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covers Task 7, Technology Identification, and Volume I11 contains results of the 
Special Studies conducted under Task 8. 

Principal LMSC task leaders and contributors in performance of this study include: 
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A J Hief 
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J J. Herman 
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F.L. Guard 
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I n  compliance w i t h  Task 7 (%chnology Ide if icat ion)  of the aW study, 
technologies that  are pertinent t o  the developnent of the Space Shuttle s y s t e m  
have been identified. 

Thesse key technologies, presented i n  th i s  sepasate volume for  u t i l i t y ,  are 

brief ly  summarized below and described i n  greater depth i n  Sections 2 through 
'7. Technology program schedules and c t estimates are s ized i n  
Section 8. 

1.1 PROPULSION SYSTBM BEC 

A mador portion of the propulsion system technology recommnendatlons are directed 
a t  the oxygen/hyd.rogen integrated reaction control system. 
ments are necesssry for  developmnt o f  the thrusters, propellant feed systems, 
and prope-t orientation system for the oxygen/hydrogen reaction control 
system. Another technology program mc rtance is the 
oxygen/hydrogen auxiliary parer uni t  . This program would require 
the development of a rather large oxygen/hydrogen turbine-driven unit. 

Technology advance- 

Leakage detection and location, csasidsred to be a major problem i n  the Space 
Shuttle propulsion sys 

w e i g h t  savings were ident i f ied i n  the elimi 
through impraved i ntation. 

, entaila an ~ v ~ ~ ~ n t  i n  techniques. 
ion of residual propellants 

A detailed i r a b i u t y  of' probbsaar, rre3s-d 
atUng engines is also rec 

1.2 AE CB 

c e f f o r t  required to  develop proposed Space Shuttle 
w i l l  be c ~ s i ~ r a b l e ,  the basic ae c technology exists. m8 



Listed belar are key technology issues related t o  prediction of aerodynamic 
heating distributions and result ing surface temperatures: 

o Prediction of flow field and laminar and turbulent heat transfer 
distributions (Wind tunnel tests should be conducted t o  resolve 
the  discrepancies among various flow field and heating prediction 
techniques. ) 
Prediction of boundary layer transi t ion (Experimental boundary 
layer transi t ion studies should be conducted f o r  each candidate 
configuration, ) 

o Evaluation of heat t ransfer  increase due to surface i r regular i t ies  
o Evaluation of location and heat transfer increases associated w i t h  

shock wave/boundary layer interactions 
o Prediction of base heating rates (Scale model tests of the booster/ 

o rb i te r  configuration employing nozzle hot flow could provide 
necessary convective and radiative heat transfer design data.) 

o 

The development of technology relating t o  vehicle s t ructure  is fundamental t o  
a l l  development approaches f o r  the Space Shuttle booster and orbi ter ,  The 

driving f’unctions fo r  lar s t ruc tura l  weight are thermal. protection systems 
and e f f i c i en t  propellant packaging. Consequently, primary technology areas 
requiring additional investigation o r  basic research are reusable thermal 

their a1 t 4 
t joinlng techniques, along w i  

analytical  methods. 

Specific areas discussed i n  t h i s  volume under Structures Technology include 
materials; thennal protection systems; joining methods; movable elements i n  

1-2 
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1.5 AVIONICS TECBNOZXIGY 

Avionics requirements for the Space Shuttb do not indic 
breakthrough i n  technology; however, improve 8 i n  technology are requi 
to achieve the objective of a low-cost transportation vehicle. 
of the avionics functions is  the primary technique t o  be used i n  rsignificantly 
reducing system weight, power, and cost. 

the need for a 

Integration 

The two most challenging axeas are in the development of survivable antennas 
and a l i n k  f o r  comrrmnicaticms v ia  a relay satellite. 
advancement i n  the state-of-the-art. 

Both may reqare 

The technology plan w i l l  require an extensive simulation test program, both 
ground and airborne, t o  validate design in tegr i ty  of the integrated sysltern. 

These tests should occupy the span from mid-1970 thmugh 1971. It would be 

desirable to introduce cri t ical  Space Shuttle communications equipment on 
-F relay l ink  experiment t o  provide experience and confidence i n  

the  design early i n  Phase D of the shut t le  developrent program. 

1.6 e 1 ECS/ISS Technology 

Seven environmental control / l i fe  support system technology areas have been 
identified as being desirable for or  refinement to  

e &re 1: sign, noise eo 
nagereenl and personal hygiene, reusable ECS, mult 

and equipmat temperature control system design. 
It is rec-nded tha.t future development of tkse item be considlered. 

S 8r SPACE CO 
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mission phases 
prwisions, devac nt cmd evalu 
featuws for crew and passengers, aasessmnt of crew workload distribution 
and validation of the abi l i ty  of the specifled two-m8n crew t o  accomplish all 
assigned mission activities,  and human factors effectiveness evaluations of 
novel integrated display concepts t o  allaw the crew t o  exercise a mnual 
override and takeover function. 
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studies of existing hardware produced i n  the Reusable Subsystems Design/ 
Analysis Study (Reference 2-1). The general conclusion was that a large 
percentage of the components have suff ic ient  inherent lifetime fo r  a nuniber 
of flights. Some of the components tha t  are most l ike ly  t o  e n t a i l  lifetime 
problems are the following: 

0 Check valves 
0 Instrumentation, such as l iquid level  devices 
0 A t t i t u d e  control thrusters 
0 Integrated attitude control components, such 88 pumps, check 

valves, and heat exchangers 

It was concluded tha t  some of the more conventional probleum, such as 
contamination and corrosion, would be major factors  influencing reusabili ty.  

Advancements i n  technology considered necessary or  desirable are discussed 
i n  the following 

2.1 O ~ G ~ / ~ R ~  ATPITUDE COloTEioL SYSTEM THfiusTERs 

As indicated i n  the description of the oxygen/hydrogen attitude control 
system i n  Volume I of this report, Lockheed has determined that two levels 
of  thrusters are desirable t o  reduce the p r o p  requirements for  limit 
cycling. These t levels appear t o  be approximately 100 pounds and . The r thruslt level is hi 

-rule requiremnts for accelsration o f u p  

e b i t  is 1pa important consideration i n  the development of 
t he  thrusters. 

2-1 
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t is 
design 

t o  conduct the Recessrry component tests on ignition systems, c 
valving, and materials t o  develop the required response 
life. 

and service 

Prototype thrusters should be fabricated. 

The oxygen/hydrogen a t t i tude  control feed system, described i n  Volume I 
of t h i s  report, represents a re la t ive ly  complex cryogenic system for 
increasing the pressure and converting cryogenic l iquids t o  gas.  

nuniber of components i n  t h i s  system and the possible approaches indicate 
t h a t  several major alternate development paths should be followed t o  assure 
the success of the program. 

The 

System using oxygen and hydrogen have not been previously studied, so it 
is recommended that several technology programs be pursued t o  develop 
al ternate  approaches t o  integrated attitude control feed systems. The 
emphasis should be t o  fabricate and test various design concepts on l iquid 
and gaseous pumping, conversion, and duty-cycle effects .  The systems 
should be developed a t  approximately the required s izes  t o  allow a rapid 
development of flight hardware suitable for  space shut t le  application. 

2.3  PR O ~ ~ O N  FOR ATmTuDE COH!MlOL SYSTEM PR 

%e a t t  
propellant fed from the main propellant tanks. 

residual 
represent even more difficult  problems i n  propellant orientation, i.e., 
the problem of keeping l iquid from being vented.) The propellant 

two-phase flow t o  prevent i n s t ab i l i t y  i n  the feed system. (The use of 
rather than l iquid from the main tanks is believed t o  

2-2 
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A program is needed t o  analyze 

to perform the necessary engines 
model hardware. Required test performed under low-g (drop 
towers and orb i t a l  experiments 
information t h a t  can be used 
application. 

signs, and t o  cons 

g t o  the conrpilation of design 
e s u i t a b h  for  Space Shuttle 

Leakage detection and the  mnitor ing of leakage rates w i l l  be an important 
aspect of reusable vehicle operation and checkout. The conrplex sub- 

systems w i l l  make these measurements extremely difficult .  
detection and meaeurement must be developed. 

Improvements i n  

Bevious leakaee studies are presented i n  References 2-32 through 2-36. 

Approaches t o  determining the existence, location,and rates of leakage i n  
reusable vehicle propulsion subsys should be investigated. Evaluations 

of krypton 85 gas. 

should be conducted with advanced detection techniques, such as the we 

The tests should be conducted on s 
system l ines  and valves. 

ed twckups of the propulsion sub- 

n t s  i n  the o system are re 
the penalties 

increases confidence in the  propellant u t i l l za t lon  and reserves. 
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specific 8 has not been 
Frrogr-. 

8 

s imulator is required. 

2.6 OXYGEN/HYDBOGEY AUXILIARY POWER UMTS 

n e  described auxiliary power supply system u t i l i ze s  the rocket engine and 
the  jet engines t o  supply power whenever these engines are operating. 
During reentry, the power requirements are relatively high; so an auxiliary 
power unit  is required. 
and hydrogen. 

The logical  energy source for  t h i s  un i t  is oxygen 

'There has been only limited e f fo r t  concerned wi th  development of oxygen/ 
hydrogen turbines of t h e  s i ze  required for auxiliary power units, and these 
e f fo r t s  have been only of a feas ib i l i t y  nature. Therefore, engineering and 
development programs are needed t o  produce suitable oxygen/hydrogen 
auxiliary power uni ts  of the required power output. 

Airbreathing propulsion systems are l ike ly  required to f u l f i l l  flyback, 
ferry, and go-around capabilities. Corngarison8 are s h m  in Volume I 
regwding the propulsion system w e i g h t  requirements as a function of 
subsonic cruise duration. These studies indicate the poss ib i l i ty  of 
reducing the required weights by employing hydrogen as the Fuel for  the 
engines. This would reqpire s t o r w e  of the l iqu id  hydrogen i n  the 

storage? le=, as 

Some development work has been performed with a goal of employing l iqu id  
hydrogen-fueled engines fo r  mil i tary and commercial applications. 
i n  l i gh t  of the magnitude of a program related t o  the development of a 

However, 
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Section 3 

developed, emphasis here is  placed on the aerodynamic tasks for which a 
major development e f for t  i s  anticipated. 

problems sha3.l not be overlooked. 

Nevertheless, the more classical  

One of the significant requirements is  an accurate substantiation of 
aerodynamic characterist ics of the orbiter,  the return boostenand the 
composite launch configurations over the subsonic through hypersonic 
speed regimes. 

