7/- 9%

[ACCEsS MEER) {T U}
Q\*?;Lﬂ, e 57
E

3/

{NASA CR OR TMX OR AD NUMBER) (CATE'GORY)

e ——

FACILITY FORM 602

(

LOCKHEED MISSILES & SPACE COMPANY

—_‘-'———
< A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION
SUNNYVALE, CALIFORNIA

Repmdt?c;d b;

. NATIONAL TECHNICAL !
i INFORMATION SERVICE |
— i

Sprningflald, Va. 22151



TMSC-AQ90556

FINAL REPORT
PAYL.OAD EFFECTS AWALYSIS STUDY

30 June 1971

Contract MAS W-2156

LOCKHEED MISSILES & SPACE COMPANY



TABLE OF CONTENTS

FOREWOED
GLOSSARY OF TERMS

SECTTION 1 - INFRCDUCTION

SECTION 2 - SUMMARY
2,1 Basic Study Approach and Scope

2.2 Payload Data Analysis and Apportionment
2.3 DParametric Analysis for Interim Report
2.4 Design of Low-Cost Payloads

2.5 Plans and Cost Egtimates

2.6 Tmpact of Low-Cost Payloads on
Transportation System and Program Costs

2.7 Standard Spacecraft and Subsystems
2.8 Design Guidelines for Future Payload Design
2.9 Summary Conclusions and Recommendations

SECTTON 3 - BASELINE PAYLOAD SELECTION AWD DESCRIPTTON
3.1 Payload Selection
3.2 Initial Baseline Payload Data

3.3 Analysis, Revision, and Update of
Baseline Payload Data

3.  Taunch Vehicle Dats and Interfaces

SECTION L - PARAMETRIC COST OPTIMIZATION AND METHODOLOGY
b,1 Cost Optimization Approach and Methodology

4.2 Development of Computer Input Data

4,3 Optimization Analysis Results

bk Cost Targets, Reliability Goals, Weight Estimates

4.5 TUpdate of Computer Optimization Methodology

LOCKHEED .MISSILES & SPACE COMPANY

LMSC-A990556

vii
(1-1 - 1-3)

(2-1 - 2-87)
2-1
2-10
2-13
2-19
2-4o

2~51
2-61
2-73
2=T7

(3-1 - 3-78)
3-1
3-16
3-h2

3-69

(k-1 - L-50)
T b
4-19
4-28
L-38
h-h2



TABLE OF CONTENTS

SECTION 5 - DESTIGN OF LOW-COST PAYLOADS

5.1
5.2

5.3
5.4

Low-Cost Payload Design Criteria

Low-Cost Orbiting Astronomical Observatory
(0A0) Design

Low-Cost Syneq Orbiter (SEO) Design

Low-Cost Small Research Satellite
(SRS) Design

LMSC-A990556

Page

(5-1 - 5-165)
5-1
5-15

5-73
5-129

SECTTON 6 - PROGRAM PLANS AND COSTS FOR LOW-COST PAYLOAD SYSTEMS (6-1 - 6-127)

6.1
6.2
6.3
6.4
6.5

Ground Rules and Assumptions

General Planning and Costing Approach
Development Plans

Cost Summaries and Comparisons

Cost Analysis and Impact

SECTION 7 - STANDARD SPACECRAFT AND SUBSYSTEMS

7.1
7.2
73
7.4

.5

General Economic Aspects of Spacecraft Standardization
Principles of Spacecraft Standardization
Mission Model Capture Analysis

Design Approaches for Standardized
Spacecraft and Subsystems

Eeconomic Evaluation of Standardized
Spacecraft/Subsystems

SECTTON 8 - T.OW-COST PAYLOAD TNTERFACES WITH SPACE

8.1
8.2
8.3
8.k
8.5

TRANSPORTATTON SYSTEM
Effect of Shuttle Environment on Payloads
Shuttle On-Board Checkout of Payloa@s .
Deployment/Retrieval of Payloads by Shuttle -
Repair and Refurbishment of Payloads
Effects of Multiple Payloads

ii

LOCKHEED. MISSILES & SPACE. COMPANY

6-3
6-9
6-19
6-53
6-99

(7-1 - 7-104)
7-2
-3
7-5
7-22

7-96

(8-1 ~ 8-70)

8-1



T.MSC-A990556

TABLE OF CONTENTS

Fage
SECTION 9 - TLOW-COST PAYLOAD INTERFACES WITH GROUND (9-1 - 9-20)
AND FLIGHT OPERATTONS
9.1 Launch Operations o-2
9.2 Flight Operations | 9-12
9.3 Tmpact of Low-Cost Payloads Upon Future Launch 9-17
and Flight Operations
SECTION 10 - CONCLUSIONS AND RECOMMENDATIONS (10-1 -~ 10-16)
10.1 Payload Program Cost Effects 10-2
10.2 Applicability of Results to Other Space Programs 10-8
10.3 Recommendations for Future Payload Studies 10-8

~LOCKHEED MISSILES-& SPACE COMPANY



LMSC-A990556

This page intentionally
left blank.

iv

LOCKHEED MISSILES & SPACE .-COMPANY



LMSC-AQ90556

FOREWCORD

This Final Report describes the analyses performed and the results derived
during the execution of the Payload Effects Analysis Study. This Study was
performed by Lockheed Missiles & Space Company (IMSC), Sunnyvale, California,
under Contract NAS W-2156, for the Office of Manned Space Flight, NASA Head-
gquarters. The Study is part of a total economic analysis of the Space Trans-
portation Systems being conducted for NASA by Mathematica, Aerospace Corpora-
tion and LMSC, ‘

The ILMSC study is concerned with determining the effeets upon payload design,
development and operations costs that could result from ‘the use of fubture can-
didate launch vehicles, including the reusable Space Shuttle and Space Tug.
Task L involved the selection of three representative satellite payloads.

Task 2A consisted of a parametric c¢ost optimizabion analysis and the estima-
tion of target costs and design goals for low-cost payloads. During Task 2B,
the baseline payloads were redesgigned %o take advantage of the cost savings by
new transportation systems. Under Task 5, development plans and implementation
costs were developed for the low-cost designs, and cost factors for reuse and
refurbishment were provided to WASA. Under Task 3, the impaet of system and
subsystem standardization upon the cost of the composite mission model was in-
vestigated, and the feasibility of subsystem standardization was substantiated.
Under Task 4, a payload designers' handbook, documenting the design approaches
applied during the study, was prepared.

The study was conducted during the period of Septenber 1970 through June 1971
under the supervision of Dr. R. M. Gray of LMSC and the direction of Mr. W. F.
Moore of the Office of Manned Space Flight, NASA Headquarters, Washingbon,

Dl C.
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IMSC and NASA gratefully acknowledge the assistance of the following NASA

Centers and aerospace contractors for dabta provided for use during this study:

Ames Research Center Aerospace Corporation
Goddard Space Plight Center Mathematieca, Ine.
Kennedy Space Center The Boeing Company
Langley Research Center - Eastman-Kodak Company
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English units were used in all calculations and estimates reported herein.

Conversion to SI units are shown in parentheses or as noted conversion factors.

A1l costs shown herein are in constant 1970 dollars.
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CGLOSSARY OF TERMS USED IN THIS REPORT

Although generally accepted in a technical sense, many of the terms used

throughout this report have various connotations within the aerospace commun-

ity. Thus, as a guide to the reader, some of the basie terms are explained

below.

PAYLOAD
SYSTEM

PAYLOAD

BASELINE
PAYLOAD

LOW-COST
PAYLOAD

LAUNCH
VEHICLE

SUBSYSTEM

is used to collectively describe the paylosd, the payload/
launch vehicle adapter, and any separation devices required
to effect a clean separation of the payleoad from the launch
vehicle. .

iz a collective word uged to deseribe the total operating
enbity, such as a satellite, that is launched into orbit by
the launch vehicle; it comprises spacecraft and experiments
but excludes launch vehicle related elements - such as
adapters - that are non-funetional in orbit.

deseribes a representative example of a current unmanned pay-
load nsed to provide a basis for the development of low-cost
approaches and cost compariscns; those selected for the study
were: OAO-B, SRS, Synchronous- Equatorial Orbiter and Mars
Orbiter. (The latter two were synthesized from the basic
Tunar Orbiter).

refers to payload designs which were developed using low-cost
approaches and techniques that are compatible with the cost-
saving potential arising from use of the new launch vehicles,

is the system (lower and upper stages) used to injeet the pay-~
load into its specified low earth orbit and includes the exit
fairing or shroud; spscifically in the Paytoad Effects Study,
three launch vehicle types are considered -~ current glternate
expendable, new low cost expendable, and reusable Space Shuttle.

refers to the major functional elements of a payload, describ-
ing prime equipment categories; eight (8) subsystems are used
to define the paylocad system:

® ILaunch Vehicle Adapter/Interface
Bxperiments

Structures and Mechanisms
Electrical Power

vii
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Stabilization and Control

Attitude Control & Propulsion

Commanications, Data Processing & Instrumentabtion
Envirommental Control

.o o0

refers £o a complete funcbional portion of a subsystem; a
module comprises several components and intercomnect elec-
trical harnesses housed within a single structural box.

an assembly such as a star tracker, transmitter, or similar.
Components are assemblies of parts.

a piece of hardware, a quantity of which are assembled into a
single component; examples arer transistor, lens, shafi, ebe.
Parts categories considered arer

& High-reliability
¢ MIL-Spec

® Aircraft

& Commercial

defined for the purposes of this sbtudy to be 'the period of
time over which a discrete get of observations or measurements
are to be made or that a specific service is to be provided by
a payload system'. This period of time would begin with the
laumnch of the first payload through to the end of the require-
ment to perform that particular set of observations (or until
reguirements have been redefined s0 as to necesgsitate payload
redesign). No restrictions are placed upon the number of pay-
lcads that may have to be launched in order to maintain the
system and, in fact, it generally results that the optimmum
flight duration (from a cost standpoint) is less than the pro-
gram time.

is that period of time after launch (or on-orbit repair) until
failure of a specific payload to perform its function and re-
guires refurbishment or replacement; could also be referred
to as 'Mean Time to Payload Failure'. In this study flight
duration was one variable which was traded off with psayload
reliability and weight and cost to repair or refurbish in
order to arrive at minimm program costs.

includes all costs accruing to the design, Tabrication, oper-
ation, launch, and repair or maintenance of a payload {with
the exception of internal gcvernment costs) in accomplishing
the set of measurements required throughout the program time.
In this study payload cost i broken down into non-recurring
costs (RDT&E), unit recurring costs, and operations costs; in
addition the total program costs include the (expendable)
lamnch vehicle costs together with all its operations costs,
or, in the cage of the Space Shuttle, an spportioned share of
the launch and mission costs and the costs of on-orbit repair
or retrieval Space Shuttle flights.

viii
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accounts for those research and develcpment and qualificatio
coabs associated with development to a point where the paylo:
enters production; it includes engineering design, developmer
end qualification testing and test hardware, GSE, production
tooling, logistiecs, facilitlies and test articles.

represents the cost of material and equipment, hardware fab-—
rication, assembly, sustaining engineering, acceptance test-
ing, and necessary gpares for production of a single flight
system; no amortization of RDT&E costs is included.

cost of production of the first unit.

cost of production of an average unit. Learning curve may b
applied if production rate and quantity Jjustifv.

are those recurring costs associated with operating the pay-
load and include launch operations and mission operations
directly concerned with the payload system itself, the cost
of dabva retrieval and reduction, and sustaining engineering
support to operation.

refers to the process of allocating the various cost cabegor]
totals to individual subsystems (or subsystem items) as deems
relevant by thorough evaluation of the design; cost apportior
ment is necessary only if the original cost data are not
broken down to the required level.

are those cost elements that cannot be gemuinely apporiioned
to the subsystem level and, therefore, are not strictiy trads
able at the subsystem level. ZIExamples are transportation ¢
factory to launch base, advanced plamning and applications,
remote site management, mockups, manufacturing plamming and
coordination, elec.

ix
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Section 1
INTRODUCTION

For the past several years, the National Aercnautics and Space Administration
has been studying the economic merits of new space transportation systems.
Considerable reduction in transportation costs have been projected, especially
for reusable Space Shuttle concepts. It has been implied also that savings
from payload design may significantly augment and even exceed the transporta-
tion cost reductions. NASA contracted Lockheed Missiles & Space Company (LMSC)
to determine the impact of these new transportation systems upon the cost of
design, development and operation of ummanned satellites under Contract NAS W-
2156, the Payload Effects Analysis Study. This study was conducted by LMSC
during the period of 21 September 1970 through 30 June 197%.

In order to evaluate the overall economic impact of low-cost space operations,
NASA assembled a team structured to combine experience, analytical tools, and
data banks of three contractors. The overall economic analysis was conducted
by Mathematica, Inc., &f Princeton, New Jersey, supported by Aerospace Corpor-
ation of El Segundo, California, contractor for the Integrated Operations Pgy-
loads/Fleet Analysis Study and by IMSC for the Payload Effects Analysis Study.
Aerospace provided Mathematica with launéh vehicle and payload performance and
cost data for the estimated combined NASA and DOD traffic models with varying
operational scenarios for the time frame of the implementation of the new trans-
portation systems (1978-1990). IMSC, under the Payload Effects Analysis Study,
rrovided Mathematica and Aerospace with detailed design, weight, reliability,
cost and schedule data for three selected ummanned payloads representing a
broad spectrum of sizé, cost and complexity. LMSC contributed to the study
the background of over LO years of work in both expendable and reusable launch
systems and in development and successful operation of a large number of the
nation's satellites. The interrelationship of the three sbtudies is shown in
Fig. 1-1.

1-1
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The Aerospace and IMSC studies were under the technical supervision of Mr.
William F. Moore, and the Mathematica Study was directed by Mr. Robert Lindley,
both of NASBA Headquarters, Office of Manned Space Flight. Messrs. Moore and

Lindley were actively assisted in monitoring the combined study progress by a

technical monitoring team comprised of key representatives of NASA Headquar-

ters and the various NASA centers. The monitoring team further assisted the

studies by providing data on advanced launch systems, payloads, mission and

traffic models, and operations, and by providing critical technical review of

study results. The mewmbers of the Technical Monitoring Team were:

Mr. William F. Moore

Special Assistant to Director
Space Shuttle Task Force

WASA Headquarters

COR Aerospace and LMSC Studies

Mr. Robert Lindley

Engineering and Operations Director
WASA Headqguarters

COR Mathematica Study

Mr. Allen H. Sures
Office of Space Sciences & Applications
NASA Headguarters

Mr. Lawrence Hogarth
Advanced Plans Staff
NASA Goddard Space Flight Center

Dr., Michel Bader
Chief, Space Science Division
NASA Ames Research Center

Mr. Neil Farlow
Space Seience Division
WASA Ames Research Center

1-3

Mr. Brnest Pritchard

Director, NASA Task A

Space Shuttle Beconomie Anslysis
Aerospace Corporation

Mr. James 0. Ballance

Mission & Payload Planning
Program Development

WASA Marshall Space Flight Centex

Mr. William Huff

Space Shuttle Task Team

System Integration Office

NASA Marshall Space Flight Center

Mr. Harold Granger
Chief, Plans & Control Branch
NASA Manned Spacecraft Center

Mr. Jerry E. Hoisington
Space Shuttle Program

Pgyloads and Opergtions Office
NASA Mamned Spacecraft Center

.-
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Section 2
SUMMARY

This doecument is The Final Report on the Payload* Effects Analysis Study con-
ducted by Lockheed Missiles & Space Company (LMSC) for NASA Headquarbters Office
of Manned Space Flight under Contract NAS W-2156. This section of the report
outlines the objectives of and approach to the study and provides a digest of

the study analyses and results which are presented in laber secbtions.

2.1 BASIC STUDY APFROACH AWD SCOPE

The exploration of potential payioad-related cost savings involves, by neces-
sity, a departure from established ways of payload design, development, pro-
curement, and operation. The study effort therefore was directed to both in-

novative and traditional cost-reduction methods.

Primary emphasis was placed upon the exploration of various cost-reduction
measures on a set of selected payloads without altering the mission perform-
ance requirement. Toward the end of the study an evaluation was made of ad-
ditional cost saving potential provided by sacrificing certain aspects of

program peculiar payload design by mission or hardware standardization.

As the initial effort in the 9-month study, IMSC prepared a rather debailed
Study Plan (LMSC-A973835) which described the study team organization, the
task breakdown and schedules, and the ftechnical approach. Highlights of these

data are px-sented following.

¥ Throughout this report, the word "payload" is used o designate the cowbin-

ation of the spacecraft and its experiments. See the glossary ror other
definitions.

LOCKHEED MISSILES & SPACE COMPANY
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"2.1.,1 Study Objectives and Groundrules

The basic study objective was to determine the contribution and effect of pay-
load costs to the future NASA unmanned space programs of the 1978 to 1990 per-

iod. In execubing 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).

8 Derive differences in payload costs that can be anticipated as a re-

sult of introducing the new launch systems
® TIdentify minimum - cost payload approaches.

To obtain consistency in design and costing and to cover a reasopable scope

of design variants, the following groundrules were established:

® Paylcad Performance - The performance of the newly-designed low-

cost payloads was to be equal to the historical or "baseline"

payload.

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

payload, hardware (the baseline payloads utilized hardware of the
19601's).

® Baseline Cost Data - A1l cost data was to be converted to 1970
dollars.

& Variants for Different Launch Vehicles - The low-cost payload designs

were to be developed for each of three launch vehicles: (1) Alternate
Current, (2) Low-Cost Expendable, and (3) Space Shuttle.

® Weight and Volume -~ The low-cost payload design was to agsume

essentially no weight nor volume constrainis (except those
imposed by the selected launch vehicles).

2-2
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2.1.2 Study Organization and Task Breakdown

A nuecleus team was assenibled for the study effort from the Space Systems Di-
vision of LMBC and comprised senior engineers from both the spacecraft design
areas (Special Programs and Engineering & Development) and the Space Shuttle
design area (Manned Space Programs). Other supporting personnel were obtained
from Planning, Cost Bstimating, Manufacturing, and Product Assurance organiza-
tions as required. To obtain the required emphasis and managerial attention
to the study and its results, a direct line of organization was established
with the vice-president and general manager of the Space Systems Division.

Fipgnre 2-1 illustrates the study orgenization within LMSC.

The tasks of the study were sebt-up as shown on Fig. 2-2. These were described
in detail in the aforementioned LMSC Study Plan. With the exception of Task 4,
which is the preparation of the Payload Designers' Handbook, the analyses and
results of each task is described in this Final Report. A separate document,
IMSC-A990558 dated 30 June 1971, "DESIGN HANDBOOK FOR LOW-COST SPACE SHUTTLE
PAYLOADS", has been prepared and is being submitted separately as a contract

end-item document.

2.1.3 Payloads and Launch Vehicles Selected for the Study

It was required for this study that payloads be selected which (1) had been
flown and (2) had valid and available historical program cost data, design
definition data, and operations data. Although the newer ATS, ERTS, and sim-
ilar payloads might have been better candidates, otherwise, the required datba
were not available. The following three basic payloads therefore were selec-
ted:

e Orbiting Astronomical Observatory (OAO-B)
¢ Lunar Orbiter
® Small Rescarch Satellite

LOCKHEED MISSILES & SPACE COMPANY
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Because the Tmmar Orbiter-type mission was not applicable to the new NASA mis-
sion model for the 1978-1990 time period, it was agreed with NASA that the Lu-
nar Orbiter data would be extrapolated into two different but similar payloads,
a Synchronous Equabtorial Orbiter and a Mars Orbiter. The Mars Orbiter was
dropped from the study after completion of initial parametriec analyses. The
extrapolation technique is described in Section 3 of this report. The four
baseline payloads upon which the study was initially based are shown on Fig.
2-3.

Payload Effects were expected to result from both: (L) payload hardware and
program changes regardless of launch system and (2) other changes which were
a funection of the performance and operational environment of wvarious launch
vehicles. Aerogpace Corporation specified and supplied the performance char-
acteristics of the launch vehicle fleets which were used by IMSC in the study.
The launch vehicles for each of the four baseline payloads were selected by
mabching the launch wvehicle to the mission rgquirement. The conmbinations se-

lected are shown on Fig. 2-4,

2.1.4 Bagic Study Approach

The early study effort (a) identified the characteristics of historical and
current payload programs which could be-.changed by the introduction of new
1aunch/transportation‘systems and thereby offer cost reductions and (b) estab-
lished the potential "cost-driver"” payload effects.

n

2.1.4.1 Traditional Psyload Design/Operations. The philosophy which has been

employed for most of the historical payloads are:

® Design within limited weight and volumme constraints; high-density

packaging.

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

qualification testing.

2-6
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& High level of documentation and configuration management (traceability;

because failed hardware not obtainable)

& Lengthy ground checkout of psyload prior to Launch; large quantities
of personnel on multi-shift for ground checkout, pre-launch monitor-

ing, ascent monitoring, data acquisition, and analysis

¢ TProject management decision required for cammitment to Llaunch (requires

crew of specialists).

2.1.4.2 Influence of New Launch Vehicles. Waith the new expendable launch

vehicles and the Space Shuttle, a new look can be taken abt 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. Certain characteristics of flight attainsble with
the Shuttle can also be obtained 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 complexity and cost than has been vlamned (throttling
engines, etc.); (b) also, orbit maintenance/refurbishment can be accomplished

using expendables but at considerably increased technical development risk and

cost.
Wew Space
Expendable Shuttle
© Reduced transportation costs . . . . = X
¢ Tncreased weight and volume . . . . X X
@ Space environment flight test . . . X
9 Softer ride
X X
(airplane-type operation) . . . . (x)
¢ Payload retrieval and diagnosis . . X
¢ Orbit maintenance/refurv-skment. . . (x) X
® Checkout onorbit . . . . . . . . . X
® Intgcbabort . . . . . . . . . .. X

2-9
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2.1.4.3 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 and other cost-reduction approaches were

pursued throughout the study and are explained in Sections 5, 8, and 9.

Volume/weight limits

Ground/flight test philosophy

Repair/refurbishment approach

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

Use of developed/qualified hardware (off-shelf)

e 8 o o O O

2.2 PAYLOAD DATA ANALYSTS AND APPORTTONMENT

2.2.1 Cost Breakdown

Cost, weight, and reliability data were obtained on each of the baseline pay-
loads. To assure that a2ll cost data, both for the baseline payloads and for
the to-be-desipgned low-cost payloads, was subdivided on a directly comparable
basis, a cost breakdown structure illustrated in Fig. 2-5 was established.

Further, this cogt-element listing was ubilized as a check-list during subse-

guent analyses of cost-reduction potential.

2.2.2 Hardware Breakdown

To gssure similar wniformity in hardware breakdown, a typical payload assembly
breakdown was esbtablished. The eight subsystems are shown in Fig. 2-6. For
purposes of weight, reliability, and cost tradeoffs, the experiment package

was considered a subsystem and integral with the payload.

2.2.3 Apportiomment of Cost, Weight, Reliability

Baseline data, as received, was not in g1l cases segregated into the afore-

mentioned cost element and hardware breakdowns. Apportionment was therefore
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Fig. 2-5 Cost Breakdown for Visibility of Payload Effects
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done, using best engineering judgment and the available data, to allocate costs R
weights, and reliabilities to the individual subsystems. The detail apportion-

ments are shown in Section 3.

2.2.h Preliminary Analysis of Payload Effects

To obtain a "feel” for the type and magnitude of cost savings potential, the
cost reductlon areas were mabrix-plotted against the cost category affected.
Figure 2-7 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 an early indication what savings could be derived for the Shuttle-

launched versus the expendable-launched payloads.

2.3 PARAMETRIC ANALYSIS FOR INYERTM REPORT

The early need date for preliminary cost daba on payload effects (7 December
1970) necessitated initiation of the parametric payload cost-optimization anal-
ysis prior to establishment of point designs for typical low-cost payloads.

The baseline payload data analysis, the computerized optimization analysis,

and principal results are summarized below. A detailed description is pro-

vided in Sections 3 and 4 of this report.

2.3.1 Computerized Cost-Optimization Analysis

An existing LMSC computer program was modified to: (1) accept a fairly large
gquantity of input data on payload, launch vehicle, and mission parameters; (2)
perform 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 on Fig. 2-8. One of the
principal features of this cost-optimizabtion was the use of a multi-dimension-
al CER (cost estimating relationship) concept which combined and traded-off the
parameters of cost, weight, and reliability {including both component relia-
bility and redundancy elements) for a constant-performance subsystem. A sym-

bolized illustration of this concept is shown in Fig. 2-9; a reduction of
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Fig. 2-7 Potential Cost Reduction Areas
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required reli=zbility, an increase in weight, or a combination of these is in-
dicated to decrease the cost of a subsystem below that of the baseline. The

development and use of this concept is described in Section b,

A total of 69 computer runs (the complete matrix is shown in Section 4} were
made for the four payloads (OAO, SEO, SRS, and Mars Orbiter) used in combina-

tion with the three types of launch vehicles. The input variants inecluded:

& Payload weight limits

¢ Program time

@ Refurbishment cycle and cost ratio
©® Launch cost

The gignificant results of the parametric cost-optimization -analysis were:

& Payload cost savings using Shuttle are significant

¢ Pgyload cost savings using new-expendable systems are attainable
but less than for Shutble-launched

8 Periodic refurbishments and reuse (with Shuttle sys-bem) provides a

principal program cost saving

8 The tradeoff/ selection of refurbishment vs payload life/reliability

is strongly influenced by:

® Payload vs launch vehicle cost ratio

8 Refurbished vs new payload cost ratio

2.3.2 Interim Report Data

Preliminary data based on the parametric analysis was supplied to NASA and to
Aerospace Corporation on 7 December 1970, and laber validated and expanded in
the IMSC "Interim Report - Payload Effects Analysis", IMSC-A983808 dtd 22 De-
cember 1970. These data included those items listed on Fig. 2-10.
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BASELINE PAYLOAD COST DATA BY SUBSYSTEM
BASELINE PAYLOAD WEIGHT, AND RELIABILITY DATA BY SUBSYSTEM

LOW-COST PAYLOAD TARGET COSTS (0AQ, SEOQ, SRS, MARS ORBITER)
BY SUBSYSTEM AND BY COST CATEGORY

LOW-COST PAYLOAD WEIGHT, VOLUME, AND RELIABILITY CHARACTERISTICS
PARAMETRIC PAYLOAD EFFECTS ON PROGRAM COSTS

¢ REFURBISHMENT CYCLE TIME AND COST

o MISSION DURATION AND PAYLOAD LIFE REQUIREMENTS

e RELIABILITY AND WEIGHT SENSITIVITY

Fig. 2-10 Mid-Term Data Drop to Aerospace
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The summary of the preliminary costs or "cost targets" for the OAO, SEO, and
SRS used with the Space Shuttle are shown on Fig, 2-11. Cost target data for
the expendable-launched payloads are included in Section b,

Supplementing the cost data, preliminary engineering estimates of the weight
and volume (envelope configuration) were made of the four payloads to aid Aero-
space Corporation in their "ecapture analysis". These data were included in
document LMSC-AQ73883 dtd 25 November 1970. Becanse the 2-year SEO was devel-
oped at a later date, an esbimated weight was not available at the time of the

interim report.

2.4 DESTIGN OF LOW-COST PAYLOADS

A low-cost version of each of the baseline payloads, OAO, SEO, and SRS, was

designed. The following is a brief resume of the groundrules established and
designer Indoctrination which preceded the design, the results of the low-cost
design effort, and the development of guidelines for future payload design. A

considerable amount of detail is provided in Section 5 of this report.

2.4.1 TInitial Groundrules for Low-Cost Design

As g 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. A sample matrix is shown in
Fag. 2-12 for the CAO.

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 prinecipal instructions are listed on Fig.
2-13. In addition, the following basgic groundrules were esbablished:
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A

REVIEW PARAMETRIC TARGET COSTS AND CONSIDER RELATIONSHIPS AND COST
EFFECTS OF WEIGHT, RELIABILITY, AND REFURBISHMENT

REPETITIVE REVIEW OF PAYLOAD DESIGN EFFECTS UPON PRIMARY COST-DRIVER
ELEMENTS

RDT&E COST REDUCTIONS PREFERRED QVER UNIT COST REDUCTION
USE PROVEN TECHNOLOGY AND QUALIFIED OFF-SHELF HARDWARE

MINIMIZE DEVELOPMENT/QUALIFICATION TESTING
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Fig. 2-13  Special Instructions to Designers
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¢ Volume and Weight - Minimum congtraints

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

be rebained.

@ Overdesign ~ Use high structural safety factors and reduce parts/

component stress levels

8 Modularization - Equipment to be modularized to facilitate on-orbit

replacement and refurbishment/reuse

® Hardware Complexity - Reduce without affecting overall payload

reliability

8 Materiel - Use inexpensive waterials, off-shelf components
For the Shuttle-launched payloads, a design premise was developed that dis-
tinguished "man-safety" from "man-rating”. In agreement with the Technical

Monitoring Team, it was debermined that the man-safety requirements as listed

on Fig. 2-14 should apply.

2.h.2 Specifications for Trow-Cost Payloads

LMSC prepared a design/performance specification for each of four payloads:

0AQ IMSC-A973890
SEO LMSC-A981600
SRS TMSC-A981647
Maxs T.MSC~A98L063
Orbiter

A summary sheet listing some of the basic specification requirements for the

Low-cost CAQ is shown on Fig. 2-15.
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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
FATLURE OF PAYLOAD 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 FA{LURE OR TO RESTRAIN THE EFFECTS WITHIN THE PAYLOAD:
® USE HIGHER SAFETY FACTORS AND OVERDES IGN

¢ FOR FLUID SYSTEMS, DESIGN TANKAGE TO WITHSTAND
OVERPRESSURES EVEN IF RELIEF VALVES FAIL

¢ PROVIDE BLAST SHIELDS FOR EXPLOSIVE DEVICES
6 PROVIDE DEACTIVATION WHEN CREW IS NEAR PAYLOAD

Fig. 2-14 Man-Rating vs Man-Safety
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Ge-g

@ SPEC.NO.. IMSC-A973890, dated 4 Dec 1970
@ PAYLOAD NOMINAL LIFE

(@) I-Year (Hi-Rel parts) - Reliability Goal = .609
(Experiment = .940; Spacecraft = .648)

(b) 4-8 month (lower-quality parts)
8 MAINTENANCE/REFURBISHMENT:

(@} Consider operation up to 5-years with periodic refurbishment at -yr intervals
(b} Consider maintenance and experiment update at 4 to 8 month intervals
-~ {c) Docking with Space Tug and/or Shuttle

@ LAUNCH VEHICLES:

(a) Space Shuttle - 30,900 Ib to OAO orbit (400 nm; 35 deg)
(b) New Low-Cost Expendable - TI11-L2 - 10,000 Ib to OAOQ orbit
{c}) Alternate Current Expendable - Atlas/Centaur - 9500 Ib to OAQ orbit

¢ EXPERIMENT:

Stellar Telescope - 38 in. aperture with 1100 to 4267-A spectral range; and
Spectrometer 1 arc sec pointing accuracy

o OPERATIONAL ORBIT:

(@) 390 to 417 nm circular at 35 deg ~ orbit period 101 minutes
(b) 348/520 nm elliptical at 35 deg

2 Fig. 2-15 Low-Cost OAO Requirements Highlights
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2.4.3 Modular Design of Low-Cost Payloads

Because of the prime importance of modular design to allow in-orbit replace-
ment of payload eguipment for repair or refurbishment, explicit requirements

were established for the OQAC and SEQ. Following is a summarization:

& Divide payload subsystems into minimm quantity of modules consistent
with:

® Maximum weight/size which can be readily installed or removed by

space crew

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

replacement

® Segregate components which have high probability of replacement from
thoge which have higher predicted life.

® Rstablish operating bolerances on individual modules so that module

replacement will not require payload recalibration.
@ Provide simple functional and mechanical interfaces between modules.

& Provide for easy access to and removal/installation of modules

withont need for special tools.

The modular design was actually implemented on the OAC and the SEO as schem-
atically illustrated in Figs. 2-16 and 2-17. It may be noted that some com-
partments have been left ecmpby to accommodate fubure growbh and/or update.
Figure 2-18 illustrates the four different modules of the electrical power sub-
system for the Llow-cost SEC. In most cases, the modules of the various sub-
system are a common size, approximately 1 x 24 x 30 in. (36 x 6L x 76 cm).

As is pointed out in Section 6, the module approach accrues cost savings in
manufacturing assembly and testing as well as providing ease of equipment re-

placement and refurbishment.
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Fig. 2-16 Low-Cost OAO Module Locations
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Fig. 2-17 SEO Module Locatioh & Arrangement
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SOLAR PADDLE MODULE (2) - 69 Ib* each

e 8 Panels, each [7 x 30; 672 cells per panei
@ 2x2cm solar cells, gty per paddle - 5376

8 Solar cells are phosphorous diffused N/P
silicon; .02 thick with .020 coverglass. (in.)

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

Paddle Drive Module (2} 39 1b* each

Power Control Module - 106 [b*

/ - 1
. ‘- = .‘/;?‘
: VA o

JLf
AR '

* Including 15% contingency

Fig. 2-18 Low-Cost SEO Electrical Subsystem
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2.4.k Parts and Component Reliability

Tt was recognized early in the study that reduction in payload part/component
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 requirements
covering the Space Shuttle operational time period indicated a need for high-
reliability parts and components. Therefore, the lower-cost (MiT.-Speec and air-
craft) parts were not pursued to their final potential. This area should be
studied in more depth as mission equipment and spacecraft subsystems become

better defined.

