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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 pubU.shed in ten volumes: 

Volume I Condensed Summary 

Volume I1 Final Vehicle Configuratiom 

Volume III Initial Vehicle Spectrum and Parametric Excursions 

Volume IV Technical A ~ l y ~ i s  and Performance 

Volume V 

Volume VI 

Volume VI1 Integrated Electronics 

Volume VlII 

Subsystems and Weight Analysis 

Propulsion Analysis and Trade-Joffs 

Missiop/Paylmd and Safety/Abort Analyses 

Volume IX Ground Turnaround Opemtions and Zacility 
Requirements 

Volume X Program Development, CI:'st Analysis, and Technology 
Requirements 

Convair gratefully acknowledges the coop6 ration of the many agencies and 
companies that provided technical assistance dcring this study: 

NASA - MSFC 

NASA-MSC 

NASA-EF 7 

NASA-LaRC 

Aerojet -Gent? :al Corporation 

Rocketdyne 

Piatt an 1 Whtney 

Pan Americax World Airways 

The study was managed and supervised by Glenn Karel, Study Manager, 
C. P. Plummer; Principal Configuration De,;igner, and Carl E. Crone, 
Principal Program Analyst (all of Convair) under the direction of 
CharleE, M. Akridge and Alfred J. Finzel, N . \ S 4  study co-managers. 
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A study was made to obtain a conceptual defknitiora oE reusable space 
shuttle systems having multin~ssioa capability 
can dsliver 50 ~ ~ O - ~ ~ ~ ~ ~  payloads having a diameter of 1 5  feet and a 
length of 60 feet  to a 55-degree inclined orbit at an altitude of 290 nemie  
The fol1.0Wing types of inksions can be accsmno&ted by the space skidttle 
system: logistics; propellant delivery; propulsive stage delivery; satellite 
delivery, retrieval,  and maintenance; shost-duration missions and 
rescue missions 

The systems as defined 

Two types of reusable space shuttle systems were defined: a two-el.ement 
system consisting of a boost and an orbital el.emeizt and a thee-element  
system consistiig of two boost elem-snts and an orbital element. The ve- 
hicles lift off V e r t h i @  using high: presswe ~ ~ ~ ~ e ~ ~ z y ~ ~ ~ e ~  rocket 
engines, land horizontal’ly on conventiom,?. rumrays and are fully reusable, 
The boost elements, after staging, perform ai1 aerodynamic entry and fly 
back to the launch site using conventiond airbreathing engiiaes e Radiative 
thermal  protection systems were  defined to  provide €or reusability. De- 
velopment programs $ technology programs, schedules, and costs have 
been defined for planning purposes e 

During the studyg special emphasis was given to the following a reas :  
System Dwelopnient Approaches Ground ‘J3.rcnaro.und O-pekations I Mis - 
sion Inter€a,ces and Cargo A c c o m m o c l a t i o a s / W ~ ~ ~ ~ ~ i ~ ~  Propulsion System 
Parameters  and Integrated Elee+tronics Systems 
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SUPcIPcTARY 

The baseline development progran 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 pi-ior 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 $4.53 

Investment .49 .69 

Operations 1.15 1.39 

$6.84 billion $6.91 billion 

These coats a re  based on a 10-year operational program at a traffic rate of 5G launches 
per year. The FR-3 and FE-4 total program costs are not significantly different be- 
tween 20 and 50 launches per year. A t  traffic rates above this range, the FR-4 program 
becomes increasingly more expensive than the FR-3 program. 

The cperations cost per flight (including launch operations, refurbishment, a d  support) 
is $2.30 million for the FR-3 and $2.77 million for the FR-4. This results in a recur- 
ring operations wst of $46/pound and $55/pound of payload delivered to orbit for the 
FH-3 and FR-4 respectively. 

Technology progyams, with their schedules and costs, required to support the develop- 
ment of the space shuttle a re  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 

4 '  
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human factors. The programs include analysis studies, such as the Structural Design 
Criteria Tradeoff Studies; wind tunnel programs such as Transitional and Turbulent 
Boundary Layer Heat Transfer; and experimental flight test programs such as Aero- 
dynamic Heat Transfer Flight Tedts. 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 period of their projected application. 
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SECTION 1 

INTRODUCTION 

Section 2 of this volumz 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 2 variety of n l i x h m ;  aad to attain this capability within a reasonably targeted 
time span. The h;o veh- :le concepts discussed are the FR-3, a two-element configu- 
ration, and the FR-4 2 tl ree-element configuration. The basic designs of both vehicle 
concFpts a re  describt-d in Volume 11; however, the major differences affecting their 
respective developmec. programs are noted in Section 2 of Volume X. 

The baseline deve1opn;at program presented in Section 2 , 2  refers primarily to the 
FR-4 configuration as  = Yeference vehicle; however, it also reflects the FR-3 develop- 
ment as both program, a re  very similar in total time m< typical development activi- 
ties, including major test phases. Specific variaticns LO this baseline program due to 
the FR-3 configuration we discussed in Section 2.4 .  :\kernate approaches to the base- 
line program are covered in Section 2.3 .  

Section 3 contains a descrip’ior, of the methodology used in generating cost estimates 
for the FR-3 a d  FR-4 veLLicle development, investments, and operations programs. 
The methodology includes i, listing of study ground rulss and assumptions, a d  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. Deiailed ccsl 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 r i sk  to a 
minil ium and increasing the confidence of a successful development at the beginning of 
Phase D and an early operational capability. 

The technology programs fall  into t u 7 0  categories. Category I includes those programs 
that support the space s h h l e  confi,.;Uration development and selection. It is mandatory 
that these programs be initiated immediately to minimize the development risk. Cate- 
b 70ry 11 programs are only slightly less important in that they do not necessarily support 
configuration definition; they are required to support milestone decisions . 

1-1 
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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 rgasonably targeted time span. The 
two whicle 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 
5 .&xi1 in Volume 11, whereas the probable missions are discussed in  Volume ID. 

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 operatiom’, 
mission in mid-1976. 

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

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

The developmelt approach followed, as implied in Figures 2-1 and 2-2, is one of 
satisfying alternative and sometimes conflicting requirements kom various sources . 
In meeting the imposed mission requirements, the triple functional or operational re- 
quirements of a space shuttle 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, LO2/LH2 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 Items a s  the thermal prutec- 
tion system (T?S), integrated electronics, high-pressure rocket engine, attitude con- 
trol propulsion system, reusable cryogenic tank and duct insulation, composite 

2-1 
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FAA 

MISSION REQUIREMENTS 
~ 

Figure 2-1. Sources of Requirements 

IN= RACTION 

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 apecificabons will probably have to be 
satisfied for the peculiar aspects of the space shuttle operational mission. 

Tht-se 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 developmeiit or test Yerification require- 
ment satisfying two (all three, i f  possible) cf the facets c.f the  IT-.;?^ -functional vehicle. 
Such tests as static firings, propellant tanking and flow, aDd Iaulzc?, tests are principal- 
ly launch vehicle tests; docking, attitude control simulations, and space environmental 
tests are indicative of spacecrzft 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; Le.,  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 ofidr 'he more stringent flight phase for testing. Where feasible, however, the 
three facets were combined into integrated tests to minimize total test article require- 
ments as well as test facility requirements and the test operation. Another considera- 
tion (discussed in Sections 2.2 . 6 and 2 . 2.7) concerr-s utilization of existing develop- 
ment facilities as  .much as possible, particularly for large test articles approaching 
a complete element size. Development of new test facilities is restricted to test-type 
fixtures f w  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 a re  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 
2nd 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 arid 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 aerociynamic configurations are similar. This alone has a great effect on 
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the total development program plan, impacting design, toclhg, manufacturing, and 
ground and flight testing as  well as indirectly affecting mcst other deve1opmen.t re- 
lated areas. The specific design comparisons of the orbiter and booster are  described 
in  detail in  Volume II. To more clearly visualjze 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 subsystems are  also different; for those that a re  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 w h n  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 i n  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 a?-ticle would not be provided. Con- 
sequently, a s  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 a s  new facility hardware i f  suitable existing facilities could be modified 
for the task (e.g., static firing test facility, Section 2.2 . 7) . 
Development of thz je t  (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 assumed 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, manufacturing, and 
testing areas. The state of the art achieved should be that estimated attainable by 
CY 19 72 . 
S m e  mecific areas of design, however, must be supported by timely pursuance of 
technology items, notably: 

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

b . An expanded-capability attitude control propulsion system. 

c . Entry c~loling requirements . 
d, Reusable propellant (cryogenic) duct and tank insulation. 
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Figure 2.3, FR-4 Vehicle configuratio~ 
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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 Category1 items , are discussed 
in Section 4. Their activity schedules are also included, and relate to some of the key 
development program milestones 

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

2 . 2 . 1  PROGRAM SUMMARY . The combined Phase C/D development program for the 
space shuttle is imtiated in April 1971 and coddnues 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 1978. 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 2-4 are: 

17 months to start of major vehicle subassambly. 

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 earth-orbital flight. 

Delivery dates of the seven flight-test elements and the major ground test hardware 
subassemblies are reflected in t b  mamfacturing 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 vehide.) 

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 
er?ds in the fourth quarter of C Y  1975 (33 months). The development activities cm the 
master program schedule concern primarily the airborne equipment development tests; 
testing of ground support and handling equi2inent 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 the more severe or complex test 
conditions, including appropriate and timely support to  the various phases of the flight 
test program. 
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The flight test program begins 42 months alter go-ahead anti 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. 

Devei:ysirt and availability of g r a d  test facilities in support of both the g r o u t '  
jligk! test programs (Section 2,2,7) are shown in the master schedule, giving thi 
key milestones or interface timing requirements. These include the launch c o w  
and turnaround facilities necessary to meet the operational program requirement .. 'A 
satisfy the continilaus standby requirement €or 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 A N I  ENGINEERING. Considering a combined Phase C/D develop- 
ment program beginni,?q in second quarter 1971, a preliminary design review (PDR) 
of the selected vehicle cocfiguration would be attained in nine months (by 1972). The 
critical (final) dedign review (CDR), which constrains assembly of the flight test 
vehicles, occurs some 16 months later (second quarter of 1973). Inspection of the 
first horizantal flight element configuration occurs 41 months from go-ahead (third 
quarter 1974), and inspection of the first vertical launch configuration occurs 11 
months 'later (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 
&sign 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 iaspection o r  design review would serve to evaluate 
the first flight article against the final design and the remlts 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 
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I , ? .  ;; ;\IXJOII Pl',OCTJHE;\IEST. Thc main rocket propulsioii ciigines mid thc turbo- 
:mi jt1;- ( c x i s c )  ensincs arc prime procurement itciiis > although both a r c  consickred 
to  bt. LKX!:.T st.pnl';\te-but-~~arlillel de\-elcqmicnt contracts. The main rocket cixinc , 

.let her it is of t h c i  bell or aerospil.:c? configpr:ition, wmld havc to begin dc\-clopiiient 
in  CY 1970 to support the baseline ychicle development progrnni. The rocket enginc 
preliniinuy flight rating tcsts (PFRT) , 2.1: ciigine developnieiit niilcstcne, should be 
Ltccc;liiplished 1,- the first cfiiarter of 1974. 

1iliti:il engine delivery tcj the 1-ehiclc contractor would be in second quarter 19 i 4  to 
support VC hi  clc /pr op 11 1 si on SJ- s t e 111 i nt e gr  at i on t e s t i iig . E ngi ne s ciua 1 i f  ie d for fl igl it 
would be used on flight test vehicles Ka. 5, 6, and 7 and would 11c re'rofitted on 
vehicle S o .  1 through 4 during one ol' their schechiled niodificntions between flight 
phases. The turbofan jet engine developnicnt niilestones :ire also indicated i n  Figure 
2-4. This progrmi reflects a comprehensive modification of existing tjpe engines. 
The prini:wy candidates include the CF G-B1, R B  211-22, T F  39-1, and J T  9D-7. 
Of these, the RB 211-22 appears to be a likely choice for the FIX-4 vehicles. At 
this time, availability of these engines in time to support the ground and flight test  
program needs is not considered 3 pacing problem. 

Other major lmrdware procurement niilestones are also reflected on the schedule 
:xiid :ire based on the initial purchase orders being placed by the beginning of CY l.Jri2, 
at PDR o r  ininiediately thereafter. The longer lead items i n  this schedule would 
include the rendezvous radars,  attitude control engines, certain mission-required 
;ivionics, and the environmental control and life support systems hardware. 

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

2.2.4 TOOLING. The approach to tooling as applied to a baseline space shuttle 
concept such as the FII-4 design is governed by the manufacturing breakdown struc- 
ture (RIBS) shown i n  Figure 2-5. 
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The design and application'of tooling will be heavil!i infhenced by physical size of 
the a i r fnme.  The largest influences however, are the advanced manufacturing tezh- 
niques in the realm of materials? facilities, and equipment as appliei; to: 

Fabrication Metal Removal 

Hot Form Dies 
Stretch Forms 
Form Rolls 
Form Dies 

Joining 

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

Dimensional Control - 
Master Gages 
Coordination Plates 
Inspection Gages 
Protective Tools 
Laser Devices 
Interface Tooling 
Environment 

Plank Mill Fixtures 
Nulaerical Control Tapes 
Ring Turning Fixtures 
Special Cutting Tools 
C hem-milling 

Assembly 

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

Processing 

Handling Tools 
Conveyance Aciaptatious 
Maskant Aids 

Development & Test 

Mockups 
Harness Fixtures 
Test Fixtures 
Production Samples 

The make or buy analysis will identify the subcontract items and related tsols to be 
provided by the respective vendors. Control tools in the form of 9nasters" would 
be maintained in sufficient quantities to cc?ordinate the numerous interfaces and 
interchangeability and replaceability requirements . With the variable environments 
considered for these vehicles, extensive tool families are  expected for spares and 
maintenance service. Experience data on such items as erosion of 'hrmal-coated 
panels; leading edge life; door seal, hinge, and latch performmce; fusion-bonded 
composite adhesion; etc. , is required, 

Fabrication tools should have longer production lives than curLent tooling; thus, 
material selection is of primary interest in the sense of hot-forming dies, bonding 
fixtures, and machine tGo1a. For economy, expendable materials w d d  also be 
considered; e.g., cerro-matrix, glass die pads, urethane and wax fillers, vermiculite 
insulation, mylar blankets, etc . 
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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 SuspOitt a particular form of welding is the 
autcmatic sinusoidal welder pictured in Figure 2-9 ( E D  o r  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 s t r ip  materi- 
al is conceived, with perhaps a continuous o r  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 production 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, o r  welding 
are performed by moving the cutting head o r  welder. Major tank assembly fixtures 
would be of a vertical buildup concept comparable to the Satwn production practice. 
Design of fixtures would be senaitive 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 elemi 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 

Tool Sets 

Production Rate 

Total Elements 

Tool Sets 

Production Rate 

5 Boosters 

2 sets tooling 

2-2-1 

7 Boosters 

3 sets tooling 

3- 3-1 

2-12 

S Orbiters 

1 set tooling 

1-1-1 

6 Orbiters 

2 sets tooling 

2-2-2 
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Figure 2-6. Hot Form Die 

j HOTFORMDIE 

Figure 2-7. Hot Forming Die Techniques 
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MATCHI3D FORM DIES 
t 

WITHOUT CUSHION ASSIST 

SIDE ACTION DIES 

SIDE ACTION C-JLY 

DRAWFORM DIES 

COMBINED SIDE AND DOWN ACTiON 

WITH LOWER CUSHION ASSIST 

Figure 2-8. Press Form Die Classifications 

Figure 2-9. Automatic Sinusoidal Welder 
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Figure 2-10. FR-4 Orbiter Body aii2 Fixture 

t 11 

Figwe 2-11. SR-4 Wing Primary Assembly Fixture 

Three-Y 3ar Inventory 

Tot21 Elements 

Tool Sets 

Production Rate 

Total Elements 

Tool Sets 

3roduction Rate 

11 Boosters 

3 sets tooling 

3-3-3-2 

21 Boosters 

4 sets tooling 

4-4-4-4-5 

2-15 

6 Orbiters 

2 sets tooling 

2-2-2 

I1 +biters 

S sets tooling 

3-3-3-2 

. 
- 
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2.2.5 MAXLTACTt'RING, Technologies involved in production of reusable space 
traimports are  of greater ewanse over the industry than ever before encourtered. 
Raw material suppliers must provide extensive shapes and sizes (i. e., integral panels, 
rails, rings, forgings, a d  castings) in substantidly increased volumes of the  higher 
level metal alloys. Heat-resistant and high strength/we;ght composite materials a re  
also imperative. Supplierz throughout the  industry will have extensive demands made 
upon them to permit the airframe builders tc concpntrate on fabrication and assembly 
operations. 

Consideratims of the modes and routes of t ransprt ing materials and components are  
a chief concern of the aerospace ind-*try. Manufacturing planning is contemplated in 
terms of national location of suppliers, subcontractors, in-plant logistics, and ulti- 
mate flight tests. Since space shhi le  daign trends are becoming composites of 
aircraft, spacecraft, and launch vehicles, manufacturing facilities should be capable 
of producjrlg these miilti-functional vehicles. An airframe design such as the FR-4 
has  some ccmnonality within its subsystems equipment; structurally, however, there 
is little similarity. 

Fabrication facilities are confronted with three metals: basic a!uminum alloys, inter- 
mediate t i t a n i u m ,  and superalioys af Rene 41, Columbium, aad TD nickel. Compo- 
site materials such as aluminum-boron and graphi t s  essentially represent a fourth 
grGW 

Categorically, the production metbods az applied to thc ~luminum parts of integrally 
stiffened panels, structural bulkheads and frames, and crew-compartment structure 
and associated details will 21most be totally machined of sized plates, extrusion, and 
forgings. Metal removal would be rapid via multispindle machines, while forming 
operations are essentially conventional. Ad joining facilities would be appropriate to 
accomplish aluminum-boron f :brication and io 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 r d l  corrugation, and compression 
forms  IS^ advancement to further effect autoclave bonding processes. 

Gains a re  being attained with the hat-forming of titanium ailoys. Titanium work, 
proper$ toaled, 2:d formed gradually as with cushion presses G r  staged rolls and 
subsequently heat-treated, is rapidly becoming a competitive material application. 
Cost reduction in tooling a d  equiment is becoming a c0ntinUc;us trend in areas of 
heated platen dies, heated stretch forms, multistagd forms,etc. to new areas of 
ceramics, vacrlum forming and heated draw die forming material. Suppliers can pro- 
vide valu&b,e assistance i.1 the cost reductioll areas. 
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Inconti1 T l ? ,  inc1ic;itcd fc?r ~Lse i n  the FR-4 booster, is :I usable -ilioj7. 
iii:~n~if:~ctui.ing kno\vledgth has been attained at Con ix i r  from tL.c. production of a 20-foot- 
long Si:iniesi. IAL) ttmk undei Cont r:ict ..I\F3S(C;1;5)-204S. N o  outstanding problems are  
foreseen in the forming, \\.elding, machining, o r  heat-treating of sheet metd  parts for 
the sptce shuttle elements. 

Considersble 

3 

--I concrk:-dr:itiun of effort is neecled in  the area of the  TPS panel fabrication. 
n t c  production is reprcsmted i n  th i s  :iwa of materials difficult to form and join 
\vhile i-ct:iining :i qunlity finish.  Considerable research is in order to accomplish 
strip roll forni (bead) and to  perform a laminate fusion o r  brazed joining of inner/ 
outer skins .  

High- 

Covering of these :irticlcs entnils weld-joining integrally stiffened sk in  panels, adding 
:I protective insulation, and attaching the  TPS. Lqrge numbers of TYS panels are 
needed to s u ~ p o  rt the  ultimate production: hence, some manifacturing development is 
necessary to acquire high production rates of quality titanium and superalloy shingles. 
A production savings may be available i n  the substitution of aluminum alloy parts 
from c3mnion tocls and installed for limited horizontal flights. 

Primary structural frames, rings, or  bulkheads would incur some extersive numerical- 
controlled Inwhing approaches. Mill heads travelling about the part with propcr spin- 
dle spacing would apply to the  more symmetrical rings, while multi-spindled three- 
t o  five-axial profilers continue to prokide gross metal removing operations. 

Final assembly production lines do not contain sufficient dimensional commonality 
between the booster and orbiter elements to warrant a %To-track line o r  end-to-end 
conieyance. Par ts  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 producticn sequence for the orbiter and booster elements, respectively. Fig- 
u r e  2-14 is symbolic of the  -elative fabrication spans of the major element assemblies 
and total vehicle :Lssembly. 

2 .2 .  G TESTTKG 

2.2.6.1 Test Program Summary. 
ment :ictually begins well in advance of the combined Phase C/D program with design- 
information-type tests: e. g. : u.ind tunnel analysis of spxif ic  configurations under 
1-arying environment and effects on critical maneuvers. Also, 5dvanced testing would 
develop special material handling techniques anr! -applicability to the  specific space 
shuttle missions. Individual co-nponent design support o r  evaluation testing and ve- 
hicle sulq-steni o r  subassembly te;ting would begin after PDR of the conibined C/D 
Phase, and then only after completion of siifficient design, tooling, and fabrication to 
support  such tests. This later test phase, identified a s  major ground tests, closely 
suppor ts  the horizontsl and vertical flight test phases. 

Tesb.;lg in  support of t h e  FR-4 vehicle develop- 
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Figure 2-12. TSTS FR-4 Orbiter Element 
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The combined ground and flight test programs spzn about 41 months, with a 15-month 
overlap. Ground and flight tests are  scheduled t o  support succeeding tests requiring 
more severe test conditions. Specific milestone? must be met in  t h e  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 grouad support equipment planning, design, construction, test, and/or 
checkout are  scheduled for proper integration with the airborne hardware test program. 
Specific availability and nee6 dates a re  indicated in the program development schedule, 
Figure 2-4. The ground and flight test facility approaches used reflect intended utiliz- 
ation of existing Zovernment facilitie2 wherever feasible, especially for large ground 
test articles and for the comp!ete flight 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 qn 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 o r  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 
o r  more test phases (except when tests would have to be run co3currently). 

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 grourid test articles a re  large, existing industrial o r  govern- 
ment facilities are  the best approach where modifications to these facilities to accom- 
modate the specific space shuttle cmfiguration 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: i) wind 
tunnel test program, 2) materials and component development, evaluation, and quali- 
fication test program, and 3) major ground test phase. This  latter phabe is also a 
development, evaluation, and partial quzlification test program; the only difi'erer-ce is 
the size and extent of assembly of the required test articles and supporting test hard- 
ware qnd test stands. Major ground test:; are identified and discussed in this section. 

Table 2-1 lists the ground test phases and major ground tests showE on the  master 
program schedule and states the primaiy o,,jective of each test. The basic test article 
configuration and hardware a re  also obtainerl and any special test o r  facility consider- 
ations implied by the tests are discussed. I'ables 2-2 and 2-3 summarize the ground 
test hardware configurations €or 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 tumel or  component development test phas2s,  which essentially parallel the en- 
tire vehicle development phase). The higher risk o r  potential problem area reflected 
in this ground test program is the capability of testing sufficiently large sections of 
thermally protected skin surfaces o r  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 vertical tail led ing  edges 2nd to test specimms of the TD NiCr 
o r  other TPS materials rc2resenting 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 s p m s  about 23 months to the first operational 
flight. The program is divided into two basic test phs-ses: horizontal and vertical flight 
tests. Flights in both phases are  manned and flignt 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 bowtetr and an orbiter) would satisfy the  basic flying requirements within 
a restricted, low-subsonic flight envelope. Both elements would be modified o r  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. ‘rWo more elements (one each) are re- 
q u i r d  to support the multi-element launches. When the four elements used i n  t h e  
horizontal tests complete their program, they will be modified a8 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. Thid is to 
provide a reasonable horizontal flight test lead time over t h e  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 oLc the FR-4 and its design mission compatibility. This test phase is also 
described i n  detail later in  this  dixnssion. 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 aEd their applicability to each type teat within the 
horizontal and vertical flight phases are summarized in  Table 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 af potential flight problems. The elements held back for this continuing fsght 
backup test phase, should be those produced earlj- in the program and those that are  
heavily instrumented for limit-load tesiag; these ?pes 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 d.eployment subsystem must be demonstrated to be adequate 
prior to t h e i r  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 priGr to manned launch tests. 

The baseline development program requires ample supporting data from extensive, 
repetitive ground testing of critical subsystems; e. g., wing and engine dep!nyment 
cycles under various simulated flight conditions, attitude control subsystem functimal 
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 i n  the development program so  design decisions 
can be made in time to support the high aititude vertical launches. 
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Table 2- 1. Ground Test Program (FR-4 Basel ine Vehicle Configuration) 

A. WIND TUSXEL TESTS 

1. Objectives - Investigate and provide data 
support to final design decisions re: 

a. 

b. 

C. 

d. 
e. 

f. 
g. 
h. 

Subsonic through supersonic stability 
and control. 
Xftcsbody effect and lift-to-drag 
rritios. 
Aerodynamic force and moments. 
Flow field and heat trrinsfer data. 
SmEace roughness and discontinuity 
effect. 
Flutter and aeroelastic stability. 
Staging dynamics. 
Jet engine exhaust flow effects. 

2. Test Article Configuration - Approxi- 
mately 18 scale models, powered and 
clnpowered, full and semi-span; some 
with cold gas plume simulation. 

Special Test Considerations - This test 
program is a continuation of the wind 
tunncl 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. 

3. 

4. Special Test Facility Considerations 

a. 
b. Plasmic-arc thermal tunnel. 
c. Hypersonic shock tunnels. 

High and low speed wind tunnels. 

B. THERMO-MATERIAL DEVELOPMENT AND 
QUA LI I.1 CATION 

1. Objectives - Develop, evaluate, o r  
validate design concepts for : 

a. Composite materials applicability tr, 

b. Newly devclcped superallcys, re- 
the ILRV vehicle. 

kactory metal alloys, and oxidation 
protection coatings in high- 
temperature environrnents. 
Joining TD NiCr parts and other 
materials for applicable TPS use. 

c. 

2.  Test Article Configuration - Many 
c OUpori -.ope test specimens of various 
t jpes of thermal and thermo-structural 
materials, including one fourth of a com- 
plete set of dissimilar TPS psnels for 
both the orbiter and booster elements. 

3. Special Testing Considerntions - M a t t ~ i , ? l  
properties in high temperxurc ranges 
would be determined. Q.clic environ- 
mental exposure tests would be performed 
under v a n  ing stresses and pressure. 
Tests would also includc various contour 
and joint designs for advanced m3terials. 

C. COMPONENT DEVELOPRENT XKD 
QUALIFICATION 

1. Objective - Probide design eva1u:ition of 
engineering prototypes to  validate design 
approaches and specification attainability, 
and later to qualif?i the resulting pre- 
production and production hardware to 
design specifications 

2. Test Article Configuration - The test 
specimens will comist of variou, quan- 
tities of each in-tv 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-sets of com- 
ponents (exclusive of major structure). 

D. VEkUCLE STRUCTURAL ST.4TIC LOADS 
TESTS 

1. Objective - Verify and qualify the basic 
vehicle structure (booster and orbiter 
elements) for c r i t i cd  ground arid flight 
conditions (to ultimate loads). 

Test Article Ccfiguration - The follow- 
ing structural subasseoiblies are used 
rat! r?r than a completely assembled ve- 
Mcle eleKent . 

2. 

a. Booster Element: 

(1) Jet  engine equipment bay. 
(2) Mair. rocker engine thr\:st struc- 

ture, including vertical stabil- 
izers (Empennage section). 

(3) One wing and wing pivot support 
structure. 

(4) Complete set of unlike major 
doors and hatches (i.e., wing, 
engine, access, etc.). 
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Table 2-  1. Ground Test Program (FR-4 Baseline Vehicle Configuration), Contd - 
(5) Selected sections of TPS panels 

and support structure. 
(6) St'age sepsratior, gear. 

b. Orbiter Element: 

(1) .I stncturd centerbody sectior.. 
(2) Je: engine equipment bay. 
(3) Rocket eilgine thrust structure, 

including vertical staK lizers 
(Empenluge section). 

(4) One wing d1id wing pivot ~uppor t  
structure. 

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

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

(7) Smge separation prolrisions. 

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

a. Rolling pull-out and negative 
maneuvers. 

b. Positive symmetric low and high 
angle of attack r-onditions. 

c. h.f.axim~A~ bending and torsion effects 
(wings/tail/fuselp.ge). 

d. Controls proof tests. 
e. Positive symmetric and unsymmetric 

3. 

and gust loadmg conditions. 

E. VEHICLE STRUCTURAL FATIGUE TESTIh'G 

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

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

2.  

a. Booster Element: 

(1) Crew cor??partment and integrated 
electronics compartment. 

(2) Empennage section (including 
thrust s t r u c t u r ~  , verticzl stabil- 
izers,  and section of afterbody 
with TPS panels). 

tanks, (LH2 section a stub tank 
configuration). 

(4) One wing and pivot support 
structure. 

(3) TWO L02/LHZ integral structural 
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b. Orbiter Element: 

Crew compartment and integrated 
eleckonics compartment. 
Empennage section (including 
thrust structure, vertical stabil- 
izers,  and section of afterbo& 
with TPS papels). 
Two sets of main propellant 
tanks; full LO., tanks and stub 

Two sets of unlike payload ba,- 
propellant tanks (two Zach of the 
three different size tanks in a 
stub configuration). 
One wing and wing pivot support 
structure. 

LHZ  tank^. 

One main landing gear 3 
ope nose gear sot with , *'ting 
structure. 

3. Special Test Considerations - StructurLl 
fatigue tests on these asseinblies u m l d  
include : 

a. 

b. 

C. 

d. 

e. 

f .  

