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Section 1

& INTRODUCTTION

For the past several years, the National Aeronautics and Space Administration
has been studying the economic merits of new space transportation systems.
Considerable reduction in space transportation costs have been projected. It
has been predicted also that savings from new payloads tailored to these trans- s
portation systems are significant and may even exceed the transportation cost

reductions.

To evaluate the overall economic impact of low-cost space operations and to
determine the economic desirability of the Space Shuttle, NASA assembled =

team of three contractors to perform an integrated study. A sumary economic
analysis was to be conducted by Mathematica, Inc., of Princeton, New Jersey.
Aerospace Corporation was assigned to provide Mathematica with total payl@aﬁf
launch vehicle pfogram costs summed from the NASA and DOD traffic models for

the 1978 to 1990 time period. Lockheed Missiles & Space Company (LMSC), under
the Payload Effects Study, was to provide Aerospace with detailed design,
weight, and cost data on typical low-cost unmanned payloads which could be ex-
trapolated and applied to the various missions of the traffic model. The inter-
relationship of the three studies is shown in Fig. 1-1.

Budget Traffic
Considerations Models
DOD oD
P Integrated Payload
Final ! Ops/Payload/Fleet| Effects
Report Analysis Analysis N Analysis
Mathematica | . Aerospace Lockheed
Budget : Traffic
Considerations Models
NASA NASA

Fig. 1-1 Overall Economic Anslysis Study Flow
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Section 2
SUMMARY

This document is the Summary Final Report of the Payload Effects Study conduc-
ted by LMSC for NASA Headquarters, Office of Manned Space Flight, under Contract
‘NAS W-2156. The data herein summarizes the Final Report, LMSC-A990556.

2.1 OBJECTIVES OF STUDY

ILMSC's basic objective was to develop concepts for reducing cost of future
NASA payloads to be used with the new space transportation systems. In exe~

cuting'this objective the following sub-objectives were established:

¢ Define design characteristics, method of operation, and costs for
typical "low-cost'" NASA unmanned payloads for use with new launch
systems (expendable boosters and Space Shuttle).

® Derive differences in payload costs that can be anticipated as a
result of introducing the new launch systems.

e Tdentify minimum-cost payload approaches.

2.2 SCOPE OF STUDY

The study was limited to NASA unmanned payloads. Because of the need for
validity in the study results, only those payloads which had flown and upon
which historical design and program cost data were available were considered

as candidate baseline payloads.
Three payloads were selected:

® Orbiting Astronomical Observatory (0AO)

A large, complex payload operating in low earth orbit.

® Synchronous Bquatorial Orbiter (SEO)

A medium-size, semi-complex payload operating in synchronous
equatorial orbit.

® Small Research Satellite (SRS)

A small, spin-stabilized, simple payload operating in low-
earth orbit. :

2-1

LOCKHEED MISSILES & SPACE GOMPANY



LMSC -A99059k

Figure 2-1 illustrates these three baseline payloads, their weights and costs.

0AO
4745 Ib (2150 kg)
Rel. . 609
RDT&E $ 165. 4IM
Unit $ 36.15M
Ops $ I.22M
Wt. 1090 Ib (495 kg)
Rel. .606
SEO RDT&E $116.6M
Unit  $13.9M
Ops $11.4M
wt. 251 b (114 kg)
Rel.  .556
SRS

ROT&E $ 9.13M
Unit ¢ L.39M
Ops  $0.19M

Fig. 2-1 Baseline Payloads
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To oblain consistency in design and costing of low-cost payloads and to cover ‘

a reasonable scope of design variants, the following groundrules were estab-

lished:

e Payload Performance - of the newly-designed low-cost payloads was

to be equal to the historical or "baseline" payload.

® State-of-the-Art Technology - was to be limited to 1970 technology.

® Baseline Cost Data - was to be converted to 1970 dollars.

@ Payloads Variants - were to be developed for each of three launch

vehicles:

is shown on Fig. 2-2.

(1) Alternate Current Expendable, (2) Low-Cost Expen-
dable, and (3) Space Shuttle/Tug.

The matrix of lsunch vehicles

& Weight and Volume Constraints - were to be minimized.

LAUNCH VEHICLE
PAYLOAD MISSION N o
TYPE DESTINATION Baseline Current Low-Cost ‘ Reg;gbm
Expendable Expendable
SRS 300 N.M. SLV-3A/ SLV-3C/ 3 Seg. SRM/ Shuttle
820 Agena Burner I Titan Core {1/
Agena
0AQ 400 N.M. SLv-3C/ SLV-3C/ THI-L2 Shuttle
350 Centaur Centaur
SEO Syneq. SLV-3A/ Titan 111D/ .| Titan 11D/ Shuttle/
19320 N.M, Agena Centaur ‘ Centaur Space Tug
Mars Mars SLV-3CI Titan 111D/ Titan 111D/ Shuttle/
Orbiter Orbit Centaur Centaur Centaur Space Tug
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2.3 STUDY APPROACH

The exploration of potential payload-related cost savings involves, by neceg-
sity, a departure from established ways of payload design, development, pro-

curement, and operation.

2.3.1 Initial Payload Effects Analysis

The early study effort (a) identified the characteristics of historical and
current payload programs which could be changedvby the introduction of new
launch/transportation systems, (b) determined the type and degree of influence
of the new launch systems, and (c) established the potential "cost-driver”

payload effects.

2.3.1.1 Traditional Payload Design/Operations. The philosophy which has been

employed for most of the historical payloads are:

"® Design within limited weight and volume constraints; high-density

packaging.

& Heavy emphasis on low-risk hardware; extensive reliability and

gualification testing.

e High level of documentation and configuration management (trace»

ability; because failed hardware not obtainable) .

® Tengthy ground checkout of payload prior to launch; large guantities
of persomnel on multi-shift for ground checkout, pre-launch monitor-

ing, ascent monitoring, data acquisition, and analysis.

® Project management decision required for commitment to launch

(requires crew of specialists).

2-4
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2.3.1.2 Influence of New Launch Vehicles. With the new expendable launch

vehicles and the Space Shuttle, a new look can be taken at payload programs
with the objective of simplification and reduced cost. The parameters listed
following indicate the primary influences (separately) for new expendable and

the Shuttle launch systems.

New Space
Expendable Shuttle

& Reduced transportation costs X X
® Increased weight and volume | X X
@ QSpace environment flight test X
® Softer ride (airplane-type (x) X
operation)
® Payload retrieval and diagnosis X
® Orbit maintena.nce/refurbishment (x) X
® Checkout on orbit X
e Intact abort X

Certain characteristics of flight attainable with the Shuttle can'also be ob-
tained with the planned expendables, but with some penalty to the latter: (a)
the "softer ride" can be obtained with the new expendable but with more com-
plexity and cost than has been plamned (throttling engines, etc.); (b) also,
orbit maintenance/refurbishment can be accomplished using expendables but at

considerably increased technical development risk and cost.

2.3.1L.3 Principal Cost Drivers. It was determined that there were a number

of principal areas in which payload program cost savings could be derived. The

primary cost-drivers listed below were pursued throughout the study.

@ Volume/weight limits

& Ground/flight test philosophy

®© Repair/refurbishment approach

e Acceptance of risk (reliability) and payload operating life
® Quantity and quality of parts

e Use of developed/qualified hardware (off-shelf)

2-5
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2.3.2 Study Task Breakdown

For convenience, the study was divided into five tasks, the elements of which

are shown on Fig. 2-3,

! Payload Selection
and Hislorical
- Data Analysis

A Parametric
Cost 2B ow-Cost
Optimization Deslgns 3 Standard
0AO, SEOQ, SRS Payload
Hardware
1
Low-Cost 5A 5;
Design Program Plans
Guidelines ogand Pf’golgf d
Cost Estimates Effects

Fig. 2-3 . Study Task Breakdown

2.4 PRINCIPAL PAYLOAD EFFECTS

The principal payload economic benefits were determined to be in three areas

(discussed later in this report):

® Low-Cost Payloads

The application of low-cost design techniques to future payload
hardware will result in significant savings averaging greater than
25 percent in RDT&E, unit recurring, and operations costs.

e Refurbishment and Reuse of Payloads

Payloads can be refurbished periodically on-orbit (or on the grd&nd)
and reused for about 35 percent of the cost of & new replacement
payload.

® Standardization of Payload Hardware

The application of standard payload subsystems or standard spacecraft
to the majority of the missions in the NASA traffic model will pro-
vide savings in RDT&E costs exceeding one billion dollars.

2-6

LOCKHEED MISSILES & SPACE COMPANY




LMSC-A9Q059h

Section 3
LOW-COST PAYIL.OADS

Using the aforelisted principal cost drivers as the-base, new designs were
ereated for the three types of payloads; OAO, SEO, and SRS. The following ex-
plains: (1) Cost and hardware breakdowns; (2) parametric cost-optimization
analysis; (3) design of low-cost payloads; (4) cost estimates of low-cost pay-

load programs, and (5) transportation system interfaces.

3.1 COST/HARDWARE BREAKDOWN

3.1.1 Cost Breakdown

Cost, weight, and reliability data were obtained on each of the baseline pay-
loads. To assure that all cost data, both for the baseline payloads and for
the to-be-designed low-cost payloads, was subdivided on a directly comparable
basis, a cost breakdown structure illustrated in Fig. 3-1 was established.

