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PREFACE

The pressing need to survey and manage the earth's resources and environment, to better understand remotely
sensible phenomena, to continue technological development, and to improve management systems are all elemen.ts
of a future Earth Resources System. The Space Shutile brings a new capabilily o Earth Resources Survey including
direct ohservation by experienced earth scientists, quick reaction capability, spaceborne facilitics for experimenta-
tion and sensor evaluation, and more effective means for launching and servicing long mission life space systems.

a
The Space Shuttle is, however, only one element in a complex system of data gathering, translation, distribution
and utilization functions. While the Shutile most decidedly has a role in the total Earth Resources Program, the
centiral question is the form of the future Earth Resources system itself. It is only by analyzing this form and

accounting for all elements of the system that the proper role of the Shuttle in it can be made visible.

This study, entitled TERSSE, Total Earth Resources System for the Shuttle Era, was established to invesligate the
form of this future Earth Resources System. Most of the constituent system elements of the future ER system and
the key issues which concern the future ER program are both complex and interrelated in nature. The purpose of
this study has been to investigate these items in the context of the total system utilizing a rigorous, comprehensive,

systems oriented methodology.
The results of this study are reported in eight separate volumes plus an Executive Summary; their titles are:

Volume 1 Earth Resources Program Scope and Information Needs
Volume 2 An Assessment of the Current State-of-the-Art

Volume 3 Mission and Sysiem Requirements for the Total Earth Resources System

Volume 4 The Role of the Shuttle in the Earth Resources Program

Volume 5 Detailed System Requirements: Two Case Studies

Volume 6 An Early Shuttle Pallet Concept for the Earth Re‘sources Program
Volume 7 TUser Models: A System Assessment

Volume 8 User's Mission and System Requirement Data

Executive Summary.
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SECTION 1
INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

The proper role of the Space Shuttle in the 1980's Earth Resources Program is a subject which must be addressed
in the context of the overall program structure. Shuttle flights with Earth Resources objectives are not an end
in themselves but a complementary part of the operations which are necessary to develop and employ technology

for Earth Resources applications.

In other volumes of the TERSSE final report we have sought to outline a framework for the entire Earth Resources
Program of the 1980's within which the role of the Shuttle could be placed. This volume then establishes and
details the role of the Shuttle for Earth Resources. We have dravm heavily upon the results of the total framework
portion of the study and have examined the potential of Shuttle as a platform for captive Earth Resources payloads
in the sortie mode, and as a launch and services vehicle for automated Earth Resources spacecraft. The types uf
R & D and operational missions wl;lch can be served have been addressed as have practices for exploiting the

Shuttle in order to achieve high program benefits at low cost.

The volume is organized to first present a review and summary of the capabilities of the total Space Transportation
System (STS) which are pertinent to Earth Resources sorties and the various automated Earth Resources space-
craft (Section 2). We next treat in detail the roles of the Shuttle for the Earth Resources Program when the
orbiter is used in the sortie mode (Section 3). And finally, the roles and benefits of the STS for automated Earth

Resources spacecraft are discussed (Section 4.)

1.2 SHUTTLE SORTIE MISSIONS FOR EARTH RESOURCES

The Shuttle when used in the sortie mode has four distinct roles which span the total development cycle of the
Earth Resources Program. The development of a particular Earth Resources application (or mission, as the
word has been used in this study) is a staged process which carries an embryonic technology through the successive
steps necessary for the finul operational mission's implementation to satisfy a need. All system elements must
enter the development process at an early stage of the total application's development and each of the steps in the
development of each require the acquisition of data. Initially, the data may be scientific, such as microwave
signatures of field crops under different conditions. At later stages the data maybe of an engineering nature, such
as the efficacy of a solid~state amplifier ini providing sufficient r'adar transmitter power to measure field crop
signatures. Even later in the cycle, the characteristics of the approaching operational system are needed, in
order that the end-to-end process of gathering and delivering information to a user may be verified. And, finally,
the data ultimately required is that to be used by the operational user on a routine basis to carry out his resource

management task,

The foregoing examples of data needed for an applications development were all drawn from a specific subset of

the data requirements for such a development process: flight data. While the total set of data necessary to carry

1-1



out an applications development program is provided by widely-varied sources and is of widely-varied types, the

foregoing examples serve to illustrate the four basic roles of the shuttle sortie in such a process:
1. Technique Development Platform
2, Sensor Development Platform
3. Applications Development Platform
4., Operational Mission Platform

By Technique Development is meant those early investigations which provide the underlying scientific framework
upon which the application of remote-sensing to a resource management problem is built, Signatare research is
typical of these investigations. Sensor Development, the second stage (and second shuttle sortie role) is focused
on the engineering of the sensor and on the gathering of data which will permit design of the sensor for its ultimate
operational application. Applications Development, the third stage and role, involves the use of nearly~-developed
or prototype system elements (including sensors) to investigate and demonstrate the workings of the entire applica-
tions program. And, finally, Operational Missions are those activities which have successfully completed the
development process and are routinely carried out in satisfaction of operational user's needs. While few applica-
tions will require development from scratch in all four stages, and many will require no flight-data for one or
more steps, the unique features of the shuttle sortie mode will lead, in many cases to significant advances in the

technologic and economical efficiency with which all four stages may be carried out.

The critical developments and operational missions pertinent to each of these roles for the Shuttle sortie are
illustrated in Figure 1-1, Each development is correlated with the TERSSE missions which it supports. And the

ability of the Shuttle to satisfy operational mission requirements is illustrated.

We view the Shuttle to be a primary developmental platform for the Earth Resources Program and consider its
roles to span the range from Technique Development to ASVT support., As an operational platform, the Shuttle's
unique features of tailorable sensors, tailorable orbits and 1ighting, and hard-copy return qualify it for primary
platform status in several cases and as a support platform in many others. Figures 1-2, -3, -4 ani -5 illustrate
example configurations for each of the four sortie roles., A major study conclusion is that planning for flights

encompassing these four roles should commence.

1.3 FREQUENT FLIGHT OPPORTUNITIES: A PROGRAM REVOLUTION

In examining characteristics of the Shuttle for exploitive value, no single feature of the Shuttle concept will have so
much impact and potential as the opportunity for frequent flights. Today's Program may be characterized as
follows:

1. Spacecraft projects dominate the development of system elements such as signatures, sensors, and
data systems.

2, Because of the infrequent availability of flights, all phases of an applications development are nucessarily
attacked simultaneously: signature research, sensor development, and applications development are

combined in a single program,

3. As a result, major budget committments precede proof of concept and increases in confidence level,

—
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Figure 1-2. Shuttle Role: Technique Development

1-3



o [NITIAL INVESTMENT HIGH; COST
PER FLIGHT REDUCED BY MULTIPLE
FLIGHTS INTERSPERSED BETWEEN
SENSOR MODS/UPDATES

¢ BASIC SENSOR STRUCTURE ABLE
TO BE TRANSITIONED TO ASVT
USE AT COMPLETION OF SENSOR
DEVELOPMENT FLIGHTS

SHUTTLE IMAGING MICROWAVE SYSTEM

Figure 1-3. Shuttle Role: Sensor Development
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REIMBURSABLE LAUNCH SERVICES
BASIS

SEOPS-TIMBER
INVENTORY CONFIGURATION

Figure 1-5. Shuttle Role: Operational Platform

The Earth Resources Experiment Package (EREP) which flew aboard Skylab is the sine qua non of the single-flight-

program, Skylab was a once~in-a-decade opportunity which could not be ignored. And EREP has produced

valuable contributions to the Earth Resources Program. But the constraints of a single flight opportunity are in-

escapable. Figure 1-6 illustrates the situation. Costs rise rapidly as the flight project is approved and hardware

is built but increases in confidence from the three simultaneous steps do not occur until after the beginning of data

analysis (the small bump in the cost curve represents data pi‘ocessing costs which are usually not accounted for

until late in the project) And the more mature steps (e.g. application developmert) are not able to capitalize upon

the results of the earlier ones. -

The Earth Resources R&D Program of the 1980's as a result of frequent—ﬂight—opportunities, should be characterized

as follows:

1.

System development needs will dominate the conduct of the Program; flights will be scheduled when and
as they are useful to the development of a particular system element.

Developments will be attacked sequentially and iteratively; signature research, sensor development, and
applications development will be kept separate when it is warranted.

Low cost will be achieved through reuse and modification of hardware facilities as the development process
proceeds, o

Figure 1-6 also illustrates the phased program concept made possible in the Shuttle era by frequent flight oppor-

} tunities.

Technique development flights deliver proven signatures to the sensor development project which, in turn,
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Figure 1-6. Single-Flight Program Versus Phased Program

uses multiple flights to develop sensor hardware for transfer to the total applications system development effort.
Costs are more gradually increasing and the confidence associated with the process is more nearly in line with its

cost.