A major portion of the system study e f fo r t  should be concentrated on the 
subsonic speed regime, where performance, s tab i l i ty ,  and handling 
characterist ics a re  particularly important. 
the effects of auxiliary landing aids, such as je t  engines, and the 
problems of seff-ferry is  necessary t o  the development of a subsonic cruise 
vehicle capable of airplane-type operation. 

For example, assessment o f  

Reliable theoret ical  or empirical techniques fo r  predicting low-speed 
aerodynamic character is t ics  of the a rb i t ra ry  body shapes being investigated 
fo r  the Space Shuttle are  noticeably absent. 
currently a heavy reliance on subsonic da ta  from experimental sources, 
particularly wind tunnel f a c i l i t i e s .  Also, there are no rel iable  solutions 
fo r  i t e ra t ing  configuration variables without costly and time-consuming 
experimental investigation; so theoretical/analytical methods must be 
developed t o  provide t h i s  capability. 
substantiated i n  wind-tunnel investigations and f ina l ly  i n  full-scale 
f l igh t .  

Consequently, there is  

As always, such methods must be 

A wide spectrum of hypersonic entry a t t i tudes  investigated 
L/Dmax t o  G x  (15 and 55 degrees angle of attack, respectively). 

have ranged from 
An 

3-1 
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performance and controllabil i ty.  

Flow separation, induced from rocket exhaust pluming, can seri 
affect  the hypersonic aerodynamic characteristics. Synergetic plane 
change requirements,cross-range capabili t ies,  etc.,  make a method fo r  
accurate assessment of rocket plume effects  essential .  
minimal information is available on t h i s  subject; howevertrecent in te res t  
has prompted some investigation. 
be required. 

Unfortunately, 

Considerable wind tunnel tes t ing w i l l  

A comprehensive aerodynamic study of the launch configurations w i l l  be 
required. 
extensive regions of aerodynamic uncertainties, particularly i n  regard 
t o  flow separation effects  associated with the proximity of the two 
vehicles. 

The orbi ter  and booster composite arrangement may produce 

Atmospheric staging and abort dynamics are critical areas on which the 
feasibility of any two-stage reusable launch system hinges. Aside from the 
aerodynamic coefficients of both vehicles on various relative positions, it 
is necessary t o  knar the transients of such coefficients experienced during 

staging. A free-trajectory wind tunnel simulation of the three-dimensional 
stage separation problem is required as soon as possible t o  refine the 
concepts. 

3-2 
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Q, Prediction of fluu f i e l d  and laminar and turbulent heat t ransfer  
distributions 

o Prediction of bcrundary layer t r emi t ion  
cation of heat t ransfer  increase due t o  surface 
rities, protuberances, control surface, etc.  

8 Identification of location and heat fer increaaes 
associated w i t h  shockwave-boundary layer interactions 

Q Prediction of base heating rates 

441 PREDICTION OF FIOW FIELD AM) ISUG D ~ ~ ~ Q N ; S  

Limited experlmntal  f l i gh t  data are available t o  aid i n  selecting appro- 
priate analyt ical  methods for  predicting f l o w  field and heating distributions 
on Space Shuttle cnnfigurations. The T and SV-5 program provided most 
of the applicable data, but these programs w e r e  limited i n  scope and failed 

t o  provide the quantity and quality of data es ent ia1  t o  establish appro- 
pr ia te  f l a w  field and heating prediction techniques. Of part icular  concern 
is the Large discrepancy among various turbulent heating theories. 
has selected the rho-ntu turbulent heat transfer methods, which w a s  used during 

indicated i n  Vo 
duced by as much 88 12,000 feet i f  the reference enthalpy method were se- 

were selected. A sinallaJ: problem exists w i t h  predict i  
properties . 
22,000 f ee t  i f  the lomr blurface b 

shock, rather than oblique shock, value. 

LbBC 

-Soar) program for use on Space ;Shuttle studies. However, as 
111, Section 3, the orb i te r  entry corridor wou ld  be re- 

snd increased by 88 88 10 feet if the 

entry corridor w c u l d  be increaeed by as much a$ 
layer edge entropy were the normal 

4-1 

ISSILES & SPACE COM 



ion t o  obtain pres 

be exercised i n  extrapolating the wind tunnel results t o  flight heating 
predictions t o  avoid less than conservative estimates. 

4.2 PREDICTION OF BCUNDAHY LAYER TRANSITICBU 

The l x a t i o n  of boundary layer t ransi t ion greatly influences t h e  orbi ter  
entry corridor. 
t o  be influenced by many variables, including Reynolds number, unit  Rey- 

nolds number, Mach number, roughness, wa l l  cooling, freestream turbulence, 
etc. I n  addition, it has been shown tha t  noise generated. by t h e  turbulent 
boundary layer  on wind tunnel wa l l s  has a significant influence on the lo- 
cation of t ransi t ion on test models. Experience has shown, however, that  

t h e  t ransi t ion Reynolds number on a full-scale f l i gh t  vehicle is generally 
larger than tha t  measured on a w i n d  tunnel madel. 

Analytical and experimental studies have shwn transi t ion 

Experimental boundary layer t rans i t ion  studies shmld be conducted f o r  each 
candidate Space Shuttle configuration, with par t icular  emphasis on the  

orbiters. 
various angles of attack. It i s  recommended tha t  the  t ransi t ion locations 
be identified from heating distributions obtained through temperature sen- 

Test6 should be conducted mer a range of Reynolds numbers fo r  

W 

4.3 IDENTIFICATIOFPJ 03' HEAT T INCREASE DUE TO 

Surface irregularities, protuberances, and control surfaces a re  unavoidable 
disruptions t o  n o m l l y  emoath external surfaces and generally create  

4-2 
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i r regular i t ies  due t o  normal manuf'acturing tolerances shaiLa be included 
in the  heating predictions. 

The heating and pressure increases associated with interaction of a shockwave 
and boundary layer  have been the subject of numerous analytical  and experi- 
mental investigations. 
en ta i l  shackwave-boundary layer  interaction problems. For example, a s iz-  
able heating increase w i l l  occur where the  orbi ter  bow shock impinges on the  

booster upper fuselage of the  IElsC Two-Stage launch configuration. 
the NASA Rewable Orbital Transport study, Lockheed conducted Mach 8 wind 
tunnel tests on a similar two-stage configuration and measured interference 
heating ra tes  of 5 t o  10 times the  undisturbed value along the  booster upper 
surface. The reduction i n  view factor  t o  space resul t ing from the presence 
of the adjacent vehicle complicates t he  problem f o r  a radiatiaz. cooled atruc- 
ture. Additional shockwave-boundary layer interactions would occur on the  

MSC fixed wing configuration, where the bow shock impinges on the wing and 
the  w i n g  shock interacts w i t h  the fuselage boundary layer. 

A l l  of t h e  candidate Space Shuttle configurations 

During 

~ ~ b ~ d ~  layer  interaction effects are  highly g e m t  
dependent, extensive tes t ing  w i l l  be required t o  determine appropriate in- 
terference heating factors f o r  each cemdidate configuretion. These effects 
are localized; e equently, it is recommendad that the heating dis t r ibu-  
tions be obtained from t 
peak values and extent of the affected region are properly defined. 

i t i v e  paint  tests t o  assure tha t  the  

4-3 
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nozzle exhaust, wi th  resultant localized burning 

regia16 could ex is t  between the booster and the  orbi ter  forward of t h e  base 
region, par t icular ly  a t  angle of attack; thus, cambustion effects  may not 
be res t r ic ted  t o  the  base regions of the booster and the  orbiter.  
bustim-contributed heating environment may provide significant heat-rate 
levels in relat ion t o  the normal plume interaction reverse flow convective 
and radiative heat transfer,  

The can- 

Scale model tests of the  bouster/orbiter configuration employing nozzle hot 

f l a w  prmide necessary convective and radiat ive hea t  t ransfer  design data 
regarding plume interaction effects, 
phenmenon is  not possible from small scale m o d e l  tests, 
evaluation of the canbustion contributed heating environment is possible 
with a p a r t i a l  def ini t ion of the region of influence, 
model tests under estimate t h e  inf l igh t  combustian effects;  therefore, it 
i s  essent ia l  t ha t  a conservative design approach be used u n t i l  data are  
obtained from the  prototype. 

Suitable simulation of the  canbustion 
Only a qual i ta t ive 

Unfortunately, scale 
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ctlon 5 

4 r  Technology relzting t o  veh and I O  

:'undtl:nental. Basic information must be available dur ing  the vehicle defj ni - 
t ion Fhase t o  permit evaluatjon of s t ruc tu ra l - them1 concepts. Arezs re- 
q u i r i n g  sdditional investigation o r  basic research include the following: 

e Msterials 
0 Thermal protection systems 
8 Movable elements i n  a high-temperature environment 
Q Efficient and low-cost joining methods 
8 Structural  mechanics, including loads, s t ruc tura l  and environ- 

nental dynamics, and separation mechanics 

5.1 MATERIALS 

Pas t  government and company-funded development programs have demonstrated 
tkt a state-of-art  has been established t o  design and construct a single- 
mission l i f t i n g  reentry space vehicle. 
indicate tha t  multimission capabili t ies are pract ical  through improved 
materials systems and t h e  application of improved manufacturing technology. 
Contemporary design concepts now require multimission capabili t ies,  which 
'nipose relat ively long-life requirements on current material systems. 
su i t ab i l i t y  of' these materials and material systems has not been adequately 
demonstrated by environmental evaluation of cyclic entry conditions, i .e . ,  
time, temperature, and pressure, nor have refurbishment guidelines been es- 
tablished. 

Current advanced technology 1 rograms 

The 

Definition of the cyclic and mission-peculiar environment i s  required so 
tha t  existing, flight-proven and improved advanced materials may be analyzed 
f o r  appl icabi l i ty  t o  Space Shuttle design. 
ent requirements of launch-ascent, orbi t ,  entry, cruise, and landing are 
superimposed upon one another and thereby generate performance requirements 

It i s  recognized that the string- 
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- ij t ;reviaus l y  required. 

launch, ascent, orbit ,  eritry, c 

&?strair,ts imposed by mission rquirements are as follQws: 

e The thoria dispersion-strengthened alloy, TD-NiCr, has been a 

leading candidate material for many design applications inv<;lvlng 
heat shields a d  leading edges. This nickel-chromium base alloy, 

which has outstanding oxidation resistame, s t ruc tura l  stability, 

and moderate strength up to  2400'F, is strengthened by a micro- 
scopic and uniform aspers ion  of thoria  (!t?i02). ?rimary develop 
ment was f o r  long service i n  severe applications a t  teqerature 
ranges served by superalloys and coated refractory metals. TD-NiCr, 

however, has not been produced i n  large quantit ies,  and reproducibi- 
l i t y  of alloying and material behavior requires further verification. 
The al loy also exhibits property loss  i f  severely worked i n  the re- 
crystal l ized condition. 
developed consistent with projected design considerations. 
though oxidation resistance appears outstanding, Further verifica- 
t ion  of th i s  resistance is necessary, under cyclic low-pressure 
conditions. 