Structural integrity of tanks at cryo- 
genic ten -;atures, including 
fatigue cycling. 
Qualification of cryogenic tblk 
insulations. 
Re; dated loads s imulat iq  two sei vicc 
lives and then to failure. 
Crew and avionics compartment leak 
and cyclic fatigue. 
Simulated acoustic environment a s  
induced by main rocket engines on the 
crew and avionics area. 
Landing gear qualification and servicc 
drop tests and cyclic operation. 

F. -1ET FUEL SYSTEbZ TESTS 

1. Objectives 

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

b. Verify analytical predictions 
of engine fuel supply, vent, and 
pressurization characteristics of 
.le system. 

Verify fuel system flow character- 
istics at various simulated altitudes 
and conditims of fuel icing, hot fuel, 
and expecter -e: flow clemands. 

c.  

h 
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Table 2-1. Grouiid Test Program (FR-4  Baseline Vehicle Ci~nfiguratIcn) .  Contd 

3 .  Special Test Considcrztims 

2. 

b. 

c. Prinic movers used for f w l  p .p 

d. 

Senlc model tests will precede :he 
full-scale test p k s e .  
b ' w r a t o n  heat exchangers wiil be 
used for hot fuel tests and icing tests. 

drives. 
Tank calibrations will  be run  011 the 
S o .  1 and 2 flight elements. 

G. JET E>;GISE SYSTEM IXYEGR\TIOX 

1. Objectii-c - Yer ie  compatibi!it-.- of the 
jet engines ~5th the jet fcel mznagemert 
systems. 

Test Article ColfiguratioP - Prddction 
plumbing and contrd clcillents of the jet 
he! i.uagernent sys (Boosrer and 
Orbiipr) a 

2 .  

3. Spei.1 ! Test Considerations - k'uel s'is- 
tcm components wauld be inteqateu with 
;he jet E I I @ I W ~  3.f the engine contractors' 
test site. 

I€ .  FLIGiIT COSTZOLS SYSTEM TESTS 

1, @bjecti\-t. - L-erib the desigii and sduc- 
t?l.r~?l sdequacy of flig: . CGntrO15 and 
actutition system and veri@ the design and 
coKtpatihili':,- of the automatic flight con- 
tror system (.AFCW with the flight contrcl 
aad hydraulic system. 

Test -4rtmAe Configuration - Awo ''iroK 
hc_lrse" test stan3q (one for the booster 
rnc! one for the orbiter) consisting of 
strclcture sirnuiz5ng the wings 2,nd fuse- 
lage with :: tlight cordigumt ion tmpennaze 
and aft fuselage scction. All control sur- 
~ C Y S  would Si. sixiiufatw, but usirg yro- 
diction ac tu tors  linkage. The ccch-pitF 
would include air 7 6Jl:it id contro1.s required 
to  fly a eimu'att., .r.sslw. The :iutc?m,-tic 
ilight -ontzo! systems anti hybrid coinputers 
weald be used wth  %cne r,r?i ._ 

2 .  
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3. Suecia1 Test Considerations - Tcsts 
wor~;.! obtiii? dfita on response timrls, 
~2 IPS, breakout f a c e s ,  hj-steresis, 
control t c ~ ~ e  gradients, and pxiitioning 
accurxy . 
The hydraulic actuatior, s!stc.ni \vould be 
tested for back prpssures, flow rntes, 
temperahie ,  m d  surges under no loads 
and simulated flight losds. 

Tests would also obtain dsta on the AFCS 
electrical parameters, stabilio-, position- 
ing accuracy, @ninuc response and linlits, 
etc. 

I 
I 

I. m D P A U L I C  SI-STEM TESTS 

1. Objective - I'erifi- and qualify the struc- I 
m a l  and functional adequacy oi' the various I 
hydrzulic subsystems and components. 

2 .  Test Article Configuration - All boaster/ 1 I 
orbiter iiydraulic subsya?em hardware not I 
aheaa included nith the flight control I 1 

I system hardware, escept for the main 
r o e k t  thrust vector control system. The I 
flight controls cystem "irm horse" test I 
stands would be used. 

I 

2. Special Test Considerations -- This tec, 
would be sn estension of the flight controls 
s:,-stem tests to determine 63 anJ bleed 
procedures, flow rates, pressure drops, 
temperatures, etc. for the hydraulic sub- 
system hardware associrited with engines, 
docrs, and landing gea- 

J. ELECTRICAL SYSTEM TESTS 

1. Objectives 

a, i-crify and demonstrate 3deg:acy of 
the. electrical systems for normal 
i?;s3?;on 2nd emergell;:- nnoratims. 

t,. &+ermine proser system optr.lLlon 
and estab;ish system irxegrit:; unricr 
corditions j f  operfltioral loads. 

?. Test .Artic!e Configdra:inn 

3. .A coniplete orhiter production elec- 
trical system includirg racks, paneis, 
1- ' rmg harnerses, and po\:er gener- 
-2. .3r systems complete uitc hydrauix 
drives . 

b. Any hooster electric:.' cqui!irnei;t 
that ditfers fror.1 the orbiter 
conligu-at'on. 

. .- . . .. . .. _... . .. - 
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. 

3. 

c .  Laboratory eqlipment (i . e . ,  prime 
movers, gear boxes, load banks, 
batteries, and recording equipment) 
would be required. 

Special Test Considerations - Testing 
would demonstrate abiliry of the electrical 
system to satisfy specification require- 
ments. The a-c  and d-c loads -voud be 
simulated and voltage and frequency regu- 
lation, harmonic distortion, synchroni- 
zation, IR drops, feeder curl'ent, gener- 
ators and converter temperatures, etc., 
would lie monitcred. 

The sj-stem u-odd be evaluated under nor- 
mal, emcgency, escess capacity, and 
failure conditions. 

K. R&D FLIGHT CREW ESCAPE TESTS 

1. Objecti\-e - Verifi- and demonstrate func- 
bond adequacy of 3 crew eject system 
for the R&D horizontal flight phase only. 

2 .  Test Article Configuration - X static 
crew corn-partment mochp  (for *ither 
the booster or  0rbiter)with test crew 
specially designed ejection seats. Crew- 
area clearances will be simulated slid 
special design eject or brerlkawsy hatches 
\ill1 be installed in the mochp  structure. 

Special Test Considerations - Testing 
would be 1 .nited to static eject tests, 
with emphasis on escape hatch operation 
and crew-/'seat stability and clearances 
during the escape maneuver. 

3 .  

L. THRUST 1-ECTOR COSTROL (TL-C) SUB- 
SI'STE 31 TESTS 

1. Objectives 

a. i-erify Ti-C system structural re -  
sponse and adequacy. 

b. 1-erifi- response characteristics of 
the T\'C hydraulic support su5system. 

c .  Determine load distribution through 
aft thrust structure during simulatcd 
engine gimbakg.  

2 .  Test .k-ticle Configuration (one each for 
Soosier and Orbit ?r) 

a. 
b. 

O w  set of d u n n ~ y  rocket engincs. 
Thrust vJctoi controls and xtuators .  

C .  .Aft thrust structure and engine mounts 
(uses one of the structural test 
articlesj. 

hardware. 
d. TSC-associated hydraulic subsystem 

M. .ATTITUDE C0N;TPOL SC'BmSTEJI (ACS) 
TESTS 

1. Objecti*;es 

3. Verifi attitude control system. pro- 
pellant management anti xtilization 
systeln performance. 

b. Detc;une reaction engine thrust 
x5se and decay ra'ec.. 

c. Verify XCS operationzl sequencing 
and dynamic and time-respcnse 
characteiistics . 

d. Demonstrate integration and coni- 
patibility of all -ICs harduare and 
total system control effectivent.ss 
z id  reliability. 

2. 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,- me nt s . 

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

management system k d u a r e .  

associated electronic hardware. 

(3; ACS propellant storage and 

(4) System control elements and 

b. Booster: 

(1) Static test &xture sirlilating the 
nose stivcture and 1 n*v-corttrol 
rocket engine positions. 

control elenAads,  ?rcq;ejlant 
storage, an4 iiis-qpzmer-t sp- 
tein hardware. 

(3 )  The four 2w-contrcl rngines, 

S. DOCKING 31hfUWTIOS TESTS 

1. Objectives 

a. Evaluate docking maneuvers, se- 
cpcnce, and procedures. 

, %  , 
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b. 

c. 

Deternline adequacy of d o c h g  system 
hardvare elements. 
Provide test and operational crew 
training support. 

2. Test Article Configuration 

a. Dockirlg simulator at AlsC, Houston, 
modified for the spax ssuttle 
configuration. 

representing any docking interface 
systems hardware. 

b. Prototype and production components 

2. Special Test Facility Requirements - 
Xpollo docMng simulator at Alarmed Space 
Center (MSC) Houston. 

1. Objectives 

a. V e r i @  st-uctural and functional ade- 
quzq of the orbiter cargo-handling 
equipment under a full graviw 
cnvironment. 

b. demonstrate cargo ground l o a m  
and in-orbit deployment operations 
procehres ,  and envelope cleararct . . 
1-erify compatibility of the orbiter 
e quipme: ~ t ,  pay 10aYca.r go pallets , 
and associated ground support 
equipment. 

c .  

2 .  Test . W c : e  Configuration 

a. Soit mockup of t h  xbi te r  cargo 
ccmpartment, din '1% the fuselage 
structure and Cugcr Day doors. 

b. Payload/cargo pallet mockups. 
c. Fuselage+:argo securing, alignment, 

d. Supporting external grouni handling 
and deployment mechanisms hardware. 

equipment will be rewired. 

5 .  Special Test Facility Requirements - 
C oc nt e r 1 a nc i ng system for si mu la t ing 
test concXons during cargo deployment 
t 'StS. 

P. GROUSD H.WLLISG EQUIPMEST TESTS 

1. Objectivc - [-en& structural integrity, 
functional performance, 2nd comptibility 
of speci'>li zed ground support dnr' vehicle 
han&Ig eqiipment. 

2. Test Article Configuration - Om set of 
specialized ground support equipment 
including cargo ground handling, booster/ 
orbiter erector gear, transport dollies, 
tow-bars, maintenance lift jacks, etc. 

Special Test Considerations - RIajoriW of 
this equipment to be refurbished, if nec- 
essary, after tests for use in  the ground 
and flight t - st programs. 

3. 

Q. PROPELWKT AL\SAGEXEST AXD FLOiV 
TESTS 

1. Objectives 

a. 

b. 

C. 

d. 

i'erify main propellant system flight 
worthAness and subsystem compati- 
bility and interfaces. 
Demonstrate the propellant manage- 
men.t syst tm integration, including 
chilldown, tanking, detanking, flobv, 
pressurization, ~ent ing ,  purging, etc. 
Demonstrate design adequacy of in- 
ternal and esternal cryogeric tank 
insulation. 
Develop and validate test and oper- 
ational procedures for static firing 
tests and prelaunch operations. 

2.  Test Article Coafigurations - These tests 
use the Booster and Orbiter static-firing 
test articles and test facility. 

R. VEHICLE STATIC F W N G  TESTS 

1. Objectives 

a. 

b. 

C. 

d. 

e .  

De monctrate satis factory integration 
af the main propulsion system Hith 
ine airframe interfaces and other 
associated systems. 
Demonstrate propulsion system 
flight readiness capabilio-. 
Verify system test and prelaunch 
checkout procedures. 
Monitor acoustic levels and environ- 
mental temperatures rn and Pxound 
critical vehicle areas for design 
e va h a t i  on. 
Dermst ra te  and verifi- ~ r !  .lacy 0; 
launch support equipment. 

1L 
c 

2-28 



Volume X 

. 

Table 2-1. Ground Test ProTram (FR-4 Baseline Vehiclr- Configuration), Contd 

2 .  Test Article Con6gur:itions 

a. Booster: 

(I) An assembled booster eleiiient 
structure including: 
(a) Main integral propellant tank 

st ractwe . 
@) Internal and external cryo- 

genic tnk insulation a s  
applicable. 

(2; Main propulsion system 
engines and vehicle thrust 
struc W e .  

i2)  The TVC system ana necessary 
hydraulic support hardware. 

(3) Propellant management and 
control system. 

(4) Simulated vertical stabilizer 
for ergheexhaus t  radiation 
tests. 

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

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

b. OrSiter: 

(1) An assembled orbiter element 
stnici-de including: 
(a) Forward and aft integral 

tank structures. 
@) Centerbody structure with 

included pxyload bay pro- 
pellant tarks. 

(,:) Crysenic  tank insulation 
as applic able. 

(.i) Main propulsion system 
engines 3nd vehicle thrust 
structure. 

(2) The TYC q-ztem and necessary 
hydraulic sdpport hardware. 

(3) Propellant management and 
control s j-stem. 

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

( 5 )  Simulated wings, jet engines, 
?n!. associated doors. 

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

3. special Test Considerations - The static 
'est articles nlll test botk the booster and 
orbiter tanking confipat i .ms.  Thzottlable 
engine 'dsts will simulate the orbiter Sight 
cunfiguration and firing s: quence. a ,  2-29 

Static firing tests will be preceded by 
main propellant system cold-flow tests 
and progress k o m  initial shortduratioi 
shakedown firings through longer and 
finally full-duration static firings on 
test  articles. 

t i  

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. EOOSTER/ORBITER ELEhEXT DTSXMIC 
AND GROUND \?BRATION TESTS 

1. Objective - Determine the longitudinal 
and torsional dynamics and the lateral 
bending mode kequencies, shapes, and 
!amping ratios of the booster and orbiter 

elements. 

2. Test Article Configuration - Hcrizontal 
flight test vehicle configuration Wth 
appropriate massjcg simulations for 
missing vertical launch hardware. The 
initial horizontal flight elements of both 
the booster and the orbiter would 1- 
prior to  delivery to the flight test site. 

.ised 

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

T. HUAWE: FACTORS TESTS 

1. Objective - Develop and demonstrate 
rnan/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 acd egress under normal 
and emergency conditions). 

Test Artxle Configurations (Booster and 
Orbiter) 

2.  

a. 

b. 

Soft mockup of the avionics and crew 
com$artment weas .  
Simulated o r  prototype crew furnish- 
irgs, displays, and controls. 
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Tabie 2-1. Ground Test Program (FR-4 Baseline Vehicle Configuration), Contd 
I 

c. 

d. 

Simulated arionics and other sczrrice- 
able equipment. 
Simulited access and egress hatches. 

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

U.  Ai?O?r'ICS INTEGRATION TESTS 

1. Objectives 

a. Verify the individual and integrated 
performance adequacy of the  vi- 
gation and guidance, communicabons, 
automatic landing system, data proc- 
essing, flight control, rendezvous, 
and d e r  related avionics equipment 
and subsystems under simulated 
missioq environments. 

b. Demonstration oi avionic subsystems 
compatibility under various combi- 
nations of operation, simulating 
expected or enlergency operating 
conditions. 

2 .  Test Article Configuration 

a. 

b. 

Complete set of the orbiter avionics 
equipment and supporting subsystems. 
Additional booster avionics that are 
uncommon to the orbiter. 

3. Special Test Considerations - Initial 
testing to support design Lid engineering 
decisions may use proto@pe 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 vaomm chamber 
(orbiter element only). 

1.. EN\-IROK;hlE?;T.4L CONTROL SYSTEM TESTS 

1. Objectives 

a. Veri6cation of the environmental 
control system design for both the 
buoster and orbiter. 
Demonstrate proper cabin air distri- 
bution between crew compartmeilt, 

b.  
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avionics, and cargo compartrlients, 
as  applicable, under simulated con- 
ditions of equipment operation and 
heat loads. 

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

2. Test Article Configurations (Booster and 
Orbiter) 

a. 

b. Flight-type ducting. 
c. 

Mockup of crew area, avionics, and 
cargo compartments. 

Simulated avionics and crew heat 
loads. 

3. Special Test Considerations 

a. The initial test phase consists of 
breadboard-type tests for design 
verification and/or support. 
Subsequent tests use the above mock- 
q~ for production equipment evaluation 
in the operational vehcle configuzation 
Final tests use t l e  environmental test 
vehicle for verification of production 
hardware under simulated solar vac- 
uum conditions. 

b. 

c. 

W. LIFE SUPPORT SYSTEM (LSS) TESTS 

1. Objectives 

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

b. 

2. Test Article Configuration 

a. Booster: 

(1) The crew/avionic compartment 
mockup as establis'ned for the 
booster-element ECS tests will 
be used for this test on a time- 
sharing basis. 
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(2) The mockup will be complete 
with life support and cabin en- 
vironmental subsystems. 

b. Orbiter: 

(1) The orbikr  test p h s e  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. 

3. Special Test Considerations 

a. 

b. 

C. 

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). 

2.  

with all included subsystems in a 
simulated vacuum environment. 

b. Demon,*ate satisfactory cabin leak 
rates and thermal balance capability. 

c. Demonstrate continued subsystems 
pxformance under simulated space 
missions. 

Test Article Configuration 

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

to be included in the test article are 
the LSS, ECS, crew simulators and 
furrishngs, displays and cordrols, 
ligWng and electrical equipment, 
se; of mission avionics for the orbiter, 
access hatches and seals, and mech- 
anical support systems. 

b. Production subsystems and hardware 

3. Specla! Test Facility Considerations The third phase concludes the ground 
demonstration of the LSS and ECS in 
the simulated vacuum environment. a. A 35-footdameter thermal vacuum 

X. VEHICLE ENVIRONMENTAL TESTS (ECS) 
(ORBITER ONL’ 

1. Objectives 

a. Demon: .rate the ccmpatibility of a 
produc. on crew/avionics compartment 

chamber with cold-wall capability is 
required for this test phase. There 
are existing vacuum chambers of this 
size, capable of simulating the near- 
earth t h e r m 1  space environment 
(see Figure 2-20). 

, 4  
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Tabie 2-5. Flight Test Pmgram Summary Test Objectives 

\.ertical l.:uinch Phafiv 

SingIta 
E l t ' l l l .  :3-k Irni. Launch 
L u n c h  Sep. Abort Orhit 

0 0 . 0  1 Iknionhtratt. ,:round handline equipment and procedures. 

\ vrIf$ vchiclc. 

Yerift vrhiclt-'launch co,,iplex conipatil>ilit\. 

rwtion and n d i n y  operations. 

\.:rd\ pre-launch ground purging vperat on. 

\ ' e rd \  vehicle turnarouixl far!;ities conipatibilitv. 

Vrrifv silequsc\ of cargo loabing equipment. 

Demonstrqte horirsstal  ta .eo. . 'or laming. 

\ e r d \  airframe structural  int - r i i>.  

Demonstrate adequacv of 1PS. 

De.nonstr;Le satisfar .arb horizontaI-flight characterist ics.  

Demonstmtt satisfactorb hypersonic thrcugh transonic flight characterist ics.  

\ 'erif) sat  sfactorv jct engii'e perlormance. 

Demonstrate satisfartori  performance of the rocket propulaion s) stem. 

Demonst-ate adequacv of thz ACPS'missioi~ compatibility. 

Demonstrate vehicle subs! stem conlpatihilirv. 

DemonAraie postcntr) hcrizontal . 'igM configuration attainment. 

Demonstrate sx.isfacto, y horizontal flight engine deployment. 

Demonstrate horizontal flight cruise and f e r n  capability. 

Democstrate preflight tanking and launch operations. 

Demonstrate sat isfacton suhsvstem performzrcr. 

Demonstrate sat iskctory vertical flight characterist ics.  

Demonstrate satisfactor) booster stagmg sequence. 

Demonstrate adequacy of the boos' phase abort maneuver. 

0 0 0 0 

0 0 

I 

0 0 

0 0 

0 

0 

0 
0 

0 0 

0 4 

0 . 0  

0 . .  0 
0 . 0  
0 . 0  
0 

* e  0 
0 

0 

0 . 0  
0 . 0  

0 0 

Vcrif! adequil-v of the rendezvuus arw' docking maneuvers. 

Demonstrate vehiclc f ?stflipfit serviceabilih and malntainabilit! . 
Obtain dat, on vehicle components 'narduare reusahi.ity. 

~0 0 

0 0 

0 0 

e 0 

I l I Demonstrate vehi-leimission performance capability. 

0 0 

Demonstrate guidanre and control suhsystem accuracy. 

Verify adequacy of cr\ogenic tank insulation. L - .- 

0 

0 

e 
0 

0 

0 

0 

e 
0 

e 
0 

0 . 0  
0 . 0  

0 . 0  

0 . 0  

0 . .  

0 . 0  

0 . 0  
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Table 2-6, Horizontal Flight Tests - Low-Subsonic 

- ~- -_ -- 

PHASE I - LOW SUBSONC FLIGHT TESTS 

3 
Establish basic flight safety 

Demonstrate basic vehicle subsonic flying 
quali t ie s . 
Determine flight vehicle dynamic response 
characteristics. 

Evalhate initial subsystem performance. 

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

BOOSTERS: 1 ORBITERS: 1 

FLIGHT TEST SITE: 

Horizontal Flight Test Site 

TOTAL VEHICLE TEST MONTHS: 

Approximately 15  

TEST VEHICLE CONFIGURATION: 

Booster and orbiter hcrizontal 
flight configuration. 

Hardware, equipment, and/or 
subsystems required only for the 
launch, orbital o r  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 soufid engineering 
kiowledge and that will be expanded as appropriate ground testing permits. The 
intent is to examine as ma1.j areas as possible within the restricted operational 
envelope so that maximum time far solution and retesting is available. 

- ---- ^__---- ~ 
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Table 2-7. Horizontal Fli,-ht Tests - High-Subsonic 

PHASE I1 - HIGH SUBSONIC FLIGHT TXSTS 

OBJECTIVES: 

Extend jet engine/fuel system perform- 
ance and integiatjorr. 

Extend dv!ilsmic md structural load tests 
to design lirr,its (inch! ing condi.tfons of 
flutter, vibration, and buffet). 

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

Continue evaluaticn, integration, and 
demonstration of the horizontal-flight 
avioqic equipment and other vehicle 
subsyst I 7. 

Verify increased gross weight and ferry 
capability. 

~ 

‘TEST APPROACH: 

BOOSTERS: 2 ORBITERS: 2 

FLIGHT TEST S:TE: 

Hori Tontai Flight Test Site 

TOTAL VEHICLE TEST MONTHS: 

Approximately 30 

1’E ST VE HICLE CONFiGURA TION : 

Boost e r and o rb  i te r ho ri zt ont al 
flight test configuration. 

Hardware, equipment, and/or 
subsystzms required only for the 
launch, orbital, o r  entry mission 
phases --wy bc simulated to main- 
tain the external aerodynamic 
shape and horizontal flight charac- 
teristics. (See Table 2-4.) 

This test phase is intended to extend evaluation, verification, and qualification of the 
vehicle (horizontal flight configuration) m d  necessary subsystems as the flight envc- 
lope is gradually iiicreased to design limits. Demonstration and veriricatic of all 
horizontal-flight subsystem performance and integration a re  an essential 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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TEST ELEMENT 
NO. 1 (BOOSTER) 

TEST ELEMENT 
NO. 2 (ORBITER) 

") PHAEE 

I 1 
MFG 0 
CRWD 
C/O 

FLYING W A L l 3 l B  
DYNAMIC CHARAC. INCREASED CROGS 

WT. & FERRY PERF. 
(DES. L l W f  Em.) 

YFG. 
FINAL 
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Figure 2-15. Summary Flight Test Program 
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Horizontal Flight Test Phase. Space shuttle horizontal 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, o r  in some cases re- 
place, ground laboratory tests where advantages can be realized in environmeilt, 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 i d i g h t  quantitative data that will allow correlation of flight environ- 
mant 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 aerodynaaic shape simulating the verti- 
cal launch vehicle element configurations, e.&; 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 p b s s ,  based on the level of engineering 
confidence. The first encompixises those flight tests that cab be conducted within a 
restricted operational envelope based on sound eq$neering knowledge (low-subsonic 
regime). The second p b e  involves conducting te~k for gradual and progressive 
collection of quantitative data necessary to  permit '?valuation, verification, and quali- 
fication of the vehicle and to expand the s y s t e m  1'1'ght envelope to design limits (high- 
subsonic regime). Test objectives, vehicle cmSr,uration, test approach, and other 
data for  the low-subsonic horizontal -'light tedts are  contained in Table 2-6 and for the 
high-subsonic flight tests, in Table 2 -7. The :hm-depedency of both phases and 
their  relation to  the vertical (launch) flight teats are shown in Figure 2-15. The test 
philosophy used for the horizontal flight p b e  is Fir rapid examination of as many 
:ireas 88 pmsible while reetricted to each operati mal envelope, thereby uncovering 
problems early so as to provide maximum time io : solution and retest. Control sub- 
systems, life support and vehicle subsystem-., freedom from flutter, structural vibra- 
tion, and buffet alae the major items that can t.e evaluated by horizontal flight test. 
Horizontal flight test provides an early o p p o M . t y  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 a b o ~  45 vehicie-flight-test months, inclw'ing the field operations and checkout 
F'lase for each test vehicle. The high-subeonlc :>hrrse is minimum even at twice the 
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time allowed for the low-subsonic phase; however, both phases a r e  loreshortened so  
the test vehicles can be refurbished for vertical launch tests during third quarter 
1976. Four test vehicles (two orbiters and ~ Y J O  boosters) a r e  required for the hori- 
zontal flights since the booster and orbiter are considered to he  primarily different 
vehicles. 

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

This phase extends testing to the launch vehicle 

The first subphase involves the sirrgle-element, vertical- launch configuration f o r  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 enviionments 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 f i r s t  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 tsst 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 simdated 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 260,000-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 
cap&ility 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. 

F 
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Table 2-8. Vertical Launch Tests - Single Element 

PHASE III - VERTICAL 
LAUNCH - SINGLE 
ELEMENT TESTS 

~ 

OBJEETIVES: 

Ground handling, erection, and launch 
support cctmpatibility. 

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 f a r  as feasible. 

Extend vehicle/subsystem performance and 
integration. 

Initial evaluation of post-recovery turnaround 
operation and facilities. 

BOOSTERS: 1 ORBITERS: 1 

FLIGHT TEST SITE: 

Operational Launch Site 

TOTAL VEHICLE TEST MONTHS: 

Approximately 14 

TEST VEHICLE CONFIGURATION: 

Complete booster and orbiter 
element vertical launch configuration. 

The booster/orbikr 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 wi!l 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 'be 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 
fligbt until the maximum test conditions are reached. Other flight trajectories will 
be tailored for simulating maximum heating conditio~is. 
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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 lacnch conditions 
will be maintaimd). 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 prc.?de initial assessment of the ground recovery, 
maintenance, and servicing operp-t 0118 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 t h e  miin rocket propulsion system. To 
attain a reasonable thrust-to-weight ratio for these flights, the booster engine 
exhaust nozzles may be used on the orbiter engines and the total propellant 
quantities reduced. This would lhnit thd velocity/altitude envelope, but should 
be sufficient for the demonstrabws even with the necessary flyback fuel addee, 

b. Multi-Element Vertical Launches (Tables 2-9 and 2-101. These flight tests re- 
quire the all-up launch configuration to extend the flight environment envelope 
beyond the single-element flight capability and to demonstrate the operational 
launch configuration and stage separation techniques. 

- 

The first three-element launch verifies thc? 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 launch site) for the two booster ele- 
ments. The orbiters will circle the earth once and return to the  launch site o r  a 
designated alternate. The recond 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 o r  payload deployment sad retrieval operations applicable 
to the orbiter element. Two tests are considered wfficient 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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Tab:? 2-9. Vertical Launch Tests - Separation and Abort 

7 PHASE I l l  - VERTICAL LAUNCH - MULTI- 
ELEMENT, SEPARATION AND ABORT TEST 
FLIGHTS A 

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 staghg, recovery 
and entry maneuvers and attainment of the 
horizor!tal subsonic cruise configuration. 

Demonstrate boost-phase abort and recovery 
sequence and performance. 

BOOSTERS: 2/Launch 
ORBITERS: l/Launch 

FLIGHT TEST SITE: 

Operational Lamch Site 

YOTAL VEHICLE TESTS: 

Two Vertical Test Flights 

TEST VEHICLE CONFIGURATION: 

Complete ope rational con f igu rat ion 
for booster elements. 

C omp le te 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 a r e  programmed for this test phase. me 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 Soost-phase abort operation and maneuver sequence that closely follows 
the same recovery techniques as the first launch. 

4 

f 
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- ---- 
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- 

Table 2-10.. Vertical ZE.mch Tests - Earth Orbital 

Two Orbital Test Flights 

TEST VEHICLE CONFIGURATION: 

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

I 

I -- 
TffASE III - 
ELEMENT, EARTH-ORBITAL WSSION 

VERTICAL LAUNCE - MULTI- 

EVALUATION FLIGHTS 

~~ 

BOOSTERS: 2/Launch 
ORBITERS: l/Launch 

FLIGHT TEST SITE: 

Operational Launch Site 

TOTAL VEHICLE TESTE: 

11 

L 
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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. A t  this phase ic 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 E.) 

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 :.: y. 

b. Demonstrate capability to  support the initial operational flights ai iquately. 

C. Indicate the level of confidence of the recsability of each shuttle element. 

The vertical latach 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 
emergerzcy o r  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, facilities, and opera- 
tions are covered in Section 2.2.7.2. 

2.2.7 TEST FACJLITIES. 
as necessary to suppori the ground test program deacribed 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 cauld be used to  support the program have been 
identified. 

Test facilities outlined in this section have been identified 

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

The impact of the planned use of government facilities on other current o r  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 tunneb, and 
hypersonic shock tunnels. All  test models will be sized to suit existing facilities. 
Since this program will probably rsquire use of several 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 
epecial eruphaeie is placed on this facility. 
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c. 

d. 

e. 

Componeiit Development and Qualification. 
no special emphasis. 