A major Earth Resources Program management restructuring will be necessary to achieve these benefits,
Application Development Managers will need to be created, assigned, and given the authority to control all aspects
of the development of their system, such as signatures, sensors, or data processing, and fo schedule Shuttle flights
as they become useful at each step. A concomitant amount of Shuttle Program responsivity and flexibility will be
required hy the Application Development Manager. Such restructuring will not be simple, ard the details are not

at all visible at this point.. It is our recommendation, however, that this aspect of management in the Shuttle Era

be reconized and given early attention.

A consolidation of shuttle-exploitive practices inthe frequent-flight era is illustrated in Figure 1-7. We have in-
tegrated the practices more commonly spoken of in connection with Shuttle (such as reduced analysis and greater
margins) with the underlying concepts necessary to exploit frequent flights, A program with many flights cannot
be structured as today's are ~ the cost would be too great. The program of the future must achieve low cost per
flight. But we feel that this low cost will not so much be achieved through the manufacture of inexpensive hardware
as it will be achieved through the manufacture of quality hardware with flexibility, growth capability, and the

ability to be reflown many times. A Shuttle-cra equivalent of the $15M Skylab radiometer/scatterometer/altimeter
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Figure 1-7, Shuttle-Exploitive Practices

(5193) will still possibly cost $15M. But the $15M Shuttle-era sensor will be used many times, not once, each with
a relatively low-cost modification of its configuration to sequentially explore the development steps leading to an

application system.

1.4 CONTINUED ACCESS TO AUTOMATED SATELLITES: A NEW WAY OF DOING BUSINESS

Perhaps the newest and most provoking characteristic which the STS will bring to automated satellite platforms is
the post-launch access to satellites which will be provided. Although there have been occassional satellite pro-
grams which used data or sample recovery systems, the Space Shuttle and Tug will open up a new era where
virtually all earth orbiting satellites can be recovered or serviced on~orbit as a relatively routine matter. The
options for spacecraft designers and applications program planners which are made available by this feature will

truly result in a totally new way of doing business.

As will be discussed in greater detail in Section 2, the Shuttle Orbiter is designed to retrieve as well as deliver
spacecraft to orbit. For satellites in orbits which are not accessible to the Orbiter, the Tug will provide this

service. In sum, the STS is designed to be a two-way transportation system, enabling its satellite customers to
achieve total travel capability between the three primary terminals, earth, low earth orbit, and geosynchronous

orbit.

The impact on the ERP can only be grossly estimated at this time. In the first place, all Earth resources
satellite platforms can be checked out in orbit after launch using the Shuttle Orbiter and Tug to provide various

support services, These include data processing, electrical power, communications relay, visual inspection, and
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physical deployment aids. In the event that malfunctions are found, the STS elements can assist in the failure
isolation anil also effect repairs hy wmeodule replacement. It is in this latter area that the continued access to

satellites would appear to make the greatest impact.

Advanced, detailed studies of serviceability have been carried out for two primary ERP sateilites of the 1980's,
EOS and SEOS. The EOS satellite is a primary example of a major sun-synchronous platform for the ERP, while
SEOS is one of the more important Earth-synchronous platforms. In both cases, feasible satellite and servicer
designs have been developed (Section 4.2.4 and Appendix C). Although these conceptual designs require flight
verification, the concepts identified do not represent significantly new technology developments and should not

require major new research efforts.

In addition tn the apparent feasibility of on-orbit servicing as a Sﬁuttle—exploitive new way of conducting space
programs, the most thorough economic studies have shown it to be a cost-effective mode of operation as well
(Appendix D). It has been shown in a number of studies that the Shuttle is cost-effective as a basic transportation
system (Appendix A). Itis, however, in the Shuttle-exploitive modes that spacecraft programs can often reap
savings of 60-70 percent of total program costs. Although this figure represents a maximum and is probably
subject to some errors, it does indicate the general magnitude of savings which an orbit servicing program can

have over the use of expendable-spacecraft similar to the types currently in operation.

Although orbit servicing appears to be the most cost-effective program mode in some cases, a number of studies

have shown satellite retrieval & ground refurbishment to be an advantageous program mode w.der certain condi- )
tions. The retrieval mode requires less advanced satellite designs and avoids the complexities of remote, auto-

mated or semi-automated servicing. For certain programs, then, it can be shown to be more effective than either

an expendable or an orbit servicing approach.

1.5 CONCLUSIONS AND RECOMMENDATIONS

The Space Shuttle, we have concluded, has a primary role in the continued evolution and development oftthe Earth
Resources Program and may be visualized as the means by which the momentum of the R&D ERP is maintained
through the early 1980's. This is not to say that merely flying more sensors and collecting more R&D data will
maintain this momentum. Indeed, as the remainder of the TERSSE final report volumes illustrate, a completely

different way of viewing and managing ERP evolution is needed. But Shuttle, in this context, will be a key element.

Shuttle's major contribution to Earth Resources Program R&D lies in frequent flight opportunities.

A major Program management restructuring is required to capitalize on this benefit.

Today's spacecraft projects dominate R&D of sensors, data systems, and applications because spacecraft projects
are individually costly. Infrequent flight opportunities are the result, and all phases of the development of an
application must be attacked simultaneously. Frequent flight opportunities in the Shuttle era will remove this con-
straint and permit placing the control of development efforts in the hands of an applications development manager.
New management techniques, organizational relationships, funding control, and interfaces with the Shuttle Program
will be required, We recommend the immediate start of an investigation of this question, for the transformation

itself must begin several years before the first Shattle flight. : ; )
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Mission planning for Shuttle's first years should commence in Technique Development, Sensor

Development, and Applications Development. Early operational uiissions should be further defined.

The program-spanning roles of the Shuttle will maintain the momentum of the R&D portion of the ERP only if
applications programs and their associated payloads are brought into being in a timely fashion, Already much of
the first two years of Shuttle flights is tentatively allocated to other NASA disciplines., Earth Resources use of the
Shuttle must be rapidly defined in sufficient depth to permit the scheduling and integration planning of ER payloads to

ocecur.

The potential of Space Shuttle to serve the fractionated L.and Resources area via ad hoc missions

should be given focus.

As was developed in Vollzr;xés 5 and 6, much of the Land Resources management area is ideally-suited for use of
Shuttle as a primary platform., Off-the-shelf or nearly~developed sensors could be used to satisfy much of the need
of this community. And the development of this resources management area is provided a focus and goal by the

planning for early shuttle flights for Land Resources mission purposes.

The ability of Shuttle to provide continued access {o satellites will provide major cost savings.

The implications of this capability fo the relationship between R&D and operational spacecraft

platforms should be evaluated in future spacecraft studies.

The automated spacecraft of the Shuttle era, such as EOS and SEOS, are currently undergoing preliminary defintion,
On-orbit servicing is receiving attention in these studies; but the questions associated with a) use of a spacecraft
bus for R&D then upgrading or refurbishing it for operational use and b) the refurbishment or replacement of

sensor payloads should be examined,

In conclusion, we expect a vigorous Shuttle Program to provide significant benefits to the Earth Resources Pro-
gram. But, as with all revolutionary new capabilities, major restructuring of techniques and methods will be
necessary to capitalize on these benefits. An outline for restructuring is contained in this report. The next steps

are ready to be taken.
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SECTION 2

STS CAPABILITIES IN SUPPORT OF THE ERP

This section describes the elements of NASA's Space Transportation System (STS) in some detail and defines the
potential benefits available for the total Earth Resources Program. The STS is still in the formative stage, as
may be seen by the schedule shown in Figure 2-1. Fuither, increasing pressures to combat inflation and reduce
the federal budget add a major element of uncertainty to the current schedules. For this section and those
following, the approach which has been taken addresses the system as planned and does not include an analysis of

these uncertainties.

The STS is comprised of elements which may conveniently be categorized into three groups: the Space Shuttle or

Orbiter; upper stages for the Shuttle; and the Spacelab. The clements of each group are shown in Figure 2-2.

The STS has been designed to deliver, retrieve, amd service automated and manual spacecraft on-orbit. It will
also support the conduct of space operations and experiments at low earth orbit for missions up to 30 days in
length. The Shuttle and upper stages of the STS are being built by NASA and DO, the Spacelab by the European
Space Ageney, ESA. The gonal is to support all space operations by NASA, DOD, other U. 8. agencics, foreign

national agencies, and the domestic/international private secctor. i

FY 1973 l 1874 ] 1975 l 1976 [ 1977 I 1978 I 1979 l 1980 [ 1981 ‘I 1982 l 1983 l
cY l 1973 ] 1974 l 1875 I 1976 ] 1977 l 1978 l 1979 l 1980 | 198} I 1982 L 1983

FIRST

FIRST __ ORB _ _ MANNED_ ORB
HORIZONAL NO, 1 [ TorsiTAL No. 2
FLIGHT l FLIGHTS
[] Z
SYSTEM '
REQ'TS |
REVIEW
SYSTEM PRELIM SYSTEM CRITICAL SHUTTLE/ SPACELAB
DESIGN REVIEWS DESIGN REVIEWS l OPERATIONAL CAPABILITY
ORBITER I !
PREL. DES, ROLLOUT 4 } ROLLOUT 4 }
REVIEW ORB, NO, 1 ORB, NO, 2

