
8 300-01-05 Electrical Power 2.790 5 1.7 Y
_300-01-06 Environmental Control 2.253 6 1.6 18 35 90
300-01-07 Cowuamvunication 2,131 2.3 1.5 20 38 95
300-01-08 Stabilization & Control 3.675 7.3 2.0 18 35 90
300-01-19 Guidance & Nav, 5.361 6.5 3.5 20 38 95
300-01-13 Instrumentation 0.528 0.8 0.4 18 35' L 95
300-01-15 | Landing & Recovery 2,193 7.8 1.5 16 | 35 | 95
300-91-16 Crew Systems 0.059 1,2 0.03 18 |35| | | 90
| 300-01-17 Pressurization 1,340 2.4 0.7 10 35 90
200-01--19 Thermal Protection ) 3 15,144 26 12,9 2 18 35 6 90 ]
]
J
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__ Design and Development (Nonrecus ring)
X_Production and Operations (Recurring)

e

antification WBS Nc. Expect., Highest Lowest Confid, | T T | Spred, Learn
Number WRBS Identification Level Units Cust Cost Cost Rating Funct, Index
a h ¢ d " f g h i j k 1

- SR SR S S

| 300-02-00 Orbiter Stage B 1 | NA 220,843 NA NA NA |NA ;NA NA NA

-~ - 4 - . b -

200-02-01 Structure 5 2 48,041 | 105 26 2 22 | 25 6 490

‘‘‘ [ — - - -} e P e T g PR ﬁ

300-0. J2 Subﬂsyf}c;n}klnstul»lrz}rtioan‘r__— 5 2 3.811___ 23.4 216 2““ 16 ) 14 | 4 97()

b —— — F‘ e — R e S e anna st
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300-02-63-01 Rocket Engine 6 6 4,645 6.1 3.4 3 12 22 95

—— - -4 - B U -4 - RNV U ROV UOUORD S SPRPIS SHV GV SR SO, O G S I - —

300-02-03-04 Jet Engine 3,367 3.4 1.7 3 14 28 90

. - - - JENPIUNSUUR U Y TS QU U USSR G U S SN U — - - J—

300 -02-03-08 Fuel Delivery System

- —— ——— k

1.289 2.4 o7 P 18 35

. '
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300-02-03-09 Oxidizer Delivery System 6 1 2,272 4,2 1,2 ‘L
i iaaiaary SNl T o e JRETEE SRS R S I R S
300-02-04 Reaction Control

p— -~ - —_

= O

7.638 15,2 3.8
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! PHASE B (PPP) Table 3-14. Detailed FR-4 Costs (§ Million) in NASA WBS Format (Cont'd) Page 6 of G
4
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300-02-05 | Electrical Power 4.568 1 5.8 1.5 1

300-02-06 Environmenrtal Cortrol

3,880 10 2.8 18 35 4

/SRS Ut uh —— 4

l 300-02-07 ~omm:inication 2,131 2.3 0,9 20 | 38 95
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| 300-02-08 | Stabilization & Control 3.583 7.1 2.6 18 | 35
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Mgugig_qpe_ & Nav. 6,578 12 4.2 20 38 l
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| 300-02-10

300-02-13 | Instrumentation | | | | .59 | 0.9 0.5 18 | 35
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330-02-15 _Landing & Recovery 2.138 | 7.8 1.5

NP S (WU (N U 0
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300-02-16 _Crew Systems 0,123 0.25 0,06 |
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300-02-17 7 Pressurization
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Table 3-15.

Technical Characteristics Data for the FR-4 Configuration

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVFL OR VALUE MEASURE CHARACTERISTICS NOTES
_ |CURRENT| NEW
300-01-10-00 _Booster 1.3 ) 1,879 M Pounds Gross Weight i
L 1,540 M Pouncs L Dry Weight
_____ _ 199 Feet iength
I R 34 _|Feet Width |
N 29 Feet Height |
300-92-10-90 w(_)rbiter _ N 3 . _Jpl—. 161 __a—lkfl‘l’_()uﬁdﬁ_fr*)fi”\?ig‘llt ' ]
14*m | |oss  |mPounds | Dry Weight ]
. 191 Feet Le_ry._;th
i ~ L 33 Feet N Width
. ) . 28 Feet Height
300-01-01-00U Structure 5 6 hg__ B ~Ultimal’.e l.oading .«L__W ]
. - 4 ) -T g Limit Lozg_c}ing ﬁ L
300-02-01-00 4§Eructure 5 ) 6 g Ultimate Loading
) o ﬁf Limit Loading
300-01-03-09 Propulsion (Rocket) 5 400,000 | Pounds T rust - o
See Vo:’-JI— Seconds ) IS-P Actual 1
See Vol.VI Seconds ISP Théoretical o S
) S See Vol.VI Lb/ Séc - —Total Impulse ]
I R 1 9,400 Ft/Sec 2 V Requirement ]
! _m__jr_ _~ i, a0 p = ] NumberofBurms ) |
o L L 1 | 355,767 | Pounds Inert Weight o .
190 | Seconds Maximum Burn Time ]
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Table 3-15.

IDENTIFICATION

QUANMTTITY

Tec'.nical Characteristics Data for the FR-4 Configuration, (Cont'd)

-

NUMBER WES IDENTIFICATION L\E)IV\}/?ES‘L OR VALUE ;NE‘:‘S&‘II?’{FI:‘. CHARACTERISTICS NGCTES
___|CURRENT! NEW
) o 1l e Hours Operating Life
| _ 10 - Throttling Ratic
L . 80 - Expansion Ratio
- L 3 LHy/LOg| — Propellants
300-02-03-00 Pro_guls ion (Rocket) 5 400,000 | Pounds Th_l'uﬁt
. See Vol.VI Seconds ISP Actual
See Vol. VI Secg_nds ISP Theoretical
Jee Vol V]I Lb/Sec Total Impulse
L 15,600 | Ft/Sec AV Requirement
1 5 - Number of Durns
327,176 | Pounds Inert Weight
300 Seconds Maximum Burn Time ]
_ . 10 —fours QOperating Life . N
10 - Throttling Ratio
160 o Expansion Ratio
LH,/L - Propellants
300-01-03-00 Propulsion (Jet) 5 3 Number Number of Engines
40,600 | Pounds Max. SLST/Engine
22,930 Founds Total Engine Weight
30,711 Pounds Fuel Weight B
L —
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Table 3-15. Technical Characteristics Data for the FR-4 Configuration (Cont'd)

—
g - .
® :’:‘IIBI:I"%?I’I on WBS IDENTIFICATION L:,‘V\E::L g:A\Z;rIfIE [l\;:IILI:SSU(I):; CHARA CIERISTICS NOTES
N CURRENT | NEW )
300-02-03-00 Propulsion (Jet) 5 2 Number. Numbex_' . wugines
40,600 | Pounds Max, SLST/Engine
15,292 Pounds _i‘gt;al Engine Weight
3,225 Pounds Fuel Weight __J
300-01-04-00 Reaction Control 5 3,500 Pounds Thrust
16 - Number
400 Seconds ISP Actual .
. 450 1 Seconds ISP Ideal
| 0.4 M Lb-Sec Total Impulse o 1
E . 1000 Pounds Weigl_l_tb«lf__ P_ropel]ant
250 Lb-Sec Minimum fmpulse Bit .__
1300 Povnds Inert We.ght
500 Seccnds Burn 'fime
2,5 Deg}gecg Acceleration
- i 1 Lb/Sec Compreesor Flow Rate GH2
10 Hours Operating Life
5 Lb/Sec Compressor Flow Rate | GO,
300-02-04-00 Reaction Control 5 3500 Pounds Thrust
48 -_— Number
400 Seconds ISP Actual
450 Seconds ISP Id~2al
2.4 M Lb=Sec Total Impulse
h&m»xw~ et e
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Table 3-15. Technical Characteristics Data for the FR-4 Configuration (Cont'd)

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
CURRENT| NEW
6000 Pounds Weight of Propellant
250 Lb-Sec Minimum Impulse Bit B
5200 Pounds Inert Weight
1300 Seconds Burn Time
2.5 Deg/ Sec2 Acceleration
0.03 Acceleration
1 Lb/Sec Compressor Flow Rate | GH,
10 Hours Operating Life
) . 5 Lb/Sec Compressor Flow Rate | GO,
Z: 300-01-05-00 Electrical Power 5 9000 Waltts Total Power Fuel Cells
m 3700 Watts Average Power
3046 Pounds Weight
300-02-05-00 Electrical Power 5 600 W-Hr Total Power Batteries
1313 Watts Average Power
646 Pounds Weight
300-01-06-00 Environmental Control 5 344 l“t3 Press, Module_\_{o]ume
26 Pounds Weight of Atmos. Gas
1 AU, Min, Distance from Sun
1 AU, Max, Distance from Sun
0 N.Mi. Min, Distance from Eargh
30 N.Mi, Max, Distance from Eagth
118 Pounds Weight
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Table 3-15. Technical Characteristics Data for the FR-4 Configuration (Cont'd)

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
CURRENT| NEW
100 Fts/ Min, M~x. Gas Flow Rate
300-02-06-00 Environmental Coutrol 5 344 Ft3 Press. Module Volume
138 Pounds Weight of Atmos, Gas
1 AU, Min, Distance from Sun
1 AU, _Max Distance from Sun
0 N.Mi, Min, Dijstance from Eartﬂ
270 N.Mi, Max. Distance from Eartl
1507 Pounds Weight
300 FtB/Min Max. Gas Flow Rate
300-01-07-00 Communications L 5 L . ) ]
UHF Transceiver 15 Pounds Weight
30 Watts Output
3 Number Units
Crash Beacon 9 Pounds ) Weight
15 Watts Output
1 Number | Units o
Radar Beacon 10 Pounds Weight B
15 Watts Output N
1 Number Units ]
Inercom 3 Pounds Weight 1o
. 12 Watts Outpgt' L ]
6 Number I Units

,"g oA < o
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Table 3-15.

Technical Characteristics Data for the FR-4 Configuration (Cont'd)

QUANTITY

IDEII:’{I;IIIS%?IP o WBS IDENTIFICATION L‘:\I}I_S 5, L. OR VALUE %&I‘:U%IE‘I CHARACTERISTICS NOTES
CURRENT| NEW ]
Matrix Switch N 8 Pounds Weight | Solid State Audip
L L 1 Number Units Mechanical RF
300-02-07-00 Communications 5 L ) ]
UHF Transceiver 15 Pounds Weight
30 Watts Output
3 Number Uni_tS_
S-Band Transceiver 30 Pounds Weight
| 30 Wa_tt_s Output L
3 Number i Units .
S-Band Amplifier 30 P(Zl-x_nds Weight .
180 Waits Output
2 Number Units
Crash Beacon 9 Pc nds Weight
15 Vilai'.\,~ 7 Output
1 I\iumber Units
. Radar Beacon 10 Pounds Weight
15 Watts Units
1 Number Units
Intercom 3 Pounds Weight
12 Watts Output
8 Number Units _l
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Table 3-15. Technical Characteristics Data for the FR-4 Configuration (Cont'd)

IDENTIFICATION

QUANTITY

1=

NUMBER WBS IDENTIFICATION L:’\?SL OR VALUE lhiINEfSSU(fig CHARACTERISTICS NOTES
CURRENT| NEW
Matrix Switch 8 Pounds Weight Solid State Au.li
1 Numbe Units Mechaaical RF
Antenna Parabolic 50 Pounds Weignt
1 Number nits
300-01-07-00 Stabilization & Control 5 0,01 Deg/Sec . _‘LMinimum Attitude
Change Rate
Permissible
_ Angular Errors
0.1 Iegree Roll
0,1 Degree Pitch
L 0.1 Degree Yaw
400 N, Mi. Max. Distance from Refefence
L 10 Number Number of Major Maneuvers
300-02-08 -00 Stabilization & Cont ol 5 0,001 Deg/Sec Min, Attitude Change Ratg
. Permissible Angular Errprs
B _ 0,01 Degree Roll
0,01 Degree Pitch
B 0,01 Degree Yaw B
3000 N.Mi, Max. Distance from Refepence
100 Numbher Number of Major Mancuvprs
300-01-10-00 Guidance & Navigation 5
Inertial Measuring Unit 85 Pounds Weight

T T T i i
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Table 3-15.

Tecknical Characteristics Data for the FR-4 Configuration (Cont'd)

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MFASURE CHARACTERISTICS NOTES
CURRENT| NEW e L
Accelerometer | T 40 PPM 3¢ Bias
- | 140 PPM 3¢ Scale Factor
Gyro 0.15 Deg/Hr 30 CT
0.2 Deg/Hr/g |3¢ MUIA
0.3 Deg/F'r/g |3¢ MUSA
3 Number Units
Instrument Land System 2 Number Units
L & Pounds Weight
Radar Altimeter 3 Number Units
5000 Feet Range L
53 _PE)_u_r_\ds Weight
| Distance Meas. Equip. 2 Number Units .
20 Pounds Weight
Weutner Radar L 1 Number Units
18 Inches Antenna Size
180 N.Mi, Range
37 Pounds Weight . o
300-02-10-C0 Guidance & Navigation 5 .
Inertial Meas, Unit . 85 Pounds Weight |
Accelerometer 40 PPM 3 ¢ Bias
. L 40 PPM 3¢ Scaie Factor
Gyro 0.15 Deg/Hr 30 CT
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Table 3-15. Technical Characteristics Data for the FR-4 Configuration (Cont'Q)

IDENTIFICATION WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
_ CURRENT| NEW
- _ 0.2 Deg/Hr/g 1390 MUIA

0.3 Deg/Hr/g [39 MUSA
3 _ Number  |Units

Instrument Land.System 2 Number Units
5 Pounds Weight

Radar Altimeter _ 3 Number Units
300 Feet Range
80 Pounds Weight

Dirtance Meas. Equip. 2 Number Units
20 Pounds Weight

Weather Radar 1 Number Units
18 Inches Antenna Size
180 N.Mi, Range
37 Pounds Weight

300-02-10-00 Horizon Scanner 5 1 Number Units

50 Pounds Weight

Re¢ ndezvous Laser Raday 3 Number Units
46 Pounds Weight

300-01-15-00 Landing & Recovery 5 324,789 | Pounds Landing Weight
12 Ft/Sec Terminal Sink Speed
0 Degrees Terminal Glide Slope
13,000 Pounds Subsystem Weight
- -
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Table 3-15.

Technical Characteristics Data for the FR-4 Configuration (Cont'd)

IDE:E:\;:}(;I}:{T o WBS IDENTIFICATION Lg‘?l'SZL ggﬁifg,; :[NEI;\I‘:U%FI:: CHARACTERISTICS NOTES
CURRENT| NEW
I 0.0765 Lb/Ft3 Termiral Atmos. Density| Sea Level at 59f F
300-02-15-00 Landing & Recovery A 5 322,475 | Pounds Landi 5 Weight
12 Ft/Sec Terminal Sink Speed
o v Degrees Terminal Glide Slope
13,000 Pounds Subsystem Weight
0.0765 Lb/Ft3 Terminal Atmos, Density] Sea Level at 59°F
300-01-16-00 Crew Systerans 5 2 Number Number Cre'v Stations
B 344 Ft3 Pressure Volume
300-02 -16-00 Crew Systems 5 2 Number Number Crew Stations
344 Ft3 Pressure Volume
300-01-17-00 Pressurization 5 19000 Pounds Gas
2000 Pounds Hardware
300-02-17-00 Pressurization S 9000 Pounds Gas
500 Pounds Hardware
300-01-19-00 Thermal Protection Sys RTPS Specify Type
18,420 Ft2 Surface Area Body Area
1,61 Lb/ Ft? Unit Weight
1400 °F Temperature Mean Lower Suyf.
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Table 3-15.

Technical Characteristics Data for the FR-4 Configuration (Cont'd)

IDENTIFICATION T WBS QUANTITY UNITS OF
NUMBER WBS IDENTIFICATION LEVEL OR VALUE MEASURE CHARACTERISTICS NOTES
CURRENT| NEW
30 th Panel Size Average for Vebicle
5¢ Number Reusability No. of Flights
300-02-19-00 Thermal Protection Sys. RTPS Specify Type
16,890 th Surface Area Body Area
2.34 Lb/ th Unit Weight
1850 °F Temperature Mean Lower Suff.
30 Ft2 Panel Size Average for Vedicle
SC Number Reusability No. of Flights
— —
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Volume X

WBS SCHED'VLE
ID NUMBER  IDENTIFICATION 70 71 72 73 T4 75 76 -
.
| !
DFSK . JEVELOPMENT f

Vehicle Lev-®

300-18-00 Vehicle CSE

—h—-—L—_A
- ————

360-95-G¢ Facilities

130:3-93-00 Test Operations

and Services

CDP Studies

Booster Level

300-01-01, -08 Basic Vehicle '
“l‘x, ‘17

300-01-C3

590-01-03

300-C2- 04

3C{ -©1-05

300-01-06

3¢n-01-07

36-01-10

300-01-13

300--01-15

1300-01-16

300~01-19

306-01-92

300-01-97, -02

Propulsion
(Rocket)

Propulsion (Jet)

Rer = Control

Electrical
Jower

Environ. Control
and L. S,

Communications

Guidance and
Nawvigation

Instrumentation

Landing and
Recover

Crew Systems

Thermal Pro-
tection Systems

fysiems Support

Tast Ha.dware

Figure 3-26. FR-4 Configur. ion Development and Production. +la.; Schedule A
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g

WBS

ID NUMBER IDENTIFICATION 70

71

SCHEDULE
72 73 4 75

76 7

-3

Orbiter Level

300-02-01, -08 Basic Vehicle

1

-14,-17

300-02-903 Propulsion

(Rocket) I
300-02-02 Propulsion (Jet)
300-02-04 Reaction Control I_M
300-02-05 Electrical

Power
300-02-06 Environ. Control

and L.S.
300-02-07 Communications
309-02-10 Guidance and

Navigation #_
300-02-13 instrumentation
300-02-15 Landing and

Recovery
300-02-16 Crew Systems -#_
300-02-18 Ground Support

Equipment
300-02-19 Thermal Pro-

tection Systems
300-02-92 Systems Support *
300-02-97,-02 Test Hardware .

|

PRCDUCTION AND OPERATIONS
Vehicle Level |
500-00-00 Launch Ops

and Services h
300-18-00 Vehicle GSE F_

Figure 3-26. FR-4 Configuration Development and Production Plar Schedule (Cont’d) -
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Volume X
WDS SCHEDULE
ID NUMBER IDENTIFICATION 70 71 72 73 N e 76 T
Booster Level
300-01-01 Structure
300-01-02 Subsystem *
Instrllation
300-01-03-01  Rocket Engine e R S
300-01-03-04 Jet Enginc +
300-01-03-08 Fuel Delivery
System
300-01-03-09 Oxidizer
) Delivery System
300-01-04 Reaction Control H
300-01-05 Electrical _
Power
3 0-01-06 Environmental
Control
300 -01-07 Communications H
300-01-08 Stabilization
and Control
300-01-10 Guidance and
Navigation
300-01-13 Iasrc.mentation
300-01-15 Landing and
Recovery
300-01-16 Crew Systems H
300-91-17 Pressurization S—
'300-01-19 Thermal
Protection
Orbiter T.evel |
300-02-01 Structure aEpEe———

Figure 3-26. FR-4 Configuration I'2velopment and Production Plan Schedule (Cont'd)
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Volume X

WBS

ID NUMBER IDENTIFICATION 70

71

72

SCHEDULE

73 74 75 76 (i

300-02-02

300-02-03-01

300-02-03-04

300-02-03-98

300-02-03-09

300-02-04

300-02-05

300-02-06

300-02-07

300-02-08

300-02-10

300-02-13

300-02-15

300-02-16

300-02-17

300~-02-19

Orbit=r Leve! (Cont.)

Subsystem
Instolation

Rocket Engine

Jet Eagine

Fuel Delivery
System

Oxidizer
Delivery System

Reaction Control

Electrical
Power

Environmental
Contro!

Communication

Stabilization
and Control

Guidance and
Control

Instrumentation

Landing and
Recovery

Crew Systems

Pressurization

Thermal
Protection

Figure 3-26, FR-4 Configuration Deveiopment and Production Plan Schedule (Cont'd)
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Volume X

SECTION 4
TECHNOLOGY REQUIREMENTS

4.1 TECHNOLOGIES

The programs briefly described in this section identify those technologies required to
permit orderly and expedient development of the manned reusable space shuttle sys-
tem that would be operational in the year 1976. Results of these technology studies
are intended to support Phase B and C decisions regarding technical approaches to
major design and systems problems, thus minimizing development risk and increasing
confidence at the outset of the Phase D development program and an early operational
capability. Figure 4-1 shows the relationship of these technology programs with each
other and with the space shuttle phased development program.