Test laboratories a r e  common, 

Vehicle Structural Static Loads 'Zests. Static load testing could be performed 
at  either the contractor's facilities o r  tha MSFC Static h a d  Tzs? Annex. No 
apparent modification is required for tile MSFC facility. Test articles identi- 
fied for these tests (except for the wing and wing pivot support strvcture) could 
all be test& within th i s  facility. Wing testing could best be accomplished in 
the hangr?r-f;pe facility common to the aircraft  indust.7. 

Vehicle Structural Fatigue Testing. 
to perform tests in  th i s  category, including: 

Several separate facilities are required 

1. Fatigue cycling of tanks at cryogenic temperatures. 

2. Crew compartment leak and cyclic fatigue. 

3. Acoustic environment of rocket engines on avionics and crew. 

4. 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 iidegral LH2/LO2 booster tailk. 
The LHz tank wodd be a stub tank to hold the  overall length to apprrximately 
80 feet. An additional tower structure will be requiszd to  support the  indepeud- 
ent (orbiter) I D 2  tank and an independent LH2 stub tank. 

r 
The test stands will require cryogenic storage facilities consisting of about 
400,000 gallons of LH2 and 140,000 gallons of LN2. Pumpitig syl-rtems to dup- 
licate the flow rates f . r operational systems will be required (20,000 gpm). 
Calibration and heat flow measuring devices, together with rwording instru- 
mentation for insulation testing, should be located in an  are8 or separate build- 
ing adjacent to the test stand. 

Crew compartment leak and cyclic fptigue could be accomplished in the MEFC 
Static b a d  Tcst Facility. No apparent modification is required. 

Acoustic environmental testing of the  crew/passenger compartment c; 
complished at MSC Houaton in the Spacecraft Acoustic Laboratory. 

ac- 
Nc 

.) =r 
modification to the structure is envisioned. Two acoustic shrvmds tailored ti, 
the configuration of the crew module and the passenger module will be required, 
and the sound production capability must be increased from 110 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. 

3 
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STRUCTURAL TESTS: 
FATIGUE TEST AT CRYOGENIC TEMPERATURES 
CYCLING TESTS 
INS*!'.ATION TESTS 

TESl ARTICLES 
L%/TANK WITH LH, STUB TAL% (BOOSTER 

ELEMENT ILLUSTRATED, ORBITER ELEMENT SIMILAR) 
TWO SETS OF UNLIKE PAfLOAD BAY PROPELLANT TANKS 

Figura 2-16. Structural Fatigue and Cycling Test 
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f. 

g. 

h. 

i. 

j. 

kb 

1. 

In. 

Landing gear and nose wheel testing will be sczcomplished in contractor-owned 
facilities. 

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

Flight Control Subsystem Tests. 
Table 2-1 is illustrated inFigure 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. 

The "iron horse" teet stand referred to in 

Electrical Subsystem Tests. 
tests. 

No special facility is required to perform these 

Flight Crew Esctspe Tests. 
facilis-. No special equipment is involved. 

These tests would be performed at the contractors 

Thrust Vector Control Subsystem Tests. 
subsystems could be accomplished at the contractor's facility o r  at MSFC static 
Test Facility. No modification is assumed required. 

Testing of the thrust vector control 

Attitude Control Subeystem Tests. 
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 systems to remove heat buildup from 
combustian products. Storage tanks conthing approximately 5000 gallons of 
LO2 and 13, O W  gallons of LH2, a fuel-transfer system, recorders, and instru- 
mentation will be iiecessary to support the tests. 

This test will require a hangar-type building 

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

Docking Simulation Test. 
posed for this test. Because the space vehicles are so large, only hardware 
pertaining to docking systems will be  1sed. Vehicle masses and moments of 
inertia will be Simuktedb Alternatively, scaled mode&! would be used t0 obtzh 
the required test information. 

The Simulation Laboratory at W C  Houston is pro- 

Cargo and Ground Handling Tests. 
handling equipment teets can be performed at MSFC M E  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 

designed to coderbalance a 15-footdiameter, 60-foot-long payload may be 

A major portion of the cargo and ground 

cargo deployment is required. No design has yet been formulated, but equipment 1 -  

I 

fairly large and complex. 
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COCKPIT WITH FULL FLIGHT CONTROL 

'RES 

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

n. Prope:lant Flow and Managemest Tests and Vehicle Static Firing Tests. 
existing MississiFpi Test Facility (MTF) S-IC test stand is proposed for both 
of these tests. The stand will require modification, a s  shown in outline in 
Figure 2-19. The proposed modification does not exceed the planned design 
growth for this facility. 

The 

For cold-flow testing and static firing, augmented pumping capability to equal 
operational flow rate requirements and a complete LH2 storage and transfer 
system containing approximately 400,000 gallons are required. Existing LO2 
storage capadity 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. 

0. Booster/Orbitcr Element Ground Vibration Tests. 
to  support these tests; test equipment is common through industry. 

No sFecial facility is required 

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

q. Avionics Integration Teats. 
Electronic Systems Compa?Ability Lab and the Guidance and Control Electronics 
Lab) could be used for these tests, although ample industry capability is avail- 
able. No facility modification is envisioned. Vehicle-peculiar equipnent would 
be required. 

Support facilities at MSC Hmston (such as the 
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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 conditiom (Figure 2-20). 

2.2.7.2 Flight Test Facilities 

a. Horizontal Flight Teeth& &\am1 DOD bases within the continental United 
States have facilitiss for b r i ~ o ~ t a l  flight testing. The recommended facility 
is Edwards Air Force Baae, California, wMch bas been used many times for 
experimental aircraft, In general, all necessary ground support equipment is 
available (except specialized taw bars). Examination of available hangar space 
is desirable a d  hangar clearances will require checking, eepecially in t h e  
empennage area (which has an envelope about 75 feet wide by 55 f ee t  high, 
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REQUIREMENTS: 
ACCEPT 20-FT  DIA x 27-FT-LONG CREW CAPSULE 
_ -  VERT & H O R I Z ~ N T A L M O E  
L% CGLD WALL, 

1 x loo6 PUMPING CAPABILITY 

SOLAR RADIAfION SIMULATION 
FROM T O P  AND SIDE 07 CHAMBER. 

Figure 2-20. Environmental Control 
Syetems Test 
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b. Vertical Launch Tests. Vertical 
launch testing wil l  be accomplish- 
ed at  an operational launch facility. 
For this facility, either the concept- 
ual new facility shown in Figure 2-21 
o r  the modified KSC Complex 39 
shown i n  Figure 2-22 will be used. 
The f aciliw c onat ructiodmodifi- 
cation schedule should be formu- 
lated to meet the scheduled re- 
quirements of the teet program. 
(See Figure 2-4. ) Other than 
scheduled need, the test require- 
ments impose no constraints on 
facility design. In effect, partial 
comtrktion completion of the 
launch facility wil l  allow imple- 
mentation of :he early portions of 
the vertical-launch test program. 

2.3 ALTERNATFE DEVELOPMENT 
APPROACHES 

In examining alternatives for develop- 
ment of the space shuttle syatem, certain 
constraints used to scope the baseline - 
development program were compromised 
to define alternatives that would reduce 
development risk o r  improve development 
timing. More specifically, the mid-1976 
initial operational capability floc) date 
was not considered a hard date and was 
permitted to extend to a time commensurate 
with achieving a higher level af operational 
codidence at the conclusion of the develop- 
ment program. Alternatives with the m w t  
merit for consideration are discussed in 
the following sections. 

a 

1 
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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 spacecrt‘t programs indicates that time spans for these activities 
compare favorably. Therefore, availability dates fo r  flight-test articles a re  considered 
Bomewhat 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 
shstantiated by other program data. 

The alternative to thirs 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 a re  accomp- 
lished on two booster elements and only one orbiter, whereas the high subsonic tests 
a re  accomnlished on two orbiters and one booster. 

The single-element vertical test program could be flown using booster elements only, 
eliminating the need fo r  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 landkg subsystems) in a flying test bed (possibly 
a NASA 990 aircraft). This development program could be run concurrently with the 
laboratory 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 aFeed/temperature 
regime and flying qualities rather than develrjpiag the integrated avionics. 

Another major departure f rom the baselirrc rtrog-sm could be to conduct unmanned 
flight tests for  early evaluation of 5 - v  - ~ ~ R ” I I I C  heating effects and the orbiter TPS 
under entry conditions. Such a tes? p r c ~ i d m  would augment the baseline test approach 
of all manned flights, and the orbiter configuration could be thoroughly evaluated 
before man would be exposed to the ent1.y environment. Predicting aerodynamic heat 
transfer to a spacecraft is comp!icated. 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 o r  Titan would be fitted 
with a shroud o r  model representative of the space shuttle's lower surface. This 
shroud or model should be at  least 60 feet long and flown on trajectories representative 
of the L/D and CL maximum capabilities of the orbiter. The resulting data snould 
support TPS final design decisions early enough in the vehicle development p.iase to be 
useful on the initial vertical launch tests. A typical program would require a t  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 o r  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:aund test program and their likely effect nn the overall schedule are briefly 
outlined in this section. For instance., the ma.jor 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 msnufacturiag 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 conridered if time is critical: various phases of 
the test program, such as qualification tests of components and subsystems, could be 
accelerated. Fo r  the major ground test phase, this would require duplicate test 
articles and test facilities in 5 o a e  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 3 by duplicate 
test articles, would be limited to those tests that do not have to be performed sequent- 
ially. Such an accelerated wogram would cause cost increases in tooling, manufac- 
turing, testing, and facilities, but could improve scheduled availability of operational 
flights; the degree of r isk involved 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 evaiaate portions of the 
avionics system, the life support system, and the envirorimental control syatem 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 fo r  testing in the Saturn V dynamic test stand at  
MSFC. It is nssumed that this stand could be modified to accept either the booster o r  
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 d e m e n t s  were to be provided, 
their level of assembly would be sufficient to permit xyogsnic tanking and cold-flow 
operations as well. Still another approach wodd br, 5 route the initial vertical launch 
test articles through this facility for  verification 2rior to delivery to the test site. In 
either case, the overall program schedule woulb probably be delayed by the necessity 
for  additional test articles and/or test time that constrains vertical launches. 

2.4 FR-3 DWELOPMENT PROGRAM 

In general, the development programs fo r  the FR-3 and FR-4 space shuttle concepts 
are very similar, esptrially since both programs a re  constrained by an IOC target 
date of mid-1976 and since there is about the same degree of difference between the 
booster and orbiter dements  of either vehicle Configuration. Figure 2-3 showed the 
basic booster and orbiter configurations f o r  the FR-4 vehicle; Figure 2-24 displays 
the general vehicle configurations fo r  the FR-3 concept. The orbiter elements have 
essentially the same structure, general configuration, and s-ibsystems, 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 elementd 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 ningle tank with an intermediate bulkhead. 
The 33-foot-diameter tank of the FR-3 is about 10 feet longer than the FR-4. The 
FR-3 vehicle cross-section is 41 feet across the bottDm and 37 feet high, not including 
the seven-foot landing gear or the vertical tail heights. The total height of the vertical 
tail when L: the taxiing configuration is 68 feet with 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- 
is tics. 

In the total vehicle o r  multi-element launch configuration, the E'R-3 has one b w s t e r  
element -.d the FR-4 has two. The differences in the vehicle launch configuration 
cause some differences in their respective flight trajectories. A s  noted in Table 2-13, 
these differences reflect slightly different flight test conditions between tk vehicles, 
but not enough to alter the type o r  number of R&D vehicle launches sigdicantly. 

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 
same as shown in Figure 2-4; i.e., 65 months from the start of a combined Phase 
C/D &fort. The earliest probable operational flight, based on these same ground 
lvles, 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 FH-3 

E - -  DIFFF' -- - ORBITER ORBITER - 

Weight (pounds) 

Propellant 
Flyback Fuel 
Structure 

825,500 
3,200 

246,900 

To tal * 
Landing 

3 Volume (ft ) 

Fila1 
Oxidize r 
Propellant 

1,161,100 

322,400 

19,100 
10,000 
29,100 

Total* 

Geometry 

Length (ft) 
Body Wetted Area (Et2) 
Body Plallform Area @t2) 

Propulsion 

T N  
Nilmber of Engines 
Total Vacuum Thrust 

(pounds) 

107,500 

191 
16,900 

5,560 

1.22 
3 

1,414,800 

628,600 -196,900 
2,900 -300 

213,000 -33,900 

925,600 -235,5CO 

286,600 -35,800 

15,000 
7,600 

22,600 

-4,100 
-2,400 
-6,500 

88,900 
~ 

-18,6GO 

.'? 

179 
14,900 
4,900 

1 .53  
3 

1,414,800 

- 12 
-2,000 

-660 

+ O .  31 
0 
0 

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

FR-4 FR-3 FR-3 
Booster Booster Difference 

Weight (pounds) 

Propellant 

Flyback Fucl 

Structure 

Tota,l* 

Landing 

Volume (ft3) 

Fuel 

Oxidizer 

Propellant 

1 , 507 , 500 

30,700 

294,800 

1,877 , 500 

324,600 

- 

49,800 

19,400 

69,200 

2 , 809,600 

46,900 

469,700 

+1,302 , 100 

+ 16,200 

+ 174,500 

3,399,800 

517,300 

92 , 900 

36 , 100 

129,000 

+1 , 522,300 

+ 192,700 

+ 43,100 

+ 16,700 

+ 59,800 

Total* 

Geometry 

Length (ft) 
Body Wetted Area (ft2) 
Body Planform Area (ft 2 ) 

Propulsion 

T/W (Vehicle Launch) 

T/W (Single Element) 

No. of Main Engines 

No. of Jet Engines 

122 , 400 

199 

18 400 

6,070 

1.46 

1.9 

9 

3 

235 , 800 

210 

26 , 600 

8,170 

1.39 

1.77 

15 

4 

~~ 

+ 113,400 

+ 10 

+ 8,200 

+ 2: LOO 

- 0.07 

- 0.13 

+ 6 

+ 1 

*Totals include other item 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, CYq 658 670 + 12 

Staging Dynamic Press &/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 
Angle (deg) 

Inertial Injection Velocity 
@/sea 

5.8 2.2 - 3.6 

25,900 25,900 0 

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 d i p  into late 1977 or early 1978, as mentioned with respect to the 
baseline pmgram of Section 2.2, 

In general, the tooling, manufacturing, and testing phases will not change appreciably 
from the baseline program, Tooling sizes wi l l  differ, but the same basic approach is 
considered. Separate ma.n1&cturing production lines wi l l  still be required, although 
the specific test articles sizes and configuratiom 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 lsss 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 D r  FR-4 apply to the FR-3 
development program. 

2.4.2 DESIGN, ENGINEERING, ANI2 PROCUREMENT, Specific design and engineer- 
ing activities are somewhat different hr the FR=3, but the design and engineering 
milestones in the baseline achedules (Figure 2-4) are basically valid. Typical pm- 
curernent milestones reflecting initial availability of aubsystem hardware for test 
 operatic^^ is also about the same, at least until specific eubeystems are further de- 
finitized, such as in Phase B d C, 

1 
c 

r 
- I  

3 
a 
k 
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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 bxause 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 ( F R 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 sgpport 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 contrsctor 
facilities) w i l l  be required for the vertical stabilizes 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 wi l l  not significantly alter ihe test hardware 
availability shown in Figure 2-4. 

2.4.4 TEST PROGRAM, 
content and scheduling 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, wi l l  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. 

The FR-3 development test program is very similar to the 

2.4.4,l Ground Test Program. 
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 requiremenis 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 wi l l  be limited to the sub- 
system test areas because of the relatively large difference in sizes oi the booster 
and orbiter element and because parallel testing is required to support a tight =get 
date for operational flights. 

The FR-3 will require dual test articles for most 
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There is even grsater 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 La/ 
LH2 tank. The aft tanks in either element would be a stub-tank configination. Either 
four test s tmds would be needed for simultaneous testing of ail 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 
larger test articles, but the activities displayed in the baseline schedule w e  basically valid. 
The impact of booster size onmajor ground test facilities is summarizedin Section 2.4.5. 

The kvel of detail reflected in Figure 2-4 for the wind tunnel, materials development, 
aiid 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, 
same as shown in Figures 2-4 and 2-15 because the availability of the flight test ele- 
ments should not differ significantly h-om 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 demonstrakd 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 tokl of six 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 teating. Then, as for the baseline program, this 
vehicle would later be outfitted as an operational vehicle. 
manned and all vehicles fully reusable, 

The total flight test program span will remain the 

Again, all flights are 

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 requfred, 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 f ighf phase is considered tight relative 
to the aircraft flight-test months attainable. That program was shortened In a 
bare minimum so as to fall within the constraining elements of the opera t io~d 
target date and the production availability of test articles, and yet mairGiki z: 
reasonable number of total R&D test vehicles. The FR-3 booster has a larger 
volume and an increase of at least 50 percent in landing weight over the FR-4 
(Table 2-12). 

be Vertical  Flight Phase. The vertical launch test flights outlined under the FR-4 
test program are  equally applicable tc the FR-3 program, even though vehicle 
geometry is rather different. The flight maneuvers beyond separation o r  staging 
are essentially the same. Using only two elements instead of three for each 
vehicle lamch will impact tine number of booster/orbiter elements to be in the 
postflight turnaround cycle at  any one nme, but its immediate effect on mainten- 
ance and servicing facilities is not fully zpparent without also considering ths 
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 
elcment rather than a boaster for this phase for the following reasons. 

1. To f i t  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 rc yire excessive ballast to approach its thrust-to-weight 
ratio when in the total vehicle configuration. 

Even so, the orbiter must be fitted witkL the booster engine exhaust nozzles for 
sea-level launch, and extra flyback f;lel 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 to 
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 differexes 
should not vary the type or  number of flight tests shown. 

2.4.5 TEST FACILITIES. 
differ appreciably from those described for the FR-4, Exceptio- are: 

Test facilities required for the FR-3 vehicle will not 
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a. 

b. 

c* 

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. 

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 

Vert ical  launch tests will  have a much smaller impact on launch facility construc- 
tion schedules i f  Complex 39 is used, because much of the existing facility requires 
little or no modification. (Figure 2-25). Volume I.X describes the launch facilities 
required for the FR-3 veh'de. 

(cryogenic cycling)* 

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 Typo 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 tzst 

Electrical subsystem test 

R&D crew escape test 

Thrust vector control test 

Attitude control subsystem test 

Docking simulation tests 

C a r g ~  & Ground Handling test 

Propellant flow tG vehicle static 
firing 

Ground vibration tests 

Human factors test 

Avionics integration tests 

Environmental control tests 

Horizontal flight tests 

l’ertical launch tests 

High and low speed tunnels 

Plaema 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 

Ttdt stand 

Hani :r building 

Docking simulator 

GSE test facility 

Large static firing test facility 

Hangar 

Life science support facility 

Electronics lab 

Space vacuum chamber 

Aircraft test facilib 

Launch complex 

Contractor facility 

MSFC 

Contractor facility 

Contractor frcility 

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

None suitable existing 

Contractor/or MSFC 

Houston W C .  acouetic test facility 

Contractor facility 

Ccntractor facility 

Contractor facility 

Contractor facility 

Contractor MSFC 

Static test facility 

Contractor facility 

MSC simulation laboratory 

MSFC GSE test faciliw 

MTF S-IC test stand* 

Contractor facility 

Contractor facility 

MSC Houston 

MSC C ~ ~ X L ~ A  

Edwards AFB, Calif. 

ETR, Florida. 

*FR-3 booster cannot be accommodated at MTF S-IC stand. It can be tested at YSFC S-IC 
stand if stand is modified. 
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SECTION 3 

COST ANALYSIS 

In conjunctian with design, de-;eiq?lrre?t, zrii operatione studies of the space shuttle, 
m .analyeis wa6 performed to determine the cost of developing, proculing, an< operat- 
ing the c.uldidate systems. The costs were generated using Convair-developed cost 
esLimating relationships (CERs) and methodology. This section presents the cost 
analysis results for the final FR-3 and FR-4 configurations and a discassion ol' Convrir 
CERs and methodology. Tables 3-1 and 3-2 present summary tatal program costs for 
the FR-3 and FR-4 configurations. The relationship of p r c c a m  costs to vzriations in 
annual traffic rates is shown in Figures 3-3 and 3-2. The:,e costs represent total cost 
to the government for development, production, aid ten years of operation (excluding 
mission-associated costs such as range operations, and payload cc&s). In addition to 
the baseline vehicle cost ar-alyses, the sensitivity of program cost to variations in 
vehicle design characteristics for both tlze FR-3 and FR-4 vehicle configurations was 
investigated . 
3 . 1  COST METHODOLOGY 

System costs were synthesized using parametric CERB aad point estimates. Parametric 
CERs were generated for hardware cost elements and Rubsystem devehpment Wks by 
collection and analyFis of cost data from various hardware and study contracts and pro- 
posals, together with CERs developed by research institutes, other contractors, and 
government agencies . Some cost estimates (test operations, Picilltit s operationai 
persomel, etc. ) were generated from direct estimates of the requirements (numbcr oi 
personnel, etc. ) for the system under consideration. 

Convair's Advanced Vehicle Systems Evaluation Model (AVSEM) cost model, Reference 
3-1, was modified for we  in anaiyzing reusable space transportation system costs. 
The a d e l  generates costs in three major categories: development, investment, and 
operations. The &odd uses vehicle configuration data (e.g., weights, engine thrust, 
number of engine,. \, program plan data (mmber of eqrrivalent test articles, number of 
prociuction units, etc ..) and operational reqniremer-ts (manpower, recycle times, etc.) 
to generate detailed total program costs. 

3.1.1 GROUND RULES ANI) ASSUMPTIONS. 
assumptions for the cost study. 

The following are the ground rules and 

a. Costs are express& in constant 1969 dollars and include contractor overhead, -. 

burdens, and fee. 
3-1 
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Table 3-1. FR-3 Configuration - Total Program Cost 

b. 

C. 

d. 

e. = 

f. 
6, 

COST ITEM* 
ANNUAL WUNCH RATE 

25 50 100 

Development 5231 5231 5231 

Invectment 378 4a5 ti78 

Operations 697 1151 2084 

Total 
- - 

6306 6867 8 193 

*Costs in millions of dollars 
-- 

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

ANNUALLAUNCHRATE 
COST ITEM* 25 50 100 

Development 

Xnves m e l i t  

Operations 

Total 

4883 4883 4883 

584 694 114 1 

830 1387 A535 

- - - 
6297 6964 8559 

*Costs in millio113 of dollars - 

No NA.SA headquarters or centers costs are included in program costs. 

One airframe contractor was assumed to develop both the booster and orbiter 
elements. 

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

Deyelopment fadlives, tooling, etc. are the minimum required to demrstrate  
operational capability, but will be suitable for operational program use. 

The cost of flight test vehicle hardware and GSE that is acquired and used during 
development a m  later tmnsferred to the ope ra t id  program is included in the 
development costs. 
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for booster and orbiter application. 

sumed to be available. 
i. M.anufacturing facilities are as- 

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

Figure 3-1. FR-3 Total Program Cost Versus 
Traffic Rate 

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

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

n. 

0. 

Unlimited vehicle life is assumed for determination of vehicle inventory. 

Operatims maming 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. 
P.s 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. 

d Because of the size of the thermal protection system, its cost was of special interest. 
The mabrials used represent ar advancement in the state-of-the-art of both develop- 
ment and fabrication techniques. Wiative 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 mt 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 panel size ra+her than the total TPS area. 

-i 
*- . 
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The thermal protection system used on the 
FR-3 and FR4vehicles is estimated to 
cost approximately $480/ft2 for fabrication 
cover panels plus $200/ft2 for i n s a t i o n .  
The vehicle insulation is estimated to cost 
$50/ft2 for installation, Although booster 
and orbiter cover panels are of different 
materials, the material cost difference6 
do not appreciably affect the average met 
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, 
4n 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 

ReactioQ Control 

Crew Systems 

Environmental Controls & Life oupport 

Guidance and Navigation 

Communication 

Onvoard Checkout and Instrumentation 

Rocket Engines 

Jet Engines 

20 40 60 80 100 120 140 160 
ANNUAL LAUNCH RATS 

Figure 3-2. FR-4 Total Program Cost 
Versus Traffic Rate 

These categories include engineerhg 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 

Wings 

Vertical Surfaces 

Horizontal Surfaces 

Fairings 

hte; I Fuel Tanks 

Icti,,&i: iil Cxidizer Tanks 

Basic Body Structure 

Thrust Structure 

Secondaq Structure 

Radiative Cover Fanels 

Vehicle InsUlat.on 

Landing Gear 

Docking Structure 

Rocket Engines 

Nonintegral Fuel Tanks 

Nonintegral Oxidizer Tanks 

Secondary Fuel Tanks 

Secondary Oxidizer Tanks 

Propellant Insulation 

Fuel System 

Oxidizer System 

Pressurization and Purge 

Airbreathing Engines 

Airbreathing Fuel System and Tankage 

Separation and Staging 

ACS System 

CERs 
CATEGORIES (for costs in millions) 

-_.- - 
0.00782 Woo ' b 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.00782 W 

0.00782 W 

0.00782 W 

0.00252 W 

0.00252 W 

0.00782 W 

0.00923 W 

0.000175 W 

0.000682 A 

0.000065 A 

0.00094 W 0.8 

0.0005 W 
0. 0037(,vBc) 0.527 

0.00252 ?V 

0.00252 W 

0.00252 W 

0.00252 W 

0.000903 W 

0.0076 W 

0.0076 W 

0.0076 W 

0.7 

0.7 

0 .7  

0 .7  

0.668 

0.7 

0.7 

0.7 

0. 00O243(FsL) 0.8737 

0.00176 W 0 .7  
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Table 3-3. First Unit Cost Estimating Relationships (continued) 

t" 
,< 

CERs 
CATEGORIES (for costs in millions) 

ACS Tankage and Systems 

Power Sources, Tankage, and 
Electrical Power Conversion 

Hydraulic Power Conversion and 
M stribution 

Aerodynamic Control 

Guidance and Navigation 

Onboard Checkout and Instrumentation 

Communication 

Environmental Controls and Life 
flXPPOrt 

Personnel Provisions 

Crew Station Controls and Panels 

Final Assembly and Checkout 

0.512 
0.0348 w 

0.493 
0.0703 W 

0.656 0.0166 W 

0.555 

0.485 
0.0163 w 
0.3041 w 
0.016062 W 

0.1032 W 

0.00855 W 

0.5956 

0.5743 

0.84 

0.0002 w 
0.0015 W 

14.5% of Subsystems TFU 
Less Engines & Avionics 

w = weight in pou11c1s, F = thrust i n p o ~ . ~ ~ ~ ,  A = mea in ft2. 

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 inchdes only englne contractor burdens, fee, and over- 
head. 

The baRic vehicle category includes all structure and subsystems that are not specifi- 
cally identified by another category. All  of the above engineer4- d e e m  and develop- 
ment costs were generated us!ng parametric CERg. Table 3-4 shows the specific 
CER used for each of these cttegories. 

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

Net  booster subsyetem cost = (1 - C) x gross booster &system cost 
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weight of subsystem common pieces 
total subsystem weight 

whereC = 

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 
-- 

CERs 
CATEGORY (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 

Em. Control and Life Support 

Guidance and Navigation, Incl. 
P. ut cpilot 

Commmication 

onboard C/O anri hstrumentation 

Rocket Engines 

Jet Engines 

Systems and Ground Tests 

Operations 

*W = element dry weight 
&Y 

3-7 

2 contractors, 390 men, 
11 months @ $O.O035/manonth 
0. 01534(Wdw) 0. 7544" 

0.308 
64.0 (Airframe TFU) 

0.001643 iV 

0.G506 W 

Booster: (1-C) x 0.0716 W 
Orbiter: 1.032 W 0.48 

1.423 W 

0.3473 w 

0.8 

0.675 

0.765 

0.5 

0.525 

0.48756 0.8567 W 
0.4081 (I-C) X 3.797 W 

0.412 
(1-C) x 1.720 W 

0.365 
0.644 W 
O.U15(F ) 0.65 

v 8 C  

Input cost determined outside model 

Man months x 
$O0O025/man month 
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Table 3-4. Develdpment 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 elements x 
TFU of element 

$0.15 x 1Oo6/pound 

6.96 (Airframe TFU) 

0.2 (total aSrframe engineering 
design & development) 

0.288 
3.00 (Stage TFU) 

0.52 

Man months x 
W . W25/man month 

1.2s yeti-;. x $3M/ys 

No. of equivalent elements x 
T F U  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 configura.tion, 3.5 equivalent booster elements and 4.4 equivalent orbiter 
element. are required for the ground test program test hardware. For the FR-4, 3.65 
equivalent booster elements and 4.4 orbiter elements are reqvhed. In the flight test 
program, the FR-3 requires 4.56 quivalent booster elements t ~ ~ 4  6.03 equivalent 
orbiter e ,  .Aents for flight test hardware and spares. The FR-4 rellircs 4.2 equiva- 
lent booster elements and 4.2 equivalent orbiter elements. Both the &'R-3 and F'R-4 
require three sets of AGE with associated spares. 
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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 rtlatiomhips 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 for rocket engines 

0.90 for jet engines 

0.95 for avionics 

Spares 

GSE 

Fraction of investment flight hardware: 

0.1  Airframe Structure 

0.1 Airframe Subsystems 

0.3 Rocket Engines 

0.3 Jet Engines 

0.1 Avionics 

2 additional operational sets for each 
stage, 0.95 learning 

The development tooling, which is sufficient for pmduction of ttst 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 lamches per year. 
Figure 3-3 shows the mnning levels used for other launch rates. As can be seen, 
certain minimum crew sizes were estimated for the different functions. Based on tht? 
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. 
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Table 3-6. ' Operations Cost Estimating Relationships 

" 

f "* 

CATEGORY COST BASIS 
~~ ~ 

Launch Operations Personnel FR-3 (FR-4) 

25 launches per year 10 yrs. A $9.03/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 (73 men) 

Maintenance (Refurbishment) Personnel 

25 launches per year 
51) launches per year 

100 launches per year 

10 yrs.  x $0.03/M-Y x 128 men 
10 yrs .  x $0.03/M-Y x 128 men 
10 yrs. x $0.03/M-Y x L16 men 

(160 men) 
(160 men) 
(270 men) 

Operations Support Personnel 

25 launches per year 
50 launches per year 

100 launches per year 

10 yrs .  x $0.03,/M-Y x 252 men 
10 yrs. x $0.03/M-Y x 268 men 
10 yrs. x $0.03/M-Y x 300 men 

(315 nen)  
(335 rnen) 
(375 men) 

Refurbishment Materials & 
Operational Spares (per flight) 

Structure 

TPS Cover Panels 

TPS Insulation 

Airframe Subsystems 

Rocket Engines 

structure 0.00035 TFU 

Booster: 0.02 TFU 

Orbiter: 0.0222 TZU 
cover panels 

cover panels 

0.02 TFU 
i nda t ion  

0.005 TFU 
subsystems 

0.25 TFU (per 100 flights) 
rocket 

Jet Engines 0.005 TFU jet 

Avioilics 0.005 TFU avionics 

Propellants and Gases Vehicle load Q 0.15 x 10-6/pound 

GSE Maintenance 5% of operational GSE cost per year 

Facility Maintenance 5% of operational facilities cost -per year - 
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VEHICLE M A I ~ T E N A N C E  
AND REFURBISHMENT 
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ANNUAL LAUNCH RATE 

Figure 3-3. Operational Program Manning 
Levels 

The refurbishment materials and opera- 
tional sparea factors were determined 
from estimates of wearout, replacement, 
and failure rates. This cost category was 
dominated by the allowance of an entire 
TFB replacement after 50 flights. In 
this manner, 1/50 of the TPS cost is 
charged to each flight. The orbiter was 
charged an additional 0.22% of the TFU 
per flight to account for the small areas 
cf limited life materials. 