Basic fabrication characterist ics must be 

A l -  

Environmental parameters influencing the application of materials 
i n  hypersonic and 
and by vari ed re 
and evaluated a 

under programmed loads and reduced pressures and temperatures fo r  
unlimited lapsed-time cycles. 
up t o  5-1/2 by 10 inches can be cyclic loaded and exposed t o  flight 

vehicles have been defined by Lockh 

o r  capable of owrat ing simultaneously 

Complex specimens with dimensions 
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reentry conditions of pre~sure, temperature, and loads. 

temperature-stable single-annealed condition is more promising 
where a reusable structure stressed a t  or  near room temperature 
is  required. 
columbium al loys are necessary t o  ensure desirable mechanical 
properties and duc t i l i t y  after fabrication, welding, coating, and 
flight slntulation. 
must be fully defined. 

Evaluation and verification of behavior for  coated 

Also, the creep characterist ics of Cb 752 

0 High-temperature/reiactory material protection systems capable 
of withstanding the  high-temperature, law-pressure oxidizing environ- 
ment must be investigated or developed t o  ensure optimum integrity,  
r e l i a b i l i t y  and r e ~ ~ i l l t y .  

0 High-temperatures generated in entry necessitate further investi-  
gation of ablative materials f o r  we i n  areas such as the  nose 
cone, removable doors, accesses, and heat shields. Ease and cost 
of refurbiehment or replacement are pr ima  considerations. 

0 The design of an e f f i c i en t  structure dictates the use of advanced 

casts  of decreased material and fabrication costs, 
Weed has been engaged make these items especially attractive. 

i n  program t o  develop proficiency i n  the ~ & i g n ,  
manufacture, and test of hardware, usi 
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alumicum composite materials. 
an icvestigation of attachment methods for  typical spacecraft and 
a i r c ra f t .  High-temperature matrix materials,suck as the ;?olyimides 
and polybenzimidizoles, appear as  prime areas for continuing deve1.- 
opment of both graphite and boron reinforced composites for  Space 
Shuttle s t ruc tura l  application where temperatures i n  the 50O0F 
range are aaticipated. 
wi th  tapes of advanced composites will be used to  advantage where 
environmental and compatibility consideratiocs d ic ta te  other than 
purely composite structure. 

Planr.ed work by bckheed will include 

Localized strengthening of alumifium structure 

Current and future programs should develop the design and materials 
data, manufacturing and inspectionltest  technology, and the confidence 
required t o  use the advanced composite materials i n  the Space Shuttle.  

Q The temperature extremes t o  be encountered require improvements i n  
sealants, adhesives, coatings, lubricants, and p l a s t i c  materials. 
The a b i l i t y  t o  endure the repet i t ive long-duration space and earth 
environmental e m s u r e ,  compatibility with l iquid and gaseous pro- 
pellants, and flammakility must also be investigated. 

e i n  

integri ty  are  controlling requirements. 
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8 Thermal analysis of attachment techniques for insulation systems 
( e . g . ,  multilayer, LI-1500)  must be ini t ia ted;  material type and 
thickness m u s t  be predicated, i n  part, upon effect  of heat leaks due 

t o  method of attachment t o  vehicle surfaces. 
e Thermophysical properties (solar  absorptance, infrared emittance, 

and t h e m 1  conductivity) of materials t o  be used as insulators, 
ablators, o r  passive thermal  control must be established. 
of prelaunch, ascent, stationkeeping, and reentry environments, must 
be determined i n  order t o  predict operating temperatures for  the 
Space Shuttle. 
and reentry conditions w i l l  d ic ta te  reusability/refurbishment re- 
quirements. 

Effects 

Abi l i ty  of such materials t o  withstand thermal cycling 

5.2 THERMAL PRO!t'ECTION SYSTEMS 

The thermal protection system, which w i l l  be a maJor portion of the vehicle 
structure, is considered t o  be one of the key technical areas. Both the 
basic material and unique structural-thermal concepts evaluation I s  nec- 
essary. Several therrnal protection systems, including metallic, nonmetallic 
and ablators, exist;  however, additional tes t ing and design studies i n  which 
such factors a s  re l iab i l i ty ,  reusability, s t ructural  efficiency, refurbish- 
ment, inspection, cost, and development and refurbishment time are considered, 

re d before the final selection is  made. 
I 

5.2.1 Metallic Heat Shields 

Shielding requirements of reusable reentry vehicles make further development 
i n  S W a l l O Y  and refractory metal shields necessary. 
countered i n  reuse require def ini t ion before solution. 

Problems t o  be en- 
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t ions t o  i n  
ing methods. 

t e  the capabili t ies of refractory metals and proposed join- 
The coating s e n s i t i v i t y t o  low pressure is  a key factor.  

Full-scale large-panel tests duplicating the ent l re  f l i g h t  environment are 

required. Flight loadings, cons is t im of a i r ,  thermal, acoustic, and 
dynamic factors, must be duplicated; and investigations of existence and 
effect  of local  hot spots on shielding metals must be conducted. 
la t ive e f fec ts  and possible repair associated w i t h  recycling of environments 
compatible w i t h  th i s  intended flight usage must be investigated. 

The cumu- 

5.2.2 Nonmetallic Heat Shields 

Current lightweight, rigid, high-performance materials appear t o  be promis- 
ing a s  a thermal protection system. 

During the past f e w  years IMSC has been developing such a material system, 
identified as LI-1500. 
Considerable elemental testing, including thermal, mechanical, and environ- 
mental, has been conducted on Lf-1500. Results indicate that this material 
system h&s significant merit i n  weight and cost savings and i n  design simpli- 

fication, re la t ive t o  existing metallic reradiative heat shields or  ablative 
systems. 

3 This is a r igid s i l i c a  system weighing 15 Ib/ft . 

Additional LI-1500 panel and component tes t ing  i s  required t o  establish 

C sub st , attachment ods, joining t 
HF transparency, and overall  design c r i t e r i a .  
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5 -2.3 Ablotive Thermal Protection Systemsr 

e a 

e k sujtable ablative material with predictable properties f o r  
long heating 2eriods during l i f t i n g  entry 

e An ablator that has adequate physical properties and is  compatible 
with the load-carrying structure 

The thermal environment for  l i f t i ng  reentry t ra jec tor ies  suggests ablators 
wi th  the  following characteri8tics: 

o Low density 
o 

o 

o 

Smallchar formation wi th  high char strength 
Minimum char recession (spallation or oxidation) 
Thermal conductivity t o  l i m i t  heat conducted. t o  substructure 

The prime consideration f o r  long entry time environments is the thickness 
of char formed and the amount lo s t  through chemical oxidation and mechmical 
erosion. Thick char layers formed during long entry time and low heat ra te  
environments experience thermal stresses that could cause spallst lon and 
,rexipitate mechanical erosion. 
chzr layers that resist spallation and exhibit good resistance t o  oxidation. 
For ?anel applications, current methods t o  reduce char erosion of si l icone 
nater ia ls  lpaka we of glass fibers or a phenolic honeyconib encasing the 
basic si l icone material. Another reinforcement method with good erosion 
resistance, but developed only t o  laboratory level, involves the use of a 

The material system t o  be chosen must have 

t o r  rigid f ibe r  f orcement. 

Sustained heating p 
;rrs(jressively thicker and more porous. 
f o r  si l ice/char reactions, further weakening the surface char zone. 
e f fec t  i s  a char that becams increasingly l e s s  insulative and progressively 
more susceptible t o  mechanical spallation. 
the remaining virgin material overheats, allowing bondline fa i lure  and loss 
oi' substructure strength. 

ces hot melt layer over deep char. The char becomes 
r heating a l so  increases t i m e  

Net 

I f  deep char i s  thus removed, 
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tkat  can further 

Ablative panels are  made up of two basic components - a n  ablative s t r a t u m  
and E substrate t o  f ac i l i t a t e  mounting. 
reuse of each panel must be considered. 
will depend on the specific design of the panel a s  well as the condition and 
characterist ics of the material a t  the t i m e  of refurbishment. 

The f eas ib i l i t y  of t o t a l  o r  p a r t i d  
Definitive refurbishing techniques 

Since the substrate generally encounters no temperature that  could degrade 
i t s  mechanical and physical properties, any refiirbishment consideration 
w i l l  be governed by the characterist ics of i t s  interface t o  the ablative 
stratum. However, i f  under operational conditions, the substrate should be 
damaged t o  such an extent as  t o  require refurbishing, the panel design should 
be questiomd. 
moval methods for  the panel assembly w i l l  meet any refurbishment requirement. 

It is  anticipated tha t  Properly designed instal la t ion and re- 

Several possible refurbishment considerations and their respective potentials 
applicable t o  orbi ter  vehicle application are presented i n  Table 5-1. For 
simplicity, a glass  honeycomb reinforced silicone elastomer system is con- 
sidered t o  be representative. 

To evaluate the merits of refurbishment, the exact behaviors of the ablative 
material on various degrees of exposure must be determined. 
accomplished by simulated entry environment testing, a f t e r  which the handling 
characterist ics of the degraded system as w e l l  as the boundary l ine  of the 

This can be 

lished . hniquers refurbishment must with 
the panel shape. 1 

The use of a r igid fe l t  or  fiber reinforcement, such as LI-1500, shows con- 

siderable promise f o r  simple refurbishment by employing subliming resins a s  
coolants i n  an LI-1500 matrix (passive transpiration system) This system 
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5.3 MOVABLE THERMAL HII'JGES 

It is necessary t o  establish the structural-thermal integri ty  of movable 
surfaces of a l i f t i n g  reentry body. 
dynamic control surfaces, landing gear doors, and payload compartment doors. 
The basic problem is t o  develop satisfactory bearings o r  hinges for  attach- 
ing 2000°F movable surfaces t o  15OoF primary structure. 
not presently available. 

An LMSC ID program has been in i t ia ted  to deflne workable design concepts 
fo r  reentry body hot movable surfaces with adequate thermal-structural i n -  
tegr i ty .  
preliminary design, and fabrication of a functional demonstration m o d e l .  
High-temperature lubricants and bearing materials and jo in ts  providing rota- 
t ion  through e l a s t i c  flexural o r  torsional deflections a re  being considered. 