7 GUALIFICATION AND GROUND TESTING . . .
ORBITER DESIGN AND DEV, P

N SLNO, 1 St No, 2 ‘
LAUNCH LAUNCH

EM, 5L NO, 1
DELIVERY DELIVERY

CONT.
AWARD SL NO, 2
Ly e Qe e Oy D

[ SPACELAB DESIGN DEV & TEST
00s 00S
CHECKOUT OPERATIONAL
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pB28&3
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CAPABILITY
TUG

WTR

LAUNCH

AVAIL,

Figure 2-1, STS Development Schecule

2-1




TUsNEL

0DULE

UPPER STAGES SPACELAB

< =

CREITER— s I
! ,“f} v
dup
’

’
/ - MAIN ENGINE S

5

-

= Py

. »C1 10.ROCKE T BOOSTERS
TOENTENSAL TANK

SPACE SHUTTLE

Figure 2-2, Flight Elements of the STS

2.1 CAPABILITIES OF THE SHUTTLE

The Shuttle Orbiter, shown in Figure 2-3, can carry single or multiple payloads in its 18, 3m x 4. 6m (60 ft. x

15 ft.) cargo bay to low earth orbit. The payloads mcy serve a single discipline or user or it may be shared by
several. A prime concept in maximizing Shuttle utilization which is just now emerging is the use of "piggy-back"
payloads which may be added to the primary payloads scheduled for a specific mission. One of the major efforts to
develop this concept is currently underway at GE under a contract to JSC for conceptual design of a Standard Earth
Observations Package for Shuttle (SEOPS). Some of the early candidate concepts selected for evaluation are, as shown
in Figure 2-4, quite versatile and can prove very helpful in optimizing the cost effectiveness of the STS.

The } imary source of data regarding the capability of the Shuttle to support the total ERP is JSC 07700, Volume
XIV, Space Shuttle System Payload Accommodations. The following paragraphs, which summarize the Shuttle
support to Farth resources missions, are drawn largely from Revision C of this document, dated July 3, 1974,

2,1.1 CREW PROVISIONS

The basic crew of the Shuttle consists of a commander and a pilot. For special missions, additional crewmen
including a mission specialist and several payload specialists may be added. The first two mentioned crewmen are
required to operate and manage the Orbiter at all times. The additional crewmen will be proficient in payload
(experiment) operations. The baseline Orbiter capability provides expendables and other support for four crewmen,
operating up to seven days. However, as a payload-weight-chargeable item, this capability may be extended to
seven crewmen and thirty days.
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Figure 2-3. Shuttle Orbiter

The Orbiter provides the capability to support planned, unscheduled, and contingency LVA. Three, two-man EVA
excursions may be performed, each lasting up to six hours. Nominal missions of a payload (experiment) sponsor
may call for two of these EVA operations to be planned or unscheduled. Additional excursions may be included

in the mission but expendables will be payload chargeable. For many of the Earth Observations experiments
currently being planned, the utilization of EVA can be a powerful tool permitting versatile operations with many
real-time modifications. Although some of this versatility can be supplied by automated means, the EVA approach
can provide a more cost effective plan and enable much greater range adjustments and corrections to be made.
The expericnce in the Skylab mission illustrates much of the advantage to be gained; the frecquency of Shuttle flights

and the size of the cargo bay should encourage payload suppliers to make even more effective use of EVA capability.

An important feature of the crew provisions provided by the Shuttle is the lack of "astronaut-type' training
required. The Ovbiter provides a habitable, shirt-sleeve environment which is being designed to encourage the
active participation of scientists and technicians. Naturally some training in the life support systems of the
Orbiter will be required, as well as experience with the zero gravity environment. However, it may be expected
that the mature Shuttle system will easily accommocdate the designers and/or users of the payloads and payload

equipment.
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2.1.2 SHUTTLE PERFORMANCE CAPABILITIES

The Shuttle will utilize two launch sites, Kennedy Space Center (KSC) and the Western Test Range (WTR) at
Vandenberg Air Force Base (VAFB), to transport payloads to low earth orbit at various inclinations. Figures 2-5
and 2-6 show the maximum cargo weight that can be directly placed into a eircular orbit as a function of the

orbit altitude and inclination. The 28.5° case is of special interest since Spacz Tug transfers of satellites to
geosynchronous orbit will be initiated here. TFor earth observations spacecraft, primary orbits are (a) those
whose period is twenty-four hours (geosynchronous) and ¢b) those where the nodal precession rate matches the
Earth's angular rate around the Sun so that the sun/orbit planc geometry remains constant. The Shuttle's

nominal capability for delivery to these latter, sun-synchronous orbits is shown in Figure 2-7.

This sun synchronous orbit is a particularly useful one for the ERP. The repetitive nature of these orbits permits
replicated acquisition of the same earth targets under the same local sun angle conditions, a circumstance which
favors sensor input comparisons. Although the baseline Shuttle performance restriets such orbits to WTR launches,
other possibilities do exist. These include a northerly launch out of ETR with a dog-leg inelination change and a
Tug~assisted launch out of ETR which is within the Shuftle's "allowable launch window (28.5 - 57 ). These
alternatives have several inherent problems but are worth investigating since sun symehvonous orbits are important

and WTR launches with Shuttle will be two or more years delayed after Shuttle IOC.
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With respect to the Shuttle's on-orbit capability, certain capabilities for pointing and stability become important

for Earth resources sortie missions. The Orbiter has the capability of achieving and maintaining any earth

referenced attitude, although there are thermal considerations governing the duration, any attitude may,be

maintair2d. The attainment of a specific attitude and the associated pointing accuracy depend on many factors.

In general, with an accurate, payload-supplied and~mounted sensor, used to provide error signals, the Orbiter

will be capable of maintaining any desired attitude to within 0. 17 x 10~4 rad/sec {0. 01 deg/sec.) The 3 sigma

attitude pointing accuracy for Barth targets using the Orbiter IMU is 0. 008 radiins (0.5 degrees). Earth target

pointing as a function of orbital attitude and viewing angle based on standard Orbiter error sources are presented

in Table 2-~1.
Table 2-1. Payload Poirting Errors For Earth Targets
Orbital Altitude
100 n. mi. 200 n. mi. 300 n. mi.
radians (degrees) radians (degrees) radians (degrees)
A, Local Vertieal
1. STDXN 0. 0027 (0. 16) 0.0027 (0. 16) 0. 0027 (0. 16)
2, TDRS 0. 0027 (0. 106) 0.0027 (0.16) 0. 0027 (0. 16)

Specific Farth Target

1. NADIR Looking

e STDLX 0.0030 (0. 18) 0. 0027 (0. 16) 0.0027 (0. 16)

e TDRS 0.005 (0. 28) 0. 0034 (0. 20) 0.0030 (0. 18)
2, 30° Off NADIR

e STDN 0.0034 (0. 20) 0.0029 (0.17) 0.0027 (0. 16)

e TDRS 0. 0049 (0. 29) 0.0034 (0. 20) 0. 0030 (0. 18)

2.1.3 PAYLOAD ATTACHMENT AND MANIPULATOR

The Orbiter cargo bay provides thirteen primary structural attachment locations as shown in Figure 2-8. The
forward twelve of these consist of three attach points, one on each side longeron and one at the keel. The aft
attachment locations has only the longeron points and is designed as a special fitting for an upper stage. TFurther
details regarding the provisions for mounting payloads ave available, but do not appear directly critical at this
point. It should be noted that for many payloads, direct attachment to the Shuttle is not likely. Most automated
spacecraft which are directly deliverable by the Shuttle are likely to require some type of attachment cradle which
secures them in the cargo bay for Iaunch, ascent, descent, and landing. An example of this facility is the Flight
Support System (FS8S) cradle designed for the EOS spacecraft (see Figure 2-9). Other payloads, recuiring an

upper stage for delivery will most likely be cantilevered from the front end of the upper stage.
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Tor the deployment and recovery of payloads out of and into the cargo bay, the Shuttle provides a1 Remote
Manipnlator System (RMS) as shown in Figure 2-10. The baseline manipulator is located on the left side of the
Orbiter and is 15, 25m (50 feet) in length. The manipulator is operated by a crewman in the aft flight deck and is
capable of removing and installing a 4. 6m (15 ft) diameter, 18.3m (10 ft.) long payload which weighs up to
29,510 Kg (65,000 1bs. ). Figure 2-11 shows the RMS being used to remove an EOS from the cargo bay. - (Note the

attachment cradle which secures the satellite to the Orbiter attach points for launch.)

In addition to the manipulation of large payloads, the RMS may play other roles. CCTV cameras and lights located S
on the maunipulator may be used for close-up inspection of attached or detached payloads without the necessity of

EVA. The RMS will also be useful in deploying large experiment structures (i.e., microwave radars) and in

docking of stabilized spacecraft or other elements to the Orbiter. It may also be possible to utilize the RMS for

many planned and unplanned contingency roles. A particularly important activity of this type wpuld involve the

on-orhit servicing of activated spacecraft. The RMS may be used to assist replacement of expended and failed

modules and, with the use of the second optional manipulator, may also be useful in positioning the spacecraft for

servicing, A key factor in the cost effective use of the Shuttle by the EOS program has been shown to be this

servicing capability.
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Figure 2-9,

Typical Automated Spacecraft Shuttle Mounting Cradle
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2.1.4 ELECTRICAL POWER PROVISIONS

The baseline electrical power subsystem of the Orbiter provides 50 kwh of electrical energy for payload use. A
payload-weight-chargeable supplementary kit may be added to provide an additional 840 Kwh. Volume outside the

4.6 x 18.3m payload area is available for up to four of these kits.