This cost-element listing also was utilized as a checklist during subsequent

analyses of cost-reduction potential.

o DESIGN/ENGINEERING

¢ DEVELOPMENT/QUAL HARDWARE
o TEST EQUIPMENT )
o DEVELOPMENT/QUAL TEST

o GROUND HANDLING EQUIPMENT
¢ CHECKOUT EQUIPMENT

o TOOLING & STE

o FACILITIES

& MATERIAL

& PURCHASED EQUIPMENT
AND PARTS ¢ CHECKOUT

¢ SUBCONTRACT EQUIP- # LAUNCH OPS
MENT ¢ FLIGHT OPS

o MANUFACTURING ¢ FLIGHT DATA

¢ PRODUCT ASSURANCE ACQUISITION
& ACCEPTANCE TESTING o FLIGHT DATA
e GSE & TOOLING ANALYSIS

MAINTENANCE
o SUSTAINING ENGINEERING

Fig. 3-1 Cost Breakdown for Visibility of Payload Effects

3-1
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3.1.2 Hardware Breakdown

To assure similar uniformity in hardware breakdown, a typical payload assembly
breakdown was established. The eight subsystems are shown in Fig. 3-2. For
- purposes of weight, reliability, and cost tradeoffs, the experiment package

was considered a subsystem and integral with the payload.

Payload Experiment
Assembly Package

Structs, . Comm,, Altitude Environ.
' Electrical, i b

Mechs. Pyrotechnlc Navigation, [l)mt Process,| | Propulsion Control Control

_Assembly Control s,

Fig. 3-2 Subsystem Breakdown for Hardware Consistency

3.1.3 Apportionment of Cost, Weight, Reliability

Baseline data, as received, was not in all cases segregated into the afore-
mentioned cost element and hardware breakdowns. Apportionment was therefore
done, using best engineering judgment and the available data, to allocate costs,

weights, and reliabilities to the individual subsystems.

3.1.4 Preliminary Analysis of Payload Effects

To obtain a "feel" for the type and magnitude of cost savings potential, the
cost reduction areas were matrix-plotted against the cost category affected.
Figure 3-3 shows a summary of this analytical approach. In this manner, a de-
termination was made of primary-emphasis areas for cost reduction and there

was developed early an indication what savings could be derived for the Shuttle-

launched versus the expendable-lgunched payloads.

LOCKHEED MISSILES & SPACE COMPANY
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» ROIAE brosucrion | OPERATIONS
COST REDUCTION AREA §€5?§_g§ &;w §§-§§§3§a

el lERE|ISIEREIEER
SIS IS T |2 A R R R ER AR E R RN
AR RIEBBREBSEIZERERRIGE EE

SIMPLIFIED CONTRACT/DOCUMENT REQUIREMENTS £s Ix X X x| x| x| x

SIMPLITEED CONFIGURATION MANAGEMENT (TRACEABILITY) s ix X X X X

USE OF PROVEN TECHNOLOGY -OFF SHELF £ X X X ¥

USEOF LOW-COST MATERIALS ts X |x X X x| x| x

DECREASE STRESS LEVEL ON PARTS (s X |x X [% X} x

USE LOWER QUALITY PARTS s X |x % X xi X [x x| x| x

INCREASE STRUCTURE SAFETY MARGIN ’ £ls X X |x X XX |x x| %3 x

USE LOWER RELIABILITY GOALS (WMAINTENANCEY S X {x Ix ix X X |x x| x1 x

INCREASE VOLUME OF PACKAGES &S % X X | x| x

INCREASE HARDWARE WE1GHT ALLOWANCE ts X |x X X |x X

SIMPLIFY/MO DULARI ZE HARDWARE v €S % i Ix |x X X |x x| X1 x %

SINPLIFY/REDUCE GROUND TESTING 3 X I% |x |x X

USE ORBIT MAINTENANCE/REFURBISHMENT AND REUSE $ x I px b ox] ok oxgoe b | x| x| x| % x

EHPLOY HARDWARE UPDATE (VS NEW HARDWARE) 3 X Jx Ix ix | x| x| x)x |x ] xlxlx

USE PRE-DEPLOYMENT ORBIT CHECKOUT s % |x |x ix xp x}x ix % %

E = Txpendable
S = Shuttle

Fig. 3-3 DPotential Cost Reduction Areas

3.2 PARAMETRIC ANALYSIS FOR INTERIM REPORT

The early need date for preliminary cost data on payload effects (December
1970) necessitated initiation of a parametric payload cost-optimization analy-
sis prior to establishment of point designs for typical 10w-_cost. payloads.
The baseline payload data analysis, the computerized optimization analysis,

and principal results are summarized below.

3.2.1 Computerized Cost-Optimization Analysis

An existing ILMSC computer program was modified to:. (1) accept a fairly large
gquantity of input data on psyload, launch vehicle, and mission parameters,

3-3
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(2) porform a program-cost minimization calculation; and (3) re-apportion weight,
reliability, and cost to each of the optimized-payload subsystems. A schematic

representation of this analysis technique is shown in Fig. 3-4.

DASFLINE

PAYLOAD DATA

vo Subsystem Costs
e Subsystem Weights

MISSICN PATA e Subsystem Reliabilities MODEL ALTEBTA
@ Subsystem Cost vs Weight
: ;’ro;:rm; gi?;ht Durntion ® Subsystem Cost vs Reliabiliy
oming £ d
e Definition of Misnion Suceess 1(:531’1;5’3222;)@‘““*”
® Pnylond Weirht Tinitation

y o Oporations Cost y
‘

LAUNCH VEFICLE DATA
e Launch Costs
® Relisbility

w

MATNTENANCE/REFURBISHMENT
DATA d?
Refurbishment Cost

@ Maintenance Cost
e Retrieval Model & Cost v

PAYLOAD OPTIMIZATION
PROGRAM {FOP)

e Allocates Weight end

Relirbility by Sub-
aystem for Minimum
Program Cost

L}

PROGRAM CUTPUT

51) Payload Costs by Subsystem

2) Subsyster welghts and
reliadbilities

(3) Mission duration and re-
furbishment cycles

(4} Program Cost Relationships

Fig. 3-4 Cost Optimization Analysis for Payload Programs
One of the principal features of this cost-optimization was the use of a multi-
dimensional CER (cost estimating relationship) concept which combined and

traded-off the parameters of cost, weight, and reliability (inciuding both

component reliability elements) for a constant-performance subsystem.

3.2.2 Interim Report Data

Preliminary data based on the parametric analysis was supplied to NASA and to
Acrospace Corporation in the LMSC "Interim Report - Payload Effects Analysis”,
LMSC-A983808, dtd 22 December 1970. These data included those items listed

following: |

i
i
|
|
I
!
i
|
i

i

|

|

E
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® DBascline payload cost data by subsystem
® Bascline payload weight, and reliability data by subsystem

® Tow-cost payload target costs (0AO, SEO, SRS) by subsystem

and by cost category
e Tow-cost payload weight, volume, and reliability characteristics
® Parametric payload effects on program costs A
® Refurbishment cycle time and cost
@ Mission duration and payload life requirements

e Reliability and weight sensitivity

3.3 DESIGN OF LOW-COST PAYLOADS

3.3.1 Initial Instructions and Groundrules for Low-Cost Desipgn

As a first step, the complete set of baseline design data for each payload was
thoroughly reviewed to understand the relative complexity of each subsystem,
the parts and components used, and the type and amount of testing which had
been performed. The payload subsystem characteristics were then evaluated

relevant to the potential for cost reduction.

Instructions were then given to the designers to: (1) familiarize them with
the results of the parametric cost-optimization analysis; (2) explain basic
low-cost design approaches; and (3) illustrate the effect of various design

approaches upon program costs. The principal instructions were:

® Review parametric target costs and consider relationships and

cost effects of weight, reliability, and refurbishment

3-5
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Repetitive review of payload design effects upon primary cost-

driver elements

RDT&E cost reductions preferred over unit cost reduction
Use proven technology and qualified off-shelf hardware
Minimize de?elopmcnt/qualification testing

Reduce types and quantity of different components
Provide maximum accessibility

Provide for growth and updating

The following design groundrules were established:

®

Volume and Weight - Minimum constraints

Performance - Configuration, functions, and hardware may be altered
to obtain cost reduction; however, overall performance capebility

must be retained.

Overdesipn - Use high structural safety factors and reduce parts/

component stress levels.

Modularization - Equipment to be modularized to facilitate on-

orbit replacement and refurbishment/reuse .

Hardware Complexity - Reduce without affecting overall payload
reliability. k

Materiel - Use inexpensive materials, off-shelf components.

3-6
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For the Shuttle-launched payloads, a design premise was developed that dis-
tinruished "man~-safety” from "man-rating”'. In agreement with the Technical
Monitoring Team, it was determined that the man-safety requirements as listed

following should apply.

& Man-rating of payloads (not required)

Failure of payload hardware usually does not contribute directly to safety
of flight. It need not be man-rated. Example: complete failure of pay-
load electrical subsystem has no effect on Shuttle safety of flight.

