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INTRODUCT ION

The Grumman Aerospace Corporation is pleased to respond to the Goddard
Space Flight Center Request for Proposal, N16067/575 dated 30 June 1970 for
en QAO/LST Shuttle Economic Study.

The objectives of this study are two fold. The Tirst objective is to
determine the effect of utilizing the Space Shuttle upon the cost of the 0A0/
IST point design spacecraft. The second objective is to determine the effects
of utilization of the Space Shuttle upon the mission objectives and operational
gsystem of the OAO/IST spacecraft.

Our proposal to undertake this study is based on our unique experience in
being able to provide the major program elements involved in this effort in a
timely fashion to result in a meaningful output.

This study will involve a2s one major program element the generation of a
complete cost model of an OAQ/IST based on the GSFC point design spacecratft
and launched in what has been considered until now the convenbtizal manner
employing an expendable booster, the Titan III-C. Early in the concept develop-
ment phase of the GSFC Program for the Iarge Space Telescope Grumman contributed
to the structural and thermal configuration of this point design. This baseline
cost model will undergo several itterations based on possible changes resulting
from the introduction of the concept of an Earth Orbital Shuttle (E0S) available
for inicial launch, deployment, resupply, and rebrieval. The effects of this
oo &-Ju:.labllli.{y’ O bt 0SS lHil curd UMSLQULULL UL LIS um.u’Jbl DUALEULAL b S L

resultant sensitivity to program costs will be presented.

Grumman also has considerable experience in another major study program
element - the EBarth Orbital Shuttle. We recently competed successfully for a
study of several alternate designs after more than 2 years of dedicaved effort
on the part of several hundred people at Grumman who were involved in the
evaluation of Earth Orbital Shuttle Concepis. We propose to draw heavily on
this experience for this OA0/IST Ecopomic Study.

Another major program element, which has received little attention in the
past, is the Teleoperator device which forms the major interface between the
shuttle and spacecraft. Grumman is in a unique position to make a major
contribution in this area since it has been involved in the design and evaluation
of remote manipulator type devices. These type of devices are employed in the
Grumman built deep submersible vehicie, the 2en Frankiin., The design experience
and actual operational data available from the GAC Ocean Systems Program will
be a major source of information for our study team members to draw upon in
considering Teleoperator requirements.

An especially significant program element of this study will be credible
cost data. To this end Grumman will rely heavily on the cost data available from
the present 0AD Program which provides a conbinuous ten year history of cost.

s



To augment ocur OAC Program cost history we have also had wide experience
in the design, development, and production of large and complex structures,
many involving the use of the latest exotic materials technology. This
familiarity with requirements and costs will be applied to the cost models in
the 0AO/IST Economic Study.

An additional interface reguirement is the evaluation of the influvence
of man rated systems on the design of the IST and a comparison of costs
associated with man rating on the program. GAC will rely on our IM experience
for this area of the study. )

In summaxry, GAC has heen famillar with and in many cases a direct participant
in the major factors contributing to this 0AO/IST Economie Study. Unigue
experience in these critical areas assures a straightforward approach to the
evaluation of the baseline cost model and satisfactory development of interface
requirements and definition of the resuliting costs for the timely execution of
this study.

Part 1 of this proposal is the study guidelines and constraints. Part 2
is the Shuttle Interface considerations with the statement of work and the task
¥low Diagram in Parts 3 and 4. Part 5 is the Proposed Schedule. TPart 6
contains the cost and pricing summary and financial information.,

A



OAO/IST SHUTTLE ECONOMIC STUDY

PART 1

STUDY GUIDELIKES AND CONSTRAINTS

1. GSFC/LST point design to be used as baseline definition of observatory (Space
Vehicle) hardware elements., This is defined in the following documentation:

1. STAR Presentation

2. Structural Designs for a 120-inch Diameter Advanced Orbiting
Telescope
X-284-70-147
April 1970

3. Additional mzterial to be supplied

2. Shuttle launch vehicle capabilities model to be supplied by GAC Shuttle
Group (W, Carl is Shuttle interfaces representative on study team) typical
shuttle launch and servicing costs to be supplied by GAC Ops Anal,

Note: The 25,000# LST plus handling, servicing and interface
equipment will be assumed to be capable of being inserted
into & lg.(_)o nime  NapTInal fata ibv Ineolsmation (kT ac

required.

3. GSFC/IST mission model as described in the STAR presentation referenced
above will be used.

Note: The intent of this mission model is to provide up to 30 to
100% observing time availability to orbital astroncmy.
The actual mission model required to accomplish this goal
is to be determined by the GAC Study.