Technologies described here are independent of any specific space shuttle configuration
and do not include those studies that are normally conducted as part of the Phase B,
C, and D development programs. Configuration-oriented development prograins and
those that are normally conducted within the Phase B, C, and D studies are included
in the development plans of Section 2 of this volume. The technology programs listed
here -re intended to be conducted in parallel with the Phase B, C, and D programs,
with cach scheduled to support a specific milestone in the total development plan.
Costs of individual technology programs are based on their beirg conducted by a con-
trac‘or to NASA and do not include program administration costs by NASA. Costs of
tho: e technology programs conducted "in-house' by NASA may alsc vary somewhat
from those shown here.

The technology programs presented here fall into two categories. Category I contains
those programs that support the space shuttle configiration development and selection.
It is mzndatory that these programs be initiated immediately in order to minimize
development risk. Category II programs are slightly less important since they do not
necessarily support configuration definition, While the start of these programs is not
as urgent as those in Category 1, they are required to support inilestone decisions
within the development program plan.

It is important to note that although a number of technology programs must be started
and completec as soon as possible to support the development of the space shuttle,
none of these involve critical technologies. This means that all of the progirams asso-
ciated *+th development of the space shuttle can be accomplished by application of
»ieting and demonstrated technology methods and techniques, and that no technologi-
N :Liroughs are required.

4-1/4-2
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Volume X

4.2 AERODYNAMICS AND CONFIGURATION
4.2.1 HYPERSONIC FLOW FIELD ANALYSIS (CATEGORY I)

OBJECTIVE: Develop a proccdure to properly evaluate the environment at the surface of the vehiele in
hypersonic flow.

PROBLEM: Accurate description of the hypersonic flow field about the vehicle is required to properly
cvaluate conditions at the vehicle surface. Aerodynamic design loads can be adequately handled with lcss
sophisticated descriptions of the flow field; but moments, shear and heat transfer coefficients require a
better understanding of the flow field. The three~-dimensional nature of the flow field with a varying entropy
gradient from the surface to the curved bow shock complicates the problem. Upper surface conditions are
further complicated by vortical flow and separation.

TECHNICA . APPROACH & TASK DESCRIPTION: Develop and adapt a {inite-difference numerical solution
of the supersonic inviscid three-dimensional flow field about an arbitrary hfting body. Develop boundary
layer techniques for laminar, transitional and turbulent flows with arbitrary boundary conditions and real
gas effects. Establish procedures for coupling inviscid and viscous flows, such as an effective body shape
caused by a displacement thickness, and evalvate coupled solutions to establish complete flow field proper-
ties. Conduct detailed flow field survevs, along with surface pressure and heat transfer distribution
measurements, through wind tunnel tests. Correlate experimental data with the analytic aporoach to vali-
date the analytic model for the "cold" gas wind tunnel environment; then analytically evaluate the 1eal gas
full-scale con.'itions.

1970 1971 Cost

Tasks J{FIM|JA|M|J|J|A|S]O}IN|D]|™ FIM|] A} (3K

Develop Inviscid Solution 30
Develop Viscous Sclution 80
Develop Couple Flow Solution 50
Design and Fabricate Models | 59
Conduct Wind Tunnel Tests ' L 150

.

Analyze Test Results # 20
Correlate Data and Analysis ﬁ 20

Apply Analysis to Flizht ﬂ
Conditions

Total Cost 405

4-4
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4.2.2 AERODYNAMIC ENVIRCNMENT DURING LAUNCH (CATEGORY 1)

OBJECTIVE: Establish structural design criteria and acoustic loading on crew/passenger compartiment
ving launck.

PROBLE:1: In the launch phase, acoustic environment, fluctu: ing pressures, venting and local flow field
data are required for structural design concepts, crew and passenger protection concepts, and panel flutter
characteristics. A clustered launch system such as the spa~e shuttle represents an unusual configuration
posing a great deal of uncertainty as to the acoustic loading poteniially imposed on the crew compartment
and structure. This loading is primarily due to shock wave-boundary layer interactions which, on this
multiple body arrangement, occur in an extremely complex flow field. This program would define shock
wave impingement vatterns, separated regions, resulting acoustic load intensities and venting requirements
to establish design criteria affecting configuration concept.

TECHNICAL APPROACH & TASK DESCRIPTION: Conduct a combined analytic and experimental approach on
related clustered-vehicle configurations. Use methods such as Van Dyke's seconc-order slender body
approach at supersonic speeds and empirical techniques such as developed at USAF-FDL for hypersonic
interference effect in the analytic interference study. This phase is not expected to give quantitative results,
but will evaluate flight regimes which may prove critical, allowing the experimental phase to be concentrated
on thoge regimes. Implement venting analysis methods.

The wind tunnel test phase will consist of pretest planning, model design and fabrication, testing, and data
analysis and correlation. Build wind tunnel models as large as practicable since size of dynamic pressure
transducers is directly related to boundary layer displacement thickness. Small models, with thin boundary
layers, require very small transducers (which have low sensitivity) and instrumentation systems with very
high frequency capability. For example, if frequencies up to 10 KHz for a full-size vehicle are of interest,
ase of a 1/40-scale model would require frequency capability of about 400 KHz,

Data to be collected during wind tunnel tests inciudes as a minimum the following:

a. Shock location (using static pressure probes and Schlieren coverage).
b. Boundary layer and shock interaction pressures (us.ng flush~mounted pressure transducers).

c. Bovndary layer pressure cross-correlation data (using flush-mounted pressure transducers).

1970 1971 Cost
Tasks J [T | M gi M|J|J]|A|]S|O|N]|D}J FIM| A] (8K
Analyze Venting 40
Design & Fabricate Model 55
Conduct Wind Turne] Test 60
Analyze Data 40
LDeﬁne Design Criteria 12
Total Cost 207

4-%
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4.2.3 JET ENGINE PROPULSION EFFECTS (CATEGORY I)

OBJECTIVE: Define the effects of jet engine operation on the acrodynamic characteristi.... oi the svbsonic
configuration.

PROBLEM: Powered approach and landing will add jet engine efifects on tke vehicle stability and control.
With forward-mounted ,:t engines on the body, the wake will affect most of the body and verticals as well
as inboard wing sections. Effects of jet engine flow on the aerodyiamic characteristics must be evaluated
to establish potential problem areas in vehicle stability and control, particularly as the subsonic behavior
influences vertical tail size and wing location.

TECHNICAL APPROACH & TASK DESCRIPTION: Design and fabrica.c a low-speed wind tunnel model
including operating jet engines carable of simulating proper exhaus: flow. A matched inlet-exhaust flow
simulation is not expected to add much more to engin~ ~ffecis than exhaust flow simulation since the engines
are located so far forward. Conduct a subsonic wind tunnel test on this configuration with and without jet
engines operating, including the condition of asymmetric thrust due to an engine failure. Analyze resulting
data to determine effects of jet exhaust and what configuration modifications are required to eliminate any
adverse effects.

_ 1970 1971 Cost

Tasks J |[FIMA|IM|J[JJA]|S]IO|N|DIJ fFIM] Al (3K

Design & Fabricate Model 50
Conduct Wind Tunnel Tests 40
Analyze Data 30
Total Cost 120
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4.2.4 SUBSONIC AERODYNAMIC HANDLING CRITERIA (CATEGORY I)

OBJECTIVE: Establish the subsoric design criteria ot a reusable cruise and landing geometry space
shuttle,

PROBLEM: The subsonic flight regime will impose design requirements affecting the inert weight of
booster and orbiter vehkicles, thus having a significant influence on launch vehicle weight. Vertical tail
sizing will be defired by subsonic handling qualities criteria. The hypersonic case will have increased
directional stability due to deflecting the vertical tail surfaces for pitch trim or through use of an attitude
control system. Jet engine size and exhaust effects on aerodynamic characteristics are also dictated by
subsonic cruise, takeoff, and landing approach go-around capability. Landing loads define structural
weight of the landing gear subsystem. The importance of proper subsonic design criteria for such items
is indicated by the roughly 30:1 increase in launch weight for each pound added to the orbiter inert (return)
weight.

TECHNICAL APPROACH & TASK DESCRIPTION: Design, fabricate and flight test a subsonic model of a
reusable launch vehicle element. Model scale should be evaluated against cost of achieving technology
objectives, and range from a full-scale vehicle where mass properties and resulting behavior are fully
simulated to sub-scale vehicles requiring onboard flight simulators to duplicate handling qualities. Design
vehicle to state-of-the-art aluminum structure. Use available jet engines to ge: proper thrust-to-weight
simulation. High-bypass-ratio engines are not considered necessary to simulate exhaust effects since
complete mixing of exhaust with adjacent flow occurs within eight to ten engine diameters dov. “stream,
well aliead of the wing, Conduct flight testing to evaluate handling qualities and establish control powes
requirements, takeoff and landing characteristics, unusual aerodynariic behavior such as unsymmetrical
periodic body vortex shedding, landing loads, and jet engine effects.

_ 1970 1971 Cost
Tasks J [F{M|(A|IM|J|[J]A]|]SJO|N]DI]?J FIM; A] ($K)
Determine Design

Requirements 500

Prepare Engineering
Drawings 300
Fabricate Soft Tooling 500
Fabricate Model 1000
Check Out Model 200
Conduct Flight Testing | 500
Total C st 3000
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4.2.5 SPACE SHUTTLE SYNTHESIS COMPUTER PROGRAMS (CATEGORY II)

OBJECTIVE: Develop space shuttle synthesis computer programs with required mission and vehicle flexi-
bility, including adequate models for propulsion system simulation. Include ascent and return trajectory
simulation capability in the synthesis programs, with realistic feedback of ascent and return trajectory
parameters (e.g., aerodynamic heating and loads) to the weight/sizing process. Provide weight/sizing
and t12jectory computatioas with sufficient accuracy and modeling realism to obtain meaningful configura-
tion and performance sensitivities.,

PROBLEM: Synthesis programs are an indispensible tool in space shuttle performance, sizing, and trade-
oif analyses. When trajectory and weight/sizing computations are performed separately, it is difficult to
obtain gemuine vehicle and trajectory sensitivities to configuration and mission parameters. To maximize
the synthesis tool utility, it must be kept current with the corfiguration, propulsion systems, missions, etc.,
being studied. Realism and detail must be added to system and subsystem weight/sizing laws as configura-
tions evolve and improved data becomes available. Near-optimum but computationally rapid trajectory con-
trol laws must be developed and used in the synthesis.

TECHNICAL APPROACH AND TASK DESCRIPTION: Establish a general synthesis program framework for
anticipated space shuttle missions and configurations. Provide for flight profile flexibility, including simu-
lation of the return flight path. Develop synthesis models for various space shuttle propulsion systems, such
as tandem and parallel firing sequence, rocket vs. air-breathing engines, throttleable engines, and att‘tude
control systems. Add representative aerodynamic heating equations to synthesis. Improve the weight/
sizing laws to add d :ail and accuracy to evolving configurations, particularly the effects of trajectory param-
eters (entry loads and temperatures, maximum dynamic pressure and &q) on siructures and thermal pro-
tection systems. Develop synthesis program options for developing and presenting tradeoff data in terms of
fixed payload and vuriable liftoff weight, or fixed liftoff weight and variable payload. Provide for simulating
both fixed engine (fixed thrust) and fixed thrust-to-weight ratio cases. Develop trajectory control laws
(pitch, yaw and roil) that are rapid to compute, but near-ontimum for performance, and which adequately
approximate control laws amenable to potential guidance schemes.

1970 1971 Cost
Tasks J JFIM|IAIM|JIJ]|AJS]|O|NI|D}|JI | FIM} A] (3K
Establish General
Framework 40
Develop Synthesis Models 50
Develop trajectory
simulation and control
laws 60
Total Cost 150
4-8
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4.2.6 TRAJECTORY OPTIMIZATION FOR SPACE SHUTTLE (CATEGORY II)

OBJECTIVE: Formula.e a technique for optimizing the ascent trajectory, booster return flight path, orbiter
entry trajectory, anc aerodynamic orbital maneuvers. Develop an implementing computer program. Deter-
mine feasibility of an appropriate, more rapid predesign version of the optimizing technique and implement,
if feasible. In'estigate unified trajectory control methods applicable to all flighi phases and to abort.

PROBLEM: Trajectory optimization for the space shuttle presents practical problems not solved in pre-
vious launch vehicle trajectory analyses. First, the lifting characteristics of space shuttle configurations
provide a means of controlling and altering trajectories. Aerodynamic effects shoula therefore be con-
sidered in any optimal control scheme, for both boost and entry trajectories. Second, the necessity for
efficiently and safely recovering the booster influences the desired shape of the .scent trajectory. Third,
the recquired option for on-board, manual decision-making and control in abort situations, and the necessity
for maximizing safety, puts a premium on trajectory guidance schemes employing simple and reliable tech-
niques in both software and hardware. Such schemes must be applicable for large dispersions from nominal
conditions (due, for example, to engine failures or off-nominal retro). Aerodynamic heating and loads con-
straints must be observed. A trajectory optimization technique of the calculus-of-variations type, with
proper handling of these constraints and with payoff flexibility for alternate missions, must be developed for
use in guidance system studies, abort studies and vehicle synthesis and performance analysis.

TECHNICAL APPROACH & TASK DESCRIPTION; Establish a detailed ma.hematical formulation to optimize
trajectories with initial and final conditions and constraints. Both powered and coasting flight must be con-
sidered. The most likely candidate formulation is the calculus of variations. Code appropriate formula-
tion into a digital computer program and run adequate test cases to ver’iy its workability and to establish
"baseline' data.

Study the feasibility of using a unified optimization method for all flight phases (powered ascent, booster
return, orbiter entry and return), as well as the applicability of the method to in-flight abort situations and
to nonabortive equipment failures resulting in control changes. ™ake tradeoffs among alternative optimal
control methods applicable to separate flight phases, and to abort trajectoric.

Investigate the feasibility of more rapid predesign approximations i the detailed formulations. If any of
these approximations appear to be workabie and useful, develop a computer program to provide an econom-
ical, easy-tn-use trajectory optimization tool for predesign sensit vity and tradeoff studies. Verify the
rapid techrique by use of the more detailed method and its compt't. » program.

1970 1471 Cost
Tasks J |F Al (3K
Formulate Detailed Approach 50
Develop Detailed Program 50
Develop Tradeoff Data 10
Investigate Rapid Approaches 25
Investigate Flight Abort .
Concepts A 10
Develop Predesi_ . Program | 25
Verify ?r=dasign Method 10
Total Cost 160

4-9
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4.3 AEROTHERMODYNAMICS

4.3.1 DEFINITION OF FLOW FIELD THERMODYNAMIC PROPERTIES (CATEGORY 1)

OBJECTIVE: Provide an accurate description of the flow field surroundicg a lifting entry vehicle during
descent into the atmosphere. This description will enable better prediction of the heat transfer to the
vehicle.

PROBLEM: The aerodynamic heat transfer to space shuttle vehicles is dependent upen the accurate descrip-
tion of the thermodynamic zroperties of the flow field in which the boundary layer develops. Vehicle
geometry and angle of attack cause significant variations in the flow field thermodynamic properties. These
variations can alter the turbulent heat transfer rate by as much as 100 percent, as well as influence the on-
set of boundary layer transition.

Lower surface flow-field thermodynamic properties are controlled by the nose and leading edge bluntness.

A large nose and low angle of attack will produce high entropy thermodynamic air properties, which will con-
trol the heat transfer rate for many nose diameters downstream. This high entropy air will contain the
boundary layer until the mass flow in the boundary layer equals the free stream mass flow, which passes
through the strong shock associated with the nose. When the mass flow in the boundary layer greatly exceeds
the high entropy mass flow, the heat transfer is controlled by the weaker shock wave (lower entropy) thermo-
dynamic propzrties of the flow field. Evaluation of upper surface flow-field thermodynamic property is com-
plicated by flow from the high-pressure, lower-surface shock layer. The results are "hot" streaks. At low
angles of attack, the upper surface flow and side flow are affected by flow separation, vortex formation, and
subsequent flow reattachment.

TECHNICAL APPROACH AND TASK DESCRIPTION: Perform a coordinated analytical and experimental
program. Develop flow field computer programs and conduct experimental programs that measure flow
field properties which can be compared to the computer program values. This comparison process would
start with simple shapes and finish with a comparison on a representative space shuttle spacecraft. Starting
with simple shapes provides the base to assemble the more complex analysis required to evaluate the space
shuttle spacecraft configuration.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B
PDR CDR
Phase C/D C Nf—
Define Flow-Field Properties 10

Predict Flow-Field Values 35

L

Prepare Test Plans e 10

Design & Fabricate Models d 40
=

Conduct Test Program = 170

Correlate Analvtical &

Test Data P— 20

Total Cost 285

4-10
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4.3.2 TRANSITIONAL AND TURBULENT BOIINDARY LAYER AERODYNAMIC
HEAT TRANSFER (CATEGORY 1)

OBJECTIVE: Improve accuracy of aerodynamic heating prediction in regions of transitional and turbulent
boundary layers. Increased analytical capability requires better understanding cf the turbulent boundary
layer phenomena,

PROBLEM:

Turbulent Boundary Layer Heat Transfer: A mumber of semi-empirical methods for prediction of turbulent
heat transfer have been developed in recent years. Each is based on some body of data, and each method
has strong advocates. Unfortunately, when extrapolated to entry flight conditions, the predicted heat-
transfer levels vary drastically with prediction method. As a result, the confidence of a) thermal protec-
tion system material selection, and b) permissible entry maneuver selection, is low. The resulting in-
fluence on lifting entry spacecraft is large from both the entry mass, entry maneuvers, and crossrange
standpoint.

Transitional Boundary Layer Heat Transfer: The gradual transition from a laminar boundary layer to a
turbulent boundary layer can have a significant influence on the peak heat-transfer rate during entry. Peak
heat-‘ransfer rate reductions associated with gradual transition can influence thermal protection system
material selection. These also affect entry maneuvers, which in turn can significantly alter crossrange
capability.

TECHNOLOGY APPROACH AND TASK DESCRIPTICN: Perform analytical and experimental studies to
ectablish a) boundary layer transition criteria; b) transitional boundary layer growth and heat-transfer
rates; .nd c) turbulent heat-transfer rate levels and distribution following the transitional boundary layer.
Establish boundary layer transition criteria to predict the onset of the transitional heat transfer. (There
may be common variables influencing the onset of transition and the development of the transitional boun-
dary layer.) Test for transitional and turbulent heat transfer rates to obtain data on boundary-layer transi-
tion criteria.

Transitional Boundary Layer: Perform tests in AECC tunnels C and F on three basic shapes over a range of
Mach number, Reynolds number and angle of attack. Make flow-field and boundary-layer measurements

to obtain basic flow data to support correlation of measured heat transfer rates. The basic shapes recom-
mended are: a) wedge, b) cone, and c) delta wing. Investigate nose bluntness and delta wing sweep.

Desired results are:

a., Verification of transitional boundary layer heating as a function of flow and geometry parameters.

b. Transitional boundary layer heating correlation verified by experimental data.

Turbulent Boundary Layer: Perform turbulent boundary-layer wedge testing over a range of boundary-
layer edge properties. Measure the heat-transfer rates and the flow-field properties. Support flow-field
property measurements with calculations of the measured flow-field properties. The turbulent boundary

layer should not be artificially tripped, but should occur naturally. Tvnnels C and F should be used with
Cornell Aeronautical Laboratories 96-inch hypersonic leg as a possible alternative.

Desired results are:

a. Turbulent heat transfer rates supported by sufficient flow data to descr.be the properties of the
boundary layer and shock layer.

b. Development of a correlation procedure that can be successfully applied to other ground data and
flight data.

The above studies should be coordinated with the proposed aerothermodynamic flight test program.

4-11



Volume X

Cost
Tasks 1970 1971 1972 1973 ($K)
Phase B —~h
Phase C/D c— —Z
Perform Analytical Studies _ 100
Prepare Test Plans L] 20
Design & Fabricate Models * 100
Conduct Wind Tunne] Tests a - 215
Perform Test Analysis an e 40
Total Cost 475
4-12
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4.3.3 AERODYNAMIC HEATING IN SHOCK INTERACTION REGIONS (CATEGORY I)

OBJECTIVE: Develop improved analytical methods for predicting the location of shock interaction regions
and the attendant increased heat transfer rates in such locations.