3.2 COST SENSITIVITY ANALYSIS 

The sensitivity of cost to changes in 
various vehicle design characteristics 
was analyzed for an annual traffic rate 
of 50 launches per year. The total pro- 
gram cost associated with variations in 
design characteristics was determined 
by costing out several synthesized 
vehicle configurations and comparing 
them to the baseline vehicle. The ra- 
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. 

The cost sensitivities associated with the FR-3 vehicle configuration appcar 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 baseline 10% value to 0%. The cascading effect, once 
agaip, results in a greater orbiter sensitivity. The results shown in this figwe must 
be tempered with the realizatior. that the cost reductions shown could only be achieved 
if the vehicles were built withaut any weight growth and do not reflect the cost a s o c -  
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. Mor6 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. 
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ACOST ($ millions) 

Figure 3-4. FR-3 Program Cost 
Sensitivity to Inert Weight 

A COST ($ millions) [ - I F ]  
-4000 -2000 

L- 
1 1 I +2000 d o 0 0  

Figure 3-6. FR-3 Program Cost 
Sensitivity to Volumetric Efficiency 

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

Figure 3-7 pcrtrays 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 arbit per year. 

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

The sensithi@ 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 witbin the area of interest. 

Figure 3-10 depicts the change in total program cost of the FR-3 configuration when 
the Iclp 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 bp than in booster IBp. This is due to the cascading effect of orbiter growth 

affected to a greater extent than when booster 'ep ie altered. 

< 

on booster size. When orbiter bp is varied the size of both the orbiter and booster are J: 

I 
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Figure 3-11 illustrates the change in 
total program cost associated with 
changes in vehicle flyback L/D. From 
this 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 inFigures 
3-12 through 3-19. The general com- 
ments for the FR-3 vehicle cost semi- 
tivities also apply to the FR-4 wiGi the 
exception of the AV requirement sensi- 

apprcximately $400,000 p e ~  +> of AV 
for the FR-4 vehicle. 

tiiity, which exhibits a ma- 1 cost of 

In additiok, io the cost sensitivities pre- 
ser,'d il graphical form, an alterqate 
payload size was also analyzed. The 
baseline veh:-ks were Fized 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 approlri- 
mately $24G million for tbe FR-3 vehcle 
and $282 million for the FR-4 vehicle. 

3 . 3  COMPARISON OF FR-3 AND FR- 

Figure 3-8. FR-3 Program Cost 
Sensitivity to Maneuver AVelocity 
Requirements 

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 at this la.unch 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 oibiters are quite similar in size, a smaller booster 
is developed in the cabe of the FR-4 since he  boost function has been broken down into 
two identical hardware elements rather than one large one. (A detailed development 
cost comparison was tabdated d appears in Table 2-7.) Both th. qxratfonrs iind hi- 
vestment costs are larger for the FR-4. This is the result of a larger t~ t a l  vehicle a; 
liftoff, since the volumetric efficiency of two boost elements is not as good as for one 
element . i t  

' 5p 7 3-13 
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Figure 3-9. FR-3 Program Cost 
SensitiviLy to Staging Velocity 

The operations cost per launch for the 
two vehicles were also compared over 
a 2-9 oi launch rates froin 25 to 100 
per year. This comparison appears in 
Figure 3-21. The greater volumetric 
and operational efflciexy of one boor,t 
element rather than two results in lover 
pbr launch coets at all launch rates for 
the FR-3. A more \it tailed comparison 
of the recurring coettj per hunch for the 
two vehicles appears in Tabla 3-8. 

Since a comparison of FR-3 versus 
FR-4 on a total program basis is de- 
pendent on the launch rats assumed, 
total program costs for thc two systems 
have teen platted versus launch :ate. 
This cc;,nparieon ap-pears in Figure 3-22. 

Frcm this plot, it can be seerl that at low launch rates (25 mr year) the FB-3 and FR-4 
have approximately the same tatal prcgram cost. However, as the traffic rzte is in- 
creased the higher recurring costs of the FR-4 begin to dominate and the FR-4 total 
program costs becomi pr.ogressively higher than those of the FR-3 configuration. 

A COST ($ millions) A COST ($ miillom) 

Figure 3-10. :R-2 Progr.un Cost 
Sensitiviw to C h q e  i~ 

Figure 3-11. FR-3 hogram Cost 
Sen&iv'w to Change in Flyback L/D 
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.4 
4 - .r. 

f - 200 

- 400 0 
0 

- 6bO 
a 

2 4 6 8 10 

CONTINGENCV (percent) 

Figure 3-12. FR-4 Program Cost 
Sensitivity to Inert Weight 

Figure 3-13. FR-4 Program Cost 
Sensitivity to Weight Contingency 

c 

t 

A COST ($ mil!ions) 

0 
I 
I 

L 

Figure 3-14. FR-4 P r ~ g m ~ .  Cost SenSitiviLy 
to Vohmetric Ffficiency 
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COST ($ millions) ACOST ($ mil!ions) 

Figure 3-15. FR-4 Program Cost 
sensitivity to Payload weight 

Figure 3-16. FR-4 Program Cost 
Sensitivity to Maneuver AVelocity 
Requirements 

A COST ($ millions) -- + 300,-1 

I\ I I I - - + 200 I\! 9 + 100 

I .  I I 

- 1000 - 500 
I I 

+ 500 + 1000 

Figure 3-17. FR-4 Program Cost Sensitivity 
to Staging Velocity 
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Volume X 

ACmT ($ millions) 

Figure 3-18. FR-4 Program Cost Figure 3-19. FR-4 Program Cost 
Sensitivity to Change in Isp Sensitivity to Change in Flyback L/D 

3PERATIONS 

INVESTMENT 

IEVELOPMEN? 

0 -  
FR-3 

Figure 3-20. 

-0- 

-- I 

c --- 
OPERATIONS 

INVESTMENT 

)EVELOPMEN7 

FR-4 

FR-3 and FR-4 Vehicle Total 

(50 launches/year) 
Program cost comparisan 
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Table 3-7, Development Program Cost Comparison 

DEVEIQPhfENT FR-3 FR-4 
- ~~ ~ ___ ~ 

Airframe 

proI?ulsion 

Avionics 

AGE 

Ground Test 

Flight Test 

Facilities 

SE&I 

Tatal 

984* 

557 

79 

254 

1267 

1384 

224 

452 

5201 
- 

952 

527 

79 

243 

1098 

1331 

248 

385 

4853 
- 

r 

*All costs are in millions of dollars 

EO 
0 0  20 40 60 

ANNUAL LAUNW RATE. 
& -- - -  

Figure 3-21. Recurring Cost Per b w s h ,  
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Table 3-8. Comparison of Operations Cost Per 
Launch at 50 Launches Per Year 

- - _ _  . - - -_ 
ITEM FR-3 FR-4 

Personnel 0 -  273* 

ivtateria Is 

Booster 0,805 

Orbiter 0,477 

Propellants & Gases 0.513 

GSE ?ila;intenance 0.108 

Facilities Maintenance 0,126 
- 

Recurring Cost/Launch 2.302 

*All costs are in millions of dollars 

0 .341  

1 .121  

d. 511 

0.573 

0.102 

0.126 

2.774 

20 40 60 I 2  100 
AYNUAL LAUNCH i . TE 

Figure 3-22. FR-3 Versus FR-4 Program 
Cost Comparison 

3-19 



Volume X 

3.4 DETAILED PROGRAM 'COSTS 

c 

*- 

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 cuxrent configuration of the Convair cost model does not aut- 
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 NA8A 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 costa are cal- 
culated by aggregating the various first unit subeystem costs into the categories of 
airframe structure, airframe subsystems, rocket propulsion, jet propulsion, 
avionics. Table 3-9 shows the mrious 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 guan- 
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 OP. the 
following ground rules and assumptions: 

a. 

b. 

C. 

d. 

e. 

f .  

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

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

The number of unitb indicated for each line item are based on the total units (less 
spares) of each investment category (A/F Struchrc, .4 IF Sulmystems, Propulsion, 
Avionics) . 
"ExpectedCost'' values are the first unit cost of an item mcreased by the applicable 
spares percentage. 

Spares y -rentages used were 10% for A/F structure, A/F subsystems, and avionic 
items, tt-d 30% for rocket and jet propulsion items. 

The cost improvement percentages (learninn) 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). 

3-20 . $ . -  ,% 
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Table 3-9, Map of First Article Costs Into NASA WBS 
and Convair Investment Categories 

CONVAIR FIRST ARTICLE 
COST CATEGORY 

EQUIVALENT CONVAIR 
NASA WBS INVESTMENT 
ID NUMBER CATEGORY 

Wing & Wing Mounted Control Surfaces xxx-uy -01-00 
Vertical Surfaces -01-00 
Horizontal Surfaces -01-00 
Fairings, Shrouds, & Assoc. Structures -01-00 
Structural Fuel Containers -01-O@ 
Structural Oxidizer Containers -01-00 
Basic Body Structure -01-00 
Thrust Structure -01-00 
Cover Panels, Nonstructural -19-00 
Vehicle Insulation -19-00 
Landing Gear -15-00 
Prinary Engines and Accessories -03-01 
Fuel Containers and Supports (Tank) -01-00 
Secondary Fuel Containers & Supports -01-00 
Secondary Oxygen Containers & Supports -L 1-00 
Propellant Insulation -01-00 
Fuel System -03-08 
Oxidizer System -03-09 
Pressurization & Pwge System -17-00 
Air-Breathing Engines -03-04 
Fuel & Tankage System, Jet -03-08 
Separation and Staging -04-00 
Spatial Attitude Control System -04-00 
Control Propellant Tankage & System -04-00 
Electrical Power -05-00 
Hydraulic / Pneumatic -08-00 
Aerodynamic Control -08-00 
Guidance and Navigation - 10-00 
Onboard Checkout & Instrumentation -13-00 
Communication -07-00 
Environ. Control & Life Support -06-00 
Personnel Provisions -16-00 
Crew Station Controls & Panels -08-00 

xxx-xx -02-00 Final Assembly and Checkout 

Airframe Structure 
Airframe Structure 
Airframe Structure 
Airframe Structure 
Airframe Structure 
Airframe Structure 
Airframe Structure 
Airframe Structure 
Airframe Structure 
Airframe Structure 
Airf r ame Subsy s tems 
Propulsion Rocket 
Airfraaie Struc9m-e 
Airframe Subsystems 
Airframe Sidmystems 
Airframe Structure 
Airframe Subsystems 
Airframe Subsystems 
Airframe Subsystems 
Propulsion Jet 
Airframe Subsystems 
Airframe Subsystems 
Airframe Subsystems 
Airframe Subsystems 
Airframe Subsystems 
Airframe Subsystems 
Airframe Subsystems 
Avionics 
Avionics 
Avionics 
Airframe Subsystems 
Airframe Subsystems 
Airframe Shsystems 
Airframe Subsystems 

3-2 1 
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g. Propulsion values are shown at the NASA WBS level 6 io distinguish between 
rocket engines, jet engines, and their respective propellant feed systems. 

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

i. Launch escape system costs are not applicable to either configuration. 

j. 

k. 

Ordnance subsystems costs were included in the basic structure. 

Thermal protection syetem costs were identified as a new level 5 item (3xx-0x49). 

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

m. Ground and Flight Test Operations and Services costs ar'e shown at the vehicle 
level (WBS level 4) under ID number 300-98-000 and include ground and flight test 
gperations, grciund and flight test propellants tJ1c1 gases, and flight test mission 
control . 

n. 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. 

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

p. 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. 

' 8  q. The values shum for Wghest cost" and "lowest cost" in Tables 3-11 and 3-14 
allow for uncertainties in the cost estimating relationBhips, advancement in the 
level of technology required, and differenceP between the existing design definition 
and the article actually produced. Uncertainties associated with commonality 
assumptions are also reflected in these figwes. 

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

I 
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3 .4 .2  FR-3 PROGRAM. Detailed 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. 
Dewled FR-3 program costs are shown in ths NASA WBS format in Table 3-11. 
Technical characteristics data for the FR-3 configuration are presented in Table 3-12. 
Thz FR-3 Development and Production Plan Schedule generated from Table 3-11 data 
appears as Figure 3-24. 

1800 

1600 - r l  
h v: 

, DEVELOPMEFT t 140" 

*- -?on 
.rl 
4 4 

. -  E 1,"" 

-1 1000 

3 600 
Lr. 

I L  

1 ClPERATIONS 

FISCAL YEAR 

Figure 3-23. FR-3 Program Funding 
Schedule 
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Table 3-10. Detailed FR-3 Costs ($ Milljon) in Cmvair Format 
--- 

FIRST ARTICLE COST, FR-3 CONFIGURATION 

Booster Orbiter 

First-Article Cost Total 

Aerodynamic Surfaces 
Wing and Wing Mounted Control Surfaces 
Vertic a1 Surf ace R 

Horizontal Surf aces 
Fairings, Shrouds and Asuoc. Structure 

Body Structure 
Structural Fuel Containers 
Structural Oxidizer Containers 
Basic Body Structure 
Thrust Structure 

Thermal Protection 
Cover Panels, Non-Structural 
Vehicle Insulation 

Launch Recovery Docking 
Landing Gear 
Docking Structure 

Main Propulsion 
Primary Engines and Accessories 
Fuel Containers and Supports (Tank) 
Secmdmy Fuel Containers and Supports 
Seconds ry Oxidizer Containers +Supports 
Propellant Insulation 
Fuel System 
Oxidizer System 
Pressurization and Purge Systems 
A i r  Breathing Engines 
Fuel and Tankage System, Air Breathing 

Orientation, Sep. and Ullage Control 
Separation and Staging 
Spatial Attitude Contr 31 System 
Control Propellant TanKage and Systems 

Electrical Power 

Hydraulic Power 
Hydraulic /Pneumatic 
Aerodynamic Control 

?ice 
Adance and Navigatlon 

Onboard Checkout and Instrumentation 
Communication 

Environmental Controls and M e  Support 

Personnel Provisions 

Crew Station Controls and Panels 

Final. Assembly and Checkout 

.I 
.-,. 

3-24 

15.427 
9.1% 
o.oc0 
0.000 

3.305 
2.022 

22.338 
14.638 

18.150 
1.730 

3.084 
0.000 

53.658 
0.000 
0.000 
0.600 

.374 
3.670 
7.601 
1.883 

12.932 
.540 

.803 
1.046 

.453 

1.353 
2.487 

193.500 

24.615 

42.304 

19.880 

3.084 

80.657 

2.307 

2.891 

3.840 

102.519 

18.692 
8.945 
7.284 
1.336 
1.126 

19.652 
1.393 
1.240 

12.860 
4.155 

1-. 134 
10.165 

.969 

1.999 
1.809 

. loo  
20.804 

10.850 
.710 
.347 
.221 
.296 

1.067 
2.053 

.817 
4.356 

.087 

8.389 
.331 

6.802 
1.256 

3.186 

2.652 
.934 

1.713 

7 291 8.4bl 
4.874 5.980 

.480 ,544 
1.937 1.937 

2.048 

.054 

.420 

4.109 

3.529 

.113 

.420 
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1 

z 

Y’BS 
ID NTJMBER IbEh TIFICATION 

~- 

DESIGN AND DEVELOPMENT 

Vehicls Level 

300-18-00 Vehicle GSE 

300-95-00 Faciiities 

300-98-00 Test Operations 
and Services 

CDP Studies 

Booster Level 

300-01-01, -08 Basic Vehicle 
-14, -17 

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 

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 

SCHEDULE 
71 72 73  74 7 5  76 7 

I 

I 

--r 

r-. 
I I 

Figure 3-24. FR-3 Configuration Development and Production Plan Schedule 
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b'BS 
ID NUMBER JDENTIFICA L ION 

~ 

3rbiter Level 

300-02-01, -08 Basic Vehicle 
-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 

300-02-15 

300-02-92 

Propuision 
(Rocket) 

Propulsion (Jet) 

Reaction Control 

Electrical 
Power 

Environ. Control 
and L.S. 

Communications 

Guidance and 
Kavigatioii 

hstrumentation 

Landing and 
Recovery 

Crew Systems 

Ground Support 
Equipment 

'I*,ermal Pro- 
tection Systems 

Systems Support 

300-02-97, -02 Test Hardware 

PRODUCTION i . 3 OPERATIONS 

Vehicle Level 

500-00-00 Launch Ops 
and Services 

300-18-00 Vehicle GSF 

Volume X 

SCHEDULE 

;I 7 l  7i 

7 

1 
1 T 

I 

I 

Figure 3-24. FR-3 Configuration Development and Production Pian Schedule (Cont'd) 
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Booster Level 

300-01-01 

3 00 - 0 1-02 

300-01-03-01 

300-01-03-04 

300-01-03-08 

300-01-02-09 

300-01-04 

300-01-05 

300-01-06 

300-01-07 

300-01-16 

300-01-17 

300-Oi-19 

%biter Level 

300-02-01 

300-02-02 

Structures 

Subsystem 
Installation 

RockeL Engine 

Jet Engine 

Fuel Delivery 
System 

Oxidizer 
Delivery System 

Reaction Control 

Electrical 
Power 

Environ. Control 

C omlrrunications 

Stabilization 
and Control 

Guidance aid 
Navigation 

Instrumentdion 

Landing and 
Recovery 

Crew Slstems 

Pressurization 

Thermal 
Protection 

Structures 

Subsystem 
Installation 

SCHEDULE 

f 

H 
i 

Figure 3-24. FR-3 Configuration Development and Production Plan Schedule (Cont'd) 
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3.4.3 FR-4 PROGRAM. 
format in lable  3-13. The program funding schedule for FR-4 is sh0.m in Figure 3-25. 
The corresponding detailed FR-4 program cssts in the NASA U'BS 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 Scheduie. 

Detailed FR-4 program costs are presented in the Convair 

2 , O O L  oc Ti--- , DEVELOPhlENT 

- -  -1 
IF.~- 

h ua 
E 1  

7 1  
E 
z? 1000 
0 
5 800 
a 

C 
.d 
M 

5 600 
c4 

2 400 

2 200 
3 

U 

70 '71 72 7 3  74 7 5  76 77 78 79 80 
FISCAL YEAR 

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

FIRST ARTICLE COST, FR-4 COXFIGLTUTIOS 
-- - 

- Boosier Orbiter 

First-Article Cost Total 133.262 107.50? 

Aerodynamic Surfaces 
Wing and Wing Mounted Control Surfaces 
Vertical Surfaces 
Horizontal Surfaces 
Fairings, Shrouds and .4ssoc. Structure 

Body Structure 
Structural Fuel Containers 
Structural Oxidizer Containers 
Basic Body Structure 
Thrust Structure 

20.089 20.409 
5.82C 
7.9c 
1.2: 
1.2: 

9.820 
7.193 
1.471 
1.306 

27.218 . .z79 
3.140 
1.870 
13.369 
8.838 

1.648 
1.508 
13.967 
4.157 

Thermal Protection 
Cover Panels, Non-Structural 
Vehicle Insulation 

13.767 12.617 
12.569 
1.198 

11.519 
1.098 

Landing Gear 

Main Propulsion 
Primary Engines and Accessories 
Fuel Containers and Supports (Tank) 
Secondary Fuel Containers and Supports 
Secondary Oxidizer Containers + Supports 
Propellant Insulation 
Fuel System 
Oxidizer System 
Pressurization and Purge Systems 
Air Breathing Engines 
Fuel and T x h g e  System, A i r  Breathing 

Orientation, Sep. aai Ullage Control 
Separation and Staging 
Spatial Attitude Control System 
Control Propellant Tankage and Systems 

Electrical Power 

1.994 

49.539 

1.9?4 

22.198 
32.180 
0.000 
0.000 
0.000 
.286 

2.494 
5.210 
1.218 
7.748 
.403 

10.846 
1.060 
.378 
.239 
.308 
1.078 
2.065 
.966 

5.165 
.ow 

2.256 6.913 
.758 
1.046 
.453 

.375 
5.232 
1.337 

2.536 

2.924 

3.244 

2.837 Hydraulic Power 
Hyd raulic/Pneumatic 
Aerodynamic Control 

.A \ionic s 
Guidance and Nakligation 
Onboard Checkout and Jnstrurr entation 
Communication 

.999 
1.925 

.999 
1.838 

7.291 6.461 
4.874 
.480 
1.937 

5.980 
.514 
1.937 

Environmental Controls and Life Support 

Personnel Provisions 

2 . 0..18 

,054 

.420 

3.126 

:,. 52C 

,112 

.-I20 Crew Station Controls and Panels 

Final Assembly and Checkout 3.465 
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Table 3-13. Detailed FR-4 Costs ($ Million) in Convair Format (Cont'd) 

INVESTMENT, FR-4 CONFIGLMTION - 25 LAUNCHES PER YEAR 

Booster Orbiter Total 
~ ~~~~ ~ ~ 

Total Investment Cost 443.194 140.592 

F light Hardware 362.814 104.721 
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 
.4irframe Structure 
Airframe Subsystems 
Rocket Engines 
Jet Engines 
Avionics 

56.173 13.117 
17.269 5.567 
6.947 2.736 

24.240 2.723 
5.598 1.244 
2.119 .846 

Ground Support Equipment 24.206 22.754 

INVESTMENT, FR-4 CONFIGURATION - 50 LAUNCHES PER YEAR 

Total Investment Cost 441.939 252.597 

Flight Hardware 361.849 204.195 
Airframe Structure 172.692 108.195 
Airframe Subsystems 69.468 53.176 
Primary Engines 80.253 18.032 
A i r  Breathing Engines 18.240 8.107 
Avionics 21.1S5 16.685 

Spares 
Airframe Structure 
Airframe Subsystems 
Rocket I:ngines 
Jet Engjnes 
Avionics 

55.884 25.647 
17.269 10.820 
6.947 5.318 

24.076 5.410 
5.472 2.432 
2.119 1.669 

Ground Supmr t Equipmat 24.206 22.754 

IhVESTMENT, FR-4 CONFIGURATION - 100 LAUNCHES PER YEAR 

Total Inve:jtment Cost 605.665 455.443 

Flight Hardware 572.842 384.32b 
Airframe Structure 272.280 202.735 

Primary Engines 128.603 34.674 
A i r  Breathing Zngines 28.063 14.967 
A V A ~ J ~ ~ C S  34.367 32.311 

Airf:ame Subsystems 109.529 99.641 

SpareF 
Airframe Structure 
Airframe Subsystems 
Rocket Eilgnes 
Jet Engines 
Avionics F 

P 
Ground Support Equipment $ 

g 

88.617 48.361 
27.228 20.273 
IO. 953 9.964 
30.581 10.402 

8.419 4.490 
3.437 3.231 

24.206 22.574 

583.786 

467.535 

69.290 

46.961 

694.536 

566.044 

81.531 

46.361 

1141.109 

957.170 

136.978 

46.961 

f ,  
4 
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Suhsy stem 
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Rocket Engine 
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System 
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Delivery System 

Reaction Control 

Electrical 
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Control 

Communications 

Stabilization 
and Control 

Guidance and 
Sarigation 
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Recovery 

Crew Systems 

Pressurization 

300-01-19 Thermal 
Protection 

Orbiter 1.evel 

330-02-01 Structure 

-T 

tt 
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t 
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m 
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Figure 3-26. FR-4 Configurztion rxelopnlent and Production Plan Schedule (Cont'd) 

I 

3-7 5 



ID NUMBER IDENTIFICATION 

Orbit ?r Level (Cont. ) 

300-02-02 

300-02-03-01 

300-02-03-04 

300-02-03-38 

I ~ ~ ~ - ~ ~ - ~ ~ - ~ ~  
300-02-04 

300-02-05 

300-02-06 

30042-07 

300-02-08 

300-02- 10 

300-02-13 

300-02-15 

300-02-16 

300-02-17 

300-02-19 

Subsystem 
Inst? !lation 

Etocket Engine 

Jet Eagine 

Fuel Delivery 
System 

Oxidizer 
Delivzry System 

Reaction Control 

Electrical 
Power 

En\4ronmental 
Control, 

Communication 

Stabiliza?ion 
and Control 

Guidance and 
Control 

Instrumentation 

Landingand 
Recovery 

Crew Systems 

Pressuri~~ ation 

Thermal 
YrOtXCtioO 

Voiume X 

SCHEDULE 
D 71 I 7 5  76 

Figure 3-26. FR-4 Configuration Development and Production Plan Schedule (Cont'cl) 
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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 . Collfiguration-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 dach scheduled to support a specific milestone in the total development plan. 
Costs of individual technology programs Zre based on their beipg conducted by a con- 
trac‘ or  to NASA and do not include program administration costs by NASA. Costs of 
tho: e techuology programs conducted “in-houseTT by NASA may alsc vary somewhat 
from those shown here. 

The technology programs presented here fall into two categories. Cztegory I contains 
those programs that support the space shuele confi.gvration development and selection. 
It is mndatory 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 tnose in Category I, they are required to support .milestone decisions 
within the development program plan. 

It is important to note that although a number of technology programs mmt be started 
and complete+ as  soon as possible to suspart the development of the space shuttle, 
none of these involve critical technologies. This means that all of the progiams asso- 
ciated W.h development of the space shuttle can be accomplished by application of 

I 

xiee.ng 3nd demonstrated technology methods and techniques, and that no technologi- 
I ! ‘.r-,koty;hs are required. 
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4 . 2  AERODE-NAMICS AND CONFIGURATION 

4 . 2 . 1  HYPERSONIC FLOW FIELD ANALYSIS (CATEGORY I) 

OBJECTIVE: Develop a proccdure to properly evaluate the cnvironmant a t  the surface of the w h 4 c  i n  
hypersonic flow. 

PROBLEM: Accurate description of the hypersonic flow field about the vehicle is  required to 2roperly 
evaluate conditions at the vehicle surface. P.erodynamic design loads can be adeGuately handled with lcss 
sophisticated dewriptions of the flow field; but moments, shear and heat transfer coefficients require a 
bettcr 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 art 
further complicated by vortical flow and separatinn. 

TECHNICA 
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 an$ real 
gds effects. Establish procedures for coupling inviscid and viscous flows, such as an effective body shape 
caused by a displacement thickness, and evaluate 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 approach to vali- 
date the analytic model for the %old" gas wind tunnel environment; then analytically evaluate the l ea l  gas 
full-scale con%!itions. 

APPROACH 8: TASK DESCRIPTiON: Devclop and adapt a finite-difference n1:merical solutim 

Develop Inviscid Solution 

Develop Viscous Sohtion 

Develop Couple Flow Solution 

Design md Fabricate Models 

Conduct Wind Tunnel Tests 

Analyze Test Results 

Correlate Data and Analysis 

Apply Analysis to Flight 
Conditions 

Tasks J F  
I 1971 I Cost 19 70 

t I 
4-4 

30 

80 

50 

50 

150 

20 

20 

5 
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M A 

4 . 2 . 2  AERODYNAMIC ENVIRCNMENT DURING LAUNCH (CATEGORY I) 

($K) 

40 

55 

60 

40 

12 

OHJECTIVT : Establish structural design criteria and acoustic loading on crew/passelger compartment 
V i i g  launck. 

1 Total Cost 

PROBLEX: In the launch phase, acoustic environment, fluctui ing pressures, venting and local flow field 
data a re  required For structural design concepts, crew and passenger protection concepts, and panel flutter 
character istics. A clustered launch system such as the spa:e shuttle represents an uncsual configuration 
posing ;L great deal of uncertainty as to the acoustic loading poten'iially 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 yatterns, separated rcgions, resulting acoustic load intensities and venting requirements 
to establish design criteria affecting configuration concept. 

207 

TECHNICAL APPROACH & TASK DESCRIPTION: Conduct a combined analytic 2nd experimental approach on 
related clustered-vehicle configurations. Use  methods such as Van Dyke's secon8-order slender body 
approach at  supersonic speeds and empirical techniques such a s  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 those regimes. Implement venting analysis methods. 