The electrical energy is provided by an hydrogen/oxygen fuel cell as 28 vde, 7 Kw average sustained power. Peak
power of up to 12 kw may he drawn for 2 min. intervals, once every three hours. With rotation of the Orbiter

to an attitude which maximizes efficiency of the radiators, the peak power duration may be extended to 15

minutes every three hours. The primary electrical power panel for payloads is located on the starboard sidewall

of the cargo bay at Station 695, as shown in Figure 2-12,
2.1,5 CONTAMINATION CONTROL

Many of the instruments which may be employed in the ERP are sensitive to contamination. The control of

gaseous and particulate contaminants is considered a problem with the Shuttle program at this time due to two
primary factors. First, the definition of specific procedures and facilities is in its earliest stages and there are
many utknowns. What preliminary data does exist, however, seems to suggest that contamination will he difficult to
control, The second factor which suggests concern is the fact that multi~payload mission sharing will be a fact

of life on the Shuttle where it is only a rarity at present. The sharing of a flight substantially increases the
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Iigure 2-12. Payload ‘Orbiter Electrical Interfaces
potentinl opportunities for foreign materials to be introduced into the cargo bay, and also increases the sources of

contamination after initial payload closeout at the Orbiter Processing Facility.

Although this problem is of significant importance to many instruments located on Earth resources spacecraft
and sortie payloads, not very much data is available regarding the Shuttle conditions. The data which has been
released is discussed in Appendix B. In addition, we have included some preliminary recommendations regarding

countermeasures to prevent contamination of ERP mission sensors.
2,1, 6 THERMAL ENVIRONMENT

The Orbiter bay thermal environments are defined in the Space Shuttle System Payload Accommodations Report,
(Volume XIV, Revision C) and shown in the following tables and figures. Table 2-2 presents the maximum range
payload bay wall thermal environments while Figures 2-13 through 2-16 show payload bay liner temperature as a

function of:
1, Location on payload bay liner
2. Time
3.  Pavload heat sink

A curve of an estimated example ERP satellite (EQS) heat sink has been superimposed on each of these figures.

These plots provide more realistic estimates of the actual thermal environments that will be experienced by
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Table 2-2, Payload Bay Wall Thermal Environment
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|

Heat leak criteria intc cr cut cf a 1CL9F (37.5¢C) ccnstant
gaylcad are as follcws:

A. 1Total Fay heat gain, average < 0 Etu/Ft22hr (0 Watty
Meter2)

B. Heat gairn, lccal area € 3 Etu/Ft2-hr (9.5 Wwatt/
Neter 2)

C. 1Total tay heat loss, average < 3 Etu/fe2-hr (9.F% Watt/
Meter 2)

L. Heat loss, local area < 4 Btusft2-hr (12.€ Watty
Meter2)
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Note that the temperatures presented are only for use ""as a guide” {o initinte the
\ &

thermal design and integration, and should he {ollowed by detailed analysis between Shuttle and the payload as

requirecd.

The Orbiter provides an active thermal control subsysiem (ATCS) which is especially useful to ERP Spacelab

missions. ~This subsystem will provide an on-orbit heat rejection of 6.

temperatures of 280 K maximum to a payload and 328 K returned from

necessary for ERP payloads, this capability can be improved to 8.2 Kwt (28,000 Btu/hr) with the addition of payload

weight chargeable kits,

pavioady: water, Freon 21, or Flutec PP50.

2.1,.7 AUTOMATED PAYLOAD /SHUTTLE OPERATIONS

Current ground flows for the Shuttle system indicate that loading an automated ER payload in the Orbiter cargo bay

will be initiated at approximately T-91 hrs. and continue for 4 hours.

and Checkout Facility as do all other activities prior to moving to the launch pad.  The payload inlegration {imeline

is illustrated in Figure 2-17. Installation of the payload is followed by

connections and final closeout of the payload at approximately T-69.

3 Kwt (21, 500 Btu/hr) and coolant

the payload. Although probably not

In any case, the payload heat exchanger will accept any of the following fluids (chosen by the

This operation takes place in the Maintenance

verification of the Orbiter/payload interface

This latter event is critical since it severely

resiricts access to the spacecralt for almost three days prior toklaunch, a vastly different situation than is

currently practiced with expendable launch vehicles.
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Figure 2-17. Automated Payload, Shuttle interface Ground Flow

After completion of Ovbiter processing, it is moved to the Vehicle Assembly Building (VAB) for mating with other
elements ol the Shuitle which is then moved {o the launch pad.  After the Shuttle is mated to the pad, access to
the cargo bay may be obtained via a payload changeout room (approximately 4 hours beginning at T-10). Although
this eapability is provided, the need for physical access to most payloads during this time is not currently
anlicipated. A potential future requirement may arvise if a cryogenic cooling system is used to supporl advanced
sensors. Fxcept for this possibility, all physical servicing of the spacecrafl, including propellunt tank loading
and pyrotechnic device installation (at T-73), will be completed prior to the spacecrafi installation in the cargo

bay,

Complete satellite systems lests will be conducted at the "factory" level. After a routine incoming inspection at
the launch site, the critical portions of the complete factory test sequence will be replicated.. These will be
completed hefore Orbiter installation which begins at approximately T-91. Checkout of the payload on the ground
following this activity will be restricted to critical measurement monitoring and caution/warning monitoring.
Electrical power for these spacecraft functions as well as all others through the Ascent Phase will be supplied by

GSEI or the Orbiter.

Once the fotal Shuttle /Payload system has been mated to the launch pad, comprehensive limit checking of payload
subsystems will again be performed at the module and submodule level (beginning at T-15). This activity will be
conducied with EGSI via the T-4 prelaunch umbilical. = Since all of the checkout and servicing activities will
probably be completed well before launch, no connection via the T-0 launch umbilical is anticipated for most
automated spacecraft. IFollowing removal of the prelaunch umbilical at approximately T-4 hours, all monitoring

of spacecraft status will be performed via the Orbiter's interleaved telemetry bit stream.

Installation of the pavload into the Orbiter cargo bay will be accompanied by a comprehensive verification of all
electrical interfaces. If the payload is a spacecraft, it and its support cradle will be mated and structural
interfaces verified prior to T-91, ERP experiments for sortie missions will be installed in the Spacelab, and

structural-‘electrical interfaces also vervified prior to T-91.
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Verification of the payload/Orbiter electrical interfaces will be accomplished during the two-hour interval beginning
at T-87. As currently planned these interfaces will consist of three functional sets of connections: one set to the
T-4 prelaunch umbilical for payload checkout and monitoring by EGSE, a second set to the Sta. 576 bulkhead for
caution/warning, command, and performance monitoring by the Orbiter avionics, and the third set to the right-hand

sidewall (Sta. 695) for electrical power (See Figure 2-12).

During the Ascent Phase, low bit rate data on critical subsystems will be interleaved with the primary telemetry
downlink of the Orbiter. In addition, caution and warning status data will continue to be hardwired to the Orbiter,
probably to the Mission Specialist Station. All of the data signals and the return command link to the spacecraft
will be carried via hardwire cable with the interface located at the Sta. 576 bulkhead. This in-flight service
panel is the prime interface for all electrical data signals and the right-hand side wire tray will be used for
electrical power transfer from the Orbiter. A problem with both of these inferfaces is the requirement to break

and remate them.

The compalibility of ERP spacecraft and Shuttle after insertion into low earth orbit can be discussed in terms of
four phases: post-insertion, pre-separation checkout, separation, and post-separation. The first of these phases
is virtually identical to the ascent to low earth orbit. After attainment of orbit and opening of the cargo bay
doors, the prime activity of the Orbiter will concern status checking and navigation updating (Figure 2-182). It

is expecied that payload monitoring will remain at the same level and not be interrupted by this Orbiter activity.

After completion of Orbiter-requived aclivities a pre-separation checlkout of the payload will be conducted via the
hardwire interface with the Orbiter avionics, The primary purpose of this checkout activity ig to assure that the
spacecraft may be safely deployed and recovered, if necessary. The assurance of deployment safety is relatively
simple and will involve electrical continuity checks and visual inspection to check the structural integrity of the
spacecrafl., This means that no damage has been incurred and that the. e has been no premature full or partial

deployment of the spacecraft appendages.

The portion of this checkout whirh is conducted visually will be carried out in several siages as the vehicle
attitude in the bay is changed (See Tigure 2-18h). All will involve direct visual access via the operator viewing
windows in the forward bulkhead and will also utilize the TV monitors placed at various locations in the cargo bay
(locations not yet identified by Space Shuttle Project Office). If necessary, the TV camera located on the RMS
may also be used. The steps in the visual inspection activity are tied to the total deploymient and separation

sequence to assure full coverage of the vehicle.