PROBLEM: Space shuttle vehicles are being designed to achieve orbital velocities and altitudes, followed
by maneuverable entry, cruise, and subsequent landing on conventional type runways. Control surfaces
(fins) and lifting surfaces (fixed and/or reiractable wings) will be required. Shock waves, generated by

such body protuberances, inieract with boundary layers on adjacent body surfaces, causing locally high
increase< in aerodynamic heating. Similar 2ffects can result, during the launch phase, from an intersection
of nose-ti,. -generated shock waves with adjaceni vehicle surfaccs, as would occur on any multibody-type
configuration. The location and magnitude of such peak heat trinsfer rates must be defined for each space
shuttle design under consideration.

TECHNICAL APPROACH AND TASK DESCRIPTION: A two-phase experimentsl approach should be pursued.
These phases differ in the methods of obtaining data:

a. Temperature sensitive coatings,oil flow visualization.

b. Pressure/heat transfer measurements.

Initially conduct temperature-sersitive coating (paint) and oil-flow visualization tests, employing all varia-
tions of the basic configuration. Design model sections, including fin-body junctions, as interchangeable
plates; this allows the desired geometric variations to be accomplished at minimal cost. Locate areas of
high heating and flow separation. Conduct pressure and heat transfer measurements in these critical areas.

Coat all sections of the temperature-sensitive coating models with a thick layer of silicone rubber, contoured
to the desired vehicle configuration. The rubber insulates the model interior against heat flux, providing a
model temperature response amenable to simple analytical data reduction. "Tempilaq phase-change coating"
is one example of a temperature sensitive coating.

Incorporate interchangeable sections near fin-body junctions on the pressure models. Obtain Schlieren and
shadowgraph pictures during the pressure tests to assist in defining the overall flow field.

Incorporate the interchangeable-section concept in heat-transfer models. Use a thin-skinned model in con-
junction with the "transient temperature technique." This technique consists of injecting a model with a
cool, uniform initial temperature into the tunnel air stream and recording the surface temperature versus
time. Temperature sensors will be thermocouples mounted on the inside surface of the mcdel skin.

Correlate analytical models of the shock interaction region with the test data to improve the prediction of
heat transfer in such areas. Extrapolation of prediction to environments more severe than those provided
by wind tunnels will require accurate analytical or semi-empirical methods based on a sound experimental
program.

4-13
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Cost
Tasks 1970 1971 1972 1973 ($K)

CONFIG siﬂ,r

\VA
Phase B [
P‘%R C‘L}R

Phase C/D C
Develop Prediction Methods  [EEEE———I— 50
Plan W:nd Tunnel Tests ] 10
Design & Fabricate Models ] [ 40
Conduct Wind Tunnel Tests - [ ] 110
Correlate Test Data 1 _ 35
Total Cost 245

4-14
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4.3.4 THERMAL PROTECTION SYSTEM (TPS) SURFACE ROUGHNESS AND
DISCONTINUITIES (CATEGORY I)

OBJECTIVE: Develop improved analytical techniques for predicting aerodynamic heat transfer in areas
of surfaze roughness and discontinuity. Develop design criteria for acceptable surface imperfection.

PROBLEM: The pradicted aerodynamic heat transfer rates and temperatures are obtained by assuming

that the spacecraft has a smooth surface, free from roughness and discontinuities. Surface roughness

of the thermal protection system comes from thermal distortion and fabrication techniques. Thermal dis-
tertion can cause ripples or bumps which may or may not be permanent, in the cover panels (heat shield).

If these rroject sufficiently into the boundary layer, local separation can sccur, resulting in local in-
creases in temperatures over that predicted using a smooth surfsze. This increase may be sufficient to
cause failure of the cover panel. Discontinuities c¢ue tuv design and fabrication can be limited if aerothermo-

dynamic analysis provides design criteria for acceptable discontinuity levels.

TECHNICAL APPROACH AND TASK DESCRIPTION: Perf rm c¢xperimental investigativus on repres¢nta-
tive surface roughness and discontimity mecdels. Develop «v empirical method to be used for thermal

protection system design.

Tasks

1976

1971

1972

1973

Cost
(8K)

Phase B

Phase C/D

CONFIG SELECT

]

CDR

Develop Analytical Models
Prepare Test Plan

Design & Fabricate Models
Conduct Wind Tunnel Tests

Analyze Data

Develop Design Prediction

Methods

45
10
75
120
20

20

Total Cost

290
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4.3.5 HEAT TRANSFER IN REGIONS OF FLOW REATTACHMENT (CATEGORY J)

OBJECTIVE: Improve prediction of the separated/reattachment flow field and the heat transfer distribution
throughout the reattachment region.

PROBLEM: Space shuttle vehicles are being designed to achieve orbital velocities and altitudes, . llowed
by maneuverable entry, cruise, and larding. Such high-spe¢d flignt through the atmosphere results in the
formation of a high temperature viscous layer on the vehicle surface. Under certain circumstances, this
high-temperature boundary layer separates from the vahicle surface; its subsequent reattachment to
alternate surfaces can cause suhstantial increases in heat transfer rates. An understanding of the reattach-
ment flow field, and its relatici to aerodynamic heating, is essential for the proper c=sign of space shuttle
vehicles.

Regions of ircreased reattachment heat transfer, as might he experienced on various space shuttle con-
figurations, include:

a. Flow separation ahead of, and subsequent reattachment to, vehicle elevon surfaces ;laced at positive
angles of attack to the oncoming flow,

b. Flow separation at the vehicle trailing edge and its subsequent reattachment to some portion of the
propulsicn equipment loc .ted in the vehicle base region.

c. Flow separation from the vehicle's lower (lifting) surface, resul*ing from a high angle of attack, and
its subsequent reattachment to the side panel surfaces.

TECHNICAL APPROACH & TASK DESCRIPTION: Conduct a combination analytic,/experimental prougram,
involving several basic separation-reattachment flow geometries, with the following objectives:

a. To define the separated and reattachment flow field (e.g., length of separated region, reattachment
point location, and reattachment pressure distribution).

b. To define the associated reattachment heat transfer distribution and its relation to the reattachment
point location and pressure gradient.

c. To obtain experimental data correspondi. 5 to a. and b, above, and compare such data to the theoretical
sredictions using straightforward empirical correlations of the pressure and Leat transfer data.

Cost
Tasks 1970 1971 1972 1973 (%
CONFIG SELECT
Phase B y
PDR CDR
Phase C/D [ — 7 — X7
Analyze Reuttachment Flow M P
Heating 30
Develop Test Plans - 10
Design & Fabricate Models L 30
Conduct Wind Tunnel Tests 95
Correlate Test Data - 30 :
T
Total Cost 195 ' o
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4.3.6 AERODYNAMIC HEAT TRANSFER FLIGHT TEST (CATEGORY 1)

OPJECTIVE: Obtain aerodynamic heating data from actual entry under flight conditions similar to those
expected during entry by reusable lifting spacecraft.

PROBLEM: The prediction of the aerodynamic heat transisv to a space shuttle spacecraft configuration is
complicated. Proncr heat transfer rates and the resulting temperatvees can oe obtained only with accurate
flow-field thermc iynamic properiy 4-‘ermination, transition Reynolds number predicticn, transitional heat-
transfer prediction, and turbulent heat-transfer prediction. The lower surface of the spacecra‘t experiences
the most severe aerothermodynamic environmeni and hence is che .ontrolling factor in me spacecraft design
and operation.

TECHNICAL APPROACH AND TASK DESCRIPTION: Conduct a flight test program to obtain data in the true
aerothermodynamic envi ument. Specific technology areas wiil be flow field thermodynamics property
definition, transition R’ ‘ds number, transitional heat transfer, turbulent heat transfer. and scaling of
experimental ground te.  1ita to flight corditions. Modify a launch vehicle such as Atlas or Titan with a
60-foot-long snroud representative of a space shuttle lower surface. Fly trajectories representative of the
L/D and Cy, maximum capabilities of the representative space suuttle. Using the resulting data, make
thermal protection system material s-lections no later than early Phase D,

— —I ;

Cost

Tasks 1970 1971 1372 1973 (SK)
CONFIG SELECT
Phase E — D
PDR CDR
Phase C/D ?—‘—%— Y

Develop I'light Trajectories _ 500
Prepare Test Plan 50
Design & Fabricate P~oster 2,400
Mods ‘
Modify Launch Facilities N ER 1,000
Modify Booster ] 4,000
Chec's out Booster & Launch -
Site i

1,500
Conduct Flight Tests d'
Analyze Data & 300
Finalize TPS Design Criteria }.ﬂ 200

[ Total Cort 9,950
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4.3.7 HEAT BARRIERS FCR RADWTIC\-COOLED EN1RY VEHICLES (CATEGORY I)

OBJECTIVE: Develop various heat barri¢ r concepts for use in conjunction with the low density insulation
behind radiation <over panels. Thcse concer  2re to be compared as to relative effectiveness, complexity,
developmert required, weight, size, and cos'. Such tradeoff studies will aid in selection of a system to
mirimize thermal protection system requirements ana remove stored energy from the thermal protection
system at landing.

PROBLEM: Radiation-cooled lilting entry vehicles currently provide structural thermal protection through
heat insulaticn and heat-sink characteristics of available insulating materials, i.e., Dyna-Flex and Micro-
quartz. Tne insulation thickness required is primarily a function ~f the vehicle's maximum allowable inter-
nal structural temperature (about 200°F}, the maximum allowable outer skin temperature (about 2000°F),
and the time of flight.

Preliminary calculations indicate that the heat flow to the vehicle inner structure is less than one Btu/min-
ute per squar: foot of surface. Very low heat flow tc the inner structure sugg -ts that a relatively small
heat sink at the inner insulation face would provide an additional and effective ' at barrier. This auded
barrier (heat sink) would prevent heating the inner structure above a maximum allowable level for all flight
and ground conditions. Extending this concept further, the insulation thickness could be reduced and a some-
what larger heat sink could be used to protect the inner structure.

TECHNICAL APPROACH AND TASK DESCRIPTION: Heat Barrier Concents. One heai sink concept con-
sists <f low densit: sheets of wicking material encased within thin metal or plastic sheets. Water is re-
tained by the wicking material until absorbed thermal energy vaporizes part of the available water to steam.
Steam is exhausted through small, p~ous wall collection tubes by a hydrophobic (water repellant) treatment
of the porous walls. Three general variations in the wicking material are possible: a) the wick density may
be varied; b) the wick thickness may be increased such that the total wate. supply for a flight is contained
within the wick: c) the wick may te relatively thin, and make-up water is supplied continuously by small
tubes.

A second heat sink concept employs a continuously circulated coolant in small, thin wall tubes, which may
be bonded to a thin metal sheet for improved efficiency. The coolant is then circulated through a heat ex-
changer, where thermal energy is transferred to a sacrificial coolant. Some coolant candidates are water,
water-glycel mixtures, gaseous helium, and gaseous hydrogen.

Task Des.ription. Perform analytical studies to provide a basis for concept selection. Analyze selected
cuncepts, then design and brild test specimens. Define {inal design criteria based on test results.

4-18
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Cost
Tashs 1970 1971 1972 1973 ($K)
Phase B ———V-
Phase C/D C -y 3
Analyze Heat-Barrier Conceptsr 10
Perforr Concept Comparison [ 15
Select Concepts | 10
Analyze Selected Concepts 25
Design & Fabricate Test 50
Specimens
Conduct Radiative Panel Tests L 120
Define Design Criteria - 10
Total Cost 240
4-19
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4.3.8 BASE HEATING (CATEGORY II)

OBJECTIVE: Define the base heating during launch and entry phases to ensure adequate thermal protection
in this area.

PROBLEM: The heat transfer rates to the base of the space shuttle must b= defined for both the iaunch and
entry phases.

TECHNICAL APPROACH AND TASK DESCRIPTION: Launch Phase. Define the engine plume geometry and
properties using accepted calculation techniques. Use this information to develop analytical models of base
recirculation. Predict radiation heat transfer to the base using the plume geometry and properties. Verify
analytical predictions with scale model hot rocket tests in an altitude chamber.

Entry Phase. Study the aerodynamic heating on the base region due to the backward-tacing step, using ex-
perimental techniques (basically wind tunnel models). Use this data in conjunction with the PRIME and
ASSET base heating data to generate analytical models.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B ————Nn
PDR
Phase C/D — QR

Develop Base Heating

Prediction 25

Prepare Test Plan 10

L
Analyze Entry Base Heating P- 25

Design & Fabricate Models 80
Conduct Test Program - 220
Correlate Analytical Test o
Data 20
Define Design Criteria L 10
Total Cost 380
4-20
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4.3.9 PLUME IMPINGEMENT HEATING (CATEGORY II)

OBJECTIVE: Evaluate the extent 2ad severity of rocket exhaust plume impingement heating of vehicle
elements.

PROBLEM: During the stage separation of multibod;’ boost and orbital vehicles, the rocket exhaust plume
rom the orbiter will impinge on the boost vehicle(s). The amount of impingeme=t is a function of the engine
characteristics, flight altitude and velocity, and seprration sequence. Severe heating can occur in areas of
significant interaction F=twe« 1 the vehicle and the plume.

Additional plume impingement can occur on the tail surfaces and base regions of the vehicles during boost,
and on vehicle surfac:s durirg ACS firing.

TECHNICAL APFROACE '\ND TASK D&SCRIPTION: Define the exhaust plume properties as functions of
time of flight. Usivg this data, analyze the anticipated maximum heat iransfer to the affected vehicle sur-
faces for separati »n ~oncepts being considered. Select the least-hazardous staging c. 1cepts for verification
by experimental tests. Co~duct plume impingement tests to confirm analytical studies.

Analytically determine heat transfer to fin and base regions of the vehicles using plume properties. Evalu-
ate heating from ACS f‘ring for use in determining local thermal protection requirements. Verily u. ‘se
heat transfer predictions b; model tests.

E

Cost
Tasks 1970 1971 1972 1973 ($K;
) SELECT
chOVFIG E
Phase B —
PDR CDR
\v4 Y
Phase C/D —
Define Plume Properties s 10
Predict Vehicle Heating [ 30
Prepare Test Plans e 10
Design and Fabricate Models ﬁ 60
Conduct Test Program | . 120
Correlate Analytical Test Data T |ne 25
Total Cost 255

4-21
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4.4 STRUCTURES DESIGN AND MATERIALS
4.4.1 COMPOSITE MATERIAL APPLICATIONS TO SPACE SHUTTLE STRUCTURES (CATEGORY 1)

OBJECTIVE: Vulidate design concepts for the applization of composite materials to reusable launch
vehicles., Potential applications include the engine thrust structure, vehicle interconnect structure, empen-
nage, wing, major bulkheads, payload door longerons, and main cryogenic tanks.

PROBLEM: Advanced composite materials can offer as much as a 30% overall structural weight saving to the
recoverable booster. Existing material systems and design concepts in composites have been tailored to
supersonic aircraft, however, and must be extended to account for the unusual environments and design re-
quirements of the recoverable booster.

TF "HYICAL APPROACH AND TASK DESCRIPTION: Perform an initial systems application study to identify
the most promising and potentially cost-effective component applications and composite material systems.
Prepare a preliminary design of each selected component. Characterize candidate materials, in terms of
mechanical and physical properties, for the booster environment. Perform design allowable testing for
appropriav L.aterials and joining methods. Design, fabricaie, and test a series of increasingly sophisti-
cated structural components to verify composite applicability.

In addition, perform the following tasks.

a. Perform design, performance, and cost analyses to determine most promising areas of composite
material application.

b. Perform material and process studies to characterize material properties, joining methods, and tool-
ing and fabrication concepts.

c. Perform design allowables testing on selected composite systems and joining methods.

d. Perform structural element tests (rlates, shapes, tubes) to verify analytical methods and provide
optimization data.

e. Select and design typical structural components from areas such as the engine thrust structure, empen-
nage box beam, payload bayv longerons, and cryogenic tanks.

f. Fabricate specimens of each of the designs to verify fabrication techniques and provide test specimens.

g. Test the structural members to verify design concepts, allowable loads, deflections, fatigue resistance,
and other applicable properties or environmental requirements.

4-22
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Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
A4
Phase B
PDR CDR
A4
Phase C/D —

) First Structure Release v *
Study Systems Application 400
Study Material & Process 1,400
Define Design Allowables 300
Conduct Basic Element Tests 200
Design Full-Scale Test
Articles 400
Fabricate Full-Scale Test
Articles T 1,200
Conduct Environmental Tests 600
Evaluate Tests 100

Total Cost 4,600
4-23
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4.4.2 STRUCTURAL DESIGN CRITERIA TRADEOFF STUDIES (CATEGORY I)
OBJECTIVE: Determine sensitivity of structural weight of various components to ch;mges in design criteria.

PROBLEM: Due to the criticality of the structural mass fraction and cost of space shuttle vehicles, establish-
ing adequate design criteria is important. Design criteria is ultimately reflected in the choice of materials,
concept, and manufacturing technology; which in turn lead to interdependent weiglits and costs. Sensitivity
studies are required to identify design criteria having a marked effect on structu-al weight and to establish

trends,
L]

TECHNICAL APPROACH AND TASK DESCRIPTION: Establish nominal design cri:eria for a current space
shuttle configuration and break it down into specific design criteria for each major st~uctural component
such as wing, body, tanks, payload bay area, thrust structure, fin and TPS. Detcrmuie critical design con-
dition(s) for each component. Perturbate criteria that affect the critical desigii conds-ions, and determine
the associated weight changes for each component. Investigate perturbations in design criteria such as
ground wind intensities, T/W ratio at liftotf, maximum aq values, maximum axial acceleration during boost,
noise and vibration environments, abort trajectories, shock overpressures, dispersions in exit and entry
trajectories, wind shear profiles, subsonic gust velocities, propellant tank proof and maximum pressures,
safety factors, flutter margins, design life, design temperatures, material allowables and fracture tough-
ness sensitivity, reliability goals for orbiter and booster structures, fail-safe philosophy, landing sink
speed, manufacturing technology, and fabrication control and tolerances. Tasks are:

a. Select vehicle configuration and trajectories e.. Translate the changes in critical design conditions
as a basis for study. . into weight increments or decrements for each
component.

b. Establish specific design criteria (nominal)
for each component. f. Integrate the results of component sensitivities into

. - . overall vehicle sensitivities.,
c. Determine critical load/temperature/time u

design condiiions for each component. g. Detrrmine the effects of overall vehicle sensitivities
on total liftoff weight, payload, lateral range, and

d. Perturbate nominal design criteria and find orbital maneuvering AV.

effect on critical design condition.

! 1870 1971 Cost
Tas!l.s ~ JJIFIMJAMIJIJTITAISTO (3K)

Z
o
&
vry
=
>

Select Vehicle Configuration

Establish Nominal Design
Criteria ' F 10

Determine Critical Design

C (s
onditions 10

Perturbate Nominal Design

Criteria P#*H 50
Determine Component Weight

Changes 50

Determine Vehicle Weight

Sensitivities + 20
Determine Effects on Liftoff
Weight, Payload, Etc, 20

Document Results 10

Total Cost 175
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4.4.3 SYNTHESIS OF STRUCTURAL COMPONENTS (CATEGORY 1I)

OBJECTIVE: Develop computerized sizing procedures for structural components such as wings, bodies,
cryogenic propellant tanks, intertank adapters, fins and elevons.

PROBLEM: The evaluation of alternate design concepts for main structural components is presently done by
means of inherently slow procedures which do not lend themselves to the quick response times typical of pre-
sent and future contractual requirements. Systematic computerized procedures are needed to determine
gages, sizes and weights of alternate designs, and to provide adequate data for meaningful engineering
decisions. Expeditious structural sizing programs are needed to enable: a) qirick and consistent evaluation
of alternate designs; b) selection of effective weight/cost structures for specific projects; c) generation of
detailed design and weight data: and d) short response times. The use of computerized sizing procedures
can provide an answer to these problems.

TECHNICAL APPROACH AND TASK DESCRIPTION: Develop sizing procedures for main structural com-
ponents using both multiple station and matrix analysis approaches. Incorporate capability to handle multiple
loading conditions, including thermal loads. Use weight as the merit criterion. Develop means of incor-
porating load, strength, aeroelastic and manufacturing considerations within the automated procedures.
Investigate the use of special techniques for search optimization, Computerize the developed procedures

to obtain a main sizing program for each component.

Also perform the following specific tasks.

a, Select structural and aeroelastic (where applicable) analysis procedures for each component.,
. Establish design criteria and load/temperature conditions.
. Define component configuration,

. Select structural concepts, materials and failure modes.