The wind tunnel test  phase wil! 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 +&ckness. Small models, with thin boundary 
layers, require very small transducers (which have low sensitivity) and instrumentation systems with verjr 
high frequency capability. For example, i f  frequencies up to 10 KHz for a full-size vehicle a r e  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 a s  a minimum the following: 

a. 

b. 

c. 

Shock location (using static pressure probes and Schlieren coverage). 

Boundary layer and shock interaction pressures (us-ng flush-mounted pressure transducers). 

Bcivndaq layer pressure cross-cor relation data (using flush-mounted pressure transducers). 

Tasks 

Anal) ze Venting 

Design & Fabricate Model 

Conduct Wind Turael Test 

Analyze Data 

Define Design Criteria I 

I 1971 1 Cost 1970 
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4 . 2 . 3  JET ENGINE; PROPULSION EFFECTS (CATEGORY I) 

OBJECTIVE: Define the effects of jet enqine operation on the aerodynarmc characteristi,.., 01 the subsonic 
configuration. 

PROBLEM: Powered approach and landing will add jet engine eflects on the vehicle stability and control. 
With forward-mounted ,z t  engines on the body, the wake will a fkc t  most of the body and verticals a s  well 
a s  inboard wing sections. Effects of jet engine flaw 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 Ealirica-c a low-speed wind tunnel model 
including operating jet engines carable of simulating proper exhaust flow. A matched inlet-exhaust flow 
simulntion is not expected to add much more to engin.: fiffects than exhaust flow simulation since the engines 
are located so far forward. Co&ct a subsonic wind tunnel test on this cmfiguration with and without jet 
engines operating, including the condition of asymmetric thrust due to an erigine failure. Amlyze resulting 
data to determine effects of jet exhaust and what configuration modifications are required to eliminate any 
adverse effects. 

Design & Fabricate Model 

Conduct Wind Tunnel Tests 

4-6 
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4 . 2 . 4  SUBSONIC AERODYNAMIC HANDLING CRITERIA (CATEGORY I) 

OBJECTIVE: Establish the scbsor-c design criteria 01 a reusable cruise and ianding geometry space 
shuttle. 

PROBLEM: The subsonic flight regime vi11 impose design requirements affecting the inert weight of 
booster and orbiter vehicles, thus having a significant influence on launch vehicle weight. Vertical tail 
sizing will be defified by subsonic handling qualities criteria. The hypersonic case will have increased 
directional stability due to deflecting the verticsl 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 sxbsonic dpsign criteria for such items 
is indicated by the roughly 30:l increase in lsunch weight for each pound added to the orbiter inert (return) 
:veight . 
TECHhqC.4L 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 
objectiJes, and range from a full-scale vehicle where mass properties and rzsulting behavior .ire 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 get proper thrust-tcr-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 do\. -stream, 
well aliead of the wing. Conduct flight testing to evaluate h a u  qualities and establish control power 
requirements, +deoff and landing characteristics, unusual aerodynar~c behavior such as unsymmetrical 
periodic body vortex shedding, landing loads, and jet engine effects. 

Tasks 

Determine Design 
Requirements 

Prepare Engineering 
DrnWings 

Fabricate Soft Tooling 

Fabricate M ode1 

Check Out Model 

Conduct Flight Testing 

19 70 I 19 - 
F 

I I I I I 
I 1 

500 

71 1"l 
I Total 5 st 

4-7 

I 



Volume X 

4 . 2 . 5  SPACE SHUTTLE SYNTHESIS COMPUTER PROGRAMS (CATEGORY 11) 

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 tmiectory 
simulation capability in  the synthesis programs, with realistic feedback of ascent and return trajectory 
parameters (e.g., aerodynamic heating and !oads) to the weight/sizing process. Provide weight/sirring 
. A n d  t ~ ~ j e c t o r y  computatioas with sufficient accuracy and modeling realism to obtain meaningful confi,wa- 
tion and performance sensitivities. 

PROBLEM: Synthesis progrvns a re  an indispensible tool in space shuttle performance, sizing, and trade- 
ofi analyses. When trajectory and weight/sizing computations are performed separately, it is difficult to 
obtain genuine vehicle and trajectory sensitivities to configuration and mission parameters. To mardnize 
the synthesis tool utility, it must be kept current with the corfiguration, propulsion systerrs, missions, etc., 
being studied. Realism and detail must be added to system and subsystem weight/sizing laws a s  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. 

TECHhICAL 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 f o r  various space shttle propulsion systems, such 
as tandem and parallel firing sequence, rocket vs. air-breathing engines, throttleable engines, and awtude 
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 cyq) on s'mctures and thermal pro- 
tection systems. DeveloD S ~ D + ~ ~ S A S  program options for developing and presenting tradeoff data in terms of 
fixed payload and variable liftoff weight, o r  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+gtimum for performance, and which adequately 
approximate control laws amenable to potential guidance schemes. 
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4 . 2 . 6  TRAJECTORY OPTIMIZATION FOR SPACE SHUTTLE (CATEGORY II) 

OBJECTIVE: FormulaLe a technique for optimizing the ascent trajectory, booster return flight path, orbiter 
entry trajectory, and aerodynamic orbital maneuvers. Develop an implementing computer program. Deter- 
mine feasibiliv of an appropriate, more rapid predesign version of the optimizing technique and implement, 
i f  feasible. In1 estigate unified trajectory control methods applicable to all flight phases and to abort. 

PROBLEM: Tr:ijcctory 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 
prokride 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. SecoRd, the necessity for 
efficiently and safely recovering the booster influences the desired shape of the ,,scent trajectory. Third, 
the required 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 he developed for 
use in Gidance system studies, ab0l.t studies and vehicle synthesis and performance analysis. 

TECHNICAL APPROACH & TASK DESCRIPTIOX; Establish a detailed ma2xxnatical 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*jr  its workability and tc establish 
'kse l ine"  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. "fake tradeoffs among alternative optimal 
control methods applicable to separate flight phases, and to abort CajectoricY 

Investigate the feasibility of more rapid predesign approximations ,?xt the detailed formdations. If any of 
these approximations appear to be workable and usefkl, develop a computer program to propde an econom- 
ical, easy-h-use trajectory optimization tool for predesign sensit gity and tradeoff studies. Verify the 
rapid techrique by use of the more detailed method and its comp t . -r program. 

Tasks 

Formulate Detailed Approach 

Develop Detailed Program 

Develop Tradeoff Data 

I nvest igate liapid Approaches 

Investigate Flight Abort 
Cmcepts 

Develop Predesib . Program 

Verify ?r,dssign Method -_ - 

cost  
(%K) 

SO 

50 

10 

25 

10 

25 

10 

160 

I 
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- *  

cost 
Tasks 1970 1971 1972 19 73 ($K) 

COXFIG SELECT 
Phase! B r 

Phase C/D L 
P D R  CDR 

Define Flow-Field Properties 10 

Predict Flow-Field Values - 35 

Prepare Test Plans m 10 

Design & Fabricate Models 40 

Conduct Test Program 170 

Ccrrelate Analytical & 
Test Data 

* 
1 -  

20 it! 
f '  

4 . 3  AEROTHERMODYNAMICS 

Total Coat 285 

4 . 3 . 1  DEFINITION OF FLOW FIELD THE.WODYNAMIC PROPERTIES (CATEGORY I) 

4 %:? 
t -  

, 

8 

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

PROBLEM: The aerodynamic beat transfer to space shuttle vehicles is dependent upon the accurate descrip- 
tion of the thermodynamic ,-roperties 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, a s  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 rste for many nose diameters douastream. 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 mss 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 prowrties 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 %ot" streaks. At low 
angles of attack, the upper surface flow and side flow are affected by flow separation, vortex formation, and 
subsequent flow reattachment. 

TECHMCAL 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 
withsimple shapes provides the base to assemble the more complex analysis required to evaluate the space 
shuttle spacecraft configuration. 

4-10 



Volume X 

4 . 3 . 2  TRANSITIONAL AND TURBULENT BOTJNDARY LAYER AERODYNAMIC 
HEAT TRANSFER (CATEGORY I) 

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

PROBLEM: 

Turbulent Boundary Layer Heat Transfer: A number 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. 'Jnfortunately, 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 crcissrange 
standpoint. 

Transitional Boundary Layer Heat Transfer; The gradual transition k o m  a laminar boudary  layer to a 
turbulent boundary layer can have a significant influence on the peak heat-transfer rate during entry. Peak 
heat-Cransfer rate reductions associated with gradual transition can influence thermal protection system 
material selection. These also affect entry maneuvers, which in  turn can significantly alter xossrange 
CapLbility . 
TECHNOLOGY APPROACH AND TASK DESCRJPTICN: Perform analytical and experimental studies to 
e-blish a) boundary layer transition criteria; b) transitional boundary layer growth and heat-transfer 
rates; c) turhlent heat-transfer rate l tvels and distribution following the transitional boundary layer. 
Establish boundary layer transition cri teria to predict the onset of the transitional heat transfer. (There 
may be common variables influencing the onset of transition and the development 5f the transitional boun- 
dary layer.) Test for transitional and turbulent heat transfer rates to obtain data on boundary-layer transi- 
tion criteria. 

T-ansitional 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. 

b. 

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

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 
Cornel1 Aeronautical Laboratories 96-inch hypersonic leg a s  a possible alternative. 

Desired results 3re : 

3. Turbulent heat transfer ra tes  supported by sufficient flow data to descrL5e the properties of the 
boundary layer and shock layer. 

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

b. 

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

4-11 
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Tasks 
I I I I 

1970 1971 1972 

Phase C/D 

Perform Analytical Studies 

Prepare Test Plans 

Design lk Fabricate Models 

Conduct Wind Tunnel Tests 

Perform Test Analysis 

Phase B 

L - 
I - 

- =  I 
n -  
__I 

4- 12 

1973 

Total Cost 

Cost 
( $ K )  

100 

20 

100 

215 

40 

475 

. 

--  e 
I Hmb 
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4 . 3 . 3  AERODYNAhIiC HEATING IN SHOCK INTERACTION REGIONS (CATEGORY I) 

I 

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

PROBLEM: Space shuttle vehicles a re  being designed to achieve orbital velocities and altitudes, followed 
by manecverable entry, cruise, and subsequent landing on conventional type runways. Control surfaces 
(fins) and lifting surfaces (fixed and/or retractable wings) will be required. Shock waves, generated by 
such body protuberances, internct with boundary layers on adjacent body surfaces, causing locally high 
increase< in aerodynamic heating. Similar zffects can result, during the launch phase, from an intersection 
of nose-ti, -generated shock waves with adjaceni vehicle surfact q, as  would occur on any multibdy-type 
configuration. The location and magnitude of such peak heat trtnsfer rates must be defined for each space 
shuttle design under consideration. 

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

a ,  

b. Pressure/heat transfer measurements. 

Temperature sensitive coatings/'oil flow visualization. 

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; th i s  allows the desired geometric variations to  be accomplished at minimal cost. Locate areas of 
high heating and flow separation. Conduct pressure and h a t  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. 

lncorporate 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 i1 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. Temperahre 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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Tasks 1972 1973 

i:ONFIG SEI.E(.l 

Phase B I 

cost 
($K) 

Phase C/D 

Develop Prediction Methods 

Plan W.nd Tunnel Tests 

Design & Fabricate Models 

Conduct Wind Tunnel Tests 

Correlate Test Dhta 

PD R D R  
V 

m 

I I 

I I 

rn = 

4-14 

1 50 

10 

40 

110 

35 
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4 . 3 . 4  THERMAL PROTECTION SYSTEM (TPS) SURFACE ROUGHNESS AND 
DISCONTINUITIES (CATEGORY I) 

1971 

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

PDR 

PROBLEM: The predicted aerodynamic heat transfer rates and temperatures w e  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- 
tortion can cause ripples or bumps which m y  or may not be permanent, in the cover panels (heat shield). 
If these Froject sufficiently into the boundary layer, local separation cap 4/ccur, resulting in local in- 
creases in temperatures over that predicted ~ s i r i g  a smooth surfsx. This increase may be sufficient to 
cause failure of the cover panel. Discontinuities 
dynamic analysis provides design criteria for mxp tab le  discontinuity levels. 

to design and fabrication can be limited if aerothermo- 

CDR 
V 

TECHNICAL APPROACH AND TASK DESCRIPTION: PerCwm experimental investigati td on represr ata- 
tive surface roughness and discontinuity mcdels. Develop rru empirical method to be used for thermal 
protection system design. 

Tasks 

Phase B 

Phase C/D 

Develop Analytical Models 

Prepare Test Plan 

Design & Fabricate Models 

Conduct Wind Tunnel Tests 

Analyze Data 

Develop Design Prediction 
Methods 

CONFIG SELECT 
1 1  

Total Cost 

45 

10 

75 

120 

20 

20 

290 

4- 15 
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4.3.5 HEAT TRANSFER IN REGIONS OF FLOW REATTACHMENT (CATEGORY J )  

c 

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

PROBLEM: Space shuttle vehicles a r e  beire designed to  achieve orbital velocities and altitudes, i allowed 
by maneuverable entry, cruise, and larding. Such high-spet d flight 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 kern the vshicle surface; its subsequent reattachment to 
alternate surfaces can cause sirhstantial increases in heat transfer rates. An understanding of the reattach- 
ment flow field, a d  its relaticii to aerodynamic heating, is essential for the proper i2sign of space shuttle 
vehicles. 

Regions of increased reattachment heat transfer, ds might be 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. 

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. 

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

b.  

c. 

TECHNICAL, APPROACH & TASK DESCFUPTION: Conduct a combination analytic,/experimental prugram, 
involving several basic separation-reattixhment flow geometries, with the following objectives: 

a. To define the separated and reattachment flow fie1,d (e. g . , length of separated region, reattachment 
point location, and reattachment pressure distribution). 

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

To obtain experimental data corresponh. ; to a. and b. above, and compare such data to the theoretical 
?redictions using straightforward empiricJ! correlations of the pressure and heat transfer data. 

b. 

c.  

Tasks 
~ 

Phase B 

Phase C/D 

Analyic Rekttachment Flow 
Heating 

Develop Test Plans 

Design & Fabricate Models 

Conduct Wind Tunnel Tests 

Correlate Test Data 

1970 1971 I 

I -  

1972 19 73 

CDR - V 

- 
Total Cost 

Coot 
($7- 

30 

10 

30 

95 

30 
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4 . 3 . 6  AERODYNAMIC HEAT TRANSFER FLIGHT TEST (CATEGORY 1) 

OF,JECTIVE: Obtain aerodynamic he;rting data from actual entry under flight condition. similar to those 
expected during entry by reusable lifting spacecraft. 

PROBLEM: The prediction of the aerodynamic heat transfsr to a space shuttle spacecraft configuratio-1 is 
complicated. P r o w r  heat transfer rates and the resulting temperaflies can oe obtained only with accurate 
flow-field thermr ly7amic property +::amination, transition Reynolds number predicrticn, transitional heat- 
transfer prediction, and turbulent heat-transfer pi ediction. Thc lower surface of the spacecra't experiences 
the most severe aerothermodynamic environment and hence ip  &e ,antrolling factor in we spacecraft d e s i p  
and operation. 

TECHNICAL APPROACH AND TASK DESCRIKTION: Conduct a flight test prog7am to obtain data in the true 
aerothermodymmic envi nment. Specific technology areas wiil be flow fi.eld thermodynamics property 
definition, transition Rr :ds number, transitional heat trandfsr, turbulent heat transfer. and scu ing  of 
experimental ground te, ita to  flight conditions. Modify a launch vehicle such as Atlas or Titan with a 
60-foot-long snroud representative of a space shuttle lower srrrface. Fly trajectories representative of the 
L/D and CL maximum capabilities of the represerdative space shuttle. Using the resu1ti.W data, make 
thermal protection system material s.?!.eci:ions no later than earl) Phase D. 

T:i sks 1970 -- 
Phase E. 

Phase C /D 

B - r - Develop I'lighi Trajectories 

Preparc Test Plan 

Design 6;. Fabricate Pqoster 
hIods 

Nodify Lsunch Facilities 

Modify Booster 

C h c d  out Booster & Launch 
Site 

Conduct Flight Tests 

Analyze Daw 

Finalize TPS Design Criteria 

-7 
1971 

.E(:T 
I 

P 
1 

1372 

R 
L 

1973 - 

CDR - 

I 

i Total Cort 

4-'7 

cost 
($Iq 

500 

5 @  

2,400 

1,000 

4,000 

i ,  S O 0  

300 

200 

9 ,950  
I- 
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4 .3 .7  HEAT BARRIERS FCR RADIATIC';-COOLED EN1 RY VEHICLES (CATEGORY I) 

OBJECTIVE: Develop various heat barrie r concepts for use in conjunction with the Iow densi@ insulation 
behind radiation ?over panels. Thcse conccr ?re to be compared as to relative effectiveness, complexity, 
deve1opmer.t required, weight, size, and c o s .  Such tradeoff studied will aid in selection of a system to 
mirimize thermal protection system requirements a m  remove stored energy from the thermal protection 
system at landing. 

PROBLE JI: kidiation-cooled Kting entry vehicles currently provide structural thermal protection through 
>eat insulaticn and heTt-sink characteristics of available insulating materials, i.e., Dyna-Flex and Micro- 
quartz. Tne insulation thickness rtquired is primarily a function -f the vehicle's maximdm allowable inter- 
nal structural temperature (about 200"F), the maximum allowable oater skin temperature (about 2000"F), 
and the time of fhght. 

Prelinlinary calculations id i ca t e  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 4 s  that a relatively small 
heat sink at the inner insulatioc face would provide an additional and effect5ve 
barrier (heat sink) wo:ild prevent heating the inner structure above a maximum allowable level for all flight 
and ground conditions. Estending this concept fuPher, the insulation thickness could be reduced and a some- 
what larger heat sink could be used to protect the inner strucaU3. 

A t  barrier.  This added 

TECHSICAL AP?ROACH A8D TASK DESCRIPTION: Heat Barrier Concepts. One heat sink concept con- 
sists sf low densit: sheets of wicking material encased within thin metal or plastic sheets. Water is re- 
tained by the wiclcbg material until absorbed thermal energy vaporizes part of the available water to steam. 
Steam is e-shausted thrmgh small, pr:*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 mried; b) the wick thickness may be increased such that the total sateA. supply for a €light is contained 
within the wick: c) the wick may be 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, 1,vhere thermal energy is transferred to a sacrificial coolant. Some coolant candidates are water, 
water-glycol mixtures, gaseous helium, and gaseous hydrogen. 

-- Task Des,ription. Perform analytical studies to provide a basis for concept selection. Analvze selected 
concepts, then design and bvild test specimens. Define iinal des= criteria based on test results. 



Volume X 

T a s k  1970 1971 

Phase B 

Phase C / D  d 

I 
Perform Concept Comparison 

Analyze Heat-Barrier Concepts 

Select Concepts 

Design &. Fabricate Test 
Specimens 

Conduct Radiative Panel Tests I 
f 

I -  
Define Design Criteria I I I 

4- 19 

1972 19 73 

Total Cost 

Cost 
(%IC) 

10 

15 

10 

25 

50 

12 0 

10 

240 

4 .  - - - - .  T 
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4 . 3 . 8  BASE HEATING (CATEGORY 11) 

ClBJECTIVE: 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 launch and 
entry phases. 

TECHNICAL APPROACH AKD TASK DESCRIPTION: Launch Base. 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-iacing step, using ex- 
perimental techniques (basically wind tunnel models). Use this data in conjunction with the PRIME and 
ASSET base heathg data to generate analytical models. 

Tasks 

Phase B 

Phase C/D 

Develop Base Heating 
Prediction 

Prepare Test Plan 

Analyze Entry Base Heating 

Design & Fabricate Models 

Conduct Test Program 

Correlate Analytical Test 
Data 

Define Design Criteria 

1970 

CONFIG I - 1971 .ECT 
I 

P 
I 

1972 19 73 

Total Cost 

cost 
($K) 

25 

10 

25 

80 

220 

'2 0 

10 

380 

4-20 
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PDR 

4 .3 .9  PLUME IMPINGEMENT hEA'i'INC (CATEGORY n) 

CDR 

OBJECTIVE: Evaluate the extent a.zd 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 
from the orbiter will impinge on the boost vehicle(s). The amount of impingemeit is a function of the engine 
characteristics, flight altitude and velocity, and sep-ration sequeoce. Severe heating can occur in areas of 
significant interaction l-etwel 1 the vehicle and the plun=e. 

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

TECHNICAL APmOACIi ' 3 D  TASK DnSCRIFTION: Define the exhawt plume properties as functions of 
time of flight. Usiitg thit data, w l y z e  the anticipated maximum heat transfer to the affected vehicle sur- 
faces for separati m ~oncepts being considered. Select the least-hazardous staging c. icepts for verification 
by experimental tests. Coduct plume impingement tests to c d r m  analytical studies. 

Analytically determine heat transfer to fin and base regions of the vehicles us@ p?u.m~ properties. Evalu- 
ate heating from ACS f'ring for use in determining local thermal protectton requirements. Verirjr C. 'se 
heat transfer predictions b j  model tests. 

Tasks 

Phase B 

Rase C/D 

Define Plume Properties 

Predict Vehicle Heating 

Prepare Test Plans 

Design and Fabricate Models 

Conduct Test Program 

Correlate Analytical Test Data 

1970 1 1971 1972 1973 

I 
-~ , pC,qYFIG SELECT 

cost 

($K; 

10 

30 

10 

60 

120 

25 

Total Cost 255 
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4 . 4  STRUCTURES DESIGN AND MATERIALS 

4 . 4 . 1  COMPOSITE MATERIAL APPLICATIONS TO SPACE SHUTTLE STRUCTURES (CATESORY I) 

OELJECTIVE: Validate design concepts for the appli :ation 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 sa\ing to the 
recoverable booster. E-usting material systems and design concepts i n  composites have been tailored to 
supersonic aircraft, however, and must be e.xtended to sccount for the unusual enLironments and design re- 
quirements of the recovernble booster. 

'I'r 'H''lc4.L APPROACH AND TASK DESCRIPTION: Perform an initial systems application study to identify 
the most promising and potentially cost-effective component applications and composite material sgsteins . 
Prepare a preliminary design of each selected component. Characterize candidate materials, in terms of 
mechanical and physical properties, for the booster environment. Perform desigr, allowable testing for 
npproprilri c-aterials and joining methods. Design, fabricate, and test a series of increasingly sophisti- 
cated structural components to verify composite applicability. 

In addition, perform the following tasks. 

a. 

b. 

C. 

d. 

e. 

f .  

6. 

Perform design, performance, and cost analyses to determine most promising areas of composite 
materia! application. 

Perform material and process studies to characterize material properties, joining methods, and tool- 
ing and fabrication concepts. 

Perform design allowables testing on selected composite systems and joining methods. 

Perform structural element tests (Flates, shapes, tubes) to verify analytical methods and provide 
optimization data. 

Select and design typical structural components from areas such as the engine thrust strilcture, empen- 
nage box beam, payload bay longerons, and cryogenic tanks. 

Fabricate specimens of each of the designs to verify fabrication techniques and provide test specimens. 

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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1970 

I 

1971 1972 19 73 Tasks 

P DR 
Phase B 

Phase C/D 

First Structure Release 

CDR 
V 

Study Systems Application 

Study Material & Process 

Define Design Allowables 

Conduct Basic Element Tests 

Design Full-Scale Test 
Articles 

Fabricate Full-scale Test 
Articles 

Conduct Environmental Tests 

Evaluate Tests 

I I  

t 
I -  

6 I Total Cost 

cost 

($K) 

0 

400 

1,400 

300 

200 

400 

1,200 

600 

100 

4,600 

4-23 
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4 . 4 . 2  STRUCTURAL DESIGN CRITXRIA TFUDEOFF STUDIES (CATEGORY I) 

I 

OBJECTIVE: Determine sensitivity of structural weight of various components to changes 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 weigLis and cqsts. Sensitivity 
studies are required to identify design criteria having n marked effect on s t ruc tux l  weight and to establish 
trends. 

TECHNICAL APPROACH AND TASK DESCRIPTION: Establish nominal design cri;eria for a current space 
shuttle configuration and break it down ir,to specific design criteria for each majar st-cctdral component 
such as wing, body, tanks, payload bay area,  thrust structure, f in  and TI’S. D e ? t . r m h  critical design con- 
dition(s) for each component. Perturbate criteria that affect the critical dc+gi~ c~ond~~ions ,  and determine 
the associated weight changes for each component. Investigate perturbations in design criteria such as 
ground wind intensities, T/W ratio at liftoff, maximum crq kalues, maximum axial acceleration during boost, 
noise and vibratior? environments, abort trajectories, shock overpressures, dispersions in exit and entry 
traject xies, 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 sensitivily, reliability goals for orbiter and booster structures,  fail-safe philosophy, landing sink 
speed, manufacturing technoloe,  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 o r  decrements for each 

b. Establish specific design criteria (nominal) 
component. 

for each component. f. Integrate the results of component sensitivities into 
overall vehicle sensitivities. 

C. Determine critical load/temperature//time 
design conditions for each component. 

Perturbate nominal design criteria and find 
effect on critical design condition. 

g. Detrrmine the effects of overall vehicle sensitivities 
on total liftoff weight, payload, lateral range, and 
orbital maneuvering AV. d .  

Select Vehicle Configuration 

Establish Nominal Design 
Criteria 

Determine Critical Design 
Conditions 

Perturbate Nominal Design 
Criteria 

Determine Component Weight 
Changes 

Determine Vehicle Weight 
Sene i t1v:tiee 

Detsrmlne Effect8 on Liftoff 
Weight, Payload, Etc, 

Document Results 

4-24 

/ 19?Q 1971 

Total Cost 

cos t  
($K) 

5 

10 

10 

50 

50 

20 

20 

10 

175 
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4 . 4 . 3  SYNTHESIS OF STRUCTURAL COMPONENTS (CATEGORY I) 

I 

OBJECTIVE : Develop computerized sizing procedures for structural components such a s  wings, bodies, 
cryogerlic 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 df pre- 
sent and future contractual requirements. Systematic computerized procedures a re  needed to determine 
gages, sizes and weights of alternate designs, and to provide adequate data for meaningful engineering 
decisions. ExpediYaus structural sizing programs are needed to enable: a) qidck and consistent eva!uation 
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 sizidg &.medures for main structural com- 
ponents using both multiple station and matrix analysis approaches. Incorporate capability to handle multiple 
loading conditions, including thermal loads. U s e  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. 

b. 

C. 

d. 

e. 

f. 

Select structural and aeroelastic (where applicable) analysis procedures for each component. 

1. 

2. Define component configuration. 

3. 

4. 

5. 

Define objective function (weight) for each component. 

Write input/outpt subroutines for each component. 

Illcorporate subroutines into a general-purpose optimization program , compile a main sizing pro- 
gram for each component. 

Demonstrate sizing programs using typical components of space shuttle vehicles. 

Document each program with example cases. 

Establish design criteria and load/temperature conditions. 

Select structural concepts, materials and failure modes. 

Defin,? design variables, constraints and linking schemes. 

Write stress and aeroelastic analysis subroutines. 
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- 
Tasks 

Develop Analysis Procedures 
and Subroutines 

Develop Objective Functions 

Develop Input/Output Sub- 
routines 

Develop Main Sizing Programs 

wings 

Bodies, Intertank 
Adapters 

Rope llant Tanks 

Fins 

Elevons 

Determine Applications 

Document Results 

T 
1970 

I Total Cost I 330 

4-26 
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4.4.4 HOT STRUCTURES (CATEGORY I) 

Cost 
1971 1972 1973 ($K) 

OBJECTIVE: Develop and validate design concepts for use of uninsulated o r  partially insdated hot structure 
to reduce cost and weight and improve reliability, sealing, and insulation effectiveness. Promising areas  of 
application a re  the fins and top and sides of the vehicle. 

PROBLEM: Large scale hot load carrying structures a re  desirable for space shuttle -:chicles where temper- 
atures do not exceed 1200°F. Candidate designs should be examined and tested to determine ultimate design 
allowables. Areas of critical s t ress  concentration should be defined. Fabrication of titanium and super- 
allcys ail1 necessitate the design of tooling for joining (welding, brazing, o r  diffusion bonding). Structures 
of this size and complexity should be completely fabricated to minimize potential problem areas. 

TCCHNICAL APPROACH AND TASK DESCRIPTION: Develop and analyze design concepts for each potentic1 
area of application. Resign 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, Task8 are: 

a. 

b. 

c . 
d. 

e. 

f .  

9evelop &,d analyze design concepts for each pciential apphat ion of hot structure. 

Select the most promising concepts. 

Design and conduct functional and environmental tes LS on elements. 

Design, analyze, and fabricate full-scale components. 

Conduct simulated environmental and functional tests on full-scale components. 

Integrate test results into the design. 

Tasks 

Phase B 

Phase C/D 
~- ~ ~ 

De.;ign & Analyze Hot-Structure 
Components 

Design & Conduct Element 
I’es ts 

Fabricate Full-Scale 
Components 

Conduct Environmental Tests 

Analyze Test Results 

Define Design Modifications & 
Recommendations 

Document Results 

PD R CDR I V 

Total Cost 

80 I 

40 

130 

45 

8 

12 

15 

330) 
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4 .4 .5  HIGH TEMPER4TU3E COl.’T‘?3,> SURFACES (CATEGORY I) 

I 

i 

OBJECTIVE: Validate the design concr pts developed for e?.c.h of the identifiable critical areas of the high 
temperature control surfaces. Sucn 2:eas a re  the 1eadi:lg edge, transition between hot leading edge and 
cooler upper and lower surfaces, her., shielding, insriiation, heat shield supports through the insulation, 
load-carrying hot structure insidri the insulatim, bmges, seals between fixed and movable surfaces, actu- 
ating system, and damping systen, for tho no.iaerodynamically balanced movable surfaces. 