The checkout routine needed to assure recoverability of a spacecraft is more complicated than that of checking

its "separahility''. The general approach to defining this concept assumes that full activation and checkout is best
performed with the spacecraft physically separated from the Shuttle. It is therefore necessary to define a simple
test sequence which assures minimum operability of the spacecraft so that it can be recaptured and retrieved by

the Orbiter if necessary.
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Figure 2-18. Spuaccceraft Checkoul in Shuttle Orbit

The question of responding to a detected failure after initial deployment is a very complex one. HHowever, regard-
less of how the problem is resolved (i.c¢., immediate versus delayed servicing, or return to the ground), any

spacecrafl program mode other than expendable requires this type of precautionary pre-separation checkout,

The detailed checkoul operations cannot be -leveloped until subsystem design is completed. lowever, an initial
concept for the EOS spacecraft is shown in Table 2-3. For each major assembly in the spacecraft subsystems the
table indicates which is to be activated prior to separation and which is {o be tested. A question which has not

been resolved concerns the feasibility and desirability of deploying the array and testing it in the cargo bay.

The separation activity is carried out affer it has been determined that the spacecraft can successfully survive
alone and is capable of being retrieved should a later contingency occur. The entire deployment sequence implies

that various inhibit signals be present (i.e., to prevent normal ACS operation).

Once safely released, the Orbitler will move off to a safe distance and the spacecraft can be fully activated via its

S-band uplink from the ground (see Tigure 2-18c).

At this time, a thorough vehicle activation and checkout will be conducted under ground control via direct RF.
This can be carried out using STDN or TDRSS up- and downlinks. Unless some unusual contingency arises, the
Orbiter is not expected to be directly involved in these operations, although it may be standing by. If some
antenna or array deployment has been left for this post-separation phase, however, it may be desirable for

Orbiter-located TV cameras to monilor these events.

[
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Table 2-3. Pre-Separation Activation and Checkout of the EOS

Subsystem/Component Activate Checlkout
Attitude Control
Backup Controller X X
Magnetic Torquers X X
Momentum Wheel X
Wheel Electronics X X
Star Tracker
IRU Platform X
Solar Aspect Sensor X X
Remote TLM and CMD X X
Powser and Solar Array
Central Control Unit X X
Power Regulator X X
Power Control Unit X X
Battery X X
Remote Deeoder MUXN X X
Solar Array
Solar Array Drive
Array Shunt Panel
Communications and Data Handling
S-bhand Transponder X X
Modulation Processor X X
Central Command Decoder X X
Format Generator X X
Clock X X
Remote Decoder/NMUX X X
Data Collection Subsystem
Tape Recorder ,
Computer X X
S-band Antenna
TDRSS Transponder
TDRSS Antenna
Harness and Signal Conditioning
Harness ~ ACS X X
Harness - Power X X
Harness - C&DH X X
Harness - WB
Harness - VEH X X
Signal Conditioning X X
Remote TLM and CMD X X
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Table 2-3. Pre-Separation Ar:tivatiop and Checkout of the EOS (Continued)

Subsystem/Component Activate Checkout
Thermal
Thermal Coatings N/A N/A
Heaters X X
Insulation Blankets N/A N/A
ACS Thermal Control N X
C&DH Thermal Control X X
Power Thermal Control X X
WIB Thermal Control
Prop Thermal Control N X
Propulsion
Pneumatics
Orbit Adjust ; (Not Required For Subsystem)
Orbit Transfer
Wideband
Multiplexer {(Not Required For Subsystem)

MUXN Encoder
OPSK X-band Mod
PCI-FA Mod
TWT/Power Supply
Elee. Gimbal System
Antenna and Support
Tape Recorders

. Remote TIM and CMD

In the same manner, the Shuttle Orbiter will not nominally be involved with the transfer of the spacecraft to its

mission orbit, if necessary. Spacecraft stabilization, orientation and initiation of the orbit transfer function will
ot

ail be done under ground control. If desired and feasible from a safety point-of-view, the Orbiter may take a

stand-off position and use its TV camerus to monitor the portion of the sequence conducted at the parking orbit.

This activity may also be conducted under remote control of the Orbiter via an RT link. It is not felt, however,
that the magnitude of this extended activation and checlout is within the scope of the Orbiter avionics capability.
Another option which may be desirable for selected ERP missions is to conduct this activity under ground control,
but to utilize the Orbiter avionics to relay engineering data and commands between the spacecraft and the ground.

This option becomes especially desirable for those spacecraft configurations which do not have a TDRSS link.

Retrieval of an ERP spaceeraft by the Orbiter may be accomplished for either of two reasons: stowage in the cargo
bay for return to the ground, or manipulation for on-orbit resupply. Up to the time of capture by the RMS, the

operations are the same for both goals.

The spacecraft, acting under ground control, will cease its nominal mission functions and return to the Orbiter
vicinity. Tt is assumed that final rendezvous and docking will be performed actively by the Orbiter. Before
closing with the spacecraft, however, the Orbiter must be totally assured of its safe nature. Thus there is a
requirement for a pre-docking checkout of the spacecraft to assure that all safety parameters are in an acceptable

range and that there are no configurational hazards (e.g., TDRSS antenna is stowed). This checkout may be
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conducted by the spacecraft mission control center via a direct spacecrafi/ground link or may be performed remotely
by the Orbiter. The selection of the optimum technique will depend in large measure on the capability of the Orbiter

to conduct such a test and the available link time to a STDN or TDRSS station.

After the pre-docking safety checks have been made, the spacecraft will be recaptured by the Orbiter with the RMS
and placed in i= retention cradle. (It is assumed that the cradle and Orbiter interfaces have been checled out in
advance of this event.) The payload/Orbiter electrical signal and power interfaces will be re-mated and, after

verification of these interfaces, the spacecraft may be deactivated to its desirable state.

The reestablishing of the electrical interfaces is required functionally, but has not been investigated mechanically.
The in-flight mating of electrical connectors may be performed with the use of RMS or through an as-yet unidenti-
fied capability of some [light support systems. Another alternative approach is to use the EVA capability of the

Shuttle Orbiter crew. The necessary trade-siudy which wouttld identify the most cost-effective approach, is beyond

the scope of the current study.
2. 1.8 AVIONICS SUPPORT

The Shuttle provides avionies support which can be of great value to ERP payloads. This support falls into three
categories: Guidance, Navigation and Control (GN&C); On-Board Data, Handling: and Communications. The GN&C
capability is useful in providing spacceraft and sortie paylouds with various data regarding the inertial state location

and altitude of the platform on which thei're located, i.c., the Shuitle Orbiter.

The Orbiter's Data Processing and Software Subsystem (DP&S) provides a moderate capability to support on-board
processing of payload engineering data. Checkout and operations of pallet-mounted sortie payloads may be performed
from the Payload Specialist Station in the aft flight deck. The support of these activities is provided by DP&S equip-~
ment and software [unctions which include a main memory capacity of 10,000 32-bit words and 18K cquivalent
computer adds per sccond, The capability also exists to overlay this 10, 000 word portion of memory with other data

and program instructions from the Orbiter mass storage.

The communications links provided for the payloads are illustrated in Figure 2-19. As can be seen, the Orbiter
provides a rather complete range of services which includes voice communications, telemetry downlinks, command

uplinks, televisions and wideband experiment data, launch readiness checkou, and payload tracking,

2.2 CAPABILITIES OF STS UPPER STAGES

The user requirements data for the TERSSE provides the basis for a number of ERP missions which will require
delivery to and retrieval from orbital positions which are unattainable by the Shuttle alone. For most of these
missions, one of the STS optional upper stages wiil be used to provide the additional delta velocity. At present,
four such propulsion stages have been defined: (nct all have formal program approval) Interim Upper Stage (IUS),
Space Tug, Kick Stages, and Solar Electric Propulsion Stage (SEPS). Little data is available on the latter two and

they will not be discussed here.
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2.2.1 INTERIM UPPER STAGE (IUS)

The IUS design is open at present and a number of concepts are under consideration.
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TORS

Orbiter Communications Links

Responsibility for develop-

ment of the IUS has been delegated to DOD's SAMSO which is currently settity requirements and comparing the

relative meritsofthe several candidate concepts including the current Centcur, Transtage, Agena, Delta, and

Burner stages.

stretched-tank expendable transtage.

The baseline IUS is shown in Figure 2-20.

As a baseline system for several studies in progress, NASA/MSFC has arbitrarily selected a

Its physical and performance characteristics are shown in Table 2-4.

Current plans call for the IUS to be available in 1930, with maximum usage until the end of 1983 when the Space

Tug will become available.

requiring an upper stage (see Table 2-5).

During this interval, five Earth resources spacecraft have been identified as those

Of these, three (EO-094A, EO-57A, and EO-58A) may be delivered to

their missions orbit by a Shuttle/IUS configuration, whereas two (EO-12A and EO-56A) may also require a kick

stage.