Examples of these surfaces a r e  aero- 

Such bearings are  

- 

The program includes preliminary s t ructural  and thermal analyses, 

Detail analysis, design, development, and s t ructural  and functional tes t ing 
under simulated f l i gh t  environment w i l l  be required t o  solve the hot movable 
surface problem. 

5.4 RESISTANCE WELDED ANI) BONDED STRWTURE 

1p8 ass the sistance weldi 
through an adhesive lie, a s  with 811 new developments, i n  e s t ab l i  
quate quali ty assurance techniques. 
x - m ~ ,  ultrasonic, electroinductive, and radioactive isotope tes t ing.  O f  

these, the ultrasonic technique seems t o  of fe r  the most promising resul ts .  

Techniques proposed and tested include 
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W C  has fab 

A wea uncorre Letted 
welded adhesive joints.  Much of the earliest 
who have used this method for  both primeuy and secondary s t ruc tura l  applica- 
t ions i n  a i r c ra f t  since 1956. 
shear, tension shear interaction, and fatigue tests on th i s  process, dating 

back t o  1966. 
i t y  f o r  application as tank joints.  
further. 

Lockheed-Georgia Company has performed l a p  

A t  LMSC some work has been in i t ia ted  on determining sui tabi l -  
This joining method should be pursued 

5.5 STRUCTURAL MECHANICS 

To design optimum structural load-carrying elements and t o  minimize excessive 
weight penalties, a thorough understanding of t o t a l  loading environments and 
their  effects on the s t ruc tura l  design and in tegr i ty  of the vehicle i s  re- 
quired. Many of the elements contributing t o  the loads are readily identi-  
fiable, and their effects  on the vehicle can be adequately t reated wi th  cur- 
r en t  technological methods. On the other hand, aspects of the environment 
require more in-depth consideration and advancement of technology t o  ensure 
t h a t  accurate techniques are available t o  account f o r  their ef fec ts  i n  
vehicle design. 
loads, the acoustic environment, and the unsteady aerodynamics. I n  addition, 
accurate modeling of highly complex structures having widely varying st iff-  

ness and mss properties, nonlimar elements, and vastly different  damping 

C the s 1 response f o r  the many 
1 conditions. 

Among these are the dynamic and aeroelastic aspects of the 

5.5.1 Problem A r e a s  

Specific areas requiring solution o r  technology development are as follows: 
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eliminate substantial  overtest and resultant weight penalties. 
Fatigue resistance of composites, laminates, and other s t ructural  

elements s a j e c t d  8imarlf-b or wccs8slpbly to high a c w t i c  and 
thermal cyclic environments must be investigated. 

0 Unsteady aerodynamic e f fec ts  - It is  necessary t o  understand the un- 
steady aerodynamic e f fec ts  overw1bMach n u d e r  ranges f o r  adequate 
analysis t o  be performed i n  the areas of buiret  response, staging 

dynamics, panel f l u t t e r ,  e tc .  Oscillating shocks and loca l  flow 
conditions i n  t h i s  area of radical body shape changes can cause 
severe surface and internal  -vibration problems. 
(vortexing effect)  associated w i t h  ground winds could impose serious 
loading conditions. Experimental data should be acquired t o  prevent 
costly sedesign o r  the w e i g h t  penalties of over design. 
Structural  dynamic modeling and response analysis - Accurate dynamic 
modeling t o  determine dynamic response character is t ics  is  required 
t o  define response due t o  t rans ien t  loading effects (engine forces, 
w i n d s ,  unsteady aerodynamic effects ,  POGO osci l la t ion effects ,  e t c  .) 
Current techniques f o r  handling the damping characterist ics of the 

various s t ructural  components are not suf f ic ien t ly  systematized t o  

provide rapid parametric emluation of their  e f fec ts  on vehicle 
response. 

Unsteady flow 

0 

Modularized or model synthesis approaches can provide 
i n  the f i n a l  analysis i n  order t o  make 

use of thcl computer capability. 
Aeroelastic effects  - Aeroelastic character is t ics  of such primary 

Space Shuttle elements as the wings ,  f ins ,  control surfaces, and 
panel elements must be establiahed fo r  varying f l ight  regimes, 
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545.2 t e  

Considerable acoustic data are available from Sa 
sive vehicles. 
with analyt ical  predictions. 
candidate Space Shuttle engines are  presently being studied by means of 
analytical  techniques, based on specific impulse values, nozzle diameters, 
flow velocities, etc.  Information regarding damping characterist ics of 
candidate thermal protection surfaces i s  being compiled. 

and other large 
Data a m  presently baing compiled and organized t o  comp 

Hear and far field acoustic environments fo r  

In the absence of w i n d  tunnel data f o r  the configuration considered, maximum 
use w i l l  have t o  be made t o  scale past tunnel tes t ing  of various booster and 
a i r c ra f t  vehicle shapes; however, it is  believed that this  data w i l l  be of 
only limited use because of the complex flow patterns that w i l l  be generated 
by body interaction effects .  
t o  be determined by wind tunnel tes t ing  o r  application of conservative design 
phi 10s ophy . 

Ground w i n d  effects  w i l l  most cer ta inly have 

Fini te  element modeling techniques a m  w e l l  developed and have d i rec t  appli- 
cation t o  the Space S h u t t h  Both W 3 C 1 s  XEXBAT PIJASA's NASTRAN computer 
codes a re  usable for dynamic modeling of the individual vehlcles and the  com- 
bined vehicles. Development w i l l  be required in the representation of some 
vehicle elements, representation of nonlinear elements, response and s t ruc tura l  
interaction effectc  of l iquid filled tanks, damping representation i n  compo- 
ntjnts of the structure, and modal a a i s  techniques. 

5.5.3 Technology Developarerut 

0 Environment def ini t ion and simulation - Methods must be developed 
f o r  empirically predicting the response of typical  panel structures 

1 elements t o  acowt ic  envi Predictions of 



To determine acoustic and vibretion environments and surface pressure 
dis t r ibut ion due t o  inf l igh t  separated flow effects ,  it w i l l  be nec- 
essary t o  conduct wind tunnel tests t o  obtain amplitude and correla- 
t ion  data over a wide range of Mach numbers, angles of attack, and 
dynamic pressures covering ascent and reentry phases. 
are  not available through means other than tunnel testing. 

sive laboratory test  programs are needed t o  determine most optimum 
methods of test t o  simulate in-flight acoustic and vibration endron- 
ment s . 

o Unstear3yarod~mamics - Techniques t o  predict fluctuating pressure 
dis t r ibut ians  and spa t i a l  correlation e f fec ts  are needed. Also, 

scale model w i n d  tunnel tests of each separate body and combined 
vehicle configuration must be conducted a t  various angles of attack, 
Mach numbers, and dynamic pressures, with fluctuating pressure dis- 

t r ibut ions measured and effects correlated. 
interaction of flow ef fec ts  with tunnel surfaces must be solved. 
Extenrrlve wind tunnel test data muat be acqdred for the booster 
aad orbiter vehlcLee in varloua stages of separation, including 
control force and engine plums force effects. Data  must be acquired 
at various Mmeh numbers, d e r  varlaus aynamic pressures, and at 
different slagUte of attank (u a f’umtlon of t ims or separation 

These data 
Comprehen- 

Problems of scaling and 

f l o w  fields 
cts. Therspeatabl 

r6 must also be ea4x&bllshed i n  order 
for credibility to be attached to separation analyses eonductcr?d. 
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t i o n  of' t o t a l  vehicle model properties by component mode analysis. 
Study must determine which model properties a re  c r i t i c a l  and how 
boundary conditions can be adequately handled. 
Capabilities must be &valtqed l&rough model testing and analysis to  
enable proper dynamic representation of l iquid f i l l ed  tanks. 
loss characterist ics ard propellant feed system parameters (pump 
characterist ics) must be determined so tha t  adequate analyt ical  
representation of the interaction between the propulsion system and 
s t ructural  properties (POGO ef fec t )  can be obtained. A computer 
program i s  need.ed for  solving the response of two docking bodies 
when the input parameters are  body f l ex ib i l i t y  characterist ics,  
different  orientations of the two body axes, and differences i n  the 
velocitie6,translations and r o l l  motions. 

o Aeroelastic effects  - W i n d  tunnel tests over varying Mach number and 
angle-of-attack combination must be conducted t o  determine t o t a l  
vehicle and control surface aeroelastic s t a b i l i t y  effects  fo r  the 

individual vehicles and for  the combined vehicle configuration 
during the ex i t  phase of f l igh t .  
i n  phases, with the first phase occurring ear ly  enough i n  the program 
and accomplished with a simlified dynamically representative model 
i n  order t o  ident i fy  any pr ior  s t a b i l i t y  o r  f l u t t e r  problems and t o  
correlate with analyt ical  representation. 
be co 1s t o  de te  
design and to determine magnit f any) of l i m i t &  
f l u t t e r  i n  order t ha t  fatigue effects  can be properly ident i f ied.  

Line- 

This tes t ing should be conducted 

Final phase 
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5.6 CRYOGENICS 

thrm.3h theuse of an external purge bag over the insu la t im.  

2 i t h  the insulation under vacuum before reentry, the atmosphere w i l l  enter 
the insulation, result ing i n  water vapor cmdensation and other contamina- 
tion. It is therefore desirable t o  maintain a s l igh t  positive pressure 
wi th in  the purge bag during reentry and t h i s  requires a d i f fe ren t ia l  pressure 
regulator and a mitable  purge bag system surrounding the propellant tank 
insulation. 

The acmmplishment of these requirements necessitates the development of' 
a "breathing" insulation system. 

No programs have been condQcted t o  accomplish t h i s  specific goal. 
extensive work has been done i n  the development of cryogenic thermal pro- 
tection systems for  space vehicles; and some past e f fo r t  has been completed 
in  the development of thermal prdec t ion  systems f o r  cryogenic hypersonic 
vehicles. 

Hcwever, 

Summaries of these programs are presented i n  References 5-1 
t h r o w  5-30. 

The recommended approach is  t o  es tabl ish an orderly experimental program 
from labmatory t o  moderately large ground tests. 
soaall-s 
and methods. 