2.4 4,1 Percentage of Payload Cost Allocated to Parts/Components. The percen-

tage of the payload recurring cost which is allocatable to purchased parts and
components ranges from gbout 10 to 20 percent, depending upon how much hardware
is "off-the-shelf" versus how much is in-house special "make" category. The
parts and components used in the baseline payloasds studies were all hi-rel type
and therefore of highest cost.

2.4.4.2 Comparison of Part Cost vs Quality. The parts investigated were in

four basic categories; these categories, their description, and the comparative

price ranges are shown on Fig. 2-19.

2.b.k.3 Comparison of Failure Rates and Weights., The failure rate of MIL-

Spec parts is about 2 to 3 times that of hi-rel parts. The failure rate of
aircraft parts is about 10 times that of hi-rel parts, but more importantly,
the drift rate is about 4 times the hi-rel part drift rate. In general, the
MIL-Spec parts are comparsgble in weight to the hi-rel; the aircraft-squivalent
parts are noticeably heavier, as indicated by a sample listing on Fig., 2-20,

1

2.h.k . Application Analysis of MIL-Spec Parts. A preliminary analysis was

made of MIL-Spec part application to an SEO-type payload. It was determined

feasible to use these parts in lieu of hi-rel if the Qesign operating life of
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1E-3

HI - RELIABILITY - COST = $X

PRODUCED ON SPECIAL PRODUCTION LINES [N MOST CASES; MANY PARTS 100%
TESTED FOR PERFORMANCE; ALL PARTS SCREENED AND BURNED IN; LIFE OF 2-3
YEARS WITH GOOD PARAMETRIC STABILITY IS POSSIBLE; FAILURE RATES VERY

WELL DOCUMENTED

MIL-SPEC - COST = $0. 3x TO $0. 5x

SAMPLE SELECTED FROM PRODUCTION RUN FOR TEST TO SPEC. REQTS. -
SAMPLE PASSING TEST WILL ACCEPT TOTAL LOT; FAILURE RATE 2x 70 3x
HI-REL; APPROX. 70% OF HI-REL PARAMETRIC STABILITY

AIRCRAFT - COST = $0. I5x TO $0. 2x

PARTS TESTED TO PARAMETRIC NORMS; SAMPLE FROM EACH LOT SUBJECTED TO
SIMULATED STRESSES AND SHOCKS EXPECTED [N AIRCRAFT FLIGHT -

SAMPLE FAILURE REJECTS TOTAL LOT; FAILURE RATE ABOUT 10x HI-REL PARTS;
DRIFT RATE ABOUT 4x HI-REL

COMMERCIAL = COST = $0, 05x TO $0. Ix

MANUFACTURED IN VERY LARGE QUANTITIES; SUBJECTED TO SIMPLE GO-NO-GO
TESTS, SAMPLING TECHNIQUES TO ACCEPT/REJECT LOTS; NO FAILURE RATE DATA

EXCEPT BY LOTS REJECTED

Fig. 2-19 Categories of Parts/Components
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PART OR COMPONENT

Pressure Transducer
Transistor

Resistor

Coax Cable RG 58U
Capacitor (Ceramic cap)
Connector (16 pin)
Integrated Circuit

(and Gate
and Paramp)

COST (APPROXIMATE $ PER UNIT)

Commercial

——

. 65

0.25
0,17
0. 14/tt.
0.24

0. 60

. 15

Aircraft

4.00
0.75
0. 60
0, 35/t
0. 47

.35

2.75

Mil-Spec Hi-Rel

S ——

10. 00 65. 00
2.50 7.50
2.20 4,90
1 15/ft 2. 80/ft
l. 60 4. 85
3.15 8. 00
7.00 16. 60

Fig. 2-20 Comparison of Cost for Different Quality Parts
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the SEQ (time between refurbishments) could be limited to 9 months. Further
analysis of this part application spproach was not pursued further because of
the higher priority of completing the low-cost 2-year SEO preliminary design
and analysis, which was more repregentative of the predicted fubure mission
requirements.

]

2.h.h.5 Application Analysis of Aircraft Parts. Another preliminary analysis

was made of substitubing aireraft quality parts on the OAO in lieu of hi-rel
parts. Although it was determined to be feasible, the operating life of the
OAO was reduced to L-months, principally as a result of the relabively high
drift rates of the aircraft parts. Further, and more detailed, analysis of

use of aircrafi-quality parts would be worthwhile if:

a. It was otherwise economically feasible to revisit and refurbish an

orbiting payload at short time intervals, such as 4 months.

b. The additional weight penalty of the aircraft parts was found to
be tolerable (for the OAOQ, an additional weight of about 2,000 1b

was estimated for use of aireraft-type parts versus hi-rel).

With the short-duration sortie missions planned with the Shuttle, the use of
airceraft parts might show significant benefits. Further study should be under-
taken of this low-cost part application as the sortie mission hardware require-

ments are firmed-up.

2.4,5 Low-Cost Subsystem and Payload Designs

Fach subsystem of the three candidate payloads, 0AO, 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:

® Parts lists with weight breakdown

® Block diagram and functional degcription of subsystem

]
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Dimensions and alignment/calibration requirements
Special test requirements
Approximate component costs (where known)

Special capabilities in ground and flight operations

@ @& & o ©

Speeial interface requirements with launch vehiele

These data were documented in a number of LMSC engineering memoranda which
were provided to NASA agencies and Aerospace Corporation for information and

comment; they are listed followingr

Subsystem or Vehicle QAO SEQ SRS
Experiments PE-1 PE-2L PE-W1
Stabilization & Control PE-2 PRE-22 PE-Lo
Communications, Data
Processing & Instrumentation FPE-3 PE-23 PE-43
Electrical PE-kL PE-2k PE-LL
Attitude Control & Propulsion PE-5 FR-25 PE-45
Envirommental Control PE-6 PE-26 PE-46
General Description of
Payload-Shuttle-Launched PE-7 PE-27 PE-L7
General Description of
Payload-Expendable-Launched PE-8 PE-28 PE-48

2.4.5.1 Low-Cost Subsystem Characteristics. A sumary listing of the prin-

cipal cost-reduction features of the low-cost subsystems is showm in Fig. 2-21.
Special attention was devoted to investigating methods for cost-reduction in
electronic assemblies. After review of historical design, manufacturing, and
product assurance at LM3C on a large variety of electronic flight hardware,
basic low-cost design principles were established; Fig. 2-22 is a summary list-

ing of these.

2,4.5.2 Low-Cost Payload Configurations. A structural design has been devel-

oped for each payload, with external configuration being determined by the vol-
mmetric need for equipment module mounting. The general configurations of the
three low-cost payloads are illustrated in Figs. 2-23, 2-2&k, and 2-25.
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ce-2

STRUCTURES & MECHANISMS

e Low-cost materials, manufacturing processes

@ Simple structure, high safety factors (3 or more)
e Maximum-allowable dimensional tolerances

¢ Eliminate extension mechanisms where possible

AVIONICS

¢ [ncrease on-board data processing capability (computer)

@ Utilize Shuttle GNC capability for initial orbit positioning

e Design modules, components to allow replacement without recalibration
¢ Reduce packaging density

¢ Standardize hardware elements (circuits, PCBs, etc.)

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

¢ Ruggedized simple sheet metai structure for solar array structure

¢ Fixed solar arrays - elimirate folding where possible

o Llarge-size, 97.5% yield solar cells

¢ Design for long-time degradation to reduce average refurbishment cost

Fig. 2-21 Principal Contributors to Subsystem Cost Reduction
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9E-2

STANDARDIZE BOX AND PCB S1ZES AND CONNECTORS WHERE POSSIBLE

STANDARDIZE CIRCUITRY ELEMENTS

DECREASE CIRCUIT DENSITY OF PARTS - REDUCTION FROM 75% TO 30%
ALLOWS ABOUT 35% SAVING 1N MANUFACTURING/INSPECTION LABOR

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

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

USE PCBs IN LIEU OF CORDWOOD MODULES - ALLOWS REDUCTION UP TO
50% OF TROUBLE-SHOOTING AND INSPECTION LABOR

Fig. 2-22 Some Approaches to Design of Low-Cost Electronic Boxes
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Le-2

All dimensions in inches

1 in, = 2,54 em

EXPERIMENT PACKAGE

EQUIPMENT -
SECTION _}_
R i
+ I ®
|
156D .
. 450

Fig. 2-23 Low-Cost OAQ Configuration
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Shuttle Support Lug {IL/IR)

Solar Arrays - Sun-Orienting

Access Doors to Modules
{opposite side same)

Docking Ring Assy

CECHCECEG)

Hi-gain Antenna

1in, = 2.%54% om

o
=2
1

Fig. 2-24 Low~Cost SEQ General Configuration
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SPIN & DE-SPIN
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2.4.5.3 Weights of Low-Cost Payloads. Weighl slabemenis were prepared for the

QAO and SEQ comparing the baseline with the low-cost versions are shown on Figs.
2-26 and 2-27.

2.5 FLANS AND COST ESTIMATES

To provide the basis for estimating the costs of developing, manufacburing and
operating the low cost payloads, program plans were prepared for each of the
three payloads. Using these plans and the design data (deseribed in detail in
Section 5), bottom~up cost estimates were made. The various details of the
planning and ecosting effort are included in Section 6 of the report. Following

is a summary of the highlights.

2.5.1 Planning Approach

Program plans were prepared covering development, qualification, manufacturing,
and operations of the low-cost payloads. The basic guidelines used are listed
on Fig. 2-28. A typical master schedule developed for a low-cost payload pro-
gram (OAO-B) is shown on Fig. 2-29.

2.5.2 Cost Estimates - Low-Cost Payloads

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

used is summarized on Fig. 2-30.

The summary of RDT&E, unit, and operations cost for each Shuttle-launched pay-
load is shown on Fig. 2-3L; the baseline costs are shown for comparison. The
0AO figures for designs with and without a computer are shown. (Par. 2.5.4
explains the computer significance.)

~

2.5.3 Recosting of Bageline 0AQ, SEO

Because of the desire to have a "calibration" of the LMSC estimates so thab
true delta-cost values could be derived between the low-cost payloads and the
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BASELINE

LOW-COST 0AQ WEIGHTS (LB)*

SUBSYSTEM 0AOQ WEIGHT SHUTTLE- EXPENDABLE™
(LB) LAUNCHED BOOSTER-LAUNCHED

EXPERIMENT 067 1,970 1.985
STRUCTURE AND
TECHANISMS 1,141 1,762 1,787
STABILIZATION
AND CONTROL 76 65 726
COMMUNICATION, DATA
PROC. INSTRUMENTATION 456 43 1
ELECTRI CAL 1,232 1,775 1,859
ENVIRONMENTAL CONTROL " 100 100 100
ATTITUDE CONTROL 199 833 883
PAYLOAD TOTAL (DRY) 4,811 7,588 7,791

* Includes approximately 15 percent contingency.

** Also requires a payload adapter weighing 291 Ib.

«*x  Add 320 1b of Freon for total payload weight

1 1b = 0,4536 kg

Fia. 2-26 Baseline and Low-Cost OAO Weights

965066¥-DSWL



ANVJWOD IADVLS 2 SIIISSIN AIFAHMNDOT

SHUTTLE-LAUNCHED
LOW-COST SEQ**

EXPENDABLE-LAUNCHED
LOW-COST SEC**

BASELINE
HARDWARE ELEMENT SEQ
Experiment Package* 294 1b
Structures & Mechanisms 133
Electrical Power 312
Attitude Control 70
Stabitization & Control 136
Communications,
Data Processing, & 147
i nstrumentation
Environmental Controt 11
Total Dry Weight ................ 1091 b
Attitude Control Gas (Freon 14) 60
Total Payload Weight ............ 1151 Ib

* Including 12 Ib N

** Including weight %ontingency of approx. 15%
*** Adapter weighing 265 Ib. also required

218 Ib
742
580
573
223

254

7

2963 1b

B |z

Fig. 2-27 Weight Summary - Low-Cost SEQ

518 Ib
722
580
573
223

217

3

2966 1b
164

]

| 3130 1n] **°

1 1b = 0.14536 kg
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t-2

COMPARABILITY TO BASELINE RETAINED

- No refurbishment costs included
- Flight-article quantity same as haseline
- Equipment and software development comparable to baseline program

NASA PHASED PROJECT PLANNING APPROACH

OAQ -4 1/2 Year Program - Phase B to launch
SEO - 3 1/2 Year Program - Phase B to launch - combined Phase C/D
(Lunar Orbiter)

CURRENT NASA/DOD PROGRAM MANAGEMENT APPROACHES

-MIL-STD-499
- NHB 5300.4 (1A} and 1B)

GFE ASSUMED

- launch vehicle, fairings, and adapters, launch services control center, STADAN,
NASCOM, operational computer

SIMILAR SPACECRAFT DESIGN FOR EITHER SHUTTLE OR EXPENDABLF

Fig. 2-28 Planning Guidelines
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PHASE

ENGINEERING

MANUFACTUR-
ING

TESTING

OPERATIONS

Launuh

Development/Operatlons

; Final Release
Analyszis Sustaining

& Trades

De‘talled i P dy
Design Flnallzatlon R 2
Support
Breadboards Long-lead Tooling

Soft Mockup
Procurement

Tooling
GSE

RAD Devel. & Certif,

Qv q
hiia's
QTV Sortie FIV Launch
QTVA " Flaight O
FIV "8 .;:H-. "

2 3 ; u; 0 v

Years from Launch

Fig. 2-29 Low Cost OAQ-B Master Schedule (Space Shuttle-Launched)
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CH-2

Bottom-up costing - using 1970 rates - includes labor, overhead, and G&A

{no prime contracior fee) ]

Engineering, Manufacturing, Test, and Operations cost estimates hased on
Program Plan

Typical Program Management and Quality Assurance percentages applied
Atlowances included for:

- Rework and scrappage

- Engineering changes

- Spares and Logistic Support

- Tooling, GSE, and STE Maintenance
- Computer Hours

All cost spreads by subsystem and by year

Fig. 2-30 Estimating Approach for Low-Cost OAO and SEO
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Fig. 2-31 Costs and Weights.z Low-Cost Designs {Shuttie-Launched)

168.2
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historical baseline, it was requested by NASA/HQ that IMSC estimate the costs
of the basgeline OAD and SEO payload programs: (1) using the same estimating
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 programs was accomplished. The results are summar-
ized in Pig. 2-32 (OAO-B) and Fig. 2-33 (SEO). There are some significant dif-
ferences at the subsystem level but the totzl program costs are very nearly
the same. It was thereafter assumed that the IMSC estimating methodology em-
ployed sufficient realism and conservatism so that the low-cost payload esti-

mates could be used without multiplying by a "growth" factor.

2.5.4 Technology vs Payload Effects

As mentioned early in this report, a baseline regquirement 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-gignificant
manner, The principal exception was in the 040, where a 1970 state-of-the-art
general-purpose compuier was substituted for a fairly large quantity of elec-
tronic assemblies in the Stabilizabtion & Control and CDPTI subsystems. This
type of fairly low-cost, reliable computer was not available for spacecraft
application in the early 1960's (during the OAQ development). The use of this
computer accounted for a large percentage of the RDT&E and unit cost savings
in the low-cost 0AQ. 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 aceounted for about
35 percent of the total program savings on the 0AO (33.6 percent of the RDI&RE
savings; 39.5 percent of the unit savings). The "without-computer” low-cost
OAQ provided about a 33 percent reduction in baseline RDTZE and unit cost when
compared with the "with-computer" reduction of 50 percent. Figure 2-34 illus-
trates graphically the major conbributors to the 50 percent cost reduetion

(equivalent to the 100 percent "savings" shown).
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Ri-2

Costs in
Millions
$

Subsystems

Adapter
Experiments

1| Structures & Mech.

Electrical
Stabilization & Cont.
Attitude Control

“Communications,
Data Processing, &
Instrumentation _

Environmental Control
Unatlocated

TOTAL PAYLOAD

HISTORICAL COSTS

RECOSTED OAQ-B

Total

RDT&E Unit Unit
Cost Ops. Prog.
$ 0.600[ ¢ 0.150 [ $ 0.100 | $ 0.850
8. 717 7.800 2.200 18.717
9.044 5.100 0.020 14. 164
{7.083 2.900 0.550 20.533
78.469 I1.700 3.900 94.069
3.275 0.300 0.200 3.775
40,823 4,600 2.800 48.223
6.045 {.000 0.550 7.59
1.353 2.600 0.900 4.853

F T ¥
$165.409 | $ 36.150 | $ 1i.220 $212.719

RDT&E Unit Unit Total

Cost Cost Ops. Prog.
$ 1.088|% 0.166| $ 0.081| $ 1.33
15.757 | 3.573 2.127 21,457
11.020 l.156 0.393 12.569
17.396 | 3.583 0.726 21.705
72.292 | 14.302 3.599 90. 193
4.817| 1.074 0.209 6. 160
38.895{ 6.92l 3.086 48. 902
5.0287 0.973 0.298 6. 299|
.31 0.217 0.473 2.001
$ 167.664 1$31.9651 $ 10.992| $ 210.62]

“Initial baseline data from NASA/Goddard

Fig.2-32 Comparison of Historical & Recosted OAQ-B Costs (1970 $)

965066 Y~0SHT



a.kNVdWOD HAIVdS 2 SHTISSIN A33HYDO0T

62

COST IN

ORIGINAL BASELINE {2 YR.) "

RECOSTED BASELINE

MILLION
Avg. | 4 Unit Total* Avg. { 4 Unit | Total*
SUBSYSTEM RDT&E |\, %t | ops. | Program | ROT8E | ynit | ops. | Program
Adapter 2.9 0.2 1.7 5.7 1.2 0.2 0.1 2.3
Experiments 47.1 2.5 9.3 69.1 46.9 3.0 56 | 67.6
Structures &
Mechanisms 6.9 1.2 0.8 13.6 I 10.6 1.3 1.0 § 17.9
Flectrical 12.4 1.9 1.9 23.9 14.1 2.1 2.1 26.4
Stabiliz. & Control 15.9 3.3 2.5 34.8 17.1 2.5 2.7 32.3
Att. Control 4.0 0.6 0.5 7.8 | 4.1 0.6 0.6 7.4
CDP & | 25.9 3.9 4.3 49.6 25.4 3.3 3.9 46.0
ECS 0.5 0.1 0.1 0.7 1.1 0.1 0.2 2.1
Unallocated 1.1 0.2 1.2 3.3 0.3 0.1 0.3 1.1
116.7 {13.9 22.3 208.5 120.8 13.2 { 16.5 | 203.1

* Includes 5 units

Fig. 2-33 Comparison of Historical & Recosted SEO Baseline Costs

96 CO66T-DSHT



B2 SITUSSIN AIZHMODON

06-2

L ANVEINQD BOV4S

100

90

~J Co
o o

(=
L]

Percent of Savings
3 8 3

3

10

___—0Other Subsystems
58 | | 9.7 |—Electrical
- — = 0T 4 Structure
e
ggg ol A 82;925 T Experiments
1
5.7 Stabilization & Control
~ Communications, DPI
{other)
e 57.4
7 ——— |RU Substitution
48.9
"1 395
33.6
— _Use of Computer
RDTE Unit

Fig. 2-34 Technology vs Payload Effects - OAO-B
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2.6 IMPACT OF LOW-COST PAYLOADS ON TRANSPORTATION SYSTEM AND PROGRAM COSTS

Because of the strong dependence of the Shuttle-Llaunched low-cost payloads upon
the implementation of payload-compatible interfaces, it was debermined neces-
sary to verify that the LMSC-proposed interfaces with the Shuttle system were
feasible and practicable. Conceptual designs were therefore ecreated for: (1)
a payload deployment/retrieval gear and, (2) a payload checkout set for on-
orbit use with the Shuttle. Also, a complete concept for repair and refur-
bishment was developed for payloads on orbit and modules and components on the

ground .

These concepts are discussed in detail in Section 8 of the report. A summary

of approaches and resulis is presented following.

2.6.1 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) the use of on-orbit checkout by Shuttle-carried payload
checkout equipment and, (2) the design of payloads to sllow easy repair, re-
furbishment, and reuse, it was necessary %o provide an installation which could
be employed for these operations with various payloads. The elements of the
payload support equipment and interfaces are listed on Fig. 2-35 with the low-
cost OAQ extended on deployment booms. These interfaces have been investi-
gated, preliminary requirements established, and payload compatibility with

the Shuttle has been verified.

2,6.2 Payload Supvori, Deployment, and Retrieval

A universal -usage deployment/retrieval gear was conceptually designed. The

principal hardware elements are bi-stem extendable booms, smaller sizes of
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g6-2

6 Structural Supports and Latches
¢ Deployment/Retrieval Mechanisms
¢ Hardline Umbilical

& Payload Checkout Equipment

¢ Payload Service Panel
(Electrical, etc.)

® ‘Cargo Crew Provisions
¢ Payload Monitor/Checkout
e Payload Deployment Control Panel
e Stowage for Payload Replacement Modules
® Access Provisions to Payload

Fig. 2-35 Shuttle Interfaces with Low-Cost Payloads
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which have been successfully used on previous spacecraft applications. These
booms, instzlled 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 bhay.

A scale drawing of the instellation of the SEO/Tug in the Shuttle is shown on
Fig. 2-36. Six latching hold-down supports (1L/1R on the SEO and 2L/2R on the
Tug) sustain all launch/ascent, maneuvering, reentry, and landing loads. The
booms cperating in zero-g are stiff enough to sustain the bending loads applied
by minor maneuvering of the Shuittle even with booms extended. The booms can
sustaln reasonable loads even in 1-g load field and can be readily tested on
the ground with simulated weights attached. Figure 2-37 shows the SEO/Tug ex-
tended on the booms and a support cradle assembly which comprises remote-
actuated latches (energized via electrical cable which is reeled out within
each boom) at each of the four corners. Retrieval of the SEO/Tug 18 accomplighed
by engagement of the four svpport pins on the Tug into the mating drogue funnels
on the extended cradle assembly. Positioning for engagement can be accomplished
by vernier control cf the Tug, by use of telefactor robot, by separate "grap-
pling" mechanism deployed from the Shuttle, and/or by use of crew in EVA with

strap-on thruster devices.

2.6.3 On-Orbit and Standardized Checkoud

On-orbit checkout of payloads provide specific advantages:

8 (Greatly increases probability of successful mission by allowing

elimination of launch/ascent failure contribution

® Allows lower payload design reliability and concomitant reduced

cost

6 Allows payload - cognizant perscnnel to perform first-hand

chservation of payload operating in orbit environment -

© Makes Peasible on-orbit module replacement and ré-checkout

I
for repair or refurbishment
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Fig. 2-36 Shuttle Installation of SEO and Space Tug
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v

Cradle Assy
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Fig. 2-37 SEO{Tug Extended Position for Deployment/Retrieval
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A phased-checkout approach was developed so that payloads could be exposed. to
a series of verifications, using the same checkout set. The seven phases of
test/checkout proposed are shown on Fig. 2-38. Phase I is accomplished at the
payload production plant and Fhase IT is accomplished at the launch base prior
to mating of the payload into the Shuttle. TFhases III through VII are conduc-
ted with payload mounted in the Shuttle 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 0A0-3 payload {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 de-

veloped and weight, volume, and cost estimates made.
An extension of the payload checkout set, standardized checkout egquipment, has
also been investigated and also determined to be feasible. The qualitabive

cost reduction aspects of this concept are listed on Fig. 2-39,

2.6.4 Repair, Refurbiskment, and Reuse of Payloads

The gingle most i@portant 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 guantitative cost dats
were derived for repair/refurbishment which could be used for application to
the total mission model by Aerospace Corporation and Mathematica. A complete
description is included in sub-section 8.4 of this -report. A brief resume is
provided following.

2.6.4.1 TInvestigabtion of Hardware and Operational Factors. A number of fac-

tors were considered and -analyzed during establishment of the proposed payload
repair/refurbishment approaches; they are listed on Fig. 2-40. Some of the
possible modes of in-orbit repair/refurbishment are econceptually plectured in
Fig. 2-41. Although the pressurized IVA (shirt sleeve) mode was initially de-
sired by NASA in the early Shuttle design Phase, it has been removed as a man-

datory requirement in favor of EVA or non-pressurized IVA modes for crew direct
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LG-2

Orbit Checkout
of Payload

Post-Deployment
(Autonomous)
Checkout -
RFto Shuftle or

On Umbilical

Pre-lLaunch
Checkout in
Shuttle
P e On Umbilical .
Payload Assy, =
Checkout
Pre-Delivery Q
Cl'_neckout
(Final IST) Q Checkout Set
Ground Unit

O

Ground

&)

)

Checkout Set

Shuttle
Instalied

Fig. 2-38 Phased Test & Checkout Approach - Low-Cost Payloads with Shuttle
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Q6-3

USE OF "STANDARD" SUBSYSTEM APPROACH ALLOWS STRONG CONSIDERATION
OF MATCHING STANDARD CHECKOUT EQUIPMENT

ALLOWS STANDARDIZATION OF FAULT [SOLATION AND LOWER DIAGNOSIS COSTS
A STANDARD CHECKOUT SET APPROACH WOULD PERMIT REDUCTION IN RDT&E
COSTS WHEN COMPARED TO THE SEPARATE DEVELOPMENT FOR EACH MISSION

OF A PAYLOAD-PECULIAR CHECKOUT SET

PERMITS REDUCTION OF RECURRING COSTS BY LARGE-QUANTITY PRODUCTION

OF STANDARD CHECKOUT SETS 10 BE USED WiTH ALL PAYLOAD SUBSY STEMS
(COULD BE GFE)

ALLOWS COROLLARY STANDARDIZATION AND COST REDUCTION OF SHUTTLE
MATING INTERFACES

ALLOWS GENERALI ZED TRAINING OF TEST/CHECKOUT CREWS

Fig. 2-39 Cost Reductions with Standardized Checkout Equipment
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65-¢2

DEACTIVATION AND ATTITUDE STABILIZATION OF PAYLOAD

EVA VS REMOTE MANIPULATORS

MANNED AND UNMANNED SPACE TUG OPERATIONS WITH THE SHUTTLE
RECALIBRATION OF PAYLOAD AFTER MODULE REPLACEMENT
GROUND-BASE RESPONSE TIME

TURN AROUND TIME FOR GROUND REFURBISHMENT

ON-ORBIT RE-CHECKOUT AFTER MAINTENANCE/REFURBISHMENT

PAYLOAD WEAROUT/RELIABILITY VS REFURBISHMENT CYCLE

Fig. 2-40 1n-Orbit Maintenance/Refurbishment Analyses
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NON-PRESSURIZED IVA

AN
- '///I:‘/%fSC
REMOTE CONTROLLED ROBOT L

\

PRESSURIZED IVA

Fig. 2-41 In-Orbit Maintenance/Refurbishment Concepts
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access to payloads in combination with automated payload handling devices. An
automated module replacement device could be readily substibtuted for the robol
mode pietured; NASA/GSFC has done preliminary work on such a device Tor use

with the Large Stellar Telescope.

2.6.4.2 Basic Approach to Repair/Refurbishment. Figure 2-42 provides a basic

tabulation of the four elements involved in repair and refurbishment of the
DAO and SEO low-cost payloads.

2.6.4.3 Cost Savings with Payload Refurbishment. The savings attainable with

the proposed refurbishment at the payload, module, and component level are ex-
tremely significant. Figure 2-U43 is a tabulation of results obtained from the
OA0 and SEQ refurbishment analyses. At the payload system level, the refur-
bishment approach provides z 39 percent saving for an OAQ 6-year program and

a 41 percent sawving for a 10-year SEO program (compared with a low-cogt expen-
dable-lavnched payload). When the launch and operations costs are made part
of the tobtal, the savings increase to 50 percent Tor both the 0AQ and SEQ pro-

grams,

2.6.4. 4 Refurbishment Cost Ratios. Summary calculations were made of the cost
of a refurbished OAQ or SEO. The "average" refurbished OAQ would cost 32.5 per-

cent of the unit recurring cost of a new OAO, with refurbishment performed on s

one-yegr time cycle. The average refurbished SEO would cost 39 percent of & new

SEO, with refurbishment performed on a two-year time cycle.

2.7 STANDARD SPACECRAFT AND SUBSYSTEMS

As a separate task of the study (Task 3), not directly contributing to the cost
reductions documented for the low-cost OAO, SEO, and SRS payloads; the concept
of a standard spacecraft was investigated to: (1) ascertain the technical
feasibility and, (2) determine the economic desirability. This effort is des-
cribed in detail in Section 7 of this report; a highlight summary is provided
following.
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REPAIR ON ORBIT

e 10 different modules (total wt. 2093 ib) - OAQD
Carry as spares on initial launch vy geeoront modules ftotal wt. 1423 1b) - SEO
Checkout of payload on orbit

Replace any module which has failed or degraded in launch/ascent

e e &

Return failed module for ground refurbishment
REFURBISHMENT OF PAYLOAD

® Periodically replace the orbiting payload with a refurbished fat nom. |-yr. interval
for OAD; at 2-yr. intervals for SEQ)

Remove used/failed modules from space frame
install new (or refurhished) modules

Perform system-level payload checkout
REFURBISHMENT OF MODULES
e Remove module cover and equipment components

e Install new {or refurbished) components into module
® Test module in spacecraft simulator, using standard checkout set
REFURBISHMENT OF COMPONENTS

Fig. 2~42 Low-Cost Payload Repair/Refurbishment Approach

Retrieve the "used" payload from orbit with Shuttle or Tug/Shuttle and return to earth.
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OAO (6-Year Program)* SEO (10-Year Program)ﬁ |
COST ELEMENT Expendable- | Shuttle- Expendable- | Shuttle-
Launched Launched Launched Launched

Non-Recurring s 89.00M |$ sa.m3M|ls rwm|s s5.70M
Unit Cost - Delivered Payloads 114.84 15.81 234.56 49.15

Average Refurb. Ratio - 3251 yr, - .390/2 yrs.
.Payload Module/Component jjfurb _ - | 25.29 - ] 60.88
Payload Totals 204, 2 125.13 195.73
| Launcthosts 10—5;00—“ 18.00 318.00 105.00

Operations _C—ost AOE 31.05 | 67.80 59.75 |

Total Program Cost $ (352.2DM |$ | 174.18]m || <CT1835M | $ [ 357.48/M

Program Savings > $178.1 M $360.9 M

* Refurbishment performed at [-yr. cycle intervals
** Refurbishment performed at 2-yr. cycle intervals

Fig. 2-43 Savings with Payload Refurbishment
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2.7.1 Fegsibility of a Standard Spacecrafi

Rarly study of the basic concept of a standard spacecraft indicated that it

was techniecally feasible. In analysis of the NASA Mission Model, a large per-
centage (86 percent) of payload programs were potentially suitsble for some
combination of experiments onto one or more spacecraft (see Fig. 2-Ukt ). Fur-
ther analysis revealed that unmanned missions also could be grouped by orbit
and general scientific objective. Two examples of this are shown in Fig. 2-45
for 10W-altitude/28.5o orbits and for polar/sun-synchronous orbits. Finally

a preliminary analysis of the spacecraflt support for the various candidate mis-
sions revealed that a single spacecraft with quite broad subsystem capability
could accommodate the majority of all missions. The characteristics of this
hypothetical standard spacecraft are listed in Fig. 2-L6. Combining these pre-
liminary conclusions with data from previous LMSC effort on design and manu-
facture of standard spacecraft elements, 1t was determined that the standard

spacecralt was indeed technically feasible.

2,7.2 Basic Approach to Design of Standard Spacecraft Hardware

Basic conclusions, involving preliminary economic considerations, and relevant

to the approach to standard spacecraft were developed early.