Support services provided to satellites by the IUS are being defined at present. The baseline TUS provides 3atellite

structural support, pyrotechnic activation signals, power for the satellite separation system, and cabling and

piping raceway space for satellite to Orbiter umbilicals.

It can be seen, therefore, that in its present concept

the TUS only provides little more than the necessary functions to mechanically support the satellite while it is in the

Orbiter and cdeliver it to its mission orbit.

or servicing of spacccrafi.

The baseline IUS is an expendable upper stage and provides no retrieval
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2,2.2 SPACE TUG

The baseline Tug (see Figure 2-20) is a cryogenic (LOX, Llly) propulsion stage which can deliver and deploy
spacecraft fo their mission orbits, retrieve a spacecraft and return it to the Orbiter for return to the ground, and
potentially perform many other functions required by on-orbit spacecraft, i.e., servieing, inspection, orbit-to-orbit
maneuvering, ete. The Space Tug development will be the responsibility of NASA/MSFC and has a scheduled 10C

of early 1984.

As shown in Table 2-4, the Tug provides significantly greater performance capability than the IUS, and impacts
lower acceleration levels on the spacecraft. The Tug provides very accurate placement of up to three satellites

in mission orbit and, if necessary can initiate spin-up of the spacecraft. (For retrieval, the tug will provide a
de-spin mechanism if needed). Unless specifically planned for some planetary mission, the Tug will be designed
to return to the Shuttle orbit from the mission orbit of the spacecraft it has aided. This retrievability and reuse of
the Tug brings its mission cost to a very low level compared to the expendable IUS and makes the total Shuttle/Tug

delivery available at a significantly lower level than a total expendable launch vehicle.

Eight of the eleven ERP spacecraft currently identified for the 1980's (see Table 2-5) will be supported by the Tug. 3

All of these will require delivery assistance and a significant number (5-7) may also require on-orbit servicing or

retrieval. It seems clear, then, that the Space Tug, as currently conceived will play an important supporting role

in the ERP of the Shuttle-era.
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Table 2-4, Physical and Performance Characteristics of the IUS and Tug

Performance:

Physical Characteristics (KG) Maximum Acceleration
Launch | Burnout Delivery Retrieval
Upper Weight | Weight T.iengih Diameter Round Ind of Fnd of End of I'nd of
Stage (KG) (KG) (M) (M) Deploy Retrieve | Trip 1st Burn | 2nd Burn | 1st Burn | 2nd Burn
1Us 18178 2107 5.9 3.1 2043/ N/A N/A 1.2g 1.6g N/A N/A
3042+
TUG 206640 2613 9.2% 4.5 3598/ 1542+ 4 |940° - 0.4g 0.7y 1.0g 1. 8g
5221+

tDoes not include provisions for servicer

- P'With kick stage
*t1Geosynchronous, zero degree inclination orbit
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Tabhle 2-3.

ERP Spacecraft For The 1980's

1ss/ Destination
SSPDA Weight (KG) Length ‘Diameter TUG Per/Apogee/INC | Launches
Payload Name (Codg) Expend Retrieve Service (\D) Req'd | (KM/KM/DEG) (First/Last)

Adv. Synch Met Satellite | K0-07A 1002 N/A 1244 2.9/4.2 Yes 35786 /3578670 1987
Iarth Observator
. : ¥ L0-08A 1884 2043 2247 13/2.2 No TT5/715/97. 5 1979/1991
Satellite
Synch. Earth Obser- - .
- 20-09 £ 2 5 5.2/1.2 35786735746 s
vatory Satellite 1£0-09A 1475 143 1705 5. 2./4 Yes 357HG/357%6/0 1981/1991
Special Purpose Satellite | E0-10A 141 N/A N/A 1.170.9 No 600/600/98 1979/1991
TIROS O E0-12A 2150 2185 2774 1.173.1 Yes 1676./1695/103 1952/1989
Env. Monitoring Satellite] E0-56A 2204 2239 N/A 3.773.1 Yes 1667/1695/103 1980/1991
For. Synch. Met. E0-57A 257 279 N/A 3.1°1.9 Yes | 3575G/35786/0 | 1981/1990
Satellite
Geosynch. Oper. Mel- | . ooy 257 279 N7/A 3.1/1.9 Yes | 35786/3578670 | 1979/1991
Satellite
Geosynch ERS E0-59A 1475 1482 1708 5.2/4.2 Yes 35786/35786/0 1948/1990
ERS Oper. Satellite E0-G1A 733 TBD TBD 3.171. 5 No 908/908/99 1979/1991
TFor. Synch. EOS E0-62A 1475 1482 1708 5.274.2 Yes 35756/35786/0 1988/1991




Unlilke the IUS, the Tug is being planned so as to provide a great many support services to the payloads it supports,

Among these potential capabilities can be included:
1. Data processing and commanding
2, Communications relay
3. [Llectrical power (up to 600 or 1000 W avg)
4, Thermal conditioning (coolant loop and/or attitude control)
o. Subsystem activation

6. Spacecraft spin-despin

=]

Deployment inspection

In addition fo the support of standard satellites, the Tug's unique ability to return to the Shuttle orbit permits it to
be used for sortie missions to geosynchronous and run simchronous orbits unattainable by the Shuttle Orbiter,
Although this eapability has not been widely recognized heretofore, the possibilities are potentially quite important
to a complete ERP program. The ability to test sensors which will eventually be installed in a geosynchronous
satellite can be very cost effective. For example, SEOS is currvently planned as the {irst satellite to utilize a

1. 5m optical telescope at this mission orbit. The Tug can provide a cost effective test bed for sortie tests of the
telescope und supplementary sensors at the operational missions orbit, This capability is totally unavailable at
present, and offers exciting new possibilities for the "non-destructive,” in~situ test and evaluation of cxpensive

mission equipment.

2,3 CAPABILITIES OF THE SPACELAB

The Spacelab is that portion of the STS which supports the conduct of sortie missions in low earth orbit for nominal
duration of 7-30 days. As currently conceived by ESA (see Figure 2-21), the Spacelab provides a pressurized
moclule portion which is fully habitable and a pallet portion which provides a standardized platform exposed to the
space environment. Depending on the needs of the particular mission, a number of varied configurations may be

utilized, including all pressure module, pallet only, and mixed module and pallet.

As shown in Figure 2-22, the approach taken by ESA is to provide a highly modular desigh which may then accom-
modaie the hroadest possible requirements of the users. Each cylindrical pressure module section is slightly over
4 meters in diameter and is approximately 2. 7 meterslong. The pallet segments are approximately 2. 9 meters long
and 4 meters wide. *  Due to the center of gravity constraints imposed by the Orbiter, the tunnel connecting the
pressure module to the hatch leading to the cabin is of variable length. -As shown, a hatch is provided in the

tunnel to permit crew egress for EVA.

*ESA and NASA are currently studying the utility of providing 1.5 meter and 5 meter long pallets as complements

or substitutes for the current version.

A
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The Spacelab pressure module can consist of either a single segment (core segment) or two sements (core plus
experiment segment). The core segment provides accommodations for all of the Spacelab subsystem equipment,
provisions which require about half the available volume. The other half of the core segment is available for user
experiments. Although standard 19-inch racks are provided for this purpose, the user may choose to wtilize the
available volume for other, specially shaped equipment. The experiment segment is totally available for mission

equipment.

Each module segment contains an opening at the top which can accommodate a 1. 0 meter experiment airlock, a
viewport, or a viewport/optical window combination. The aft end cone contains provisions for a viewport, a 1.5

meter experiment airlock, and a utility feed through panel to support pallet-located experiments.

Up to five pallet segments may be accommodated in the Orbiter cargo bay. Each provides floor mounting for
relatively light experiment equipment plus a set of hard points for mounting heavy equipmient. In a pallet-only
configuration, an "igloo, ' a pressurized cylinder on a pallet, is provided for subsystem hardware which is other-
wise mounted in the core segment for module-only and module/pallet modes. Operation of these subsystems and

the pallet~mounted equipment will be performed from the payload Specialist Station (PSS) in the Orbiter flight deck.
2.3.1 PAYLOAD ACCOMMODATIONS

The physical payload accommodations provided by several permissable Spacelabh configurations are shown in Table
2-G. Some of the tuble entries have been estimated by GE since they are not yet available from ESA. The experi-
ment weight capability is a nominal estimate based on a median use of mission~-dependent subsystem equipments.
Precise weight allowances cannot be calculated until a precise selection of these items is made. The pressure
moclule volume shown is hased upon reasonable estimates of packing density and permits unrestricted crew move-

ment and generous working conditions.. The volume potentially available within the end domes has not been included.