= WwON

. Defin~ design variables, constraints and linking schemes.
5. Write stress and aeroelastic analysis subroutines.

b. Define objective function (weight) for each component.

c. Write input/output subroutines for each component.

d. Iilcorporate subroutines into a general-purpose optimization program , compile a main sizing pro-
gram for each component.

e. Demonstrate sizing programs using typical components of space shuttle vehicles.

f. Document each program with example cases.

4-25
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1970 1871 Cost
Tasks M[lJd|Jd F|M] A] (3K
Develop Analysis Procedures 120
and Subroutines
Develop Objective Functions 20
Develop Input/Output Sub- 60
routines
Develop Main Sizing Programs 60
Wings
Bodi k
Adapters s
Propellant Tanks —
Fins
Elevons
Determine Applications 60
Document Results 20
Total Cost 330
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4.4.4 HOT STRUCTURES (CATEGORY I)

OBJECTIVE: Develop and validate design concepts for use of uninsulated or partially insulated hot structure
to reduce cost and weight and improve reliability, sealing, and insulation effectiveness. Promising areas of
application are the fins and top and sides of the vehicle.

PROBLEM: Large scale hot load carrying structures are desirable for space shuttle vehicles where temper-
atures do not exceed 1200°F. Candidate designs should be examined and tested to determine ultimate design
allowables. Areas of critical stress concentration should be defined. Fabrication of titanium and super-
alloys will necessitate the design of tooling for joining (welding, brazing, or diffusion bonding). Structures
of this size and complexity should be completely fabricated to minimize potential problem areas.

TZCHNICAL APPROACH AND TASK DESCRIPTION: Develop and analyze design concepts for each potenticl
area of application. Design and conduct environmental and functional tests on critical elements. Design,
analyze, and fabricate full-scale components. Subject components to simulate environment and functional
tests including loads, temperature vs. time profiles, and thermal gradients, Tasks are:

a. Develop a.d analyze design concepts for each pciential application of hot structure.
b. Select the most promising concepts.

c. Design and conduct functional and environmental tes.s on elements.

d. Design, analyze, and fabricate full-scale components.

e. Conduct simulated environmental and functional tests on full-scale components.

f. Integrate test results into the design.

Cost
Tasks 197¢ 1971 1972 1973 ($K)
CONFIG SFLECT
Phase B C Vi )
PDR CDR
Phase C/D — ¥ v
o |
Design & Analyze Hot-Structure_ —' 80
Components
Design & Conduct Element NS 40
Tests !
Fabricate Full-Scale -# 130
Components
Conduct Environmental Tests T 45
Analyze Test Results [ ] 8
Define Design Modifications & - 12
Recommendations
Document Results 15
Total Cost 330
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4.4.5 HIGH TEMPERATURE CONT"?).. SURFACES (CATEGORY I)

OBJECTIVE: Validate the design concr pts developed for e~ch of the identifiable critical areas of the high
temperature control surfaces. Sucn 1eas are the leading edge, transition between hot leading edge and
cooler upper and lower surfaces, her. shielding, insuiation, heat shield supports through the insulation,
load-carrying hot structure insid«: the insulation, hanges, seals between fixed and movable surfaces, actu-
ating system, and damping systes. for thc nonaerodynamically balanced movable surfaces.

PROBLEM. High temperatures and heatirg rates are developed in localized areas of control surfaces.
Realistic testing must ke done to verify {low theory associated with leading edge gaps and leeward surface
fiow separaticn. Flow restricting devices such as wiper seals and end plates should be examined and per-
fected to reduce hot gas leal age. Acluating devices should be investigated and tested to determine the
resistance to high temperatures ana fatigue.

TECHNICAL APPROACH AND TASK JESCRIPTION: Define and select a basic approach integrating the
structure, insulaticn system, und actuation system for the high-teruperature control surfaces. Perform
analyses and generate designs for each of the problem areas with attention to the interfaces with adjacent
problem :reas. Select frora candidate designs considering reliability, life, weight, and cost. Validate
selected concepts by 2nvironmental and functional tests. Fabricate large-scalc components and subject to
a simulated hypersonic entry environment in a test facility such as the 50-megawat* plasma arc at USAF

RTL. Such a facility v ould closely approximate the flow composition, enthalpy, pressure, shear, and time/

temperature/pressure relationships of the hypersonic environment. Tasks are:

a. Identify and perform analyses nd detailed design studies of the critical areas of the high-temperature
control surfeces.

b. Design, feoricate, and test full-scale elements to establish fabrication techniques and verify design
allowabl:s.

c. Desiga and fabricate sub-scale components ¢” the elevon and rudder /fin: one selected elevon and well
design and one selected rudder/fin design.

d. Subject \he selected components tc hypersonic entry environmental tests in a facility such as the USAF
RTD 50-megawatt plasma arc; perform cyclic entry thermal environmental tests, acoustic and mech-
anical vibration tests, and static load tests.

Cost
Tasks 1970 1971 1972 1973 (3K)
CONrIG SELECT
Phase B ) —
PDR CDR
Phese C/D ' . A 4 v
Design & Analvze Control- 110
Surface Components
Design & Conduct Element 50
Tests
Fabricate Full-Scale d 120
Components
Conduct Environmental Tests P 50
Analyze Test Results - 15
Apply Results to Design [ 20
Modifications
Document Results # 15
4-28 Total Cost 380
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4.4.6 JOINING HIGH TEMPERATURE MATERIALS FOR SPACE SHUTTLE APPLICATION
(CATEGORY ]) -

OBJECTIVE: Develop joining methods which produce useful structures cf refra tory, dispe: sion strength.-
ened, and titanium alloys.

PROBLEM: ™ order to satisfactorily join refractory and dispersion strengthened (D/S) alloy: for elevated
temperature applications, a number of hazards must be avoided, or the joint - will have no useial streng.ui.
These hazards are:

a. The grain size in refractory systems must be maintained below one fourth of the minimu.u sheet thick-
ness. This prevents through-crack g~ wth in the transverse direction.

b. Joints in refractory systems 1riust be post-join coatable to mairtain high ter-.~erature oxidation
resistance.

v,

c. Lap joints in refractory systems must develop conciguous fillets and be post-joir. zoa:able. This is to
maintain both coating and joint integrity.

d. Joints in both refractery and D/S systems must have eleva.ad temperature touzhness ac well as strength.
e. Jomts in both refrac.ory and D/S systems must be inspectable to ensure joint integrity.

f. Rejected joints should be repairable without requi ng large coraponents to be scrapped. Tuis saves
money and time, and eliminates acceptance of peor-quality join*s,

g. Joints in D/S systems must not aggiomerste the dispe:sion. If the dispersion is agglomeraced, t! -~ ele-
vated temperature strength and oxids ion resistance are greatly reduced.

h. Jcining systems for D/S materials must not cause alluying elements to vaporize or harmful intermetallic
compounds to form on the surface. This would seriously wea%en the material surfaces and lead tv pre-
mature failures,

i. Refractory-to-D/S :oin r~ systems must have all of the above properties. Brittle interastallic com-
pounds must not for:n at the joint interface.

j. The joining systems must not adversely af‘ect the materi- s away from the joints.

TECHNICAL APPROACH AND TASK DESCRIPTION. All the basic joining metnods: fusion and resistance
welding, brazing, diffusion bonding, and mechanical fastening wiil be evaluated individually and in combina-
tions. Basic evaluation of each joining method and its applicability .o e. °h alloy in question will facilitate
the initial screening and selection of the most promising methoas for cach joaut system under consideration.

The initial scieening wili be based not only on resultant mechanical and pls sical properties, but also on
applicability, ease of fabrication and the interaction between the ioining system and the total structure. The
effect of joining processes on coatings and of coatings on joining processes will be of specific concern.

Re-use and the realities of all joining systems require development of joint repair methods. Removai of
damaged areas, rework, coating removal and replacement, and hasic joint repair technology will be evalu-
ated in initial selection of joining repair methods. The repair methods selected will be evaluated in tho
same manner as initial joints. This data may require a change in the recommended joining method because
of repairability difficulties. The following tasks comprise this program.

a. Develop and evaluate Gas Tungsten Arc (GTA) and Electron Beam (EB) welding of C129Y c¢olumbium
ard {222 tantalum and titanium alloys. Develop and evaluate Liutc, lap, fillet and toe joint repair weld-
ing of the above weldiiig; methods which prove successful.

b. Develop and e.aluate resistance spot and seau: welding of titanium to C129Y, T222 and TDNiCr alloys.
This joining method is not feasible for refractory joining vecause of the inability to coat the faying
surfaces, nor feasible for TDNiIiCr because the Thoria agglomerates and reduces jolnt propertics,
Develop repair procedures and evaluate for all successfully resistance-welied systems.




d.

e.

X
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Develop and evaluate diffusion bonding techniques for C129Y and T222. Diffusion bon. ag is not practi-
cal for TONICT because of the severe distortion that occurs in fabricated parts at bonding temperatures.

E.aluate TDG brase atloy for TDNICr over full range of usefulness. Evaluate the effects of interactions
between refractory brazing allovs and refractory protective coating systems over full range of coating

usefulness.

Pevelop and evaluate diffusion spor bonding, spot brazing and braze /diffusion bonding methods for
varicus ailloy combinations. Evaluate spot brazing, using localized heat and pressure, for titanium to

{123Y,

292 and TD~1Cr. Evaluate braze ‘diffusion bonding (the use of "extra-thin" braze fcils for

refractory joir-ing so that after furnace heating all of the braze zlloy diifuses into the base metal).

Fvaluate mechanical fastener systems for all alloy combinations previously listed. Perform an in-

depth evaluation of mechanical fastener repeir techniques.

Select the most promising joining methods and evaluate in depth. Perform creep, [atigue, stress-
rupture, oxidation, and vibration testing. Perfcrm phbysical, mechanicai, and metallurgical tests to

evaluate reproducibility and reliability of these joining methods.

Evaluate. as described in Task g, the most promising repair joining methods for rework in fabrication
damage, flight damuge, and coatability.

Cost
Tasks 1970 1971 19 1973 (K
TONFIC SELECT
Phase B c———%Hh
CDR
Phase CD X7 —
initial Structure Release v
Screen & Evaluate:
Gas Tungsten Arc Welding 50
Electron Beam Weiding 50
Resistance Spot Welding 30
Seam Welding 30
Diffision Bonding 60
Brazing & Breze Coating 100
Diffusion Spot Bonding R 10
Spot Brazing ] 40
Braze /Diffusicn Bonding L] 50
Mechanical Fasteners _ 100
Test & Evaluate In Depth:
Original Joints 170
Repaired Joints 120
Total Co: t ] 8440
4-30

LA

e Ok Mo ® T\ ant



Volume X

4.4.7 MATERIALS PROPERTIES DETERMINATION (CATEGORY I)

ORBJECTIVE: Eialuate, in elevated temperature environments, newly-developed superalloys, refractor
metal alloys and oxidation protection coatings. Provide design data as well as other data for the compara-
tive evaluations necessary in materials selection for elevated temrorature apolications.

PROBLEM: For successful fabrication of structures subject to extended periods at extreme temperatuvces,
it is not possible to design to elevated temperature using mechanical pr operty data based on short-time
measurements. Test data must be obtained over periods comparable to those expected during actual vebhicle
performance. Creep and cyvclic environmental exposure test data is required, inciuding efiects of tempera-
ture, stress and oxvgen partial pressure. Good creep data is meager for temperatures over 2000°F.

TECHNICAL APPROACH AND TASK DESCRIPTION: The two most promising methods of measuring creep
and strain are by optical instruments. One reauires the attachment of an extensometer or some gype of
measuring scale or marks to the specimen. At higher temperatures, compatibility problems, damage tc
the coating, or loss of identifying marks can occur. The optical method proposed for this program uses
tabs machined on the specimen as targets for strain measurements. Other areas which require attention
are effect of environmental exposure on superalloy and coated refractory alloy joints (welds, diffusion
bends, spotwelds, etc.): thermal expansion and conductivity measurements; compatiaility of the various
vehicle materials directly exposed to the high temperatures of entry, e.g., silicide coated columbium and
tantalum alloys; and the reaction products of the ablation process. Tasks are:

a. Develop technique for measurement of true creep in the 2000 to 3100°F range using
1. Radiation heating,
2. Optical temperature measurement.
3. Optical strain measurement,

t. Obtain creep data for silicide coated columbium and tantalum alloys in 2000 to 3100°F range, and for
TD nickel chromium up to 2300°F.

c. Design and build equipment suitable for cyclic environmental exposure testing to 3100°F w *h capabilities
of varving stress and pressure.

d. Perfor:n cyclic environmental testing of coated columbium and tantalum alloys, TD nickel chromium,
and nickel and cobalt base superalloys.

e. Prepare ductile coated refractory alloy joint specimens and uncoated superallov joint specimens.
Ductile coated columbium alloy weld joints will require a post weld heat treatment study.

f. Perform cyclic environmental testing of joint specimens.

g. Perform thermal expansion and conductivity measurements.

g
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Cost
Tasks 1970 1971 1972 1073 ($K)
CO!NFIG SFLECT
Phase B — Xz
PDR TR
Phase C/D C v
Obtain :rateriais ] 20
Prepaire & coat specimens .
Design & fabricate test A
equipment
Develop test techniques s 20
Conduct creep tests 30
Conduct environmental 60
exposure tests
Perform thermal — 20
measurements
Perfcrin compatibility tests 20
Analyze results & 10
publish report
I
[ Total Cost 380
4-32
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4.5 THERMAL PROTECTION SYSTEM DESIGN AND MATERIALS

4.5.1 METALLIC RADIATIVE THERMAL PROTECTION SYSTEMS (CATEGORY I)

GBJECTIVE. Develop and validate by tests heat shield concepts applicable to identifiable problem areas of
space transportation system vehicles such as large cover panels, door, hatches and access panels.

PROBLEM: Heuat shields and support structures have generally Leen restricted to sizes under two feet
square. With the advent of large vehicles such as the proposed space shuttles, large panels will be re-
quirea o minimize assembly problems and reduce hot gas ingestion into the insulation system. These
parels will re ,uire sculing-up forming and joining techniques applicable :c high-temperature metals such
as 1D N:Cyr, columbium, and taatalum. Sinuvlated environmental testing is necessary to man-rate the
sys! - for its design life and determire ultimatc loading factors.

TECHNICAL APPROACH AXD TASE DESCRiPTIORN: Cenict a cosi-effectiveness study to determine the
optimum hea’ shield structural configuration for STS leading conditions. Select 2 basic heat shield /insula-
tion system with specific emphasis on large panels that will minimize the number of required fasteners and
will reduce hot gas ingestion through expansion joints. Apply insulation optimization techniques to packaged
insulation configurations, thereby reducing the effect of insulation movement while maintaining minimum
system thickness. Generate designs and perform analysis for the resolution of identified problem areas.
Full-scale conmiponents of the selected design will be fabricated and subjected to simulated e¢nvironmental
fiight tests. Tasks are:

a. Identify and conduct detaiied design studies and analysis of critical problem areas.

b. Conduct tradeoff studies. i.e., structural eificiency, structural reliability, and relative costs of can-
didate heat shield and support designs.

c. Design and fabricate full-scale RTPS test comporents to establisk {abrication techniques.

d. Subject full-scale heat shields to ultimate load testing to verify design allowables. Loading conditions
will occur during cyclic thermal exposure and include pressure loads and vibration.

e. Design and fabricate one upper surface RTPS for a typical vehicle location that includes at least one
access hatch or door,

=
.

Design and fabricate one lower surface RTPS that includes one door, such as a nose landing gear door.

g. Subject the components described as items ¢, e, and f to hypersonic entry environmental testing ir a
facility such as the AFFDL 50-megawatt Electro-Gas Dynamic Facility, which would simulate the
thermal profile of entry. Conduct additioral specimen tests in a radiant heat lamp chamber in which
simultaneous thermal cycling, pressure differentia’ and vibration are programrmed. Conduct supple-
mental acoustic tests.

h. Study the effects of micrometeoroid impact on radiative heat shields to determine structural damage to
brittle materials such as TD NiCr and coated refractory metals. Typical small scale RTPS specimens
will be fabricated from applicable alloys and subjected to hypervelocity impact tests.
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Cost
Tasks 1970 1971 1972 1973 ($3K)
CONFIG SELECT
Phase B ——v
PDR CDR
Phase C/D C V4
Conduct heat shield tradeoff _ 18
studies
Design & analyze RTPS -
Components:
Modular system s 20
Upper surface with p— 16
access door
Lower surface with q 18
door
Purchase materials +
Fabricate:
Modular system 30
Upper surface panel 35
Lower surface panel 35
Conduct Tests:
Ultimate load ] 18
Environmental [ ] 30
Micrometeoroid B 18
Nondestructive L] 15
Perform Post-Test Analysis (] 8
Design modification & = 13
recommendations
Document Results ﬁ 15
A
Total Cost 289
s ‘
? 'j!."
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4.5.2 ABLATIVE THERMAL PROTECTION SYSTEMS (ATPS) (CATEGORY I)

OBJECTIVE: Develop and validate heat shield concepts applicable to reusable space transportation system
vehicles. In particular, investigate identifiable problem areas such as access panels, hatches, leading
edge gaps, transition joints between high and low density ablators and large modular panels in the lower
surface ATPS.

PROBLEM: The use of ablative thermal protection systems on some types of entry vehicles is definitely
within the state of the art. However, the ablative TPS technology as used on the Gemini and Apollo capsules
is not directly transferable to space shuttle applications because of the following reasons:

a. The heat shields used for Gemini and Apollo were of relatively small size and consisted of one continu-
ous structural and ablative surface with no joints or splices.

b. No cutouts, access ports, doors, or hatches were required in those heat shields.

c. No discontinuities or edge joining were required with other ablative panels, high density nose caps or
leading edges, or radiative panels in areas of relatively high flow and heating conditions.

d. Relatively high density ablators (40-60 lb/ft3) were used on Apollo and Gemini.

e. Higher heating rates for much longer periods than in previous flights will be experienced on the space
shuttle.

f. Fabrication techniques used for Apollo, Gemini and Prime ablative TPS were time consuming and
costly.

g. Very costly nondestructive testing and inspection techniques have been used in the past to ensure the
quality of the ablative TPS.

TECHNICAL APPROACH AND TASK DESCRIPTION: Design, analyze, fabricate and test heat shield con-
cepts that stress minimum weight and minimum heat transfer to the primary structure. Select candidate
designs thal stress low cost, adaptabilicy, easy refurbishment and fail-safe reliability. Investigate and
verify feasible manufacturing processes. Fabricate full-scale components of selected designs and subject
them to simulated environmental flight tests and other design verification tests. Stress interchangeability
of hardware with a radiative system such that either system can be used. Use the ATPS as a backup or
primary flight system as circumstances require. The following tasks comprise this program:

a. Identify and enumerate problem areas to be analyzed such as:
1. Large modular ablative panels.
2, Insulative systems, support structure, and attachment techniques.
3. Nose caps.
4. Leading edges (or edge members in general).

5. Cutouts and access ports (io include such items as service hatches and lar.ding gear doors as well
as sealing techniques to be used with such doors).

6. Ablative panel interface concepts with other ablative panels, with leading edges and with radiative
panels.

b. erform thermal analyses to define typical heating rates and total integrated heat to be used for design
requirements for each problem area.

c. Define total design parameters to be imposed on each problem area. Design parameters should include
typical static and dynamic (including acoustic, vibration and acceleration) loads as well as any design
interfaces required.

d. Select ablative materials to be used in designs.

e. Perform thermal (plasma arc), mechanical, and thermochemical and thermophysical tests to completely
characterize the materials to be used. LR
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f Design coucepts to solve defined problem areas. Several concepts for each problem should be investi-
gated and the best selected for further evaluation and test.

Perform thermal and structural analysis of all concepts.
h. Perform cost analysis of selected concepts to develop cost predictions.

i. Select best designs on the basis of functional performance, and thermal, structural, and cost analysis
to fabricate full-scale test specimens.

j. Use normal inspection as well as nondestructive test techniques to verify quality of material and fabri-
cation techniques.

k. Perform thermal, static loads, acoustic vibration and acceleration tests on full-scale specimens to
validate designs.