4, The Titan ITI D (or equivalent Titan Model designation) Expendable Launch
Vehicle with a stretched version of the Viking Centawur Shroud (Fa.iring)
will be used as the model for the baseline costing. The Launch environ-~
ments and payload constraints of this wvehicle will be supplied by GAC/GSFC .

5. The LST-peculiar service module for aubomated resupply of the cbservatory
will be as defined by GAC documentation to be supplied.

Note: 1) The intent of this mechanism is to minimize the costs
of Man Rating Influences on the payload (IST) costs.
Maintainability is to be limited to that which can be
accamplished with the teleoperation system.

(See documents 4C and 5 for teleoperator references)



5.

Te

10.

Continued

Note 2) EVA maintenance represents a possible alternative to
the above serviee module which, if shown to be feasible,
may result in lower LST program costs. Reference 24,
Page 2 states that this should be another study independent
of the shuttle. We should consider the possibility of
proposing such a study to be done as a follow-on to the
present study. Fresent studies in the Reliab./Maint.
section could provide background and justification for
such a proposal.

Observatory checkout, aligmment and calibration will be conducted through
the GSFC Ground Station and Observatory Spacecraft telemetry link., No
special equipment for this purpose is presently envisioned for the shuttle.

Note: The shuttle launch readiness cycle and payload injection
operations may require some kind of payload readiness check-
out. This requirement will be supplied by shuttle interface
group.

The Shuttle launch vehicle environment imposed on the LST, due to re-
antey omd landing from an aborted miseion should be saredAerer rowd AP
the structuratl design requirements for the ILST and its subsystems. 1t
is intended that additional costs due to this requirement be identified
if significant.

The Shuttle launch vehicle will be considered to be available for the
IST program starting CY 1977 and as required by the STAR mission Work-
load thereafter.

Potential hazerds created by the IST spacecraft when on-board the Shuttle
should be reduced to a level to be determined by the shuttle interfaces
group.

Note: A reference to "Category III b" of Safety Program Directive
No. 1, Rev. A (SPD-1A)

- Systems Safety Requirements for Manned Space Flight, has
been given as one guideline.

Shuttle capabilities for rendezvous, docking, and subsequent attitude
stabilization and electrical power support of the docked configuration
will be determined by the Shuttle Interfaces group.
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16 -

Availability of a Data Relay Satellite System for canbinuous real-time
commmications between the observatory and the ground is not known this
time. Advantages of DRSS will be listed bubt not costed.

Spacecraft systems failures should be categorized as: those capeble of
repair and replacement in orbit through automated procedures, and those
requiring retrieval and ground repair. EVA activity will be considered
as an alfernate to retrieval only.

The Level of Modularity for Orbital resupply is assuwed to be at the Sub-
system Assembly Level as deseribed in the STAR presentation.

Experiment Package replacement will be performed for two reasons:

1) Experiment mission change - typically a one year mission duration
is estimated for the particular experiment.

2) Experiment equipment failure will roquire package replacement at the
next scheduled shuttle visit. BSinece four independent experiments will
be in the observabtory payload, the loss of one would not cause loss of
scientific mission.

The Observatory Spacecraft will be defined for the purposes of this study
8s being comprised of the following subsystems which include & mmber of
separate modules,

. . ~ .
Stgbilicntion ond CTontrol

[ I

2) Commmnications
3) Data Handling

4} Electrical Power
5) Structure

6) Thermal

7) Experiment

8)

Primery Optics

5

shuttle launch meode is defined as including the phases of:

Configure shuttle for dedicated IST migsion
Stacking in the shuttle payload bay

Shuttle ground checkout and launch readiness cyele
Shuttle launch

Boost to orbit

Orbital transfer (if required)

Payload deployment intluding checkout

FPayload release

R N A e s i

1o o= O
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19.

20.

The Shuttle instrument update mode is defined as including the phases
of:

Configure Shuttle for dedicated IST mission

Loading replacement experiment packages in the shubtle vayload bay
As in 16

As in 16

As in 16

As in 16

Rendezvous with LST

Docking to ILST

Service module and experiment package deployment
Experiment package replacement

Service module and old experiment package return and STOW
Shuttle return to earth

ES\OOD'QU\\H-F'WNHO

The shufttle refurbish {orbital) mode is defined identically with the
instrument update mode with the substitution of "Subsystem Package"
for “experiment package”.

Note: 3Both instrument update and subsystem replacement can be performed
simltaneously.