Laboratory test  and 
ronmental t e s t s  would be cmdueted t o  develop the 

The most promising concept would be selected, and a detailed design 3f 

t h i s  system would be made. A large-scale test  a r t i c l e  would consist  of a 
l iquid hydrogen tank ( 5  feet i n  diameter or larger) ,  the  selected thermal 
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5.6.2 Reusable Foam-Type Insulation Systems 

The propellant tanks of the 
a re  proposed t o  be f o a m  insulated. 
and possibly purge bag protection w i l l  be required fo r  the foam-type insula- 
t ions. 

ster and the ascent s of the orbi ter  
It is  l ike ly  that protective purging 

Foam-type insulations have been used extensively i n  reusable ground systems, 
but not under the environments t o  be experienced by the Space Shuttle. 
Work is presented i n  References 5-31 through 5-34. 

The objective of the test programs would be t o  determine the effects  of 
the Space Shuttle mission profiles an foam insulation systems. 
i n  the program would involve laboratory tes t ing  and scaled tank testing. 
The laboratory program would principally involve the  e f fec ts  on various 
fDam systems from repeated cycling through the ground hold, ascent, vacuum, 
and reentry atmospheric conditions t o  w h i c h  the  insulations would be sub- 
jected. 

The steps 

Both thermal and physical properties should be investigated. 

Following laboratory tes t ing,  scaled tank should be conducted, with 
5-feet or larger diameter tanks used. (This t es t ing  w o u l d  require use of 
a cryogenic flight simulator.) 
t ion  system w o u l d  be developed i n  these scaled tests. 

Any necessary modificiations t o  the insula- 

OP e 

ncipal problern i n  the development of cryogenic tankage f o r  reusable 
s i s  the required sustained loading, rather than the pressure cycling. 

Only meager infonnation is  available on the fracture mechanics of aluminum 
alloys and welded j a in t s  under sustained loading i n  contact with cryogenic 
propellants. Also, only a limited amount of data are available on tankage 
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?'he programs would involve mechanical properties tes t ing  of candidate tank 
materials (aluminum and titanium alloys). 
3f base material and weldments wwld be used. 
environments include: 

Notched and unnotched sp 
Tests required in  the expected 

Q &tended cyclic tes t ing  
o Testing with the material exposed t o  l iquid oxygen and l iquid 

hydrogen propellants 

On the basis of the t e s t  resu l t s ,  the threshold stress intensi ty  factors 
fo r  each tank material w i l l  be determined fo r  each propellant exposure. 

5-18 

LOCKHEED MISSILES & SPACE COMPANY 



=CIA959837 

ln 
I 

L n  
‘-f m 

I 
In In 

9-19 



S 
C 

+ -c 

e 
E 

c 
E 

c 
a L 
4. 
E 
C c: 

4. 

a 
c 
E 
$ 
.r 

E 
t! s .... 
+: 
E 

E 
F 

c r: 

8 
: 

I 
c 
r: e: 

4 E 
O 
0 

t! 

e 
!! 

E 

a 
a, 
0 

k 
e, 

4-r 
aJ 

r 4  

G cu 
ln 
T: 7 

ln 

5-20 

LOCKHEED MISSILES & SPACE COMPANY 



W C h 9 5  9837 
V O l .  11 I 

% d 

tu 

rn 8 
tu 

a B 
Q, 

m B k 
0)  

% 
8 

aJ 

B m 
0 
k 
ale 

k V  
T i  
8 E  
38 
0 0  
0 0 

a 
tu 
P 
8 E ! U  

co 
r;‘ 
In 

m 
tn 
3 

0 
? 
In 

cu 
tn ? 

c- 

In 
7 

5-21 

LOCKHEED MISSILES & §PACE 



I 

Ek 
PI4 

8 m 
ys, 
I 

al 

m s 

\ce I ! 
Ln Ln 

8 %  03 
I I 
ys, in ? 

ln 

M 
N 

I 
!.n 

5-22 

LOCKHEED MISSILES & SPACE COMPANY 



I 

% 
I 

Ln 

\ ca 
0 

m 
M 

I 
iA 

$4 
I 

Ln 

LMSWAV5V837 
Vol. I1 

5-23 

LOCKHEED MISSILES & SPACE CO 



? 
ln 

=/p959837 
Vol. IS 

P- co y s p s ; t  ln ur # v\ In I ln ;3 ln 

5-24 

LOCKHEED MISSILES & SPACE COMPANY 

$ "  a 
ln ln 



I 

face coating capable of w l  

reentry or be re-applied between flights. If the Inherent characterist ics 
of the external skin are adequate for  orbi t  temperature control (without a 

special  coating), the system reur .b l l i ty  is greatly enhanced. 

The proposed effor t  w i l l  involve the mbasuremant o f a  and c for  candidate 
external surfaces. 
tolerances and the effects  of repeated w e .  

Measurements w i l l  be made t o  establish nominal values, 

The applicabili ty of these propertlee w i l l  be established by analysis 
t o  determine result ing on-orbit temperature lavels. 
that  inherent character is t ics  of candidate skins are not 8dequate, a devel- 
opment program for a specif ic  surface coatlngl or  treatment w i l l  be prepared. 

Should it be determined 
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. 
Integration of avioklic~ f’unctions is  the primary technique 
cantly reducing syatem weight, puwer, Md cost. Required improvemants i n  
technolagy a t  the subsystem and system 1-1 are  ident i f ied i n  the  follow- 
ing paragraphs. 

6.1 EIECTRICAL SYSTEMS 

The Space Shuttle has several requirements tha t  a f fec t  e l ec t r i ca l  system 
development technology. For example, the 1-hour entry period following de- 

orbi t  imposes a nonradiative cooling problem an both t h e  primary and standby 
power systems. 
power f o r  t h e  orbiter,  w i l l  require open-cycle operation or possibly evapor- 
a t ive  cooling. 
cooled. Lightweight, high-efficiency, power control and dis t r ibut ion systems 

will be required because of the wide dispersement of e l ec t r i ca l  user equip- 
ment throughout t h e  vehicle. The short  turnaround time w i l l  require repair- 
able or  replaceable hardware units. 

Fuel cells, the leading candidate as  a primary source of 

Also, t he  standby bat tery system w i l l  have t o  be actively 

I n  the  past, a valuable design too l  has been the  spacecraft o r  a i r c r a f t  
electrical mockup. On vehicles of the s i z e  and complexity of the Space 
Shuttle, however, the cost  of canstruction and use of such a mockup would 
be prohibitive. The use o f f l a t  conductor cablingwith its predictable 

ossible t o  cons some type of simulation tech- 

cost and f a c i l i t y  =qui 
t i an  technique mu& be developed f o r  loads and 

puwer sources. Once developed, such a puuer system simulation technique 
caild be used f o r  Space Station as w e l l  as Space Shut t le  or other 
advanced spacecraft design. 



Specific developments for  power ~ O W T C ~ C ; ,  parer distribution, and 
t i m i n g  ore presented belad. 

6.1.1 Power ~ m r c e s  

6.1.1.1 Fuel Cells. The present limit of 2030 t o  3EQ hours of shau 

be increased tcsuard a gosl  of 

fuel c e l l  system and includes 

Electsxhemistry impmvements 
performance, and lo,qpr life. 

- 

10,000 boars. 

pumps and valves. 
This incresse opplies t o  t h e  

wglild emtribute Lo reduced weights, improved 

A ~ t a ~ ~ ~ ~ t  of improved control of electrolyte 
position, af' c e l l  voltage closer  Lo theoretfcol, and of less voltage drop 

w i t h  ificreaaed load and operti-king time $6 desimb%ee 

Ta aU.m iiicreaGed current dens i t l ea ,  mcthcXls of high r a t e  ' f ~ a l ;  removal 
should be develapcd, 
t h e  appl icet ion of' heat pipe t c e h o h g y .  

'Phese methods inelirdc wuter inject ion and boiling and 

The use of t h e  Space Shuttle It2 aiid O2 p ~ o p e l l e n t ~  for fuel cell reoctmtc 
3 6 a desirable irs,%egratfon method. Methods f o r  cmdflionz%xlg.! these meterials 

t o  remme em-bon-bearir~g hpuaaitics ond f o r  usia~g I~~-prcsscare reac tan ts  
must aLco be developed, 

3 
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. To reduce t h  8 

adequate cooling and t h e  highest possible d 

t o  reduce casts. 

6,1.1.4 Cruise Engine Power Takeoff. Significant reductims i n  generator 
system weight can be achieved through eliminating constant-speed drives 
with variable speed, constant-frequency generator technology develupment. 

6.1.2 Pmer Distribution 

6.1.2.1 Distribution Voltage. Up t o  the  present, dis t r ibut ion of primary 
p a v e r  a t  28 vdc and 115-v 400 Hz ac has been adequate f o r  moat spacecraft. 
Hmwer, becauee of its s i ze  and complexity, t he  Space Shuttle requires 
optimum parer dis t r ibut ion voltages. 
optimum voltage, wi th  attention given t o  the magnitude and location of major 
power loads, the  overall  power dis t r ibut ion concept (centralized versus 
decentralized o r  isolated power sources), the aircraFt/spacecraft operational 
phases, the cost of redesign and requalification of components if a new 
operating voltage is  selected, and r e l i a b i l i t y  and crew safety. This study 
must have high p r io r i ty  because of potent ia l  impact on the development of 
bath power sources and major power-using subsystem canponents. 

A study m u s t  be made t o  determine the 

6.1.2.2 Ligbweight Circuit  Canponente. Cancurrent with the voltage opti- 
m u s t  cmtinue O~LT 

e, ribbon cable, an 
opment af' lightweight wiring 

power and sigaal distribution. Also, the development of lightweight solid- 
s ta te  c i r c u i t  breakers t o  meet the Space Shut t le  parer switching requirements 
and match the integrated avionics and power control and protection concepts 
m u s t  be in i t ia ted .  

wire) f o r  spacecraft 

One desirable development i n  the use of multiconductor 
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a e 

heed S - 3  a i r c ra f t  w i l l  emplay t h i s  tec 

t iona l  development and testing of t h i s  device would be required for space 
use 

6.1.3 Pwer Conditioning 

Excellent prqgress has been made recently i n  sol id-s ta te  inverter technology 
w i t h  t h e  development of the harmonic stepped wave inverter  by Engineered 
Magnetics Division of G u l t o n  Industries. When an optimum Space Shuttle dis- 

t r ibut ion voltage is selected, t h i s  technique could be used t o  develop a 
lightweight high-pwer s t a t i c  inverter. 

6.2 HIGH-SPEED DATA BUS SYWlMS 

Traditionally, information t ransfer  between avionic items has been accmp- 
l ished by multiconductor cable. With t h e  advent of' integrated c i rcu i t s ,  
s ignal  multiplexing a s  a means of reducing t h e  cabling weight has become 
feasible. 
t o  6 megabits per second can be consiclered. 
achieved by the  use of a standard interface unit  between the avionics 
equipment and the data bus. 