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

missions, there may be a small group of standard spacecraft
& ¥ven though a sbandard spacecraft were developed, there may be
certain space missions which can be more economically supported

by specialized designs

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

develogment of standard subsystems and/or modules thereof

2-6l
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A HIGH PROPORTION OF FUTURE UNMANNED PAYLOAD PROGRAMS ARE POTENTIALLY

SUITABLE FOR SPACECRAFT SHARING:

Qty. of
S/C

PROGRAMS DEFINITELY UNSUITABLE FOR COMBINATION 69

PROGRAMS POTENTIALLY SUITABLE FOR COMBINATION

- Low Altitude, East Launch ETR

= Polar - Sun Synchronous

ERTS
METSAT -

- Synchronous Equatorial

ERTS
Comm/Nav
Highly Eccentric

59

72
16

57
148
80

432

% of Traffic

Model

(4%

12

I
30
16

——

86%

Fig. 2-44 Feasibility of Standard Spacecraft - Multiple Experiments
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LOW ALTITUDE - 28.5°

Mission Alt. Exper. Qty. | Exper. | Point,| Start Progr_am
(N.M.) | Weight {ib}l S/C | Power {Accur.] Year | Duration
Large Steliar Telescope 350 8270 1 1.5KW({10sec| 1980 | 11yr.
Large Stellar Observatory 350 7520 1 1.OKW| 1deg | 1982 9yr.
HEAO 230 12500 2 265 W | 5sec 1979 | 12 yr.
Large Radio Observatory 350 10000 1 2.0 KWj10 sec| 1984 7 yr.
Astronomy Explorers 210 250 15 S0W | 3deg] 1978 | 13 yr.
POLAR - SUN SYNCHRONOUS
Mission Alt. E)fper. Qty. | Exper. | Point.} Start Progrgm
(N.M.) | Weight{lb)| S/C | Power |Accur.| Year | Duration
Polar EQS 500 870 12 400 W [4min| 1980 I3 yr.
karth Physics 400 150 7 150 W |10 sec; 1980 13 yr.
Polar ERS 500 850 28 400 W |4 min| 1978 | 13 yr.
TIROS 700 245 14 100 W |3 deg | 1978 | 13 yr.

Fig. 2-45 Common Low-Earth Orbits and Spacecraft Requirements
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STANDARD SPACECRAFT WITH SUBSYSTEM CAPABILITY TO MEET FOLLOWING

REQUIREMENTS WILL ACCOMMODATE THE MAJORITY OF ALL MISSIONS:

GNC

TT&C

Electrical

Environmental

Control

Eal(“)th or inertial orientation
/4™ attitude reference with option for 10 arc sec
Stabilization by reaction wheels and/or mass expulsion

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

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

Provided for standard spacecraft exclusive of experiment
subsystem, for earth orbit or equivalent

Fig. 2-46 Standard Spacecraft for Unmanned Payloads
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2.7.3 Standard Subsystems

The basic concept of standard subsystems was developed by listing separately
all of the mission requirements by spacecraft subsystem and then consolidating
these requirements into a minimum gquanbity of variants. The subsystem charac-
teristics 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.
2-47. These variants were applied to the NASA Mission Model and the total num-
ber of applications determined by guantity of missions and quantity of space-
craft required per wmission. A sample sheet of this application analysis is
shown as Fig. 2-48. These data were transferred to the economic analysis to-

tals for standard subsystems.

2.7.4% Standard Spacecraft

A typical set of subsystem variants were selected whaich could accommodate a
reasonably large quantity of missions. Subsystem modules were concepbed and
developed into a set of "standerd" modules; one of these is shown in Fig. 2-L9,
These medules were then arranged into an overall spacecraft configuration which
is illustrated on Fig. 2-50. IEach module, as with ‘the previously-described
low-cost payloads, is readily replaceable in orbit by a Shuttle crew member

or by automated module handling devices. The standard spacecraft design ef-~
-Tort was accomplished %o the depth required to verify that the concepts were
feasible 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.

2.7.5 DPotential Savings with Standard Spacecraft Hardware

Two economic analyses were performed: (1) determination of the savings ac-
cruing from the use of standard subsystems applied throughout the NASA Mission

Model, and (2) determination of overall gsavings resuliting from the use of a
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- -
q_SUB-- ELECTRICAL GUIDANCE, NAVIG., TELEMETRY COMMUNICATION-
SYSTEM | (BATTERY & STABILIZATION, (S/C DATA & (EXPERIMENT DATA)
TYPE SOLAR ARRAY) CONTROL COMMAND) S-BAND*
e T — =
o 350 W o Stellar/Solar Ref. & 8 -33 BPS 0° - 10% BPs
A 8 Sun-Crient. 8 l0arc sec e 50 W XMTR 50W XMTR (1P)
Solar Array & |nertial Platform (1P) . 10-30 Hi-Gain
e Omni.Ant. Tracking Antenna
o T00W o Stellar/Solar Ref. o 10% 8PS 2x 10° BPS
B @ Sun. Or. S/A e I5arc min. | @ 2W XMTR (SEO} 8 2 W XMTR (SEO)
- @ Inertial Platform @ Omni Antenna 3 Ft. Fixed Hi-Gain
Antenna
o 1050 W o Earth Reference e 10° BPS 107 BPS
C @ Sun. Or. S/A e I5arc min e 2W XMTR (LEQ) 2 W XMTR (SEO)
® {nertial Platform @ Omni Antenna 6 ft. Hi-Gain
Tracking Antenna
& 100W | o Spin Stabilized 2 x 107 BPS (LFO)
D @ Body-Mounted & Axis Orientation 2W XMTR (Spin)
| Spinning Array Contro! Toroidal Antenna
o Farth Ref. & Star 0% 8PS
E Tracker
¢ 4darc min 2 W XMTR (LEQ)
¢ Inertial Platform Omni Antenna

* 30 ft. dia. ground receiver antenna, except for
interplanetary which uses 210 ft antenna.

Fig. 2-47 Standard Subsystem Types & Characteristics
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MISSION . ORBIT NO. OF STANTARD SUBSYSTEM TYPE/QTY
NAME ¥o. | ALTITUDE | INCL. oy |onsc Joow o Jmmcr | memamks
NASA FARTH OBSERVATION
Folar EOS 2L 500/500 Ss 12 El2lB 12 lc1e | B 12
Sync EOS 00 Syne o° é B 6lc 618 6 |B 6
Barth Physics 23 1400/1400 90° 7 E 7lc 7le 7 (A 7
Sync Met ol Sync o° 2 c 2|/c 2B 2 |a 2
Tiros 25 700/700 8s 3 cC 3|3 3{c 3 ta 3
Folar ERS 26 500/500 SS 6 E 6|/E 61lc 6 |B 6
Sync ERS 27 Syne 0° 7 E 7({c 7B 7|B 7
NASA COMMUNICATION/NAVIGATION

ATS 28 Syne o° 7 E 7[c 7B 7| -- |8xw
Spell ATS Sync 29 | _ Syme 12 ciz]ci2 |Bi12 |B 12
Low 30 |~ 3000/300 90° 12 ci2|E12 |c12 |B 12
Co-Op ATS Sync 31 Syne o° 2 ¢ 2lc 28 2 |B 2
Low 32 3000/300 90° 2 c 2|/E 2lc 2 |B 2
Medical Net 33 Sync o° 2 ¢c 2|k [p2]co

Educ. Broadeast | 34 Syne o° 2 ¢c ol e 2| oo lowe
Follow-on Sys.Demo 35 Sync o° 20 G 20 E“é B2o |c 20
Tracking/Deta Relay 36 Syne 0° 10 cio{c10 {B1o |B 10
Plenetary Relay 37 Sync o 9 c 9lc 9B 9 la g

Fig. 2-48 Applicabilaty of Subsystem Options to Missions
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(hsoT ch

-

MODULE SUPPORT
RATL

Fig. 2-49 Typical Standard Spacecraft Module

32, 3"
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EXPERIMENT
PACKAGE

EXPERIMENT PACKAGE
ATTACH LUGS :

OLAR ARRAY

ADDITIONAL
PANELS

YPICAL EQUIPMENT
MODULE

Fig. 2-50 Standard Spacecraft General Configuration

ATTITUDE CONTROL
SYSTEM MODULE

OPTIONAL DOCKING
RING
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typical sbandard 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 preogremg rather than having a separate project-peculiar development for

each program.

The results of a typical sub-analysis on a standard electrical power subsystem
applied o varying quantities of programs and spacecraft are tabulated on Fig,
2-51.., Modular-design subsystems were used as the cost base. A 300-wabtt 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 "capbure” 30 missions and 165 spacecraft and provide savings of
$133 million. Using an approach where a modular subsystem could provide 300,
600, or 1200 watt capacity (modules selected as needed to fit the particular
program requirement); the savings could be further increased to $231 million,

covering 45 programs and 264 spacecraft.

The economic impact in RUT&E of applying standard subsystems to 53 missions of
the Mission Model is shown in Pig. 2-52. Additional savings of $2062 miliion
are indicated, as compared to the development of low-cost subsystems specially
designed and developed for each of the 53 missions. This saving could be re-
duced somewhat by The higher gverage unit cost of the standard subsystems {pve-

cause of capability "overkill" when compsred to the project-peculiasr subsystem.

In Fig. 2-53, there is shown the economic results of applying a single stan-
dard spacecraft to selected missions of the Mission Model. The cost savings
acerue because a single-spacecraft development is substibtubed for the devel-
opment of a large quantity of special spacecraft.

2.8 DESIGN GUIDELINES FOR FUTURE PAYLOAD DESIGN

Task 4 of the study was devoted to preparation of a Design Handbook for pay-
load designers. The daba developed will be issued as a separate contract end-

item document and will not be discussed in detail in this final report.
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sussystam | MODULE TRAFFIC CAPTURED  |* poyenmiaAL
1Y PE CAPACITY NO. OF NO. OF SAVINGS
(WATTS) PROGRAMS | SPACECRAFT | ($M)
mm: . S ——— ml
SINGLE 300 17 52 60.6
MODULE 600 30 165 133.0
MULT! - 600/1200 40 218 210.4
MODULE 300/600/1200 45 264 23].4

Fig. 2-51 Savings Potential - Standard Electrical Power Subsystem

OGG06AY-DEWT



ANVHWOD IOVHS ® SATSSIW A3FHNDOT

GlL-2

RDTE (SMILLION)

: . PROGS STANBARH
¢aPl A B $38.9 -
B 4 8.0 -
c 12 2.0 216 -
D 3 5.5 17 -
E 12 5.5 186 -
COMSAT 8 6.5 52 -
TOTAL 32 0 $iG37 $58
GNSC A 9 21.0 243 -
B 13 9.5 124 -
C I8 9.5 i -
D 5 1.3 7 -
E 8 21.0 216 -
_ TOTAL 53 - $716 $32
EPS A 16 10.6 169 -
3] 14 4.4 202 -
C 6 17.4 104 -
D 4 6.7 27 -
TOTAL 40 - $H2 $24
ACS A i7 1.0 i7 -
B 3 2.0 62 -
TOTAL | 48 - $79 $ 3
j b GROSS TOTALS - $2379 $ii7

Fig. 2-52 Economic Impact of Application of Standard Subsystems
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g, Sube RDT&E ($ Million) Unit ($ Mallion) Standard
ol Subsystem System c Spacecraft
22y Ot Program- Standard Program- | Standard Savings
g3 ption Peculiar Spacecraft Peculiar | Spacecraft] ($ Million)
CDPI ¢ 211.5 18.0 307.4 422.8
ﬁ GNSC C 76 9.5 280.9 280.8
a & | EPS ¢ 212.,8 17.k 282.7 350.3
5@ | Acs B 29 2 39.1 39.3
28 | Struct. - 61 5.3 65.1 90.6
o | BCS - 22,0 1.8 25.1 30.2
= ~l
0 Totals 612.3 54,0 1000.3 12114.0 3hk.6
. | CDEI ¢ 327.50 18.0 479.0 613.2
w | GNsC E 157 27 598.5 1022.7
w & | EPS ¢ 309.8 17.h L16.1 508.1
5 ¢ | ACs B 39 2 561 56.9
2 g Struct. - 102.4 7.3 113.1 175.2
ga' | ECS - 35.8 3.0 43.0 . 65.7
o .
Y Totals 971.5 7h .7 1706,1 2kl 9 161.0

Fig. 2-53 Fconomic Impact of Application of Typical Standard Spacecraft
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2.8.1 System Engineering Approaches

Figure 2-54 1ists a few of the low-cost principles which the system engineer

might employ.

2.8.2 General Payload Design Guidelines

Figure 2-55 is a Llisting of the general design guidelines recommended for ap-

plication to future low-cost payloads.

2.8.3 Low-Cost Subsystem Design

A large percentage of the handbook will be devoted to examples of subsystem
design which illustrate the cost-effective design approach. Many of these de-

sign examples are listed in Sectlon 5 of this report.

2.9 SUMMARY CONCLUSIONS AWND RECOMMENDAT IONS

Section 10 of the report provides the conclusions derived from the study and

recommendations. A resume is provided following.

2.9.1 Payload Effects in Terms of Cost Reduction

Tt 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 baseline can be obtained by implementation of low-cost
technigues. Figure 2-56 shows the unit percentage savings with the low-cost
OAC and SEO. With the use of the general-purpose computer (described previous-
1ly) the OAO savings are increased 4o about 50 percent. These figures can be
extended to combine the costing of payload and launch vehiele and extended
over a mission time as shown on Fig. 2-57 for the 0AO and Fig. 2-58 for the
SEO0. The OAQ 6-year program, ubilizing the Shuttle launch and refufbishment/

reuse, indicates a saving of 50 percent of the equivalent costs of a low-cost
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MINIMUM-MANDATORY DESIGN AND PERFORMANCE SPECIFICATION

SPECIFY ONLY MANDATORY MINIMUM REQUIREMENTS FOR PURCHASED
EQUIPMENT

SPECIFIC MINIMUM DEVELOPMENT AND QUALIFICATION TESTING CON-
SISTENT WITH HARDWARE RELIABILITY REQUIREMENTS

TRADEOFF PAYLOAD RELIABILITY VS ON-ORBIT REPAIR/REFURB ! SHMENT
CYCLES TO OBTAIN COST-OPTIMIZED HARDWARE REQU I REMENTS

TRADEQFF EXPERIMENT VS SPACECRAFT REQUIREMENTS AND ESTABLISH
INTERFACE WHICH WILL ALLOW PAYLOAD COST OPTIMIZATION

TRADEQFF PAYLOAD VS GROUND SUPPORT EQUIPMENT AND SPACE OPERA-
TIONS TO ESTABLISH PROGRAM COST-OPTIMIZED REQUIREMENTS

Fig. 2-54 Low-Cost Payload System Design Approaches
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Design to satisfy mission life and functional requirements - do not overdesign
unless there is a cost benefit

Use qualified off-shelf components where possible

Apply parts/components for low-stress level operation to abtain added assurance
and reduce wearout

Provide minimum-density instaliation of equipment to allow easy assembly/removal

Modularize equipment to allow bench assembly and testing, minimum installation
and spacecraft testing, and module replacement

Provide minimum-density packaging of parts within components and extra volume
for growth or modification

Design for minimum functional complexity

Design to obtain maximum cost benefit from use of on-orbit checkout and repair/
refurbishment

Fig. 2-55 General Low-Cost Payload Design Guidelines
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$ 1970 Millions

400

300

200

100

$485. 43
6 OPS 6 Year Program
%66. 00 [ Yr. Average Life
6 Units $375.73 0.325 refurb. factor
6 Ops
$191.76 o %8
6 Units
$114.84
6-SLV3C/ *
Centaur 6 TI/L2 $184.92
$60.00 $131.40 $ 32.16 6 OPS
25.30 Refurhs @ 32%
RDT&E MZTBZ_,__ F5i rst U ﬂtl}’[
$167.67 $ 27.60 6 SIS Flights
RDT&E
£20 A1 $ 84.04 RDT&E
Baseline Low-Cost Space
Proaram Expendable Shuttle

Fia. 2-57 OAO Total Proaram Cost Comparison
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$ 1970 Millions

800

700

600

500

Lo
O
<

300

200

100

0

711.9
678.1 0pPS
20.3 71.9
) . 10 Year Program
20 units 2 Year avq. life
20 units $224.0 0.39 refurb. factor
$263.0
20
Titan 111D 1.8
0 Centaur 63.8 10 yr. OPS
SLV-3C/ #18.0 51.3 15 refurbs @ 39%
Centaur/ _ :
Burner {} 49.0 5 units
$214.0 102.0 20 Shuttle/
Tug flights
RDT&E RDT&E
$120.8 $98.0 85.7 RDT&E
Baseline Program Low-Cost Expendable Space Shuttle/Tug

Fig. 2-58 SEO Total Program Cost Comparison
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peyload lawvnched on a low-cost expendable. Similarly, on a 10-year SEO program,
a 50 percent saving is possible using a Shuttle-launched low-cost payload in 1lis

of a low-cost expendable-launched.

2.9.2 Effect of NASA Policy on Cost-Reduction

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. 2-5Q ywere provided. The cost of these policy changes has not been guan-
tified; rather, they were inbended only as a broad-spectrum "beginning” list.
It is assumed that WASA will implement whatever follow-on analysis they deter-

mine to be appropriate.

2.9.3 Basic Conclusions from the Study

The principal conclusions derived from the Payload Effects Study are listed
on Fig. 2-60.

2.9.4 Additional Cost Reducticn Areas

Figures 2-6la and 2-61b provide a list of recommendations relevant to extending

the payload cost-reductlion concepts to obtain even further program savings.
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POLICY CHANGE

@ Reduce degree of configuration management
(hardware traceability)

REASON AND/OR EFFECT

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

@ Utilize standard subsystems and checkout
Jeguipntent (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.

e Reduce reliability 4Hd QA requirements and
reduce acceptance tests

@ Use lower-grade {perhaps aircraft quality)
hardware

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

¢ Shorten program time (spacecraft and experi-
ments)

Flight-testing hardware on Shulttle sortie
missions (flying lab) allows shortening of
devel/qual. test.

¢ Increased autonomy of payload/Shuttle
flight operations

Allows reduction of ground support facilities
and personnel.

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

Allows reduction in variety of spacecraft and
multi-payload faunch and revisit for Shuttle.

Fig.2-59 NASA Policy Issues Affecting ggogram Costs (for Shuttle-Launched Payloads)
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The Payload Effects Study has confirmed that significant cost benefits accrue from
new payloads designed to low-cost criteria:

e Reduced weight/volume constraints
e Modularization and repair/refurbishment/reuse
@ Relaxed reliability requirements with higher risk (Shuttie only)

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

The savings developed in this study for low-cost payloads are conservative; 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 pay-
load cost reduction in order to provide the $ savings which will make the Shuttle it-
self a reality.

Fig.2-60 Conclusions of Payload Effects Study
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RECOMMENDED APPROACH

Standardize unmanned payload subsystems
Standardize experiment interfaces

Utilize minimum quantity of muiti-mission
standard spacecraft

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

COST REDUCTION EFFECTS

Large savings in RDT&E

Allows standard refurbishment depots and
lower refurbishment costs

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

Altows simplification of Shuttle interfaces
with payloads and standardization of cargo
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: Shuttle, Space Tug, manned pay-

feads, lunar mission hardware, elc.

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

Fig.2-61a Additional Technical Considerations for Cost Reduction (Sheet 1 of 2)
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RECOMMENDED APPROACH

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

COST REDUCTION EFFECTS

Reduced risk (and cost) in new programs
schedules and assurance that cost-
optimized hardware is adopted

[mplement analyses to cost-optimize the com-
bined effects of payload subsystem reliability
and operating life vs launch ascent effects vs
orhit repair and refurbishment

Provides minimum-cost payload

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

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 payioads

Refurbishment of payloads is the single
largest cost~driver and any further re-
duction in refurb-to-new cost ratio ¢an
be muitiplied by large quantities of pay-
loads in the overall Mission Model.

Fig. 2-6th Additional Technical Considerations for Cosl Reduiction

(Sheet 2 of 2)
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Section 3
BASELIWE FAYLOAD SELECTION AND DESCRIPTION

The selection of baseline payloads that are representative of typical existing
WASA ummanned sabellites represents the essential first step of the Payload
Effects Analysils Study logic. To provide credibility to the study results, it
was mandatory that detalled design and cogt data were available for the chosen
paylcads. This sectlion presents the rationale for selection, a hisforical sur-
vey of evenbs leading to the eventual selection of the baseline payloads, and
summary deseripbions of each including cost, weight and reliasbility data which

was used in the parametbric analyses.

3.1 PAYLOAD SELECTION

3.1.1 BRationale

The NABA guidelines for selection of the baseline payloads were as Tollows:

8 Reliable requirement and cost data shall be available for current
examples of similar satellites to provide the basis for cost compar-

ison,

® The sabellites selected ghall cover the range of costg, based on
current experiences; e.g., sophisticated satellites, made necessary
by demanding mission requirements, resulting in high cost per pound
at 6ne end of the range, and unsophisticated low cost satellites at

the other. Specifically, the following requirements should be sat-

isfied in the selection:

(1) Sophisticated satellites generally associated with high program

dollar value per pound in orbit (i.e., physics/astronomy).

3
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(2) Medium cost satellites generally associated with first generation

or development satellites for potential space applications.

(3} Operational satellites such as weather and communications con-

sidered low cost program devices,

@ The selected payloads shall bave actually flown or shall be similar

o ones that have flown."

2.1.2 Selection Progess

As a result of a comprehensive review of past apd future scientific space pro-
grams, IMSC in its Technical Proposal for the Payload Effects Analysis Study,
susgested the Lunar Orbiter, the Gemini/Agena Target Vehicle (GATV), and the
Small Research Satellite (SRS, the IMSC P-11 Subsatellite) as baselines. In
coordination with WASA the Orbiting Solar Observatory (080) was substituted
for GATV as being more representative of current and fubure satellite payloads.
However, after initiation of the study it was found that historical data on
080 were not readily available. Thus, following agreement with Goddard Space
Flight Center, the Orbiting Astronomical Observatory (OAO-B) was substituted
for 0S0. As a result of this change, the Tunar Orbiter became the intermediate
class spacecraft, and the OAO became the representative of the more expensive/

complex type. '

Inspection of the mission model, provided by NASA and Aerospace, showed no lunar
orbit unmanned payload missions projected for the period of application of the
combined study resulbs! (1978-1990), and a guestion arose as to the direct suit-
ability of extending Thnar Orbiter to future Low-cost programs., However, com-
prehensive cost and design data on the Lunar Orbiter were available and there
were no alterngtives that fulfilled the requirements of data availability and
security classification. It was, therefore, agreed that IMOC examine the use

of Tunar Orbiter derivatives for the performance of more representative mis-
sions. Tt was readily apparent that unmanned synchronous equatorisl and plan-

etary missions, which represent a significant portion of the NASA mission model,

3-2
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should be reflected in the baseline payloads. Furthermore, the Lunar Orbiter
and its experiment payload can be viewed as being representative in cost and

degree of complexity to spacecraft specifically developed for these missions.

Hence it was decided that the Tunar Orbiter design be extrapolated for appli-
cetion as a l-year Synchronous Equatorial Earth Resources Observation Satellite
(SEO) and a Mars Orbiter (MO) retaining as many as possible of the original
Lunar Orbiter elements. Primary emphasis was directed towards the SEO config-
uration with backup data to be provided at a secondary level of emphasis on
the MO, During subsequent studies, NASA requested that the SEOs life be exten-
ded to 2 years for betver correlation with the NASA Mission Model.

Selection of the SRS was approved as being representative of the family of
small space physics satellites such as Explorer and Pioneer. Thus, the selec-

tion process was completed and approved by NASA Headquarters as followss

Payload Class Payload Selection
Low Cost/CompleXity Small Research Satellite (SRS)
Medium Cost/Complexity Synchronous Equatorial Barth Resources
- Primaxry - Observatory (SEO)

(1 and 2 year lifetimes)
Lunar Orbiter Derivative

Meddium Cos‘b/ Complexity Mars Orbiter (MO) -

- Secondary - Inmar Orbiter Derivative

High Cost/Complexity Orbiti?g Astronomical Observatory
(0a0-B

Selection of these payloads assured NASA of specific low-cost data on a rep-
resentative portion of the fubure mission model. O0AO furnishes the opportun-
ity to evaluate the payload effects of revisil, maintenance, and refurbishment
of highly complex systems; SEO permits examingtion of the use of the Shuttle/
Tug combinations during earth synchronous orbit missions; MO permits study of
the effects of new transportation systems on complex one-way earth escape pay-

loads; and SRS represents low-cost expendable payloads.

3-3
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3.1.3 Payload Subsyvstem Definition and Hardware Breakdown

The nomenclature applied to hardware elements of various payloads is similar,
yet sufficiently different to cause misinterpretations in detail comparisons.
Algso, the specific types of components included in a particular subsystem were
noted to vary from payload to payload. A standard system of reference was,
therefore, developed so that costs could be collecied and analyzed on a con-

sistent basis relevant to the hardware.

Subsystem categories were established as follows to subdivide the payload into

eight elements:

e TExperiments

& Structures and Mechanisms

¢ Envircmmental Contxrol

¢ Electrical and Pyrotechnies

® Quidance and Navigation (Stabilization and Control)
o Propulsion and Abttitude Control

¢ Telemetry, Tracking and Command (Communications, Data Processing
and Instrumentation)

& Adapter

Figure 3-1 provides a description of each subsystem and lists the typical hard-
ware included in each., This "standard” breakdown, approved by NASA for this
study will be utilized to identify all elements of both the baseline and the
low-cost payload subsystems. ALl costs and design characteristics will be

correlated with these subsystems.

Summaries of the baseline payload sﬁbsystem characteristics are provided in
Figs. 3-2 and 3-3.

3=k
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SUBSYSTEM FLEMENT

TYPICAL HARDWARE

SUBSYSTEM ELEMENT

TYPICAL HARDWARE

PAYLOAD ASSEMBLY & e SEPARATION DEVICES ELECTRICAL AND © BATTERTES
TNTEGRATTON o PIYLOAD ADAPTSRS & BYROTECANICS i SOLAR ARRAYS (INCL STRUC-
: . ! TURAL, PANELS, SOLAR CELLS,

(A1l elements which are TNTERSTAGES (411 elements of electri-

t oot oot ol S oas ! DIODES, INTERCONNECTS,
part ol thé pay.oad Sys- e FATRINGS (NOT STD,EXTIT) al DOWer generacion, :  ORIENTATION ASSY.
tem but external to pay- control, distribution.
load assembly) e UMBILICALS Also pyrotechnic hard ® VOLTAGE REG., INVERTERS,

ad as oo W e aara- e DISTRIB., PRIMARY &

© SAFETY DEVICES Ware. ! INST, CABLING
'@ PYROTECHNIC DEVICES
, ' (sQUIBS, ETC.)

EXPERTMENTS © TELESCOPES GUIDANCE, NAVIGATTON, je POSITION SENSORS (SOLAR,
(ALl elements which are - STABIL IZATTON, CONTROL EARTH, STAR)
mission-peculiay and not ° C S ’

S P : (411 elements which pro- ‘e MOMENTUM WHEELS
part of the supporting ¢ TV CAMERAS . .
spacecraft. Includes any | vide Tlight control, or- o grrayn coNTROL ELECTRONICS
date processing equipmors | © FPHYSICS EXPERTMENTS bit positioning, and at- |
which is integral with RADTOMETERS titude hold, but excluding o GYROS

experiments, )

SPECTROMETERS, ete.

thruster system.

INERTTAL REF, UNITS

STRUCTURES, MECHANTSMS

& VEHICLE ASSEMBLY

(A1l structural & mechani-
cal elements which are not
part of the other 6 func-
tional subsystems.
eludes install. of subsys-
tems into spacecraft & at-
tachment of experiment.)

Also in-

(-]

SPACECRAFT STRUCTURE
EQULPMENT SUPPORTS

SUN BAFFLES

BALANCE BOOMS & EXTNS MECH,
ANTENNA DEPLOY, MECH,

SOLAR ARRAY DEFLOY ., MECH,

PROPULSION ;

(A1l elements which are pro~'

4
§
vided for major changes in ;
velocity vectors .

]

ATTTITUDE CONTROL !
Elements for control and/or .e
meintenance of attitude - e
which involve mass expul- i
sion.

SOLID-PROPELTLANT MOTORS
COLD GAS, MONOPROPELLANT,
OR BI-FROP, THRUSTERS
TANKAGE FOR PROPELLANT,
COLD GAS, PRESSURANTS
FLUMBING AND VALVES
PROFELLANT

ENVIRONMENTAT, CONTROL

(A1l elements which alter
and/or control the tempera-

ture of the payload and com-

ponents thereof.)

e o o o

THERMAL LOUVERS
INSULATION

THERMAT, PAINTS & COATTNGS
THERMOSTATS

HEATERS

RADTATORS, HEAT PIPES

! & COMMAND

TELEMETRY, TRACKING,

(11 elements of Data Pro-
cessing, Instrumentation,

Telemebry, Communications

& Commands

e 90O 0 OO O

DATA HDLG., PROCESSING,
STORAGE EQUIFMENT

SIGNAL CONDITTIONERS
TRANSDUCERS

XMITERS, BEACONS, XPONDERS
RCVRS/DECODERS
MULTIPLEXERS/ENCODERS
ANTENNAS

RF POWER AMPLIFIERS
CMD,DATA STORAGE, TIMING

'
I

]
!
1

Fig. 3-1

PAYLOAD SYSTEM HARDWARE BREAKDOWN
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SUBSYSTEM

ORBITING ASTRONOMICAL OBSERVATORY

SMALL RESEARCH SATELLITE

EXPERIMENTS AND
MISSION-FECULTAR
EQUIPMENT

38 APERTURE CASSEGRATN TELESCOFR WITH
ASSOCTATED ELECTRONIC PACKAGES FOR
STELLAR UV OBSERVATION IN 1100 & TO
4000 £ REGIME.

SPACE PHYSICS EXPERIMENT PACKAGE
FOR IONOSPHERIC MRASUREMENTS OF
PARTICLES AND ENERGIES.

STRUCTURES AND
MECHANISMS AND
THERMAL CONT,

OCTOGONAL BOX STRUCTURE WITH CENTRAL
TUBULAR COMPARTMENT TO ACCEPT EXPRRTMENT ,
LARGE FIXED SUN SHIELDS ON ONE END FOR
TELESCOFPE AND BORESIGHT STAR TRACKER
LIGHT SHIELDING DEFLOYABLE SOLAR ARRAY
PANELS. DEPLOYABLE BALANCE BOOMS,
PASSIVE T.C., WITH THERMOSTAT-CONTROLLED
LOUVERS,

3-BAY SIMPLE BOX STRUCTURE.
4 DEFLOYABLE SOLAR ARRAY PAWELS.
PASSIVE THERMAL CONTROL .

GUIDANCE AND
NAVIGATION

COARSE POINTING WITH COARSE WHEELS TO
PLUS OR MINUS 30 ARC SEC WITH DRIFT RATE
OF LESS THAN 15 ARC SEC IN 50 MIN. FINE
POINTING WITH FINE WHEELS WITHIN 0.1 ARC
SEC USING EXPERIMENT FINE ERROR SENSOR.
MOMENTUM DUMFING WITH ELECTRONIC TORQUERS
OR N, GAS JETS,

SENSORS: STAR TRACKERS FOR COARSE POINT-
ING, SUN SENSORS FOR ACQUIS. AWD SUN-
BATHING MODES, GYROS FOR RATE SETTLING,
ATTITUDE HOLD, SLEWING.,

WOBBLE DAMFER, FIXED-AXIS OPER-
ATION AFTER INITIAT, SPIN-UP.

ATTITUDE CONTROL

N_. COLD GAS: PRIMARY AND SECONDARY
TARUSTER SETS.

60 70 85 RPM SPINUP WITH 2
SOLID ROCKETS

TT&C

2 WIDEBAND T/M XMIRS @ 40O MHz; 2 NARROW
BAWD XMIRS @ 136 MHz, 2 TRACKING BEACONS
@ 136 MHz. L COMMAND RCVRS @ 148 MHz.
CORE MEMORY WITH TAPE RECORDER FOR CONT.
8/C DATA, COMPATIBLE WITE NASA STADAN.

VHF FM/FM T/M, TONE/DIGITAL
COMMAND, TAPE RECORDING,

PROPULSION

NO PRIMARY PROFULSION.

DUAL SOLID MOTORS FOR ORBIT ATT)

ELECTRICAL

SOLAR ARRAYS AND NiCd BATTERIES-60 AH
SUFPPORTS EXPERIMENTS: 60W PEAK, 30W AVG,

20W CONTINUOUS FROM SOLAR ARRAYS
AND BATTERTES AND 50W AT 15%

DUTY CYCLE.