The shuttle retrieval mode is defined as including the following phases:

1) Shuttle Rendezvous with LST

2) 1ST Capture

3) IST return to STOW Configuration
k) ISP STOW in shuttle

5) Shuttle return to Earth

6) IST unload from shuttle

IST has backup S&C System capable of pubtting IST in safehold mode for
shuttle retrieval comprised of sun sensor, gyros and jets.
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QAD/IST SHUTTLE ECONOMIC STUDY

PART 2

SHULTLE INTERFACE CONSIDERATIONS

Shuttle guidelines and constraints are: Section A, Baseline System Reguire-
ments; Section B, Mission Requirements; and Sect:Lon C, Desired System
Characteristics.

Shuttle capabilities with regard to altitude and angle of inclination have
been calculated and are compatible with the LST orbital requirements.

Interfaces:

a) Structural

1.

3.

It can be assumed that lateral and longitudinal support can be
provided in 2 planes to avoid weight penalty of cantilevered
support,

Deployment Retrieval -~ It can be assumed that EOS will provide

ﬂn'r\'lf“mnv\-i- T‘Ir\?'] mareamnd ahennTl A e FaanaTadd cenaT ssemd 3T TOM 2 A
- - s - - -

- [ —taraa o ow -

outs:.de cargo bay. Ueployment mechanism will include a docking
mechanism for capturing LST for servicing, module repla.cement,
or return to earth.

Shrouding - LST can be transported to orbit within a pressurized
module with thermal control or simply installed in the unpressurized
bay.

Rlectrical

L.

Electrical Power

Electrical Interface

Power available from Shuttle for use by payload:

Type:
D.C. 120 Volts (May become 28 volts)
A.C, 400 Cycles 120 Volts

Quantity:

500 watts available. More could be made available,
if necessary.



Docking
Accelerations assumed:
CONDITION I N N
(&) (e) (&)
Ma.}c. ACCel +3 uo -1030 é]-.() -!-2-5 -207
E&ltz'y "'0113 *Gol —2 .2
Landing -1.30 £0,1 -2.7
Maneuver =0.7 %1.0 2.5
Rebound &
Lift Off +1.45 0.5 0,8
PARAMETER BASELINE DESIGN
Misgs Distance Centerline #15 in
Miss Angle Centerline 400
Rotation Angle +40°

Contact Velocity 0-0.5 ft/sec

SECTTON A

BASELINE SYSTEM REQUIREMENTS

The following characteristics shall be considered as baseline system
requirements. Variations fram these baseline requirements should be
identified by the contractor in the event improvements in mission capebility
and/or reductions in cost could be achieved.

Vehicle EB-Booster)

0-Orbiter)

Systems Requirements

1. Fully Reusable Two (2) Stage Vehicle B, O
2. Vertical Takeoff; Horizontal Landing B, O
3. TNo propellant cross feed B, 0
k, Aerodynamic Crossrange: Configuration (s) 0

for low crossrange (approximately 200 n.mi.)
and high crossrange (approximately 1500 n.mi.) |

5. Gross liftoff weight = 3.5 million pounds B, 0

6. The cargo bay shall be sized to have a clear 0
volume of 15' diameter X 60' length.



T

9.
10.

13.

1k,

15 .

16.

17.

18,

19,

Systenis Reguirements

A maximum payload capability shall be
vrovided to the Space Station orbit and
return. The vehicle must also be capsble
of flying up or down with lighter payloads.

k00,000 pound sea level thrust bell-type
engines will be baselined in both the
orbiter and bvooster stages as further
defined in CEI Specifications, DCN 1-0-21~
00001,

Sequential Ignition

Intact abcot capability will be provided.
This implies the capability of the booster
and orbiter to separate and conbtinue flight
to & safe landing; the orbiter to land with
8 full payload.

A Booster/Orbiter life of 100 missions will

be provided with a cost effective level of
rafurhi shment and maintenance.

The weight of passengers and removable provisions
for passengers is charged to the payload.

A1l vehicle stages shall be cgpable of ferry
Tlights between airports; provisions for
strap-on engines and/or auxiliary tankage
may be considered.

The Booster and Orbiter shall be baselined to
have go-around capability.

The Booster shall he capable of returning to the
launch site.

The Booster and Orbiter shall each have a two (2)
man fYight crew.

Propellant shell provide 1500 fps in excess of the

Vehicle (B-Booster)
(0-Orbiter)

0

amount required to obtalin the referenced injection

orbit. The tanks shall be sized to provide for a
2000 fps delta V capabiiity.

The Orbiter crew and passenger envirorment shall be 0

shirtsleeve,

Systems sensitivity to loading of fluid consumsbles B, ©

shall be minimized.