® Man-safety

All payload hardware elements, failure or malfunction of which may damage
the Shuttle or injure personnel, must be designed to prevent the failure

or to restrain the effects within the payload:
e Use higher safety factors and overdesign

e For fluid systems, design tankage to withstand overpressures

even if relief valves fail
e Provide blast shields for explosive devices

e Provide deactivation when crew is near payload

3.3.2 Modular Design of Low-Cost Payloads

Because of the prime importance of modular design to allow in-orbit replace-
ment of payload equipment for repair or refurbishment, expliecit requirements
were established for the OAO and SEO.

3-7
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A summarization of the modularization requirements include:

(1) Divide payload subsystems into minimum quantity of modules

consistent with:

® Maximum weipght/size which can be readily installed or removed

by space crew

@ Maximum cost of a single module which is economical for spares

replacement

(2) Segregate components which have high probability of replacement

from those which have higher predicted life.

(3) Establish operating tolerances on individual modules so that

module replacement will not require payload recalibration.

(L) Provide simple functional and mechanical interfaces between

modules.

(5) Provide for casy access to and removal/installation of modules

without need for special tools.

The modular design was actually implemented on the OAO and the SEO; the
latter is schematically illustrated in Fig. 3-5. It may be noted that some

A Elec. No. 5
(B: E!:Z!yNo. 3 ' K Elec. No. 6
D FElec. No.1 East Side West Side kn gﬂptv ‘
£ CDPINo. 1 " Cg;.l ﬁo 4
FACS No. ) No.
G ACSNo. 2 0 Elec, No. 2
H COPINo.3 P ACS No. 3
I Exper. No.l g ';«gé :’o ali
3 Ewer. No.2 o,

§ S& M. 2

Fig. 3-5 SEO Module Location & Arrangement
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compartments have been left emplty to accommodate future growth and/or update.,
Figure 3-6 illustrates the four different modules of the electrical power sub-
system for the low-cost SEC. In most cases, the modules of the various sub-
system are a common size, approximately 14 x 24 x 30 in. (36 x 61 x 76 cm).
The module approach accrues cost savings in manufacturing assembly and testing

as well as providing ease of equipment replacement and refurbishment.

SOLAR PADIILE MODULE (2) - 69 Ib* each

e 8Pancic, each 17 x” 72 cells per panel
o 2x2cw solar cells, ¢iv cer paddle - 5376

e Solar cells are phosphorous diffused N/P
silicon; . 012 thick with .020 coverglass. {in.}

@ Slipring on paddle shaft transfers array
power and Instrumentation to brush
assy. on spacecraft

¢ Paddle Drive Module (2 39 Ib* each
ap————————

Ballery Module - 170 Ib® ! Power Controf Module - 106 Ib°
/‘;a “‘ o : i
i I ﬁ/%

,4———,0—4

* Including 15% contingency

Fig. 3-6 Low-Cost SEO Electrical Subsystem Modules

3.3.3 Parts and Component Reliability

It was recognized early in the study that reduction in payload part/comp@nent
quality might be compatible with the orbit revisit capability of the Shuttle
for repair or refurbishment of the payloads. Investigations were made into
relative hardware costs for various quality grades and the practicability of
using the lower-cost parts on future payloads. The mission model reguirements
covering the Space Shuttle operational time period indicated a need for high-
reliability parts and components. Therefore, the lower-cost (MIL-Spec and

aircraft) parts were notApursued to their final potential. This area should

3-9
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be atudied in more depth as mission equipment and spacecraft subsystems become
bettor defined.,

Preliminary analysis revealed that use of aircraft~Quality parts was feasible
only for very short mission durations, on the order of 4 months; the critical
part characteristic was parametric drift. Also, use of MIL-Spec parts was
proved feasible for use on payloads with desipgn operating life up to 9 months.
It is possible, with the short-time revisit cycles anticipated with the Shuttle,
that application of lower-quality parts would be operationally and economically

feasible.

Specifically, with the short-duration sortie missions planned with the Shuttle,
the use of aircraft parts might show significant benefits. Further study should
be undertaken of this low-cost part application as the sortie mission hardware

requirements are firmed-up.

3.3.4 Low-Cost Subsystem and Payload Designs

Bach subsystem of the three candidate payloads, OAO, SEO and SRS, was analyzed
as to functional efficiency and general cost-effectiveness of the hardware.
Low-cost design methodology was applied and a substitute low-cost subsystem

was developed. The design outputs included:

& Ports lists with weight breakdown

® Block diagram and functional description of subsystem
e Dimensions and alignment/calibration requirements

e Special test requirements

8 Approximate component costs (where known)

® Special capabilities in ground and flight operations

@ Special interface requirements with launch vehicle
These data were documented in a number of LMSC engineering memorands which

were provided to NASA agencies and Aerqspace Corporation for informastion and

comment .
3-10
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3.3.1.1 Low-Cost Subsystem Characteristics. A summary listing of the princi-

" pal cost-reduction features of the low-cost subsystems is shown in Fig. 3-7.

STRUCTURES & MECHANISMS

o Low-cost materials, manufacturing processes
¢ Simple structure, high safely fectors (3 or more) i
¢ Maximum-2llowable dimensional tolerances
¢ FEiiminate etension mechanisms where possible

AVIONICS

¢ Increase on-board data processing capabiiity (compuler)

e Utilize Shuttle GNC capability for Initial orbit positioning

¢ Deslgn modules, components fo aflow replacement without recatibration

e Reduce packaging densily

o Standardize hardware elements (circults, PCBs, etc.) J

EXPERIMENTS

¢ Standardized and versatile Interface with payload
® Design for fixed-mounting and ground alignment where possible
@ Mechanisms to be self-supporting in 1-g field

ELECTRICAL

o Ruggedized stmple sheet metal structure for solar array structure

e Fixed solar arrays - elimirate folding where possible

o large-size, 97.5% yleld solar cells

¢ Design for fong-time degradation o reduce average refurblshment cost

Fig. 3-7 Principal Contributors to Subsystem Cost Reduction

Special attention was devoted to investigating methods for cost-reduction in
glectronic assemblies. After review of historical design, manufaétwin& and
product assurance at LMSC on a large variety of electronic flighﬁ hardware,
basic low-cost design principles were established; Fig. 3-8 is a summary list-

ing of these.
®  STANDARDIZE BOX AND PCB $1ZES AND CONNECTORS WHERE POSSIBLE

o STANDARDIZE CIRCUITRY ELEMENTS

o DECREASE CIRCU!IT DENSITY OF PARTS - REDUCTION FROM 75% 70 30%
ALLOWS ABOUT 35% SAVING IN MANUFACTURING/INSPECTION LABOR

¢ DESIGN THE BREADBOARD UNIT AS A PRODUCTION PROTOTYPE - USE
PRODUCTION PROCESSES FOR FABRICATION OF BREADBOARD

¢ INCREASE CONDUCTOR SPACING; PROVIDE "BLANX' SPACE ON PCBs
¢ USE CONFORMAL COATING IN LIEU OF HARD POTTING TO ALLOW REPAIRS

‘e USE PCBs IN LIEU OF CORDWOOD MODULES - ALLOWS REDUCT!ON UPTO
50% OF TROUBLE-SHOOTING AND INSPECTION LABOR

Fig. 3-8 Design of Low-Cost Electronic Boxes
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3.3.4.2 Low-Cost Payload Confipurations. A structural design has been devel-

oped for each payload, with external configuration being determined by the vol-
umctric need for equipment module mounting. The general configurations of the

low-cost OAO and SEO payloads are illustrated in Figs. 3-9 and 3-10.

- ‘j“ All dimenslons In Inches EXPERIMENT PACKAGE

EQUIPMENT
SECTION

(D Shuttie Support Lug (ILAR}

@ Solar Arrays - Sun-Orlenting

Access Doors to Modules

O 1 96
&) (opposite side same)
\ g’ f : @ Docking Ring Assy

4 L
O v 7 N ®) Higaln Antenna
Earth I
- % | %40, = 2,5% m

Fig. 3-10 Low-Cost SEO Configuration
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hown in Fig. 3-11.

n

The low-cost SRS is

SPIN & DE-SPIM
ROCRZTS

“;’Z.. /
- V\?/ - / j
DIPOLE ANTENNA~—pm.

EQRIT TRANSFER
EOCKET

IR

KULTILATR |}
INSULATION ~ )75

e

SoLAR !

PANEL N\

FXTERTHENT

HOUULE ¥O,1
PAYLOAD —
ATTACH
FITEIO

Fig. 3-11 TLow-Cost SRS Configuration

3.3.4.3 Weights of Low-Cost Payloads. Weight statements were prepared for
the OAO, SEO, and SRS. Data on Fig. 3-12 compares the baseline with the low-

cost versions.

WEIGHT (INCL. EXPENDABLES)
BASELTNE TOW-COST
PAYLOAD PAYLOAD RATIO
0A0 877 1b 7908 1 1.62
SEO 1151 Ib 37 1y 212
SRS N7 b 697 1b 2.0

Refurblshment Factors

0AQ (I Year Cycle) - .35
SEO (2 Year Cycle) - .39

Fig. 3-12 Weight Ratios - Shuttle-Launched Payloads
3-13
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3.4 PLANS AND COST ESTIMATES

To provide the basis for estimating the costs of developing, manufacturing and
operating the low cost payloads, program plans were prepared for each of the
three payloads. Using these plans and the low-cost payload design data bottom-
up cost estimates were made. Following is a summary of the highlights of the

planning and costing effort.