Transmission of data over a single coaxial cable a t  r a t e s  of 1 

Further improvement can be 

ca(rm&lbd systems, 
neceaBary t o  meet Space t l e  require- 

w i l l  be required t o  achieve redundant, 
fail-safe,  and self-test operations, a s  well as  increased r e l i ab i l i t y .  
The command system m u s t  have the  increased capabili ty t o  meet t h e  require- 
ments for  rendezvous, docking, and earth landing. 
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mere i s  considerable in te res t  i n  ultrasonic and optical  signal processing 
t o  permit t he  simriltaneous handling of a large number of signals. 
has included t h i s  task a s  par t  of the independent research program for the  

past 2 years. 

WBC 

The IMSC independent development progrem has also funded several tasks i n  
t h e  laser  communications eld. These could provide a background of knowl- 
edge and capabili ty applicable t o  high data rate systems. One task is  de- 

voted t o  the determination of optimum design and characterist ics of solid- 

s t a t e  lasers  f o r  use i n  wideband communication systems. 
conducting research on techniques for modulating lasers  emitting i n  the  
vis ible  spectrum, w i t h  t h e  specific aim of reaching information bandwidths 
of 1 GHz, with 20 t o  40 percent depth of modulatim. 
voted t o  the determination of the  most sui table  modulation system and format 
f o r  use i n  a wideband laser canmunication system. This study w i l l  a l so  
provide data needed f o r  overall  system design and performance analysis. 

A second task i s  

A third task is  de- 

6.3 EIBTFtONIC ColoTROLB ABDDISPLAYS 

An all-electronic f l i g h t  and status display and a heads-up display used i n  
the electronic system 

t &e.) 

sent the  primary media 
f o r  displaylng single or simultaneous multiple events. 
versus multiple gun, color versus black and w h i t e ,  or even three- 
dimensional CRTS require study. 

Selection of s ingle  



9 

The fo l lming  hsrdware developments should be investigated: 

o Electronic a t t i t ude  indicator  
e Electraluminescent &atus tllsplsys 

Digital event Lime c m t r o l  and d5splsy 
parameter disp lay  

o Plasna d i s p l a y s  

Space-qualified version of' t he  CRP 

- The edvsntnges of  solid-state conlrol/disploy devices f o r  space application 
9re well. knrwn. 

and p r d u c e d  B number of electroluminescent bar  gropfi meters. 
research WBS cmdueted concerning element thickness, phosphor composition, 
drive valtage, brightnesc, tnunufecturlng and packaging, pmer  c~nsumption, 

weight, and u s e f l r l  IiPc.  k humm factors  evaluat ion WRS perfamid 5n t he  

It4SSC Space Stat ion s i raulator  to ob i ;~ in  krimlecige. j n  the integrntion of such 
devices l n t o  t h e  crev s t a t i m d  

U4SC recognized the  irnpol-esncc of this tcchnol.ogy in 1965 
Considerable 

The camplcxity of the Space Shu.'c;tlc. c o w e s  a shifi i n  t h e  evohv.c.iS.on weight- 

i n g  and in favor of the c3Sid-state devices, Current IXSC evaluations of 
eLecLrolurninescent dispZays In eonJunc%icm with CRTG currently a v a i l a b l e  

tend t c ~  show t h a t  major electral.u~ilbneacent use wi1.E be for  d&.icu"cd dis- 

plays  such 8 s  CSU"C3n snd Woming %'U_llctions OY C r % t i c a l  fuaforas%ion dj.GplayS, 

which require continuous and specif ic  infosrmntion availability t o  the crewmen 
The wide f l ex ib i l i t y  of the CRT f o r  alpha numerlco an8 graphics 8s well 8 s  

color make it er more at t ract isre  device for integra-bed LtisplEjy, 

I;xl~he& has made extensive evalua.bions of' t a c t i c a l  CRT display systems fo r  
use in t h e  S-3.4 s i rc raf t . .  Control and displrry c%udiec fol- use i n  t h e  

eed 3011 T r i s t a r  also invalved evalua-kion of t h e  electrmic a t t i t u d e  

directax- indicetor as w e l l  8 s  CRTs for general-purpose readlout. 
study resultf; are being incoqara'ced i n t o  BS;c design consideretions 

f igu r s t ims ,  datu presentation formst alad symbol designs, e m p o t i b i l l t y  w i t h  

k e 3 b a r d s  and other input  devices, e-tc,, with poraineters specific t o  the 
Space Shuttle used. 

These 
Bread- 

board simulation studies EITX p l ~ m e d  a t  DGC ~ C J  I ~ ~ v e ~ t Q s t e  ins.i;rLlIiieilt can- 
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tory build-up and throughout the aperational life of the Space Shuttle. 
The system must be highly re l iab le  and m u s t  possess a high degree of f lexi-  
b i l i t y  t o  meet the diverse vehicle test requirements. Current systems are  
not capable of meeting Space Shuttle requirements; therefore, a technology 
pragram m u s t  be ini t ia ted.  

A system concept must be established w e l l  i n  advance of spacecraft sub- 
system design, since techniques tha t  depend a the development of self-test 
within each equipment or subsystemtwe preferred. Furthermore, standardized 
interfaces a re  desirable e 

The primary area tha t  requires develoment e f fo r t  i s  the signal condition- 
i n g  system. A highly re l iab le  microelectronic system, i n  which the system 
itself and i t s  companion transducers are operated frm pragrammed power, is  
desirable. 

6.5 CONFIGURATION AND S ~ ~ I N G  C O ~ R O L  

A configuration and sequencing control system w i l l  perform automatically 
t h e  checklist Amctioa t o  es tabl ish the required system configuration and 
ver i fy  s ta tus  f o r  a go condition. 
has never been used op manned vehiclets. 

A cunpletely automatic onbard system 

A technology program is needed t o  
system 8 .  d of Con- 

t ro l l ed  fuses, relays, and circuit breakers and switches is  required. 

As part  of its independent develapment program, 
Qn sal id-s ta te  switching devices, w i t h  an objective of develeping basic 
c i r cu i t  designs f o r  high-reliabil i ty,  l a w - w e i g h t  switches for satellite 

has cmducted studies 

applications. 
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6.6 TRACKERS AM3 SENSORS 

Tracking and sensi 
navigatim i n  a l l  phases of t h e  mission. 
i n  several equipment areas. 

progrsm an environmental prctt;ection materials for t h e  sensor ports, since 
t h e  mater ia l  must be Lrsnsparent a t  t h e  aperating frequencies. 

sids will be required. t o  ass 

Of major imp 

Several requirements can best  be resalved by using radar t e c h n o l w .  Satel- 
l i t e  tracking, weather avaidance, t e r r a in  avoidance, snd col l is ian avoidance 
axe t a s k s  tha t  are  currently assigned t o  speciallized devices. 
m & e  crf aperation is  required a t  any me time, these tasks  could be achieved 
by using a multimode radar wi th  bull%-in redundancies t o  prrvide r e l i a b i l i t y .  

Successful develcpment of t h i s  device would be 8. 6fgnificant C 

tmard  providing 8 lw-cos t  transportatian system. 

Since one 

The requirement far an autaraaljlc deackhg device requires develqmerit of a 

suitable docking sensor. 
phase mus t  be extremely precisec h se r  technology appears t o  be at t rect ive;  
however, operation a t  shart ranges requires f i f i h e r  development. Lockheed's 
independent research on lasers, which i s  directed a t  wideband communica- 
t ions applicatims, could: contribute t o  the solution of the docking problem. 

Ra e and range ra te  dv-xirag t h e  f i n a l  d.cxking 

InCre8Sed applications for anboard te levis ion a r e  required fo r  the  Space 
Shuttle. Imprcrvements a r e  needed i n  camera life, performance, and s ize .  
Specifically, higher re~31ut3.m~ impsaved m & i m  rendition9 and 8 wider 
dynamic range t o  cover 8 wide range of ambient illumination levels  are  re- 
quired. 

6.7 c C A ~ O ~  SUBS'HST 

Since comunication requirements d m n g  launch, orb i t  injection, and land- 

ing are no mare severe thsn far  present systems, the basic technology 
exists. Hmever, technological advances are  needed iln cer ta in  areas; ma 
equipment development w i l l  be required t o  achieve 811 i n t e  rated system w i t h  

6- 8 



and ma 

micrmave power and fo r  achieving low-nolse receptian with devices t h a t  a 
integrated with the  antenna structure. I n  addition, means for generating 
multiple independent beams and fo r  the reduction of beam steering power a re  
necessary, 

A significant technological development i s  r equ i r ed to  ensure tha t  antennas 
survive the  thermal effects  of the  reentry environment. 

Laser communication systems offer  potential  advantages over microwave sys- 
tems i n  tha t  extremely high antenna gain may be obtained with very small 
apertures, 

problems minimized, Also, optical  wavelengths a re  not significantly af- 
fected by reentry plasma, thus providing a potential  solution t o  t h e  cm- 
munication problem. 
lasers i s  present* directed toward wideband canmunications between a law-  
a l t i tude  

Weight and volume requirements c a d  be reduced and s t ructural  

Lockheed ' 8  substantial  independent research program on 

s a t e l l i t e  and a synchrmous data relay s a t e l l i t e .  

Antenna systems are under investigation i n  several independent development 
programs. For example, a switched-beam, phased-array system sui table  fo r  
use with a data re lay satell i te was s tar ted i n  1969. This is the i n i t i a l  
e f for t  of a 3 year program leading t o  a demonstration m o d e l .  
s a t e l l i t e  antenna under study is an e l l i p t i c a l  reflector,  which achieves 

A multipurpose 

ation e f fec ts  

which can be i 

use as p a r t  of a phased-array tlr a repeater system, is a lso  being develaped. 
The design goals include a tuning range from 1.5 t o  2.3 GHz and a noise 
figure of less than 5 db, with an IF bandwidth of 100 M?iz. Components have 
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been designed, and t h e  receiver is being fabricated,  

Cmcurrent with antenna systems studies, 

i s t i c s  nust be studied t a  red 

ment an integrated 
advanced eor;lmmicatiaa system en ta i l s  eveluet 

eters. I n  1968, UGC devoted a por?;ion of i t s  independent devebpmenl f i n d s  

t o  t h e  develqment of a coaputer-aided psremetrlrc systems analysis technique 
f o r  use i n  evaluating t h e  f e a s i b i l i t y  of cmnunicetions systems. 
is n m  fmurjed on investigating t h e  fe8Sibilit.y of pointing nnrrm-beam 
psrsb3lic reflect3rs, a s  w e l l  a s  other aspects of s%l;elli%e relay systems. 

smitter and recei 

The program 
- 

Multichannel selectable  frequency t ransmit~ers/rccelvers  must be developed. 
The receiver development 6hauI-d foLZarl one of tvo ayproschef; - use of wide- 

band W amplifiers and filters or use of n single  wideband receiving system 
with &aptable E' frorn end stages for  dj  fferelzl; frequencj es 

salid- s t a t e  preo:npliiiers also must be develapcd. 