SECTICN B

¥ISSION REQUIREMENTS

The following mission requirements are presented to provide injitial
direction for the Phase B Study. Continuous refinement of fhese require-
ments may be provided to the contractor by the NASA throughout the duraticn
of the contract. Table B-l contains a general description of thé missions
and mission requirements that have been identified as being of major interest
4in future space program planning,

The following nominal conditionsg have been selected, from the mission
natrix discussed previously, as the shuttle baseline regquirements:

1.

Mission duration: At least 7 days of self-sustaining lifetime
shall be provided for the mission duration. For missions in
excess of T days the weight of the expendables shall be charged
against the payload. ‘

Design reference mission: The reference missiocn to be used in

designing the space shubtle is a logistics resupply of a space
staz1mm or snace base.

Reference injection orbit. The reference injection orbit shall
be 50 x 100 nautical miles.

Reference injection orbit Vi 1500 fps of usable v
capability in excess of the amount required to attain the reference
injection orbit shall be provided.

Design reference orbit: The reference orbit to be used in designing
the space shuttle shall be a 270-nautical mile circular orbit, with
& 550 inclination. For purposes of performance calculation the
vehicle shall be considered to be launched fram & lattitude of

28.5 degrees North.



MISSIONS
ORBITAL
CHARACTERTISTICS

ALTITUDE (N. MI.)
INCLTMATION (DEG.)

ON-ORBIT V (1000 FPS)

ON-ORBIT STAY
TIME (DAYS)

CREW
PASSENGERS
DISCRETTONARY
PAYLOAD

WEIGHT (1000 1LBS.)
VOLUME {2000 Fr.3)

CRITICAL DIMEN
DIA, (FT.)

* INCLUDE PASSENGERS

TABLF B-l

MISSION CHAF ACTERTSTICS

SPACE STATION/ PIACEMENT AND TELIVERY OF DELIVERY
BASE LOGISTICS RETRIEVAL OF IROPULSIVE or
SUPPORT SATELLITES STACES & PAYLOAD  PROPELIANTS
200 - 300 100 - 800 100 - 200 200 - 300
28,5-90 28.5-SUN SYN,  28,5-55 28.5-55
1 -2 1-5 1-1.,5 1L-2
7 7 7 7
2 2 2 2
ROTATE 2 2 2
50 MEN/QTR
* T0/QTR~ emeeme——— - ——————
5 = 10 10 10
10 - 15 15 15 15

SATELLITE
SERVICE &

MATNTENANCE

100 - 800

28,5-8UN
SYN

1-5

715

SHORT
DURATION

ORB., MISSION

100 ~ 300

28.5-90
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SECTION C

DESIRED SYSTEM CHARACTERISTICS

The desired system characteristics listed below are presented to
provide initial direction for the Phase B Study. The contractor shall
evaluate these desired system characteristics and shall recommend revisions
where improvements in cost and effectiveness would result. Continuous
refinement of these characteristics will also be provided to the Contractor
throughout the duration of this contract. For convenience, the following
tabulation of characteristics has been grouped under three headings:
Program Characteristics, Vehicle Characteristics, and Operational Character-
istics; however, it should be noted that each item applies to the total
system.

Program Characteristics

1. Costs will be reported using the design referaznce mission and
shouwld not included payload costs. A commmication satellite
gystem is assumed to be available and shall not be costed in
the program.

2. The calendar year 1972 will be used as the materials {technological
base.

3. IOC baseline is the second half of 1977.

i, Flexibility shall be maintained to incorporate technology
advancement and altermate missions.

5. Launch rates will vary from 2 minimm of 25 to 2 maximm of 75
per year. Cost estimates shall be developed for two launch
rates: 25 and 75/year.

Vehicle Characteristics Vehicle (B-Booster)
(0-Orbiter)
1., The vehicle shall have a two-man flight B, O

crew and shall be flyable under emergency
conditions by a sirgle crewman.

2. Provisions shall be made for deployment 0
and boarding of a cylindrical payload of
the size specified in Appendix A of this
document .



Vehicle

Vehicle (B-Booster)

3.

L,

10,

{(0O-Orbiter)

Characteristics (Continued)

The crew enviromment shall be shirt-
sleeve.

The space shuttle shall have an internal

sealable bunnel with a standard interface
between the crew compartment and unpressur-
ized payload bay.

The space shuttle crew/passenger compartment
atmosphere and total pressure shall be come
patible with the space station and space base,

Systems shall he designed for a minimum of
maintenance with ease of removal and replace-
ment; maximum use of aircraft design practice
will be used.

In systems where redundancy is needed, the
space shuttle systems shall be developed to
provide redundant full mission capability
and shall avoid minimum-requirement, minimum
perfornmance backup system concepts.