3.4.1 Planning Approach

Program plans were prepared covering development, qualification, manufacturing,

and operations of the low-cost payloads. The basic guidelines used were:

e Comparability to bageline retained

- Flight-article quantity same as baseline

- Tquipment and software development comparable to baseline program

® NASA phased project planning approach

OAO - W% Year Program - Phase B to launch
SEQ - 3% Year Program - Phase B to launch - combined Phage C/D

® Current NASA/DOD program management approaches

- MIL-STD-Lg99
- NHB 5300.4 (14) and 1B)

@ GFE Assumad

- Launch vehicle, fairings, and adapters, launch services control

center, NASCOM, STADAN, operational computer

e Similar spacecraft design for either Shuttle or expendable

3-1k4
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3.h.72 Cost Tstimates - Low-Cost Payloads
3

Cost estimates were made on each low-cost payload program. The basic approach

“used is summarized following:

® Bolttom-up costing - using 1970 rates - includes labor, overhead, and

G%A (no prime contractor fee)

® Engineering, Manufacturing, Test, and Operations cost estimates based

on Program Plan
® T&pical Program Management and Quality Assurance percentages app&ied'

e Allowances included for:

H

Rework and scrappage

Engineering changes

- Spares and Logistic Support
Tooling, GSE, and STE Maintenance
Computer Hours

i

i

!

® All cost spreads by subsystem and by year

Costs were derived at component and subsystem level and summed to obtain totals
of RDT&E, Unit, and Operations. This was done separately for the expendable-
launched and the Shuttle-launched programs. Typical payload cost totals are
shown in Fig. 3-13.

A comparison of the RDI&E, unit, and operations cost for each Shuttle-launched
low-cost payload is shown on Fig. 3-1L; the baseline costs are shown for com-

parison. The OAO figures for designs with and without a computer are shown.

(Paragraph 3.4.4 explains the computer significance.)
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4 Baseline SEO
(Historical Costs)
120 4 Low-Cost SEQ -
1 Expendable-Launched
(Actual Cost Estimate)
100 7
] Low-Cost SEQ ~
0 Shuttle-Launched
30 - (Actual Cost Estimate)
70 -
60 .
50
40
30 E
22.3
2 B9 N2 4, E%%Z .
0 %;/m‘. - . i
il Il ! i
. /?Z%wm} l 422» j
ROT &E Unit Recurring Operations®
® 2-Year Operations for 4 units. ‘ ‘
Tig. 3-13 SEO Cost Comparison (Sample)
i [168,_2
!
150 - ‘ !
P
Bro 16.7
6.7 =
% ‘ F=3 L iBaseline 27 040 without
¥
i l Low-Cost Computer
gloo I~ % oo D s
2
= 7 !
= P read 8.7
S
2
=
S0
33.4
T
1 22.3
2 w1 22, s 39 L
5.8 |z gy M 2L ,
. i ...: 70% 0% T L8.:2. 1.9 8%
5.4] 9.8 12.0 17155778 | 6%
RUTE Unit Ops ROt Unit Ops vl Unit” Ops
0A0 SE0 SRS

Fig. 3-14 Cost Comparison - Low-Cost Designs (Shuttle-Launched)
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Costs to the subsystem level were provided to Aerospace Corporation for appli-
cation of cost-reduction ratios to the various payloads in the traffic mQﬁel»

A typical set of subsystem cost data for a low-cost payload is shown on Fig.
3-15.

ROT&E UNIT QpSeee
CL:SV{, Ratio** (‘:‘g\s‘; Ratio** %:%‘Zt' Ratio®
Experiment ' $37.5 80% $ 1.9 76% $4.6 | 49%
Struct. & Mech. 6.0 | & 0.6 | 50 0.6 15
Electrical ‘ 0.2 | 8 L7 | % 15 1
Stabillzation & Control 9.6 60 1.9 58 1.8 12
Attitude Control 3.4 85 0.6 | 100 0.5 § 100
CoP! 17.8 69 2.8 2 2.6 60
Environmental Contro! 0.8 | (160). 0.1 | 100 0.1 100

* $ Million
= Ratio of low-cost subsystem cost to baseline cost
es*  Two-year ops for 4 payloads

Fig. 3-15 Typical Low-Cost Subsystem Cost Breakdown (SEO)
The percentage saving (as compared to the baseline) for each payload type was

determined. The summary comparison is shown on Fig. 3-16. The savings noted

do not include launch system nor payload refﬁrbishment. .

0AO SEO SRS
LCE SS | LCE SS I LCE] SS
ROTE A% | 50% | 16% | 26% || 14% | 39%
Unit (Average) 43% | 52 §19% | 2% | 15% | 3%
Operations (Average) 40% | 52% | 39% | 46% - 1%

* Saving ratio to revised baseline cost.

Fig. 3-16 Summary of Payload Effects Saving*
(Excluding savings from launch system
and payload refurbishment) :
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The addition of refurbishment savings and launch vehicle costs to the payload
coat summations provides an interesting comparison of total program costs be-
tween (1) baseline payload, expendable-launched; (2) low-cost payload, low- -
cost expendable-launched; and (3) low-cost refurbished payload, Shuttle-
launched. TFipure 3-17 shows the relationships for a 6-yedr program with an

OAO~type payload.

$
500 |- $485.43
6 OPS 6 Year Program
$66.00 [ Yr. Average Life
400 6 Units $375.73 0.325 refurb, factor
S
$191.76 &g%s
P N 6 Units
s 3 $114.84
=
< .
& 6-SLV3C '
w 200 Centaur 6 TIIL2 $184.92
$60.00 $131.40 $ 32.16 6 OPS
RDT&E -f— iRt €%
100 I $167.67 $ 27.60 6 SIS Flights
RDT&E :
639 11 $84.04 | RDTRE
0 Baseline Low-Cost Space
Program i Expendable Shuttle

Fig. 3-17 OAO Total Program Cost Comparison

Similar summaries have been made for a 10-Year SEO-type payload program.
Although these examples represent only two single programs, similar cost-
reductions can be applied to many of the missions included in the traffic
model for the 1978 to 1990 period. Total program savings approaching 50

percent are feasible utilizing low-cost payloads with refurbishment and reuse.
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3.4.3 Recosting of Baseline OAO, SEO

Because of the desire to have a "calibration'” of the LMSC estimates so that

true delba-cost values could be derived between the low-cost payloads and the
historical bascline, it was requested by NASA/HQ, that LMSC estimate the costs
of the baseline OAO and SEO payload programs: (1) using the same estimabing
methods employed on the low-cost payloads; but (2) using all the program ap-

proach and hardware of the baseline programs.

Recosting of the baseline OAO and SEO programs was accomplished. The results ”
are summarized in Fig. 3-18. There are some significant differences at the
subsystem level but the total program costs are very nearly the same. It was
thereafter assumed that the LMSC estimating methodology employed sufficient
realism and conservatism so that the low-cost payload estimates could be used

without multiplying by a "growth" factor.

] SEO 0A0
E ‘ Avg. R Avg.
RDT&E Unit Ops.| Total RDT&E Unit Ops. | Total
Historical Actual $117 | $14] $22| $209 $166 1 $36 | $1 $213
IMSC Estimate $121 | $13| $17| $203° $168 | $32 ¢ $11 | $211

* {ncludes 5 Units.

Fig. 3-18 Historical vs Recosted Baseline Programs ($ Million)
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3., Technology vs Payload Effects

As mentioned edrly in this report, a baseline requirement of the study was to
use 1970 technology where possible to obtain a cost reduction. In general,
technology did not influence the low-cost design approach in a cost~glgnificant
manncr. The principal excepbion was in the OAO, where a 1970 state-of-the-

art gonerai—purpose computer was substituted for a fairly large quantity of
electronic assemblies in the Stabilization & Control and CDPI subsystems. This
type of fairly low-cost, reliable computer was not available for spacecraflt 5
application in the early 1960's (during the OAO development). The use of thig
computer accounted for a large percentage of the RDT&E and unit cost savings

in the low-cost OAO. A separate cost-allocation analysis was performed, in-
cluding recosting of the low-cost OAO without the computer substitution. The
resulting costs indicated that the computer substitution accounted for about

35 percent of the total program savings on the OAO (33.6 percent of the RDI&E
savings; 39.5 percent of the unit savings). The "without-computer” low-cost
OAO provided about a 33 percent reduction in baseline RDT&E and unit cost when
campared with the "with-computer" reduction of 50 percemt. Figure 3-19 illus-

trates graphically the major contributors to the cost reduction. .