Fig. 3-2 SUMMARY OF BASELINE PAYLOAD SUBSYSTEM CHARACTERISTICS - OAO AND SRS
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SUBSYSTEM LUNAR ORBITER (REFERENCE) SYNC, EQ. FARTH RESOURCES MARS ORBITER
EXPERIMENTS | HIGH/MEDIUM RESOLUTION PHOYO- SAME AS LUWAR ORBITER EXCEPT: SAME AS LUNAR ORBITER EXCEPT:
& MISSTION GRAPHY, ON-BOARD FILM PROGES- | - ADD ADV.-VIDTCON CAMERA SYSTEM (TV) | REDUCED RESOLUTION ~ 30M FROM
PECULIAR SING AND WIDEBAND DATA READOUT | - DELETE V/H SENS. & MED, RES. LENS 110 WM
EQUIPMENT CAMERA RESOL. AT 46 KM = 1 ~ INCREASE FILM QUANTITY ADD U/V & IR EXPERIMENTS FROM
METER. V/H SENSOR FOR TMC. ~ CHANGE READOUT METHOD & ADD 2nd OMS | MARINER '71 AND 2nd OMS
STRUCTURES OPEW FLATE AND TRUSS STRUCTURE.| SAME AS LUNAR ORBITER EXCEPT: SAME AS LUNAR ORBITER EXCEPT:
& MECHANTSMS| PASSIVE THERMAT, PROTECT'TON; - STRENCGTHEN TANK SUPPORT STRUCTURE - STRENGTHEN TANK SUPPORT STRUCT.
& THERMAL CONTROLS TEMPERATURE WITHIN - ADD MOUWI'ING FOR TV CAMERA - ADD HEATERS & INSULATION
CONTROL 35° TO 85°F. EXTENDABLE SOLAR | - ADD FTLM SUPELY SHTELDING -~ ADD PROVISTONS FOR SECONDARY
ARRAYS AND ANTENNAE. EXPERIMENT S
~ INCREASE CAPABILITY OF DEPLOY.
MECHANTSMS
GUIDANCE & 5 SUN SENSORS FOR P/Y REF.; SAME AS TUNAR ORBITER EXCEDT: SAME AS LUNAR ORBITER EXCEPT:
NAVIGATTON CANOPUS TRACKER FOR ROLL. ~ ADD EARTH HORIZON SENSOR - REPLACE IRU WITH IMPROVED UNIT
INERTTAT REF, UNIT USED WHEN - ADD 2 REACTTON WHEEL & CONTROLS WITH HIGHER RELIABILITY AND
SUN/STAR NOT VISIBLE. CAMERA - DELETE CANOFUS TRACKER LONGER LIFE.
POINT WITHIN PLUS OR MINUS ~ ADD PITCH WHEEL & PITCH RATE GYRO
0.2 DEG. V/H SENSOR.
ATTITUDE THRER-AXTS ACTIVE. 8 GN2 SAME AS LUNAR ORBITER EXCEPT: SAME. AS LUNAR ORBITER EXCEPT:
CONTROL THRUSTERS INCR, N, SUPFLY AND ADDED ~ ADD ADDITTONAL N, TANK +
REDUNDANT “PLUMBING & VALVES PLUMBING
ADDED E-W THRUSTERS - DOUBLE N,
HIGH & LOW GATN ANTENNAS. SAME AS LUNAR ORBITER EXCEPT: SAME AS LUNAR ORBITER EACEPT:
PO 8 G - | DIGITAL COMMAND & PROGRAMMER, - ADD TAPE RECORDER & ELECTRONICS ~ ADD TAPE RECORDER + ELECTRONICS
TRANSPONDER, TRACKING & DATA - CHANGE TO FIXED HIGH GATIf ANT. - REDUNDANT TRANSPONDER + PCM MUX/
STORACE. TRANSMISSION TO EARTH| - ADD REDUNDANT TWTA & PCM ' ENCODER
AT L0 MIN./EXPOSURE, 1OW & MULTIPLEXER/ENCODER - REFLACE 10W TWT WITH 2 Low
0.5W TRANSMITTERS ~ REPLACE PARABOLIC HI-GAIN ANT,
- WITH 9' DIA, ANTENNA
BTPROPELLANT PRESSURE-FED; SAME AS LUNAR ORBITER EXCEFT: SAME AS LUNAR ORBITER EXCEDT:
PROPULSTON 100 LB THRUSTER FOR MIDCOURSE - REFLACE U4 BIPROP TANKS WITH ONE - REFLACE L BIPROP TANKS WITH ONE
AND LUNAR RETRO MANEUVERS COMMON-BULKHEAD TARGER TANK COMMON-BULKHEAD LARGER TANK
- ADD BIPROP FOR ORBIT INSERT'TON - ADD BIPROFPELLANT FOR TRANS-MARS
MIDCOURSE AND FOR MARS RETRO
SOLAR ARRAYS (10856 CELLS) + SAME AS LUNAR ORBITER EXCEPT: SAME AS TUKNAR ORBITER KXCEPT: ;
ELECTRICAT NiCd SECONDARY BATTERY - - ADD ONE CHARGE CONT, + SHUNT REG. ~ INCREASE SOLAR ARRAY AREA ‘
POWER SUPPLIES 375 W. - ADD ONE BATTERY - ADD BATTERY

ADD SUN TRACKER
ADD SOTAR ARRAY ORIENTATION DEVICE
(k)

- ADD REDUNDANI SHUNT REG, +
CHARGE CONTROLLER

Fig, 3-3

LUNAR ORBITER DERIVATIVES
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3.1.4 Bageline Payload Cost Apportionment

The cost analysis support of the Cost Optimization Analysis, consisted of col-
lection, review, and synthesis of the baseline payload historical cost data.
Historical data were collected for the Small Research Satellite (SRS) or P-11,
the Orbiting Astronomical Observatory (0AO-B), and the Lumar Orbiter (10) pro-
grams. Although the Lunar Orbiter was nolt used per se, it constituted a ref-
erence payload from which two derivatives were extrapolated, the Synchronous
Eguatorial Earth Resources Satellite (8E0) and the Mars Orbiter (MO) . The
latber two payloads formed simulated baselines with similated "historical”
costs and design state-of-the-art representative of the 1964-67 time period as

extrapolated from the actual Lunar Orbiter reference program.

3.1.4.1 Cost Allocation Approach. The objective of the cost allocation effort

was to assign historical cost data to the baseline subsystems and cost cate-
gories standardized for this study, and to extrapolate simulated historical
costs for the SEQO and MO programs. The cost was broken down into the basie
categories of non-recurring or RDT&E cost and the recurring unit hardware cést,
and operabions cost. Allowing Tor the guantities of flight articles and mis-
sion operations period for each baseline program, tobtal program cost was summed
from above categories. For backup information, RDT&E costs were further broken
down into the functional cost cabegories, such as development, GSE, spacecraft
integration and test, and program management, by subsystem. Unit hardware cost
and operations costs were broken down only by subsystem. Costs which eould,ﬁot
be alloeated by subsystem (e.g., transportation) were aggregated into a non-

allocatable cost category.

The approach to accomplishing this task was to obtain a complete (as possible)
set of historical cost data and to check their breakdowns and contents to as-
sure consistency with the desired Payload Effects Btudy cost category break-
downs., Any incompletions and dinconsistencies were adjusted and the costs were
then allocated by subsystem to provide a standardized set of baseline payload
data.

3-8
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3.1.k.2 Unmaymed Payload Cost Model. The unmanned payload cost model repre-

sents the baseline payload cost aggregation. The elewents of this medel, and

the mamner in which they are swmed for the total program, zre as follows:

TPCP

TPCP

NRCP

RCP

CF

M

NRC,

DCP

DCP

oc

i
S0C

EOC

[ (I‘TRCP + RCP) CF :} M

Total Payload Program Cost
Total Non-Recurring Pgyload Cost
Total Recurring Payload Cost
Prime Contractor Fee®

Customer Program Management®
DCP + GCP + ICP + MCP

Development Cost of Paylead

Sspo. | + UD
i=1 *

ith Subsystem Development Cost
Unallocated Development Support

No. of Subsystems in the Payload
Payload GSE Cost

Spacecraft Integration and Test Cost
Program Management Cost

ql 9% m. + so¢ + EoC :\
=1

Quantity of Flight Units in the Program
ith Subsystem Unit Hardware Cost
Spacecraft Unit Operations Cost

Experiment Unit Operations Cost

* This factor was not included in the analyses of this study.
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Definitions - To clarify the content of the various cost categories, the

following definitions are provided:

Payload - Describes the spacecraft and experiments but excludes launch

vehicle elements.
Subsystems - These are as previously defined.

Subsystem Development Cost - Includes development, design, engineering,

tooling, developmental materials, and support for a given subsystem.

Unallocated Development Support - Includes costs not allocated to a sub-

system and includes mission plamning, launch and flight operations plan-
ning, logistics, facilitlies support, QA and reliability support, and com-

puter programs related to total mission.

GSE Cosgt - Comnsists of all GSE, AGE, and test equipment including GSE for
the experiments and mission peculiars. (Since payload guantities per
given program have been historically small, all payload GSE developument

and procurement is charged to the non-recurring cost) .

Payload System - Describes the payload, payload-launch vehicle adapter

and any payload peculiar additions to the launch sgystem.

Spacecraft Integration and Test Cost - Includes component. and subsystem

test, test program integration and sustaining engineering, system analysis
and integration, and test data reduction.

Program Management - Includds administrative and support costs associated

with project management office. (Recurring bardware and operations costs

include recurring program management and sustaining engineering costs.)

Hardware Unit Cost -~ Consists of the sum of the subsystem hardware costs

including spares and replacement parts prorated to the flight unit. (Since
guantities of the same payload hardware have been historically small, no

learning curve has been identified or applied in this model.)

3-10
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Operations Cogts - Ineclude launch and flight operations, logisties support,

flignt data collechion, reduction- and reporiting, sustaining engineering and

integration, GSE support and maintenance, relevant to the payload.

3.1.4.3 Cost Apportiomment Assumptions. In organizing and standardizing the

bageline payload cost data, several assumptions were made to maintain consis-

tency within the data sets. These assumptions arer

0 Payload sysbem cosis do not include shrouds, unless specifically devel-
oped for the payload.

¢ Payload program costs do not include launch vehicles.

0 The Adapter Subsystem dincludes primarily the costs of adapter and its
integration with the launch wvehicle. The structural integration of the
spacecraft and experiments is charged to the Structure and Mechanisms

Subsystem.

® Prime Contractor's fee (CF) has not been included, although the sub-

conbtractors fees on experiments and other subsystems are included.

® Customer's program maenagement costs (PM), such as program office,
ete., are not included in the baseline payload program costs.

¢ Learning curve effeets, if any, were not considered in the baseline,

6 Since the payloads were built over a time span from 1961 to the pre-
sent, the historical cost data were adjusted for inflation and con-
verted to 1970 dollars. In thé conversion, the following Inflation
Factors, based on the Aerospace Guided Missile and Spaceeraft Inflation

Index, were usedr

3-11
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Yeaxr Span Inflation Factor

Payload Ttem Cost Cost Data Base for 1970 $ Base
OAOQ Spacecraft RUT&E 19611968 1.3721

Fab. 1969-1970 1.0315

Ops. 1970 1.0000
0AQ Experiments RDTSE 19671969 1.1390

Fab. 1969-1970 1.0315

Ops. 1970 1.0000
Lunar Orbibter RDT&E 19641966 1.33073
(SEO & MO Fab. 1965-1967 1.26537
Derivatives) Ops. 1966-1967 1.23350
Small Research RDT&R 1961.-1965 1.48438
Satellite Fab. 1968 1.1hh

Ops. 1968 1.4

A1l baseline payload cost data given throughout the body of this report are in
1970 dollars.

3.1.5 Bageline Payload Weight and Reliability Apportiomment

To provide a consistent base for computer-comparison and tradeoff of the welghts,

reliabiiitigs, and costs of the four selected payloaéé, a reference sét of data
were esbablished on each payload to the subsystem level. An analysis was made
of reference data available on each payload: welght stabements, reliability
reports, design specifications, and other daba pertinent to hardware functional
description. For clarification of hardware functional redundancy arrangements,
direct contacts were made with the payload project offices (Boeing and Kodak on
the Iunar Orbiter; NASA/Goddard on the OAO; LMSC P-11 Program on the SRS). All
relishility characteristics used during the study were based upon estimates
made of the probability that the payload and parts thereof will perform sabis-
factorily without catastrophic failure. Actuzl performance figures on opera-
tional payloads, even though available in some cases, have not been used. In
this way, the uncertainties created by partial-sucecess” missions has been

avoided and a common reference base has been maintained for cost-optimization.
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3.1.6 Launch Vehicle Costs, Reliability

3.1.6.1 Launch System Selection. With NASA and Aerospace Corporation agree:

ment, a Launch vehicle system was selected for each of the payload types in
three categories: alternate current expendable, low-cost expendable, and re.

usable., Figure 3-4 identifies the launch vehicle systems.

3.1.6.2 Costs of Launch Systems. Costs for these launch systems were provi

by the Aerospace Corporation; these costs, representing the best estimates o
costs extrapolated to the 1978-1990 time period, were based upon (1) actual «
rent launch systems, (2) estimates of the low-cost expendable future systems
and (3) on estimates of the Space Shuttle operational costs. By agreement ax
NASA, Aerospace, Mathematica, and IMSC, the cost per launch of the Shuttle we
based upon an assumed mérginal cost, excluding amortization of the Shuttle ir
vegtment. These user's costs are tabulated in Fig. 3-5 for each of the selec
ted lLaunch vehicle systems. The use of these costs, or apportioned percentag

thereof, in the cost-optimization analysis is explained later in this report.

3.1.6.3 Launch System Reliability. Estimates of launch system reliability 1

made by LMSC based upon (1) nistorical experience with expendable systems, a
(2) estimates of Shuttle and Space Tug reliability coordinated by Aerospace v
NASA agencies., Agreesment on reliability characteristics was reached by NASA,
Aerospace, and IMSC. The numbers are also listed for each launch system in
Fig. 3-5.

These numbers represent the probability of succesgsful performance of the law
systenm up to the point of separation into free flight of the payload. Becau:
the jettison of the payload fairing and the separation of the payload from t1
launch vehicle or upper stage are so functionally oriented to the payload, 1
reliability of these two operations has been included with the payload syster
rather than with the launch system. The launch system reliability numbers we
later entered directly into the cost-optimization runs for the parametric

analysis.

3-13
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PAILOAD | MISSION : _— - :
TYPE | DESTTNATTON CURRENT ALTERNATE EXPENDABLE NEW LOW-COST EXPENDABLE REUSABLE
0AO Loo m4; 35° ATLAS/CENTAUR 7 SEG SRM: (2)/ SHUTTLE (57000
. . TITAN IDC (TITI-L2) LB to 100 NM;
28,59) '
MARS 998 MM x
ORBITER a2l 1M !
] *
MARS ORBIT TITAN ITID/CENTAUR TITAN IIID/CENTAUR SHUTTLE (72200
- - LB tg 100 NM;
28.57)/
- SPACE TUG
SYNC. EQ. | 19320 NM; TITAN IITD/CENTAUR TITAN ITITD/CENTAUR SHUTTLE (72200 |
EARTH 0 LB tg 100 WM;
RESOURCES 28.5°)/
SPACE TUG
SRS 300 M; 82° ATLAS SLV-3C4BURNER 11 3 SEG SRM/TITAN CORE ITI/ | SHUTTLE (41000
(10 FT. DIA. AGENA (10 FT. DIA.) LB tg 100 M¢;
~ 28.5")
1 m = 1.852 km
1 1b = 0.4536 kg

* Bpace Tug delivers payload into trans-Mars trajectory and returns to LEO.

*% Space Tug delivers payload to Sync. Eq. orbit and returns empty to LEQO or returns empty to LEO
or reburns with egual-weight payload.

Fig., 3-4 . Selectéd Launch Vehicle/UpperStage/Payload Combinations

9645066 JSW'T



ANVAIWOD IDVHS B SITISSIN QIAIHMDON

GT-¢

=

[

COST PER FLIGHT PAYLOAD PAYLOAD DELY. CAPABILITY |
LAUNCH VEHICLE/ L.V. $ MILLION) Cgﬁg- ENVELOPE
UPPER STAGE CATEGORY . LIMIT
RECUR OPS TOT # (TNCHES) TYPE { WT.(1LB) ORBIT

ATLAS SLV-3A/BURNER II |l ALT. CUR.] 3.5 1.3 | 4.8 .950 120D SRS %000 300 mM; 82°
ATLAS SLV-3C/CENTAUR ALT, CUR.| 6.3 2.3 8.6 .936 120D 0AQ 9500 hoo mM; 35°

ALT, CUR.|[12.0 3.0 | 15.0 _ﬂ .95 120D MARS 7000 MARS INJECT

i ORB.

ALT, CUR.[12.0 3.0 [ 15.0 .Gh5 120D ERS 7000 SYNC, EQ.
TITAN IIID/CENTAUR LOW COST | 12.0 3.0 {15.0 .945 180D ERS 7000 SYNC, EQ,

LOW COST |12.0 3.0 | 15.0 945 180D MARS 7000 MARS INJECT

i ORB,

3 SEG SRM/TITAN CORE II || LOW COST | 5.0 1.5 1 6.5 | .968 120D SRS Looo 300 m; 82°
AGENA
7 SEG SRM (2)/ LOW COST { 15.0 3.0 { 18.0 .985 180D 0AC | 10000 boo md; 35°
TITAN IDC I
SHUTTLE (57000 LB TO REUSABLE | (3.0) | (+.0)} 3.0 | .90 1800 x 720) 0a0 | 30000 | Loo md; 35°
100 NM; 28,5°) 4

REUSABLE | (3.0) | (%.0)| 3.0 .990 180D x 720 SRS 5000 300 M 82°
SHUTTLE (72200 LB TO REUSABLE | (3.3) | (4.7)| 3.7 .970 180D MARS 9000 MARS INJECT f
100-W; 28.5°)/ ORB. :
SPACE TUG REUSABLE | (3.3) | (h.7)| 3.7 970 180D ERS 2100 SYNC. EQ. R.T.

¥Average user's cost

Fig. 3-5

1 nm = 1.852 km
1 1b = 0.4536 kg
1 in. = 0.0254 m

SELECTED LAUNCH VEHICLE/UPPER STAGE

CAPABTLITY/RELIABILITY/COST

96G066Y- DS
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3.2 INTITAT, BASELINWE PAYLOAD DATA

This section summarizes the sources of the baseline payload data and provides
overall and subsystem descriptiogs of the three initial baseline payloads, the
Orbiting Astronomical Observatory (OAO-B), the Imunar Orbiter, and the Small Re-
search Satellite (SRS). Tncluded in this section are the apportionments of
cost, weight and reliabiliby for each payload by subsystem.

3.2.1 Payload Data Acquisition

Data on the baseline spacecraft, OAO-B, Lunar Orbiter and Small Research Satel-
lite were obtained from sources as described below. After analysis of the data
and aliocation according to the standard study format, the data was resibmitted
to the original source for review and comment. A summary of baseline payload

and alternate derivabives is provided in Fig. 3-6.

OA0-B - The Goddard Space Flight Center (GSFC) through the Program Director of
the QAO program provided LM3C with detailed historical cost and design data on
the QA0 program from its inception. Also, GSFC cooperated in interpretation
of the detailed data. In addition, GSFC provided the results of the OAO/LST
Shuttle Economics Study performed by the Grumman Aerospace Corporation.

Lunar-0rbiter - The Boeing Company provided all pertinent design and cost data

generated during the conduct of the Lunar Orbiter program for NASA Tangley Re-
search Center (LaRC) under Contract NAS 1-3800. These included comprehensive
design data, including 38 technical reports, specifications, plansg, manuals,
and flight test results. Program cost data were provided in the form of the
Final Contractor Finaneial Management Report (NASA Form.533).‘ A

SRS -~ Design and cost data were provided to the study directly by the LMSC Pro-
gram E-11 management and engineering personnel. Direct assisbance on the tech-
nical details of the Small Research Satellite, its cost and schedule, were pro-
‘vided by the Chief Engineer of the program. As this is an IMSC developed

-

3~16'
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L1-E"

QFY. TO

APPRCX .,

PAYLOAD W .(1B) A\

BAYLOAD PERFORM| o ool | MISSION BT TERMINAL BASIC
MISSION DURATTON CHARACT . VEHTCLE QRBTT SPACE- | EXPERT TOT AL, MISSION
OBJECE, VEL , (FPS) CRAFT | MENTS OBJECTIVE
080 (B) *° 1 12 wos. 26,650 SLV-3C/Cenbavy | 40O M4; 35° 388l 9671 L4811 Stellar UV
P=100 mins Wp=66 ' Wp=66 Astronomy
LUNAR ORBITER 5 Translunar 35,520 SLV-3A/ Agena, 998 M x T02 148 850 Hi~Resclution
(Ref. only) + 30 days ok 1M W_=277 W =279 | Apollo Sites +
P=3.5 hrs P P Photo Atlas
SYNC. EQ. L 12 mos., 33,650 SLV-34/Agena 19320 INM; 1435 2261 1661 Hi-Resolution
ERS (Used in (XFER) o° W =884 W_ =884 ER Imaging +
Parametric 39,500 P=2L hrs ? ® Lo-Res .Phenomena
Analysis only) (Total)
MARS 5 218 days 37,400 SLV-3C/Centaur | 7330 MM x 1582 279| 1861 Photo Atlas,
ORBIIER TransMars 110 MM W_=520 W_=920 Hi-Resol Sel,
A + 120 days P=8 hrs P P Areas + Secondary
_ IR/UV
SRS . 1 6 mos. 27,390 SLV-3A/Agena A\ 300 M5 82° | 202 49! 251 { Tonospheric
Thorad/Agena P=96 mins ) WP= 29 WP=29 Measurements
1 SRS launched as secondary psyload on aft-rack of Agena. 1 fps = 0.3048 m/ sec
.o 1 nm = 1.852 km
2
\ 1971 Mars Mission 1 1b = 0.4356 kg
3 Bpacecraft and Total numbers include the propellant weight and expendables (NE) weight;

designated "Wp“

Fig. 3-6

BASELINE PAYLOAD MISSION CHARACTERISTICS
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satellite, and several of the engineers that had participated in the SRS devel-
opment are members of the study team, there were no problems related to acqui-
sition or interpretation of the spacecraft details. BSince most of the experi-
ments flown during the 22 flights of the SRS were classified, a representative
experiment package, suitably sized and priced, was selected for the SRS payload.
This was the HIGLO experiment package, developed by LMSC for DoD for the OV-1
program. Concurrence on this substitution as a typical set of Space Physics
experiments was obtained from Physics and Agtronomy Programs, Office of Space

Sciences and Applications. Descriptions of the HIGLO experiments are included.

3.2.2 Orbiting Astronomical Observatory (OAO-B) Baseline Data

3.2.2.1 General Description. The OAQ is an unmanned astronomy satellite de-

signed to gather scientific data from stellar sources from a circular earth
orbit of 390 to 417 mm (718 to 768 km) with an inclination of 35° +1°. Tt is
also capable of operating in an elliptical orbit, perigee 348 (64L) and apogee
of 520 nm (958 km). In agreement with NASA/Goddard, the OAO.B version of the
series was selected as most representative of the stellar astronomical tele-
scopes and most readily extrapolatable to the future large space telescopes of

the 2-meter and 3-meber size.

The baseline OAO-B presents an octagonal cross-section body configuration with
two large fixed (deployable) multi-panel vectangular solar arrays and with a
protective sunbaffle protruding along the telescope line-of-sight approximately
76 in. (1.9 m) beyond the payload body length of 118 in. (3 m). The 38 in.

(1 m) diameter telescope is mounted within a U48-in. (1.2 m) diameter cavivy
within the payload body. ZFigure 3-7 contains an illustration of the payload

asgsembly and a listing of its primary characteristies.

3.2.2.2 Mission Descripbtion. The mission of the OAO-B comprises operation in

earth orbit for a minimum of one year, pointing to a variety of stellar targets,
and collecting and transmitting to earth high-resolution spectral data in the

ultra~-violet region of the spectrum.
3-18
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TELESCOPE LINE OF SIGHT ~ MISSION: STELLAR UV ASTRONOMY

N EXPERTMENT S

38 TN, APERTURE CASSECRAIN TELESCOPE FOR
WAVELENGTHS 1100 2 T0 4ooo R

LIMITING STAR MAGNITUDE - 1k

POINTTING ACCURACY - 1 ARC SEC RMS

CHARACTERISTICS:
WEIGHT: SPACECRAFT: 3884 LB
EXPERTIMENT: 067
TOTATL 4811
\, - - DIMENSTONS:

.~ BASTIC 80 IN. ACROSS FLATS

. SPACECRAFT: x 118 INCHES
STOWED 89 IN. x 91 IN, (OVER

' PACKAGE: SOLAR ARRAYS) x 19k IN.

?  DEFLOYED 255 IN, OVER SOLAR

: PACKAGE: ARRAYS; 190 IN, OVER
p BOOMS

ORBIT: k00 MM x 35°

ACTTVE LIFETIME: 12 MONTHS
CONTRACTOR: GRUMMAN (SPACECRAFT)
CUSTOMER: NASA/GODDARD

LAUNCH VEHICLE: ATLAS/CENTAUR

COST: $212 MILLION PROGRAM COST, INCLUDING
$36 MOLLION FOR ONE FLIGHT ARTTCLE

ANVJIWOD 3BDVdS ® S3NUSSIN AIIHMNOO

v 80 '
' _— (Across Flats) 1 in. = 2.54 em
1 nm = 1.852 km
11lb = 0.1536 kg

Fig. 3-7 ORBITING ASTRONWOMICAL OBSERVATORY

GESOGOY-Dew'T
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The sources and data are grauped as follows:

¢ Peculiar Stars ~ Time-dependent photometry of stars such as Beta Canis

Majoris, T Tauri, and Wolf-Rayet.,

o Normal Stars - Determination of energy distributed in the continuum,

blanketing effects, and identification and intensities of strong

emission lines.

& Nebular and Intersiellar Media - Data on law of reddening, UV radia-

tion field, and spectra of emission and reflection nebulae.

6 Galaxies and Tntergalactic Media - Data on speectral energy distribution

of nearby galactic systems, and magnitude sud intensity of Lyman-alpha
red shift.

3.2.2.3 Subsystem Description. The subsystems of the OAO-B are:

Adapter - The baseline OAO-B is launched into orbit by an Atlas SLV-3C/Centaur.
Phe CAO-B ig mounted atop a Centaur/Payload Adapter; there are eight protruding
fittings on the aft end of the payload, each of these mating with a forward ring
on the adapter. A V-Band clamp ring secures the payload fittings to the adapter
until pyrotechnic-actuated devices separate the clamp and allows separation of
the QAO-B., A protective exit fairing covers the payload during launch and a
portion of the ascent; the fairing is jettisoned prior to the aforementioned
separation of the OAO-B from the Centavr. For purposes of this study, the exit
fairing was considered part of the launch vehicle system; the adapter and sepa-

ration clamp were considered part of the bageline payload system. .

Experiments - The experiments comprise a telescope-spectrometer haviné the

following characteristics:
3

Aperture: 38 in. (0.965 m)

Spectral Range: 1100 +to k267 A

Resolution: 2, 8, 64 &
"3-20
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Field Size: 5 miﬁ x 1l nﬁ&k
5 min x 10 sec
5 min x 40 sec

Pointing Accuracy: 1 sec
Data oubpub: digital

The experiment optical system employs a Cassegrain telescope with a large-

aperture spectrometer. DPriuneipal elements are a primary mirror, a secondary
mirror, spectrometer mirror, and diffraction grating. The experiment elec-

tronics system comprises an analog electronics assembly, seven detectors, and
associated digital conversion elecbronies. B5ix UV detectors measure speciral
energy and generate date in a train of asynchronous pulses {counted by a daba
accumulgtor in the digital electronics package). A seventh detector acquires
data in the wvisible spectral range for correlating UV intensity and star mag-

nitude.

Effective use of the experiment reguires fine guidance within 1 4o 2 secs of
accuracy. The experiment package contains a fine-control error sensor which
generates a star-presence signal indicating that a star has been acquired and
allows transmission of error signals and ge) provides signals to ground on star

presence, star magnitude, and error-monitoring signal.

Structureg and Mechanisms - The baseline structure is an octagonal box, sub-

divided into 6 longitudinal segments and into 8 peripheral segments; a total

of 48 equipment compartments surrounding a cenbral 48 in. (1.2 m) diameter cyl-
indrical cavity in which the telescope is installed. A separate angle-cutoff
cylindrical sun shield is installed on the open telescope end. A "blow-off"

1id covers the open end of the shield until jettison is commanded. An auxiliary

semi-cylinder sunshleld sun-protects the boresight star tracker.

Mechanisms include extendable balance booms and latches and extension mechan-

isms for the solar arrays.

3-21
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Electrical Power Subsystem - The baseline subsysitem consists of fixed-position

arrays, nickel-cadmium batteries, énd the power control, conversion, and dis-
tribution elements. A sun bathing capability is provided for orientation of

the solar arrays to obtain high-energy input from the sun.

Guidance and Navigabion (Stebilizabion and Control) Subsystem - The baseline

subsystem stabilizes the OAO-B following separation from the Centaur, orients
the payload to the attitudes required by the mission, and maintains the payload
in precise pointing mode during the stellar-sighting periods. The GNS&C sub-
system includes both coarse and fine-pointing equipment, the latter being
switeched on aubomatically or by ground command when the polnting error settles
o within = 2 min of arc. A boresight tracker, aligned parallel to the tele-
scope optical axis, can be commanded to produce aiming offsets in inecrements

of 15 seec up to £ 15 min of are from the target star (5th magnitude or brighter)

or in 1 min increments up to £ 1.5 deg from Ltargel star sighting line.
The principal elements of the S&C subsystem are: Three coarse and three fine
momentum wheels and associated electronics; six sbar trackers; magnetic unleoad-

ing eqguipment; an inertial reference unit; and integrating control electronies.

Attitude Control Subsystem -~ The baseline subsystem includes a primary and a

secondary gaseous nitrogen system. ZEach consists of Gﬂé tankage, plumbing and
valves, and cold-gas thrusters. Control signals for on-off pulsing are pro-
vided by the GNS&C subsysten.

Commmnications, Data Processing, and Instrumentation (CDP&T) Subsystem - The

baseline subsystem provides the following functions: (1) GCround command link
for the spacecraft and the experiment package; (2) Telemetry ground links for
wide and narrow band data transmission; (3) Tracking beacon for SPADAN networlk;
(4) Programming of spacecraft equipment, decoding and execution of spacecraft
and experiment commands, and gathering and storage of spaceccaflt and experiment
status data; (5) Measurement of spacecraft status data. The frequencies used

ares

3-22

LOCKHEED MISSILES & ‘SPACE COMPANY



IMSC-A990556

Command 1hg.52 MHz

Wide Band Data 400 MHz
Narrow Band Data 136 MHz
Tracking Beacon 136 MHz

Multiple units are provided in redundant arrangement for the eritical operating
functions: four command receivers, two beacon transmitters, and two telemetry

transmitters.

Environmental Control Subsystem - The baseline subsystem includes two basic

types of hardware:

Passive Thermal Control

& TInsulation
® Radiation coabings
¢ Conductive materials

Semi~Active Thermal Conbrol

e Louvers
& Heabters
® Thernostats

The louvers are used in the high-heat-producing equipment compartments.

3.2.2.4%4 TInitial QAO-B Baseline Cost Estimate. The source for OAO-B cost data
was the NASA Goddard Space Flight Center (GSFC) at Greenbelt, Meryland. Since

the cost data were not in a pure form for this particular spacecraft, a method-

ology for isolating the OAD-B costs from the QA0 series was esteblished and
agreed upon by the LMSC and the Goddard cost analysts.

To establish a reasonable OAO-B spacecraft repeat-flight cost, the repeat cost
guoted by GSFC for OAO-C was used, less any one-time costs for the 'C! config-
vration (including an IMSC estimate of one-time thermal analysis). Since the

Goddard subsystem breakdown differed slightly from the study subsystem format,
some costs were reallocated uwtilizing the component backup cost data supplied

by Goddard.
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In addition, the cost of the OAO-B experiment package was allocated among one-
time costs (ineluding prototype), repeat unit costs, and operstions costs {pri-
marily dats reduction and a.nalysis) . This allocation was based on ratios de-
rived from LMSC interpretation of the Smithsonian Astrophysical Observatory
(SA0)}, Wisconsin Fxperiment Package (WEP), and Princeton experiment cost break-

downs.

To approximate the magnitude of O0A0 spacecraft research and development needed
to attain an OAO-B level of capability, the GSFC-supplied total spacecraft
costs through OAO-A-2 were added to the one~time costs for the B configuration
(quoted OA0-B cost less the repeat cost derived sbove), and then reduced by
the estimated costs of OA0-A-1 and A-2 flight articles and adjusted to a 1970
dollar base. Costs through OAO-A-1 were adjusted from a 1962-66 base, costs
for A-2 from a 1967-68 base, and costs for B from a 1969 base.

The operations costs derived by LMSC include lauwnch operations and services
(functional tests, mating, ete.), flight operations and services (OCC team op-

eration and software support), and traeking/data acquisition net operations.

The QAO-B costs were sgubjected to a further allocation of costs to individuél
subsystems, This step consisted of prorating certain of the costs that appeared
amenable to further allocation, particularly Spacecraft Integration and Test,
GOE/GSE, and Operations costs. In making these allocations best judgment was
used as to the relative magnitude of these cost elements in relation to the
individunal subsystems. The results of this allocation, adjusted to 1970 dol-
lars, are reflected in the fingl OAO-B Baseline Cost Summary, Fig. 3-8,

All costs were reassessed subsequently and a bobtom-up cost estimate for the
program was made. Relatively good correlabion was found. The costs for the

"Recosted Baseline" are shown in Section 6.3.