The space shuttle system shall provide for safe
mission termination in the even major mal-
functions occur during prelaunch preparations
and subseguent to lift-off. The desired safe-
mission-termination capabilities should allow
for crew and passenger egress prior to lift-off
and for intact separasion of orbiter from
booster following lift-off.

Muitiple redundance system techniques that
minimize or eliminate system transients
caused by system component failures shall
be adopted.

All subsystems shall be designed to fail
cperational after the failure of the most
critical component and to fail safe for
crew survivel after the second failure.
Electronic systems shall be designed to
fail operational after failure of the two
most critical components and to fail safe
for crew survival after the third failure.

B, 0



Vehicle Characteristics (Continued)

i3.

ih.

16.

7.

18.

19.

Boost stages should be designed for manned
operations, but capable of operating in an
unmanned mode.

Vehicle preflight and inflight checkout
systems should be on-board, consistent
with short turn-around and low cost
operations.

The vehicle shall be designed for maximum
on~board control, using on-board and ground
capabilities as appropriate to maximize
operational flexibility and minimize ground
mission operabions consistent with low cost.

Guidance and navigation functions shall

be performed on=board, using ground and

other navigation aids when appropriate.

The guidance and navigation system shall
be unrestricted in attitude.

A Lhree-axis translation sysiem and a bthree=
axis attitude control system is required.

Vehicle

EB-Booster
0-Orbiter

These systems shall be designed to minimize cross
coupling which may result from normal operation

and from potential failure modes,

The Booster and Orbiter shall be capable of
Pilot Controlled Landing under FAA Category II
Conditions. Autcpilot Systems similar to
Systems used on commercial aircraft shall

be included.

The vehicle shall incorporate on-board
provisions to quickly and easily place the
space shuttle in a safe condition following
landing.

Survivability against hazards fram radiation
as specified in Joint DOD/NASA Survivability

B,

Characteristics document (s) dated 16 June 1969,

Hydrogen will be baselined as fuel for the ai
breathing engines. )

LY



Operational Characteristics

1.

2.

h.

5.

7-

8.

Vehicle {B~Booster)

_{0-Orbiter)

Space Shuttle lamnch sites may be located
at KSC, Western Test Range, or an in-land
site.

All~azimuth launch capability

The vehicle trajectory load factors should be
&8 3g capabilily for passenger-carrying
nmissions.

The launch pad, the primary landing site,
and the servicing facility shall be in the
same general location.

The space shuttle shall have minimal agsembly
and checkout requirements at the launch ped,

Use of specialized facilities (ie, Clean Roor,
altitude chambers, etc.) shall be minimized).

Cargo elements containing hazardous material
shell have self=prmtoinad mmobondira Anvdane Aw

Pprovisions against all nazards.

A variety of self-sustaining payload types shall
be ineluded in the payload integration. Fre-
launch payload integration procedures similar to
current alr-cargo carrler operations are desired.
In general, payloads should be loaded prior to
moving to the launch pad.

Timited transfer of cargo shall be possible through
the persomel transfer hatch.

The wvehicle shall be docked to the space station
or space base, and docking to accommodate personnel
and cargo transfer should nominally be accaomplished
in a single operation.

Personnel and cargo transfer shall nominally be
intravehicular aectivity.

For logisties missions, persomnel and cargo
transfer will be by intravehicular activity.

EVA capability should be provided at the expense
of the allocated payload weight. The design of
the vehicle should not preclude EVA capability.

0
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Vehiclé (B-Booster)

Operational Characteristics (Continued) - (0-Orbiter)

13 -

ik,

15 .

16.

17.

18,

19.

20.

The space shuttle shall be designed to lift- B; 0
of f within a 60-second launch window for all
launch azimuths.

For the design reference mission, the space B, O
shuttle shall be capable of launch from a
standby status within two hours and nominally
would be launched at the next acceptable in-
plane opportunity. The vehicle sheuld be
capable of staying in a launch status until
the second in-plane launch opportunity. The
system must be capable of accommodating the
time between insertion and rendezvcus for a
worst case phasing situation. The orbit
maneuver sequence should not be constrained
by systems limitations,

By using ground facilities and other aids -0
when appropriate, the space shuttle shall

be cpable of accomplishing rendezvous with

8. passive target.

Systems sensitivity to weather conditions B, 0
during assembly, checkout, and launch shall

be minimized.

The opportunity to return to a pre-selected - 0
site shall be available at least once every

2t hours or at more frequent intervals for

the high cross-range configuration. By using

alternate sites, more frequent emergency returns

will be possible.