In addition to the surface area provided for pallet-mounted experiments, attempts to develop an integrated Spacelab
payload have indicated that the total area available in the cargo bay is critical for many configurations. In Table
2-G, therefore, we have provided two measures of length to indicate this provision, Pallet length (Lp) is a measure
of the distance between the first and last pallet edges, and bay length (Lmax) indicates the distance hetween the

aft bay bulkhead and the aft cone of the pressure module or between the fore and aft bulkheads for pallet-only

modes. The reason fop the non-linear relationship between pallet length (Lp) and number of pallets may be seen

by reference to the sketches in Table 2-6. TFor purposes «i c.g. control, continuous floor length variation, and
other reasons, pallets may be provided singly or 2s integrated sections of two or three. In the latter cases, further,

some weight is saved by eliminating redundant sets of attachment fittings between the pallet(s) and the Orbiter.
2.3.2 SPACELAB SUPPORT SERVICES

Experiment payloads utilizing the Spacelab will be provided with baseline subsystem support services, and may
additionally select from various mission dependent support equipnient options provided. Some of these services
are derived originally from the Orbiter, but the distinction is not eritical from the usef's point-of-view. Tor
example, the Spacelab's Electrical Power and Distribution Subsystem (EPDS) receives primary power from the
Orbiter's fuel cells and then delivers energy to the payload after utilizing whatever amount is necessary to operate

the core subsystems.
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Table 2-6. Physical Accommodations for Spacelab Payloads

X Nominal Module Pallet
Number of Ilements Experiment Experiment Surface
Configuration g:’e(_,ox;:n‘c I :;pm n:::lt palley(s) Weight Volume Mounting it ali:;.t 1 clngth Blz\lly Ifngth
i CeEm (Kg) (A13) Area 2y | P M 1yax
‘ r
;EL{] DD _} 1 0 5000 5.0 17.9 2.9 TBD
= r
:'?I(ED | ! 0 6000 8.0 34.2 5.9 TBD
e i ee—_]
- lmax o -
N I - e 1 0 3300 5.0 53.6 8K 10. 2
________ =
pilaalig B 1 1 5500 22.6 - - -
e[ [ )
R e
B . r 1 1 5000 236 17.9 2.9 TBD
E_ o — !
‘ r 1 1 1500 22.6 34.2 5.9 TBD
et | e
T 0 0 3000 — 17.9 2.9 18.3
L]
0 0 5000 — 342 5.9 18.3
}
I_.Ql_:l:l |
1o3m: " 0 0 9100 - 53.6 14.9 18.3
i
" N 0 0 8500 - G8. 4 14.9 18.3
| T ]
|
- % :3m - 0 0 8000 — 85.7 14,7 28.3
| LI 11
|
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The baseline EPDS provides power and energy to the payload. The amount is dependent on the flight configuration as
shown in Table 2-7. The baseline system provides this power in the form of unregulated DC delivered as 24-32 VDC.
Mission dependent EPDS services include regulated DC (28 VDC = 2%), 400 Hz AC power (115/200 VAC - 5% 3-phase),
50 Hz AC power (220 VAC = 5%, single phase), and 60 Hz AC power (115 VAC =+ 5%, single phase)., Buses for

distribution of this power are provided throughout tie module segments and pallets.

The Environment Control Subsystem (ECS) consists of the missions dependent environmental control life support
subsystem and the thermal control subsystem. The latter provides both active and passive thermal control elements.
In the module or module/pallet configurations the system can dissipate 4. 85 Kwt nominal with a temperature range

of 297 to 313°K (24 to 40°C). Tor the pallet-only mode, this capability is increased to 6.6 Kwt nominal with a

temperature range of 283 to 305' K (10 to 32 C).

The Command and Data Management Subsystem (CDMS) provides a variety of services to Spacelab users which are
bhest summarized by reference to the available equipment as shown in Table 2-3. The data bus is eapuable of
communications with up to 32 Renmote Acquisition Units (RAU). The system is capable of handling high frequency
analog data (up to 6 MHz bandwidth, high rate digital data (up to 530 Mbps), and TV signals, In addition, four
recorders (primary and backup are provided for the storage of video or analog data (2 x 6 M1z} and digital data

(2 x 30 Mbps, 20 minutes record time).

The Spacelab may also provide an Instrument Pointing System (IPS) which will provide threc-axis control and
stabilization for pallet-mounted experiments requiring pointing in cxcess of Orbiter capuabilities. The design of this
system is currently under study but has a design goal, a pointing ficcuracy with respect to a reference star and the

sun of 1 are sec in two axes, and 30 arc sec for stabilization in roll about the experiment line-of-sight.

Table 2-7. Spacelab-Provided Power and Energy (Bascling)

Average Pealk Total
Configuration Power Power Energy
(kW) (kW) (kWh)
Module Only 4.1 9.1 400-500
Module Plus Pallet 1.0 8.0 400-500
Pallet Only 5.2 10. 2 600-~700

Table 2-%. CDMS Provided Equipment

Basic Spacelab Mission Dependent Optional
1. Data Bus 1. Experiment Computer 1. Medium Rate Digital
2, Backup Computer 2. Experiment I/0 Unit Recorder
3. Mass Memory 3. Experiment RAU (8 total) 2. Manchester Receiver
4. Mlaintenance Recorder 4. Keyboard Transmitter
(Note: The use of this recor- 5. CRT Display & Signal- 3. . Additional RAU's
der for Spacelab payload is Generutor

currently under investigation) High Bit Rate Tape Recorder (plus bhackup)
5. Caution and Warning System Analog/Video Recorder (plus backup)
3. Intercom 8. Recording and Communication Control Unit
9. TV Monitor
10. Time Display
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SECTION 3 .
SHUTTLE SORTIE MISSIONS FOR EARTH RESOURCES

The development of a particular Earth Resources application (or mission, as the word has been used in this study)
is a staged process which carries an embryonic technology through the successive steps necessary for the final
operational mission's implementation to satisfy a need. All system elements must enter the development process
at an early stage of the {ntal application's development. And the steps in the development each require the acquisi-
tion of data. Initially, the data may be scientific, such as microwave signatures of field crops under different con-
ditions. At later stages the data may be of an engineering nature, such as the efficacy of a solid-state amplifier in
providing sufficient radar transmitter power to measure the field crop signatures. Even later in the cycle the data
needed may be that characteristic of the approaching operational éystem, in order that the end-to-end process of
gathering and delivering information to a user may be verified. And, finally, the data is that ultimately required

by the operational user on a routine basis in order that he may carry out his resource management job.

The foregoing examples of data needed for an applications development were all drawn from a specific subset of the
data requirements for such a development process: flight data. While the total set of data necessary to carry out
an applications development program is provided by widely-varied sources and is of widely-varied types, the fore-

going examples serve to illustrate the four basic roles of the shuttle sortie in such a process:
1. Technigque Development Platform
2. Sensor Development Platform
3. Applications Development Platform
4, Operational Mission Platform

By Technique Development is meant those early investigations which provide the underlying scientific framework
upon which the application of remote~sensing to a resource management problem is built. Signature research is
typical of these investigations. Sensor Development, the second stage. (and second shuttle sortie role) is focussed
on the engineering of the sensor and on the gathering of data which will permit design of the sensor for its ultimate
operational application. Applic‘ations Development, the third stage and role, involves the use of nearly-developed
or prototype system elements (including sensors) to investigate and demonstrate the workings of the entire applica-
tions program. - And, finally, Operational Missions are those activities which have successfully completed the

development process and are routinely carried out in satisfaction of operational user's needs.

While few applications will require development from scratch in all four stages and many will require no flight-data
for one or more steps, the unique features of the Shuttle sortie mode will lead, in many cases to significant advances

in the technological and economical efficiency with which all four stages may be carried out.

The following sections are devoted to a detailed discussion of each of the four shuttle sortie roles with applicable
examples and methods for exploiting the Shuttle, The outlines of a specific set of shuttle sortie flight program ob-
jectives will then be drawn in the.context of the total Earth Resources Program for the 1980's.



3.1 SHUTTLE AS A TECHNIQUE DEVELOPMENT PLATFORM

A sortie mission which contributes to establishing the basic scientific relationship between remote sensing and the
resource management function involved in an application we have chosen to call a technique development mission.
Spaceflight for technique development is generally preceded by ground measurements and aircraft flights; the
motivation for spaceflight exists if remote sensing conditions in orbit are to be significantly different from those
on the ground or from aircraft. Shuttle flights necessary to carry out this type of mission typically call for varied

viewing conditions, such as sun angle, and may or may not require special sensor developments.

Technique development from shuttle promises to be one of the more efficient uses of the frequent flight opportunities
and the recoverability of experiment hardware offered by the shuttle sortie. Technique developments are, by their
very nature, disposed to be cut-and-try efforts; this is preciselvahy aircraft have proven to be of such value to
technique developments in the past (and why they will also continue to be so in the future). The frequent flight and
intact recovery of hardware will permit the use of hardware not designed for the rigors of long (say, years) space-
flight but for obtaining the specific sets of measurements required to scieniifically interrelate the resource
phenomenon and the remote sensing technique under study. Repair, refurbishment and, more importantly, modi-
fication of the experiment hardware will lead to a technique development phase which is both time and cost-efficient.
As has been learned in aircraft programs, however, the intact recovery and frequent flight opportunities of shuttle
must not become a justification for flying hardware of poor quality. There exist advocates of shuttle-era cost-

savings through low-quality hardware who have not experienced the heartbreak of cheap flights.