3-2k

LOCKHEED MISSILES & SPACE COMPANY



T
ANVAWOD FADVdHS ®. SFTSSIN d3IHADON

PAYLOAD:

0A0~B BASELINE

( ¢ IN THOUSANDS )

MISSION:

EARTH_QRBIT

- 1970 §

RECURRING COSTS TOTAL
NON - RECURRING COSTS HARDVARE | OPERATTIONS || PROGRAM
s/c 1N?.] PROC. AVE. AVE. CosT

SUBSYSTEM DEVEL.| GSE & TEST | MGM'T.| TOTAL §QTY{ UNIT | TOTAL | UNIT | TOTAL
PAYLOAD ASSY. AND % ¢ $ $ b

INTEGRATION 500 100 - - 600; 1 150 100 850
EXPERIMENTS AND MISSION | i

PECULIAR EQUIPMENT 8717 - - - 87174 1_1 7800 |__2200 18,717
STRUGTURES AND $

MECHANI SMS 5356 438 3250 - 90444 1 | 5100 20 14,16/,
ELECTRICAL AND |

PYROTECHNICS 14568 730 1785 - 17083} 1 | 2900 550 20,533
GUIDANCE, NAVIGATION,
STABIL., AND CONTROL 65849 6520 6100 - 784691 1 | 11700 3900 9%, ,069
PROPULSION AND
ATTITUDE CONTROL 2245 730 300 ~ 32758 1 300 200 3,775
TELEMETRY, TRACKING,

AND COMMAND 33063 4460 3300 - 408231 1 4600 2800 48,223
ENVIRONMENTAL CONTROL 5299 146 600 - 60458 1 | 1000 550 7,595
SUB ALLOCATED | 135597 | 13124 15335 - 164056 1 | 33550 10320 | 207,926
TOTAL '

NON-ALLOCATEDI $ «
TO SUBSYSTEM | 500 853 1353{ 1 | 2600 900 _ 4,853
PAYLOAD TOTAL f 136097 | 13124 15335 | $853 1654091 1 | 36150 11220 | 212,779

¥ Program Management

Fig. 3-8 Initial Program Cost Apportionment ~ OAO-B
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3.2.2.5 OAO Weight and Reliability. The summary of subsystem, payload, and

payload system weights and reliabilities for the baseline OAC-B are tabulated
in Fig. 3-9. The 4,811 1b (2,187 kg) (inecluding 66 1b [30 kg] of expendable
Né) is the total weight of the payload as it is placed into orbit by the Cen-
taur upper stage. The 0.609 reliability is the probability that the OAO-B will

perform its mission for one year in orbit without catastrophiec failure.

The reliability data on the 0AQ-B were not available from NASA/Goddard in the
data package provided to TLMSC, Using the weight statement on the 0AO-B and
historical data on similar hardware, LMSC created a detailed listing of weights
and estimated reliabilities for the components of the subsystems. This list .

was coordinated with NASA/Goddard and their comments have been incorporated.

3.2.3 ZLunar Orbiter Baseline Data

3.2.3.1 General Description. The Lunar spacecraft was developed for NASA

Langley Research Center by the Boeing Company under Contract NAS 1-3800. The
program initiated in 1964, had the objectives of providing high-resolution
photography (< 1 meter) of potential Apollo landing sites and a medium resolu-
tion photo atlas of the moon. A total of five successful spacecraft missions
in five attempts were completed during 1966 and 1967; all program objectives
were accomplished. The Lunar Orbiter is of particular interest in exemining
minimom cost design approaches as the design was severely constrained in weight
by the capability of the launch vehicle and by direction to utilize availéble
systems and components in order to expedite the development phase. Weight re-
strictions forced costs upwards by dictating such-weight reduction technigques
as use of chem-milled titanium tanks, the extensive use of beryllium and a

total redesign of an existing photographic subsystem.

The Lunar Orbiter spacecraft weighed 850 1b (386 kg), including expendable
propellants, when separated from its launch vehicle, the Atlas SLV-3A/Agena.
The following paragraphs describe the baseline Lunar Orbiter spacecrafi sub-
systems, and the general configuration of Iwunar Orbiter and spacecraft feabures

are shown in Fig. 3-10.
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}=z=¢

PAYLOAD
SYSTEM

. = 4002 LB *¥
REL ,= .607

|

ADAPTER PAYI.0AD
WI. = 0L LB Wr, = 4811 LB¥*
REL, = ,998 REL, = .609
SPACECRAFT EXPERTMENT S
WT. = 388L 1B** WP, = 967 LB
REL .= 648 REL .= 940
STRUCTURES & PROPULSION & GUIDANCE, NAVIG.,] | T/M, TRACKING, & ELECTRICAL & ENVIRONMENTAL
MECHANTSMS ATTITUDE CONTROL & CONTROL COMMUNICATIONS PYROTECHNICS CONTROL
WP, = 1141 LB WE., = 199 LB¥** WP, = 716 LB WI. = 456 1B WL, = 1232 LB WL, = 100 LB
REL, = .998 REL, = .998 REL, = ,8h2 REL, = .868 REL, = ,890 REL, = .999

% Hardware comprises V-band Separation Clamp (16 1b) and OAO/Centaur Adapter Cone (75 1b).
Reliability product includes these functional elements plus the exit falring jettison fTunction.

¥% Includes 66 1b of N, expendable.

1 1b = 0.k536 kg

Fig. 3-9 Reliability & Weight Apportionment - Bageline OAO-B
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MISSTON:

FRIMARY - HIGH-RESOLUTION PHOTOGRAPHY OF
APOLLO LANDTNG STITES

SECONDARY ~ PROVIDE PHOTOGRAPHS FOR
TUNAR ATLAS

- MEASURE MOON'S GRAVITATIONAL
FIELDS

HIGH-BESCLUTION CAMERA

MEDTUM-RESCLUTION WIDE-ANGLE
CAMERA

ON-BOARD FILM PROCESSOR
CHARACTERISTICS:
WEIGHL: 850 1B

DIMENSIONS: 5 FF DIA. x 5.5 FT LONG (STOWED)
18 FT OVER AWTENNAS
12.2 FT OVER EXTENDED
SOLAR ARRAYS

INITTAL 110 x 1000 NM LOWERING TO
ORBIT: 25 MM FPERILUNE (3.5 HR PERIOD)

ACTIVE 30 DAYS
LIFETIME:

CONTRACTOR:

EXPERTMENTS:

BOEING COMPANY {ASSOCIATES AND
SUBS: KODAK, RCA, GENERAL
DYNAMICS, TMSC)

CUSTOMER:  NASA/LAWGLEY
LAUNCH VEHICLE: ATLAS (SLV-3A)/AGENA

COST; $150 MITLION (AFFROX,)
SPACECRATY & GSE FOR 5 FLIGHT
ARTICLES + 3 GROUND TEST ART,

Fig, 3-10 LUNAR ORBITER SPACECRAFT
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3.2.3.2 Misgion Description - The primary objective of the Lunar Orbiter mis-

sion was to obtain high resclution photography of the prospective Apollo manned
lunar landing sites., The secondary mission objective was to wrovide photograph-
ic data of the entire lumar surface to be used in preparing a detailed lunar

atlag. A description of the lunar orbit mission sequence is as follows:

Following injgection into translunar orbit and launch vehicle separation, the
spacecraft is oriented to the sun and solar arrays and antennas are extended.
After DSIF megsurement of injection errors, s mideourse maneuver is commanded
and execuved., Upon lunar arrival, the spacecraft is ccmmanded to reorient and
brake into an initial orbit with apolune altitude of 998 nm (1810 km) and ec-
centricity 0.287. After tracking and determining the orbit elements, perilune
is lowered to 24 nm (4.4 km) by propulsive braking and the final lunar orbit
with a period of 3.47 hrs and eccentricity of 0.336 is attained. During coast
operation the spacecraft i1s oriented with the roll axis pointed at the sun for
maximum solar ineidence angle. For photo operations, the spacecraft is re-
oriented with the camers axis pointed at the area of interest. A V/H sensor
measures drift and commands TMC and yaw. TPhotography commences upon command.
The medium resolution camera photographs an area of 31.6 by 37.4 km and, sim-
ultaneously, the high resolubion camers phobtographs an area of 16.6 by 4,15 xm
with the same center point. The exposed film passes through a processor dryer
whare it meets Bimat web that provides development and fixing chemicals. The
£ilm is dried and stored on a readoubt looper. Processing time is about 5 min
per complete frame. Film passes next through the readout scanner and is stored
on the takeup reel. After completion of all photography, ‘the Bimat web is cub
and the film is rerun through the scanner for readout.

3.2.3.3 Subsystem Descriptions. The principal subsystems comprising the Lunar

Orbit baseline payload are as follcws:

Adapter - The spacecraft lower (equipment mounting) deck is attached to the
launch vehicle payload adapter by a V-band clamp. During ascent, the payload
is protected by an aerodynamic fairing. Upon final burnout, the Agena commands
pyrotechnics to fire and open the V-band clamp. =Separation is effected by

springs.
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Experiments - The primary experiment is the Bastman-Kodak Photographic payload.
This camera system, developed from an earlier operational system, is housed in
& pressurized, temperature controlled housing. The system includes a dual lens
camera with high and medium resolution lenses, image motion compensation con-
trolled by a V/H sensor (which also controls spacecraft yaw during photography),
a Bimat pProcessor dryer, an optical-mechanicel scanner with video readout, Bi-
mat and film, and film transport. The system is capable of imaging a tokal of
19k frames of both high (1 m) and medium resclution photography. Secondary ex-

periments inelude micrometeorite detectors and radiation monitors.

Structure and Mechanisms - The structure consists of the equipment mounting

deck, tank deck and engine decks supported by trusses and arches. During as-
cent, solar arrays and antenna booms are folded: following separation, they

are deployed.

Electrical Power Subsystem - Primary power is provided by four solar panels of
.of 13.1 ft2 (L.2 m?) each which provide 87.5 watts each. A secondary NiCad
battery provides power during solar occultation. Regulators and contrcllers

protect the spacecraft and the electrical subsystem from fluctuations, and the
battery from overcharge.

Guidance and Navigation (Stabilization and Control) Subsystem - Spacecraft at-

titude reference is provided by a Canopus sbtar tracker and sun sensors. An
inertial reference unit maintains control when these references are furnished
to the Attitude Control and Propulsion subsystems. The S%C subsystem includes
the Flight Control Electronies Unit which sets deadband gains, conditions and
routes signals. The subsystem includes a digital programmer which stores pre-
commanded sequenées and operations which are executed by time. Commands in-

clude attibude changes, velocity changes, camera oﬁeration and data readout.

Propulsion and Attitude Control - Velocity control is provided by a 100 1bf.
(445 newtons thrust) liquid bipropellant (Néoh/Aerozine 50), hypergolicly ig-
nited, pressure fed.engine. DPropellants are stored in tanks mounted below the

engine and are provided Fo the engine upon command by N, pressurized 51adders.

2
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Valves and regulators are provided to control pressurant flow and isolate the
system from:the attitude control subsystem which uses the same N, supply. Dur-
ing engine Tiring, piteh and yaw control are provided by ginmballing the engine,
The system is capable of providing a total of 978‘m/sec for midcourse correc-
tion, lunar orbit injection and o?bit adjustment. The spacecraft is-three—axis
stabilized by-NE reacbion thrusters during coast and orbit operations. The ab-
titude control subsystem also provides roll control during engine firing. An
N, tenk stores 14.7 1b (6.7 kxg) of dry N, which is regulated to 20 psi (13.790
newtons/mz) and is provided to the thrusters upon command of the G&N subsystem.

Communications, Datba Procegging, and Instrumentation Subsystem - The CDP&I sub-

system consists of two major packages. Package A, developed by RCA, ineludes
the high gain antenna for video date transmission, an antenna peointing control
unit, a modulation selector which selects the data mode, s command decoder and
transponderifor providing tracking data and receiving commands from earth, and
a 10 wakt tfaveling wave tube amplifier for amplifying video dsta for trans-

mission.

Package B includes a low gain antenna for stabus data transmission, a PCM tele-

metry multiplexer/encoder, signal conditioners and transducers.

Enviroonmental Control Subsystem - The spacecraft is enclosed in a mylar ther-

mal barrier with a port for the Canopus Star Tracker and a.camera thermal door.
The engine deck is isolated from the spacecraft interior by an insulated heatb
shield. The Equipment Mounting Deck (EMD), which is normally oriented towards
the sun, has a high emittance coating. Tank heaters are provided. The Photo-
grephic Subsystem has its own envirommental control and radiates excess heat
to the EMD radi%ting surface.

oo :
A major cost element of the Lmumnar Orbiter program was for the ground operations
qqpibment and support. An extensive ground data receiving and recording system
ﬁéé installed iﬁ the NASA Space Flight Operations Center (SFOF) and the Deep
Space Instrumentation Pacility (DSIF) for handling recejved;pho?o data ané for
commanding and controlling the spacecraft.
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3.2.3.4 Lunar Orbiter Cost Data - The Lunar Orbiter historical cost data were

compiled from NASA‘#533 forms obtained from The Boeing Company, which included
the complete costs for the Boeing portion of the Lunar Orbiter effort as well
a8 the Eastman Kodak subecontract for the photo subsystem and the RCA work in
the power snd CDPI areas. The Lockheed costs associabed with the Lunar Orbiter
adapters, which were GFE to Boeing, were obtained from the IMSC accounting

records.

The NASA #533 form data does not provide a split of non-recurring and recurring
costs; costs are accumilated under categories of engineering, production, de-
velopmental, ete., labor, material, purchased parts, and overhead type accounts.
The split of RDT&E and unit hardware costs was performed by IMSC. The data pro-
vided a cost breakdown by major components, subsystems, and support categories,

and the contrachor responsible for the portion of work.

The apportionmen% of Bastman Kodak (EKC) effort was guided by percentages of
non-recurring and recurring costs by major cost cabtegory such as payload hard-
ware, GSE, SIE & Tooling, and Program Management supplied by Fastman Kodak.
EKC also advised on the allocation of operating costs and elimination from the
totals of most of the additional $2.0M EKC subcontract, which was primarily
Tor additional coples of the lunar surface photographs and not part of the
original mission costs. The operating costs for this subsystem are quite high
due to the ground support effort required in terms of equipment lease and per-

sénnel for the photo transmission operations,

The Boeing and RCA Lunar Orbiter costs were apportioned into recurring and non-
recurring categories using in-house subsystem CERs as a gulde to expected tobal
subsystem cost magnitude. The actual apportionment of non-recurring and re-
curring costs was done by subsystem and component by allocabing such categor-
ies ‘as de%elopmental effort and tooling to RUI&E. The purchased parts and
production costs Wefé charged to recurring cost. The engineering and QA were
split using judgment and knowledge of the type of effort involved in the par-
ticular subsystem devélopment or procurement. The gverhead accounts Were‘al-
located in approximate proportion to the non~recurring/recurring gplit obtaiqed

from above allocations.
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The gsubecontractors fees were included in the iunar Orbiter baseline costs, but
the Boeing and Lockheed fees are excluded to mainbtain consistency with other
payload data in this study.

The apportioned major component costs wers then summarized into subsystems in
accordance with the Payload Effects Study subsystem breskdown. The remaining
non-subsystem associated non-recurrihg costs such as test program, sustaining
engineering, and integration costs were prorated to esach subsystem based on
the magnitude of cost in the subsystem and tabulated under the S/C Integration
and Test cabegory in Fig. 3-11. This category also includes costs already
identified by subsystem in addition to the prorated costs. The GSE cost was
identified in all but the Guidance, Propulsion, and Structures subsystems.
Thus, these include prorated GSE costs. The Program Management cabegory in-
cludes identifisble costs from the subcontractor’s, as well as prorated Boeing

program management by subsystem.

The RDT&E unallocated costs consist of migsion compubter programs, launch oper-
ations and flight operations planning, and miscellaneous small categories which

were not allocated by subsystem.

The recurring hardware costs include allocated program management cost on basis

of subsystem hardware cost.

The operations costs were built up by subsystem from identifiable subcontrac-
tor's cost categories and the allocation of logistics, launch operations, flight
operabions, program management, and sustaining engineering on basis of subsys-
tem unit hardware cosis., The ungllocated operations costs include mission com-

puter programs and miscellanecus support costs which were not allocated.
The apportioned Lunar Orbiter costs were checked for completeness and converted

to the 1970 dollar base. The apportioned Lunar Orbiter cost data in 1970 dol-

lars are shoyn in Fig. 3-11., .
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PAYLOAD:

TLUNAR ORBITER - BASELINE {REFERENCE)

MISSION:

($ IN THOUSANDS) - 1970 $

LUNAR ORBIT

N

COST RECURRING CCSTS
CATEGORY NON-RECURELNG COSTS {ARDWARE OPERATIONS TOTAL
pEvEL.] gsm | S/C TN} PROG.L qopar dord AVEL A gonar | AVE. L qopgy, PﬁgggﬁM
SUBSYSTEM ’ & TEST MGME . UNTT UNTIT
PAYLOAD ASSY. (1)
AND INTEGRATION H466L.7 - 939,1 145.6] 57464 51 480.5 | 2402.8 | 540.6 | 2702.8 10,852.0
EXPERIMENTS & MISSION
PECULIAR EQUIPMENT 24979.3] 7451.1| b148.6 12139.9; 38718.9 5 look8.3 1o2h1,3 60,3 | 7301.8 56,262.0
STRUCTURES AND (2) .
MECHANTSMS 2578.91  921.7]_2087,7 | 207.91 5796.2 5 1318.0 | 6560.0 { 294.9 | 1474.5 13,860.7
ELECTRICAL AND
PYROTECHNTES 431kl 1708.4 2039.9 |1539.1] 9601.6 511262.6 | 6313.1 | 613.0 | 3065.1 ‘ 18,979.8
GUIDANCE, NAVIGATION,
STABILIZATION & COWD, | 3605.9) Lhog.z2l Loogo.h £65,7) 1297L.2 5 12393,2 11.966.1 § 872.7 | 4363.3 23,300.6
PROPULSION 2148.51 1634.0] 2034.0 314.6] 6131.1 51 789.0 | 3945.0 | 289.6 | 1u47.8 11,523.9
ATTITUDE CONTROL 560.5] Lo8. 508.5 79.8 1557.2 51 115.4 bo,5 1 212,5 2,346.6
TELEMETRY, TRACKING
AND COMMAND 8191.8] g752.81 2767.9 116L2.31 22354.8 2151,3 10756.,71965.1 | 482s.7 37,937.2
ENVIRONMENTAL
CONTROL 55.0 - 45.0 5.0 105.0 51 16.5 5.0 25.0 i 212.5
SUB - ALTLOCATED 51095.81 26285.6{18861.1  16739.9| 102982.4 5 L0574 .8 5287h .4 5083.7)25418.5 181,275.3
TOTALS NON-ALLOCATED ”
_| TO SUBSYSTEM 4087.7 - - - 4o87.7 | 5| 203.6 1017.4 670.1] 3350.6 9,355.9
IPAYLOAD TOTAL (3) 56083.51 26285.6]18861.1 |6739.9]107970.1 5 [10778.Y 53892.¢ 5753.8}28769.1 190,631.2

(1) INCLUDES COSTS OF SHROUD & ADAPTER
(2) INCLUDES SPACECRAFT ASSY. & INTEGRATION COSTS
{3) EXCLUDES FEE AND NASA PROGRAM MANAGEMENT

Fig. 3-11

PROGRAM COST APPORTIONMENT -~ LUNAR ORBITER (LUNAR ORBIT MISSION)
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3.2.3.5 Lunar Orbiter Weight and Relisbiliby Data. The Boeing Company reli

bility numbers for the prineipal components and subsystems of the Iunar Orbi

were carefully analyzed and are summarized in Fig. 3-12.

3.2.41 Small Research Satellite {SRS) Baseline Data

© 3.2.4.1 General Description. The Small Research Satellite (SRS) was develc
by LMSC as a subsatellite %o be orbitally launched by the Agena spacecraft.

The SRS was created during several classified contracts to satisfy a need of
secondary experimenters whose requirements were limited by those imposed by
the primary host carrier spacecraft, As a separable autonomous subsabtellibe
it can operate totally independent of the host offering the experimenter conm
plete freedom of operation. The sole restrictions that are imposed upon the
spacecraft by the host vehicle are that it must constrain itself to the weig
and volume envelope provided by the host and that it will not interfere with
or endsnger the primary carrier. In size, weight, capability, cost, and cop
plexity it is quite similar to several small NASA satellites such as Explore
and Pioneer and its primary experiments have fallen into the generic classi-
fication of Space FPhysics and Applications. The maximum weight permissible,
including optional equipment, experiments and launch vehicle interface equi)
ment is 200 1bs (182 kg). Designs for using SRS as the primary dedicated pe
load for the Delta and Scout launch vehicles have been provided by IMSC to 1

The baseline spacecraft is shown in Fig. 3-13. -

3.2.4,2 Mission Description. The 22 SRS flights to date have been in pola
orbit. For the baseline mission a polar orbit at 300 mm {552 km) was seleci

This orbit is consistent with the requirements of the selected Space Fhysie:
experiment {HIGLO) and with the nominal requirement of 6 month's flight dux:

tion. A typical program of 2 years' continuous observation is planned.

3.2.4,3 Subsystem Description. The SRS subsystems for the accomplishment «

the HIGLO mission are summarized below:
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PAYIOAD
SYSTEM
WPe = 1,473
REL, = 0,721
. BASELINE
ADAPTER LUNAR ORBITER
Wre = 623% WT, = 850 *#
REL, = 0,990 04729
SPACECRAFT | EXPERIMENTS
WPe = 702.54%% WT, = 147.5
REL. = 0.8100 REL, = 0.,8994
STRUCTURES & PROPULSION & GUIDANCE & I/M, TRACKING & ELECTRICAL ENVIRONMENTAL
MECHANISMS ATTUTUDE CONTROL NAVIGATTON COMMAND
WL, = 125 WE. = 361,70 #* | [ WD, = 55,30 WI, = 5442 W, = 100,89
REL, = 0.9960 REL, = 0.9866 REL. = 0,8819 REL, = 0,9453 REL, = 0.9900

¥ Tnecludes Adaphber which remains with the injection stage.

*¥ Tncludes Propellants, Residuals and Gases equal to 277.43 1bs.

1 1b - 0.L4536 kg

Fig. 3-12 Baseline Tunar Orbiter (Lunar Orbit Mission) - Reliability & Weight

Apportionnent
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LE-E

Fﬁ"""‘""—"BhoS x 31&.5 ——oe

MISSION: SUB-SATELLITE LAUNCHED FROM AGENA SPACE-
CRAFT INTO AN INDEPENDENI ORBIT, USING
INTEGRAL PROFULSION,

BASIC SPACE RESEARCH EXFERIMENT CARRIER,

ALTERNATE APPLICATION AS ENGINEERING EX-

PERTMENT CARRTFR FOR COMMUNICATTIONS AND
. PROPULSION EXFPERIMENTS.,

\ EXPERT - :
: T MENTS: HIGLO, see Fig. 3-14
4 o |
iz “ ;
! 73 3 i :
e t i * CHARACTERISTICS:
il e %E}- ?‘1 1309]
pniezss=zcn ey Y RS, | WEIGHT: 202 LB BASIC
';hmu 'M'hﬂL 49 LB EXPERIMENTS (VARTABLE WITH MISSION
i ot s UP TO 100 LB.)
R 251 TYPICAL TCTAL

DIMEN - 34.5 % 34.5 x 13.9 BASTC ENVELOFE
STONS: (STOWED) (SOLAR ARRAYS & EXTENDABLE
BOOMS INCREASE THE 13.9 DIMENSION)

ACTIVE LIFETIME: 1.5 YRS + WITH VARIOUS ORBITS
CONTRACTOR: LOCKHEED MISSILES & SPACE COMPANY

COST: APPROX, AVG. UNTIT COST $1.3 MITLLIOK
( EXCLUDING EXPERIMENTS)

LAUNCH ATLAS SLV-3A OR THORAD WITH AGENA
VEHICLE: PRTMARY ALTERNATES INCLUDE DELTA
AND SCOUT ‘

0.4536 kg
0.0254 m

—_ g 1 1b
1 in

o

Fig. 3-13  SMALL RESEARCH SATELLITE (TMSC P-11 SUB-SATELLITE)
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Adapter - The SRS gystem for subsatellite launch consists of a shear panel
which is mounted on the aft rack of the Agena spacecraft. The sghear panel in-
cludes all electrical incerfaces with the host. Prior to launch, the shear
panel is extended 90O to the longitudinal axis of the host while the host main-
taing attitude stability. The SHS separates, spins up and the transfer rocket
fires. In the dedicated mode, the SRS is mounted directly atop the launch

vehicle and is separated following terminal stage firing.

Experiments - Due to the fact that all P-11 experiments that had actually flown
were of a classified nature it was necessary to define a set of suitable and
representative experiments for the baseline SRS payload for use during the

study.

An existing experiment package HIGLO which flew on USAF OV-1-18 fulfilled all
of the sbove requirements and since it was developed at LMSC its design and
cost data were readily available. This package was selected as the baseline
for the SRS, The HIGLC consisted of 12 sensors and supporting equipment.
Changes from OV to SRS would include addition of a 3-axis fluxgate magnebo-
meter and the provision of attitude reference data by an earth sensor. The
earth senscr 1s a unit of the basie SRS equipment and is needed to attitude
reference the sensor dabta. The individual sensors and components of HIGLO are

shown in Fig. 3-1k.

Structures and Mechanisms - The SRS has a simple three-bay structure which has

been contoured to it the aft rack of the Agena with adeguate clearance between
itself and the interstage to the lower propulsive stage. The center bay con-
tains the :-::solid rocket propulsion in the middle and basic spacecraft units such
ag TI&C a.nd power subsystem components in both ends. The outer bays (wings)
are reserved for mounting experiments and for supporting the solar panels. The

3).

total volume available in the wings for experiments is 3.5 £t3 (0.099 m

FElectrical - Primary power for SRS is provided by extendable solar arrays. A
secondary NiCad battery provides power during nighttime and supplements the

array power during peak power demand periods. . The nominal system is capable
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6E-€

ARPA Experiment No. 819
Principal Investigators:
Flight Date:

HIGLO

G. W. Sharp and R, G, Johnson, LMSC o
3/17/69, Hb = 362 nm, Period = 95 mins, Incl. 98.8

Expe'r iment Summary

Investigation of Horizontal Ion Density Gradients in Lower Atmosphere

Exn. # Fxperiment Name , Wt(1bs)  Pur.Ave. Dim, Vol(inB) Remerks
-1 TIon Energy Analyzer (4} 4,7 1bs 5.2 5%5x3 75 4 sensors
-2 Epithermal Eleckron Analyzers (3) 5.5 1bs 4,8 iﬁExh.g 121.5 3 sensors
-3 Cyl. Lengmuir Probe 2.0 1bs 3 Txh.5%2 63 inel 15" probe
-h Electrostatic Analyzer 5.9 1lbs 2.3 6x7.5%7 315 3 sensors abt diff. angles
-5 Multichannel Particle Analyzer 2,6 1bs 6x3.3x5 99
-6 Multichannel Particle Analyzer 2,8 1bs 6x3.3x5 99
-7 Multichannel Particle Anslyzer 2,2 lbs 6x3.3x5 99
-8 Proton Hydrogen Analyzer 2.9 1bs 0.9 6xbixb 14k
-9 Total Energy Proton Sensors {2) 3.3 1lbs 0.8- (2) 10x3 60 2 gensors
-10 Apgular Distribution Instruments L
: (3) plus power supply 6.3 1bs 3.2 3x3x11 (3) 129 3 sensors and pwr. Supp.
_ Ixexh
-11 Penetrating Radiation Monitor 5.9 1ba 2.6 hxoxh.5 36
-13 Blectric Field Probe 2.6 1bs 1.3 oxlix5,5 b
«15 3 Axis Magnetometer (Flux gate) 0.6 1bs L g;xl" 9 in 0.01 gavss resolution
8.
<12 Calibration & Interface Box 11 0.3 Ax3x3.5 31.5 support equipment
1 Data Mode Box - 1 1b 1.1 hx2.6x1.6 16.7
49,3 1bs  30.1 wabts 13417 in3
Other data: 196 prime meas. at L sps (196 bps) or 40 sps (20 kbps) 11 subcomm at lé6h sps, 13 digcrebe cmds

2 hr. readin capacity on tape recorder 7.5 min readout.,

to know pointing direction with respect to velocity vectors.

1 nm = 1,854 kn
1 1b = 0.4536 kg
1 in, = 0.0254 m

i

Fig. 3-14 EXPERTMENT DATA SHEET

Desired Op Temp Exp 1&2 T7O°F, 3-13 59-85°F,

Weed
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of providing 500 w-hr/day (1,800,000 J /day) to the entire payload. The space-
eraft requires 156 w-hrs (562,000 J/day) leaving 344 w-hrs (1,238,000 J/day)

available to the experiments.

Guidance, Navigation and Stabilization - The baseline SRS 1s passively spin-

stabilized at 6C to 85 RPFM. Initial spin is provided by two small solid rock-
ets. A nutation damper in the form of a mercury tube, is provided. Attitude
reference is provided by an infra-red earth sensor. Alternate stabilization
systems including active cc;ntrol spin stabilization and three axis gravity
gradient or wheel stabilization have been designed for SRS, however for this

study only the passive system was considered.

Propulsion and Attitude Control ~ The SRS can be configured with several dif-

ferent combinations of solid rockets for propelling it to various secondary
orbits. In the baseline, two rockets are provided for initial orbit transfer

and for circularization into the final orbit.

Command , Data Procesging, and Instrumentation - As with the other subsystems,

SRS' CDPI system is available in a number of options dependent upon user re-
guirements. The baseline system consists of VHF EM/FM ="I:e]_emetry, onboard tape
recorders and a tone-digital command system. A primary timer provides for
gystem sequencing. Alternate configurations include UHF S5-Band Telemetry, PCM

Telemebry and digital command systems with various antenna configurations.

Environmental Control - The SRS is passively thermally controlled through use

of thermal shields, oplical solar reflectors and paint. BSupplemental control,

such as heaters can be provided if required.

3.2.4.% SRS Cost Data. Recurring costs for the SRS were derived by recasting

existing cost data on the Loeckheed P-11 subsatellite into a format compatible
with this, study, using a bottom-up cost estimating methodology. Historieal
data on the calendar year 1968 unit costs of a P-1l configuration similar to
the SRS were used as the basis for this 'botntom-up estimate. These data, pro-
vided by the P-1L Project Office, comprised the following:

3-ko
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¢ Material, subcontract and manpower expenditures for hardware down to

the component and major assembly levels.

® Manpower expenditures for assembly, test, integration, sustaining
engineering, and program management at the subsystem and system

levels.

¢ Manpower expenditures for the launch and mission operations phases

of the program.

Using these cost inputs, the recurring-cost estimate was generated by applying
the given numbers against a Work Breakdown Structure tailored to the SRS con-
figuration. To normalize these costs from the 1968 levels supplied by the
Project Office to 1970 values, the appropriate aerospace-industry inflation

Tactors were applied.

With respect to nonrecurring costs for the SRS, no appropriate historical "data
were available because of security restrictions imposed by the using programs,
and also because of the incremental step-function type development in which
the SRS has evolved. Therefore it was necessary to formulate a representative
SRS nonrecurring cost by analysis. This was done by applying parametric cost-
ing technigues to the technical characteristics of the SRS configuration. TUn-
manned-spacecraft Cost Estimating Relationships were used with SRS subsystems
definitions to generate subsystem level nonrecurring costs; these were then
summed, to obtain an overall SRS nonrecurring cost estimate., Particular judg-
nent -was exercised in appliing the CERs to account for the peculiarities of
the P-11 program, such as minimim documentation and experimental-shop menufac-
turing procedures. The final data resulting from this procedure were approved
by the P-11 Program Office as representative of the SRS non-recurring cost.

The HIGLO experiments were costed using actual cost data.
Finally, to achieve a greater distribution of costs to the subsystems, certain
of the_ costs accrued at system level, such as program management and systems

engineering, were prorated against. subsystems.- These allocations were made on

3=l
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a best judgment basis, taking into account the relabive weighting of these
funetions for each suﬁsystem. The baseline costs of the SRS vehicle derived

in this way are listed in Fig. 3-15.

3.2.4.5 SRS Weight and Reliability Estimates. The summary of subsystem, pay-
load, and payload system weights and reliabilities on the SRS are tabulated in

Fig. 3-16, The hardware represented in the Adapter is the Shear Panel Assem-
bly which acts as a launch platform for the baseline SRS (mounted on the aft
equipment rack of an Agena upper stage). The 250.8 1b (113.8 kg) and a relia-
bility of 0.556 represents the payload as it is separated into its interim

orbit.

3.3 ANALYSIS REVISTON AND UPDATE OF BASELINE PAYLOAD DATA

Following the initial selection of the OAO-B, Lunar Orbiter and SRS as basgeline
payloads, reexamination of the payloads with the view of correlating to the NASA
mission model led to the decision to synthesize certain specific derivatives of
the baselines. Within the traffic model, there were no plamned Lunar Orbiter
missions per se; however, there were many synchronous e€quatorial missions.
Furthermore, although there was not a sizable amount of planetary traffic, the
cost of planetary exploration represented a considerable portion of the un-
manned funding requirements., Thus, it was decided to synthesize derivatives

of the Lunar Orbiter for these two missions. Of primary importance was the
Synchronous Equatorial Orbiter (SEO) derivative of Lunar Orbiter; while, of
secondary importance was the Mars Orbiter (MO). The one-year SEO and the MO
baselines were readily derived from the Lunar Orbiter and were used during the
parametric analyses. Descriptions of the synthesization of these payloads are

contained in this section.