100 - __—Other Subsystems h
%5.8 el NN e EleCtrical
— === 7907 T Struclure
879 | ~—"1_805 |~ _ X
82.7 _ 8.2 Experiments
- Stabilization & Control ‘
5.7
0 1 —— Communications, DPI gsﬁgdsé‘gzg;
) ' {other) 24
g 60
@ _ A5
= 50 -7 IRU Substitution
8 48.9
& 4 _ . /
— "] 395 3
3 - 33.6
) N N, 35% of Savings
2 Use of Computer \, 1970 Teehn Oi%gy
10
- J
RDIE : Unit

Fig. 3-19 Technology vs Payload Effects
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3.5 IMPACT OF LOW-COST PAYLOADS ON TRANSPORTATTION SYSTEM AND PROGRAM COOTS

Because of the strong dependence of the Shuttle-launched low-cost payloads upon
the implementation of payload-compatible interfaces, it was determined neces-
sary to verify that the LMSC-proposed interfaces with the Shuttle system were
feasible and practicable. Conceptual designs were therefore created for: (1)
a payload deployment/retrieval gear and, (2) a payload checkout set for on-
orbit use with the Shuttle.

The study results are discussed following.

3.5.1 Payload/Shuttle Interfaces

In obtaining the maximum cost benefit from the low-cost payloads, it seemed
desirable to adapt the payloads and the supporting Shuttle systems to "a launch
base on orbit". In this manner, the failures experienced in launch/ascent
could be repaired on orbit prior to payload deployment from the Shuttle. This
concept required: (1) thé use of on-orbit checkout by Shuttle-carried payload
checkout equipment and, (2) the design of payloads to allow easy repalr, re-
furbishment, and redse, it was necessary to provide an instgllation which could
be employed for theée operationé with various payloads. The elements of the
payload support équipmentjand‘iﬁterfaées are listed on Fig. 3-20. These in-
terfaces have been investigated, preliminary requirements established, and

payload compatibility with the Shuttle has been verified.

3.5.2 Payload Support, Deployment, and Retrieval

A universal -usage deployment/retrieval gear was conceptually designed. The
principal hardware elements are bi-stem extendable booms, smaller sizes of
which have been successfully used on previous spacecraft applications. These
booms, installed as a single unit, in pairs, or as a set of four, can extend

or retract a payload from its base mounting position in the Shuttle cargo bay.
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o Structural Supports and Latches
e Deployment/Retrieval Mechanisms
e Hardline Umbilical

e Payload Checkout Equipment

® Payload Service Panel
{Electrical, etc.)

e Cargo Crew Provisions
e Payload Monitor/Checkout

e Payload Deployment Control Panel

® Stowage for Payload Replacement Modules
® Access Provisions to Payload

Fig. 3-20 Shuttle Interfaces with Low-Cost Payloads

which have been successfully used on previous spacecraft applications. These
booms, installed as a single unit, in pairs, or as a set of four, can extend

or retract a payload from its base mounting position in the Shuttle cargo bay.

A scale drawing of the installation of the SEO/Tug in the Shuttle is shown on
Fig. 3-21. The booms operating in zero-g are stiff enough to sustain the
bending loads applied by minor maneuvering of the Shuttle even with booms ex-
tended. The booms can sustain reasonable loads even in l-g load field and can
be readily tested on the ground with simulated weights attached. Positioning
for retrieval engagement can be accomplished by vernier control of the Tug,

by use of telefactor robot, by separate "grappling" mechanism deployed from
the Shuttle, and/or by use of crew in EVA with strap-on thruster devices.
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Fig. 3-21 Shuttle Installation of SEO and Space Tug

3.5.3 On-Orbit and Standardized Checkout

On-orbit checkout of payloads provide specific advantages:

@ Greatly increases probability of successful mission by allowing

elimination of launch/ascent failure contribution

e Allows lower payload design reliability and concomitant reduced

cost

® Allows payload - cognizant personnel to perform first-hand

observation of payload operating in orbit environment

@ Makes feasible on-orbit module replacement‘and re-checkout

for repair or refurbishment

A phased-checkout approach was developed so that payloads could be exposed to
a seriecs of verifications, using the same checkout set. The seven phases of

test/checkout proposed are shown on Fig. 3-22.
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Post-Deployment
(Autonomous)
Checkout
Orbit Checkout RFto Shuttle or
of Payload Ground
oo On Umbilical @
Checkout in
Shuttle @
On Umbllical Q

Checkout Set

Launch Base ‘b
Payload Assy.
Checkout @ ‘
Shuttle
Pre-Delivery @ G Installed ;

Checkout
Final 15D | I\ Grecioutsat

@ Ground Unit

Fig. 3-22 Phased Test & Checkout Approach

Phase T is nccomplished at the payload production plant and Phase II is sccom-
plished at the launch basé prior to mating of the payload into the Shuttle.
Phases IIT through VII are conducted with payload mounted in the Bhuttle and
using a Shuttle-carried payload checkout set. Considerable analysis of this
concept has been done and detail checkout lists have been created for the OAO,
equivalent to the historical ground checkout requirements for the OAC-3 pay-
load (reference data supplied by NASA/GSFC). It has been determined that the
concept is feasible and desirable. Further, actual concept design of a Shuttle-
carried checkout set has been developed and weight, volume, and cost estimates -

made.

An extension of the payload checkout set, standardized checkout equipment, has

also been investigated and also determined to be feasible.
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Section U
REPATR, REFURBISHMENT, REUSE OF PAYLOADS

The single most important cost driver in the unmanned payload cost-reduction
effort is the repair, refurbishment, and reuse of payloads. A methodology was
therefore developed to validate the feasibility and quantitétive cost data
were derived for repair/refurbishment which could be used for application to
the total traffic model by Aerospace Corporation and Mathematica. A brief

resume is provided following.

4,1 INVESTIGATION OF HARDWARE AND OPERATIONAL FACTORS

A number of factors were considered during establishment of the proposed pay-

load ropair/refurbishment approaches; they are:

& Deactivation and attitude stabilization of payload

® IVA vs remobe manipulators

& Manned and unmanned Space Tug operations with the Shuttle
@ Recalibration of payload after module replacement‘

& Ground-base response time

e Turn around time for ground refurbishment

o On-orbit re-checkout after maintenance/refurbishment

@ Payload wearout/reliability vs refurbishment cycle

These were analyzed and concepts and approaches derived in each ares to wverify
the feasibility and establish a basic technique or method of hardware implemen-

tation. -
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.2 JODES FOR ON-ORBIT REPATR/REFURBISHMENT

Some of the possible modes of accomplishing in-orbit repair/refurbishment are
conceptually pictured in Fig. 4-1. Although the pressurized IVA (shirt sleeve)
mode was initially desired by NASA in the early Shuttle design phase, it has
been removed as a mandatory requirement in favor of EVA or non-pressurized IVA
modes for crew direct access to payloads in combination with automated payload
handling devices. An automated module replacement device could be readily sube
stituted for the robot mode pictured; NASA/GSFC has done preliminary work on

guch a device for use with the Large Stellar Telescope.

P TR TR TA

RESTRAINED EVA

NON-PRESSURIZED IVA

A

/Q(&CZD'

PRESSURIZED IVA

REMOTE CONTROLLED ROBOT

Fig. L-1 Tn-Orbit Maintenance/Refurbishment Concepts

In each of the modes, the actual repair or refurbishment would consist of re-

placing equipment modules in the payload with replacement modules carried to
orbit by the Shuttle.
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.3 BASIC CONCEPT FOR PAYLOAD REPATR/REFURBISHMENT

The four clements involved in repair and refurbishment of payloads are listed

. following; examples used are the OAO and SEO-type payloads:

(1) Repair on Orbit

& Corry as spares on initial launch %So%;ifiienzoggd¥%§s - OAC

11 different modules _ SEO
. (total wt. 1423 1b)
¢ Checkout of payload on orbit {
® Replace any module which has failed or degraded in 1aunch/aacent

& Return failed module for ground refurbishment

(2) Refurbishment of Payload

@ Periodically replace the orbiting payload with a refurbished
(at nom. l-yr. interval for OAO; at 2-yr. intervals for SEO)

® Retrieve the "used" payload from orbit with Shuttle or Tug/
Shuttle and return to earth.

® Remove used/failed modules from space frame -

install new/refurbished modules
® Perform system-level payload checkout

(3) Refurbishment of Modules

® TInstall new (or refurbished) components into module

® Test module in spacecraft simulator, using standard checkout set

(4) Refurbishment of Components

4.4 COST SAVINGS WITH PAYLOAD REFURBISHMENT

. .1 Program Cost Savings

The savings atbainable with the proposed refurbishment at the payloaﬁ, modulie,

and component level are extremely significant.
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Firure 4-2 is a tabulation of results obtained from the OAO and SEO refurbish-
ment annlyses. At the payload system level, the refurbishment approach pro-
vides a 39 percent saving for an OAO 6-year program and a 41 percent saving

for a 1lO-year SEO prograin (compared with a low-cost expendable-launched low-
cost payload). When the launch and operations costs are made part of the total,

“the savings increase to 50 percent for both the OAO and SEO programs.

OAO (6-Year Program) || SEO (10-Year Program) ,~
COST ELEMENT Expendable- | Shuttle- Expendable- | Shuttle- "

Launched Launched launched launched

Non-Recurring $  8.AIM 1§ BAO3M$ 9T.IM S 85704

Unit Cost - Delivered Payloads 114.84 15.81 234.56 49.15

Average Refurb. Ratio - 32511 yr. - 39012 yrs.