Hypersonic lift-drag ratios will be referenced B, 0
to conditions at a Mach mumber of 20 and at an
altitude of 200,000 feet.

The space shuttle elements shall have the capa- B, O
bility to land horizontally on runways no longer
than 10,000 feet.

Ianding characteristics and handling qualities B, O
shall not require skills more demanding than

those required foroperational land-based air-

craft.
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Vehicle (B-Booster)
Operational Characteristies (Continued) : ' {0-Orbiter)

L3

21. Visibility fram the cockpit during B, 0
landing shall be ccmparable to high-
performance aircraft standards.

22. Total space shuttle turn-around time from B, O
landing to launch readiness should be less
than two weeks. The removal and replace-
ment time shall be minimized with on-board
checkout and module accessibility.

23. All-electronic displays and control should B, O
be used, vherever practicable, to replace ’
toggle switches and electromechanical gages
and. motors.

2, The space shuttle shall be capable of operabing B, 0O
within the cargo range from zero to maximm
capability.

25. Service lines at the launch pad should be B, O

minimal, prefersably only for the main propulsion
systems propellants.

26. Maximum use of existing standards for the B, 0
selection, design, packaging and integration
of hardware should be employed, consistent
with program operational requirements.

27. Any peculiar GSE required to support a remote B, O
site landing should be packaged in a manner to
be easily flown into the site.
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PRECEDIN

1.k.3 Expendsble Launch Vehicle

Titan IIT
Vehicle Interface
Shroud

1.t Ground Operations

Ground Control Station/Crew
Manned Operations Control/Crew
Pacilities/Test, Handling Crew

Breakdown Major Cost Elements to Subsystem Hardware Level into:

1.5.,1 Direct cost hardware and develop recurring, non-recurring,
refurbishment.

1.5.2 Contribution to GSE, spares, major test hardware,.final assembly
test and checkout.

1.5.3 Pro-rated costs of system engineering support, program mansgement,
G&A,

Establish Detailed Definition of Resupply or Service Modes to Include
T@Tﬂ‘l(ﬂn' Twotvymant TTI!P"—'P":-J RafMavwhi oh {(}n}\'f-!-q])‘ L PN (ﬂ-v-‘h-?-.i--:1>, anAd

netrieval,

Define Functionel, Herdware, and Operation Reguirements Psculiar %o
OAC/IST Mission for:

1.7.1 Observatory
107 2 Shuttle
1.7.3 Ground Station

Define Subsystem Hardware Level Requirements for Costing and Establish
Preliminary Criteria with and without Mainbeance and:

1.8.1 Identify development items
Identify state-of-art items
Identify on-shelf items
Identify refurbish design regquirements
Establish spares philosophy and identify cost impact

1.8.2 Esteblish definition of cost validity (average, plus or mimus
tolerances). i

1.8.3 Rank cost factors in order of importance,
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1.9 Establish Reliability-Maintainability Model Replaceable Modules using
QA0 Flight System Experience. Maintainability is Limited to that which
can be accomplished with the Teleoperator System.

TASK GROUP 2

DETERMTNE MAJOR COST DRIVERS, UTILIZING DEFINITIONS OF TASK 1 AND
COST DATE FROM QAO, IM, AND SHUTTIE PROGRAM

2.1 Establish Preliminary Cost Model with and without Shuttle. Quantify
and Rank Major Cost Elements for Each Mcdel; Select Principle Cost
Drivers.

2.2 Study and Quantify Cost Benefit Effects of Shuttle Serviceability on
Hordware Cost Drivers in Fach of Following Areas:

2.2,1 Design

o Lower qualification reguirements

o Lower reliability reguirements

o Lower weight optimization requirements
o Lower material performance requirements

2.2.2 Tesi and Suevkout fGround and In-Orbi‘tsZ

lower acceptance-test requirements

Lower test elements

Lower mmber of test articles

Determine aligmment and calibration trade-offs for
telescope -

o000

2.3 Study and gquantify cost benefit effects of shuttle serviceability on
Program Cost Drivers in each of following areas: |

2.3.1 Schedules

o Long lead items
o Pacing items
o Repair and turn-around

2.3.2 Facilities

Test

GSE

Shuttle Support Equipment
Spares Handling

o0 CO
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3.1

3.2

3.3
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2.3.3 Services (Manpower)

Engineering
Manufacture
Field Operations
Test

o000

2,3.h Spares
Shelf Iife, Complement and Readiness
Expand Reliability - Maintenance Study

Tdentify and rank wear-out items for each subsystem

Defermine expendables schedule

Determine required reliability functional path (assume maintenance rate)
Determine Reliability and Maintenance - Cost optimize approach for
hardware in critical (costly) areas, e.g. level of redundancy vs,
replacement.