1. Rceduce test data and evaluate results.

m. Submit final report and engineering data.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B C V1
PDR CDR
Phase C/D C
Perform Thermal & Dynamic n 15
Loads Analysis
Define Design & Material - 15
Criteria
Determine Material [ 30
Properties
Define Insulation Subsystem [ 30
& Structure
Design Ablative Subsystem [ 50
Specimens
Perform Design & Cost L 40
Analysis
Select Best Concazpts |
Design Full-Scale Components 1 40
Perform Thermal & Stress 20
Ana.ysis
Develop Full-Scale Test Plan — 10
Fabricate Full-Scale Test . 180
Articles
Conduct Full-Scale Environ- L] 120
mental Tests
Evaluate Data & Document -m 20 ‘
Results a,
Y-
4.-36 Total Cost 670
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4.5.3 NONMETALLIC, NONRECEDING RADIATIVE THERMAL PROTECTION
SUBSYSTEM (RTPS) (CATEGORY I)

OBJECTIVE: Develop and validate design concepts employing se..u-rigid insulating materials as heat
shields.

PROBLEM: A possible alternative solution to problems inherent in an ablative or radiative TFs ic  ..on-
metallic, nonreceding radiative TPS, This system could be lighter than an ablative TPS 2ud could accept
higher equilibrium temperatures than a refractory metal radiative TPS with a comparable basic weight. It
can be much more tolerant of local hot spots than a metal radiative TPS. Materials such as low-density
ceramics, bonded silica fiber matrix systems, and carbon-faced radiative systems have been studied, but
no extensive investigation, fabrication, or testing has been done.

Basic development must be performed to define a workable TPS and final design, analysis, and verification
testing must he accomplished to validate this type of TPS for flight use.

TECHNICAL APPROACH AND TASK DESCRIPTION: Develop design concepts employing these heat shields
and 1ssociated components to provide such desirable characteristics as low unit weight, compatibie thermal
expansion, good reusability, good insulative properties, large panel capability, and low unit cost. 1asks
required to design, analyze, fabricate and subject full-scuale components to simulated environmental tests
are:

1. Evaluate and select materials for a nonreceding radiative TPS. Develop basic material characteris-
tics to provide good basis for comparison,

2

Check compatibility of materials, particularly thermal expansion characteristics, with vehicle basic
structural design concept and materials.

w

Develop material mechanical properties and allowables for design.

e

Design, fabricate, and test typical heat shield panel to verify basic des:gn performance.

(1]

Design typical large modular panels.

6. Develop interface concepts for joining with nose caps, leading edges, or other edge members.

7. Design cutouts and access ports.

8. Perform thermal and structural analysis of all concepts.

9. Perform cost analysis of selected concepts to develop cost predictions.

10. Select best designs on the basis of functional performance and thermal, structural, and cost analysis.
11. Fabricate full-scale test specimens.

12. Use normal inspection and NDT techniques to verify material qua'ity and fabrication techniques.

13. Periorm thermal, static loads, acoustic vibration, and acceleration tests on full-scale specimens to
validaie designs.

14. Reduce test data and evaluate results.
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Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Y1
Phase B )
PDR CDR
Y \v4
Phase C/D
Review & Select Candidate 15
Materials ]
Define Material/Structure a 5
Compatibility
Determine Material Properties [ 20
Perform Thermodynamic ] 15
Loads Analysis
Define Design Parameters = 15
Define Insulation System & 20
Support Structure
Design & Fabricate Subscale L 25
Panels
Test Subscale Panels | ] 15
Design Access Cutouts & L] 30
Joining Concepts
Analyze Selected Concepts L ] 30
Select Best Concepts | 5
Design & Analyze Full-Scale _— 20
Panels
Develop Full-Scale Test Plan [ | 5
Fabricate Full-Scale Test [ ] 40
Articles
Conduct Full-Scale Environ- - 100
mental Tests
Evaiuate and Document A 20
Results
Total Cost 380
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4.5.4 THERMAL PROTECTION SUBSYSTEM (TPS) ANALYSIS AND PERFORMANCE
IMPROVEMENT (CATEGORY 1)

OBJECTIVE: Increase the accuracy and confidence level of TPS analytical techniques so TPS performance
will be improved by enabling further refinement of concepts and designs.

PROBLEM: Current analysis techniques can be used to determine safe TPS thickness requiremerts, but
they are not accurate enough to define an optimum design. Sizing of low-density insulation (4.5 to 8.25
Ib/ft3) is based on steady-state thermal conductivity measurements, neglecting the coupled radiation con-
duction encrgy transport characteristic of the fibrous insulation materials. Sizing of ablator materials is
also inaccurate: predictions by only one of seven competent technical groups approximated measured flight
data on Apollo. The ablator sizing problem is further complicated by using experimental data derived from
testing that was not truly representative of the flight environment as empirical parameters to comput. r
programs; these TPS designs and test facilities must also be improved.

TECHNICAL APPROACH AND TASK DESCRIPTION: Improve existing TPS analysis and experimental
techniques of the insulation (radiative) type TPS by:
a. Investigating coupled radiation conduction energy transport through the low-density insulation material.

b. Investigating boundary-layer leakage into the insulation and flow to lower pressure areas of the entry
spacecraft.

c. Investigating the cover panel (heat shield) support analysis to minimize hot spots on the basic structure.
d. Defining methods to remove the energy stored in the TPS at landing.
e. Developing test facilities to provide representative flight-environment flow over the insulation TPS
test specimen.
Improve specific ablator TPS analysis and experimental techniques by:
a. Developing rapid and accurate ablaior sizing analysis.
b. Controlling surface melting and roughness.
z. Developing variable-density composite systems.
d. Devising methods to increase transpiration cooling of the ablator material.

e. Developing test facilities to provide repre:sentative flight-environment flow over ablator TPS test
specimens.
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Cost
Tasks 1970 1971 1972 1973 ($3K)

CONFIG SFLECT

Phase B

Phase C/D

Extend Prediction Techniques 80

Correlate Techniques/Test 80

Data
Develop Ablator Sizing Method 40
Develop Ablator Joint Analysis 25

30

40

Develop Insulation Conduc-
Analyze Boundary Leaks to
Insulation

|- i |
C
tivity Analysis
aresan——
Imp.ove Covar Panel Analysis i 50
Evaluate Real 3i1aulation 15
mmam |

Approach

Develop Test Flans for TPS 15
Conduct TPS Environmental 100
Tests

Define Design Criteria 40

Total Cost 515
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4.5.5 HIGH TEMPERATURE NOSE CAP AND LEADING EDGES (CATEGORY I)

OBJECTIVE: Develop and validate design concepts using high temperat re ceramic-radiator materials of
the diboride series,

PROBLEM: Nose cap materials such as the modified diborides have heen developed bnt have not been

scaled up tc full-size hardware configurations, Forming is generally done by powder metallurgy techniques,

which require high temperatures and pressures, Local inclusions or voids must be eliminated to obtain a
satisfactory structure capable of sustaining the thermal environments,

A major problem with the diboride cerami:s is ihat of machining. Hot pressing is unsatisfactory because
of the intricate shapes required for nose caps and leading edges. Thus final shapes and the details for
attachment to the base structure must be machined from the bulk hot pressed part, preferably by diamond
machining methnds or by electrolyiically assisted :nachining processes. The compatibility of the diboride
materials in an entry environment with the adjoining thermal protection system is also a potential problem
areas,

TECHNICAL APPROACH AND TASK DESCRIPTION: Generate designs and analyze concepts that stress
maximum reusability and minin'ize heat transfer to the primary structure. - ‘lae up and develop feasiblc
marufacturing processes. Sirce diamond machining, E“ M. and EDM are the moust attractive processes

to remove ceramic material, investigate these for low-cosi optimization, Since hot-forming anu forging
the diborides are extremely attractive processes for some designs, scale these up fo. feasibility. Investi-
gate emittance~-improving coatings and exs mine joining techniques such as diffusion bonding and welding,
Tasks are:

a. Identify and conduct detailed design studies and analysis of critical problem areas.

b. Design full-scale nose cap and leading edge components,

c. Conduct a fabrication feasibility study to determ‘ne the most desirable forming, maching, and joining
processes,

d. Conduct elemr~ntal tests to determine dasign allhwables.,
e. Fabricate full-scale nose cap and leading edge components for representative space shuttle vehicle,

f. Subject the components to hypersonic entry environmental testing in a facility such as the AFFDL 50
megawatt Electro-Gas Dynamic Facility. Subject the components to vibration, acoustic, mechanical,
Joads, acceleration, and impact tests,
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Cost
Tasks 1970 1971 1372 1€73 (3K)
CO.\:HGVSEILEL‘T
Phase B -3
P%R csr\
Phase C/D C—
T

Design & Analyze Nose Cap
& Leading Edge P 109
Conduct Element &
Subelement 1 :sts [ ] 60
Perform Fabrication Study [ 50
Fabricate Sull-Scale
Components L ] 320
Conduct Environmental Tests . 80
Analyze Test Results | 10
Apply Results to Design
Modifications 15
Document Results 15

Tctal Cnrst 640
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4.5.6 HEIGH-TEMPERATURE INSULATION DEVELOPMENT (CATEGORY 1)

OBJECTIVE: Develop an insulation system for temperatures in excess of 2700°F apable of providing
the most efficient and compatible thermal barrier between external heat shields and primary structure,

PROBLEM: Proven capability of insulations for use on hypersonic flight hardware where temperatures ex-
ceed 2700°F is nonexistent, Several potential materials are available on a laboratory pilot scale and should
be tested for shrinkage, sintering, compatibility, and resistance tc pualverizing under vibration. Normu:
thermo-physical property data through the applicable temperature regime must be determined in order to
optimize the insulation system.,

TECHNICAL APPROACH & TASK DESCRIPTIONS: Determine the available or easily modified fibrous
materials that offer the greatest potential as prcbable constituents for a high-temperature insulation system,
Select the most promising materials on the basis of dimensional stability, chemical stability, radiation
attenuation, resistance to sonic fatigue, compatibility with other T PS materials, low conductivity-density
product, and satisfactory cost. Conduct thermal cycling “esis to determine heat transfer ratio. Investigate
the effect of heat shield composites such as foils, flakes, and particulates on the most promising candi-
dates, Tasks are:

a. Survey insulation systems capable of sustaining the required thermal profiles and analytically deter-
mine their capability.

b. Preparc subscale specimens and subject to thermal profiles at reduced pressures to determine the
reiative heat transfer rates. Evaluate various densities and bulk volumes to optimize the desirable
characteristics of the composite system.

Cost
Tasks 1970 1971 1972 1973 (SK)
CONFIC SELECT
Phase B Y
PDR CDR
Phase C/D — vV \Y4
Analyze High-Temperature i—
Materials 20
Develep & Fabricate —
! Insulation Specimens 40
Conduct Physical q
Property Tests 30
Conduct Flemental 1
Specimen Tests ! 30
Analvze Test Results - 10
Document Results = 10
Total Costs 140

-
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4.5.7 NONDESTRUCTIVE TEST (NDT) DEVELOPMENT (CATEGORY I)

OBJECTIVE: Develop NDT methods and instrumentation to evaluate radiative and ablative thermal shield
materials.

TECHNICAL APPROACH AND TASK DESCRIPTION: Coating Preflight Evaluation (Process Control):
Investigate reliability and cost of existing NDT techniques (thermoelectric testing, eddy current, radio-
graphy, etc.) for predicting satisfactory coating performance. Investigate inherent radiation emission
properties to b2 developed into the coating system (see postflight evaluation) for determining the thickness
and uniformity of the coating. Develop suitable instrumentation to scan the shield following application of
the coating.

Refractory Metal Preflight Evaluation: Investigate techniques for performing NDT of refractory alloys,
emphasizing adaptation of existing NDT techniques to complex geometries and accessibility problems.
Establish criteria for determining serviceability of both coated and uncoated refractories.

Ablative Material Preflight Evaluation: Investigate various NDT methods for evaluating ablative materials
prior to use. Employ microwave reflectometry during the early development stages of low-density ablatives
to detect voids angd possible separation (disbond) in laminated material.

Joining Methods Preflight Evaluation: Define standards for controlling NDT application in evaluating joining
proce.ses. Develop standards and criteria for practical NDT evaluation of critical joint areas.

Coated Refractory Postflight Evaluation: Investigate radiochemistry techniques for seeding the coatings
with relatively long-lived beta-emitting isotopes to measure coating thickness and diffusion into the rufr c -
tory substrate. Use solid-stage surface barrier detectors or scintillation detectors to scan selected arcas
of the shield. Develop suitable instrumentation and techniques that may be economically and meaningfully
applied to this inspection.

Ablative Malerial Postflight Evaluation: Develop techniques for monitoring ablation rate of ablative materials
in flight. Design and implant sensors within the ablaiive to be depleted by exposure to heat and atmosphere.
Develop suitable instrumentation for feedback to the control station regarding recession of ablative material.

Ceramic Materia® Postflight Evaluation: Since density and electrical conductivity of the oxide layer varies
significantly from that of the nonoxidized state, investigate eddy current and ultrasonic techniques for
measuring thickness of the conversion layer. Investigate infrared methods for detecting abnormal recession
of the ceramic in flight.

Thermal Insulation Postflight Evaluation: Accomplish NDT evaluation of the thermal insulator r.aterial by
implanting thermocouples within the insulation or support posts, During postflight inspection, determine
temperature profile near the support post for a small heat flux and compare profiles with those established
for critical insulation areas prior to flisht. Use heat dissipation raie and temperature gradients to deter-
mine concition of insulation. Investigate ultrasonic and/or microwave techniques for detecting disbond be-
tween propellant storage tank insulation and fuel tank wall.

TDNiCi Postflight Evaluation: Since ductility of TDNiCi is critically reduced by diffusion and vaporization
at extreme temperatures, investigate eddy currest {cchniques for detecting losses that reduce ductility in
the alloy.

Phase I — Investigation of Techniques:

1. Determine the reliability of current state-of-the-art techniques for determining thickness and composi-
tion of thermal coatings.

2. Determine the effect of abrupt change in coating thickness, segregation of elements, cracks, porosity,
etc. under simulated 1oad and thermal conditions. Establish NDT criteria for acceptable coating(s).
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3. Demonstrate feasibility for new instrumentation and techniques for NDT of coatings, radiative ceramic,
and insulative material.

Phase [ — Development of Technique: Optimize techniques found suitable during Phase I for application to
hardware. Develop coupling mediums, positioning d. ices, and coils as required. Based on Phase I find-
ings, develop a suitable technique for preparing a radioactive coating for application to a refractory sub-
strate; establish handling, safety requirements, etc. Develop detector and establish technique to measure
coating thickness. Establish meaningful NDT criteria for predicting satisfactory shield performance.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONEIC SELECT
Phase B
PDF CDR
Phase U D —
Investigate Techniques 30
Develop Preliminary Criteria 10
Define Access Restrictions d 10
Define Ablative Measurement h 20
Techniques
Develop Joining & Fabrication + 20
NDT Standards

Develop Isotope Seeding 80

Coatings

Develop Counter & Scan Re- 20
quirements

Develop NDT Techniques for
Other Materials

Demonstrate NDT - Full Scale 20
Complete NDT Master Plan 20
Design & Fabricate Instru- 40
mentation

Implement Techniques _ 30

Total Cost 410
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4.5.8 IMPROVED DUCTIBILITY OF RADIATIVE THERMAL PROTECTION SUBSYSTEMS
(RTPS) MATERIALS (CATEGORY 1)

OBJECTIVES. Increase ductility of: coated columbium and tantalum alloys, columbium alloy welds after
silicide coating, and TD nickel-chromium,

TECHNICAL APPROACH & TASK DESCRIPTION: Columbium and tantalum alloys have been developed to
produce an optimum combination of strength, fabricability, and weldability. Further development does not
appear desirable, but ductility can be increased by improved thermo-mechanical treatments. Improving
coated alloy ductility is more difficult. Normal silicide coatings are brittle. A two-step slurry-sinter
technqiue works, but needs additional development. Ductility of silicide-coated columbium alloy welds can
be improv~d by suitable post-weld overaging heat treatment before coating. TD nickel-chromium ductility
is being improved by the producer. Additional improvement in fabricability seems possible by thermo-
mechanical ireatments. Tasks are:

a. Investigate effect of temperature, strain rate, and deformation on fabricability of columbium and
tantalum alloys. Include influence of various annealing treatments.

b. Continue to develop ductile oxidation resistant coatings for columbium and tantalum alloys. Include
improved techniques for applying silicide coatings.

c. To solve the coated columbium weld embrittlement problem, characterize the aging behavior of each
alloy of interest. Overaging heat treatments can then be selected.

d. Investigate effect of temperature, strain rate, and deformation on fabricability of TD nickel-chromium,
Include influence of various annealing treatments.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B
PDR CDR
Phase C/D — v

Obtain Material & Prepare

Specimens 30

I
Conduct Thermomechanical
Tests RS 50

Conduct Program to Develop
Ductile Oxidation-Resistant

Coating 300
Perform Aging Studies 60
Analyze Results || 15
Document Results L] 15
Total Costs 470
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4.5.9 FABRICATION DEVELOPMENT OF THORIA DISPERSED NICKEL CHROMIUM

(TDNiCr) MATERIALS (CATEGORY 1)

OBJECTIVE: Develop TDNiCr heat shield panels for test evaluation of radiative thermal protective systems
in the space shuttle program.

TECHNICAL APPKROACH AND TASK DESCRIPTION. Investigate TDNiCr to establish formability limits and
effect of forming processes on mechanical properties of end product.

Initially, examine TDNiCr material with and without recrystallization after rolling for formability and
mechanical properties. Material without recrystallization has elongation in the range of 30% in 1 inch at
1200-1300F, but recrystallized material has a maximum elongation of about 17% at ambient temperature.
Ductility decreasing with increasing temperature rules out elevated temperature for improved formability.
Determine coot effectiveness and function of heat shields of each material condition by trade studies.
Evaluate selected condition in detail considering a) maximum uniform % elongation with and without stress
relieving between forming stages, b) effect of various percentages of strain and stress relieving on mech-
anical properties, and c) effect of strain rates on uniform elongation to evaluate relative merits of slow
and rapid forming. The following tasks are:

1.

2.

3.

-3

Select TDNiCr material condition from trade studies for customer approval.
Procure material for test panels.

Conduct strain tests to establish maximum uniform % elongation for forming opcrations with und with-
out stress relieving between forming stages.

Test for tensile and compression mechanical properties in material with various percentages of strain
and stress relieving treatments.

Evaluate effect of forming rate on formability, using various types of equipment including high-energy
forming velocities.

Examine material structure metallographically after various percentages of strain and stress relieving
treatments.

Design and manufacture tooling to fabricate typical heat shield panels.
Using optimum processes, fabricaie typical heat shield panels.

4-47
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Cost
Tasks 1970 1971 1972 1973 S$K
CONFIG SELECT
Phase B ( AVm
PDR CDR
Phase C/L [ AV ]
]
Sclect Material Condition [ ] 10
Select Materials (& ] 40
Conduct Strain Tests ] 20
Perform Material Properties pr— 20
Tests

Evaluate Forming Properties ] 20
Design & Fabricate Test Com- 100

ponent Tooling
Fabricate Test Articles E— 210
Conduct Nondestructive Tests L] 10
Conduct Life-Cycle Tests ——F 200
Total Cost 630
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4.5.10 FABRICATION DEVELOPMENT OF REFRACTORY MATERIALS (CATEGORY 1)

OBJECTIVE: Develop columbium and tantalum heat shield panels for evaluations of radiative thermal pro-
tective systems in the space shuttle program.

TECIINICAL APPROACH AND TASK DESCRIPTION: Investigate a selected columbium and tantalum alloy
to establish formability limits and effect of forming processes on mechanical properties of end product.
Produce panels in each material for environmental testing. Include parameters such as (a) maximum
uniform & elongation with and without stress relieving between forming stages, (b) effect of various per-
centages of strain and stress relieving treatments on mechanical properties. and (c) effect of strain rates
on uniform elongation to evaluate relative merits of slow and rapid forming. Tasks are:

1. Select a columbium and tartalum alloy for customer approval and procure material.
2, Conduct strain tests to establish maximum uniform % elongation for forming operations with and with-

out stress relieving between forming stages.

3. Perform tensile and comp1ession mechanical property tests in material with various percentages of
strain and stress relieving treatments.

4. Evaluate effect of forming rate on tormability, using various types of equipment including high-energy
forming velocities.

N

Test metallographically material structure after various percentages of strain and stress reliev-
ing treatments.,

6. Design and manufacture tooling to fabricate typical heat shield panels.

=3

Fab: icate panel details for three assemblies from columbium and tantalum materials.

8. Assemble details by suitable joining processes (3 columbium assemblies and 3 tantalum assemblies).
9. Coat panels for oxidation protection.