Payload Module/Component Refurb - 5.29 - 60.88

Payload Totals X 195.73

Launch Costs 108.00 |  18.00 318.00 | 102.00

Operations Cost 40.02 - 3105 67.80 59.75

Total Program Cost » 1 8 CRzoDm |8 M L7835 M | ¢

Program Savings —m > $178.1M I $ 3V60.9 M

* Refurbishment performed at 1-yr. cycle intervais
** Refurbishment performed at 2-yr. cycle intervals

Fig. 4-2 Savings with Payload Refurbishment

L.Lk,2 Refurbishment Cost Ratios

Summary calculations were made of’,the cost of a refurbished OAO or SEC. The
"average" refurbished OAO would cost 32.5 percent of the unit recurring cost
of a new OAC, with refurbishment pei‘formed on a one-year time cycle. The aver-
age refurbished SEO would cost 39-percent of a new SEO, with refurbishment
performed on a two-year ’cimé cycle. These ratios were supplied to Aesrospace

Corp. for application across the various missions included in the traffic model.

4oL

LOCKHEED MISSILES & SPACE COMPANY



LMSC-AG9050k

h.5 ANALYSTIS OF MODULE & COMPONENT 'REFURBISHMENT

A hardware analysis was made of the various subsystem equipment of the low-cost
OAO and 8EO payloads to determine the degree to which replacement parts and
components could be readily installed during a refurbishment. Cost estimates
were made of replacement parts, assembly/disassembly, and. QA/testing reguired
to susbain the refurbishment operation. Figure 4-3 is a sample summary sheet
of the cost estimating effort. It shows the derivation of module refurbish-

. ment costs as compared to the costs of new replacement modules.

Reol Eng. | Comp | Module | Comp. N(\Jopihéle Total % of
Par;:s' Sup. | Disassy] Disassy| QA & Test Refurb] New
5% Assy | Assy | Test (80%) Cost | Cost
Electrical - Battery No. 1 .047 1} .006 | .001 | .002 .001 { .060 417 63

Power Cont.No.?2 124§ .012 .011 .006 011 ] .100 . 264 66
(ea} Paddle Dr. No.3,4 | .012 | .006 | .001 | .003 .001 | .032 055 46
{ea) Solar Paddle No5,6] - - - - 100

COP1 - Data Handling, | o5 | ma | .o12 | 003 | .008|.056 | .33 | s6

{ea) No. 1, 2
Commun. No.3 | .33 | .012 | .006 |.002 | .o07|.080 | .43 | 50
S&C - Flight Cont.No.1 | .453 | .025 | .009 | .006 | .015|.108 | .616 | 55
Momentum No. 2 | .129 | .020 | .010 | .006 | .005|.0m2 | .242 | 8
Attitude '
Contooy €alNo. 1,2,34 007 | 003 | 00 | 003 | 005|032 | 060 | &
Exper. - Photo No. 1 24 | 080 | 016 [ .06 | .013].252 | .501 | 39

TV Camera No.2 -1 - - - - |- - | 100

Fig. L 3 Cost of Module/Component Refurbishment - SEO
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4.6 IMPLEMENTATION OF REFURBISHMENT CONCEPT

The refurbishment concept and the special-designed payload hardware will re-

quire well-planned supporting elements. Principal areas are:

e Tield Repair Depot - Establish one or more facilities to provide
repair and refurbishment support for payloads. Could be located
at the Shuttle launch site.

® Replacement Parts (Spares) - All replacement parts, components and

modules are to be procured concurrently with the deliverable payl@adsf
Quantities to be based upon logistic analyses of anticipated repair

and refurbishment.

& Refurbishment Technique - All payloa% hardware will be designed to

allow simplified hardware replacement and re-test. A Refurbishment
Instruction Manual will be delivered by contractor concurrent with

payload initial delivery.

® DPersonnel - NASA technicians trained in payload subsysteﬁ specialty

arcas to perform the refurbishment.

® Final Checkout of Modules - The refurbished modules will be verified

functionally and mechanically using a payload checkout set and a pay-
load simulator (duplicate of ground support equipment supplied to
launch base for payload checkout. ;
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Section 5
STANDARD SPACECRAFT AND SUBSYSTEMS

Standardization of space hardware was investigated during Task 3 of the study
to: (1) ascertain its technical feasibility and, (2) evaluate its economic
desirability. A lowered emphasis on weight and volume constraints, avoiding
the need for program peculiar optimized designs, makes standardization more

attractive than previously.

5.1 FEASIBILITY OF A STANDARD SPACECRAFT

5.1.1 Misgion Model Analysis

Tn analysis of the NASA Mission Model, a large percentage (86 percent) of pay-
load programs were potentially suitable for some combination of experiments on-
to one or more spacecraft. Further analysis revealed that unmanned missions
also could be grouped by orbit and general scientific objective. Two examples
of this are shown in Fig. 5-1 for low—altitude/28.5 deg orbits and for poi&r/

sun-synchronous orbits.

LOW ALTITUDE - 28.5°
Mission Alt. Exper. Qty. | Exper. | Point. Start Progrgm
(N.M.) | Weight (1) S/C | Power |[Accur,] Year | Duration
Large Stellar Telescope | 350 8210 1 1.5 KW 10sec| 1980 | 1lyr.
Large Stellar Observatory 350 7520 1 1.OKW] 1deg | 1982] 9yr.
HEAO . 20 12500 | 2 | 265W |5sec| 1979 12yr.
large Radio Observatory =~ 350 10000 1 2.0 KW/ 10 sec] 1984 7yr.
Astronomy Explorers ‘ 20 |0 B0 15 S0W | 3degy 1978 | 13yr.
POLAR - SUN SYNCHRONOUS
Mission Alt, Exper. Qly. | Exper. | Point.] Start | Program
. N.M.) | Welght(it) | SIC | Power |Accur Year | Duration
Polar EOS ' ' 500 870" 12 | 400W {4min] 1980) I3 yr.
Earth Physics 400 150 T | 150 W |10 sec; 1980 13 yr.
Polar ERS ' : 500 850 | 28 | 400w |[amin| 1978| 13yr.
TIROS : , 700 45 14 | 100W [3deg | 1978 13yr.

Fig. 5-1 Common Low-Earth Orbits and Spacecraft Requirements
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5.1.2 Preliminary Version of Standard Spacecraft

A preliminary analysis of the spacecraft support for the various candidate mis-
sions revealed that a single spacecraft with quite broad subsystem capability
could accommodate the majority of all missiong. The characteristics of thig
chypothetical standard spacecraft are listed in Fig. 5-2. Combining these pre-~.
liminary conclusions with data from previous IMSC effort on design and maru-
facture of standard spacecraft elements, it was determined that the standard

spacecraft was indeed technically feasible.

STANDARD SPACECRAFT WITH SUBSYSTEM CAPABILITY TO MEET FOLLOWING
REQUIREMENTS WILL ACCOMMODATE THE MAJORITY OF ALL MISSIONS:

GNC Earth or Inertial orientation
j/4” attitude reference with option for 10 arc sec
Stabilization by reaction whebls andlor mass expulsion

TT&C Wide-band data link with up to | megabit capability
Choice of transmission powers up fo 50 watts
Data recording capability up to | MHz

Electrical Modular capability from 350 to 1050 watts average power,
# 28 VDC regulated or unregulated, 115 VAC,
1, 2or 3-Phase

Environmental Provided for standard spacecraft exciusive of experiment
Control subsysiem, for earth orbit or equivalent

Fig. 5-2 Standard Spacecraft for Unmanned Missions

5.1.3 Basic Approach to Design of Standard Spacecraft Hardware

Basic conclusions, involving preliminary economic considerations, and relevant

to the approach to standard spacecraft were also developed.

® Rather than a single all-coverage spacecraft to accommodate all

missions, there may be a small group of standard spacecraft.

@ FEven though a standard spacecraft were developed, there may be
certain space missions which can be more economically supported

by specialized designs.

® The real foundation for a standard spacecraft appears to be the

development of standard subsystems and/or modules thereof.
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5.2 STANDARD SUBSYSTEMS

The basic concept of standard subsystems was developed by (1) listing separ-
~ately all of the mission requirements by spacecraft subsystem and (2) consol-
idating these requirements into a minimum quantity of variants to cover the
missions. The subsystem characterigtics for these variants, some of which can
‘be built up by using multiples of a single module (such as for the electrical
subsystem), are shown on Fig. 5-3. These variants were applied to the NASA
Mission Model and the total number of applications determined by quantity of
missions and guantity of spacecraft required per mission. A sample sheet of
this application analysis is shown as Fig. 5-4. These data were transferred

to the economic analysis totals for standard subsystems.