Following completion of the parametric analyses, NASA and Aerospace requested
that the one-year SEO be modified to a two-year configuration in order to pro-
vide better correlation with the traffic model. Changes to the one-year con-

figuration required for a two-year mission are alsc discussed.
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PAYLOAD: SRS ~ BASELINE MISSION: __EARTH ORBIT
($ IN MILLIONS - 1970 §)
COST RECURRING COSTS
CATEGORY NON ~ RECURRING COSTS HARDWARE OPERATIONS TOTAL
' S/C INT.| PROG. AVE. AVE. o
SUBSYSTEM DEVEL. | GSE & TEST | MGMT. | TOTAL || QTY. { UNIT | TOTAL § UNIT | TOTAL _
PAYL.OAD ASSY. AND
INTEGRATION .89 - 89 I 4 .10 .40 .02 .08 1 1.37
EXPERIMENTS AND MISSTON
PECULTAR EQUIPMENT .36 - 36 | 4 .08 .32 11 4o 1.12
STRUCTURES AND
MECHANISMS .92 .03 95 1 4 .07 .28 .02 .08 | 1.3
ELECTRICAT, AND
PYROTECHNICS 2.08 .37 2.45 I 4 34 | 1.36 .02 .08 | 3.89
GUIDANCE, NAVIGATION,
STABIL., AND CONTROL .09 - .09 |l 4 .03 .12 - - .21
PROPULSION AND
ATTITUDE CONTROL 45 - A5 0 4 .09 .36 - - .81
TELEMETRY, TRACKING,

AND COMMAND 2.60 45 3.05 43 | 172 .02 .08 | 4.85
ENVIRONMENTAL CONTROL A5 1 - : 15 .02 .08 - - .23
SUB ALLOCATED 7.54 , .85 8.39 | 4 [1.16 | 4.64 19 76 113.79
TOTAL g

NON--ATLOCATED | .
TO SUBSYSTEM N A4 .23 .92 - - 1.66
1 i
PAYLOAD TOTAL 18.28 1 .85 9.13 | 4 11.39 | 5.56 19 .76 115.45
Tag. 3-15 PROGRAM COST APPORTIONMENT - SRS
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-

PAYLOAD SYSTEM

REL. = .556
WL, = 293.8 1p¥
l _
ADAPTER PAYLOAD
REL. = 1.000 REL, = ,5%6
WL, = 43,01 WI. = 250.8 1b¥%
SPACECRAFT EXPERTMENT S
REL. = .702 REL, = ,792
WI. = 201.5 1b¥* WL. = 49,3 1b
STRUCTURES & PROFULSTON & QUIDANCE, Navic) [T/m, TRackTNG & ELECTRICAL & ENVIRCNMENTAL'
MECHANISMS ATTITUDE CONTROL & CONTROL | COMMINTCATTONS | PYROTECHNICS CONTROT,
REL. = 1.000 REL., = 1.000 REL., = 1.000 REL. = .789 REL, = .901 REL. = 1.000
WL, =40.31b | |WP. =U46.61b¢ | wr. =2.2 1 WD, = 57 1b WI. =49.0 1b WL, =6k 1p

* Weights include 29 1b of

(Note:

at 50% confidence level.)

solid propellant (for orbit positioning motors)
All relisbility numbers based on probability of & month operation

Fig. 3-16 RELIABILITY AND WEIGHT APPORTIONMENT
BASELINE SRS - ALTERNATE 1 (VHP-FIXED SPIN AXIS)

1 1b = 0.4530 kg

1

QG066 Y-DSWT



LMSC-A990556

The SRS baseline was considered to be a typigal inexpensive space physics pay-
load; however, examination of the traffic model indicated that, with minor
modifications, the SRS could be redesigned to make it a cloéer match to planned
NASA magnetosPFEre payloads. Changes to the SRS design for this new mission

with revised weight, cost and reliability data are provided in Par. 3.3.L.

»

Following the parametriec analyses, it was agreed by NASA that there was insuf-
ficient timé to fully investigate the Mars Orbiter, herice MO did not undergo
redesign and costing. Thus, the final payload selecbions for conceptual low-
cogt redesign and costing were the one-year OAO-B, two-year SEQ, and the 6-
month SRS,

3.3.1 Synchronous Eguatorial Orbiter (One-Year) Baseline Data

3.3.1.1 General Description. The Synchronous Equatorial Orbiter (SEO) is a

modified Lunar Orbiter spacecraft that incorporates a number of fundamental
changes to the basic spacecraft to meke it capable of performing the synchron-
ous earth-resources mission. The synthesized baseline SEO is shown in Fig.
3-17.

3.3.1.2 Mission Description. The objective of the SEO program is to obtain

selected mediwm resolution photographs and contimumous low resolution imagery
of the earth's surface in the visible spectrum. The baseline spacecraft was
designed for a l-year lifetime. Four operabing spacecraft in orbit will as-
sure total earth coverage. As planmned, the SEO is launcﬁed by an Atlas SLV-
3A/Agena/Burner IT into synchronous equatorial orbit. '

3.3.1.3 Subsystem Descriptions. The following subsysteﬁ changes to the base-

line Lunar Qrbiter were required because of new mission requirements, differ-
ing environment and extended life. In addition, certain components not re-
gulred for thé synchronous mission were deleted., The subsystem changes are
shovn in Fig. 3-18.
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M-t

HIGH GAIN ANTENNA

UFPER DECK , ,——ATTITUDE CONTROL THRUSTERS

(DEPLOYED)
. MULTILA YRR NORT
WEST IHSULATION . i
N | %\m ARRAY
- ROTATION

N TARES ——

PHOTOGRAPHIC SUBSYSTEM
EQUIFPMENT MOUNTING DECK
BATTBRY

SOLAR ARRAY PANEL | ”‘ _ N
AN
”“ > | SOLAR PANEL DRIVE

— SOIAR ARRAY PANEL
{DEPLOYED)

EAST-WEST THRUSTERS
BATTERY

HORIZON SENSOR

LOW CAIN ANTENNA
(DEPLOYED)

VIDICON CGAMERA

! (CONTINUOUS ROTATION)

(MOTIOR) rfr"
EAST '
TO EARTH

Fig. 3-17 Baseline SEO Configuration
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L€

SUBSYSTEM

DELETE

CHANGE

ADD

Experiment

e Wide Angle Camera Lens

@ Image Motion Compen-
+ sabion

® Tncrease film gty.
and bimat aty.

e TV Camers .
® Secondary Experi-
ments (from CDPT)

Structures &

¢ Tnsulation

& Array sborage de-
vices (from elec,)

Mechanisms & Flec, cabling

Environmental ® Insulation (from
Control - - Structure)
Propulsion ¢ Total velocity - -

control system
(bi -propellant )

Attitude Control
(> cold szas)

@ Reaction Control
Svs. (from G&N)

© Cables (from Struct

Electrical
Power - - @ Sun Sensor
® S/A Orientation De-
vice

Guidance & ® Canopus Tracker - ¢ Regehbion Wheels
Navigation ® Reaction Cont. Sys. © Earth Horiz. Sensor

¢ IRU ® Polaris Tracker
Communications, ¢ Secondary ¢ Increase TWTA gty. L D/A Converter
Data Procegging, Experiments ® Tape Recorder
Ingtrumentation

Fig. 3-18 Translation of Lunar Orbiter to SEO 1-Yr, Baseline
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Adapter - No changes were made as the baseline launch vehicle remains the same.

Experiments - Changes were made to the Photo Payload to compensate for increased
1ifetime and change in photographic altitude. These changes are:

Low resolution (80 5) optics and related mirrors were deleted.
Rewind was deleted and the readout scheme changed.

The V/H Sensor was deleted.

The Optical-Mechanical Scanner was made standby redundant.

Film was changed to EK 3404 and the film web load was quadrupled.

Drive motors were made parallel redundant.

o © 9 0 & & O

The Nimbus AVCS was added for low resolution TV coverage.

The baseline Lunar Orbiter's primary payload was the photographic subsystem
consisting of a high resolution and a medium resolution lens system, a single
camera housing, on-board film processor and an optical mechanical scanner and
readout system. The high resolution camera is capable of resolving 1 meter
from an altitude of 46 km at the moon.

At synchronous orbit, the payload is stationary over a given point on the earth's
surface, Therefore, there is no relative motion between it and the earth and no
requirement for either V/H or Crab Attitude Sensors and Controls. Also, because
of the long distance of the sensor to the earth, only a long focal length lens
will provide useful data., A 9 in. (0.23 m) focal length lens, was chosen for
SEO. The field of view of this lens, across the 0.55 m width of the film,

covers one-quarter of the earth's equator from synchronous orbit. A square
format was chosen with 1F5° coverage into both the northern and southern hemi-
spheres. Ground resolution, based upon lens resolution of approximately 80
lines per B, is 1.24 nm (2,28 km).

Tn order to obtain maximum photographic coverage, photography will start as

soon as a sufficient portion of the earth's surface is illuminated, Approxi-
mately eighty percent of the earth's surface within the camera field of view
is illuminated at 0800 hours. 4t 1600 hours, the illuminated portion of the
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earth's suriace has a.galn been reduced to elgh'by percent and the Lmt. frame for
the dey is exposed. In addition, frames are e@osed at 1000 1200, and 1400
hours 1oca_,l time for a total of five exposed frames per day. Since the film
takes a permanent set if it sits on the rollers for longer thénj8 hours, and,
permanent lamination of the Bimat and film occurs if they remain in conbact
longer than 15 hours, the film will be moved one complete frame at 2400 hours.
The film and Bimat consumption will be six frames per day for aitotal of 452
£t (138 m) for a one-year mission. The film and Bimat spool diameters were

inecrezsed.

Bimat storage is a problem because of its limited s%orage life. The most suit-
able storage conditions are a high moisture atmosphere with tempesrature main-
tained in the 0° %o 4.40C¢range. The Bimat supply system was redesigned %o
maintgin these conditions. In order to facilitate the temperatbure control of
the Bimat supply, the FPhotographic subsystem must be thermally isolatéd"ﬁrom
the remainder of the spacecraft and stabilized in the temperature range of
—6.70 to 0°¢, Thermostatically comtrolled heaters are used to maintain the
temperasbure of the Phofographic payload.

The rest of the Photographic subsystem is made up of simplified modificaticns
of the Lunar Orbiter Photographic Subsystem components. A between-the-lens
shutter has been substituted for the focal plane shubter to protect the film

and platen from damage when the sun is seen by the camera.

Ancther considerabion ihfluencing experiment redesign is potential radiation
fogging of the film. For a one-year mission at the time of a solar maximum
(next period 1979-1980), the integrated proton dose would be about 100 rads.
This would result in a density increase in EK-340k film of 0.48 with a shield-
ing'thiékneés 6fv0.85" (27.6 ™) of aluminum. This is an acceptable density in-
crease with minimal loss of resolution. The probability of this occurring is
1 in 10 in the high event solar years. In the quiet sun years, the integrated
dose would be an order of magnitude less at the same probabiiity. Trapped
electronc and protons are not a problem at this altitude as the environment is
essentially the interplanétary medium. Radiation is not a serious constraint

for this mission.
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At the suggestion of NASA Headquarters, a supplemental TV type imaging device
is ineluded to increase the mission ubility. The selected system was the Nim-
bus Advanced Vidicon Camera System (AVCS), This system could be used for broad

wegther coverage and for identifying phenomena for subsequent high resolution

photography .

Struchtures and Mechanisms ~ Structural weight was incressed to accommodate ad-
ditional experiments, propellant and equipment. A slight inerease in thickness
of the shielding of the film storage was included.

Environmental Control Subsystem - No significant changes were made as the en-

viromment is essentially the same as that at the moon., Some insulation was

added..

Propulsion and Attitude Control - Redundant cold-gas system components were

added to increase lifetime. The gas supply was increased by adding a second
l\T2 tank. East-West thrusters were added for orbital maneuvering. The LO

propulsion subsystem was removed as it is not required.

Electrical Power - The four solar arrays were replaced with two large solar
arrays. The same solar array area was maintained. The solar arrays were re-
designed to permit sun tracking. Redundancy for certain items was provided.

Guidance and Navigation - For the Earth operation this subsystem was modified
by the replacement of the Canopus tracker by a horizon sensor and a Polaris
tracker. Orbibtal stability is provided through the use of reaction wheels.

The inertial reference unit (IRU) was removed as not required.

CDP&L - Aﬁ'penna. po"sition control was deleted and a wide band tape recorder
was added to record AVCS data, Associated electroniecs were also included.
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3.3.1.4 Synchronous Equatorial Orbiter Cost Estimate. The cost estimabe for

the synthesized SEO was derived from the basic Iunar Orbiter cost data as al-

Located by ILMSC from the Boeing NASA 533 forms. In general, adjustments were

made to subsystem costs by adding or eliminating component costs, where such

were ldentifiable, or estimating, wsing the average $/1b derived from Lunar

Orbiter data.

Specifically by subsystem the following major adjustments were made:

Experiment Subsystem

Structures Subsystem

Propulsion and
Attitude Control

Power Subsystem

G&N Bubsystem

Remove V/H Sensor at $3.826M

Remove 80 PhLens at est..$660K based on
average $/1b photo 8/8

Add Wimbus AVCS at $66K unit cost and
$12M R&D cogt

Add Optical-Mechanical scammer at $1.527M

Changed the 24" (0.61 m) focal length
ilens to a 9" (0.23 m) focal length lens

Costed at the LO average $/1b resulting in
a 10 percent increase of R&D and unit cost.

Unit cost was adjusted to reflect deletion
of propulsicn., Attitude control was in-
creased for the l-year mission.

« Cost additions ineclude $120K/unit for the

sun tracking mechanisms and $273K/unit for
the additional power. The development cost
reflects additional $250K for the sun track-
ers and $39OK for the additional power inte-
gration.

The, changes include addition of s $165K Polaris
Star Tracker, $15K earth horizon sensor, $200K
worth of reaction wheels and removal of Canopus
Star Tracker at estimated $3L46K. The develop-
ment cost and test cost were also reduced to
reflect the R&D efforts involved in modifica-
tion of the Canopus Star Tracker.
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CDPI Subsystem - Esgtimated 10 percent increase in the RDT&E costs.
The unit cost increased by $66K for the addition-
al tape recorder and D-A converter and $41X for
the extra TWIA and PCM Multiplexer/Encoder.

Adspter - Since most of the components added were off-the-
shelf items and no additional development cost
wa3 charged to the subsystems, the payload as-
sembly and integration development cost was in-
creased on basis of extrapolating the LO costs
to the higher weight SEO. The extrapolation
was performed across the board to allow for the
unit integration and'additional cperabions costs.

The wnit cost was then reduced by removing the
cost of L0 shroud estimated at $263K. The shroud
development of $3.048M is also excluded from the
non~-recurring costs and the spacecraft assembly
costs of $2.876M were shifted to structures S/S
development,

The non-recurring costs derived above from the individual adjustments at the

subsystem level were checked against the in-house CERs as shown in Fig. 3-10.

The in-house CERs for operations do not reflect the costs of one year photo-
graphic mission, thus the $8M estimate is based solely on Lunar Orbiter data
extrapolations. These consisted of quadrupling operating costs to reflect
four (4) times the mission duration and minor delta costs in ACS, CDPIL and
SCS to repr?sent a larger satellite size. The SEO baseline costs are shown
in Fig. 3-20 for a four flight-unit program. It should be noted that these
costs include the propulsion subsystem and Inertial Reference Unit which were
subsequently removed by agreement with Aerospace. As the one-year configura-
tion {see Section 3.3.3) was not used, the baseline costs reflecting these

changes were not revised.

3.3.1.5 Synchronous Equatorial Orbiter (SEO) Weicht and Relisbility Estimate.
The summary of subsystem, payload, and payload system weights and relisbilities
for the baseline SEO are tabulated on Fig. 3-21. The %35 1bs (33% kg) (incilud-
ing attitude control gases) is the total weight of the payload as it separates

from the upper stage Agena. The reliability of 0.730 represents the probabil-
ity of satisfactory operation in orbit for one year without ca%astrophic fai%ure.

3-52

LOCKHEED MISSILES & SPACE COMPANY



Development Cosgt
Structures & S/C Assenbly

Environment Control

Adapter & Integration.

Subtotal . $ 6.46 Million -
Power “$ k4,50
G&N k.50
Propulsion/Att. Control 2.60
&L 10.90
Photo {(no in-house CER) 30,26
Subtotal $ 59,22
Unallocated 0
TOTAL $/S DEVELOFMENT $ 59.22
GSE - Photo (no in-house CER) $ 7.75
- 8/C ‘ 18.85
S/C Assembly & Integration 19.50
Program Management 8.43
TOTAT, NON-RECURRING $113.75
In-House CER
Unit Cost Estimate
EE:Q;ZE;:ntal Control '} $  372.5 Thousand
ggzgzgiaft Assy. & Integ. ‘} 1,300.0
Subtotal $ 1,672.9
%%ggtrical (built up) %:653:5
GEN ) 2587.0
Propulsion/Ats. Control 651.0
Experiments (no CER) 2,07k .1
Subtotal $10,830.9
Unallocated 0
TOTAT, UNTT $10,830.9

In-House dE§
Egtimate

} $ L4.85 Million

1.61

LMSC-A990556

Sync. Eg. Orbiter
Egtimate

$ 3.74 Million
0.06
.61
$ 5.4 Million
$ k.95
3.35
1.hk3
9.0L
30.26
$ sh.b1
5.00
$ 59.41

$ 7.75
19.01

20.83
7.311'
$11h .34

Syne. Eg. Orbiter
Egtimate

$ 346.8 Thousand
16.5

217.1
1,26k,5
$1,84k.9
1,655.6
2:298:3
4251
2,074 .1

$10,700.5
240.0

$10,9%.5

Fig. 3-19 1-Year SEO Cost Comparison

3-53

LOCKHEED -MiSSILES & SPACE COMPANY



G-&

ANVZNOD 3OVdS :eﬁsa"uss:w_haamiow_l_

PAYLOAD: SYNC. EQ. ERS - BASELINE MISSION: SYNCH. EQ. ORBIT (1 YEAR)
($ IN THOUSANDS) - 1970 $
' RECORRING COSIS
NON-RECURRTNG COST  RDTART SSERATTOR ggggam
DEvEL. | asE | o/C LT FROG. | ponye Nory | AVE- T ponar [AVE. T ogma COST
SUBSYSTEM as & TEST | MGMT, UNIT UNIT
. SN o {2)
) ADAPTER $1613.4 - {$1101.2 1§ 172.81$ 2887.4 b | 217.1 | $ 868.% | $640.9{$2563.6 | $6,319.L
JEAPERTMENTS AND MISSION . . . .0 Al % | 2074k | 8207.6( 3507.L 14029.6 | 68,898.
PHCULTAR EQUTEMENT 30263.3 | T7751.2] 5948.6 2608 We57L.1 7 o7 3507 Q ,898.3
STRUCTURES AND . .9| 2340, .2 2lt,0 31 65,2l 327.71 1310.8 || 15,080.0
IMECHANTSMS 37%0.7 | 1013.9| 2340.2 229.2) 732h.0ff b | 1611.3| 6uhs 327.7 3 5,
|ELECIRICAL AND . . . . . .6 Al 613.0] 215200 430.4
PYROTECHNICS hgsh.2 | 1708.4 2039.9 | 1653.5 }0356 Of & | 1655 6622 13 5 19,43
GUIDANCE, NAVIGATTION . . 0. . ) ) ) 71 2l00.8 .
STABTL... AND CONTROL’ (4) 3345.9 | Lh09.2] hi70.Lk 6l .0: 1256950 4 | 2uhe.2] 9768.8]l 872.7) 3k 25,829,1
PROPULSTON () 76:2.1 1634,0! 1525.0 211..71 L132.8j & 252,01 1008.0f 307.5{ 1230.0 6,370.8
ATTTTUDE CONTROL °r=.® | hoo.1l 610.2 95.8] 1868.7j U4 173,11 692kl 63.8] 255, 2,816.3
TELEMETRY, TRACKING : .81 20hk. . . . 033, 85.0 .0 | 36,50k,
D COMMAND » 9010.9 | 9752.8; 30Mk.7 | 1722.9] 23531.3)f k4 2258.3 | 9033.2) 985.0) 3940.0 | 36,504.5
RV IRONMENTAL O - 1 5.0 .0  105.08 L 16. 66.0 . 20,0 191.0
COITROL 55.0 5 5 5.0 5 5.0 9
SUB AT.LOCATED | 54118.1 1 26759.61208252" | 7342.9]100345.8) b |10700.5] 42802.0} 7323.0 29292.0 {|181,439.8
TOTAL  [NON-ALLOCATED i
10 SUBSTSTEM 5000.02 - - - 5000.01 U 2h0,0] 960,0f 670.1] 2680.4 | 8,640.4
Pavr.oad Torar(3) () 59418.1 26759.620825.2 | 7342.9{114345.8F 4 '10040.5] k3762.0!' 7993.1! 31972.4 {190,080.2

Notes:
(2)

(1) Excludes $3.048M for Shroud Development/Mods.
Excludes Cost of Shroud Est. at $263,400,

(3) Excludes Prime Contractor Fee & NASA Program Mgmt,

Fig. 3-20 Program Cost Apportionment - Syne. Eq. Earth Resources Satellite (Luner Orbiter Derivative)

(4) Includes propulsion and IRU which were
gubsequently removed (see Section 3.3.3)
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" 66-¢

PAYLOAD*
SYSTEM
WL. = 755.9
REL, = 0,762
3
ADAPIER ' PAYT.OAD#*
WL, = 40 WL, = 715.9
REL. = 0.990 REL. = 0,770
SPACECRAFT ¥ EXPERIMENTS
WI. = 490.2 WE. = 226.5
REL, = 0.9190 REL. = 0.8455

) e
ATT.,_CONTROL | | STRUCT.&.MECH| | GUID. & NAVIG, T/M gﬁﬁgﬁﬁgG & ELECTRICAL ENV. CONTROL
WL, = 51 WI'., 137.9 WE, = 6L.1 WT. = 72.7 WE, - 158.3 WL, = 5,5

REL. = 0.9916 REL. = 0.9960 REL. = 0.9815 REL. = 0.9804 REL, = 0.968 REL, = 0.999

* Reflects removal of propulsion subsystem and IRU,

1 1b = 0.4536 kg

Fig; 3-21 Baseline 3ync. Egq. Orbiter (Barth Resources) - 1 Yr. Reliability & Weight Apportiomment
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The variation in payload weight and reliability to that shown in Section 3.1
reflects removal of the TRU and propulsion subsystem by mutual agreement with
Aerospace. These weights and reliabilities are those that were used in the
paramebric anslysis and SEQ optimization, bubt not in development of subsequent

low-cost designs as this was based upon the 2-year configuration.

3.3.2 Mars Orbiter

3.3.2.1 General Description. The second Lunar Orbiter derivabive was the Mars

Orbiter (MO) As with SEO, mission parameters and location are changed neces-
sitabing design changes. Principal changes involve the power system due to
reduced solar illumination at Mars, the propulsion system due to increase in
veloeity required for attaining Mars orbit, and CDFI due to greatly increased

communications distances. The MO is shown in Fig. 3-22.

3.3.2.2 Mission Descripbion. The gelected mission for this configuration is

the 1971 Mars orbit. The overall experiment objectives are to provide a photo-
graphic atlas of the planet Mars and to provide high resolution photography of
candidate Mars manned landing sites., Supplemental experiments to increase mis-
gion wtility were derived from the Mariner Mars Orbiter mission which will pro-
vide UV and IR imaging at Mars, and micrometeorocid and radiation measurements

enrovtbe and at Mars.

The spacecraft is launched by an SLV-3C/Centaur. 197L is an ideal year for
Mars flights as the planet is at perihelion, thus the velocity regquired is less
than nominal. In the reconfiguration, this was considered and resulted in the
injected ‘weight to ’cI}e mission veloeity being less than the lawnch vehicle's
capability. TFor the 1971 mission, the required injection veloeity is 37,400
fps (11,400 'm/sec). Hyperbolic speed at Mars is 9705 fps (2958 m/sec). The
launch window is between 15 May and 2 June 1971 with arrival window at Mars
being 3 Decer.n'ber 1971 to 6 Jamary 1972. Commumnication distance will vary from
'0.96 AU, at arrival to 2.0 A,U. at end of readout. The maximum tine enroute
is 218 days, the end of the window. The launch vehicle is capable of boosting
2175 1bs {989 kg) to this mission. '
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At arrival at Mars, the spacecraft, having been targeted for a petricenter of
1.5 radii, will be braked to an elliptical orbit of 1.5 by 5 radii. This will
require 4789 fps (1457 m/sec). After orbit verification, the pericenter will
be lowered to 1.06 radii by fwrther retrofiring at apocenter - 458 fps (140 m/
see). The midcourse maneuvering is estimated at LOO fps (122 m/sec) resulting
in a total AV of 5647 fps (1720 m/sec). Using the existing Lunar Orbiter pro-
pulsion system with ISP of 273 secs results in a total weight to inert weight
ratic of 1.90093. Orbit lifetime at the selected orbit is about 120 days. A
sufficient gquantity of residual veloeity is available to raise pericenter if
required. The orbital period is 8 hrs and 7 min, and the-eccentriecity is 0.65.
Three pericenter passes per Mars day can be used for high resolubion photography.

Inclination should be.selected to maximize the coverage.
f)pera.tions in Mars orbit are plamned to be as similar in concept as possible
to the Lunar Orbiter mission. However, changes in operation time due to in-

creased coverage reguirements and communications readout are reguired.

3.3.2.3 Subsystem Degeription

Experiments - The Lumar Orbiter's photographic payload is considered to be sat-
isfactory for the Mars mission with the exception of the film loading and se-
quence of processing.. To circumvent bonding of web and film, additional film
and web (and storage capacity) mist be provided to permit processor creep after
initiation of photography. In view of longer readin/readout cycles and increased
mission duration, a red‘imdant_ optica.l/mechanica.l scanner was gdded and supple-
mental gas was provided. Secondary IR and U/V experiments from Mariner '71L were

added to increase mission ubility.

The baseline payioad for the Lunar Orbiter was optimized for a 30-day mission
with 20 days of photography and ten days readout. Mission duration and commun-
ications distance force some modifications to the payload for the Mars mission.
Link limitations, coupled with increased pericenter distance, cause some reduc-
tion in ground resolution distance (GRD). The high resolution system on LO was
capable of 1 meter resolution. Raising the altitude at pericenter to 110 nm,
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(202 ¥m) reduces GRD by a factor of 4. The CDPL problem revolves arcund loss
in signal-to-noise ratio at the interplanetary distance. Improving CDPI per-
formance by increasing transmitter power and antenna aperture and by using the
210 ft (64 m) DSIF antennas reduces path losses from 53 db to 32.5 db (1.736
times reduction). Assuming all other parameters remain the same , it would re-
sult in a Gransmission time of 55 days per frame- or 29 years to readout a com-
plete 1G4 frame pasyload. This is impractical. The only reasonable alternative
would be to accept reduced resolubion, and, by restricting the transmission
time to sbout 12 hours per frame, a GRU of 30 meters is possible and reason-
ably practical. This is 3 times better than that predicted for Mariner '7l.
Extended readout times, 90 days to readout the 194 frames, necessitates adding
a redundant Optical-Mechanical Scanner, Additional film is provided to allow
for £ilm advance during quiet pericds after arrival to prevent film/web bond-
ing. No problem is envisioned enroute; but after arrival, film must be moved
through the processor each ‘eight hours or film breaking could result. The same
mission procedure as the Lunar mission is plamned with respect to readin and
readout except that extended frame transmission times will require a much longer
readout period. For the Mars mission, readin is planned for the first 30 days
and then readout for the following 50 days, as opposed to 20 days readin and 10
days readout at the moon. Film fogging due to radiation is-less of a problem
than in synchronous equatorial and no special shielding provisions are planned.
The N2 supply in the Photo Bubsystem is doubled to compensate for leakage and
film handling size increased to compensate for the inereased film/web supply.

In the area of secondary experiments, additional sensors similar to Mariner '7l
were added to increase mission ubility. These included an Infrared Interfero-
meter/Spectrometer, an Infrared Radiometer, and an Ultra-Violet Spsctrometer.

A wide band tape recorder is provided to store secondary experiment data.

Adapter - Use of the SEV13C/Centaur necessitates a different payload adapter.

Structures and Mechanisms -~ Size and weight capability of the tank and equip-

ment mounting decks and strength of the truss structure were: increased. The

high gain antenna and solar array deployment mechanisms required modification.
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Environmental Control - The deep space environment necessitated an increase

in the capability of the ECS. Heater capacity and insulabion were increased.
Propulsion - The main change was to the propellant storage caused by increased
loading. A single common bulkhead tank was substituted for the existing tanks;

a differential tank pressure regulator was added.

Attitude Control - The longer mission requires more conirol gas. A second Né

tank and associated plumbing were added.

Electrical Power - At Mars, solar inteasity is down by a factor of 2.8. Addi-

tional power for transmitters and heaters is required. Thus, the array area
was increased by a factor of 3.3. Redundant components and a second batitery

were added.

Guidance and Navigation - Reliability of the existing inertial reference wmit

is not satisfactory for the mission, hence a more reliable unit was substi-

tuted,

CDPTI - A 9 % (0.27 m) aperture extendable high gain antenna was substituted
T !

for the existing antenna, and redundant 4O watt TWTAs were provided to in-

crease system gains. Redundant transponders and PCM multiplexers and a tape

recorder were added.

3.3.2.4 Mars Orbiter Cost Estimate. The Mars Orbiter costs were extrapolated

from the basic Iunar Orbiter data in the similar manner to the Synchroncus

Equatorial Orbiter.
FThe major cost adjustments ai the subsystem level are as follows:
Experiment Subsystem - Add Optical Mechanical Scamner, film, and web capacity

at a total cost of $3M (64-67 $).. Also add secondary experiments resulting
in $6M additional development costs including $1.6M of GSE and $2.UM of space-

eraft integration and test. The unit cost of secondary experiments was
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estimated at $2.2M. The major cost increase for this subsystem resulted in
operations; due to the mission requirements, such as mission duration of 338
days as compared to Lunar Orbiter's 34 days. The readout duration of 90 days
as compared to 10 days for Lunar Orbiter. Thus, the photo system operating
costs of Lunar Orbiter were factored 10 times to derive the Mars Orbiter sys-~
Tem operatjng costs. Also, the secondary experiments resulbted in additional

operating costs estimated at $2.9 million per unit.

Strucktures Subsystem - The struchures cost was inereased hased on CERs and

increased weight.

Propulsion Subsystem - This subsystem is the same as in the SEO cage and the

costs reflect use of a single aluminum tank, slightly larger than in the SEO.
The costs were estimated using SEO $/1b with no change for the GSE and inte-
gration portions. Again, the attitude control. subsystem is broken out separ-
ately with the same RDI&E cost as for SEO, but a slightly reduced unit cost
based on $/1b from SEO.

Power Subsystem - The costs were eshimated using a CER $/Watt for the enlarged

solar arrays plus the additional battery and cabling costs-estimated on $/1b

basis. Development cost was also increased based on $/1b CER data.
I

Guidance and Navigation Subsystem - The development cost was assumed unchanged,

the unit cPst was derived using LO and closely correlating CER $/1b to reflect

slightly heavier system than the LO subsysten.

CDPI Subs_v'stem - Since most of the additional weight was due to redundanecy

with the e;ception of a new antenna and a recorder not in the IO CDPT subsys-
tem, the dévelopment and integration costs were increased 15 percent keeping
the GSE cost the same. The unit costs were derived using CDPI CER and cross-
checked by summing the LO unit cogt and the redundant/additional components.

Operating costs were increased based on the ratio of unit cosis.
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Adapter Subsystem - This includes only the adapter whose new-development was
estimated at $20K/1b ($9K/ke). The unit cost was estimated at $300/1b ($1364/
kg) and the support and management costs were allocated resulting in $348K/

unit.

The non-recurring costs estimated for the Mars Orbiter based on a combination
of Tunar-Orbiter, Synchronous Equatorial Orbiter and in-house CERs were checked
againsgt in-house CER estimates with the resulting variances as shown in Fig.
3-23.

The operating costs were extrapolated directly from the Lunar Orbiter and Syn-
chronous Equatorial Orbiter data with a major sdjustment for the experiment

subsystem as discussed above.

The costs in Fig. 3-24 are the Mars Orbiter estimates derived as explained

sbove and summarized into a five flight-unit program.

3.3.2.5 Mars Orbiter Weight and Reliability Estimates. The baseline Mars

Orbiter is also an exbtrapolation of the reference Immar Orbiter. The summary
religbility characteristics and weights are tabulated on Fig. 3-25. The total
payload as injected into trans-Mars trajectory weighs 1,861 1b (846 kg)(in-
cluding 920 1b (418 kg) of propellants, expendable gases, and residuals).