PROBLEM. High temperatures and heatirg rates a re  developed in localized areas of control surfaces. 
Healistic testing must he done to  verify €!ow theory associated with leading edge gaps and leeward surface 
flow separation. Flow restricting devizes such as wiper seals and end plates should be examined and per- 
fected to reduce hot gas l ed  age. Aztuating devices should be investigated and tested to determine the 
resistance to high temperatared an4 fatigue. 

TECHNICAL APPROACH AND ?Ask 9ESCRIPTION: Define and select a basic approach integrating the 
structure, insulaticin system, ,md actuation syqtem for the high-temperature control surfaces. Perform 
analyses and generatt designs for each of the problem areas  with attention to the interfaces with adjacent 
problem : reas. Select from candidate designs considering reliability, life, wejght, and cost. Validate 
selected concepts by environmental and functional tests. Fabricate large-scalc components and subject to 
a simulated hypersonic mtry environment in a test facility such as the 50-megawatt plasma arc  at USAF 
RTC. Such a facility v,ould closely approximate the flow composition, entha!py, pressure, shear,  and time/ 
temperature/pressurs relationships of the hypersonic environment. Tasm are: 

a. Identify and perform analyses md  detailed design studies of the critical areas  of the high-temperature 
control surf?.ces. 

Design, fmricate,  and test full-scale elements to  establish fabrication techniques and verify design 
allowablss. 

Desigii and fabricate sub-scale components c” the elevon and rudder/fin: one selected elevon and well 
design and one selected rudder/fin design. 

Subject the selected components t c  hypersonic entry en-Aronmental 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. 

b. 

c. 

d. 

Tasks 

Phase B 

Phrse C/’D 

Design & Analyze Control- 
Surface Components 

Design & Conduct Element 
Tests 

Fabricate Full-scale 
Components 

Conduct Environmental Tests 

Analyze Test Results 

Apply Results to Design 
Mod I f i  c ati on s 

Document Results 

1P 70 I 1972 19 73 1971 --- 
, 

v 5 y N i I G  SELECT 

P b R  CDR I - 
I 
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cost 
($K) 

110 

50 

12 0 

50 

15 

20 

15 

Totdl Cost I 380 
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4 . 4 . 6  JOINING HIGH TEMPERATURE MATERIALS FOR SP.4CE SHUTTLE APPLICATION 
(CATEGORY I) 

OBJECTFIE: Develop joining methode which p rodxe  useful structures cf refrhJtory, dispel 3ion strength- 
ened, and titanium alloys. 

PROBLEM: ln order to satisfactorily join refractory and dispersion strengthened @/S) alloy: for e:evated 
temperature applications, a number of hazards must be avoided, o r  the joint ~ will have no use ld  StrengA. 
These hazards are: 

a.  

b. 

C. 

d. 

e. 

f .  

g. 

h. 

i. 

j .  

The grain size in refractory systemr: ;=lust be maintained below one fourth of the minimLA:i sheet thick- 
ness. This Frevents through-crack g- 3wt.h in the transverse direction. 

Joints in refractory systems I.iust be post-join coatable to n~air.tain high ter*.=rature oxidation 
resistance. 

Lap joints in refractory systems must develop cordguous fillets and be post-jok, zoacable. This is to 
maintain both coating and joint integrity. 

Joints in both refractory and D/S systems must have elevaal temperature tov&ness ac well a s  strength. 

Jomts in both refrac,.ory and D/S systems must be inspectable to ensure joint integrity. 

Rejected joints should be repdrable without requi q large components to be scrappea. T's saves 
money and time, and eliminates acceptance of pom-quality jointe. 

Joints in D/S systems must not aggiomerste the dispersion. If the dispersioq is agglomeraied, tl - ele- 
vated temperature strength and oxida don resistance are greatly reduced. 

JGining systems for D/S materials must not cause alloying elements to vaporize o r  harmful intormetallic 
compounds to form on the surface. This would seriously we&!<en the materizil surfaces and lead tu  pre- 
mature failures. 

Refractory-to-D/S  in cz systems must have all of the above properties. Brittl.e interastallic com- 
pounds must not forin at the joint interface. 

The joinhg systems m m t  not adversely af'ect the materi- IS away from the joints. 

TECHNIC4L APPROACH h N D  TASK 9ESSRIPTION. All tha basic joining metncds: fusicin and resistance 
welding, brazing, diffusion bonding, and mechanical fastening wiil be ewlua.ted individually a d  In combini- 
tions. Easic evaluation of each joining method and its applicability .? e, -11 alloy in question will facilitate 
the initial screening and selection of the most promising methcda for ezch joint system under consideration. 

The initial scieening will be based not only on resultant mechanical acd plq sical properties, but also on 
applicability, ease of fabrication and the interaction between the JoLP& system and the total structure. The 
effect of joining processes on coatings and of coatings on j o m  processes will be of specific cmcern. 

Re-use and the reslities of d l  joining systems require development of joint repair met!!ods. Removai of 
damaged areas,  rework, coating remobal and replacement, and basic joint repair ceclmology will be evalu- 
ated in initial selection of joining repair methods. The repciir methods selected w i l l  be evaluated in til.- 
same manner a s  initial joints. This data may require a change in the recommended joining method bicause 
of repairability difficulties. The following tasks comprise this program. 

a. Develop and evalucte Gas Tungsten Arc (GTA) and Electron Beam (Ea) welding of 2129T columbium 

ing of the above weidii-ig ~ o t h o d s  which prove successful. 

Develop and evaluate resistaxe spot and Seiiii: wclding of titanium to C129Y, T222 and TDNiCr alloys. 
This joining method is not feasible for refractory joining O ~ C ~ U R '  of the inability to coat the faying 
surhces ,  nor feasible for TDNiCr because the Thoria agglomerates and reduces Joint prcpertieb. 
Develop repair procedures and evaluate for all successfully resistance-welied systems. 

1-09 - - -  tantalum and titanium alloys. Develop and evaluak tuit, lap, fillet and toe joint repair weld- 

b. 

- 
I 
t i  
. a  *% ." 
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c. Develry 2-d e\-z!iiate diffusion bonding tec-hniques for C129Y and T222. Diffusion bon. 
cal for Ti3SiCr Srcausc of t i e  se ie re  distortion that LWCUTS in fabricsted parts at bonding temperatures. 

E.a!uste TDS lir:tic ;ilioy for 'TDSiCr Over full range of usefulness. Evaluate the effents of interactions 
hemem refractory br3i:ing s!!oys md refrrtctoq protective coa+ing systenls over full range of coating 
u, i tWnes?!.  

Pevelcp ;itxi r\aiu;lte difhsion s p ~ r  b~ndi rg ,  spot bruir ig .  and braze'diffusim bonding methods for 
1 :irirw : i h y  vrm\t,inatinils. Evaluate spot hrazi.ng, using localized heat and pressure, for titaniuin to 
<-. 1 L' t)y , T" --- <I .> mti ??>?hCr. E\.iiluate braze 'diffusion bonding (the u s e  of "e.xtra-thin" braze fcils for 
refracton. foi~.jng so that after furnace heating all of thc braze zlloy diffuses into the base metal). 

Fvstuute n?ec.hariics! f a w n e r  ays:ten:P for all alloy combinations previouslj listed. Perform an in- 
depth evatuattl~~n of mechanical fastener repir  techniques. 

Seiect the most promising j o h h g  methuds and evaluate in depth. Perform creep, fatigue, stress- 
rtrpturr, oxidstion, and \ibration testing. Perfcrm physical, mechanical, and metallurgical tests to 
t.;.-aiuate repruiucibiUy and reli&ility of these joining methods. 

Evaluate. as described in Task g,  the most promisiw repair joining rnethtds for rework in fabrication 
&image, flight dsnltige, and toawbility . 

is not prmti- 

d .  

e.. 

f .  

g .  

b, 

Phase B 

i 'uritiai Strwture Release 

I -I__ 

I 
Screen 8 Evzluate: 

G a s  T q s t e r .  A r c  iVt?ldirg 

Electron Ream iyeiding 

Resistsnce S p t  !Vekling 

Seam Welding 

LZLffision Boading 

Brazing & Brrze Coat&! 

Diffusion Spot Bondmg 

Spot Brazing 

Braze:DLffusion Bonding 

Xiechanical Fasteners 

Original Joints 

Repaired doints 

i- 
l -  
1 -  
L 1 

F 

V 
- 
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1972 19 7.7 

~~ ~ 

Total CO: t 

Cost 
(Sk3 

50 

50 

80 

30 

60 

100 

30 

40 

50 

100 

17 0 

12 0 

84 0 

-- 
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4 . 4 . 7  MATERIALS PROPERTIES DETERMINATION (CATECORY I) 

OWECTIVE: E t  aluate, in elevated teniperature eniironments, newly-developcd superalloys, rcfractoq 
metal alloys and oxidation protection coatings. Proi?de design data a s  well as other data for the comparz- 
tive evakiations necessary in materials selection for elevated tem5;trature apgLications. 

PROBLER! : For successful fabrication of s t rwtures  subject to e.xtemled pcriods at e.utreme temperatul-es, 
i t  is not possible to design to elevated temperature us i r i  rr,echanical pioperty data based on short-time 
nieasurements. Test data must be obtained over periods comparable to those expected during actual vehicle 
performance. Creep and cyclic environmental exposure test data is required, inciuding effects of tempera- 
ture, s t ress  and o-xygen partial pressure. Good creep data is meager for temperatures over 2000°F. 

TECHSICAL 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 type of 
measuring scale or  marks to the specimen. At higher tempra tures ,  compatibility problems, d a m x e  to 
the coating, o r  loss of identifying marks can occur. The optical method proposed for t’is program uses 
tabs machined on the specimen as targets for strain measurements. Other areas whizh require attention 
a re  effect of environmental exposure on superalloy and coated refractory alloy joints (welds, diffusion 
bmds , spotwelds, etc. ) ; thermal expansion and conductivity measurements : compatidity 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. Task are:  

a. 

k. 

C. 

d. 

e .  

f .  

g.  

Develop technique for measurement of true creep in the 2000 to 3100°F range using 

1. Radiation heating. 

2. Optical temperature mcmurement. 

3. Optical strain measurement. 

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. 

Design and build equipment suitable for cyclic environmental ercposure testing to 3100°F w.!h capabilities 
of Lacing s t ress  and pressure. 

Perfor:n cyclic en\ironmental testing of coated columbiilm and tantalum alloys, TD nickel chromium, 
a d  zickel and cobalt base superalloys. 

Prepare ductile coattd refractory alloy joint specimens and uncoated superalloy joint specimens. 
Ductile coated columbium alloy -,veld joints will require a post weld heat tretitment study. 

Perform cyclic eniironmental testing of joint specimens. 

Pcrform thermal expansion and conducti\ity measurements. 
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C oxduct environmental 
exposure tests 

Perform thermal 
measurements 

- 
Tasks 

!%me B 

Phase C/D 

Obtain ., 1- zteriais 

Prepare & coat specimens 

Design & fabricate test 
equipment 

Dewlap test techniques 

CO!-iIC SFLECT 

P 
L L 

39 

30 

60 

50 

20 

10 

I 
Total cost 380 
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4.5 THERMAL PROTECTION SYSTEM DESIGN AND MATERIALS 

4.5. I METALLIC RADIATIVE THERMAL PROTECTION SYSTEMS (CATEGORY I) 

Cf3JEC'TNE. IJevelo,? and validate by tests heat shield concepts applicable to identifiable problem areas of 
space tranrportation system vehicles such as large cover panels, door, hatches and access panels. 

PROBLLM: Hezt shields and support structures have generally teen restricted to sizes under two feet 
square. With the d v e n t  o l  large v&ic:es such 2s the proposed space shuttles, large panels will be re- 
quirea :o miiimize %senibly p-oblems md  reduce hot gas ingestion into the insulation system. These 
pmult~ls i,dY! ~ t -  ,arc3 scaling-up fxming  a d  joinbg t e c b q u e s  applicable t c  high-temperature metals such 
as 7 P  iK:Ci*, coIumiQm, u;d taita:um. Sin:clated envirmmental testing is necessary to man-rate the 
sysf for its design life ancj ilctermitre ultimate lozding factors. 

?'ECm!iCAL APPROACH ASD TASK DESCRiPTIOII: : Coh'-ict a cost-effectiveness study to determine the 
optimum hea' shield structural configuration for STS loading conditions. Select z basic heat shield/insula- 
tian s y s t e x  with specific emphasis on large panels that will minimize the number of required fasteners and 
will reduce hot gas  ingcs t io~ thrcugh expusion juints. Apply insulation optimization techniques to packaged 
insulation configuratioris, thereby reducing the effect of insulation moveinent while maintaining minimum 
system t5ickless. Generate designs and perform annlysis for the resolution of identified problem areas. 
Full-sc-lle components of the selected design sill be fabricated and subjected to simulated enliironmental 
flight tests. Tasks are:  

a. 

b. 

Identify and conduct detaiied design shd ie s  and analysis of critical problem areas. 

Condwt tradeoff studies. i.e., structural eificiewy, structural reliability, and relative costs of can- 
didate heat shield and support designs. 

Design and fabricate full-scale RTPS test compocents to establish fabrication techniques. 

Subject full-scale heat shields to ultimate load testing to v e r i 9  design allowables. Loading conditions 
will occur during cyclic thermal exposure and i n c l d e  pressure I d s  and vibration. 

Design and fabricate one upper surface RTPS for a typical vehicle location tiat includes at least m e  
access hatch or d m r .  

c. 

d. 

e. 

i. 

g. 

Design and fabricate one lower surface RTPS that includes one door, such as a nose landing gezr door. 

Subject the componcnts described as items c, e, f to hypersonic entry environmental testiq iD a 
facility such as the AFFDL 50-megawatt Electro-Gas Dynamic Facility, which would simulate the 
thermal ?Tofile of entry. Conduct additiocal e-kcimen tests in a radiant hezt lamp chamber in which 
simultaneous thermal cycling, pressure differentia! and vibration a re  programrned. Conduct supple- 
mental acoustic tests. 

h. Study the effects of micrometeoroid impact on radiative heat shields to determine structural damage to 
brittle materia!s such as TD NiCr and coated refractory metals. TyFical small scale RTPS specimens 
will be fzbricated from applicable alloys and subjected to hypervelocity impact tests. 
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1970 
I - Tasks 

CONFiG S 
Phase B 

Phase C/D 
I 

c Conduct heat shield tradeoff 
studies 

Design & analyze RTPS 
Components : 

Modular system 

Upper surface with 
access door 

Lower surface with 
door 

Purchase materials 

Fabricate: 

Modular system 

Upper surface panel 

Lower surface panel 

Conduct Tests: 

Ultimate load 

Environmental 

Micrometeoroid 

Nondestructive 

Perform Post-Test Analysis 

Design modification & 
recommendations 

Document Results 

1971 
ECT 

PI 
-1 

~ 

Total Cost - - 

Coet 
($K) 

18 

20 

16 

18 

30 

35 

35 

18 

30 

18 

15 

8 

13 

15 

289 
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4 . 5 . 2  ABLATNE THERhIAL 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 a s  access panels, hatches, leading 
edge gaps, transition joints between high and low density ablators and large modular panels iu the lower 
surface ATPS. 

* 

PROBLEM: The use of ablativs 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 G e m i n i  and Apollo were of relatively small size and consisted of one continu- 
ous structural and ablative surface with no joints or  splices. 

KO cutouts, access ports, doors, or hatches were required in those heat shields. 

KO discontinuities o r  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. 

Relatively high density ablators (40-60 lb/ft3) were used on Apollo and Gemini. 

Higher heating rates for much longer periods than in previous flights will be experienced on the space 
shuttle. 

b. 

c. 

d. 

e. 

f .  Fabrication techniques used for Apollo, Gemini  and Prime ablative TPS were time consuming and 
COS tly . 

e;. \cry 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 s t ress  minimum weight and minimum heat transfer to the primary structure. Select candidate 
designs tlid stress low cost, adzptabiliby, 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 A T E  as a backup o r  
primary flight system as  circumstances require. The following tasks comprise th is  prcgram: 

a. Identify and enumerate problem areas  to be analyzed such as: 

1. Large modular ablative panels. 

2 .  

3. Xose caps. 

1. 

5. 

Insulative systems, support structure, and attachment techniques. 

Leading edges (or edge members in general). 

Cutouts and access ports (to include such items as service hatches and larding gear doors as well 
a s  sealing techniques to be used with such doors). 

Ablative panel interface concepts with other ablative panels, with leading edges and with radiative 
panels. 

6. 

b. i'erform thermal analyses to define typical heating rates and total integrated heat to be used for design 
requirements for each problem area.  

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. 

Select ablative materials to be uscd in designs. 

Perform thermal (plasma arc) ,  mechanical, and thermochemical and thermophysical tests to completely 
characterize the materials to be used. 

c .  

d.  

e. 

4-35 
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f Design coi~cepts 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. 

Perform cost analysis of selected concepts to develop cost predictions. 

Select best designs on the basis of functional performance, and thermal, structural, and cost analysis 
to fabricate full-scale test specimens. 

Use normal inspection as we!l as nondestructive test techniques to verify quality of material and fabri- 
cation techniques. 

Perform thermal, static loads, acoustic vibration and acceleration tests on full-scale specimens to 
validate designs. 

R d u c e  test data and evaluate results. 

g. 

h. 

i. 

j .  

k. 

1. 

m. Submit final report and engineering data. 

Tasks 

Phase B 

Phase C / D  

Perform Thermal & Dynamic 
Loads Analysis 

Define Design & Material 
Criteria 

Determine Material 
Proper ties 

Define Insulation Subsystem 
& Structure 

Design Ablative Subsystem 
Specimens 

Perform Design & Cost 
Analysis 

Select Best Conczpts 

Design Full-Scale Components 

Perform Thermal & Stress 
Analysis 

Develop Full-Scale Test Plan 

Fabricate Full-Scale Test 
Articles 

Conduct Full-Scale Environ- 
mental Tests 

Evaluate Data & Document 
Results 

1970 , 1971 1 1972 1 1973 
OKFIS SELECT 

PD R CDR I 

4-36 Total Cost 

cost  

15 

15 

30 

30 

50 

40 

40 

20 

10 

180 

12 0 

20 

67 0 
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4 . 5 . 3  NONMETALLIC, NONRECEDING RADIATIVE THERMAL PRCYI"I'CTION 
SUBSYSTEM (RTPS) (CATEGORY I) 

OBJECTIVE: Deveiop and validate design concepts employing se.,o-rigid insulating materials as heat 
shields. 

PROBLEM: A possible alternative solution to problems inherent in an ablative or  radiative TFS !z .ion- 
metallic, nonreceding radiative TPS. This system could be lighter than an ablative TPS =,id zould accept 
higher equilibrium temperatures than a refractory metal radiative TPS with a comparjble basic weight. It 
can be much more tolerant of local hot spots than a metal radiative TPS. Materials such as low-densiQ 
ceramics, bonded silica fiber matrix systems, and carbon-faced radiative systems have been studied, but 
no e.xtensive investigation, fabrication, or testing has been done. 

Basic development n u s t  be performed to define a workable TPS and final design, analysis, and verification 
testing must be accomplished to validate this type of TPS for flight use. 

TECHNICAL APPROACH ASD TASK DESYRIPTION: Develop design concepts employing these heat shields 
and qssociated 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. Tasks 
required to design, analyze, fabricate and subject full-scde 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. 

Check compatibility of materials, particularly Ihermal expansion characteristics, with vehicle basic 
stnictural design concept and materials. 

3. Develop material mechanical properties and allowables for design. 

4. Design, fabricate, and test typical heat shield panel to verify basic design performance. 

5. Design typical large modular panels. 

6 .  Develop interface concepts for  joiring 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 de:elop 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. U s e  normal inspection and SDT techniques to verify material quality and fabrication techniques. 

13. Perform thermal, static loads, acoustic vibration, and acceleration tests on full-scale specimens to 
validaLe designs. 

14. Reduce test data and evaluate results. 

2 .  
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1970 1971 I 
, Vt( I )NFIG SELECT 

A 

1972 1973 Tasks 

PD R v 
Phase B 

Phase C/D 

CDR 
V 

Review & Select Candidate 
Materials 

Define Material/Structure 
Compatibility 

Determine Material Properties 

Perform Thermodynamic 
Loads Analysis 

Define Design Parameters 

Define Insulation System & 
Support Structure 

Design & Fabricate Subscale 
Panels 

Test Subscale Panels 

Design Access Cutouts & 
Joining Concepts 

Analyze Selected Concepts 

Select Best Concepts 

Design & Analyze Full-Scale 
Panels 

Develop Fd1-Scale Test Plan 

Fabricate Full-scale Test 
Articles 

Conduct Full-scale Eiiviron- 
mental Tests 

Evaiuate and Document 
Results 

1 I I 

Total Cost 
- 

15 

5 

20 

15 

15 

20 

25 

15 

30 

30 

5 

20 

5 

40 

100 

20 

380 
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4 . 5 . 4  THERMAL PROTECTION SUBSYSTEM (TPS) ANALYSIS AND PERFORMANCE 
IMPROVEMENT (CATEGORY I) 

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 ana lp i s  techniques can be used to determine safe TPS thickness requirerr-erlts, but 
they a re  not accurate enough to define an optimum design. Sizing of low-density insulation (4.5 to 8 .25  
lb/ft3) is based 3n steady-state thermal conductivity measurcments, neglecting the coupled radiation con- 
duction enorgy transport characteristic of the fibrous insulation materials. Sizing of ablator materials is 
also inarcurate: 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 enkironment as empirical parimeters to computi.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. 

b. 

lrvastigating coupled radiation conduction energy transport through the low-density insulation material. 

Investigating boundary-layer leakage into the insulation and flow to lower pressure areas  of tile entry 
spacecraft. 

Investigating the cover panel (heat shield) support analysis to minimize hot spots on the basic structure. 

Defining methods to remove the energy stored in the TPS at landing. 

Developing test facilities to provide representative flight-environment flow over the insulation TPS 
test specimen. 

c. 

d. 

e. 

Improve specific ablator TPS aaalysis and experimental techniques by: 

a. Developing rapid and accurate ablaior sizing analysis. 

b. Controlling surface melting and roughness. 

,?. Developing variable-density composite systems. 

d. 

e. 

Devising methods to increase transpiration cooling of the ablator material. 

Developing test facilities to provide reprrsentative flight-enlironment flow over ablator TPS test 
specimens. 

I 
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. 

Tasks 

Phase R 

Phase C/D 

Extend Prediction Techniques 

Correlate Techniques/Test 
Data 

Develop Ablator Sizing Method 

Develop Ablator Joint Analysis 

Develop Insulation Conduc- 
tivity Analysis 

Analyze Boundmy Leaks to 
Insulation 

Imp.-ove Covsr Panel Analysis 

Evaluate Real Simulation 
Approach 

Develop Test Plans for TPS 

Conduct TPS EnviFonmental 
Tests 

Define Design Criteria 

1970 1971 1972 1973 

I 
I 

4-40 

Total Cost - 

cost 

($K) 

80 

80 

40 

25 

30 

40 

50 

15 

15 

100 

40 

515 
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4.5.3 HIGH TEMPERATURE NOSE CAP AND LEADING EDGES (CATEGORY I) 

I 

OBJECTIVE: Develop end validate design concepts using high temperat--re ceramic-radiatsr materials of 
the diboride wries. 

PROBLEM: Nose cap r s t e r i a l s  such as the modified diborides havc been developed bxt havt- not been 
scaled up tc full-size hardware configurations. Forming is generally done bv :powder metallurgy techniques, 
which require high temperatures and pressures.  Local inclusions o r  voids must be eliminateu to obtain a 
satisfactory structure capable of sustaining the thermal environments, 

A major problem with the diborlde cerami:s is ihat of mzchining. Hot pressing i s  unsatisfactory because 
of the intricate shapes required for nose chps and leading edges. Thus final shapes m d  the details for 
attachment to the base structure must be machined from the bulk hot pressed part, preferably by diamond 
machining methq3ds o r  by electrolylically assisted machining processes The compatibility of the diboride 
msterials in an entry environment -&h the adjoining thelmal protection system is  also a. potential ;iroblem 
areas.  

T ECHNIC.4L APPROACH AND TASK DESCRIPTION: Generate designs and analyze concepts that stress 
maximum reusability and mininilze heat transfer to the primary structure. .- ~ l a e  up and develop feasible 
mmufacturing processes. Sixwe diamond machining, EC M, and EDM a r e  the must attractive processes 
to r ?move ceramic material, investigate these for low-cosi optimization. Since hot-forming anti forging 
the diborides are extremely attractive processes for some designs, scale these up fu l  feasibility. Investi- 
gate emittance-improving coatings and exp mine joining techniques such as diffusion bonding and welding. 
Tasks we: 

a. 

b. 

C. 

Identify and conduct detailed design studies and analysis of critical problem areas. 

Design full-scale nose cap and leading edge components. 

Conduct a fabrication feasibility study to detern1;ne the most desirable forming, maching, and joining 
processes. 

d. 

e.  

f. 

Conduct elerr'ntal tests to determine dl?sign allmables.  

Fabricate hll-scale nose cap and lepJing edge components for representative space shuttle vehicle. 

Subject the components to hypersonic entry environmental testing in a facility such as the AFFDL 50 
megawatt Electro-Gas D p a m i c  Facility. Subject the components to vibration, acoc t i c ,  mechanical, 
loads, acceleration, and impact tests. 

..i 

%.' 
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Tasks 

Phase E 

Phase C/D 

&sign & Analyze Nose Cap 
& Leading Edgc 

Conduct Element & 
Subelement 1 zsts 

Perform Fabrication Study 

Fabricate Sull-Scale 
Components 

Conduct Environmental Tests 

Analyze Test Results 

Apply Results to Design 
Modifications 

Docrrment Results 

CD R 
I- V 

T ~ t a l  C-st 

4-42 

Cost 

($K) 

100 

60 

50 

320 

80 

10 

15 

15 

64 0 
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4. E,. 6 KIGH-TEMPERATURE ISSULiITION DEVELOPMENT (CATEGORY I) 

OBJECTIVE: Develop an insulation sJ-stem for temperatures in  excess of 2 i O O '  I: apable of providing 
the most efficieflt and compatible thermal barr ier  between exxernal heat shields and primary structure. 

PROBLEM: Proven capability of insdations for use on hypersonic flight hardware where temperatures ex- 
ceed X0O3 F i s  nonexistent. Several potential materials a r e  available on a l a b r a t o q  pilot scale and should 
be tested for shrinkage, sintering, compa!ibility, and resistance to pdverizing under vibration. N o r n u  
thermo-physical p r q e r t y  data through the applicable temperatt,re regime must be determined in order  to 
optinlize the ins-dation system. 

TECHNICAL APPROACH & TASK DESCRIPTIOXS: Determiae the available o r  easily modified fibrous 
materials that offer the greatest potential a s  prcbable constituents for a high-temperature insulation system. 
Select the most promising materials on the basis oi dimensional stability, chemical stability, radiation 
attenuation, resistance to sonic fatigue, compatibility uith other T PS mzterials, low conductivity-density 
product, and satisfactory cost. Conduct thermal cycling '~sts to determine heat transfer ratio. Investigate 
the effect of heat shield composites such as f d s ,  Cakes, and particulates on the most promising candi- 
dates. Tasks art-: 

a. Survey insulation systems capable of sustaining the required thermal profiles and analyticall:- deter- 
mine their  capability. 

Preparc siubscale specimens and subject t o  thermal profiles at reduced pressures  to determine the 
relative heat transfer rates. Evaluate various densities and bulk volumes to optimize the desirable 
characteristics of the composite system. 

b. 

Tasks 

Phase B 

Phase C/D 

Analyze Hi gh-Te mpe rature 
Materials 

Develop &- Fabricate 
Insulation Specimens 

Conduct Physical 
Propert)- Tests  

Conduct Elemental 
Specimen Tests  

Analyze Test Results 

h c u ~ e ~ i t  Results 

1970 1971 1972 1973 

c -\7 .'. [-' IC. 5 E [.Et : T 

I 
I 

c 
1 Total Costs 
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40 
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4 . 5 . 7  NONDESTRUCTIVE TEST (NDT) DEVELOPMENT (CATEGORY I) 

OBJECTIVE: Develop NDT methods and instrumentation to evaluate radiativc and ablative thermal shield 
materials. 

TECHNICAL APPROACH AND TASK DESCRIPTION: Coating Preflight Evaluation (Process Control); 
Investigate reliability and cost of ercisting NDT techrdques (thermoelectric testing, eddy current, radio- 
graphy, etc. ) for predicting satisfactory coating performance. Investigate inherent radiation emission 
properties to b3 developed into the coating system (see postflight evaluation) for determining the thickness 
and uniformity of the coating. Develop suitable instrumentation to scm 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 cri teria 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 *;aids and possible separation (disbond) in lamihated material. 

Joining Methods Preflight Evaluation: Define standards for controlling NDT application in evaluating joining 
proce-ses. Develop standards and criteria tor 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 diffusioli into the refr c - 
tory substrate. Use  solid-stage surface barr ier  detectors o r  scintillation detectors to scan selected areas  
of the shield. Develop suitable instrumentation and techniques that may be economically and meaningfully 
applied to this inspection. 

Ablative Material Postflight Evaluation: Develop techniques for monitoring ablation rate of ablative materials 
in flight. Desigx and implant sensors within the ablauve to be depleted by exposure to heat and atmosphere. 
Develop suitable instrumentation for feedback to the Zontrol station regarding recession of ablative material. 

Ceramic Materia'. Postflight Evaluation: Since density and electrical conductiviity 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. 