LI I B |

Expand Experiment Package Definition Study for two Cost Categories.

The first is the on-axis mission success package. The second is the

principle investigators radial packages.

= Estimate replacement cycles rates based on scientific requirements

- Categorize generically vhysicul characlericlics Tos Uypacinh wipead
ment types.

- Estimate typical experiment cost; original development and tuild.

- Bstimate typical refurbishment and upgrade package cost

- Egtimate special handling, hardware, test, aligmment, calibration
for orbital serviecing

TASK GROUP 3

IDENTIFY AND EVALUATE CQMPARITIVE COSTS
POR SELECTED PROGRAM OFTICNS

Agsemble selected program options for cases with and without shuttle
resupply

- LM =

o Evaluate feasibility of alternatives

o Bvaluate sensitivities of major cost drivers to program alternatives,
varying parameters -

o Analyze effects of basic study assumptions on cost results.

Tndicate best Reliability-Maintainability approach for design, manufacture,
operation for each selected program - Determine logisties/spares raticnale,
each case, : ‘

Estimate manpower, materials, facilities, and related costs required to
refurbish and recycle observatory.



3.k

3.5

4.2
k.3

Estimate development, build, test, training costs assoclated with
autanated servicing module - lock at EVA/IVA albernative.

Summarize comparative costs for selected program options.

TASK GROUP 4
FINAL REPORT
Presentation of results ~ generate charts, graphs, etc. - prepare
presentation.
Final Report - OAO/IST Shuttle Economics Study
NASA Reviews

20
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ANALYTICAL TECHNIQUE AND SAMPLE PROBLEM:

In order to ald in the understanding of the analytieal approach suggested
for this study, the following simple example is presented. Consider a system
composed of one vehicle with failure rate (R); repair rate (/J.) and repair per-
centage (7). The states for this system can be given as:

(1) The vehicle is up.
(2) The vehicle'is down with a fallure which can be repaired.
(3) The vehicle.is down with & failure which cananot be repaired.

Tt can readily be seen that the wehicle cannot be in more than one of these

states at any time (mutually exclusive states) and that there are no other pos-

sible states (at least for the present scope of the problem) in which the vehicle

can be {(mutually exhaustive states). ¥

The problem ¢an now be represented by the state transition diagram given

below (Figure 2).

Figure 1 2

* See Definitions Section for detailed definitions.

+ TIn order %o simplify the state diagrams utilized in this study the "self
loops"” and At factors were elimivated in the figures for Shuttle wvia Titan

Systems.
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The directed edges between states in Figurel indicate the approximate prob-
ability of making & transition from state "i" to state "ji" (e.g.. »2) in the small
time interval At given that we start in state "i" at time "t". . Thus the proba-
bility of being in a specific state at a time "t +41" is equal to the probability
of beingthere at time "t" and remaining until "t +4t"; plus the proba.bil:i:ty of
being in another state at time "t" making a transition in "At" and ending there

at " +4t". Specifically if we can write the probability that we are in state

2 at time ™ +AtYM as:

Blesa8) = A 42 Bl # (Foec dEDR L)

Rearranging terms we obtain:

7 “"‘j’f" B o o APle) g Bl)

Taking the limit on both sides as 4 t —w 0 (and thus replacing our.approximation

with the exact answer) we obtain:

LB = Bt = XA B~ e 7 ()
& &

In a similar manner we obtain the following set of differential eguations:
Ple) =z ARt pee B
B(E) = A8 () 2 B L2
R = {/-2x) ARcE)
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The above set of differential equations can be written in matrix form as:
- = v |

:P;(ﬁ) A o P L)

R.Ce) A e o | BG)

Pl @ o o |2

or alternately:

[?3&)] =/ l‘\] [Py

where (P(t)) is the current state vector and (A) is just the transpose of the

1]

transition matrix (M). That is:

W)=l
1’—)« A (A
EM]=;/4£ ~AL <
-Q - &
Notice that the matrix (A) is & stocastic matrix, that is the sum of the column

implying that:

elements equals zero. This is true for all matrices involved in problems of

this type.

The difficulty now results in solving the matrix eguation. One method of
solving the problem exactly is to take the Iaplace transform of each of the indi-
vidual equations to yield a set of linear homogenous algebraic equations vhich
are then solved by standard techniques, and then take the inverse transform.

This technique is exact, however, the solutions are exceedingly difficult to
obtain especially if the number of states is large. (Solving this simple 3 state

problem using this technique will show the difficulties involved).