LnJ-noise 

UEC has  recelltly completed an Independent devdqmen-1; program t o  irwestj - 
gate %be s u i t a b i l i t y  aE microelectronics and m i n i a t u r e  cmpoiients f o r  epace- 
craft spp l i ca t ions  snd the development of ci-scuit1-y mil teclmiques leading 
t o  a marked reductlan i n  s i ze  end weigh% of st?pcrl~eter&yne receivers, 
prototype receivers were designed, fabricated,  ond evaluated. Finally, a 

project is underway t o  design, develap, and t e s t  An S-Lo-X band repeater 
su i tab le  f o r  s e t e l l i t e  np;?lications. 

Two 

High-power (approximotely 100-watt) t ransmit ters  o re  required for  t h e  sstel-  
lite re lay l i n k .  Sa l id-s ta te  exc i te r  stages a r e  available; hmever, de- 

velopment of su i tab le  parer smplifiers is requirede 

pendent devel q m e n t  progra:? 

f iers.  

fiers 3perating 8% S bando 

124SC has had an inde- 

derway s ince 1968 on G;III~L=BLOLC pover empli- 

This current effort  i s  concentrating on the  fabr ica t ion  of ampli- 
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6.8 C 

6.8.1 Integrated Systems Analyses 

System requirements and design c r i t e r i a  f o r  a l l  flight phases must be 

prepared for  use i n  tradeoff studies. Guidance equations t o  be used i n  
f l i g h t  path-optimum options t o  provide a rapid and absolute convergence 
of a l l  conceivable combinations of system and mission parameters must 
be studied. The blending of aerodynamic and reaction controls at the 

entry interface must be studied. 
automatic terminal landing systems must be studied i n  detail. The 
blending of manual and automatic control capabi l i t ies  fo r  a l l  f l i gh t  

phases must be studied. 

The requirements of manned and 

6.6.2 Unitized Sensor Pointing System 

Several instruments t o  sense t h e  outside world f o r  navigation and 

control information are required. 
s tabi l i ty  between the navigational reference and i ts  sensor are required. 
The development of a concept in  which the detection (and transmitting 
f o r  active sensors) sensor subassemblies would be mounted on a common 
mounting plate  suspended by a single two-axis gimbal structure should 
be undertaken. 

Precision alignment and alignment 

This combination of detecting subassemblies and two-axis 

m t o  a var ie ty  of detection 
schemes, each PO strategy and track transfer  
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6.6 .I Solid-state Heind Controller 

A h a d  controller with solid-state switches rather than the 
eycle-limited relays must be evaluated. 

6.5.5 Redundant C W  Data Processor 

A dedicated redundant COEblv data processor must be evaluated. 

6.8.6 Structural  Mode Alleviation Systems 

The overall performance of an autopilot-controlled vehicle is dependent 
on an accurate representative of the vehicle's e l a s t i c  motion. 
output of the control systems sensors that a re  located at various points 
along the vehicle w i l l  contain both loca l  r ig id  body and e l a s t i c  informa- 
t ion  t o  be fed t o  the control system. 
important i n  the overall  analysis of the  flight characterist ics.  
need exis ts  t o  study the s t ruc tura l  in tegr i ty  of the various Space 
Shuttle configurations with mode al leviat ion systems t o  bring t o  l i gh t  
any st ructural  problems that could affect the selection of the  f i n a l  
configuration. 

The 

The f l e x i b i l i t y  effects  become 
The 

A program is required t o  es tabl ish the mode al leviat ion system requirements, 
i f  any, during the boost and recovery/reentry phase. Both mathematical 

ated experience as part of the W C  MepenCaent datvelo 
on the  following subjects could be useful i n  the guidance, navigation, and 
control study programs: 
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Dynamic and p@ ce e (ree 
optimization) 

e 

Control systems f o r  reusable spaeecraf't 

6.9 INTEGRATED ELECTRONIC SYSTMS 

Development programs f o r  avionic subsystems must be keyed t o  an overall  
integrated electronics development program. 
an orderly development program are needed t o  establish guidelines fo r  sub- 
system designs. 
of computational f'unctions. 

System decisions based on 

One c r i t i c a l  decision is the  degree of centralization 

System level  decisions must be based on adequate test data. 
t es t ing  i s  required t o  ensure compatibility of the individual subsystems. 
Both ground and airborne simulations are required. Flight and t ra jectory 
related forces and loads could be simulated by digital  analog hybrid 
computers. High torque and control element iner t ias  could be mechanically 
simulated. Actual p i lo t  displays and controls would be used; hwever, 
targets  such as landing fields, the  Space Station, and docking ports would 
be simulated mechanically, e lectr ical ly ,  o r  optically.  The DISC Space 
Station simulator would provide an excellent f a c i l i t y  f o r  these tests. 
F l igh t  tes t  simulation would be used t o  test functional operations f o r  
which ground simulation of the flight environment would be too d i f f i c u l t  
or not suf f ic ien t ly  representative. 

Simulation 

The SMSC independent devel 
could provide 
electronics development e f for t .  
purpose d ig i ta l  ter fo r  application t o  advanced avionics systems. 
Prototype hardware is being fabricated f o r  tes t  i n  the LMSC simulation 
laboratory. 

am has funded two tasks  that 
licable t o  the integrated 

The first is the development of a gaeral -  
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me second i s  a m a  

i ts memory bank, w i l l  pe 
are directed t o  a downlink, used fo r  detection of malfbnctions or 
retained as source data f o r  autonomous vehicle operations. The computer 
employs its stored instructions t o  solve mathematical equations relating 
t o  various navigation and control functions and either stares the 
solutions fo r  subsequent computations, multiplexes them on the  downlink, 
o r  outputs low-voltage comPraands suitable f o r  control of vehicle operations. 
Many conceptual designs have been evaluated. 
completed, and breadboards are being fabricated fo r  use i n  simulated 
realtime demonstrations i n  the hybrid computer laboratory. 

Detail designs have been 
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ne 
program is needed in the io l lowi r rg  a n a s :  

o Radiator 
o Noise control 
@ Chemical oxygen system8 
o Waste management and per8ma.l hygiene 
o Reusable BCS 
.t) MultimodeECS 
o Suit loop elimination 
o Equipment temperature control system design 

7.1.1 Radiator 

Various coolants, such as  HSC 198, ethylene glycol/water mixtures, or plain 
water, a r e  used i n  t h e  present active cooling systems. Water is the  idea l  
coolant because of i t s  high specific heat capacity and incombustible nature. 
During periods of minimum heat rejection and with the radiator  exposed t o  
i t s  coldest conditians, water or 
radiator. 
such as  freon interchange systems OPT zone freezing of selected radiator  
panels. 
radiator  configuration for the  Space Shuttle. 

coo3ant. caa fresee In the 
This may be prarented by incorporating various control techniques, 

Other approaches a h a  be inves t iga t ed to  deermine the optimum 

7.1.2 Noise Control 

Present noise levels generated fran 13cS equipment, such as canpn?saors and 
. Methods of reducing noise levels t h r  

ements or additions of acoustical  insulation a re  highly deeirable. 

7.1.3 Chemical Oxygen System 

For short  duration miasiars, the conventional approach is t o  use l i t h i u m  
hydratide for C02 remcwal and oxygen stored c i c a l l y  or  as 8 high- 

LOCKHEED MlSSlL S & SPACE COM 



f o r  the long hold times 

superoxide systems. Such systems entail low weight, 
they are highly storable. On the  other hand, they have 
system imbalance (02 supply vs CO r e m m r a l )  and, more important, t he  safety 
hazard of an uncontrolled chemical reactian with water, yielding large 
amounts of heat and excessive oxygen. It has been demonstrated t h a t  a 
l i t h ium peroxide system used w%th the  proper catalyst  can be controlled t o  
give the  proper 02/C02 system balance without encountering the  safety hazards 
of t h e  superoxide system. A lithium peroxide system w o u l d  be lighter weight, 
smaller, and m o r e  eas i ly  packaged and stored than t h e  separate oxygen and 
C02 remwal systems presented used. 
advantageous for  lmg, inactive docking periods. 

2 

Such a system w a i l d  be par t icular ly  

7.1.4 Waste Management and Personal Hygiene 

Present methods of w a s t e  management involve considerable e f fo r t  and extensive 
handling. I n  addition, uncontalned waste products have occasionally become 
free within Cabin areas. 
l i m i t e d  t o  damp sponge or chemically t rea ted  napkins. It is 
the en t i re  concepts of waste management and personal hygiene be developed 
for impmved comfort and t o  be more appropriate f o r  use i n  a vehicle t h a t  
will be used repeatedly Over a 10-year period. 

Hygiene facilities, such a s  washing, have been 

w i l l  be e 
aver a l0-year perfod. 

missims. To maintain system abi l i ty ,  it w i l l  be necessary t o  imprave 
present equipment operating capabili ty or plan f o r  replacement a s  necessary 
t o  overcome ef fec ts  of repeated stresses. 
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7.1.7 Elimination of Suit Loop 

One specific requirement imposed on the vehicle environmental control sys- 
tem is t o  provide operation with a shirtsleeve environment. 
suggested that th i s  requirement w i l l  result i n  elimination of the s u i t  loop. 
The advisabili ty of removal of the su i t s  must, however, be weighed against 
considerations of weight, power, and cost savings as well as thermal and 
r e l i a b i l i t y  aspects, 
hazard protection t o  the personnel must be developed. 

It has been 

In additim, an al ternate  means of providing the same 

7.1.8 Quipment Temperature Control System Design 

Equipment components, some of which generate energy that must be rejected, 
a r e  maintained within required temperature l i m i t s  by coupling t o  a coolant 
loop or, i n  some cases, only t o  the s t ructural  frame. Batteries a re  an 
example of components rea_uiring precise cmt ro l .  

An analysis should be conducted t o  determine the components that require 
active cooling and those whose temperature can be controlled paesively, 
This study should have an interface with the E S  design ef for t  because the 
f lu id  involved and the coolant flow rates impact the ZS. 