The payload reliability of 0.8028 represents the probability that the Mars
Orbiter will complete its mission without catastrophic failure; the mission
operating time will be an average 218 days in transit, plus 120 days in orbit
about Mars, a total of about 11 months. As in the case of the SEC, the Lunar
Orbiter reliability and welght figures were extrapolated to the 1ll-month Mars
mission.

¢ ’

"y -
3.3.3 Synthegis of the Long-Life SEO (2-yezr SEQ)

Thé_initial_baseiine_SEO was an extrapolation of the Lunar Orbiter to perform
a l-year mission. To provide increased applicabion to the NASA traffic model,
it was later decided (with NASA approval) to establish a baseline SEOQ with
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Tn-House CER LO/SKO/CER Based
Subsvstem Development Cost nEs timate / E séim ot eas
Structures and S/C Assy.) s $ L.250 Million
Environmental Control $ 5.147 Million 0.060 ™
Adapter and Integration 2,020 " _2.020 "
Subtotal $ 7.167 " $ 6.330 "
Powey 5.000 " 5.242 "
Geal h.ooo " 3.606 "
Propulsion ) 0.600 ™ 0.875 ¢
Attitude Control) * 0.673 "
TT&L l12.470 " g.k20 "
Photo (no in-house CER) _27.19% " 27,9k "
Subbotal $ 58431 " $ s53.3k0 "
Unallocated o 5,000 "
Total S/S Development $ 58.h3L " $ s8.3:0 "
GSE - Photo (No in-house CER) 9.091 " 9,001 "
- 8/c 20.800 " 18.073 "
8/C Assy. & Integr. 23.900 " 21.862 "
Erog. Megnt. _8.o18 " T35 "
Totsl Non-Recurring Cost $121.200 Million  $ 115.720 Million
Unit Cost
Structure ) - T en o e 7§ 366.8 Thousand
Environmental Control) 3 386.3  Thousand 21.5 "
Adapter ) n 347.9 "
Spacecraft Assy. & Inbeg.) 1,495.0 1,012.1 "
Subtotal $ 1,883.3 4 1,748.3
Electrical $ 1,703.5 " $ 1,831.2 "
TT&C {used CER for both) 3,307.2 " 3,307.2 "
GEN 2,074.0 § 2.140.0 "
Propulsion 625.0 " 293.8 "
At%. Control 618.8 " 167.3 o
Experiments (no CER) h,669.8 " 4,669.8 "
Subtotal $ 14,881.6 " $ 1U4,457.6 "
Unallocated 0 200.0
Total Unit Cost $ 14,881.6 ; $ 14,657.6 "

Fig. 3-23 Mars Orbiter Cost Comparison
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PAYLOAD: MARS ORBITER

MISSION:

($ v THOUSANDsj- 1970 $

MARS ORBIT - 1 ¥R.

RECURRING COSTS

COST ST
CATEGORY NON;REOUBRjNG COST HARDWARE AV%PERATIONS rggzgim
. S/C INT, | PROG. AVE, .
SUBSYSTEM _ DEVEL. GSE | "% pmer | Momp. | TOTAL G QFY | yerm TOTAL |t TOTAL cost
r H
8| avaprER : $2020,0] - $  817.9 $124.818 2962.7) 5 |$ 347.9 B1739.4 ) $589.2 | $20ks.9 7,648,0
= |
I
H=§§§§§§§§?§§U§§;E§§SSI°N 2719k.1| 9091.2  6788.1)2518.3| 45591L.7| 5 | 14669.8 £3349.,0|12612.2 | 6306L.0 | 132,001.7
v
2 [STRUCTURES . AND
i [MECHANTSMS 4250.2) 1078y 2557.9) 2he.l| 8128.4 5 | 1378.9 |6894.6| 310.8| 15541 | 16,577.3
g.ELECTRICAL AND 5241.6| 1708.l  2039.9{1717.1| 10707.0] 5 | 1831.2 |9156.0 735.6 | 3678.0 23,541.0
m | PYROTACHNICS
S
oo Sgﬁgiﬁ??’ ﬂﬁﬁlgéﬁiﬁﬁa 3605.9| 14109.2  4290.h| 665.7) 12971.2] 5 | 2440.0 [2200.0) 875.01 u375.0 29,546.2
% PROPULSTON 875.0 634.0 1525.0| 217.8] Les1.8) 5 293.8 [1469.0 322.9 | 161k.5 7,335.3
0 ATTTTUDE CONTROL 072.0 490.1’ 610.2] 95.81 186B.7i 5 ¢ 167.3 836.5 57.5 287.5 2 092,77
m H
TELEMETRY, TRACKING, : i
8 AND COMMAND ok20.6] 9752.8 3183.1{1766.2 | 2h1io2,7l 5 3307.2 16536.0 || 1hk7,7 | 7238.5 47,897.2
2
7 | ENVIRONMENTAL
> | CONTROL i 60.0 - 50.00 6.0 116.0f 5 21.5 | 107.5 5.0 25.0 218.5
.ﬂISUB ALTOCATED ' 53340.0 | 2816h.1] 21862,5/7353.8 [L10720.4 5 1457.6 b2088.0 16955.9 | 84779.5 § 267,787,9
i H
TOTAL NON-ALLOCATED | _ i i
) ' SURSTSTEM ; 5000,0 5000.0) 5 200.0 1000.0{| 700.0 | 3500.0 9,500.0
| PavLOAD Topar, ) 58340.0 © 2816k.1}  21862.5(7353.8 1157204 5 14657.6 73288.0 [L7655.9 | 88279.5 277,287.9

Notes:

(1) Excludes Prime Contractor's Fee & NASA Program Management

Fig. 3-24 Program Cost Apportionment - Mars Orbiter
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Go-¢

TPATLOAD
SYSTEM
WE. = 4028.9
REL, = 0.794%
ADAPIER PAYLLOAD
Wi, = 2168.0 [WT. = 1860.0 #%
REL. = 0.990 REL. = 0.8028
SPACECRAFT EXPERIMENTS
WL, = 1582.0%*% WL. = 278.9
REL. = 0.9046 REL, = 0.8875
ATTTTUDE STRUCTURES & GUIDANCE & T /M, TRACKING & *I BV IRONMENTAL,
CONTROL MECHANTSMS PROPULSTON NAVIGATION SoMMAND L. ECTRICAL GOSTRAL
WE. = 37.6 WL, = 147.6 WT, = 982.5¥# WL, = 61.0 WT, = 127.2 WL, = 218.4 | Wb = 7.7
REL. = 0.993% [REL. = 0.9074 [REL. = 0.9965[ [REL, = 0.9330) REL. = 0.987h REL. =-0.9950] [REL. = 0.9995

* Includes Falring, and Adapter which remains with the injection stage.

*% Tncludes Propellants, Residuals and Gases equal to 920 lbs.

1 1b = 0,4536 kg

Fig. 3-25 BASELINE MARS CRBITER - RELTABTLITY AND WEIGHT APPORTIONMENT
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2-year Life. Certain changes in subsystem and payload reliability were made
to obtain the equivelent of the l-year SEO. The dubty cycles for all compon-
ents were made competible with the 2-year sync.-eg. orbit mission and redun-
dancies and hardware quantities adjusted. The total inert weight of this pay-
load is 1090 1b (495 kg). The reliasbility of the baseline SEO is 0.607.

Weight and reliability summaries by subsystem are shown in Fig. 3-26.

Changes in weight are due to addition of film and bimat plus increased redun-
dancy within the photographic, secondary experiment, envirommental control,
electrical, CDFI and 8&C subsystems. Increased expendable gas for photo pay-

load pressurization and abttitude control was provided.

The two-year SEO costs were directly factored from the one-year SEO costs.
Addition of redundancy resulted in higher costs. These are shoyn in Fig.
3-27. I% should be noted that the elimination of the propulsion subsystem
and the Inertial Reference Unit resulied in some reduction in overall costs.
The two-year SEO baseline was subsequently used for the low-cost redesign,

costing and planning tasks.

3.3.4 Modification of SRS

The initial baseline SRS was a direct copy of the LMSC P-11 subsatellite.

The P-11 spacecraft is designed to be mounted on the aft equipment rack of an
Agena vehicle. After the Agena attains orbit, the P-11 separates and is in-
jected into its mission orbit. The P-11 spacecraft includes structure, a
solar power system, a command system, a data system and a propulsion system.
Space, weight, power, and data handling capability are provided for various

types of payloads for a limited operating duty cycle,
The P-11 does not provide sufficient electrical power to perform the HIGLO
mission which requires an extended duty cycle. Also, ‘he allocation of equip-

ment to subsystems differs slightly from that which has been established ag
standard for the Payload Effects Study.
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PAYT.0AD

SYSTEM
W2, = 1272,1 %%
REL, = 0.606

ADAPTER PAYL,0AD

Wr. =“]_1_o . WP, = 1162,1 **

REL., = 0.999 ‘REL. = 0.607

C , |
SPACECRAFT EXPERIMENTS

w Wi. = 808.6 % WP, = 281.5
& REL. = 0.640 REL. = 0.949
STRUCT ., & MECH. ELECTRICAT, STAB, & CONTROL ATTITUDE CONT, CDP & I ENV. CONTROL I
WP, = 133.1 WT, = 311.7 WT. = 136.0 Wr. = 70.3 WE. = 146.5 WT, = 11.0
REL., = 0,997 REL, = 0.871 REL, = 0.870 REL, = 0,961 ° REL., = 0,882 REL. = 0.999

* Does not include 72.0 1bs of expendable gases
*% Includes all expendables

Fig. 3-26 Baseline 2-Year SEO - Weight and Reliability Estimates

1 1b = 0.4536 kg
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PAYL.OAD:

SEQ BASELINE

MISSION:

(3 IN THOUSANDS)

2 YRS. SYNCH. EQ. ORBIT

COST RECURRING COSTS
NON-RECURRING COSTS TOTAL
CATECORY HARDWARE OPERATTONS FROGRAM
S/C INT| PROG. AVE. 5 UNIT |2 YEAR 2] COST
SUBSY STEM DEVEL. | GSE émw worr, | TOMAL Y o | poman | mrsstom| TOT
Adapter 1613.4 1101.2f 172.8| 2887.k | 5 217.1] 1085.5 640.9] 2093.7 6066.6
Experiments and
Mission Peculiar 30263.3 { 7751.2 ] 6498.6| 2640.6 | 47153.7 | 5 2533.5| 12667.5 | 6313.3] 11626.1] 71hl7.3
Eguipment
Structures and
Mechanisms 3675.7 | 1013.9| 2340.2| 227.1| 7256.9 |5 1598.31 799L.5| 327.7| 980.5{ 16228.9
Electrical and D,
Pyrotechnics 5922.3 | 2255.0 ) 2369.8] 1845,7} 12392.8 | 5 1932.5| 9662.5 TL7.2] 2330.4§ 24385.7
Stabilization
% Combrol 5070.1 | 4kog.2| 5577.0f 813.0] 15869.3 | 5 3264.21 16321.0] 1186.9] 3193.7! 35384.0
Attitude
Contron 899.8 588.1 915.3] 129.8] 2533.0 |5 2h2.51 1212.5 114.8 309.2 Losh,7
Command, Data
Processing 10255.0 [ 10252.8 | 3486.7] 1895.5] 25890.0 { 5 3895.01 19h75.0) 170M.1| s5322.1] 50687.1
& Instrumen.
Environmerntal
Control 60.0 - 45.0 5.0 110.0 | 5 18.0 90.0 5.0 25,0 225.0
Sub- Allocated 57759.6 | 26270.2 | 22333.8] 7729.5| 114093.1] 5 1370L.1| 68505.5 | 11003.9| 25880.7| 208479.3
Total Non-Alloca%é& '
to_Subsystems 2556.01 - - - 2556.0 | 5 200.0| 1000.0q 400.0{ 2000.0| 5556.0

[;;;load Total (L) $60315.6 [$26270.2 $22333.él$7729.5 $116649.10 5 | $13901.1 [$69505.5 pp11409.9 |$27880.7 {$214035.3

(1) Includes adapter, no shroud.
(3) Excludes mission software.
(4} Excludes prime contractor's fee & NASA prog. mgmt,

(2) Equivalent of one unit with 2-year mission ops. &
5 units with launch ops. & support.,

Fig, 3-27
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Therefore, a corrected baseline SRS configuration has been created. The major
differences in configuration between the corrected baseline SRS and the initial

baseline SRS are:
® Solar array arvea was doubled
@ Additional data handling was provided

® Active stabilization (spin-axis) control was provided

The reliability numbers and subsystem weights for the revised baseline SRS are

shovn in Fig., 3-28. Revised baseline cost estimates are shown in Fig. 3-29.

3.4 LAUNCH VEHICLE DATA AND INTERFACES

Characterigtics of the Shuttle and candidate low-cost expendable launch
vehieles which affected payload design [primarily structural loads and cargo
bay enviromment) were provided by the Asrospace Corporation for this study,
and are described in parsgraph 3.1.6. In general, neither the performance
capability nor the envirommentsl conditions imposed burdensome constraints
on low~cogt payload desgign or operaitional modes for either the shuttle or
expendable launch options. For the low-cost SEO, some growth in tug capa-
bility was found to be desirable to take full advantage of low-cost tech-

nigues and payload return capability when using the shuttle.

3.%,1 Launch Vehicle Enviromments

The shuttle cargo bay flight enviromments are not firmly established yet,
but some current data is compared to that for the expendsable Titan in Fig.
3-30, and the effects discussed in sub-section 8.1 Considerable mitigation
of the external shuttle acoustics may be obtained by covering the inside of
the cargo bay doors with sound attenuating material; this same treatment
will serve to reduce thermal radiation from the inside of these doors, thus
legsening the effect of ascent and reentry heating on the payload. With the

shuttle, the transients due to staging are minimized and the high, steep-
3-69
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Subsystem

Corrected
Baseline
SRS Reliability

Revised
Bageline SRS
We. (1b) or (kg)

Structure & Mechanisms

9985 40.3 (18.3)
Environmental Control 9994 6.4 ( 2.9)
Communications 'Data Processing
& Tnstrumentation -952 6L.k (27.9)
Electrical Power .9077 99.8 (45.3)
Stabilization & Comtrol .987 26.3 (11.9)
Propulsion & Attitude Control .9139 27.0 (12.3)
Experiment Installation 827 55.7 (25.3)
Payload. Tobal .6408 316.9 (14t.0)

Fig. 3-28 Corrected SRE Relisbility and Weight Estimetes
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PAYLOAD: SR8 (Revised)

SUBSYSTEM COST ESTIMATES FOR LOW-COST PAYLOADS

LAUNCH VEHICLE: Bageline

(1970 $ THOUSANDS)

FLIGHI DURATION:

0.5 Yrs.

COSTS 1970 $ THOUSANDS

SUBSYSTEM
RDT&E Cost Avg, Unit Cost Avg, Opern's. Total Cost *

Adapter 500 130 2 1028
Experiments 360 80 110 1120
Structures &
Mechanisms 1280 120 1l 180k
Electrical &
Pyrotechnics 3950 700 Ll e79k
Guidance, Navigation,
Stabilization & Control 2200 300 11 34l
Propulsion &
Attitude Control 920 70 17 1268
Telemetr%, Tracking &
Command (incl. Instru-
mentation, Data Proces., 3000 600 33 2232
Communications)
Environmental Control 4ho 60 - 680
Non-Allocated Costs 10 - 2 18
Payload Total $12660 $2060 $ 197 $21688

¥* Includes b spacecraft and 4 operations.

*% Prime contractor fee not included.

Fig. 3-29
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PAYLOAD ENVIRONMENT

LOW-COST EXPENDABLES

SPACE SHUTTLE

CHARACTERISTIC 3-SEG. SRM/TITAN CORE Il TITAN ITI-Le) ASCENT REENTRY LANDING
Acceleration (g)
Axisl +8.2 +5. 4 +3.3 -0.5 -1.3
Yaw +3.6 2. b +1,0 -2.0 -2.7, +1L.0
Pitch 3.5 2.4 +1.0 +1.0 +1.0
. 2
Vibration (g/Hz) max.
(Acceleration spectral 0.20 0.12 0.02 - -
density)
Temperature, °F (°K)
Prelaunch
(Conditioned) 80 (300) 80 (300) 80 (300)
Ascent
(Inside wall) 150 (340) 150 (340) +150 {340) to -100 ( 200)
On-Orbit - - +150 (340) to -100 ( 200)
Acoustic (0ASPL, DB) 145 146 158.5

(Exteraal)

Fig. 3-30 Launch Vehicle Environment Comparison
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fronted pyrotechnic shock that usually accompanies payload fairing separation
is eliminated. Prelaunch thermal conditioning of paylcads is easily accom-
plisghed, if necessary, for either launch mode, and is therefore not a signifi-
cant tradeoff factor. The combination of a cryogenic stage and a payload
under a common fairing, very probable if the Titan IIID/Centaur were con-
sidered, provides the same "cold wall radiation' effect and purge require-
ments as a shuttle payload might experience. In genersl, the shuttle payloads
may experience z more sgevere acoustic environment but a milder shock, vibra-
tion, and acceleration enviromment and more easily accommodate mitigation

measures than an expendable launch.

3.4,2 ILaunch Vehicle Interface Constraints

The constraints placed upon the paylead by the launch vehicle have been in-
gpected. This included review of the preliminary Interface Control Document
for the Shuttle being coordinated by‘NASAJMSC. In general, no major technical
problems seem to exist, but a congiderable amount of detail analysis and design
will be required to implement compatible interfaces. A few of the areas which
were cursorily investigated are listed following; some require further study

in follow-on effort.

3.4.2.1 Volume. The large 15x60 foot (4.6x18.3m) cargo compartment of the
shuttle permits considerable freedom for handling a large variety of payloads,
payload mixes, and sortie payloads without complex, specialized support
structures for each different Tlight. It also provides operational wmodes not

possible with expendgble systems, and simpler interfaces.

3.:.2.2 Fectrical Power. The on-board checkout and control functions, dis-

cussed in section 8.2, require more power, an effective interface with the

shuttle data bus, and some crew participation.

3.4k.2.3 Man-Safety. The manned shuttle imposes additional safety considera-

tions not usually required for unmanned launches; however, the low-cost design
|
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philosophy that reduces weight and volume constraints allows use of large

safety factors for both structures and pressure vessels.
3,4.2,4 Abort. Shuttle abort modes require payload adaptability to propellant
dunp, pressure reductions and other safety measures, and a self-safing require-

ment is imposed for the payload recovery mode.

3.4.2.5 Copntaminants. Contamination control is a problem with a vehicle such

ag the shuttle which is reused many times and the cargo bay is open much of the
time on the ground. This problem is further complicated when there are a mul-
tiplicity of individual payloads making up the carge. Solutions may not be
entirely common with all payloads but are counsidered to be simpler with re-
laxed welght allowances {s0 that protective coverings can be used on critieal

payloads).

3.4.2,6 Ground Handling and Launching. Special congideration should be given

to the payload installation or landing., When an expendable launch vehiecle is
used, the mating of the payload to the booster is usually done at the launch
pad as one of the final steps in the launch vehicle build-up., Interfaces are-
verified and Joint flight acceptance combined tests or simulated flights are
performed as a prerequisite for initigtion of final servicing, countdown and
launch, If trouble develops in the payload it can usually be replaced without
removing the Launch vehicle from the launch stand., Shuttle payloads, on the
other hand, are installed in the protected enviromment of the shuttle mainten-
ance facility, or with the shuttle in the horizontal atiitude. Handling,
checkout, repair or adjustment, aligpmeht and compatibility testing is probably
much eagier in this environment. These events start 15 or 16 work shifts be-
fore launch, are completed in five or six 8-hour shifts, ard launch operations
from then on are v1réually independent of the payloads, except for avtomatic
status mohitoring and alivenegs verificaticn Tests. Should difficulty develop
With a low-cost payload, limited access within the cargo bay is possible for

module replaggment.
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3.4.2.7 Special Propulsion Stages., Some payloads require propulsion stages,
or tugs, to place them in the desired orbits. This introduces the additional
payload/tug interfaces, as well as the tug/shuttle interfaces. The mechanical

interfaces are straightforward, and are discussed in section 8.3.

3.4.2.8 Transportation System Capsbility. Because so many of the payloads in

the mission model are destined for synchronous orbiit, the Space Tug performance
1s particvlarly important. Fig. 3-31 shows the effect of optimizing the tug
for syneq round trip missions. Comparstive data is shown graphically in Fig.
3-32, illustrating the increased capability obtainable., Because the low-cost
SEO is essentially saturating the capability of the 3%.5 £t (10.5m) tug,
further study of increasing the tug length and capsbility appears desirgble

so that single "round trip" missions can be flown to syneq orbit for SEO type

payload replacement.

3.4.2.9 Propellant Loading, Vent, Dump. As long as the tug and shuttle pro-

pellants are compatible, several options exist for loading, transfer or dumping
for gbort, and refueling on orbit. If the tug is not cross-plumbed to the or-
biter, safety considerations will probably dictate the gbility to rapidly dump
the tug propellants to reduce hazards and landing lecads. One golution is to
provide fill/ﬂump couplings as part of the ghuttle cargo bay doors or door
accegs ports; after payload installation the tug is commected by short internsgl
umbilicals to these couplings. Pressurants and purge gas are carried in the
cargo bay to expel propellants and provide a safe, inert nitrogen atmosphere

in the bay during this phase of a shuttle abort.

3.4.2,10 Multiple Payload Checkout. Tug checkout may be accomplished in the
same manner as payload checkout, and may even use the same payload test set

{ section 8.2), perhaps slightly expanded if different telemetry systems and
frequencies are employed. Pre-deployment checkout sequences need further

study to determine time allocations and priorities; for example, should the
tug or the payload be checked out first in an SEO mission? Obviously, if
either is faulty zfter ascent the shuittle makes salvage possible by its
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W, W; Wrue W Wegp | L
Tug Tug Tug SEQ Payload Length
Propell. Inert Total Total Separ. Tug
(Ib) (Ib) (Ib) (Ib) {1b) (ff)
Nominal
Aerospace 57,760 6,840 63, 600 2,360 65, 960 34.5
Nominal
LMSC 56,552 7,214 63, 766 2,700 66, 466 34.5
{equiv.)
Optimized
for
SYNEQ 64, 663 1,721 72,390 3,610 76,000 37.0
(LMSC)

* Includes residuals and RCS

1 1b = .Lk536 kg

Fig. 3-31 Tug Performance for Syneq Round Trip ~ » *° = 38 =
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ability to return the cargo to earth. Some repair by modular replacement is
possible for the low cost SEOQ, but perhaps the same modular concépts could be

gpplied to tug design.

3.4.2.11 Special Thermal Protection. The same considerations of thermal

radiation and acoustic damping apply to various payloadsg with perhaps addi-
tional thermsl barriers required between tug (cryogenic propellants ) and pay-
load if long pad hold and/or coast times are necessary; such provisions could

alsc be necesgary within the payload fairing for an expendable launch systen.
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Section L
PARAMETRIC COST OPIIMIZAPION OF PAYLOAD SYSTEMS

Estimates of payload cost reductions that could be anticipated from the intro-
duction of new lavnch systems were needed soon after the initiation of this
Study. Aerospace, as the Fleet Analysis contractor, needed estimates of cost
reductions, together with new weight and volume estimates as inputs to their
Capture Analysis. BSince design studies would not be completed until later in
the Study, a parametric cost optimizabtion analysis was conducted using the
baseline payloads for starbting values, thereby providing the reguired data for

use by Aerospace in the preparation of their Interim Report.

L,1 COST OPTIMIZATION APPROACH AND METHODOLOGY

Proposed new launch vehicle systems introduce drastiec changes in design and

operational constraints for space payloads, ineluding:

(1) greatly relaxed weight and volume restraints
(2) new capability for orbit revisit and refurbishment
(3) decreased cost and increased reliability of launch systems

The benefits from (1) are relatively direct, bub must be realized by disbribu-
ting them between subsystems in an approximately optimel memmer, Those from (2)
and (3) involve total program considerations and can only be fully realized by
restating payload design requirements and constraints in terms, for example, of

the changes in operational philosophy required to fully exploit Shuttle launch.

4.,1.1 Cost Optimization Approach

The cost optimization methodology adopted uses as a baseline and point of de-

parture historical data on actual payloeds of conventional design. By means
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of parametric mathematical medels these are then reoptimized to respond to the
new design and operational enviromment. These models are modular, so that spe-
cific subsystem models can elther be adjusted by changes in parameters or re-
placed in toto as improved data becomes available.

The optimization criterion chosen is that of minimum program cost maintaining
program objectives, including program duration, mission data requirements and
misgion performance requirements, constant. The number of launches required

during the progrem is, however, optimized.

Optimization is by a general optimization computer program called POP, derived
from the SWORD compuber program, which minimizes program cost for each payload
and launch vehicle combination by appropriate allocation of weight, cost and re-

1liability among subsysteme, using the parametric mode—l of the payload to iden-

tify the most desirable allocation of these resources.

4.1.2 Payload Optimization Computer Program

The Payload Optimization Program (POP) was employed to minimize the total pro-
gram cost by finding the optimum values of the weight, reliability and compon-
ent reliability (or quality) of each subsystem subject to a constraint on total
payload weight and subjeect to a required program operating time and, as appro-
priate to certain space shubitle-launched missions, mission time between ground
refurbishments or on-orbit mainbenance. Thus, POP served as the analytical tool
for integrating and evaluating on a standard basis all the input baseline and
asymptotic data on costs, weights and reliabilities.

h.,1.2.1 Gradient Opbimizabtion Method. SWORD and POP utilize an iterative step-

by-step optimization scheme. At each step, all the independent variables (i.e.,
the subsystem weights, reliabilities and component reliabilities) are incremen-
ted in an attempt to improve the payoff quantity (total program cost) and to
~ hold the constrained varii.able(s)v(the total Pa;_srloa.d_weight) constant. The

mathematical principle behind each step is expressed as follows:

hop
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& 0 (KF — vt K
X X
where X = the vector of all the independent variables
'_ﬂ = a vector of weighting factors which act as scaling factors
and convergence adjusters
f = vpayoff quantity
w = vector of (all) the constrained variable(s)
KF’ EW = variable coefficients which set the size of each incremental

change and which determine the relative improvement in f and

the correction(s) in w.

The iterations cease when Af is accepbably small or when the maximum allowsble
number of steps has been taken, this number being selected by the user for each

computer run.

After POP was coded and in operating condition, about a month was spent in test-
ing and revising the models, comparing preliminary results with practical de-

sign experience, Trying gain-setting methods and testing the program's conver-

‘gence. A simple effective rule was developed for initially setting the gains.
The program's convergence was tested by attempting to find a solution to ex-
tremely different cases from entirely different starting values of the indepen-

dent varisbles. The following table summarizes the degree of agreement between
the converged solutions:

Differences in Agreements Between
Item Initial Values Converged Solutions
Totsl program cost - 0.05 - 0.3%
Subsystem weight 19 - 320% 0-3 %
Subsystem reliability 3 - 22% 0.16 - 0.9%
Component reliability 7 - 80% 0.2 -5 %
b3
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Not only does this table describe the quality of convergence but it also demon-
strates that (1) for these examples, there do not appear to be any local minima
near the opbimum solutions that could cause spurious results, and (2) the vari-
ation in the value of the payoff quantity (total program cost) is about an order
of magnitude smaller than the disagreements in the independent variables; that

is, small changes in the independent varisbles have little influence on the op-

timum payoff value.

.,1.3 Model Algebra - Subsystem Models

The subsysbem models consist of algebraic expressions defining the RUT&E and
unit costs of each subsystem "j" as functions of the subsystem weight and re-
liability. Opbtionally, tabulated data could be used instead of algebraic ex-
pressions. Operations costs were not so expressed in the present analyses but
were included as constant, non-tradeable terms in the total cost. Each model
is a sub-routipe of the main program and can readily be replaced wholly or in
part by an improved model. Additionally, each such model can be adjusted %o

represent specific cases by appropriate selection of parametric coefficients.

Two dimensional relationships are first considered below, between costs and
subsystem weight, unit reliability and redundancy in turn. These are then com-

bined into single, multi~dimerisional expressions.

k.1.3.1 Subé;v_'stem Cost vs Weight. For this study it was necessary to develop

cost vs weight relationships that reflected the frequently-expressed belief
that increasing the allowable weight (for any particular subsystem) would have
the effect of decreasing the total cost of that subsystem. Traditional cost vs
weight CERs exhibit the opposite trend as shown in Fig. ﬁ‘-l', with costs increas-
ing with increasing weight. Such CERs, while valuable in deriving plaming es-
timates for costs of spacecrafi, have been developed utilizing historical data
from a large number of missions whose objectives (and hence subsystem require-
ments) have varied greatly, one from another. The increasing weight, in many

cases, reflects increasing capability as well as increasing costs,
h-b
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Hypothetieal cost vs weight relationships for subsystems wherein the function-
al requirements have been held constant are shown in Fig.4-2 . Somewhat the
same characteristics are displayed by all those shown; as the weight limits are
lowered, the costs necessarily increase because of the need to miniaturize com-
ponents, ete. On the other hand as the weight inereases further, the costs ul-
timately begin to rise again due, as much as anything else, to the cost per
pound of the materials. For different subsystems it is expected that the spe-
cific shapes will vary, but the characteristics of the curves are similar from

one subsystem to another.

While it was not possible to develop cost vs weight relationships that extend
over the full range of potential weights, it was possible to approximete such
curves for relatively small increases in subsystem weight. In Fig, 4-3 are
demongtrated the steps required, beginning with the cost and weight of the base-
line payload subsystem, estimgting the asymptotes depicting the minimm weight
regardless of cost and the minimm cost regardless of weight respectively, and
constructing a hyperbola through the baseline point and asymptotic to the two
lines. The resulting relationship, while not exact, permits an approximation
of the effects of increasing weight while maintaining funchbional requirements

a constant.

It is mechanized in the following form for unit costs Cuj of subsystem "j" and
in a precisely parallel form for BRDT&E costs Crj

k-6
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Cua = qujb { 1+ (C“jb/quﬁj-wlgﬁiﬁjb - Wim) } (4-1)
Cuj'b = unit cost of baseline subsystem "3"

Cu,jm = minimum unit cost regardless of weight

Wj = weight of subsystem "j"

ng = weight of baseline subsystem "j"

an = minimum weight regardless of cost

The parallel form for subsystem RDT&E costs is, of course,

c C
( rib/ ram

C . = { -+
rJ Cr,]b Wj - ij

-1) (ij - Wlm) (h-2)

In the first i’bt-era:tion; -'the ba:seline "v;zlues —f;n:' subsystem costs and weight a.r-e
those derived from the historical data from actual payloads. In later itera-
tions, however, one may substitute data derived from other payload preliminary
design data,

4.1.3.2 Subsysbem Cost vs Relisbility., Subsystem reliability can be varied by

varying unit/component guality or by varying redundancy, the optimum choice de-
pending on the constraints imposed on the system. For example, if low payload
weight is essential, high component reliability is generally preferable to re-
dundancy as a means of achieving reliebility. On the ofther hand, if low cost
is a primary objective and weight is not criticsl the reverse may be true, if
practically possible. It is therefore important to represent both mechanisms
in the model.

%.1.3.3 Unit Quality. There is evidence to support models for both RDT&E and

unit coste of the form (for a fixed nominal mission duration).

O }P
cost o MIBF o« | - In (reliability)

b=
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Specifically, the relationship has been applied as follows:

B -
ln R |
wnit cost ¢ . =C . (Ml )™ (1-3)
uJ ulb
In R .
N
C ( in R b ) Br
RDTSE cost rj = 1\ (4l
eJ
where ch = "unit/component reliability" in subsystem "J"
chb= corresponding reliability in baseline subsystem

The physical quantity involved here is the ratio of the failure rate of the
proposed subsystem to that of the baseline subsystem, the gquantity ch being

of the nature of a dummy variable to represent the failure rate of a system
with the same redundancy as the basgeline system but differing component quality.
For convenience in later combination of the expression for the effects of com-
ponent guality and of redundency, the above quantities were actually defined in

the model as follows:

chb reliability of baseline subsystem (= ij)

R_.
cJ

reliability of subsystem with the same redundancy as the

baseline system but differing component quality

b.,1.3.% Subsystem Cost and Weight vs Redundancy. Much dedicated expertise has
been devoted, successfully, to develop methodologies by which to optimize the

redundancy logic of complex subsystems for cost, weight or some comibination of
these. These methodologies are highly effective in their specific applications.
The present need, particunlariy for the first iteration of payload reopbtimization
to the new enviromment, is, however, for rather general models which will gener-
ate approximate subsystems requirements and goals for the totally new systems
opergtional enviromment and will effectively Focus detailed analyses in the

right areas. The models proposed below therefore emphasize ease of application,

Y10 ‘
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subject to correct identification of the trends and the optimum areas to direct

more detailed analyses.