S0



Another technique is to write the matrix equation as a simple differential

equation implying soluticns of the form:

[PC&)] EXP { * [_A]] [(Pee

where (P(0)) is the initial condition vector ande {A) given by:

é’tgﬁ = jv‘ ?—‘[Aj"‘ fzé‘jlf $ ewe

2
e 0ag}’

ce
Here the answer is approximated by taking a number of terms of the series.

~t

This solution, however, converges slowly for large mission times so a large number
of terms must be used - thus it is not considered suitable for our application.

A third method of solution for the problem is given in Reference (b) and involves

the use of a matrix of the form:
(Nlat =[A] T-[1]
o [AT = [T] +[N] 4t
or [M1= [I]+IND at

Where A t is of the order of 1 x II.O-3 and then raising the matrix to a very high
power (?_. 105) to bring the time within the range of the mission time. This
method converges very rapidly and has been programmed and used successfully for
problems with as many as 50 states and mission times approaching twenty years.

Because of the above atiributes, the method explained in Reference (b} was used

in this study.

%1
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DEFINITIONS :

(&) Multi-State effectiveness Markov Models -
This 1s the Technique suggested to mathematically model the proposed
vehicles and wmissions., These models break down the wvehicles' inter.
action for each phase of The mission into mutually exclusive and
mutually exhaustive states, Transitions from individual states to
other states in the model are indicated by the product of the faillure
rate () and the repair percemtage (%) for repairable failures, aad
by the product (§=% )JA for non-repairable failures (See Figures 2 & 3).
Transitions Eg individual states from other states are indicated by

the repair rate g;{).

(b) System State -

A state of a system is a collection of failure and successful events

deseribing a particular system condition. (See Figures 2 & 3).

{¢c) Mutually Exclusive States -
A set of system states is mubtually exclusive if the intersection of each
state in the set with all other states is the null set (i.e. ¢ = set
containing no elepents). This condition constrains the model so that

The system cannot be in more than one state at any time.

(@) Motually Exhaustive States ~
A set of system states is mutually exhaustive if the union of this set
with the set of all possible system states is the set itself. This con-
dition constrains the problem so that the system can be in no state

other than the set of states given in the model,

Yo



DEFINITIONS - (Continued)

(e} Repair Percentage (J7) -
The fraction of all possible failures which can occur on the vehicle
which can be repaired is the repair percentage. Thus if it is known
that on a particular wvehicle 9 out of 10 failures which may oceur can

be repaired, the repair percentage for that parficular vehicle is .90.

(f) Initial Condition Vector (P(to)) -
The vector containing the initial probability of being in each of the
"W" states at the start of the problem {i.e. at t+ = to) as its "W"
eomponents is called the initial condition vector. The initial con-
dition veetor is usually taken to be, {1,0,0.......c00cun. ,0) implying

that the system started in the all up condition.

(g) Current State Vector (P(%t)) -
The vector containing the probability of being in each of the "W"

states at a current time ™" is called the current shate vector.

(h) Transition Matrix (M) -

"ne 1 me.

The matrix containing the transition rate from state i~ to state j

as its (i j)°P element is called the transition matrix.
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Appendix Section 4

Cost Model/Analysis Computer Outputs

A48
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o 10 TRAINEPS € STMULATORS 3110400, 100000, 1
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’ 26 * SHUTTLF UPDATE FLIGHT , 0.0 . 15000000, ,
. ___ 27 _ % EXPFRIMCNT UPDATE . ‘ 1Y 39000000, ! :
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gb: 16 & TITAN SHEDUD OO 1000000,
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2T TRALHE?S £ STMULATORS 1110400, 109000,
wJ _1o_% EXPCRIMENTS A € B 5000000. _______ 39000600, .
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s THERMAL 2120000, 29taatt.
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el 17 ____SHUTTL® [NTFRFACFS 20010000, _ 1897000, , ;
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2%k LY-SHUTTLE 0.0 10000000
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e SYSTFM INTFGRATION 944000, P4AAATR, ’ .
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14 QUALTTY ACCEPTANCE 1445270, 5370000, .
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16 W TITAN SHROUD 0.0 1000000, -
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T pa 5-C SUPPNORY 0.0 4950000
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L 9 pPaTIMATICS R 4215, . o RGP, .
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19K _EXPrAIMCNTS A 6 P 5000000, 39000000, ™~ {r
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. P7 _% FXDFRIMFNT UPDATE e De0 39000000 ., ..o
PR ¥ G.S.F.Cs & OTHFR : 0.0 Sa0000N0. '
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