A thermal control system w i l l  be designed fo r  re ject ion of applicable heat 

loads and duty cycles. 

7-3 

LOCKW 1SSlL 



=/A959837 
VOl. I1 

7.2 CREW SYST 

The pacing techn 

but for the Space 
crew considerations is necesaary. 

7.2.1 Vehicle Flying  Qualities 

Tradeoffs in vehicle and control system characteristics will necessitate com- 
promise in handling qualities between orbital and atmospheric flight regimes. 
Pilot and rotationalaxes placement dictated by configuration and flying quality 
considerations for descent and landing pilotage will probably be incompatible 
with optimum placements of the pilot, rotational centers, and docking ports for 
orbital operations. 
but rendezvous and other orbital PBeUzeuvers will also be affected. 
creased cross-coupling effects between attitude control freedoms as compared 
with current spacecraft can impact orbital maneuver fuel consumption, time re- 
quired, pilot skill requirements, maneuver precision, and hazard. 
likely problem is increased and more variable thrust misalignments in orbital 
maneuvers. 

Greatest impact ia likely to fall upon docking pilotage, 
Likely in- 

Another 

Early man-in-the-loop flight simulation constitutes the only effective means 
of identifying flying quality problems, suggesting solutions, and assuring that 
solutions in one flight regime do not critically degrade another. 
must provide evaluations and assurance of configuration and design features 
with respect to flying qualities at the earliest point of their consideration 
in order to provide a timely influence on the design process. 

Simulation 

early preliminary design phases for each type 
of vehicle. 
rules to the same extent on a combined apacecraf't/aircraft vehicle as approp- 
riate to a spacecraft or aircraft separately. 

However, a very high riek would be incurred in the use of such 

Analytical simulations in which 
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c trrrnsfer f'unction mathematical model i s  subsituted f o r  nlan-in-the-locp hzvc 
kcti notoriously unsuccessnll i n  the past, and sa t i s fac tory  models a re  not 
l i k e l y  t o  become available within the next 10 years. I 

la t ions for f lying qualities w i l l  be required I n  rendezvous and doc!.ring, 
1 cEneuver, atmospheric descent, and approach and landing fli 

possibly in launch, ascent, and reentry regimes. The required perrcer. 
clicrra-teristics for  simulations i n  each regime must be deternined through ansly- 
sis, and the appropriate simulation technique mt be ident i f ied t o  satisf'y t h e  

require!nents . Undoubtedly, several  simla-tors will. be required, since a s ingle  
device t o  cover a l l  f l i g h t  reg im requirements is not within the  current or  
:iear-tsrm state-of-the-art. In-f l ight  simulators, i n  addition t o  convcntionrl 
p o m d  simulator f a c i l i t i e s ,  must be considered for the approach znd kindin;: 

r " l i G f i t  regime, 
avionics and control parameters i n  a l l  cases must be adequate t o  evaluate the 
effectiveness of t ransi t ions between au tomt ic  and nienual f l i g h t  control.. 
s i  ~u1-ct.c.r~ imst be designed t o  cccormoda.te later problcni disgnts is  exercises 
during ?'light Lest and early crev %raining before t ra ining si~:rulat~ors are avni I- 
zble. 

- 

The simulation of the cockpit d i s p h y  co!nplenient fclr both 

Suck 

7.3.2 Vis ib i l i t y  

Adequate v i s i b i l i t y  for vehicle f l i g h t  control operations is  essent ia l  even 
where rnanual control i s  a baclcup mode. 
first, t o  determine the required line-of-sight and field-of -view f o r  each 
p i l o t q e  operation and t o  evaluate techniques t o  inzke the requiyed field-of - 
view available t o  the p i lo t ;  and, seconti, to determine the v i s i b i l i t y  reguirc- 
uents and ava i l ab i l i t y  within the provided field-of-view, 

The problem breaks down i n t o  two pr t s :  

Pacing line-of -sight and field-of -view a v a i h b i l i t i e s  a r e  for  approach and 
Szndin;: and for docking maneuvers, 
rnincd from analysis of the f l i g h t  prof--le and vehlc3.c dynamic lcesponse charac- 
t e r i s t i c s  i n  each f l i g h t  regime, conventional v i a q o r t  v i s i b l i t y  t o  ]neet a l l  

vis i .bi l i ty  needs m%y be d i f f i c u l t  t o  achlcve, 

Although these requirements can be deter-  

Ind i rec t  visibil . i ty must be ex- 

i 

i 
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A. 

t o  solving line-of-s 
i"1ight regimes is t o  prwide separate work s ta t ion  locations fo r  flight control 
ogerations i n  different  f l i g h t  regimes. 
f l i gh t  control during docking might be located near the docking capture point 
t o  provide visual  information f o r  the docking operation. 

For instance, a s ta t ion  for  vehicle 

Although line-of-sight and field-of -view requirements can be adequately deter- 

1:dned from analytic and mockup techniques i n  prelirilinary design stages, v i s i -  
b i l i t y  requirements within the specified f ie ld  of v i e s  cennot be deteixi-ncd bx 
s l  : i k r  techniques within the current state-of-the-art. Only physical simla- 
t ion can provide adequate evaluations, although direct ma-in-the-loop simla- 
tions a re  not always required where photometric measurement can be adequately 
related t o  v i s ib i l i t y .  Visibi l i ty  within the required f ie ld  of view is  
detenuined by the characterietlcr of the Piewing optic8 and Image relay system, 
the suecept1biU.ty of the optic8 t o  lnterferances from armblarnt enrlramemtal 
variation, illumlnatiom and oecuratioll of objects of Interest within the fleld 
of vim, and Internal cabin lighting. Sun rrhsrting through OF cawing miling 
sca t t e r  within viewport optics is  a familiar problem i n  high-altitude and or- 
bital operations, par t icular ly  docking. The techniques f o r  docking must re- 
sult i n  minimwinduw and approach angle constraints i n  order t o  prwide fo r  
!-wxi:mUn space Shuttle operational f lex ib i l i ty .  A r t i f i c i a l  scene l ighttng Tor 
dark side dock€ng and other operations must be evaluated. The des i rab i l i ty  

her conditions 
scene analog t o  the pilot, must be considered with re- 

gard to landing under category 3 v i s ib i l i t y .  
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Z.1 an a i r c rz f t  or spacecraft separately. 

7.2.3 Crew Safety and Escape 

Ejection envelope constraints imposed by consideration of a i r c ra f t  escape 
tcc'?niques i n  certain flight regimes impose a constraint on f l i gh t  creir work 

s tc t ion and seating design not present i n  current Apollo spacecraft. 
evaluation of t h i s  constraint on the work stations i n  orb i ta l  f l i gh t  regimes 
mst be accomplished t o  prevent a degradation from ea r l i e r  spacecraft i n  work 
s t a t i o n  effectiveness. 
.iocI;up evaluations during conceptual and preliminary design than might other- 

wise be required. 

Early 

This suggests a need for  more complete and sophisticated 

Esr~.:qe fra! orbi t  w i l l  require use of techniques coqfl-etely fore izn  t c  z,ircr: ": 
t I-':. ':lcyy en3 only i n  the study stage for  spacecraPt techno1oe;;r. 
beczuse backup reentry and descent capabili t ies w i l l  undoubtedly be considered, 
pavis ions  for crew access t o  these capabi l i t ies  must receive the earliest 
consideration i n  o rb i t a l  l i f e  c e l l  design. Escape from orb i t  as considered 
here does not only include backup reentry bodies but, also, nornominal re- 
entry and descent with the Space Shuttle i n  an abort from orbit .  

However, 

7.2 . 4 Crew Organization 

Because pilotage, communication, navigation, and f l i g h t  engineering functions 
have been divided among 

d because a two-man 
t t le ,  an early evaluation of a1 tive function allocations must be con- 

ducted. TJorkload ana 
f'unction of the degree of automation i n  order t o  identif'y requirements for  re- 
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7.2.5 Cockpit Display I n s t m e n t  Concept 

The coizbimtion of both spacecraft and aircraft f l i g h t  infonnation display re -  
quirements precludes the t rad i t iona l  dedication of a unique instmnent t o  each 
displayed paremeter. 
the techniques for  integrated display ca l l s  for  use of new display combinctions, 
techniques, 2nd formts. New requiremnts for  display w i l l  a l so  r e s c l t  from 
the onboard checkout system. 
t ive  fortmt for information t ransfer  and thus establish the format requirexents 
f o r  the Ciaplay instruments md computer outputs. 
a d  integration of avionics with navigation and control informtion can be 
desionstrated and evaluated. Most importantly, forced display fo r  a le r t ing  
vhile under automatic f l i gh t  control and information display f o r  transit ioning 
belxreen autoratic and manual f l i g h t  control modes can be developed t o  establish 

equipnent design requiremnts . 
t ion  with integrated display symbology formats can be evaluated as an approach 
and landing aid. 

w i t h  a simulator fo r  establishing v i s i b i l i t y  within the f i e l d  of view fo r  
pilotage, can be used t o  evaluate instrument l ight ing and readabili ty under 
a l l  f l ight conditions of cabin illumination. 

Sorce degree of integrated display w i l l  be required, an6 

Early simulation w i l l  determine the most eflec- 

The effect of comblnation 

Heads-up and heads-dam visual image combina- 

Such an integrated display simulator, used i n  conjunction 
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The technology requirements for the Space Shuttle have been identified 
in  the preceding sections, i n  which a br ief  description of each of these 
technology elements w a s  given. 
descriptions a re  given. Schedule and cost estimates are provided i n  the 
following pages. 

For some of the elements, more detailed 

It is important t o  note tha t  none of the programs presented i n  t h i s  volume 
require technological breakthroughs. This means t h a t  a l l  of the technology 
effor ts  associated with the development of the Space Shuttle can be accom- 
plished with the application of existing and demonstrated methods and tech- 
niques o r ,  as i n  some cases, by an extension of today's state-of-the-art 
t o  t ha t  envisioned for  1972. 

The schedules reflected i n  the following development summaries cover only 

development t o  the point of proving the concept feasible. 
development,which follows, is considered t o  be a cos t  of the Development 
and Operations Phase. 

The hardwaze 

Costs estimated for  development i n  most cases are f o r  all identified key 
developments i n  t h e i r  technology areas. 
and aerothexmdynamics. 
pacing t o  the program. 

Notable exceptions are aerodynamics 
These recommended pmgrams are only those considered 

Program are summarized in the succeeding pages by t h e i r  technology arease 
shown w and for the 

are reflected for the individual programs. 
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