Tiicrrnal Insulation Postflight Evaluation: Accomplish NDT evaluation of the thermal insulator t-aterial by 
implanting thermocouples uithin the insulation o r  support posts. During postflight inspection, determine 
temperature profile near the support post for a small heat flux and compare profiles w i t h  those established 
for critical insulation areas prior to fliqht. Use heat dissipation rate and temperature gradients to deter- 
mine con<'ition of insulation. Investigate irltrasonic and/or microwave techniques for detecting disbond be- 
tween propellant storage tank insulation a d  fuel tank wall. 

TDNiCi fistflight Evaluation: Since ductility of TDNiCi is critically reduced by diffusion and vaporization 
a t  extreme temperatures, investigate eddy current kchniques for detecting losses that reduce ductility in 
the .alloy. 

Phase I - Investigation of Techniques: 

1. Determine the reliability of current state-of-the-act techniques for determining thickness and composi- 
tion of thermal coatings. 

Determine the effect of abrupt change in coating thickness, segregation of e!ements, cracks, porosity, 
etc. under simulated l d  and thermal conditiom. Establish NDT criteria for acceptable coating(s). 

2. 

: I  
% 

5, *. 
4-44 
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Phase 8 

Phase c"D 
CIDR 

3. Demonstrate feasibility for new instrumentation and techniques for  NDT of coatings, radiative ceramic, 
and insulative material. 

Phase C - Development of Technique: Optimize techniques found suitable during Phase I for application to 
hardware. Develofi coupling mediums, positioning dL ices, and coils as required. Based on Phase I find- 
ings, develop 3 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 meanmgful NDT criteria for predicting satisfactory shield performance. 

Investigate Techniques 

Develop Preliminary Criteria 

Define Access Restrictions 

Define Ablative Measurement 
Techniques 

Develop Joining & Fabrication 
SDT Standards 

Develop Isotope Seeding 
Coatings 

Develop Counter & Scan Re- 
qui r ement s 

Develop SDT Techniques for 
Other Materials 

Demonstrate SDT - Full Scale 

Complete SDT Master Plan 

Design k. Fabricate Instrz- 
mentation 

Implement Techniques 

t 

I I - 
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Total Cost 

cost 
(8K) 

30 

40 

40 

20 

20 

80 

20 

50 

20 

20 

40 

30 
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4 . 5 . 8  IMPROVED DUCTIBILITY OF RADIATIVE THERMAL PROTECTION SUBSYSTEMS 
(RTPS) MATERIALS (CATEGORY I) 

OBJECTIVES. Increase ductility of: coated columbium and tantalum alloys, columbium alloy welds after 
silicide coating, and TD nickel-chromium. 

TECHKICAL APPROACH & TASK DESCRIDTION: Columbium and taritalum 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. Kormal silicide coatings are brittle. A two-step s lurq-s intcr  
technqiue works, but needs additional development. Ductility of silicide-coated columbium alloy welds can 
be improv-4 by suitable post-weld overaging heat treatment before coating. TD nickel-chromium ductility 
is being improved by the producer. Additional improvemefit in fabricability seems possible by thermo- 
mechanical treatments. Tasks a r e  : 

a. 

b. 

C. 

d. 

Investigate effect of temperature, strain rate, and deformation on fabricability of columbium and 
tantalum alloys. Include influence of various annealing treatments. 

Continue to develop ductile oxidation resistant ccratings for columbium and tantalum alloys. Include 
improved techniques for applying silicide coatings. 

To solve the coated columbium weld embrittlement problem, characterize the aging behavior of each 
alloy of interest. Overaging heet treatments can then be selected. 

Investigate effect of temperature, strain rate, and deformation on fabricability of T D  nickel-chromium. 
Include influence of various annealing treatments. 

Taeks 

Obtain Material & Prepare 
Specimens 

Conduct Thermomechanical 
Tests 

Conduct Program to Develop 
Ductile Oxidation-Resistant 
Coating 

Perform Aging Studies 

Analyze Results 

Document Results 

1970 1 1971 

CONFIG SELECT 

P I- - 
I 

19 73 I-- 
! I CDR 
A 

Total Costs 
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cost 

30 

50 

300 

60 

15 

15 

470 
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4 . 5 . 9  FABRICATION DEVELOPMENT OF THORIA DISPERSED NICKEL CHROMIUM 
(TDNiCr) MATERIALS (CATEGORY I) 

OBJECTIVE: Develop TDNiCr heat shield panels for test evaluation of radiative thermal protective systems 
in the space shuttle program. 

TECHKIICAL APPIcOACH 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 tke 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 s t ress  
relieving bebeen  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. 

4. 

5.  

6. 

n 
1 .  

8. 

Select TDNiCr material condition from trade studies for customer approvill, 

Procure material for test panels. 

Conduct strain tests to establish maximum uniform '% elongation for forming operations with a d  with- 
out s t ress  relieving between forming stages. 

Test for tensile and compression mechanical properties in material with various percentages of strain 
and s t ress  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. 

U s i n g  optimum processes, fabricate typical heat shield panels. 

4-47 
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1972 

i 
I 

-* 

Tasks 1973 

CDR 
CI 

Phase B 

Phase C/D 

Sclect Material Condition 

Select Materials 

Conduct Strain Tests 

Perform Material Properties 
Tests 

Evaluate Forming Properties 

Design & Fabricate Test Com- 
ponent Tooling 

Fabricate Test Articles 

Conduct Nondestructive Tests 

Conduct Life-Cycle Tests 

1970 I 1971 

P 

Total Cost 

10 

40 

20 

20 

20 

100 

2 10 

10 

200 

630 
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4 .5 .10  FABRICATION DEVELOPMENT OF REFRACTORY MATERIALS (CATEGORY I) 

OBJECTIVE: Develop columbium and tantalum heat shield panels for evaluations of radiative thermal pro- 
tective systems in the space shuttle progrnm. 

TECIINICAL APPROACH AND TASK DESCRIPTIOS: 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 emironmental testing. Include parameters such a s  (a) maximum 
uniform 5: elongation with and without stress relieving between forming stages, @I effect of various per- 
centages of strain and s t ress  relie\% 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. 

.) 
I .  

3. 

1. 

5. 

6.  

7. 

8. 

9. 

10. 

11. 

Select a columbium and tantalum alloj for customer approval and procure material. 

Conduct strain tests to establish maximum uniform % elongation for forming operations with and with- 
out stress relieving between forming stages. 

Perform tensile and compiession mechmical proper@ tests in material with various percentages of 
strain and s t ress  relieving treatments. 

Evaluate effect of forming rate on iormabilio , using various types of equipment including high-energy 
forming velocities. 

Test metallographically material structure after various percentages of strain and stress reliev- 
ing treatments. 

Design and manufacture tooling to fabricate typical heat shield panels. 

Fabikate  panel details for three assemblies from columbium and tantalum materials. 

Assemble details by suitable joining processes (3 columbium assemblies and 3 tantalum assemblies). 

Coat panels for oxidation protection. 

Test nondestructively detail parts and assembled components before and after coating. 

Conduct environmental life-cycle tests. 

cost 
Tasks 1970 1971 1972 19'1.3 \$I<\ - 

CONFIG SELECT 
Phase B 

Phase C/D 

S2lect materials 

Establish formability 

Perform mechanical property 
tests 

Conduct metallographic 
analysis 

Design i3 fabricate test tooling 

I 

I 
Fabricate test components 

Conduct nondestructive tests 

Conduct life-cycle tests 

4-49 
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30 
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4.5.11 FABRICATION (FORMING, JOINING, AND MACHINING) OF CERAMIC NOSE CAPS 
AND LEADING EDGES (CATEGORY I) 

OBJECTIVE: Develop methods for frabricating large ceramic structures for the space shuttle. 

PROBLEM: The desirable characteristics of ceramics for nose cones and leading edges make ceramic 
materials difficult to fabricate. Ceramics cannot be reformed once an initial shape i s  achieved. Machining 
ceramics, due to the hard and brittle nature of the materials, is axtremsly expensive and slow, and the 
brittle nature of ceramics makes fastening of ceramic to itself o r  to another material a difficult problem. 

TECHNICAL APPROACH AND TASK DESCRIPTION: Investigate improvements in basic forming to extetd 
the complexity and types of configuration. Develop improved tooling and processing to enlarge ceramic parts 
and reduce number of pieces that must be issembled. 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 meau; of metal inserts since direct thread- 
ing is not reliable. Joining methods other than mechanical attachment are feasible with ceramic, particular- 
ly if the ceramk is mixed with metal to form a cermet. With metal present, processes such as welding, 
brazing, and diffusion bonding are possible. For brazing and diffusion bonding, an additional aid to joining 
would be the metal spraying o r  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 1;) 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. 

2. 

3. 

4. 

5. 

6. 

Select specimen configuration and material, and purchase materials. 

Evaluate current manufacturing pi ocedures for producing ceramic shapes. 

Improve and further develop processing of ceramic shapes. 

Produce tooling and manufacture ceramic specimens. 

Evaluate dimensionally and determine ciuality of ceramic specimens. 

Conduct a joining program on ceramics to include mechanical fasteners, welding, diffusion bonding, 
and brazing. Investigate plating o r  metal spraying of ceramic surface prior to joining operation. 

Evaluate joint efficiencies through physical and mechanical property tests. 

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. 

7.  

8. 
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PD R 
k 
v 

Phase B 

Phase C 

Initial Structure Release 

Select materials 

Evaluate manufacturing 
methods 

Develop selected method 

Fabric ate specimens 

Evaluate quality 

Conduct joining program 

E valuate joints 

Investigate machining 
methods 

Fabricate 8: assemble hardware 

Test hardware 

CDR 
V 

I V 

L - 

I 
Total Cost 

Cost 
($K) 

50 

50 

150 

60 

30 

80 

30 

50 

160 

50 

7 10 

L 
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4 . 5 . 1 2  MECHANICAL/ THERMAL INTERFACE ATTACHMENTS FOR THERMAL 
PROTECTION SYSTEMS (CATEGORY I) 

OWECTIVE: 
ble lor inspection and refurbishment. 

Devt.lop interface attschinents which will impede heat flow across  interfaces and be accessi- 

PROBLEM: f i t i r ing entrv. t k  !;hetic energy transmitted into a vehicle produces vast heat. 
should be limited to Z O O 3  F to 3UO'F. 

Temperatures 

TECHNICAL APPROACH AND TASK DESCRIPTION: Screen candidate thermal obstruction materials: coat- 
ed refractory metals, dihoride ceramics,  oxides and carbides, specialized carbons and graphites, and 
thermal insulations. Candidate thermal obstructing methods will include a) high temperature insulators, 
h) radiation barr iers ,  c) closed loop cooling, d) prestressed ceramics, e) heat sink:, f )  low conductivity 
paths, g) oriented thcrmal path material, h) heat block fasteners. 

Dcfine attachment concepts generated by the screening ami by materia!s considerations. Fabric? te and test  
the most promising interface attachments at  thermal profilsD found a t  selected vehicle interfaces. 
Tasks are:  

a. 

b. 

C. 

Identify and analyze thermally critical areas. 

Conduct tradeoff studies of candidate thermal obstruction methods and candidate materials systems. 

Fahr icate one o r  more subscale tes t  art icles to establish attachment fabrication techniques and to vali- 
date design considerations. 

Subject subscdle test art icles to various qualification tests. 

Fabricate one o r  more full scale interface attachments. 

d. 

e.  

f .  Test full scale attachments under imulated entry conditions. Inclsde typical thermal profiles, 
thermal cycle Libration, and acoustical and mechanical load cycles. 

Evaluate full-scale test  results and prepare final report. g. 

Tasks 

Pha-;? B 

Phase C/D 

Initial Struct. Release 

Perform Thermal Analysis 

1% r f o I' m T radeo f f Studies 

Design 6r Fabricate Subscale 

Test Subscale Articles 

Evaluate Tests  

Design & Fabricate Full Scale 

Test Full-scale Attachments 

Evaluate Test Results T- 
4-52 
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cos t  
($K) 

20 

20 

40 

60 

20 

60 

50 

40 

310 
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Tasks 1970 1971 1072 i n  73 ($I<) 

4 . 6  MATERIALS 

Phase B 

Phase C:/D 

Conduct Analysis  Rr Design 

Conduc, Materials Evaluation 

Develop Compo ne nt s 

Design, Fabricate, & 
Test F'ullSrale Components 

4 . 6 . 1  REUSABLE CRYOGENIC PROPELLANT DUCT INSULATION (CATEGORY I) 

I CONFIC; SELECT 

PI? R 
I Y 

Y 

I 

I 4 i I 

OBJECTIVE : Develop reusable lightweight duct insulation. 

1 I I 

PROBLEM: Cryogenic propellant linea require insulation to prevent cryopumping air and moisture and to 
minimize heat leaks. It must be reusable for up to 100 flights. 

I 

Total Cost 1643 1 

TECHNICAL APPROACH & TASK DESCRIPTION: Develop structural liners inside the ducts. hloderate- 
demity foams which can be installed inside duct sections a r e  cmdidate 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. 
bonded and sealed insulation is recommended only where other techniques are not acceptable. Double-wall 
propellant ducts have been considcred to increase the propulsion system reliability. They should contain 
a flexible foam spacer rather than utilize a vacuum. 

External 

80 

230 

465 

870 I 
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4 . 6 . 2  CRYOGEKIC PROPELLANT TAhX I!USULATION (CATEGORY I) 

t mux-riw: Gevelop cqogenic propel la t  tank insulation for reusable space transportation vehicles. 

l’ROBTIE:X: Ht-b>:i’ - .h ~,-ckicie cryogeric: propellant tanks iw,?!rt insulrtion and purge provisions to 
pre . r cryonm:iC-* q-gcin, an3 moisture du’ ; ground opera’ions aud launch. Select and optimize 
c.ryc.;enic insdrt:ic.n on I >+its1 manmvering propel!ant tanks for weight and Lhermal efficiency during orbital 
s:crqz and during ?;round hold, launch, space, and entry f, up to 100 flights. 

Xake insu1ati~n structursll!~ compatible with propellant tank design and integrate i t  into structural enLiron- 
merit including structural bending, flexing, buckling, and thermal s t resses  Flus the launch and vibration loads. 

Design structure so that insulation is accessible for inspection and maintenance during normal turnaround 
md maiiltermws period. 

TECHSICAL APi’ROACH AKD TASK DESCRIPTION: The main Frapellant tanks require Asulation during 
ground hold and launch. Candidate internal insulations a re  1) an open-cell system using a stagr.ant layer of 
propellant gas as  m -insulation, or 2)  the ses: -I 3D foam system installed internally on Siturn SIVB hydro- 
gen tank. Internal insulation b s  distinct advantages. It is accesshle  withaut disassembling the external 
reenrq  heat shield. Tanh structure and wal1,’insulation bond line do not get low-temperature thermal stress 
because the internal insu1a:ion keeps them warm. 

Candidate external insulations are 1) helium-purged fiber blankets, or 2) porous, nitrogen-purged system 
that pern1it.s some nitrogen cryopumping and frost buildup. An external insblatiori systec; cannot :ail aml 
csuse an abort due to ingestion in the fuel system. Purged materials not directly bonded to a tank can 
serve as part of the overall high-temperature therm! pratection system, bct helium is scarce, and its use 
eventually ~ P l l i  ecome prohibitively e-xpensive. 

Orbital maneuvering cryogenic Fropellant tmks require some high-performance icsdation for thermal pro- 
tection to preve.1; ‘.oil-off lossc . several days in orbit. 

The open-cell 
the other end. Suface tensim prevents liquir! entry into cells and develops an insulating gas layer. 

wepi  utilizes small cells boded  to the %ier tank wall at one end and open to the Vquid on 

Internzl 5D polyurethane f 
test of the S - N B  vehicle, but it must be demonstrated to be reusable Ly cyclic life t e s w  --wkr structural 
loaci, Libration, and thermal environments. 

.n has been subjected to numerous cryogenic tanking cycles during static grcund 

The nitr s z n  p r g e d  system permits nitrogen frost to build up in a porous material similar to a water frost 
buildup. Select siwh that poroua materia: through pore size and/or orientation liquici forming and flowing 
is minimized. The nitrogen-purged insulation concept is compatible wih the inert dry-nitrogen envirm- 
mental purge contemp!ated for the space shuttle. Tasks are: 

3. Preliminan Design ad Analysis. 

1. 

L 

3 ,  

investigate integral and nminteya l  tankage. 

Comnpnre aid evalbate internal and external hsulations. 

Determine installation, inspection md maiutenance requirements associated with the insulation 
configurations. 

Specifv environmental crj*eria - pressures, temperatures, type atmosphere (gases/vacuum) 
V C r S l i S  time. 

4. 

!). Evaluate insulation Collcepts 

1. Pirged pcrous rnzti,r:als. 

2 .  &ai& intzrnai systems. 
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3.  Op,, cell - honeycomb/t\tbing. 

19 73 

I 

c .  Seiect Materials -- Insulations, adhesives and k i .  L*s which are compatible with cryogenic tern-peratures, 
thc eniironmental cycles, and the fluids LH2, LO2, moisture, etc. 

d.  Flight Configuration Design. 

1. 

3. 

Design full scale flight configuration insulation installations. 

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. 

Large Scale Test - Flight Configuration. 

1. 

'7. 

Thermal stress, launch loads, vibration. 

f .  

Test article should include propellant lines and attached heat shield. 

Evahate insulation/structure compatibility, insulation thermal performance, and reliability. 

Tasks 

Phase B 

Phase C./D 

Perform Predesign & Analysis 

Conduct Material ELaluation 
Tests 

Design Flight Configuration 
Article 

Conduct Small-Scale -Article 
Tests 

<onduct Centrifuge & Loads 
Tests 

Selent Final Insulation 
Configuration 

Conduct Large-Scale Article 
Tests 

Design & Fabricate Elight 
Article 

Conduct Cryogenic Test-Flight 
Irt icle 

1970 

4-55 
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cost 

(bk') 

75 

2 15 

55 

520 

560 

2,650 

1,5.30 

Total Cost 5,875 
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4 . 6 . 3  BEARINGS AND LUBRICANTS SUBJECTED TO SPACE AND OPERATIONAL 
ENVJRONMENT (CATEGORY 11) 

OBJECTlI'E: Qualib 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 environniental requirements for complete reusability for the space shuttle 
booster and booster vehicles. Qualify these mr+erials fcr space shuttle application. 

TECHNICAL APPROACH & TASK DESCRIPTIOK: Conduct evaluation tests of candidate lubricant materials 
and bearing alloys under simulated operational conditions of high temperatures due to solar radiation, 
aerodynamic .?eating, rocket plume, and low space temperatures; atmosl:'. s i c  pressure; applied dynamic 
and \ribrational loads: and time. Conduct tests in vacuum chambers at  1 x torr and large enough to 
accommodate dpamic  and thermal test equipment that would be used to apply required loads and to perform 
such measurements a s  bearing kiction. Investigate rolling, sliding, sweeping, and point-contact motion. 
Also, evaluate each lubricant for toxicity to humans and for compatibility with fuels and oxidizers under 
zero gravity and vacuum conditions. Evaluate potential application of candidate lubricants m d  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 luLricant and bearing alloy screening and material property tests, including 1) compatibility 
with other poteeisl  contact materials, 2) toxicity to humans, 3) reusability, and 4) physical properties 
under vacuum, temperature extremes, and applied loads. 

Select candidate alloys for all bearings and bushings for further environmental testing. 

Select candidate lubricants incAiiding both limidomorphus and solid films, metallic combinations, and 
metal p- etreatment penetrants for further 

Fabricate components such as linkages, pi rrs,  hinges, and shafts for environmental testing of the 
bearings and rubricants. 

Conduct environmental cyclic life tests at 1 x 
tural loads tests for real-time conditions. 

b. 

c. 
iromlental teeing. 

d. 

e .  torr and combined thermal vibration, and struc- 

TasKs 

Phase B 

Phase C/D 

Initial Strur _. Release 

Vehicle Subassembly Start 

Screen Liibricmts 

Select k a r i n g  Alloy. 

Select Bearing & Lube Materia: 

Fabricate Test CiJmponents 

Conduct Envlronmerdal 
Cyclic Tests II 

I 

V 

15 73 

Total Cost 4-56 L 
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($K) 
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80 

80 

70 

170 
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Tasks 

Phase B 

Phase C/’D 

4 . 7  PROPULSION 

cos t  
1970 1971 1972 19 7.1 (SI.3 

1 
>--- 

t 
CDR 

I CONFIG SELECT 

-pF V 

4 . 7 . 1  OXYGEN-HYDRGGEN ATTITUDE CONTROL PROPULSION SYSTEM (CATEGORY I) 

Phnse 1: Identify ACPS 

Phase 2 :  Develop thrusters I 

Phase 3: Develop propulsion I 
Pnase 4 : Demonstrats systPm 

rqquire inznts 

i 

I ‘ Phac- S. Perform flight tests L. 

OBJECTIVE : IdentrfS. and establish the attitude control propulsion systems requirements. Demonstr e 
thrust chambe1-s and prgpellant systems to increase confidence and identify unlmowvns. 

1,000 

6,000 

2,  OOb 

5,000 

L 8,000 

PROBLEM: The characteristics of the oqgen-hydrogen attitude control propulsion system have not beep 
sufficiently defined to initkte hardware fabrication and demonstration. Attitude control thrusters with 
thrusts of 1,000 to 4,000 pounds cpra t ing  at chamber pressures of 10 to 20 psia or  higher have not been 
dcmonstrated. 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. 

Total Cost 

TECHNICAL APPROACH AKD TASK DESCRIPTION: The required technology program should have five 
phases. Tasks are:  

Phase 1: Conduct studies td a) identify requiren;ents; b) define candidate systems; c )  develop characteristics 
of the sy,;tem and i ts  effect on the space shuttle, e.g., cost: d) identify the current technology base: e) 
identify prefei red systems; ad f )  prepare speclfications for the preferred system. 

Phas 2: Develop thrust chambcrs for the preferred systems. Investigate low pressure spark ignition, 
high pressure spark ignition, and high pressure catalyst ignition. A s  an integral part of each program, 
investigate cooling, injector, valve, combustor, mounting, m d  insulation. Thrust levels of 1,000 to 4,000 
pounds and chamber pressures of 10 to 20 for the low pressure and 100 to 50u for the high pressure appear 
to be typical requirements. 

Phase 3: Develop propulsion systems. Because of the great nu rhe r  of candidate systems and the possible 
high cost of some, it is not possible to identify at t h i s  time likely candidates: however, at least two approaches 
will be pursued. 

Phase -I: Demonstrate the total attitude control propulsion system including thrust chambers in a (--ound 
facility . 

22 , bo0 

Pnase 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 componznts in the airbreathing propellant supply, 
auxiliary power unit, electrical power  supply, residual return system, and life support system. 
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4 . 7 . 2  AIRBREATHING ENGINE PROPULSION (CATEGORY I) 

OBJEC'I'IVE : Identify the airbreathing engine requirements and evaluate potential problems. Demonstrate 
the critical subsystem elenlents and the subsystem. 

PROBLEM; Airbreathing engines using hydrogen a re  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 airbreathing engines can be incorporated in the orbiter considering the large weights 
and solumes required. 

Determine whether the engines can use propellant scavenged from the rssidual gases and liquids or if 
ex3ra propellants must be carried. 

Determine tke best method of supplying hydrogen to the engincs. 

Determine whether the airbreathing engines can be used during boost considering their added thrust and 
lower propellant consumption per pound of thrust. 

Determine type and quantity of engines and their characteristics, such as bypass ratio. 

Determine modifications such as encapsulation and flex mounting to permit use of "existing" engines 
to accommodate hydrogen d the anticipated environments. 

Determine whether windmill start will be satisfactory, o r  if auxiliary starting systems must be 
provided. 

Determine level of emergency ratings and how it might be provided, such as over temperature o r  
water injection. 

Determine the task schedule and cost to develop the airbreathing engine and the associated propellant 
syskms  for  the candidate airbrzathing systems. 

b. 

c. 

d. 

e. 

f .  

g. 

h. 

i. 

After answerbg 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, o r  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, iden* a 
preferred system o r  systems. 

Task 6: Prepwe specifications for the preferred systems. 

Task 7: Define technologies to support the space shuttle development. 

During Phase 2, demonstrate effectiveness of subsystems such 88 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, demonstrate 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 

Phase B 

I Phase C/D 

Task 1: Define 
requirements 

Task 2: Define candidates 

Task 3: Define 
sensitivities 

Task 4: Define technology 
base 

Task 5 :  Define cost & 
schedule 

Select sy stem(s 1 

Task 6 :  Prepare 
specifications 

Task 7:  Define technology 

Phase 2 

Demonstrate propellant 
system 

Demonstrate e@. e 

Phase 3 

Demonstrate sys em 

Phase 4 

conduct flight 
demonstration 

1970 

CONFIG a 
1971 

LECT 
I 

f 

t 

1972 I 1973 

c 

I 

Total Cost 

4-59 

Cost 
(SKI 

300 

1,000 

2,000 

3,000 

9,000 

14,300 



Volume X 

4 . 7 . 3  MAIN ROCKET ENGINE PROPULSION (CATEGORY I) 

OBJECTIVE: IdenWy engine characteristics and demonstrate engine critical features. 

PROBLEM: The characteristics of the 400,000-lb engine a re  vaguely defined at this time. The following 
unknouns must be defined: 

a. 

b. 

c. Idle mode requirement. 

d. Vehicle flexline requirement. 

e. 

f. 

Helium requirements for engine operation. 

Need for LO, pump inducers. - 

Engine weight based on airloads, heating, and acceleration. 

Pressurization-gas flow rates, pressures,  and temperatures. 

1 ,,, - Critical engine features require demonstration, e.g., seals and valves which do ;ot reqvT- h-l. '- .---  1-9 

life flexlines, idle mode injectorb and controls, hyper-thin preburners, insulated pumps for minimum chill- 
down, insulation to prevent air liquification. 

TECHNICAL APPROACH AND TASK DESCRIFTION. Perform studies to resolve problems identified above. 
These studies will be made by engine and airframe contractors working together under NASA direction. 

A s  part Df the Phase R 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 wil l  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. 

Tasks 

Phase B 

Phase C/D 

blain Rocket Engine 

Perform Study 

Demonstrate Engine : 

XLR- 12 9 
Higher Pc 

cooling 
Pumps 
Injector 

Idle mode 
Mixed phase pumping 
Insulated pumps 
Insulation 
Nozzle verification 
Bearing & seals 
Advanced injectors 

cos t  
1970 1971 1972 1973 ($19 
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CONFIG SELECT 
r 

PD R 

4 . 7 . 4  

OBJECTI\T : 
increase confidence. 

PIIOBLERI: 
following criteria \till require resolution: 

a. 

MAIN PROPULSION PROPELLANT SYSTEM (CATEGORY I) 

Identify and characterize a preferred propellant system. Demonstrate the system to 

Thc propellant system characteristics for the main engines s r e  not firmly resolved. The 

Whether :I single duct with branch lines to each engine should be used, or  whether individual lines 
should supply each engine. 

Locatim of the oxygen tank. 

The use of integral or separated tanks. 

The tank materials required considering the importance .f low weigkt. 

Tank pressure and temperature histories. 

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. 

Propellant velocities, pressure variations, and duct diameters that characterize the propellant system. 

Type of insulation, such as vacuum jacketing, helium purged, for the propellant lines and the tanks. 

Types of seals, bellows, joints, and lines based on the reuse requiremeits. 

b. 

c. 

d. 

e. 

f .  

g. 

h. 

i. 

j .  

TECHNCXL APPROACH AND TASK DESCRIPTION: 
scribed above. Demonstrate solution of these criteria to provide data on their characteristics, increase 
confidence in the system, and identify unknowns. 

Conduct a study to define the system criteria de- 

CDR 

Tasks 

Phase B 

Phase C/D 

Main Propellant System 
Perform Study 

kmoiAra te  : 

Ducts 
Insulation 
Bellows 
Seals 
Joints 

Insulation 
Fatigue 
Baffles 

Pressurization 
Gas Iiequir e ment s 

Diffuser 
Insulation Effects 

Tankage 

Controls 
W g e  

Propellant Utilization 

~~ 

1970 1971 1972 19 73 
Cost 
($K) 

500 

1,000 I 
3,000 

2,000 

L 1,000 
I Total Cost I 7,500 
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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 a re  prime requirements. 

PROBLEM: Vehicle mass requirements for supplying engine propellants during start-up under low-gravity 
conditions can be considerable. These mass requirements o r  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 L s t w i e s  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;. Thzse include maintaining wet lines o r  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. 

Analyze various propellant control schemes to determine thc: optimum design for providing liquid at the 
space shuttle engine feed inlet. The primary candidates are linear acceleration and surface tension o r  
capillary liquid containment systems. 

Perform predesign studies of the following three candidate pressure control methods for application to 
the space shuttie mission: 

1. 

b. 

c. 

Bulk or  compact heat exchanger system w?-ich can efficiently vent vapor when surrounded by either 
liquid o r  vapor. This system utilizes a mixer to flow bulk fluid through the exchanger and promote 
energy exchange in the tank. 

A wall heat exchangx 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. 

Nonvent storage where the tank is designed to withstand pressu:*e buildup. Irl this system, it is 
anticipated that propellant mixing will be required to maintain a homogeneous tank fluid. 

2 - 

3. 

d. 

e. 

f .  

Select optimum systems on the basis of weight, reliability, and cost. 

Perform detail design and development testing of selected feed systems. 

Perform detail design and development testing of the selected pressure control system. 
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TaskP 

Phase B 

Phase C/D 

Analyze chilldown and pre- 
conditioning 

Analyze propellant settling 

Analyze propellant control 
methods 

Analyze and prede;.ign 
pressure control systems 

Select optisium systems 

Feed system: 
Design and procure 
Test and evaluate 

Pressure control: 
Design and procure 
Test and evaluate 

- 

1970 I 1971 
~ 

I 
COlJFlG SELECT 

1972 I 19 73 

Total Cost 

cost 
($10 

30 

1. J 

30 

55 

20 

120 
100 

100 
70 
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4 . 8  AEROELASTICS AND DYNAMICS 

4 . 8 . 1  d' "JCTURAL MODE STABILITY A M )  LOADS ANALYSIS (CATEGORY I) 

OBJECTIVES: 

1. 