10. Test nondestructively detail parts and assembled components before and after coating.

11. Conduct environmental life-cycle tests.

Cost
Tasks 1970 1971 1972 1973 WSKY
CONFIG SELECT
Phase B
PDR CDR
XL \ v 2
Phase C/D — V
Sclect materials [— 100
Establish formability O 30
Perform mechanical property L 30
tests
Conduct metallographic — 10
analysis
Design & fabricate test tooling L 90
Fabricate test components 200
Conduct nondestructive tests L] 20
Conduct life-cvcle tests 200
Total Cost 580

3
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4.5.11 FABRICATION (FORMING, JOINING, AND MACHINING) OF CERAMIC NOSE CAPS
AND LEADING EDGES (CATEGORY 1)

OBJECTIVE: Develop methods for frabricating large ceramic structures for the space shuttle.

PROBLEM: The desirahle characteristics of ceramics for nose cones and leading edges make ceramic
materials difficult to fabricate. Ceramics cannot be reformed once an initial shape is achieved. Machining
ceramics, due to the hard and brittle nature of the materials, is extremzly expensive and slow, and the
brittle nature of ceramics makes fastening of ceramic to itself or to another material a difficult problem.

TECHNICAL APPROACH AND TASK DESCRIPTION: Investigate improvements in basic forming to exterd
the complexity and types of configuration, Develop improved {ooling and processing to enlarge ceramic parts
and reduce number of pieces that must be 1ssembled. Improve casting and powder metallurgy procedures

to attain closer dimension and thickness tolerances, and reduce weight and the machining costs.

Joining: Investigate metal fasteners for joining ceramics. Fasteners should have a thermal expansion co-
efficient close to the ceramic material and should be thermally protected to function in a usable temperature
range. Threaded fasteners should be attached to the ceramic by meaun. of metal inserts since direct thread-
ing is not reliable. Joining methods other than mechanical attachment are feasible with ceramic, particular-
ly if the ceramic is mixed with metal to form a cermet. With metal present, processes such as welding,
brazing, and diftusion bonding are possible. For brazing and diffusion bonding, an additional aid to joining
would be the metal spraying or plating of the surface prior to the joining operation.

Machining: Heavy machining operations are usually required because of the difficulty of casting ceramic to
shape and maintaining close tolerances, Machining represents the greatest cost in using ceramics for space
shuttle, Several machining methods work with ceramics, particularly if the ceramic is metal filled and
conductive. These methods fall into two general categories:a) matching with ciamonds, and k) the use of
electrical eroding processes. An evaluation of the relative efficiency of each process will be conducted
and will include electrodischarge machining, electrochemical machining, diamond tool processes, ultra-
sonic and abrasive jet machining, Tasks are:
1. Select specimen configuration and material, and purchase materials.

. Evaluate current manufacturing p. ocedures for producing ceramic shapes.,

. Improve and further develop processing of ceramic shapes.

2

3

4, Produce tooling and manufacture ceramic specimens.

5. Evaluate dimensionally and determine Guality of ceramic specimens,
6

. Conduct a joining program on ceramics to include mechanical fasteners, welding, diffusion bonding,
and brazing., Investigate plating or metal spraying of ceramic surface prior to joining operation,

7. Evaluate joint efficiencies through physical and mechanical property tests.

8. Investigate machining methods relative to specific removal rates, cost, scaleup, tolerance, repro-
ducibility finish, and tooling requirements.

9. Produce and assemble typical nose cone hardware.

10, Nondestructively test quality of assembly.
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Cost
Tasks 1970 1971 1972 1973 (3K
CONFIG SELECT
Phase B h
PDR CDR
Phase C — e T
Initial Structure Release v
Select materials 50
Evaluate manufacturing 50
methods
Develop selected method N 150
Fabricate specimens O 60
Evaluate quality 30
Conduct joining program 80
Evaluate joints 30
Investigate machining 50
methods
Fabricate & assemble hardware 160
Test hardware 50
Total Cost 710
4-51
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4.5.12 MECHANICAL, THERMAL INTERFACE ATTACHMENTS FOR THERMAL
PROTECTION SYSTEMS (CATEGORY 1)

OEJECTIVE: Develop interface attachinents which will impede heat flow across interfaces and be accessi-
ble {or inspection and refurbishment .

PROBLEM: Duiring entrv, the Kinetic energy transmitted into a vehicle produces vast heat., Temperatures
should be limited to 200°F to 300°F,

TECHNICAL APPROACH AND TASK DESCRIPTION: Screen candidate thermal obstruction materials: coat-
ed refractory metals, diboride ceramics, oxides and carbides, specialized carbons and graphites, and
thermal insulations. Candidate thermal obstructing methods will include a) high temperature insulators,

b) radiation barriers, c) closed loop cooling, d) prestressed ceramics, e) heat sinkc; f) low conductivity
paths, g) oriented thermal path material, h) heat block fasteners,

Define attachment concepts generated by the screening and by materials considerations. Fabricate and test
the most promising interface attachments at thermal profiles found at selected vehicle interfaces.

Tasks are:

a. Identify and analyze thermally critical areas.

b. Conduct tradeoff studies of candidate thermal obstruction methods and candidate materials systems.

c. Fabricate one or more subscale test articles to establish attachment fabrication techniques and to vali-
date design considerations,

d. Subject subscale test articles to various qualification tests.,
e. Fabricate one or more full scale interface attachments,

f. Test full scale attachments under imulated entry conditions, Include typical thermal profiles,
thermal cycle vibration, and acoustical and mechanical load cycles.

g. Evaluate full-scale test results and prepare final report.

Cost
Tasks 1970 1971 1972 1973 ($K)
|}
CONFIG SELECT
Pha== B ————h
P!I‘)R CDR
Phase C/D — X v NSS—
Initial Struct. Release A\
Perform Thermal Analysis —— 20
Perform Tradeoff Studies ] 20
Design & Fabricate Subscale R 40
Test Subscale Articles ] 60
Evaluate Tests [ 20
Design & Fabricate Full Scale S 60
Test Full-scale Attachments * 50
Evaluate Test Results S 40 .
-
Total Cost 310 s -
oy
4-52 K
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4.6 MATERIALS

4.6.1 REUSABLE CRYOGENIC PROPELLANT DUCT INSULATION (CATEGORY I)

OBJECTIVE: Develop reusable lightweight duct insulation.

PROBLEM: Cryogenic propellant lines require insulation to prevent cryopumping air and moisture and to
minimize heat leaks. It must be reusable for up to 100 flights,

TECHNICAL APPROACH & TASK DESCRIPTION: Develop structural liners inside the ducts. Moderate-
density foams which can be installed inside uuct sections are candidate materials,

Dry nitrogen purge will prevent significant frost buildup around the ducts. Insulation, even with low
thermal efficiency, inside the ducts is preferable because of the reduced suceptibility to damage. External
bonded and sealed insulation is recommended only where other techniques are not acceptable. Double-wall
propellant ducts have been considered to increase the propulsion system reliability. They should contain

a flexible foam spacer rather than utilize a vacuum.

Cost
Tasks 1970 1971 1972 1973 (SK)
CONFIG SELECT
Phasc¢ B
PDR CDR
i 4 - X Z
Phase C/D (m /- V
Conduct Analycis & Design P 80
Conduz. Materials Evaluation [ ] 230
Develop Components L 465
Design, Fabricate, &
Test Full-Scale Components 870
Total Cost 1645
4-53
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4.6.2 CRYOGENIC PROPELLANT TANK INSULATION (CATEGORY 1)

OBJECTIVE: Develop cryogenic propellant tank insulation for reusable space transportation vehicles.

PROB™.EM: Reusy - h vehicle cryogeric propellant tanks 107 re insulition and purge provisions to
pre. tcryvopamiie «vgen, and moisture dvt T ground opera‘ions and launch. Select and optimize
cryegenic insulaticn on o-bital maneuvering propellant tanks for weight and thermal efficiency during orbital
steruage and during ~round hold, launch, space, and entry f. - up to 100 flights.

Make insulation structurally compatible with propellant tank design and integrate it into structural environ-
ment including structural bending, flexing, buckling, and thermal stresses plus the launch and vibration loads.

Design structure so that insulation is accessible for inspection and maintenance during normal turnaround
and maintenance period.

TECHNICAL APP?ROACH AND TASK DESCRIPTION: The main propellant tanks require Iasulation during
ground hold and launch. Candidate internal insulations are 1) an open-cell system using a stagrant layer of
propellant gas as an insulation, or 2) the se=: 1 3D foam system installed internally on Saturn SIVB hydro-
gen tank. Internal insulation h2s distinct advantages. It is accessihle without disassembling the external
reeniry heat shield. Tank structure and wall ‘insulation bond line do not get low-temperature thermal stress
because the internal insulation keeps ther warm.

Candidate external insulations are 1) helium-purged fiber blankets, or 2) porous, nitrogen-purged system
that permits some nitrogen crr-opumping and frost buildup. An external insulation syster. cannot {ail and
cause an abort due to ingestion in the fuel system. Purged materiais not directly bonded to a tank can
serve as part of the overali high-temperature therma' protection system, but helium is scarce, and its use
eventually w*ll | ecome prohibitively expensive.

Orbital maneuvering cryogenic rropellant tanks require some high-performance insulation for thermal pro-
tection to preve.i. ",0il-off losse - several days in orbit.

The open-cell . "ncepi utilizes small cells boaded to the ‘nner tank wall at one end and open to the liquid on
*he other end. Surface tension prevents liquic entry intu cells and develops an insulating gas layer.

Internzl 5D polyurethane f .n has been subjected to numerous cryogenic tanking cycles during static grcund
test of the S-IVB vehicle, but it must be demonstrated tc be reusable Ly cyclic life testing -nder structural
load, vibration, and thermal environments.

The nitrogen -purged system permits nitrogen frost to build up in a porous material similar to a water frost
buildup. Select such that porous material through pore size and/or orientation liquid forming and fiowing
is minimized. The nitrogen-purged insulation concept is compatible with the inert dry-nitrogen environ-
mental purge contemplated for the space shuttle. Tasks are:

a. Preliminary Design and Analysis.
1. investigate integral and nonintecral tankage.
2 Compare and evaluate internal and extecral insulations.

R, Determine installation, inspection and maintenance requirements associated with the insulation
configurations.

1. Specifv envirormental cri‘eria - pressures, temperatures, type atmosphere (gases/vacuum)
versns time.

., Evaluate insulation Coucepts
1. Purged pcrous mat.r:als.

2. Scoaied internal systems.
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3. Opcu cell - honeycomb/tubing.

Select Materials -- Insulaticns, adkesives and lin..'s which are compatible with cryogenic temperatures,
the environmental cycles, and the fluids LH,, LOZ, moisture, etc.

Flight Configuration Design.

1. Design full scale flight configuration insulation installations.

2, Evaluate detail design problems around structural reinforcements, penetrations, propellant lines,

etc.

e. Small Scale Component Tests. Evaluate:

1. Thermal performance/efficiency.

2, Environmental cycles.

3. Thermal stress, launch loads, vibration.

f. Large Scale Test — Flight Configuration.

1. Test article should include propellant lines and attached heat shield.

2, Evajuate insulation/structure compatibility, insulation thermal performance, and reliability.

4-55

Cost
Tasks 1970 1971 1972 1973 (fK)
CONEIG SELECT
Phase B ——VY4
PDR CDR
Phase C/D 4 V-
Perform Predesign & Analysis [l 75
Conduct Material Evaluation — 215
Tests
Design Flight Configuration — 55
Artic.e
Conduct Small-Scale Article 520
Tests
| Conduct Centrifuge & Loads 560
Tests
Select Final Insulation 2,650
Configuration v
Conduct Large-Scale Article !
Tests I |
Design & Fabricate Flight l * l 1,200
Article
Conduct Cryogenic Test-Flight v
Article I
i _—
Total Cost 5,875

| o
.
L

{

E, —

"
A
— . SR~




SR g S R S =

Volume X

4.6.3 BEARINGS AND LUBRICANTS SUBJECTED TO SPACE AND OPERATIONAL
ENVIRONMENT (CATEGORY 1I)

OBJECTIVE: Qualify bearing materials and lubricants to the space shuttle requirements of complete
reusability under operational conditions and space environment.

PROBLEM: Bearing materials and lubricants currently being used in space programs have not been
qualified to the operational and environmental requirements for complete reusability for the space shuttle
booster and booster vehicles. Qualify these mrterials fer space shuttle application,

TECHNICAL APPROACH & TASK DESCRIPTION: Conduct evaluation tests of candidate lubricant materials
and bearing alloys under simulated operational conditions of Ligh temperatures due to solar radiation,
aerodynamic neating, rocket plume, and low space temperatures; atmosf ..ric pressure; applied dynamic
and vibrational loads: and time. Conduct tests in vacuum chambers at 1 x10711 torr and large enough to
accommodate dynamic and thermal test equipment that would be used to apply required loads and to perform
such measurements as bearing friction. Investigate rolling, sliding, sweeping, and point-contact motion.
Also, evaluate each lubricant for roxicity to humans and for compatibility with fuels and oxidizers under
zero gravity and vacuum conditions. Evaluate potential application of candidate lubricants and bearing
alloys for such space shuttle components as control linkages, hydraulic and pneumatic actuators, electric
motors, latches, pivots, hinges, gears, and clutches. Tasks are:

a. Conduct lubricant and bearing alloy screening and material property tests, including 1) compatibility
with other poterntial contact materials, 2) toxicity to humans, 3) reusability, and 4) physical properties
under vacuum, temperature extremes, and applied loads.

b. Select candidate alloys for all bearings and bushings for further environmental 1esting.

c. Select candidate lubricants including both licvidomorphus and solid films, metallic combinations, and
metal p. etreatment penetrants for further . .virormental testing.

d. Fabricate componentis such as linkages, p: 7.3, hinges, and shafts for environmental testing of the
bearings and ubricants.

€. Conduct environmental cyclic life tests at 1 x 10711 torr and corbined thermal vibration, and struc-
tural loads tests for real-time conditions.

r
. | Cost
Tasks 1970 1971 1972 1573 (3K
CONFIG SELECT
Phase B 1l
PDR CDR
Phase C/D [ V
Initial Strurt. Release v
Vehicle Subassembly Start v
Screen Lubricants 80
Select Bearing Alloys 80
Select Bearing & Lube Material
Fabricate Test Components 70
Conduct Environmental
Cyclic Tests ﬁ 170
4-56 E Total Cost 400
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4.7 PROPULSION

4.7.1 OXYGEN-HYDRGGEN ATTITUDE CONTROL PROPULSION SYSTEM (CATEGORY I)

OBJECTIVE: Identify and establish the attitude control propulsion systems requirements. Demonstr e
thrust chambers and propellant systems to increase confidence and identify unknowns.

PRCBLEDM: The characteristics of the oxygen-hydrogen attitude control propulsion system have not beer
sufficiently defined to initizte hardware fabrication and demonstration. Attitude control thrusters with
thrusts of 1, 000 to 4, 000 pounds cnerating at chamber pressures of 10 to 20 psia or higher have not been
demonstrated. Propellant systems have not been demonstrated that are capable of a) using residual oxygen-
hydrogen gases and liquids with boiloff, and b) providing relatively consistent inlet conditions to the thrusters.

TECHNICAL APPROACH AND TASK DESCRIPTION: The required technology program should have five
phases. Tasks are:

Phase 1: Conduct studies to a) identify requirements; b) define candidate systems: c) develop characteristics
of the sy.item and its effect on the space shuttle, e.g., cost: d) identify the current technology base: e)
identify prefeired systems: and f) prepare specifications for the preferred system.

Phas 2: Develop thrust chambers for the preferred systems. Investigate low pressure spark ignition,
high pressure spark iguition, and high pressure catalyst ignition. As an integral part of each program,
investigate cooling, injector, valve, combustor, mounting, and insulation. Thrust levels of 1,000 to 4, 000
pounds and chamber pressures of 10 to 20 for the low pressure and 100 to 50v for the high pressure appear
to be typical requirements.

Phase 3: Develop propulsion systems. Because of the great number of candidate systems and the possible
high cost of some, it is not possible to identify at this time likely candidates: however, at least two approaches
will be pursued.

Phase 1: Demonstrate the total attitude control propulsion system including thrust chambers in a ~~ound
facility.

Phase 5: Demonstrate the system by flight testing to verify its ability to operate in a zero-g environment.
(This may be part of a space shuttle test article.)

Consider using the subsystems to augment or eliminate componants in the airbreathing propellant supply,
auxiliary power unit, electrical power supply, residual return system, and life support system.

Cost
Tasks 1970 1971 1972 1973 (SKD)
CONFIG SELECT
Phase B ‘
PhA CDR
C V
Phase C/D N
Phase 1: Identify ACPS F 1,000
requirements
Phase 2: Develop thrusters 6,000
Phase 3: Develop propulsion 2,000
rnase 1: Demonstrate system l 5,000
‘ Phac-~ 5. Periorm flight tests L 8,000
Total Cost 22,000
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4.7.2 AIRBREATHING ENGINE PROPULSION (CATEGORY 1)

OBJECTIVE: MW entify the airbreathing engine requirements and evaluate potential problems. Demonstrate
the critical subsystem elements and the subsysiem.

PROBLEM; Airbreathing engines using hydrogen are planned for the space shuttle. Before engine, pro-
pellant system, and space shuttle development can proceed, however, the following questions must be
evaluated:

a. Determine whether airhreathing engines can be incorporated in the orbiter considering the large weights
and volumes required.

b. Determine whether the engines can use propellant scavenged from the residual gases and liquids or if
extra propellants must be carried.

c. Determine tie best method of supplying hydrogen to the engines.

d. Determine whether the airbreathing engines can be used during boost considering their added tkrust and
lower propellant consumption per pound of thrust.

e. Determine type and quantity of engines and their characteristics, such as bypass ratio.

f. Determine modifications such as encapsulation and flex mounting to permit use of "existing'' engines
to accommodate hydrogen and the anticipated environments.

g. Determine whether windmill start will be satisfactory, or if auxiliary starting systems must be
provided.

h. Determine level of emergency ratings and how it might be provided, such as over temperature or
water injection.

i. Determine the task schedule and cost to develop the airbreathing engine and the associated propellant
systems for the candidate airbrzathing systems.

After answering these questions, critical component demonstrations may be needed. Confidence may be
still low unless a system demonstration is performed both on the ground and in flight.
TECHNICAL APPROACH AND TASK DESCRIPTION: The total effort will consist of several phases. The

first phase will comprise seven tasks.

Task 1: Identify airbreathing engine requirements, including environments, based on space shuttle
characteristics.

Task 2: Describe candidate systems by schematic and design layouts.

Task 3: Define the sensitivities of space shuttie cost, weight, size, and development time to airbreathing
engine characteristics; e.g., number of engines, fuel-supply quality (gas, mixed phase, or liquid), pro-
pellant feed mechanism, and bypass ratio.

Task 4: Identify the existing technology applicable to candidate system.

Task 5: Define cost and schedule for the candidate system. At the end of the first five tasks, identify a
preferred system or systems.

Task 6: Prepare specifications for the preferred systems.
Task 7: Define technologies to support the space shuttle development.

During Phase 2, demonstrate effcctiveness of subsystems such as small gas compressors to supply hydrogen
to the airbreathing engines, leak-proof propellant lines encapsulation systems, mounting systems, im-
proved bearings, and seals. Perform these tasks for the propellant and engine system.

During Phase 3, deraonstrate the engine and propellant system during a static _ 'ound test program.
In Phase 4, demonstrate system confidence by a flight demonstration.
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Tasks

1970

19

71 1972

1973

Cost
($K)

Phase B

Phase C/D

CONFIG _SELECT

S

Phase 1

Task 1: Define
requirements

Task 2: Define candidates
Task 3: Define
sensitivities

Task 4: Define technology

base

Task 5: Define cost &
schedule

Select system(s)

Task 6: Prepare
specifications

Task 7: Define technology
Phase 2

Demonstrate propellant
system

Demonstrate engii e
Phase 3

Demonstrate sys em
Phase 4

Conduct flight
demonstration

—

—

—

\%

S
R

#

——

300

1,000

2,000

3,000

8,000

Total Cost

14,30¢
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4.7.3 MAIN ROCKET ENGINE PROPULSION (CATEGORY I)

OBJECTIVE: Identify engine characteristics and demonstrate engine critical features.

PROBLEM: The characteristics of the 400, 000-1b engine are vaguely defined at this time. The following
unknowns must be defined:

a. Helium recuirements for engine operation.

b. Need for LO,, pump inducers.

¢. Idle mode requirement.

d. Vehicle flexline requirement.

e. Engine weight based on airloads, heating, and acceleration.

f. Pressurization-gas flow rates, pressures, and temperatures.

Critical engine features require demonstration, e.g., seals and valves which do :ot requi=~ -~*: - Y-

life flexlines, idJe mode injectors and controls, hyper-thin preburners, insulated pumps for minimum chill-
down, insulation to prevent air liquification.