4.,1.3.5 Redundancy by Subsysbtem. The reliability relationship for n subsys-

tems in parallel can be expressed in the form
1 -R@n) = {1 -rOP (4-5)

Standby redundancy, which is more efficient, is expressible in the somewhat
more inconvenient form

(-1nR ]::) )n_l (4-6)

1 n-1

mMB

R{n) = R(1)
J

It is desirable to avoid having a zero redundancy case as a cost reference in
this application since the baseline payload will in general incorporate redun-

dancy. The zero redundancy case is used in the following formila.

C_. W,
L O
Cu,jb W;j'b Mpaseline

in (1 - Ri) -1n (3 - Rib)

(1R ) m o o (1 - Rle) (4-7)

where R,J'bl = reliasbility of baseline subsystem with no redundancy. Since this

expression is insensitive to the term in R.b

b1, this need not be determined very

precisely.

On the assumpbion that subsystem cost and weight are proportional to the number
of replicate subsystems the above expression iz exact, with ¢ equal to =zero,
for parallel redundancy and is a good approximation, with @ = 0.2, for standby
redundancy. With ¢ equal to 0.1 it 1s a good spproximation to either, or to

a mixed type of redundancy.
h-11
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In general only part of RDT&E costs may be expected to be proportional to re-

dundancy. RDT&E costs were therefore modelled assuming that a proportion "a3"

of them would follow a relabtionship similar to that for unit costs, so that

¢ . - - -
oo ey e {1 2R - 1e (Ry) } ()
rib in (1—Rjg) v a in (l-ijl)

The vaiue of o, was estimated on a case by case basis and was generally in the

3
range of 0.5 - 0.7.

%1.1.3.6 Redundancy by Compopent. In sddition to the above, an alternative ex-

pression has been developed for redundancy by component which, however was not

used in the initial optimization runs. This was of the form

Cost _ Weight _ in Fif in ( - 1n Rj) (h-g)
Baseline Cost  Baseline Weight ~ 1n N&— in ( - 1n ij)

where Nj = number of components in the subsystem

bh.,1.3.7 Operations Costs of Subsystems. The structure of the parsmetric model

allows the option of modelling operations costis by subsystem as functions of,
for example, subsystem reliability. In the present analyses, however, this op-
tion was not exercised. Operations costs were included in the total program

cost tradeoft but as an invariant item.

4.,1.3.8 Combination of Two-Dimensional Relationships. RDT&E and unit costs

have been modelled above as Ffunctions of:

¢ subsystem weight

o subsystem reliability, varying unit/component reliability at constant

redundancy
6 gubsystem relisbility, varying redundancy at constant unit/

component reliability
h-12
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It is now necessary to combine these in a rational manner. In doing so, two

interactions between the two-dimensiocnal relationships have been recognized:

(1) Changes in unit/component reliability change the reliability of the
baseline system to which the cost vs "reliability by redundancy”
model is applied.

{(2) Changes in redundancy change the weight of the baseline system to
which the cost vs weight model is applied.

Ttem (1) has been expressed in the manner shown below in which the function
R, is the ratio of the cost and weight of the proposed subsystem "j" to those
of the baseline subsystem "j". After the baseline costs have been adjusted
for changes in unit/component reliability. This expression, which defines a
weight ratio as well as a cost ratio, is then incorporated into the weight/
cost model, resulting in the total ("four-dimensional") model. The actual
subsystem welght Wj’ is, in effect, rescaled for the changes in redundancy in
order to place it correctly on the cost vs weight curve. Parallel relation-

ships for RDT&E costs are shown below.

It will be noted that the models are such that segments of the model, such as
the redundancy models “Ruf and "Rr"’ can readily be changed if more detailed

analyses showld 80 require.

ﬁh&t cost é;j is expressed-é; a funcfion of subsystem welight Wj’ unit relia-
bility (ch) and subsystem reliability (Rj):

C 0 . )W _ W )
Cuj = Cujm cab ) Ru {'1 . uib/ ujm - 17 b m }

i Wﬁ/Ru ;ij
% ~—
UNIT RELIABILITY WELGHT
(QUALITY)
REDUNDANCY
L3
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1n (1-:&:}) -—1n(l—Rb c]/
In {1 - /R . 7+oz in (1

jb ¢y’ Tej - Jb

where B =1 + cjb
u

1ch/§cjb)

b L3 i
and Cuj‘b’ ij, chb and ij are baseline values (inputs)

C ., W. "are minimum possible values” (inputs)
uim® | in

Bj'bl is religbility of baseline subsystem without redundancy (input)
RDT&E costs (C ) are expressed as a function of subsystem weight (W ), unit

reliability (R ) and subsystem reliability (R }:

B - .
Rc‘b) ’ R, {1 + Cogn/Crin 2 W = T3

W7R -W }

c -~ (111
rJ ram \{g

RQJ N -
e W
UNIT RELTABILITY ' WEIGHT
{ QUALTTY)

REDUNDANCY

ln(l-RJ)-ln(l_
in (1L - R

~Jb RCJ/RCJb)
)+a 1n(].-R 1R /ch

WhereRT=1-cr3+a3 1+

Jb c;}/ chb

and Cujb R ij, chb and ij are baseline values (1npu’cs)

" - * * ] -
Cujm’ an are "minimum possible values” ( inputs)

ij is reliability of bageline subsystem without redundancy
1

h.1.4 Model Algebra-System Model

The total payload is modelled as the sum of the subsystems, with provisions for
a residual "subsystem" to take care of costs not allocatable to hardware sub-
systems. The conventional subsystems can be subdivided if desired for model-
ling convenience if the conventional breakout associates components with very
different characteristies from the point of view of the model,

ho1h
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Each subsystem is defined to the system by the following:

The

subsystem RDT&E costs er
subsystem unit coss Cuj
subsystenm operations cost C .
opeg
subgystem reliability R,
subsysten weight WJ

system is then defined to the optimizabtion eriterion by the following:

payload RDI&E cost Cz_ = X er
payload uwnit cost C =Z¢C .
u wj
payload operations cost C = 5 C
ops opsy
payload weight W=2=2 WJ
payload reliability R=IIR

L.1..5 Optimization Criterion

The compuber program allocabes weight, reliability and cost among subgystens

and optimizes the payload against the launch vehicle interface according to a

defined optimization criterion.

ted total cost of the program required to execube the nominal task it is to

perform.

The program cost ”CPR“ is expressed as the sum of:

® cxpected launch vehicle costs for the program, allowing for launch

vehicle and payload unrelisbility

® expected sum of payload unit costs, with maintenance and refurbishment
where relevant
® payload RDTEE

2 operations cost

-15
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A fundamentsl and critical quantity which is sirongly dependent on the defini-

tion and requirements of the program is:

MSL = expected number of successful missions per successful lsunch
The quantity MSL has been expressed in terms of payload reliability, R, where
the latter is the probability that the payload, having been successfully
launched, will complete one nominal mission. In the case presently modelled
credit is given for completing fractions of the nomingl mission. Figure L4-L
shows how MSL varies with payload reliability for two program times, where the
latter are quoted in terms of the nominal mission time. It should be noted
that it is entirely possible, if the mission is not terminated at the nominal

time, for the gquantity MSL to be greater than unity.

An imporbtant practical case arises with limited expendables or if subsystems
or components are expected to wear out, or experience an intolerable degree
of performance degradation as a result of parametric drift prior to random

(exponential) failure. An approximate representation of this case was pro-
vided by providing for trunecation at a single, representative time equal to

XW nominal missions.

k.1.5.1 Total Program Cost Including On-Orbit Maintenance and/or Ground

Refurbishment. This cost model applies to the operational mode in which a

payload is maintainedlon orbit during the operating mission life of a set of
experiments/sensors, is retrieved from orbit and returned to the ground for
refurbishment and re-outfitting with a different set of experiments/sensors,
and is then returned to orbit for the next mission period. There may be sev-
eral cycles of refurbishment during the entire time of program performence.
Each period between the initial launch and the first refurbishment, between
refurbishmenté, or between the last refurbishment and the end of the flight

[ S
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program is termed a "mission block”; to simplify the parametric analysis, it
was assumed that during a particular flight program all the mission blocks had

the same duration.

The total program cost CPR is found as follows:

= +
Cop =G F Copm™ Tp Cops + Yoy Cryv
where Cr = total RDT&E cost

c = total unit cost with orbital maintenance and refurbishment

u/MR

TP = duration of the program

COPS = total program operstional cost per unit of time
va = number of laanches
CLV = cost of each launch

The total unit cost is composed of the following terms:
c =
where Cu = gsum of the payload unit cost

B = number of mission blocks in the total flight program = TF/TM

TM = duration of a mission block

Cyp = Maintenance cost per mission block = (TM/MSL - 1) Ry
MSL = expected paylozd life per successful launch

EMT = ratio of maintenance to unit costs

Cope = bobal refurbistment cost = (B-1) L

RREF = ratio of refurbishment to unit cosis
418
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The number of launech vehicles is found by summing up the following require-

ments:

B (one i§itial launch + number of maintenance launches per mission
block

Ny

+ number of launches to retrieve payload for refurbishments

_p L+ (B/Me - 1) B-1
D B
T L

= (TP/MSL) +B -1
5

where PL = expected probability of launch success.

h.1.5.2 Total Program Cost Without Maintenance or Refurbishment. In the case
of the expendable payload, which is neither maintained nor refurbished, the

expression for expected program cost becomes much less complex, as follows:

Expected program cost Cog = Cp (RDT&E cost)
+ ¢, Yoy (payload unit costs)
+ T, Cops {operations costs)
+ NLV CLV (launch vehicle costs)
where er = number of launches required
= NM/(MSL P)

4.2 DEVELOPMENT OF COMPUTER INFUT DATA

The preceding section describes a general parametric model of the payload and
of its interface with the launch vehicle. This section describes the applica-
tion of this model to each payload/launch vehicle combination, the development
of estimates of the model coefficients, and the use of techniques for modifying
the analysis model so that it was compatible with design reality.

k-19
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h,2.1 Evaluation of Cost-Reduction Potential

The first step in the determination of cost reductiion potential in each of the
baseline payloads was the general design analysis of each subsystem. Those
characteristics of the hypothetical low-cost payloads showing cost reduction
potential were identified and their influence upon payload program costs were

qualitatively evaluated in terms of high effect, moderate effect, or low effect,

The next step involved the more detailed assessment of program costs in terms
of the amount of cost reduction which could be obtained. To assure that all
cogt-reduction areas were being considered, a "checklist" type of matrix was
prepared. All cost-reduction assumptions were listed and cross-correlation
to the affected cost categories was identified. The matrix later was used as
a reference in estimating the cost reductions possible in each of the cost

categories.

k,2.2 Determination of Compuber Tnput CERs

One of the basic inputs to the cost-optimization computer program is the weight-
versus-cost Cost Estimating Relationships (CERs). The development of these CERs
is described in the following paragraphs. The traditional CER is s curve which
provides increase of cost with inecrease in weight of a subsystem. These histor-
ical curves were usually developed using data from vericus types of payloads
wherein increase in subsystem welght was synonymous with increased complexity
and performance capability of the subsystem; the cost of the more complex or
higher capability subsystem was therefore higher also.

In the Payload Effects Study, the performance (and the complexity) of each sub-
system has been assumed a constant. Any increase in weight of the subsystem
will allow use of simpler design spproaches, less-dense packaging, a decrease
in intra-connect complexity, use of less-costly meterials, and similar cost-
reducktion approaches. The cost of the subsystem will therefore decrease as

the weight is increased.

420
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h,2.2.1 Development of New Cost-Weight CER., A "standardized" CER for use with

the POP computer program has been developed to cover this condition and is
shown in Fig. L-5 1In the construction of this CER, the two asymptobtes must
be established and a hyperbola curve through the baseline cost/weigh‘b point
and asymptotic to the two lines then represents the cost-weight relationship.
The logic involved in the selection of the hyperbola and its lLimitations were
described in par. 4.1.3.1 As shown, the horizontal asymptote represgents the
minimmm cost of the subsystem if no constraint is placed upon weight. The ver-
tical asymphtote represents the minimm weight of the subsystem if no constraint
is placed upon cost. The algebraic equivalent of this curve was provided to
the cost-optimization computer vrogram. Curves were developed separately for
RDT&E cost vs weight and Unit Recurring Cost vs Weight. The actual shape of
this curve was not Xnown st this stage of the analysis. The assumed hyperbolic
shape does, however, represent a convenient initial mechanization of the fact
that decreasing cost returns will be experienced as weight is increased.

4h.,2.2.2 Estimation of the Minimum Weight Asymptotes. The minimum-weight

asymptotes were estimated for the RUTEE end Unit Recurring cost of esch sub-
system, of each payload, in combinabion with a particular launch vehicle type.
Since preliminary analyses had indicated that ‘this asymptote was not particu-
larly influential in forecasting low-cost estimates, a detailed analysis of
minimum weights was not performed. Rather, approximate engineering estimates
were made.

L,2,2.3 Estimation of the Minimum-Cost Asymptotes. Considerable care was

exercised in deriving the minimum-cost asymptotes ¢f the CERs. BFach cost cate-
gory within the RDT&E and Unit Recurring areas was individually inspected and
the approximate amount of cost reduction estimated. All of the cost-reduction
assumptions listed were applied. The cost reductions were summed by subsystem
for each payloa.d/la.unch vehicle combination; these in turn were subtracted from
the corresponding baseline costs (with proper factors applied) to obtain the
minimum-cost asymptotes. Figures 4-6 through 49 are tabulations of these de-
rived CER asymptotes; these data were provided as inputs to the cost-optimiza-

tion computer runs.

h-21
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A = ESTIMATED COST (MINTMUM) OF SUBSYSTEM
(WITH SUBSYSTEM PERFORMANCE = CONSTANT)
B = ESTIMATED WETGHT (MINIMUM) OF SUBSYSTEM

(WITH SUBSYSTEM PERFORMANCE = CONSTANT)

ASYMFTOTE - MINIMUM COST
REGARDLESS OF WEIGHT

SUBSYSTEM WEIGHT —

Fig. b-5 Typical CER - Cost vs Weight
Y22
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Fig, L6

LAUNCH#* RDT&E COST ($1000) UNIT RECURRING COST ($1000)
TOLE
SUBSYSTEM ACE LCE 8S ACGE LOE s3
IEXPERTMENTS " 300 300 175 Iy g 47
STRUCTURES &
MECHANISMS 600 600 390 ol 2l 2l
ELECTRICAL &
PYRO 2,450 1,650 1,200 250 250 189
STABTLIZATTON
& CONTROL 70 70 27 16 16 16
PROPULSION
275 275 275 50 50 50
ATTITUDE CONTROL
CDPL 2,500 2,500 1,150 P25 225 025
ENVIRONMENTATL
CONTROL 150 150 75 22 22 22
* ACE = Alt. Current Expendable
ILCE = Low-Cost Expendable
38 = Space Shuttle

CER MINIMUM COST ASYMPTOTES - SRS
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LAUNCH*

Fig. 4-7 CER MINIMUM-COST ASYMPTOTES - OAO(B)

RDT&E COST ($1000) UNTT RECURRING COST ($1.000)
VEHICLE

SUBSYSTEM ACE LCE 88 ACE ICE S8
EXFERIMENTS 7,217 6,217 3,017 6,250 4,650 4,250
STRUCTURES &
MECHANT SMS 8,17k 7,204 Y4, 5l 4,100 3,200 3,200
ELECTRICAL &
PYRO 14,333 13,483 7,083 2,800 2,800 2,350
STABILIZATION
& CONTROL 69,269 63,969 _ 29,969 10,200 8,800 5,900
PROPULSTON - - - - - -
ATTTITUDE CONTROL 2,995 2,995 1,505 230 230 230
coPT 37,923 30,123 § 14,623 4,230 4,100 2,680
ENVIRONMENT AL
CONTROL 5,735 5,405 3,295 750 1,300 1,300
* ACE = Alt. Current Expendable

LCE = Low-Cost Expendable

S8 = Space Shuttle
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LAUNCH* RDT&E COST ($1000) UNIT RECURRING COST ($1000)
VEHICLE
SUBSYSTEM ACE LCE S8 ACE LOE 88
EXPERIMENTS 30,291 30,291 16,211 1.4k 1.b1h 1,139
STRUCTURES &
MECHANTSMS 6,200 6,200 3,600 1,100 1,100 900
ELECTRICAL &
PYRO 8,046 8,046 4,086 1,436 1,436 1,161
STABILIZATTON
& CONTROL 7,020 7,020 L, 000 950 950 800
PROPULSION - - - - - -
ATTTTUDE CONTROL 1,814 1,81k 1,253 173 173 118
CDPL 19,901 19,901 10, 77L 2,071 2,071 1,521
ENVIRONMENTAL
CONTROL: 105 1.05 105 35 35 35
* ACE = Alt. Current Expendable
LCE = Low Cost Expendable
885 = Bpace Shuttle

Pig, 4~8 CER MINIMUM-COST ASYMPTOTES - SEO
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LAUNCE* ROT&E COST ($1000) I umre REcURRING cosT ($1000)
VEHICLE
SUBSYSTEM ACE LCE 88 ACE LCE 88
EXPERTMENTS 29,290 29,290 15,200 3,400 3,400 2,800
STRUCTURES & )
MECHANTSMS 6,800 6,800 3,950 1,050 1,050 800
ELECTRICAL &
PYRO 8,200 8,200 4,200 1,500 1,500 1,300
STABILIZATTON
& CONTROL 72500 7,500 4,500 1,950 1,950 1,600
PROPULSION 3,500 3,500 3,000 250 250 220
ATTITUDE CONTROL 1,81k 1,81h 1,253 167 167 120
CDPT 20,000 20,000 10,900 2,800 2,800 2,100
ENVIRONMENTAL '
CONTROL 215 - 215 215 ho 4o . 40
¥ ACE = Alt, Current Expendable
LCE = Low Cost Expendable
88 = Bpace Shuttle
Fig. 4-9 CER MINIMIM-COST ASYMPIOTES - MARS ORBITER
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4.,2.3 Model Modification for Desien Practicability

As the parametric analyses progressed it was found necessary, as might be ex-
pected to make adjustments to and impose constraints on the model %o represent

Limivs imposed by consideration of design practicability.

4.2.3.1 Subdivision of Subsystems. When a subsystem, such as an experiment

subsystem, contained packages with very different parametric characteristics,
it was divided into two more homogeneous groups. For example, the OAO experi-
ments package was divided into a primarily mechanical package (telescope,
mirrors, etc.), and & primarily electroniecs group. Cos’s/Reliability tradeoffs

were permitted for the electronics group but not for the mechanical group.

%.2.3.2 Failure Rate Ratio and Paremetric Drift. For the CDPT and S&C sub-

systems in particular, in spite of the very conservative approach used of
modelling cost vg reliability on the basis of redundancy at the subsystem level,
the parametric analysis resulbs called > in some cases, for high redundancy com-
bined with low grade parts whose failure rates were 10-15 times those for nor-
mal space vehicle practice. Such failure rates correspond gpproximately to
lower grade commercial parts and are subjeet to fairly rapid parametric drift.
For the case of the OAO/ Shuttle combingtion, the opbimum average refurbishment
frequency was about three times per year. In order to conform to this desired
average lLife the failure rate ratio was therefore restrained so as not to ex-
ceed 5, This corresponds to the expected failure rate for top-quality aircraft
parts and was expected to give a life of four months or better. For the SEO R
the desired time between refurbishments is approximately nine months. For this
cagse the failure rate was constrained not to exceed 2.2 times the applicable
HI-REL failure rate {(which is equivalent to certain standardized categories of
military parts and components). For all longer life cases, normsl space-

quality parts (HI-REL) appear to be necessary in a practical system.

h.2.3.3 Minimum Subsystem Reliability. With the failure raite ratio fixed, the
model for high cost subsystems, sometimes attempted to reduce reliability (and

cost) by eliminating redundancy. Constraints were therefore imposed as needed
h-o7
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to prevent the reliability from going below thabt for a single thread (non-

redundant) subsystem at that failure rate ratio.

4.2.3. b Minimum Subgystem Cost. Insufficiencies in the integrabion of cost

vs weight and cost vs reliability relationships into the model in some cages
caused the analysis to call for impracticably low costs. This was prevented
by placing floors under subsystem costs. This constrained the minimum subsys-
tem cost to a level that was considered to be consistent with a valune that

wight be achieved in the practical design case.

4,3 OPTIMIZATTION ANALYSIS RESULTS

The cost optimization methodology described in Section L.1 was exercised dur-
ing the gtudy through the use of the POP computer program. Thus it was possible
to establish rapidly optimum programs for each given launch vehicle-payload
combination in terms of minimim total program cost for a particular sllowable
payload welght and program duration. The major parameters to be considered in
the cost optimization leading to the low-cost approaches were considered to be
(1) total payload weight, (2) program time (duration), (3) launch cost, and (k)
refurbi‘shment/maintenance. For any change in either of these varisbles, the
computer provides a new set of optimized program costs and the corresponding
distribution of weight and relisbility among the payload subsystems. The com-
ruter rms were plammed so that the effect of each of these major parameters
could be determined separabtely. A mabrix showing the various computer runs

and. the parameters varied is shown on Fig. b- 10.

This section first describes the type and quantity of the computer ocutput and
then proceeds to evaluate the outpub daba and establish results that have an
important bearing on the development of low-cost payload approaches. These
results led direetly to the target costs and design goals summarized in Section

L.k,

L-28-
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0AOQ SEOQ SRS MO
PARAMETER VARIED ACET LCE T SSACECE SSTACE T IOETSS M ACE TS
Total payload weight:
.000; 800G 9500 | 3 | ]
8000 12000 16000 1.3 13 .
1000; 2100;: 3000 3 I
900: 1500: 2100 3 N R N
400 700. 1600 N o 3 3 3
1500;2500 (2} 2
Program time:] N
l, 4, 6yrs 3000 Ib +2
I, 4 6vyrs 12000 Ib +2 +2
I, 4, 6vrs 2100 1b +2 +2 -
12, 1, 2yr 700 Ib +2 1 42 | +2
+
I, Syr B _2?:00 ib . n 1 | f ]
Maintenance/refurbishment:
yr, 2yr & no refurb.
refurb. cost 0, 3/0, 5, +5 +5
maintenance, 0.1
"Throwaway' -1, 4 & 6 yr. +3 +3
Launch Cost Apporfionment:]
Zero, 12 & | x nominal +2 +2 +2 | +2
Total Runs = 69
1 1b = .U4536 ke

Fig. 4-10 Matrix of Parametric Analyses
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4.3.1 Computer Output Format

One page of computer output summarizes the dats for the opbimum solution and
compares it with the baseline payload. A typical sample of this page is at-
tached as Fig. 441, A line-by-line explanation follows.

Line 1 - Data and page count

The dabe is helpful in correlating data changes and the introduction of prac-
tical design limitations with the computed results.

Lines 2 and 3 -~ Headings

The hesdings contaln useful identifying information, usually parametric veri-
ations from run to run such as names of the payload and launch vehicle, total
payload weight, mission and program durations, main’tenance/reﬁzrbishment pol-

icy, launch vehicle cost, ete.

Lines 4 through 12 - Optimmm Subsystem Data

Phese lines comprise a tabular summary of the following subsystem data ab the

optimum solution:

NUMBER numerical order of the subsystems that compoge the total
payload

NAME name of each subsysten

WEIGHT subsystem weight, in pounds

REL subsystem reliability, expressed ags a deéimal fraction

RCP component relisbility in each subsystem,
expressed as a decimal fraction

RDT&E RDTEE cost of the subsystem, in $1000

'[INIT u.nj.‘t COS’b Tt n 1 i jig *

OPS operations cost " # voo*

* For the SEQO payload, the unit and operations cosgts have been multiplied by
four under the assumption that four flight programs will be in operation
for this payload.

L-30
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PAYLOLD EFFECTIS ANALYSIS STUDy JONUYZg DaTa 5C0/T30-CEnY

Fit cpes REN DU yyR NG MNT/REF €LV 522512 p2SC/pz/2+41K
ku"agﬁ Nang wEIGHT Rgl Bep RpTE UNLY oPs REQUND R RepUny U FALL A3
1 PL ASSY/INTY 1049374 . Ra%p +9890 1878.391 TIDL4867 TT 38004000 T L,p0000 1« Q0D00 " 20000
2  EXpER9pNTS 618:930 AL +B849%  354a73.517 49104737 1%028.000 118609 1e18409 +F693
3 STRUC,MECH I40.98] + 9940 «9940C 6283e%4% 4552.488 494,000 1,0000p t+00000 « 3000
8 PpROP/ATT CON $2.008 7929 *+9920 1833314 492.c0u 254,000 t.00000 1400000 #0000
3 U140 24].029 +9856 9530 b11%:¢913 3378492 14224000 1,2680) 10228801 2+1701
4 TT+C 210,038 «9654 +9540 157214429 S¥80.604 3940.000 1.07185 Je07§85 202273
7 ELEC/sPYRO 482,587 « 480 « 2480 83%5s198% 8572,4908 -—2452,000~" — 1,p0000° - J.00Q00 «000D
@ ERylm coNt 12,000 t. 0000 1.0000 130,000 120,000 + 000 {,0000p i,00000 ,0000
cPalTY Ll y CPU+R chPOPS CPRODgG EXPNSL RELP wWrp ARUSE ANLY
= T5%91.87g 20251,03) 178546.191 262545000 24090460459 2eb7%42 8050y 2100.000 1e5827p 1s5827g
L:J . - —_— - e
‘_I
BASELINE SYSTEN
HUNBER HaNE wEIGNT arL RCp ApTE UniY oPS AEpUND R REDUND U FalL R%
1 PL ASSY/INY 404000 .ratn «93%0 28474009 848,000 234004000 - -1,00000° © " 1.00000 - « 3000
2 ExpEningHts 171000 L0455 +8455 46571.+000 B494,000 ispn28,000 i.0000Cp 100089 10000
3 STRUC/MECH l3nrn00 + %40 «9940 732%.000 4%4%.00v 4944000 1,000060 1+ 00N0G « 0000
% pROP/ATY CON 5] «000 + 9920 s9920 1849000 692.000 2%4.000 1.00000 100000 +0009
5 GCN A3.000 + 9820 «5620 7803000 728,000 1692,000 1,00000 1s:00000 1.,0000
o Trec 73.000 . 9800 +9800  2353§.008 90324003 39404000 §.00000 1400000 l.0000
e ELEC/2yRO 158.000 «¥480 +¥580 103%44000 - 46294500 — —2%82i0D0 T T T.0URUET T T TEeDO0ns Tl DO0E
8 ENylp coONT 12.000 1,0000 1.,0000 180,000 120,000 + 000 1,0000p 1,00p00 20000
ePaoT Colngy CPy R CPOFS CPRDg EXPHSL™ T7TRELPT T T pyp T RNUSE © T amLy
g.uasz;.aas 36804.0pn2 2l554,.70% 2428%.000 3088%7.075 2+47922 275745 724000 127073, 127073}

Fig, 4-11 Exemple of Computer Prinbout
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ratio of the nomber of components in the optimum system
to that in the baseline system as determined by the cosb
model used Lo compube the RDI&E and unit costs, respech-
ively (both values are needed since practical design con-
siderations may dictate the use of different models for
these two cost components)

failure rate ratio relative to that of the baseline sub-
system (a value of zero is the result of choosing a cost
model that ignores reliability tradeoffs for that par-
ticular subsystem)

Tineg 13 and 14 - Optimum System Data

These two lines present the following optimum total system data:

CERDI
CPUNIT
CPUWR

CPOPS
CPROG

RELP

ANUSE

ALY

RDT.E cost of the tobal program, in $1000

m Tt

sum of the subsystem unit costs,

unit cost of the entire payload with refurbishment a.nd./ or
maintenance, apportioned over the original and all rege-
tivabed payloads, in $1000 (note the value quoted is ir-
relevant in this case since no refurbishment is involved).

sum of the subsystem operations costs, in $1000
tobal program cost, in $1000

expected useful 1life of each successfully launched pay-
load, in time units appropriate to the particular payload
(for SEO, the unit time is one year)

program religbility over the unit time period, expressed
as a decimal fraction

total payload weight, in pounds

number of payloads required for the entire flight program,
in the case of refurbishment and/or maintenance, the num-
ber of all reactivated payloads, plus the original one

number of launch vehicles required for the entire flight
program

Tines 16 through 26 - Baseline subsystem and system data similar to Lines Ut

through 1k,

In addition to ‘the optimized and baseline payload data deseribed agbove, the

sensitivities of the total program cost to small chalmges in the model coeffi-

cients are .also printed out., These sensitivities are expressed as'a ratio of

=32
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the percent change in cost to a percent change in the coefficient and as such
they indicate to what extent uncertainties in the coefficients affect the to-
tal program costs.

4.3.2 Analysis Ground Rules

In the type of analysis considered here, where many programmatic variablesg are
involved, it is important that some of these variables be either fixed or al-
lowed to vary according to certain pre-determined ruwles. Thus, prior to start-
ing the computer runsg, it was agreed with the Fleet Analysis contractor (Aero-
space) that the following ground rules and assumptions are realistic from a

program point of view:
® All cosgts are in 1970 dollars.

& Standard shroud costs are ineluded in the cogt of the launch vehicle;
if special shrouds are reguired (e.g., hemmer-head ) . they are charged

to the payload program.

® The weight and cost of deployment gear for the payload is charged

to the launch vehicle.

& Taunch vehicle costs are spportioned to the payload in the ratio of
the payload weight to launch vehicle capability for that mission,
assuming an 80% load factor, with the exception that the following

launches are considered dedicated:

- all alterngte current
- all OAC expendable
- all SEO/Shuttle/Tug

@ Total slmbtle launch cost to the users is 5{53 million; for the Shuttle/

Tug combingticn this charge is $3.7 million,

® Maintenance is on orbit and involves dedicated Shuttle/Tug launches
for SEQ; OAO maintenance launches are equal in cost to the initial

payload Launch (prorated).
b33
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¢ Refurbishment is on the Earth's surface and also involves dediecated
1gunches for the SEO but not the OAC which are prorated.

® In the Shuttle/Tug mode, the Tug is teken to low Earth orbit by the

Stmttle for each mission application,

¢ Operations cost reductions are estimated outside the computer but are

included in the optimization of the total program costs; these reduc-

tions apply only to the Shubtle launched payloads, baseline operations

cogbs are assumed for the expendable launch vehicle.

'

TIn the cases where the Shuttle was used as the launch vehicle, assumptions had
to be made regarding the refurbishment cycle. Because the SRS was an inexpen-
sive payload it was assumed that it would not be refurbished. For the OAO and
SE0 +the nominal refurbishment schedule was once per year at a cost 0.3 times
the unit cost. Parametric variations from this nominal sgchedule were investi-
gated which included 2 year refurbishment, refurbishment at 0.5 ’l:ix;les the it
cogt and no scheduled refurbishment.

I.,3.3 Optimization of Payload Weight

An essential tenet of the low-cost analysis methodology i1s that, contrary to
conventional concepts, increasing the payload weight can result in cost sav-
. ings. This is achieved by capibalizing on the reduced transportation costs
(i.e., $_per 1b to orbit) associated with the new classes of I’éunch vehicles,
through adopbing a less sophisticated design approach, which usually results
in a heavier payload. However, the growth in weight is limited by the capa-
bility of the launch vehicle being used. Further, as the "lowest cost regard-
less of weight" asymptote of the payload cost-weight-model is approached, only
small payload cost-returns can be expected from large changes of weight. When
the launch costs are prorated in proportion to payload weight these reburns
may be outweighed by increased launch costs., Thus, it becomes important to
investigate the effect of total payload weight on the total program cost.
This is done simply by changing the maximum weight constraint in the FPOP com-
puter program. ’
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In general, as a resulb of this exercise, a tobal payload welght could be se-
lected beycnd which no sensible cost reductions could be expected, and that
welght then fixed while evaluating the effects of other program parameters.
Some typical results are illustrated in Fig. L-12 where total program cogt is
represented as g funcbion of total payload weilght., The results on the left
are for the SRS payload used with each of the candidate launch wvehicles and
those on the right are for the OAO and SEQ launched on the Shuttle.

Por the total payload weights presented, minimum or near-minimun total program
costs gre shown. The apparent internal anomslies in the SRS case result from:

® fixed launch costs (dedicated launch) for Atlas/Burner II launch

® relatively high prorated costs, proportional to payload weight,
for launch with SRM/Titan Core IL/Agena launch

¢ relatively low prorated costs for Shuttle

As a result of these initial analyses, the following total payload weight con-~

straints were placed on each payload for the ensuing computer runs:

SRS 700 1b (310 kg)
0AO 10,000 1b (4500 kg) for alternate current and low cost
expendables

12,000 1b (5400 kg) for Shuttle

SEO 2,100 1o (950 kg)

In the case of the SEO, 2,100 1bs (950 kg) is approaching the maximum capa-
bility for the replacement ( i.e., take payload to syuchronous equatorial and
return with the replaced payload) operational mcde, For the OAO/al‘cernate
current and low cost expendable combination, the 10,000 1b (4500 kg) 1imit
represents the Limiting capability of the expendable launch vehicle, as pro-

vided by Aerospace,
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