2 .  

3 .  

4, 

5.  

Determine structural modes of clustered/winged space shuttle vehicles. 

Determine effects of structural modes on vehicle loading. 

Determine need for load-alleiiation devices. 

Determine sensitivity of overall closed-loop stability of clusteredhinged vehicle to structural modes. 

Determine nonlinear structur:ll r?sponse 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 complex for the clustered/ 
wirgixi vehicles, necessitating three-dimensional modal analysis. Body modes are excited in the vehicle by 
gusts and ivinds ap the vehicle follows i t s  prescribed flight profile. The modes can cause i n c r e a s d  loading 
due to increased local deflections and also due to limitations they place on gain and bandwidth of the attitude 
control system. If the Icw gain and bandwidth lead to large overshoots in response to gusts, large loads can 
occur. A load-alleLlation 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 eetermine a load-alleviation control 
system technique, sensor locations, and overall control subsystem characteristics. Also investigate 
coupling of structural modes arid rigid-body modes through the control subsystems. Conventional root locus 
techniques will be used for  this analysis. 

Phase B 

Phase C/D 

modes 

DetTrriine mode effects on 
lanu ing 

Dcfine ! 'leviation 
requiremc . 

Determine mode effects on 

I 

4 
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4.8.2 PRE-ENTSY CONTROL REQUIREMENTS (CATEGORY I) 

20 

OBJECTIVE: Determine angular acceleration cri teria applicable to large entry vehicles such 3s t 
shuttle. 

s p c e  

PROBLEM: AngulLr acceleration cr i ter ia  used to determine thrust 1 2quirements for entry vehicle reaction 
control subsystems have been Cqrnell 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 o r  highe: 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 Cornel1 specification should be 
retained or  different criteria established for large entry vehicles. Establish 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 howledge of the attitude control engine 
arrangement and the mass  moments of inertia of the sfiace shuttle configurations. As part  of the study, 
determine minimum velocity increment required, required reproducibility of thrust pulsee, and duty cycles 
to be e'xpected for  contemplated missions. 

Tasks 

Phase B 

Phase C/L) 

Peiiorm simulation studies 

Develop acceler . m require- 
ments 

Develop RCS motor require- 
ments 

Cost 
1970 I 197.1 I 1972 I 1973 

I CONFIG SIELECT - 
Py': R CDR I I 

I V 

80 r- 
Total Costs I 170 I 
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4 . 8 . 3  BOOST FHASE CONTROL REQUIREMENTS (CATEGORY I) 

CIBTECTIVE: Determine the most cost-effective control concept for boost phase of fhght. 

PROBLEM: Control force during launch phase can be provided by engine gimbaiing, thrust  deflections by 
gas or  liquid injection into the nozzle, aerodynamic surfaces, thrust modulation, reaction thrusters ,  or 
cwinbimtions. Deterniination of control methad can have significant influence on engine and vehicle design. 
Use of gimbals v s  gas or liq-lid 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) propellant feed line design. Also,  reduced gimbal requirements hill reduce 
space requirements dictated by possible engine bell motions in event of a malfum tion. Choice of control 
concept must consider performance, reliability, and cost relationships on ent i re  space shuttle system. 
P r e v i m  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. .4 decision on control cowept  should be rearhed pr ior  to final engine design requirements. 

TECHNICAL APPROACH AND TASK DESCRIFTION: Examine one or two typical confiqurations and establish 
control force requirements as a function of ilight time. Most significant t imes would be liftoff, max q, 
staging, orbit, and orbit  change. Translate force requirements into gimbal angles, thrust  modulation, gas 
or liquid injcct'ant, a e r o d y i m i c  surface size ar.d angle, and reaction control jets (primarily for orbital  
stage). Use 'Lhese requirenients to establish design 2nd design variations Mithin concepts. Typic. * con- 
siderations are: 

a. 

b. 

C. 

Gimbal Engine 

1. 

2. 

3. 

4. 

Use flexible (movable) low-pressure propellant feed lines for gimbal prrmp and nozzle. 

U s e  flexible hi@ -pressure propellant lines for gimbal between pump and engine. 

U s e  a e r o d p a m i c  surfaces  during high dynamic pressure to reduce engine deflection requireivents. 

Examine benefits of thrust  modulation to reduce engine deflection requirements, particularly 
the cg offset contribution. 

Injection System 

1. 3rovide duty-cycle requirements to propulsioll contractors for design evaluation of gas and 
liquid injection systems. 

Evduate performance effects of injection systems. 

U s e  aerodynamic surfaces during high dynamic pressure  to reduce injection requirements. 

Examine using thrust modulation to reduce injection requirements. 

2. 

3. 

4. 

Aerodynamic Scrfaces 

1. 

2. 

Evaluate aerodynamic surfaces in combination mith gimbal and injection systems. 

Evaluate reaction subsystem as an auxiliary to aerodynamic surfaces for period,; of low 
dynamic pressure.  

Pr imary consideration during these design studies is reliability, cost, and performance. 
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Tasks 

Phase U 

Phase C/D 

Define Control-Force Require- 
ments 

Define TIT  Subsystem Require 
ments 

Define Injection Subsystem 
Requireinents 

Define Aero Control Require- 
ments 

Define Controls Subsystem 

1970 

CONFIG2 

1971 

LECT 

P - 
Total Cost 

40 

20 

10 

10 

20 
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4.8 .4  TRANSONIC ACOUSTIC LOADING ON CLUSTERED VEHICLES (CATEGORY I) 

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/\cinged 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 is due to shock wave boundary layer interaction. 

TECHNICAL APmOACH AND TASK 3ESCRIFTION: Perform analysis and test models in wind tunnel. 
Wind tunnel models are to 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. 

c. 

Ba~tndary layer and shock interaction pressures (by means of flush moucted pressure transducers). 

Boundary layer pressure cross-correlation data (by means of flush transducers). 

Phase B 

Phase C/D 

Plan Wind Tunnel Tests 

Design & Fabricate Model 

Conduct Wind Tunnel Test 

Reduce Data 

Cross-Correlate Data 

Define Load Intensities 

197c 1971 1972 19 73 

I 
I 

CONFIG SELECT 

P D R  

cost  
($W 

15  

100 

125 

30 

30 

30 

Total Cost 1 

4-98 a 

330 

? 
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Tasks 1970 

4 . 8 . 5  VIBRATION AND FATIGUE SPECIFICATIONS AND T ISTING (CATEGOh i I) 

cost  
1971 1972 1973 (SN 

OBJECTIVE: Develop vibration and fatigue specifications for the space shuttle that a re  realistic for the mis- 
sions proposed. These will be significantly modified and combined versions of both space launch vehicle and 

I 
CONFIG SCLECT 

Phase B 

Phase C/D I 

Deiine External Environment 

PD R 
Y 

9 ircraft specifications . 

CDR 
V 

40 

PROBLEM: Previous launch vehicle testing has k e n  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, because of reuse, will be 100 times greater. For aircraft, duration 
wil l  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 %sure ade- 
quate testing of structure and components, but they must be realistic to elimimte over-design (added cost 
and wight)  of the overall system. 

I Develop Fatigue Gust Spectrum1 
I 

Total Cost 

TECHNICAL APPROACH AND TASK DESCRIPI‘ION: Local Structure and Component Vibratim. Predict 
esternal environment for a typical riission profile for logical vehicle zones, based on aerodynamic pres- 
sure and engine thrust. Include level, f.:equency, and duration. Use  to gredict vibration test levels by ap- 
plying scaling factors to vibration data and specifications of vehicles of similar type structures and compo- 
nents. This i d 1  give a set of vibration test levels and durations for each vehicle zone. 

50 

240 

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 typicai structure and com- 
ponents identified by modification of test levels defined in this effort. The test philosophy and preliminary 
predicted levels \+ill provide sufficient information for preliminrrry component specifications. 

Vehicle Structure Fatigue: Determine a rational maneuver spectrum. Consider the manewer capability 
inherent to this class of vehicle and the most probable maneuvers that will be cginmanded by the guidance 
and navigation system. Also consider determining rational landing sink speed and taxi load spectra. 

Detei mine gust fatigue loads m d  spectra by the conventional techniquc TS used in present aircraft designs, 

Define Initial Vibration Data 

Develop Final Vibration Test 
specs 

Develop Fatigue Maneuver 
Spectrum 

1-‘ 
I 

40 1 80 

I 30 

t 
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Tasks 

4 . 8 . 6  FLUTTER APJD BUFFET MODEL TESTING THROUGHOUT THE SPEED REGIME 
(CATEGORY II) 

1970 1971 

OBJECTIVE: Due to uncertainties in flutter and buffetting analysis of the wings, fins, and horizontal tails, 
wind-tunnel buffetting and flutter model testing i s  Reeded to establish buffet and flutter boundaries. In par- 
ticular, techniques in analytically determining unsteady aerodynamics a t  transonic speeds a re  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. 

Conduct Wind Tunnel Tests 

Analyze Buffet Data 

Design & Fabricate Structural 

Conduct Wind Tunnel Tests 

Analyze Flutter Data 

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 conzept. (Model capable of structural and inertia variations). Divide wings and 
f ins  into sections and change section bending and torsional stiffness along with the mass properties. 

Condilct test at various points in the flight envelope of the selected design concept. Determine flutter 
bound wies to establish compliance with MIL Specification 8870. 

- 

- - Model 

-b 
Phase B 

Phase C 

1972 ;!I 73 

Total Cost 

cost  
($k3 

7 5  

20 

30 

250 

220 

50 

64 5 
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4 . 9  INTEGWTED ELECTRONICS 

4 . 9 . 1  SPACE SHUTTLE SYSTEM AUTONOMY (CATEGORY II) 

OBJECTIVE: Specify the degree of autonomy practical for the space shuttle. 

PROBLEM: It is d e s i r d  to  have the space shut;!: completely autonomous. Ccmplete autonomy could add 
extra sensors, computing capability, and storagc wits thereby increasing overall weight and reducing the 
pay load. 

TECHNICAL A i  . HOACH AND TASK DESCRIPTION: The spzce shuttle will have to n.ake the mission- 
oriented decisions onboard rather than depend upon a mission control center. The approach requires ail 
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 been 
handled by a mission control center. Tasks are: 

a. Develop the folloM<ng for maneuver planning: 

1. Methods for internal inertial alignmests. 

2. Rendezvous techniques for emergency rescue. 

3. Methods for automatic approach and docking. 

4. Entry energy management methods. 

5. Automatic landing methods. 

Develop the following for orbit optimization: 

1. Launch guidance equations. 

2. Rendezvous guidance equations. 

b. 

3. 

4. 

Investigate avoidance of collisions with space debris. 

Develop mission management and scheduling. 

Determine status of weather in the landing area. 

Guidance equations for entry energy management. 

Guidance equations for automatic landing. 

c. 

d. 

e. 

f. Predict "alar flare activity. 

4-7 1 
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i 

Computer Manufacture Start 

Computer Software Start 

Examine Tasks : 

Plan Maneuvers 

Optimi ? Orbit 

Ways of Avoiding Space 
Debris 

Mission Management and 
Scheduling 

Predict Weather in Landing 
Area 

Predict Solar Flares 

I 1 I 
I I I 

I I I 1 1 I 1 

1 I I 

I I I I I I ~ I  

1971 

I 

i 
i 12 0 

256 

32 

i 

P 
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4 . 9 . 2  STRAPDOWN INERTIAL GUDANCE {CATEGORY 11) 

OBJECTIVE: Determine if ctrapd: m inertial guidance systems can be used on space shuttle. 

I'XOBLEM: Insufficient data exists on straidown int.. ,ial guidance systems to permit low r isk use. 

TECHNICAL APPROACH AND TASK DESCHIPTIGN: 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 required. While the presept status of gimballed insrt ial  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. 

Tasks 

Computer Manufacture Start 

Computer Software Start 

Conduct Lab Tests on Laser 
Accalerometcr 

Conduct Lab Tests on Electro- 
statically Suspended Accelero- 
meters 

Conduct Lab Tests on Other 
Strapped Down Accelerometers 

1971 

4-73 

T i 

4- I TotalCost 

cost 

($K) 

200 

200 

300 

720 



4 . 9 . 3  DISPLAY FORMATS OF INTEGRATED ELECTRONIC SUBSYSTEMS (CATEGORY 

Tasks 

Computer Manufacture Start 

Computer Software Start 

Determine what should be 
displayed 

Determine man-machine 
interfaces 

Conduct complete simulation 

OBJECTIVE: Specify what needs to be displayed, the format of the display and the man-machine interfaces. 

PRQBLEM: It 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 in t: 
in a large airplane. The space shuttle status and flight path informadon must be shown on multipurpose dis- 
plays using computer formatted multiplexed data. 

a. Perform studies to determine: 

1. What should be displayed. 

2. 

3. Man-machine interfaces. 

The shdy will require a complete simulation of the displays and their man-machine interfaces. 

mission control center, the launch center, in a typical boosted manned spacecraft, and 

What shculd not be displayed. 

19 70 
' J  F A ' A  M J J k S 

1 

I I I I I I I 
1971 I cos t  

Total Cost I 364 

4-74 

i 

1 41' 
f 
i 

B 
1 



Volume X 

4 . 9 . 4  MULTIPLE REDUNDANCY OF IYTEGRATED ELECTRONIC SUBSYSTEMS (CATEGORY -. 

OBJECTIVE : Establish system design guidelines for implementing multiple redundancy. 

PROBLEM: The reqmrement for multiple redundamy - fail operational, fail operational, fail szfe - can 
only be met by careful planning md design of the complete electronic subsystems and their associated 
software. 

TECHNICAL APPROACH AND TASK DESCRIPTION: Some work has zlready been started by the A i r  Force 
and the Army to have f t d  operational, fail operational, fa i l  safe modes of redundancy. The present require- 
ment for commercial airljne category III blind landing systems is fail ogerational - fail safe. 

Perform studies to develop design guidelines for fail oprational,  fail operational, fail safe. Define sensor 
redundancy requirements on board the space shuttle. Tiishs are: 

a. 

b. 

c. 

d. 

e. Define sensor redundancy requirements. 

Examine multiple redundancy methods of Air Force and Army. 

Eumera te  multiple redundancy techniques with advantages and disadvantages of each. 

Create new multiple redundancy techniques. 

Establish Gesign guidelines for multiple redundancy. 

Tasks 
~ ~ ~ 

Computer Manufacturer Starts 

Computer Software Starts 

Examine Air Force & Army 
methods 

Determine advantages & dis- 
advantages of existing methods 

Create new redundancy 
techniques 

Establish design guidelir'es 

Define sensor redundancy 
requirements 

19 70 1971 
J F  
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Total Co 
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24 
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4 . 9 . 5  ONBOARL- COMPUTER ARCHITECTURE (CATEGORY 11) 

I 

OBJECTWE: Achiece an early definiticn of the onboard cor.iputatiana1 system so that the computer md its 
software can be specified to meet development schedules. 

PF.3BLEM: To meet development schedules, the computer mar-ufacturer must start working by November 
1970, before Phase B is over and 5 months before C/D Phase wgino. 

TECHNICAL APPRCACH AND TASK DESCRIPTION: The requirements for a multiple reciundant system - 
fail operational, fail cperational, fail safe - comhined with the many mission requirements of autonomy, 
self-test, automatic landing, etc. ,  lead to the probable use of o:le 0)' T o r e  large multiprocessors with bulk 
meinory storage. The optimum structure of the computational  tern and its associated software, execu- 
tive roukines, emulators, and compilers must be determined. 

Express in adequate. detail : '1 the functions to be perfcrmed by the computational bystem so that the prelim- 
inary specitications can be 'ined. Inclqde: 

a. Multiprocessor arch. .ture (many computational centers). 

b. Bulkmemory. 

c. Executive routines. 

d. Emulators. 

e. Compilers. 

Tasks 

?omputer Manufacture Start 

Computer Software Start 

Define Multiprocessor 
architecture 

Define bulk memory 

Define executii 3 routines 

Define emulators 

Define compilers 

4-76 
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4 . 9 . 6  MULTIPLEX DATA SI?STE?r* INTFRFACES 'CATEGORY 11) 

Tasks 

Computer Manufacture Start 

Computer Software Start 

3BJECTiYE.  To create an early definition 04 the multiplex data system so that development schedule dates 
can be met. 

- 
J - F  M A 

PROBLEM: To get tar ly  attention to the det ul of the multiplex data system interfaces so that subsystem 
d e s i p s  can proceed independently. 

I 

TECHNICAL APPROACH hKD TASK DESCRIPTIOK: The muliplexed data system interfaces w i t h  all sub- 
systems, including; the complter. The proper multiplesing concepts can be selected only J ter  ccnsidering 
the cxpected noise levels, required data rate, desired e r ro r  rate. compatibility with multiple redundancy 
and computer input/ouQnit characteristics. 

A S 0  

Perform study, using simulation and laboratory testing, +B select the best system. Conpletely define its 
characteristics so that the multiplex digital interfaces r a y  be incorporated into all the electronic subsystems. 
Determine: 

a. Espectd noise levels. 

b. Required data rate. 

c. Desired er ror  rate. 

d. Compatibility with multiple redundancy. 

e. Compa aility with computer input/output. 

r I 

M A  

Conduct laboratory testing 

Defhe interface 

I Determine expected noise I 4 I I 

I I 1  I 
I I I 

U levels 

Det ,mine required data rate I 
iletermine desired e r ror  rate I 
Determine comp.2tibility with 
multiple redundancy 

Determine compatibility with 
computer inpdoutput 

I 

i- r :  

1971 

i 
Total Cost 

Cost 

(SK) 

16 

24 

16 

24 

24 
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246 
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4.9 .7  SOFTWARE LANGTJAGE (CATEGORY n) 
OBJYCTIVE: Early development of high-level language that can L 8 used uniformly in factory and subcon- 
tractor checkout, systems integrr-tion checkout, operational programs, flight test programs and trainers. 

PROBLEM: The problem is to derive a software lar-age that has a command structure compatible with 
the mathematic? appearing in the networks, schedules, trajectories, statistical estimation processes, etc. , 
that are known io exist for the space shuttle project. 

TECHNICAL APPROACH AND TASK DESCiUFT!ON: Since the computational system must perform a large 
integration task to meet all of the mission requirements, it is impxtant to develop a high-order language 
f m  the comwter,to 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 A i r  Force (or its NASA subset known as CLASP), together with a checkout and test 
language like ATOLL (automatic test operations launch language). 

I 19 70 I 1971 I cost 1 

Total Cost 232 
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Volume X 

1970 

4.10 HUMAN FACTORS 

1971 1972 19 73 

4.10 .1  HUMAN FACTORS OF DISPLAY CHARACTERISTICS AND FORMATS (CATEGORY 11) 

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: \':hat 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 spme shuttle vehicle will require a concerted effort due to the wide 
variance in the information which must be pressnted on the same displays during the different segments of 
the mission; e.g. ,  display formats for landing will be entirely different frohi those needed for launch and 
orbital operations. 

TECHNICAL APPROACH AND TASK DESCWPTION: System analysis, research studies, design, dibplay 
simulation, and performance testing techniques v d l  be used to develop display formats includi.ng characters, 
symbols, lines, conics, etc., which will ;wesent information to the crew in the most useful manner during 
each mission segment, i. e. , preflight/inf-ight checkout, launch, transfer, rendezvous, docking, on-orbit, 
entrv, landing, and postflight. 

System analysis efforts : 

a. Perform an analysis to determine function allocations. Perform i task analysis to determine time- 
lines for normal, degraded, and contingency operating modes for preflight, launch, on-orbit, return, 
and postflight phases. 

Determine, flow, and analyze the information required for the operator(s) to perform each allocated 
function and task to ascertain data quantities, rates, response bmes,  and processing requirements. 

b. 

Research studies : 

a. 

b. 

Design efforts: Design the displays to be tested and the siniulatim equipinent. 

Simulation and testing efforts: 

a. Fabricate the display simulator. 

b. 

Determine state-of-the-art display characterisiics and formats which w i l l  be available by mid-FY 1972. 

Determine display formats and charactersit.;cs which should be tested. 

T a t  subjects to detxinine the most adequate display characteristics and formats. 

- 
Tasks 

Phase B 

Phase C/D 

Avionics Integ. Test Start 

:onduct sys  tem analysis 
It research 

lesign & fabricate 
I imulator 

'erform simulate & test 

-7, 
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I 
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Tasks 1970 

4 . 1 0 . 2  HUMAN FACTORS OF ELECTA?ONIC CONTROLS (CATEGORY II) 

1971 1972 1q73 

OBJECTIVE: Determine human facto1 s requirements: optimum types and characteristics of controls to be 
used on orbital space shuttle vehcles including monofunction and multifunction switches, cursors,  and key- 
sets. 

Phase B 

Phase C/D 

PROBLEM: Integrated controls for aircraft o r  spacecraft which meet orbital space shuttle vehicle require- 
ments have not been developed. Space shuttle vehicles must have truly integrated controls, Le . ,  completely 
functionally arranged, id:dentics’ switches and arrangeriients for all subsystems, etc. The normal practice of 
leaving switch selection, location, etc., to subcontractors €or major subsystems such as communications, 
gxfdance and navigation, ctc., will not suffice for space shuttle vehicles. 

CONPIC SELECT 
r 

I’D R CDR -- 

TECHNICAL APPROAC:! AND TASK DESCRIPTION: System analysis, research studies, design, simulation 
and performance teatilg te rh iques  will t2 used to develop/select controls which meet space shuttle and 
human fsctors requiremen. J. 

Conduct system analysis & 
Tesearch 

Design & fabricate electronic 
controls 

Conduct simulation & test 

Sys,.em analysis efforts: 

a. Perform an anaiys-s to determine function allocations. Perform a task analysis to determine time- 
lines for normal, degraded, and contingency operating modes for preflighi, launch, on-orbit, 
return: and pOstfl,ght phases. 

Determine, flow, ~1 analyze the control actions required for the crew to implement their functions 
and tasks to ascertain vision and reach envelopes, reacem tmes, etc. 

b. 

Resoarch studies: 

a. 

b. 

Determine state-3f-the-art and technology baseline for controls by mid-FY 1972. 

Determine types and characteristics of controls to be tested. For example, several types and sizes 
of cursor controls including liAhtpens, 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 sp2e shuttle missions. 

Design effort: 

a. 

Simulation and testing efforts: 

a,  Build the control simulator(s). 

b. 

Design the control test setups and the simulation equipment. 

Test subjects co determine the most adequate control types and characteristics. 

- 
cos t  
(SK) 

150 

200 

275 
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4.10 .3  HUMAN FACTORS OF CREW AND PASSENGEEi VISIBILITY (CATEGORY II) 

1970 

OBJECTIVE: Establish human factors criteria for crew and passenger visibility in orbital space shuttle 
vehicles . 

cost 
1971 1972 19 78 ( $ K )  

PROBLEM: External visioility 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 human 
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 refereuce positions. It is 
conceivable that these same problems will exist in orbital space shuttle vehicles unless external reference 
is provided. 

I I I 
CONFIG SELECT 

PDR 
r V 

- - 

TECHNICAL APPROACH AND TASK DESCRIPTION: Apply human factors research, simulation, d testing 
techniques to establish design criteria for crew visibility and human factors criteria for passenger 
visibility. 

~ . _ p ; l g  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 visioq 
piots for rendezvous, docking, landing and ground handling, and rationale for same. 

CDR 
V 

Cefine h . !  factors criteria for passenger visibility. Research all available information in this area. If 
e?rternal vision is necessary or desirable, perforrc studies, simulation, and tests to establish the relative 
merits of all means of providing same, e.g., windows, Tv, IR, opticai devices, etc. 

1 

Tasks 

I 
Total Cost 210 

Phase B 

Phase C/D 

Avionics Integ. Tests Star 

Determine crew vision criteria 

Determine passenger vision 
criteria 

Design & fabricate mockup 

Conduct visibility criteria 
verification tests 

30 

40 

80 I 
6o I 
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Volume X 

1970 

4.10.4 CREW AND PASSENGER RESTRAINT SYSTEMS (CATEGORY II) 

1971 1972 19 73 

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 illness 
and/or protracted exposure to zero g. 

Rapid (iiomimlly one minute) safe egress following major malfunctions prior to liftoff m d  subsequent 
to landing emergencies. 

Positioning for work, rest, and recreation. 

b. 

C. 

TECHNICAL APPROACH AND TASK DESCRIPTION: During the first six months of the proposed study, 
a) define the detailtd 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- 

tolerance envelopes with the nominal and off-nominal mission g loading profiles will determine the techni- 
tal 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. 

b logue studies and on projections from exposures to true weightlessness. The incompatibility of these 
% 

Following tentative design acceptance, fabricate prototype systems and perform human comfort and mobility 
tests, including dynamic test with instrumented couch and anthropomorphic dummies, D establish con- 
formance with technical and structural requirements. 

Tasks 

Phase B 

Phase C/D 

Conduct system analysis 
& research 

Design mockup 

Fabricate mockup 

Conduct mobility tests 

CDR 
I I 

COMIC SELECT 

P D R  

cost 
($10 

50 

50 

60 

I 50 , Total cost 1 210 
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4.11 SUBSYSTEMS 

4.11.1 REMOTE CONTROLLED SOLID-STATE CIRCUIT BREAKER DEVELOPMENT (CATEGORY XI) 

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 grezter reliability over exis .IE$ electromechanical contac- 
tors and circuit breakers. The solid-state switching problem areas are: %IX, DFI, heat sinking, efficiency, 
demonstrated reliability, weight, forward voltage drop, leakage currelit, a;d E& power capability. 

TECHNICAL APPROACIi AND TASK DESCRIPTION: A development program for solid-state switching has 
been in operation for ne:rrly six years. Building on this te,?:hnology, devices need to be developed for a 
range of currents for 2F vdc, 280 vdc, 115 vac single phasz arid 200 vac three phase 400 Hz applications. 
Features required are: low forward voltage drop, zero crossover switching (gc), current limiting, pulse 
mode operation (dch rqeration from digital information, status signal. Tasks are: 

Prepare specificationr; 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 perforln- 
ance requirements, but perhaps in the larger ratings - 

4-83 



Tasks 

Phase B 

Phase C/D 
~~ ~~ 

Review current technology 

Evaluatiodtest of available 
devices 

Define solid-state range and 
electromechanical range of 
ratings 

Define data bus interface 

Prepare specifications 

Evaluate candidate siipgliers 

Supplier proposal period 

Evaluate proposals 

Dual awards 

Design subsystem 

Evaluate engineering prototypc 

Perform qualification test 

Perform reliability test 

Review test report 

Perform system integrabon 
test (CV) 

1970 

CONFIG - 
m 

1971 

LECT 
I 

P 
A 

4-a4 

1973 -- 19 72 

CDR 

I 

Total Cost 

cost 
($IG 

30 

20 
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20 
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4.11.2 H2 - 02 AUXILIARY POWER ENGINE DEVELOPMENT (CATEGORY II) 

OBJECTIVE: Develop an H2-02 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 H2 and O2 from the main propulsion tank; of the 
shuttle vehcle will provide a lightweight enengy source. Gas conditioning, mixture control, and thermal 
control are the principal characteristics tc h s  defined. 

TECHNICAL APPROACH & TASK DESCRIPTION: Prototype 5-02 engines have been develop, but opera- 
tional units have not yet bee9 required. Tasks are: 

a. 

b. 

c. 

Determine effect of propellant supply conditions on configuration. 

Determine applicability of system for the various shuttle mis;ions. 

Define preliminary propellant conditioning components, power controls, starting system, and electrical 
system. 

d. Select materials. 

e. Perforin reliability analysis. 

Accomplish detail design and fabricate one or  more test articles. Following component and prototype test 
ev.tluation, prepare engine specifications to which flight qualifiable engines can be procured and qualification 
tests accomplished. 

Tasks 

Phase B 

Phase C/D 
~~ 

Evaluate propellant supply 
conditions 

Conduct mission studies 

Conduct feasibility tests on 
components & subsystems 

Select material 

Perform reliability analysis 

Design & build prototype 

Test & modify prototype 

Prepare specifications 

Design & build flight-type unit 

Conduct qualification tests 

1970 I 1971 

I 
CONFIG SELECT 

19 73 I- 
I CDR P 

v 

r- 
I I r 

1 Total Cost 
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4.11.3 LH2 UTILIZATION FOR SUBSYSTEM HEAT SINK (CATEGORY 11) 

OBJECTIVE: The use of residual H2 from the main propulsion tank offers a potential heat sink for vehicle 
subsystems. New heat exchanger designs, including controls to prevent freeze-up, should 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. 

b. 

Materials selection compatible with an operational temperature range of 40% to 500%. 

Development of modulating controls to prevent freeze-up of the cooled fluid. 

TECHNICAL APPIIOACH AND TASK DESCRIPTION: Determine typical subsystem heat rejection require- 
mmts  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 P . a g e  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. 

Tasks 

Phase B 

Phase C/D 

Establish typical subsystem 
heat rejection requirements 

Develop heat transfer system 
concepts for feasibility testing 

Accomplish component and con- 
trols evaluation testing 

Design and fabricate prototype 
heat transfer system and 
accomplish parametric evalu- 
ation testing 

Design and fabricate flight- 
type system 

Complete qualification and 
reliability testing 

1970 1971 1972 1973 I I 
I 

CONFIG SELECT - 
CDR 

1 V 

I 
I 

I 

I 

7 I 

1 1 

Total Cost 

cost 
($K) 

10 

40 

95 

200 
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350 

8 10 
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