TECHNICAL APPROACH AND TASK DESCRIPTION. Perform studies to resolve problems identified above.
These studies will be made by engine and airframe contractors working together under NASA direction.

As part of the Phase B engine definition and design tasks, demonstrate components that may have a signifi~
cant effect on engine cost and schedule. The most significant technology program is the Air Force ADP
Project 2 — High Pressure Engine Technology — XLR 129. This program has provided and will continue to
provide much significant data. Cooling system, injectors, and pumps for higher chamber pressures will be
demonstrated because of the potential system advantages associated with compact engines. Tasks are:

Demonstrate idle mode injectors. Demonstrate pump mode operation with mixed phase propellants to mini-
mize chilldown propellants. Test insulated pumps to determine their cooldown flow and pressure require-
ments. Evaluate reusable insulation for prevention of air liquification. Conduct tests to demonstrate the
engine nozzles' ability to sustain the anticipated loads, such as air and heating.

Cost
Tasks 1970 1971 1972 1973 (SK)
Phase B CONFIG SELECT
PDR CDk
Phase C/D — V- SV
1
Main Rocket Engine
Perform Study P
Demonstrate Engine: ]
XLR-129 22,000
Higher Pc 13,000
Cooling
Pumps
Injector
Idle mode 6,000
Mixed phase pumping 2,000
Insulated pumps 3,000
Insulation 1,000
Nozzle verification 1,000
Bearing & seals 1,000
Advanced injectors 1,000
4-60 Total Cost 18,500
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4.7.4 MAIN PROPULSION PROPELLANT SYSTEM (CATEGORY 1)

OBJECTIVE: Identify and characterize a preferred propellant system. Demonstrate the system to
increase confidence.

PROBLEM: The propellant system characteristics for the main engines are not firmly resolved, The
following criteria will require resolution:

a. Whether a single duct with branch lines to each engine should be used, or whether individual lines

should supply each engine. -

b. Location of the oxygen tank.

c. The use of integral or separated tanks.

d. The tank materials required considering the importance . low weight.
e. Tank pressure and temperature histories.

f. The type of pressurant considering attitude control propulsion system, power supply system, life
support system and airbreathing engine usage of residual propellant.

Propellant tank purging required prior to entry.
h. Propellant velocities, pressure variations, and duct diameters that characterize the propellant system.
i. Type of insulation, such as vacuum jacketing, helium purged, for the propellant lines and the tanks.
j. Types of seals, bellows, joints, and lines hased on the reuse requiremeats.

TECHNICAL APPROACH AND TASK DESCRIPTION: Conduct a study to define the system criteria de-
scribed above. Demonstrate solution of these criteria to provide data on their characteristics, increase
confidence in the system, and identify unknowns.

Cost
Tasks 1970 1971 1972 1973 ($K)

CONFIG_SELECT

Phase B
PDR CDR

Phase C/D [ 7  y AR—

Main Propellant System

Perform Study [——— 500

Demoustrate:

Ducts * 1,000
Insulation

Bellows
Seals

Joints
Tankage 3,000

Insulation
Fatigue
Baffles
Pressurization —_‘_——‘ 2,000
Gas Requirements
Diffuser
Insulation Effects
Controls
Purge
Propellant Utilization 1,000

Total Cost 7,500

4-61
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4.7.5. ORBITER CRYOGENIC TECHNOLOGY (CATEGORY II)

OBJECTIVE: Develop optimum systems for propellant feed of a cryogenic vehicle requiring restart in
space and for tank pressure control of cryogenics during coast where reusability, long life, and ease of
maintenance are prime requirements.

PROBLEM: Vehicle mass requirements for supplying engine propellants during start-up under low-gravity
conditions can be considerable. These mass requirements or weight penalties are due to auxiliary fuel re-
quired to a) settle the main propellants to assure liquid at the engine feed lines and b) replenish chilldown
losses associated with conditioning feed lines and pumps for proper engine start-up. Weight penalties may
evolve from loss of liquid trapped in propellant lines following engine shutdown. Times and accelerations
needed to settle propellants are a significant unknown at present.

Control of propellant tank pressure of a vehicle operating in space must be accomplished with a minimum
loss of propellant. This is particularly difficult with a cryogenic vehicle such as a space shuttle operating
under low gravity conditions. Conventional systems allow direct venting of liquid with an intolerable weight
penalty, since the orientation of liquid and vapor within the propellant tank may be unknown.

TECHNICAL APPROACH AND TASK DESCRIPTION: Develop techniques to analyze propellant conditions
and temperature luistories in transfer lines and pumps during transient chilldown. Modify existing computer
programs to consider internal and external insulation, internal coatings, distributed line masses and flow
rate. Analyze various engine chilldown and preconditioning schemes to determine the optimum approach for
the space shutt.2. Thase include maintaining wet lines or recovering line propellants back into the tank
following engine shutdown. Tasks are:

a. Develop techniques to determine required settling times and accelerations to provide liquid at the pro-
pellant system inlet.

b. Analyze various propellant control schemes to determine th: optimum design for providing liquid at the
space shuttle engine feed inlet. The primary candidates are linear acceleration and surface tension or
capillary liquid containment systems.

c. Perform predesign studies of the following three candidate pressure control methods for application to
the space shuttie mission:

1. Bulk or compact heat exchanger system which can efficiently vent vapor when surrounded by either
liquid or vapor. This system utilizes a mixer to flow bulk fluid through the exchanger and promote
energy exchange in the tank.

2. A wall heat exchang.:r operating on the same principle as the bulk unit, except that the exchanger is
distributed around the inside and/or outside of the propellant tank, and a mixer is not used. Such
a system depends on natural perturbations for mixing.

3. Nonvent storage where the tank is designed to withstand pressu:'e buildup. In this system, it is
anticipated that propellant mixing will be required to maintain a homogeneous tank fluid.

d. Select optimum systems on the basis of weight, reliability, and cost.
e. Perform detail design and development testing of selected feed systems.
f. Perform detail design and development testing of the selected pressure control system.
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Cost
Tasks 1970 1971 1972 1973 (SK)
Phase B CONFIG SELECT
PDR CDR
XL XL
Phase C/D (m \ Y
Analyze chilldown and pre- 30
conditioning
Analyze propellant settling b 1
Analyze propellant control ] 30
methods
Analyze and prede..ign —— 55
pressure control systems
Select optimum systems ] 20
Feed system:
Design and procure SR 120
Test and evaluate _ 100
Pressure control:
Design and procure IR 100
Test and evaluate [ 70
Total Cost 510
4-63
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4.8 AEROELASTICS AND DYNAMICS

4.8.1 3° "ICTURAL MODE STABILITY AND LOADS ANALYSIS (CATEGORY I)

OBJECTIVES:

1. Determine structural modes of clustered/winged spac: shuttle vehicles.

2, Determine effects of structural modes on vehicle loading.

3. Determine need for load-alleviation devices.

4, Determine sensitivity of overall closed-loop stability of clustered/winged vehicle to structural modes.

5. Determine nonlinear structurial r2sponse characteristics.

PROBLEM: Vehicle bending modes couple into the control subsystem through the body rate and attitude
sensors, which are a part of the stability and control subsystem. These modes are compiex for the clustered/
winrsed vehicles, necessitating three~-dimensional modal analysis. Body modes are excited in the vehicle by
gusts and winds ars the vehicle follows its prescribed flight profile. The modes can cause increascd loading
due to increased local deflections and also due to limitations they place on gain and bandwidth of the attitude
control system. [f the lew gain and bandwidth lead to large overshoots in response to gusts, large loads can
occur. A load-alleviation system, if warranted, would relieve these loads.

TECHNICAL APPROACH AND TASK DESCRIPTION: From a structural description of a typical clustered/
winged vehicle, determine structural modes by using a three-dimensional modal analysis program. Using
modal properties, determine dynamic response of the vehicle to gusts and winds. If resulting steady and
dynamic loads result in increased structural weight, conduct study to determine a load-alleviation control
system technique, sensor locations, and overall control subsystem characteristics. Also investigate
coupling of structural modes ard rigid-body modes through the control subsystems. Conventional root locus
techniques will be used for this analysis.

Cost
Tasks 1970 1971 1972 1973 (SK)
CONFIG SELECT
Phase B —
PDR COR
B o 4 I
Phase C/D L Y.
Initial Structural Release v
Determine three~dimensional _— F 200
modes
Det~rriine mode effects on [ ] R 40
lanuing
Dcfine | “leviation ] 20
requiremc ..
Determine mode effects on -‘d 80
control
Total Cost 310

4-64
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4.8.2 PRE-ENTRY CONTROL REQUIREMENTS (CATEGORY I)

OBJECTIVE: Determine angular acceleration criteria applicable to large entry vehicles such as v space
shuttle.

PROBLEM: Angul.r acceleration criteria used to determine thrust » 2quirements for entry vehicle reaction
control subsystems have been Cornell Specification TC-1332-F-1, Haidling Requirements for Hyper-Velocity
Aircraft. Previous vehicles (X-15, for example) have required RCS enginc thrust levels between 50 and

300 pounds. Versions of the space shuttle require thrust levels fron. 1200 to 5000 pounds or higher to meet
these criteria.

TECHNICAL APPROACH AND TASK DESCRIPTION: Conduct a dynamic stud;, including a six-degree-of-
freedom simulation, to determine if angular accelerations imposed by the Cornell specification should be
retained or different criteria established for large entry vehicles. KEstablish minimum attitude control
accelerations that are adequate for control just prior to atmospheric entry. These accelerations can be
directly converted into attitude control thrust requirements with knowledge of the attitude control engine
arrangement and the mass moments of inertia of the space shuttle configurations. As part of the study,
determine minimum velocity increment required, required reproducibility of thrust pulses, and duty cycles
to be expected for contemplated missions.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B
PDR CDR
\ o AN L
Phase C/D L A 4 A4
Peiiorm simulation studies ﬂ 80
Develop acceler .-n require- 20
ments
Develop RCS moior require- I 20
ments
Total Costs 170
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4.8.3 BOOST FHASE CONTROL REQUIREMENTS (CATEGORY I)
CBJECTIVE: Determine the most cost-effective conirel concept for boost phase of flight.

PROBLEM: Control force during launch phase can be provided by engine gimbaling, thrust deflections by
gas or liquid injection into the nozzle, aerodynamic surfaces, thrust modulation, reaction thrusters, or
combinations. Determination of control method can have significant influence on engine and vehicle design.
Use of gimbals vs gas or liquid injection will have significant impact on engine design. Use of thrust modu-
lation for control can determine response and magnitude requirements for modulation. Use of aerodynamic
surfaces for launch phase would reduce gimbal or injection requirements. Reduction in gimbal requirements
eases the flexible (movable) provellant feed line design. Also, reduced gimbal requirements will reduce
space requirements dictated by possible engine bell motions in event of a malfunc tion. Choice of control
concept must consider performance, reliability, and cost relationships on ertire space shuttle system.
Previous launch vehicle systems using liquid-fueled engines have employed gimbaled systems; however,
configuration and lifetime requirements peculiar to a reusable system could lead to a system other than
gimbal. A decision on contrcl concept should be reached prior to final engine design requirements.

TECHNICAL APPROACH AND TASK DESCRIPTION: Examine one or two typical configurations anu establish
control force requirements as a function of tlight time. Most significant times would be liftoff, max q,
staging, orbit, and orbit change. Translate force requirements into gimbal angles, thrust modulation, gas
or liquid injectant, aerodynamic surface size and angle, and reaction control jets (primarily for orbital
stage). Use ihese requirenients to establish design and design variations within concepts. Typic. * con-
siderations are:
a, Gimbal Engine

1. Use flexible (movable) low-pressure propellant feed lines for gimbal pump and nozzle.

2, Use flexible high -pressure propellant lines for gimbal between pump and engine,
3. Use aerodynamic surfaces during high dynamic pressure to reduce engine deflection requireirents.

3
4. Examine benefits of thrust modulation to reduce engine deflection requirements, particularly
the cg offset contribution,

b. Injection System

‘. Provide duty-cycle requirements to propulsion contractors for design evaluation of gas and
liguid injection systems.

2, Evaluate performance effects of injection systems.
3. Use aerodynamic surfaces during high dynamic pressure to reduce injection requirements.
4. Examine using thrust modulation to reduce injection reyuirements,
c. Aerodynamic Surfaces
1. Evaluate aerodynamic surfaces in combination with gimbal and injection systems.

2. Evaluate reaction suusystem as an auxiliary to aerodynamic surfaces for periods of low
dvnamic pressure.

Primary consideration during these design studies is reliability, cost, and performance.
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Cost
Tasks 1970 1971 1972 1973 (8K
CONFIG SELECT
Phase B
PDR CDR
- V— V
Phase C/D
Define Control-Force Require- juummmem 40
ments
Define TVC Subsystem Require- L 20
ments
Define Injection Subsystem R 10
Requireinents
Define Aero Control Require- . 10
ments
Define Controls Subsystem * 20
Total Cost 100
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Volume X

4.8.4 TRANSONIC ACOUSTIC LOADING ON CLUSTERED VEHICLES {CATEGORY 1)

OBJECTIVE: Determine acoustic load intensities in critical vehicle areas and define the shock wave im-
pingement patterns by analytical studies and wind-tunnel tests on related clustered/winged vehicle
configurations.,

PROBLEM: With a clustered/winged launch vehicle system such as some versions of the space shuttle,
there is uncertainty as to where the shock wave pattern will form as the vehicles pass through Mach 1.
Acoustic loading on a vehicle flying transonically is fairly severe in the vicinity of the shock wave. This
loading .s due to shock wave boundary layer interaction.

TECHNICAL APPROACH AND TASK DESCRIPTION: Perform analysis and test models in wind tunnel,
Wind tunnel models are toc be as large as practicable since the size of dynamic pressure transducers is
directly related to boundary layer displacement thickness. Make three types of measurements in the wind
tunnel:

a. Shock location (by means of static pressure probes).

b. Boundary layer and shock interaction pressures (by means of flush mourted pressure transducers).

c. Boundary layer pressure cross-correlation data (by means of flush transducers).

Cost
Tasks 197¢ 1971 1972 1973 (SK)
CONFIG SELECT
Phase B
PDR CDR

Phase C/D — \- A4
Plan Wind Tunnel Tests P t 15
Design & Fabricate Model —_—_— 100
Conduct Wind Tunnel Test ] 125
Reduce Data 1 30
Crous~-Correlate Data 30
Define Load Intensities ] 30
Total Cost 330
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Volume X

4.8.5 VIBRATION AND FATIGUE SPECIFICATIONS AND TISTING (CATEGOk 1y I)

OBJECTIVE: Develop vibration and fatigue specifications for the space shuttle that are realistic for the mis-
sions proposed. These will be significantly modified and combined versions of both space launch vehicle and
aircraft specifications.

PROBLEM: Previous launch vehicle testing has heen high level, short duration, and aircraft testing has
been low level, long duration. For launch vehicles the load and vibration environment will be of about the
same magnitude, but the duration, hecause of reuse, will be 100 times greater. For aircraft, duration
will be much shorter than typical aircraft usage, and levels for the flyback phase will he comparable to
previous aircraft load and vibration levels, Space shuttle specifications must be developed to 2nsure ade-
quate testing of structure and components, but they must be realistic to eliminate over-design (added cost
and weight) of the overall system,

TECHNICAL APPROACH AND TASK DESCRIPTION: Local Structure and Component Vibration. Predict
external environment for a typical n.ission profile for logical vehicle znnes, based on aerodynamic pres-
sure and engine thrust. Include level, frequency, and duration. Use to predict vibration test levels by ap-
plving scaling factors to vibration data and specifications of vehicles of similar type structures and compo-
nents. This will give a set of vibration test levels and durations for each vehicle zone,

In deriving the tests for each zone, consider testing capability and costs. Establish an upper limit on test
level by laboratory equipment capability and an upper limit on test duration by laboratory operations costs.

Develop a final, detailed specification when the space shuttle has been sized and typical structure and com-~
ponents identified by modification of test levels defined in this effort. The test philosophy and preliminary
predicted levels will provide sufficient information for preliminary component specifications.

Vehicle Structure Fatigue: Determine a rational maneuver spectrum. Consider the manewver capability
inherent to this class of vehicle and the most probable maneuvers that will be commanded by the guidance

and navigation system. Also consider determining rational landing sink speed and taxi load spectra.

Deter mine gust fatigue loads and spectra by the conventional technique s used in present aircraft designs.

Cost
Tasks 1970 1971 1972 1973 (SK)
CONFIG SELECT
Phase B
PDR CDR
X2 XZ
Phase C/D L A4 A4

Define External Environment F 40

Define Initial Vibration Data L 40
Develop Final Vibration Test 80
Specs

Develop Fatigue Maneuver 30

Spectrum

Develop Fatigue Gust Spectrumi # 50

Total Cost 240




Volume X

4.8.6 FLUTTER AND BUFFET MODEL TESTING THROUGHOUT THE SPEED REGIME
(CATEGORY D)

OBJECTIVE: Due to uncertainties in flutter and buffetting analysis of the wings, fins, and horizontal tails,
wind-tunnel buffetting and flutter model testing is reeded to establish buffet and flutter boundaries. In par-
ticular, techniques in analytically determining unsteady aerodynamics at transonic speeds are unsatisfactory
and require substantiation by wind tunnel tests. Conduct studies and tests to determine flutter boundaries for
various configurations and to establish effects of structural trends such as stiffness and mass distributions,

TECHNICAL APPROACH AND TASK DESCRIPTION: Perform analyses followed by wind tunnel testing.
Write test plan prior to beginning of tests. Design wind tunnel model to structurally and inertially simu-
late the selected design concept, (Model capable of structural and inertia variations). Divide wings and
fins into sections and change section bending and torsional stiffness along with the mass properties.
Condvct test at various points in the flight envelope of the selected design concept. Determine flutter
bound iries to establish compliance with MIL Specification 8870.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B
PDR CDR
C 7 N
Phase C
Design & Fabricate Trend Model wlR 75
Conduct Wind Tunnel Tests | ] 20
Analyze Buffet Data 30
Design & Fabricate Structural Model 250
Conduct Wind Tunnel Tests - 220
Analyze Flutter Data - 50
Total Cost 645
A
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Volume X

4.9 INTEGRATED ELECTRONICS
4.9.1 SPACE SHUTTLE SYSTEM AUTONOMY (CATEGORY II)
OBJECTIVE: Specify the degree of autonomy practical for the space shuttle.

PROBLEM: 1t is desired to have the space shut{!c completely autonomous. Ccmplete autonomy could add
extra sensors, computing capability, and storage w..ts thereby increasing overall weight and reducing the
payload.

TECHNICAL A:. ROACH AND TASK DESCRIPTION: The space shuttle will have to n.ake the mission-
oriented decisions onboard rather than depend upon a mission control center. The approach requires an
examination of all the tasks that must be performed aboard space shuttle to determine sensors, computing
support, storage capacity. The examination should include at least the following tasks, which have becen
handled by a mission control center. Tasks are:

a. Develop the following for maneuver planning:

1. DMethods for internal inertial alignments.

[AV]

Rendezvous techniques for emergency rescue.
3. Methods for automatic approach and docking.
4. Entry energy management methods.
5

Automatic landing methods.

¥ b

b. Develop the following for orbit optimization:
1. Launch guidance equations.
2. Rendezvous guidance equations.
3. Guidance equations for entry energy management.
4. Guidance equations for automatic landing.
c¢. Investigate avoidance of collisions with space debris.
d. Develop mission management and scheduling.
e. Determine status of weather in the landing area.

f. Predict .olar flare activity.
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1970 1971 Cost
Tasks JIFIMIAIM|J]|J]JA]|S|JO|INID|J FIM ($K)
Computer Manufacture Start v
Computer Software Start v
Examine Tasks:
Plan Maneuvers 120
Optimi = Orbit 256
Ways of Avoiding Space 32
Debris
Mission Management and 80
Scheduling
Predict Weather in Landing 64
Area
! Predict Solar Flares J 40
Total Cost 592
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Volume X

4.9.2 STRAFDOWN INERTIAL GUIDANCE {CATEGORY II)

OBJECTIVE: Determine if strapd: -vn inectial guidance systems can be used on space shuttle,

VFROBLEM: Insufficient data exists on strapdown ine. .ial guidance systems to permit low risk use.
TECHNICAL APPROACH AND TASK DESCRIPTIGN: The low weight and low power consumption of strap-
down inertial guidance systems make them attractive for use in the space shuttle, especially when multiple
redundancy is requivred. While the present status of gimballed inartial systems is adequate for use on the

space shuttle, this is not true for strapdown inertial systems.