SUB- ELECTRICAL GUIDANCE, NAVIG., TELEMETRY COMMUNICATION
SYSTEM | (BATTERY & STABILIZATION, {SIC DATA & - {(EXPERIMENT DATA}
TYPE SOLAR ARRAY) CONTROL COMMAND) S-BAND®
3 .4
s 350W e Stellar/Solar Ref. e 8-33BPS 107 -10" BPS
A e Sun-Orient. ¢ 10arcsec ¢ 50 WXMIR 6 S0W XMTR {IP)
Solar Array & |nertial Platform {1P) e 10-30 Hi-Gain
e OmniAnt, Tracking Antenna
o 700W o StellariSolar Ref. o 10% 8PS o 2x10° 8PS
B e Sun. Or. S/A & I5arc min. o 2WXMTR(SEOY & 2 W XMTR (SEQ)
e Inertial Platform ¢ OmniAntenna | & 3Ft. Fixed Hi-Gain
Antenna
e 1050W s FEarth Reference ¢ 10° BPS e 107 BPS
c & Sun. Or. S/A ¢ I5arc min 8 2WXMTR(LEO) j e 2 W XMTR (SEQ)
e Inertial Platform ¢ Omni Antenna | e 6 ft. Hi-Gain
Tracking Antenna
e 10OW e Spin Stabilized o 2x107 BPS (LFO)
D ¢ Body-Mounted ¢ Axis Orientation o 2W XMTR (Spin}
Spinning Array Control ¢ Toroidal Antenna
¢ Farth Ref. & Star o 1088PS
E Tracker
e 4darcmin o 2 W XMTR (LEC)
e |nertial Platform o Omnl Anfenna

° 30 ft. dia, ground receiver antenna, except for
Interplanetary which uses 210 ft antenna.

Fig. 5-3 Standard Subsystem Types and Characteristies
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MISSTON ORDIT ¥0. OF STANDARD SUBSYSTEM TYPE/QTY
KR vo. | ALTITUDE INCL. ornee Touse [eont | [ rwecr REVARKS
MASA EARTH OBSERVATION
Polar EO§ 21 500/500 53 12 e12lE12 jc12 {B 12
Syne BOS 22 Syne o° 6 E 6ic 6] 6B 6
Parth Physics 23 100/400 90° 7 g 1lec 7l 714 7
Syne Met 2b Syne o 2 c 2/c 218 2 |Aa 2
Tiros 25 700/700 58 3 c 3|3 3ic 3 ]a 3
Polar FRS 26 s00/500 | 88 6 E 6]E 6{c 6 [B 6
Sync ERS 27 Syne o° 7 E7le 1|8 7|8 7
NASA COMMUNICATION/NAVIGATION
ATS 28 Sync o° 7 E7lc 1B 7| - |8xw
Szall ATS Syne 2 . Syne o° 12 cizlciz sz |Ba2 )
Low 30 3000/300 90° 12 ciefriz jc12 {B12 ’
Co-Op ATS Sync 31 Sync o°® 2 ¢c 2fc 218 218 2
Lov 32 3000/300 | 90° 2 cz2ie2fc 2B 2
Medical et 33 Syae o°® 2 c 2 g a B 2)c 2
Educ. Broadcast k1 Syne o° 2 ¢ 2{Za |B 2] - |2k
Pollov-on Sys.Demo] 35 Sync o° 20 c 20 3‘6 B20 [c20
Tracking/Data Relayd 36 Syne - o° 10 ciofcio |p1o {B10
Planetary Relsy 3 Syne o° 9 colcoisoiar g

Fig. 5-4  Applicability of Standard Subsystem Options to Missions (Sam@ie}

5.3 STANDARD SPACECRAFT DESIGN

A typical set of subsystém variants were selected which céuld accommodate a
reaconably large quantity of missions. Subsystem modules were cohcepted and
developed into a set of "standard" modules; one of these is shown in Fig. 5-5.
These modules were then arranged into an overall spacecraft configuration

which is illustrated on Fig. 5-6. Each module, as with the previously~degcrihe&
low-cost payloads, is readily replaceable in orbit by a Shuttle crew member 0?‘
by automated module handling devices. The standard spacecraft design effort
was accomplished to the dépth required to verify that the concepts were feas-
ible and could be implemented in an actual hardware program. The eventual
standard spacecraft may be different in actual configuration from the typical
one developed; however, the basic characteristics to provide compatibility with
the Shuttle system and to allow on-orbit checkout, repair, refurbishment, and

equipment and experiment update must be maintained.
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e \
//< N SOLAR ARRAY

\ ADDITIONAL
EXPERIVENT . /éﬁ\\ : PANELS
PACKAGE , & A ,
KXPERIMENT PACKACE \
ATTACH LUGS i ‘

ATTITUDE CONTROL
STSTEM MUDULE

OPTIONAL DOCKING
BING

Fig. 5-6 Standard Spacecraft General Configuration
>=>
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5,4 POTTINTTIAL, SAVINGS WITH STANDARD SPACECRAFT HARDWARE

Two cconomic analyses were performed: (1) determination of the savings accru-

“ing from the use of standard subsystems applied throupghout the NASA Mission
Model, and (2) determination of overall savings resulting from the use of a
typical standard spacecraft (itself comprising standard subsystem elements)
for a majority of the missions in the Mission Model. The primary cost saving
of course is in the sharing of hardware development costs by a number of pay-

load programs rather than having a separate project-peculiar development for

each program.

5.4.1 Standard Subsystem Cost Savings

The results of a typical sub-analysis on a standard electrical power subsystem
applied to varying quantities of programs and spacecraft are tabulated on Fig.
5-7. Modular-design subsystems were used as the cost base. A 300-watt capa-

city subsystem could be applied to 17 payload programs comprising 52 spacecraft
and result in a saving of $60.2 million. Increasing the subsystem capacity to
600 watts would "capture" 30 missions and 165 spacecraft and provide savings

of $133 million.

300, 600, or 1200 watt capacity (modules selected as needed to fit the partic-

Using an approach where a modular subsystem could provide

ular program requirement); the savings could be further increased to $231 mil-

lion, covering 45 programs and 264 spacecraft.

MODULE TRAFFIC CAPTURED POTENTIAL
SUBSYSTEM
TYPE CAPACITY NO. OF NO. OF SAVINGS
(WATTS) PROGRAMS | SPACECRAFT |  ($M)
SINGLE 300 i7 | 52 60.6
MODULE 600 30 165 133.0
MULTI - 600/1200 40 218 210.4
MODULE 300/600/1200 & 264 2B1.4

5-6
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The economic impact in RDT&E of applying standard subsystems to 53 missions of
the Misgion Model is shown in Fig. 5-8. Additional savings of $2262 million

are indicated, as compared to the development of low-cost subsystems specially
desimed and developed for each of the 53 missions. This saving could be re-
duced somewhat by the higher average unit cost of the standard subsystems (be-

cause of capability "overkill" when compared to the project-peculiar subsystem.

RDT&E ($ Million)
. Qty. Program Peculiar Std.
Subsystem Option .
: Programs Per rrogram | Cumulative Total|l - Total
A 13 $ 38.0 $ 494 -
B 4 18.0 12 -
C 12 18.0 216 -
Cort D 3 5.5 17 .
£ 12 15.5 186 -
COMSAT 8 . 6.5 52 -
Totql 52 - $ 1037 $ 58
A 9 21.0 243 -
B 13 9.5 124 -
C 8 9.5 17 -
GNSC . D 5 13 7 .
E 8 21.0 216 -
Total 53 - $ 761 $ 32
A 16 10.6 $ 169 -
B 14 - 14.4 202 -
EPS c 6 17.4 104 .
D 4 6.7 . 2 -
Total 40 - $ 502 $ 24
A 17 1.0 $ 1 -
ACS B 3 2.0 62 -
Total 48 - $ 09 $
GROSS TOTALS $ 3719 $ 117

Fig. 5-8 Economic Impact of Application of Standard Subsystems

In Fig. 5-9, there is shown the economic results of applying a single standard
spacecraft to selected missions of the Mission Model. The cost savings accrue
because a single-spaceccraft development is substituted for the development of

a large quantity of special spacecraft. The savings of $355 million on the 15-
mission application indicates a better choice than the $161 million savings on
the 23-mission application. The difference occurs as a result of minus-savings
in unit cost accruing from higher "overkill" on the program-peculiar require-
ments. Follow-on analysis is required in this area to optimize the economic

benefits by tailoring the standard subsystems.
5-7
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] ROTEE ($ Million) Unit ($ Miliion) Standard
B Sub- Spacecraflt
Eﬁ’: § % Subaystem gys::;m Program- Standard Program- | Standard Savings
bl g o ption Peculiar Spacecraft Peculiar | 8pececeraft] ($ Million)
CDPI ¢ 211.5 18.0 307.4 422.8
£ 1 onse c 76 9.5 280.9 280.8
w & | EPS c 212.8 17.k4 282.7 350.3
&% | Acs B 29 2 39.1 39.3
o t{ Struct. - 61 5.3 65.1 90.6
gan | ECS - 22.0 1.8 25.1 30.2
Yo
na Totals 612.3 5k .0 1000.3 1214.0 3k .6
CDPI c 327.50 18.0 k75,0 613.2
§ GNSC B 157 27 598.5 1022.7
w i | EPS [ 309.8 17.4 6.1 508.1
&9 | acs B 39 - 2 56.4% 56.9
= g Struct. - 102.4 7.3 113.1 175.2
g | B8 - 35.8 3. 43.0 65.7
Lo
IR Totals 971.5 T 1706.1 2.9 161.0

Fig. 5-0 FEconomic Impact of Application of Typical Standard Spacecraft

5.%1.3 Overall Impact of Payload Hardware Standardization

Preliminary LMSC economic analyses indicate a rather dramatic effect resulting
from application of standard subsystems to the majority of payloads in the
1978-1990 traffic model; These savings are additive to those accruing from
application of low-cost payloads; the RDT&E and Unit costs of the low-cost pay-
loads were used as a base for extrapolation of the standardization savings.
Figure 5-10 illustrates graphically that the peak annual funding level for the
national space program can be lowered by about $1 Billion during the critical

Shuttle development period.
With proper pre-plamming and technical coordination, the standard subsystems
could be refurbished after use on one program and reused on a later program.