Examine strapdown systems, including laser gyro accelerometers and electrostatically suspended gyro
accelerometers. Obtain data sufficient for 2 systems decision before the end of CY 1970.

1970 1971 Cost
Tasks J [FIM[A[M|[J[J[AISJO[N][D[J | FIM] Al ¢$K
Computer Manufacture Start v
Computer Software Start v
Conduct Lab Tests on Laser 200
Accelerometer |
Conduct Lab Tests on Electro- ﬁ* 200
statically Suspended Accelero-
meters
Conduct Lab Tests on Other 300
Strapped Down Accelerometers
Total Cost 720
4-173
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4.9.2 DISPLAY FORMATS OF INTEGRATED ELECTRONIC SUBSYSTEMS (CATEGORY I
OBJECTIVE: Specify what needs to be displayed, the format of the display and the man-machine interfaces.

PROBLEM: @ is rot known what quantities should be displayed to the crew nor what the best format of the
dispiays should be.

TECHNICAL APPROACH AND TASK DESCRIPTION: The display system must include those displays norm-
ally available int! mission control center, the launch center, in a typical boosted manned spacecraft, and
in a large airplane. The space shuttle status and flight path informarion must be shown on multipurpose dis-
plays using computer formatted multiplexed data.
a, Perform studies to determine:

1. What should be displayed.

2. What shculd not be displayed.

3. Man-machine interfaces.

The study will require a complete simulation of the displays and their man-machine interfaces.

1970 1971 Cost
Tasks JI[F|MA;A|M|[J]JJA]JS]JO|N][D]J FIM| A ($K)
Computer Manufacture Start v
Computer Software Start v
Determine what should be 24
displayed
Determine man-machine # 40
interfaces
Conduct complete simulation W 300
Total Cost 364
4-174
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Volume X

4.9.4 MULTIPLE REDUNDANCY OF INTEGRATED ELECTRONIC SUBSYSTEMS (CATEGORY ".

OBJECTIVE: Establish system design guidelines for implementing multiple redundancy.

PROBLEM: The requirement for multiple redunda.cy — fail operational, fail operational, fail safe — can
only be met by careful planning and design of the complete electronic subsystems and their associated
software.

TECHNICAL APPROACH AND TASK DESCRIPTION: Some work has ilready been started by the Air Force
and the Army to have fxil operational, fail operational, fail safe modes of redundancy. The present require-
ment for commercial airline category III blind landing systems ig fail operational - fail safe.

Perform studies to develop design guidelines for fail opurational, fail operational, fail safe. Define sensor
redundancy requirements on board the space shuttle. Tasks are:

a. Examine multiple redundancy methods of Air Force and Army.

b. Enumerate multiple redundancy techniques with advantages and disadvantages of each.

c. Create new multiple redundancy techniques.

d. Establish design guidelines for multiple redundancy.

€. Define sensor redundancy requirements.,
K
1970 1971 Cost
Tasks J |[FIMIAIM[J|JJITA]|S|{O|N]|D|[J ]| F|M] A] (3K
Computer Manufacturer Starts v
Computer Software Starts \v4
Examine Air Force & Army 16
methods
Determine advantages & dis~ \ 24
advantages of existing methods
Create new redundancy H 112
techniques
Establish design guidelir.es 11
Define sensor redundancy 80
requirements !
Total Co 296
_— —_—
b oo
4 Y‘."
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4.9.5 ONBOAR.- COMPUTER ARCHITECTURE (CATEGORY II)

OBJECTIVE: Achieve an early definiticn of the onboard coraputaticral system so that the computer and its
software can be specified to meet development schedules.

PEOBLEM: Tc meet development schedules, the computer marufacturer must start working by November
1970, before Phase B is over and 5 months before C/D Phase pbegins.

TECHNICAL APPRCACH AND TASK DESCRIPTION: The requirements for a multiple redqundant system —
fail operational, fail coerational, fail safe — combined with the many mission requirements of autonomy,
self-test, automatic landing, etc.. lead to the probable use of oue 0 more large multiprocessors with bulk
memory storage. The optimum structure of the computational system and its associated software, execu-
tive rouiines, emulators, and compilers must be determined.

Express in adecuate detail - 'l the functions to be perfcrmed by the computational system so that the prelim-
inary specitications can be ‘ined. Include:

a. Multiprocessor arch. .ture (many computational centers).

b. Bulk memory.

c. Executive routines.

d. Emulators.

e. Compilers.

970 1971 Cost
Tasks J |[FIMJA|IM|[J|J}JA]S|O|N|D|J ]| F|M| A] $K
“Computer Manufacture Start Vi
Computer Software Start v
Define Multiprocessor 100
architecture
Define bulk memory 48
Define executis : routines | 240
Define emulators 160
Define compilers i 160
Total Cost 1,008

9 |
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4.9.6 MULTIPLEX DATA SVSTEN INTFRFACES ‘CATEGORY II)

OBJECTIVE. To create an early definition of the multiplex data svstem so that development schedule dates
can be met.

PROBLEM: To get carly attention to the det uil: of the multiplex data system interfaces so that subsystem
designs can proceed independently.

TECHNICAL APPROACH AND TASK DESCRIPTION: The mulidplexed data system interfaces with all sub-
systems, including the computer. The proper multiplexing coacepts can be selected only after ccnsidering
the expected noise levels, required data rate, desired error rate. compatibility with multiple redundancy
and computer input/output characteristics.

Perform study, using simulation and laboratory testing, ‘o select the best system. Conipletely define its
characteristics so that the multiplex digital interfaces may be incorporated into all the electronic subsystems.
Determine:

a. Expected noise levels.

b. Required data rate.

c. Desired error rate.

d. Compatibility with multiple redundancy.
e. Compa Jility with computer input/output.

1970 1971 Cost
Tasks T JF IM[A|[M]JJJJA[S[O[N[DIJ [ FIM[] A| ¢K
Computer Manufacture Start v
Computer Software Start v
Determine expected noise - 16
levels
Det .inine required data rate 24
Vetermine desired error rate 16
Determine compatibility with 24
multiple redundancy
Determine compatibility with * 24
computer input/output i
Conduct simulation 168
Conduct laboratory testing 246
Definhe interface 90
Total Cost 608
s
-4 )




Volume X

4.9.7 SOFTWARE LANGUAGE (CATEGORY 1I)

OBJECTIVE: Early development of high-level language that can | ¢ used uniformly in factory and subcon-
tractor checkout, systems integrction checkout, operational programs, flight test programs and trainers.

PROBLEM: The problem is to derive a software lar~uage that has a command structure compatible with
the mathematics appearing in the networks, schedules, trajectories, statistical estimation processes, etc.,
that are known .o exist for the space shuttle project.

TECHNICAL APPROACH AND TASK DESCRIPTION: Since the computational system must perform a large
integration task to meet all of the mission requirements, it is important to develop a high-order language
for the computer,tu allow an orderly sequence of design and test.

Develop a software language that includes the capabilities of the recently developed space programming
language (SPL) of the Air Force (or its NASA subset known as CLASP), together with a checkout and test
language like ATOLL (automatic test operations launch language).

1970 1971 | Cost
Tasks JIJFIMIAIM|J|J]A|SJOINID}|J ]| FIM] A (3K

Computer Manufacture Start

Computer Software Shart
Investigate SPL, ATOLL 16
Define mathematics, logic, etc. 24
Derive high level language w 192
Total Cost 232
4-18
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Volume X

4.10 HUMAN FACTORS
4.10.1 HUMAN FACTORS OF DISPLAY CHARACTERISTICS AND FORMATS (CATEGORY II)

OBJECTIVE: Determine display characteristics and human factors requirements; develop optimum formats
for presenting status, flight management, decision making, and other required information to the flight crew.

PROBLEM: What information shouid be presented to the crew and how it should be presented during each
phase of the space shuttle mission is a problem in even comparatively simple systems having electronic
displays. Display formats for the space shuttle vehicle will require a concerted effort due to the wide
variance in the information which must be presented on the same displays during the different segments of
the mission; e.g., display formats for landing will be entirely different fromn those needed for launch and
orbital operations.

TECHNICAL APPROACH AND TASK DESCRIPTION: System analysis, research studies, design, display
simulation, and performance tesiing techniques v’ill be used to develop display formats including characters,
symbols, lines, conics, etc., which will present information to the crew in the most useful manner during
each mission segment, i.e., preflight/inflight checkout, launch, transfer, rendezvous, docking, on-orbit,
entry, landing, and postflight.

System analysis efforts:

a. Perform an analysis to determine function allocations. Perform 1 task analysis to determine time-
lines for normal, degraded, and contingency operating modes for preflight, launch, on-orbit, return,
and postflight phases.

b. Determine, flow, and analyze the information required for the operator(s) to perform each allocated
function and task to ascertain data juantities, rates, response times, and processing requirements.

Research studies:

a. Determine state-of-the-art display characterisiics and formats which will be available by mid-FY 1972.

b. Determine display formats and charactersitics which should be tested.

Design efforts: Design the displays to be tested and the simulation equipinent.

Simulation and testing efforts:

a, Fabricate the display simulator.

b. Test subjects to det2rmine the most adequate display characteristics and formats.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B
Rl SR |
Phase C/D — Y — v .
i
Avionics Integ. Test Start v
Conduct system analysis 150
& research EE——
Design & fabricate
simulator 200
Perform simulate & test 300
Total Cost 650
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Volume X

4.10.2 HUMAN FACTORS OF ELECTIONIC CONTROLS (CATEGORY II)

OBJECTIVE: Determine human fuctots requirements: optimum types and characteristics of controls to be
used on orbital space shuttle vehicles inciuding monofunction and multifunction switches, cursors, and key-
sets.

PROBLEM: Integrated controls for aircraft or spacecraft which meet orbital space shuttle vehicle require-
ments have not been developed. Space shuttle vehicles must have truly integrated controls, i.e., completely
functionally arranged, ideuntics® switches and arrangenients for all subsystems, etc. The normal practice of
leaving switch selection, location, etc., to subcontractors for major subsystems such as communications,
guidance and navigation, ctc., will not suffice for space shuttle vehicles.

TECHNICAL APPRCAC¥ AND TASK DESCRIPTION: System analysis, research studies, design, simulation
and performance testing tectniques will L2 used to develop/select controls which meet space shuttle and
human factors requiremen...

Sys.em analysis efforts:

a, Perform an anaiys.s t{o determine function allocations. Perform a task analysis to determine time-
lines for normal, degraded, and contingency operating modes for preflighi, lavnch, on-orbit,
return. and postfl.ght phases,

b. Determine, flow, 2.1 analyze the control actions required for the crew to implement their functions
and tasks to ascertain vision and reach envelopes, reaction *smes, etc.

Research studies:
a, Determine state-of-the-art and technology baseline for controls by mid-FY 1972,

b. Determine types and characteristics of controls to be tested. For example, several types and sizes
of cursor controls including i shtpens, joysticks, and track balls work very well in a stable ground
environment. Determire which of these, if any, will work in the flight environments and stress to be
encountered during sp2ce shuttle missions.

Design effort:

a, Design the control test setups and the simulation equipment.
Simulation and testing efforts:

a, Build the control simulator(s).

b. Test subjects io determine the most adequate control types and characteristics.

Cost
Tasks 1970 1971 1972 1073 (SK)
CONFIG SELECT
Phase B
FDR CDR
X Z.

Phase C/D — -

Avionics integ. Tests Start, v
Conduct system analysis & LA 150
research
Design & fabricate electronic _ 200
controls
Conduct simulation & test 275

Total Cost 625
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4.10.3 HUMAN FACTORS OF CREW AND PASSENGER VISIBILITY (CATEGORY II)

OBJECTIVE: Establish human factors criteria for crew and passenger visibility in orbital space shuttle
vehicles.

PROBLEM: External visipility requirements for the flight crew to perform rendezvous, docking, and land-
ing maneuvers have not been adequately defined.

External visibility requirements for passengers have not been called out, to date, and no specific hurnan
factors criteria exist in this area. However, disorientation, air sickness, and various stress problems are
known to exist in current aircraft with crew positions that do not have external reference positions. It is
conceivable that these same problems will exist in orbital space shuttle vehicles unless external reference
is provided.

TECHNICAL APPROACH AND TASK DESCRIPTION: Apply human factors research, simulation, and testing
techniques to establish design criteria for crew visibility and human factors criteria for passenger
visibility.

b.riag initial human factors efforts, produce air crew vision design criteria for space shuttle vehicles
(orbiter and booster) similar to those specified in MIL-STD-850 for military aircraft. Document vision
piots for rendezvous, docking, landing and ground handling, and rationale for same.

Cefine human factors criteria for passenger visibility. Research all available information in this area. H
external vision is necessary or desirable, perfornm studies, simulation, and tests to establish the relative
merits of all means of providing same, e.g., windows, TV, IR, optical devices, etc.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B
PDR CDR
A A XZ
Phase C/D - Y- A A
Avionics Integ. Tests Start
Determine crew vision criteria ] 30
Determine passenger vision I 40
criteria
Design & fabricate mockup I 80
Conduct visibility criteria i 60
verification tests
Total Cost 210
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Volume X

4.10.4 CREW AND PASSENGER RESTRAINT SYSTEMS (CATEGORY 1I)
OBJECTIVE: Develop optimal crew and passenger restraint systems for space shuttle vehicles.

PROBLEM: Current aircraft and spacecraft restraint systems are unsatisfactory for space shuttle appli-
cations since they do not provide for:

a. Selective positioning of passengers/patients relative to the acceleration vectors of entry, aerodynamic

flight and recovery to maximize the g tolerance of seriously debilitated individuals due to either 1llness
and/or protracted exposure to zero g.

b. Rapid (nomin~lly one minute) safe egress following major malfunctions prior to liftoff and subsequent
to landing emergencies.

c. Positioning for work, rest, and recreation.

TECHNICAL APPROACH AND TASK DESCRIPTION: During the first six months of the proposed study,

a) define the detailed technical requirements of the restraint systems and b) evaluate and test the design
concepts of all candidate couch-restraint and acceleration attenuation systems., Estimate realistic g toler-
ance envelopes for return-shuttle passengers/patients, based on ground-based clinical and zero-g ana-
logue studies and on projections from exposures to true weightlessness., The incompatibility of these
tolerance envelopes with the nominal and off-nominal mission g loading profiles will determine the techni-
cal requirements of the protection and restraint systems. Subsequent soft mockup, engineering, and

structural loading studies will provide data required to translate the technical requirements into preferred
design layouts,

Following tentative design acceptance, fabricate prototype systems and perform human comfort and mobility
tests, including dynamic test with instrumented couch and anthropomorphic dummies, .0 establish con-
formance with technical and structural requirements,

Cost
Tasks 1970 1971 1972 1973 ($K)
I e B CONFIG SELECT
PDR CDR
L. SZ
Phase C/D - 4 A 4
Conduct system analysis

& research

50
Design mockup

50
Fabricate mockup 60

Conduct mobility tests

50

Total cost 210

4-82

OV

ad

4
[}
s
[
by
®
1
B
3
k]
¥
&
o




4,11 SUBSYSTEMS

4.11.1 REMOTE CONTROLLED SOLID-STATE CIRCUIT BREAKER DEVELOPMENT (CATEGORY II)

OBJECTIVE: Develop a family of circuit protection devices, using semiconductors, to protect distribution
wiring from thermal overloads and short circuits and operate as the power switching element for each piece
of utilization equipment.

PROBLEM: A device is needed that will interface with the data lines and respond (open or close) to a coded
signal. This will permit the power switching device to be located in areas remote from the command center
and permit rapid, automatic, and manual programming of all electrical loads for any mode of operation.
Semiconductor switching holds the promise for greater reliability over exis.irg electromechanical contac-
tors and circuit breakers. The solid-state switching problem areas are: EnlI, RFI, heat sinking, efficiency,
demonstrated reliability, weight, forward voltage drop, leakage current, a:d Ligh power capability.

TECHNICAL APPROACLH AND TASK DESCRIPTION: A development program for solid-state switching has
been in operation for ne:rly six years. Building on this technology, devices need to ne developed for a
range of currents for 2¢ vdc, 280 vde, 115 vac single phase and 200 vac three phase 400 Hz applications.,
Features required are: low forward voltage drop, zero crossover switching (3C)» current limiting, pulse
mode operation (dc), cperation from digital information, status signal. Tasks are:

Prepare specifications; that describe the various requirements. Evaluate availability of semiconductor
devices that will satisfy these requirements. Determine compromises, penalties, and limitations that will
affect subsystem design. This program should be paralleled with a development effort for a hybrid device
that would use a combination of semiconductors and electromechanical techniques to meet the same perfor:a-
ance requirements, but perhaps in the larger ratings.

4-83
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Cost

Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECY
Phase B
PDR CDR
v —
Phase C/D —

Review current technology s 30
Evaluation/test of available T 20
devices
Define solid-state range and R 10
electromechanical range of d
ratings
Define data bus interface | 5
Prepare specifications i 30
Evaluate candidate suppliers
Supplier proposal period ]
Evaluate proposais - 20
Dual awards v
Design subsystem ? 100
Evaluate engineering prototype - 20
Perform qualification test 50
Perform reliability test 100
Review test report - 5
Perform system integration A 60
test (CV)

Total Cost 450
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4.11.2 Hy ~ O, AUXILIARY POWER ENGINE DEVELOPMENT (CATEGORY II)

OBJECTIVE: Develop an }{2-02 engine using gases at cryogenic temperature to provide shaft power output
in the 50 to 300 horsepower range. Engine could be of reciprocating or turbine type depending on further
study.

PROBLEM: An auxiliary power unit capable of using H, and O2 from the main propulsion tanks of the
shuttle vehicle will provide a lightweight energy source. Gas conditioning, mixture control, and thermal
control are the principal characteristics tc be defined.

TECHNICAL APPROACH & TASK DESCRIPTION: Prototype Hz-Oz engines have been develop, but opera-
tional units have not yet been required. Tasks are:

a. Determine effect of propellant supply conditions on configuration.

b. Determine applicability of system for the various shuttle mis-ions.

c. Define preliminary propellant conditioning components, power controls, starting system, and electrical
system.

d. Select materials,
e. Perform reliability analysis.
Accomplish detail design and fabricate one or more test articles. Following component and prototype test

eviluation, prepare engine specifications to which flight qualifiable engines can be procured and qualification
tests accomplished.

Cost
Tasks 1970 1971 1972 1973 ($K)
Phase B CONFIG SELECT
PDR CDR
Phase C/D C v
Evaluate propellant supply _ 10
conditions
Conduct mission studies L 15
Conduct feasibility tests on q 40
components & subsystems
Select material —q 20
Perform reliability analysis m 40
Design & build prototype L ] 150
Test & modify prototype 250
Prepare specifications 25
Design & build flight-type unit 300
Conduct qualification tests 500
’ Total Cost 1,350
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4,11.3 LH, UTILIZATION FOR SUBSYSTEM HEAT SINK (CATEGORY II)

OBJECTIVE: The use of residual Hy from the main propulsion tank offers a potential heat sink for vehicle
subsystems. New heat exchanger designs, including controls to prevent freeze-up, shoula be developed to
provide a convenient method to use the thermal capacity cf this source.

PROBLEM: Problems in the design of suitable heat transfer equipment include:
a. Materials selection compatible with an operational temperature range of 40°R to 500°R.

b. Development of modulating controls to prevent freeze-up of the cooled fluid.

TECHNICAL APPROACH AND TASK DESCRIPTION: Determine typical subsystem heat rejection require-
monts to establish the temperature ranges for transferring heat from the subsystems. Examine the use of
or requirement for intermediate heat transfer fluids to interface with the cryogen. Analyze subsystem
fluids, and develop candidate configurations. Develop a predesign based on the most promising concepts.
Perform feasibility testing and evaluate materials and controls. Develop heat transfer and friction para-
meters over & ‘ange of surface configurations to provide parametric data for future design. Develop final
configuration from this data consisting of a complete composite heat transfer system. Perform evaluation
tests, followed by full qualification tests, to provide the hardware necessary to meet this need.

Cost
Tasks 1970 1971 1972 1973 ($K)
CONFIG SELECT
Phase B  ——" |
PDR CDR
7.
Phase C/D  — A V
Establish typical subsystem L 10
heat rejection requirements
Develop heat transfer system * 40
concepts for feasibility testing
Accomplish component and con- 35
trols evaluation testing

Design and fabricate prototype 200
heat transfer system and

accomplish parametric evalu-
ation testing

Design and fabricate flight- _ 125

type system

Complete qualification and * 350

reliability testing

Total Cost 810
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