This would afford even greater savings (in the unit recurring cost area).

In summary, the economic benefits with use of standard spacecraft and/or stan-
dard subsystems are quite large and there is no question of the technical

feasibility.
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m Payload R&D Saving
$2 379M)
w3 Siandard Subsystem Cost
= ($117TM)
g Unit Dissavings
-($848M) Net Savings
7l Program R&D $1,414M
Savings ($2, 262M)

STS Program
$44, 183 Million

Standardization Effect
$1, 414 Million

Net STS Program
42,774 Million

Unit Costs

. Payload Opera ixons T

¥ ¥ ¥

Fig.

19)5 T 198 1950
~ Fiscal Year

5-10 Standardization Impact on Total Space Program Funding
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Section 6
DESIGN GUIDELINES FOR FUTURE PAYLOAD DESIGN

"Task 4 of the study was devoted to preparation of a Design Handbook for payload
designers. The data developed will be issued as a separate contract end-item
document, LMSC-A990558. A brief summary of data in the Handbook, which provides
guidelines for design of low-cost payloads to Be used with the Shuttle system, |

“

is provided here.

£.1 SYSTEM ENGINEERING APPROACHES

Many of the basic requirements which frequently force the designer into & high-
cost design are originated at the system engineering level. The following are

principles which should be employed by the system engineer:
® Specify minimum-mandatory design and performance requirements

® Specify only mandatory minimum requirements for purchased’

equipment

@ Specific minimum development and gqualification testing consistent

with hardware reliability requirements

e Tradeoff payload reliability vs on-orbit repair/refurbishmenﬁ

cycles to obtain cost-optimized hardware requirements

e Tradeoff experiment vs spacecraft requirements and establish

interface which will allow payload cost optimization

® Tradeoff payload vs ground support equipment and space operaticns

to establish program cost-optimized requirements

6-1
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6.2 GENERAL, PAYLOAD DESIGN GUIDELINES

A large variety of "do" and "don't" recommendations are included in the Hand-
. book. Specific examples resulting from the detailed design data on the low-
cost payloads are included and explanation is offered as to the cost-effect of
selecting comparative design approaches. These guidelines include, among

others:

e Design to satisfy mission life and functional requirements - do not

overdesign unless there is a cost benefit
® Use qualified off-shelf components where possible

e Apply parts/components for low-stress level operation to obtain

added assurance and reduce wearout

e Provide minimum-density installation of eqguipment to allow easy

assembly/removal

® Modularize equipment to allow bench assembly and testing, minimum

installation and spacecraft testing, and module replacemént

® Provide minimum-density packaging of parts within components and

extra volume for growth or modification
@ Design for minimum functional complexity

e Design to obtain maximum cost benefit from use of on-orbit checkout

and repair/refurbishment

6-2
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Section 7
RESULTS, CONCLUSIONS AND RECOMMENDATIONS

7.1 APPLICATION OF LOW-COST PAYLOAD DESIGN

It has been determined by actual preliminary design, preparation of program
plans, and costing that payload program savings in the vicinity of 25 percent
to 30 percent of the historical baseline can be obtained by implementation of

low-cost design techniques.

7.2 IMPACT OF PAYLOAD RETURBISHMENT

By using the Shuttle to perform revisit and support refurbishment and reuse of
low-cost payloads, total mission savings on the order of 50 percent can be re-
alized (compared with low-cost expendable payloads launched by low-cost expen~-
dable launch vehicles). Summary figures illustrating this saving are shown on

Fig. 7-1 for SEO-type and OAO-type missions.

10-Year SEO Program 6<Year OAQ Program
Low-Cost Shuttle/ Low-Cost | Shuttle/
Expendable Tug Expendable]  Tug
Supported Supported | Supported | Supporied
Payload Systems Cost $ 400M $ 255M $ 240M $ 156M
Launch/Revisit Cost 318 102 108 18
Total $ 718M $ 35TM $352M|  $174m
Savings $ 36IM (50%) $ 178M {50%

Fig. T7-1 Savings with Refurbishment on Low-Cost Payloads
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7.3 COST EIFECTS OF NASA POLICY

At the request of NASA/HQ, a brief survey was made of NASA operational policies
as they might affect implementation of low-cost payloads. The items listed on

Fig,

s

LM5C-A9907

J

o)
Gt

7-2 were provided.. The cost of these policy changes has not been quanti-

o

fied; rather, they were intended only as a broad-spectrum "beginning” list.

It is assumed that NASA will implement whatever follow-on analysis they deter-

mine to be appropriate. Cod

i

POLICY CHANGE

& Reduce degree of configuration management

{hardware traceability)

REASON AND/OR EFFECT

Fallures can be determined by actual inspec-
tion of retrieved hardware

Utitize standard subsystems and checkout
equipment {in lieu of project peculiar)

Large savings in RDT&E costs. Allows reduc-
tion also in training and operations costs.

Reduce amount of contract documentation

Changes possible in NASA procurement
documents.

Reduce reliability and QA requirements and
reduce acceptance tests

Use lowergrade {perhaps aircraft quality)
hardware

Ability for in-orbit checkout and repair allows
higher risk on payload hardware

Shorten program time (spacecraft and experi-
ments) ‘

Flight-testing hardware on Shuttle sortie
missions (flying lab) allows shortening of
devellqual. test. ‘

Increased autonomy of payload/Shuttle
flight operations

Allows reduction of ground support facilities
and personnel.

Standardize missions and consolidate experi-
ment objectives {orbit inclination, altitudes,
etc.)

Allows reduction in vaﬁety of spacecraft and
multi-payload launch and revisit for Shuttle.

Fig. 7-2 NASA Policy Issues Affecting Program Costs
(for Shuttle-Launched Payloads)
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STUDY  CONCLUSIONS

The following basic coneclusions have been derived from the study:

7.5

® The Payload Effects Study has confirmed that significant cost benefits
accrue from new payloads designed Lo low-cost criteriar
® Reduced weight/volume constraints
® Modularization and repair/refurbishment/reuse
@ Relaxed reliasbility requirements with higher risk (Shuttle only}

e Additional significant savings, primarily in RDT&E, are possible with
standardization of payload subsystems and/or with use of standard
spacecraflt

® The savings developed in this study for low-cost payloads are conser-
vative; as Shuttle flight experience is gained, additional cost
savings are forecast.

® Some of the payload savings can be implemented prior to the Shuttle
era on current expendables

@ With planned NASA budget Limits, it is important to continue vigorous
pursuit of payload cost reduction in order to provide the $ savings
which will make the Shuttle itself a reality.

RECOMMENDAT TONS

Although the cost savings represented by the low-cost pgyload designs, and

refurbishment thereof, are quite significant, there are further important

cost-reductions attainable in the national space program. The areas recom-

mended for further action are tabulated in Fig. 7-3.
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RECOMMENDED APPROACH

Standardize unmanned payload subsystems |

Standardize experiment interfaces

Utilize minimum quantity of multi-mission
standard spacecraft

Standardize unmanned payload checkout
equipment - for ground and in-orbit usage

LMSC-AQ9050k

+ COST REDUCTION EFFECTS

large savings in RDT&E

Allows standard refurbishment depols and
lower refurbishment costs

Allows reduced-cost training of field crews
in standard approaches to payload hardware
repair, refurbishment, checkout

Allows simplification of Shuttle interfaces
with payloads and standardization of carqo -
crew operations procedures

- Allows simplification of ground support

facilities and uniformity of support per-
sonnel across many projects

Apply low-cost design approaches to other
payloads: Space Tug, manned payloads,
funar mission hardware, ctc. '

Dollars saved on unmanned payloads can
be applied to enlarging the tofal space ex~
ploration capability (e.g., inclusion of
lunar programs). Further similar savings
can be obtained from other space payloads.

Apply new technology only after thorough
cost-effectiveness tradeoff assumes lower
program costs

Reduced risk {and cost) in new programs
schedules and assurance that cost~
optimized hardware is adopted

Imptement analyses to cost-optimize the com-

bined effects of payload subsystem reliability

and operating life vs launch ascent effects vs

orbit repair and refurbishment

Provides minimum-cost payload

Provides guide for detail provisioning of
spare modules, components, and parts for
each payload {procured -with payload)

Establishes base for payload field repair/
refurbishment depot implementation

Conduct more detailed analyses of repair-and
refurbishment of typical unmanned payloads

and extend fo other types of payloads

Refurbishment of payloads is the single
fargest cost-driver and any further re-
duction in refurb-to-new cost ratio can

. be mulliplied by large quantities of pay-

loads in the overall Mission Model.

Fig. 7-3 Additional Considerations for Cost Reduction
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