As an example of technique development aboard shuttle, the concept of multi-aspect visible and near~infrared canopy
signatures will be used. The background of the concept will first be described, followed by an outline for a sequence

of shuttle sortie flights to obtain the necessary data.

The technique in question, multi-aspect canopy signatures, is of importance to the entire field of remote sensing
where discrimination of vegetation types and vigor are of im_portance. Suits* and others have modelled various
portions of the basic problem: how does the'(mulﬂspectralj reflectance of a given vegetative canopy vary with
viewing and illumination angles and can this variation be used fo more effectively discriminate vegetation types

and condition ?

The Suits work indicates that this is so. Figures 3-1 and 3-2 illustrate how the characteristic leaf-droop associated
with siress in corn plants affects the multi-aspect signature of the crop by decreasing the response at a vertical
viewing angle and increasing the response at an oblique angle. Both other types of canopies (e. g. forests or under-
water rice) and other types of problems (correcting wide-angle scanner data or selecting optimum viewing angles
for a polar spacecraft) stand to profit from the development of this technique. The shuttle sortie is an ideal plat-
form from which to conduct such developn.:nts: only a few measurement sites would be required on a given ﬂight,
but they should be widely distributed geographically. The sites should be viewed repetitively with controlled varia-
tions in viewing angle and sun angle while holding canopy conditions constant. And seasonal variations should be

measured by repetition of the measurement several times during the year.

*G. H. Suits, ""Calculations of the Directional Reflectance of a Vegetative Canopy, ' Journal of Remote Sensing of
Environment, Vol. II, pp 117-125, 1972,
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Table 3-1 summarizes the requirements for a series of shuttle flights to conduct a technique development mission
for multi-aspect visible and near-infrared vegetative canopy signatures. Figure 3-3 illustrates a concept for the
spectrometer hardware required, in this instance illustrating the use of a developmental model of the SEOS tele-
scope as the primary optical device and a two-axis steerable gimbal to point it. A payload such as this could be
accommodated by a single pallet section (with allowance for launch stowage overhang). The payload is compatible

with either other Earth Resources hardware or non~Earth Resources missions with similar orbit requirements.

Technique development, as a program element separate from sensor development or applications system develop-
ment, is a viable use of the Shuttle sortie platform, It promises to be a valuable bridge between the ground- and
aircraft-based technique developments and subsequent steps in the total development process. And technique
development, with relatively simple and straightforward objectives and procedures, is particularly compatible
with early shuttle flights.

Table 3-1. Multi-aspect Signature Experiment Requirements

Hardware requirements:

o Gimballed mounting of a large aperture telescope on a pallet such that +45° of travel in both pitch
and roll are possible;

e Tracking of a point on the ground to a few urad/sec for tens of seconds;

e Mounting of a very precise filter wheel (or other type) spectrometer with a response ranging
from 0.3 to 15 pym, at one of the telescope focal plane locations. The field of view of the
spectrometer should convert to between 10 and 50 meters ground spot size. The scan interval
should be at most a few seconds;

e Mounting of a framing camera on the alternate focal plane location. The resclution of this
camera should be at least 5 meters;

e Providing a CRT display of the framing camera to the crew and a control joy stick for crew
steering of the telescope.
Mission operation sequence:

e Continuously tracking a (prepared) vegetative canopy test spot while overflying to obtain
repetitive spectral signatures at different look-angles under constant sun conditions.

e Repeating the foregoing step on later orbitls to obtain data at variable sun conditions.

Mission planning:

e Preparation of several test spots lying at appropriate locations with respect to the ground track.
The orbit and test spot locations should be chosen jointly to provide at least three different
illumination conditions (say, 0900, 1200, and 1500) for each test spot during the flight. Several
flights are warranted to obtain multi-aspect signatures at different stages of vegetative develop-
ment.

3.2 SENSOR DEVELOPMENT MISSIONS

A sortie mission which contributes to the advancement of sensor performance or the development of a new sensor,
is, as far asthe particular sensor and measurement is concerned, a Sensor Development Mission. The use of the

STS/Spacelab for sensor development is not limited to a particular Earth Resources discipline and has the advantages

3-4
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Figure 3-3. Shuttle que: Technique Development

of greater flexibility and adaptibility due to its more frequent flight opportunities and wider capabilities. For ex-
ample, the increased power and payload weight capabilities suggest the development of advanced scanners which
can be assembled into complete systems in small '"building block! modules allowing for spatial resolution which is
tailored to the specific application, addition or deletion of spectral bands as required by the particular mission and
improvements in spectral sensitivity. In the domain of microwave sensors the opportunity exists for advancing the
state of the art in spatial resolution through the use of larger apertures or higher frequencies, increasing measure~
ment resolution by using higher output power (to achieve better S/N ratios) or developing specislized instruments

such as a radar capable of measuring ocean wave spectra.

However, sensor development does not imply the wasteful extension of eftort in areas which have previously proven
fruitless simply because flight opportunities exist. Sensor Development missions must therefore be chosen carefully
based upon previous developments in the discipline during the pre-Shuttle era and on the needs of the TERSSE mis-
sions which are to be served by the sensor. - In this respect the Shuttle provides an effective method of reducing
gradually the large number of candidate sensors which are maturing and of increasing smoothly the funding levels

of the few which eventually will prove their utility. And this process can now also take place more efficiently and
economically. In the pre-shuttle era it was often the emergence of a single flight opportunity which gave impetus

to the primacy of one sensor above another. This resulted in wasted costs and efforts for those sensors not qualify-
ing coupled with a disproportionate jump in costs associated with those chosen. Figure 3-4 illustrates the relative
levels of dollars per sensor and number of sensors versus time through the development, selection and launch cycle

for the pre shuttle era and attempts to predict the same parameters for the shuitle era.
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o better illustrate how the role of the STS/Spacelab in the sortie mode may be exploited for sensor development
the complete case history of an actual sensor development in the pre shuttle era will be examined, noting those
areas which were efficient or inefficient during the process, monitoring costs along the way and finally projecting
into the shuttle era the development of a related sensor. To this end an Earth Resources sensor in the microwave
discipline has been chosen - the radiometer/scatterometer. This sensor flew as the $193 Microwave Radiometer/
Scatterometer/Altimeter aboard Skylab and also as the RAD/Scat on the AAFE program. Many lessons which will

prove applicable during the shuttle era can be learned from this example.

3.2.1 CASE HISTORY

The potential use of 4 microwave sensor to measure ocean phenomena such as surface winds was not realized until
the mid 1960's although much radar backscattering investigation had occurred in the previous decade. This early
work centered around target identification and discrimination and the use of radar altimetry for missile guidance,
However, complications arose due to the large variability in ocean target signature as a function of polarization,
incidence angle and wind speed. At the time it was not realized that the variabilities were caused by these para-
meters and designs tended to be much too conservative in that more power than required was being used. Dr. R. K.
Moore, then with the University of New Mexico, worked with General Electric as a consultant on these problems
and contributed his past experience in radar backscatter over various targets. The realization emerged that the
variability in returns was due to the condition of the ocean surface and the incidence angle. Since the local surface
winds played the largest role in determining surface conditions the potential existed for measuring the windspeed
using a radar and the scatterometer concept was born. At this time electromagnetic field theory and scattering
analysis had not matured fo the point where scattering from the ocean surface was well understood nor could pre~
dictions be made as to the expected return under varying conditions of wind speed. Dr. W. Pierson, a prominent
oceanographer from N. Y. U., also became involved in the study of the problem and soon interest was generated in

developing a sensor for measuring ocean surface winds.
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Some of the first technical papers in the field began to appear with the publication of an article about altimetry
over the ocean and a conference was held in 1965 on the topic of Oceanography from Space. Dr. Moore joined with

General Electric in the late 1960's to produce a series of proposals for a spaceborne scatterometer to measure

radar backscatter (¢°) for windspeed determination. However, a lack of viable flight opportunities and projections

of excessive weight, power and large apertures prevented the development of a space-qualified sensor at that time.

i It was during this period that the concept of a combined radiometer and scatterometer (dubbed Rad/Scat) was in-
vented and showed promise by virtue of the radiometer's ability to sense sea surface temperature and to respond
to the foam generated at high wind speeds. Tlie Rad/Scat also promised a cost saving by operating at the same
frequency and thus sharing the antenna and some of the electronics. The resultant interest generated within the

Navy led GE to commit IR&D funds in 1967 and 68 to the developxﬁent of a sensor to be test flown on an aircraft in

1,4M..,a,a...r,sg..-.‘.-»f.—%-»~e-r~rwAuw,$s»§;ﬁ':rﬂ‘ «

order to prove the concept. This was the first such development to be sponsored in the field of microwave remote

L e

sensing of ocean phenomena. The sensor produced during this development was crude; it used off-the-shelf com-

mercial hardware and generally gave results which were quite inconclusive,

An unsuccessful bid to place a Rad/Scat sensor on the Nimbus satellite was followed by the emergence of the Earth
Resources Experiment Package aboard Skylab in 1970, The Skylab 8193 program began with the contract award in
. mid 1970. In the next 24 months the Rad/Scat was taken from a relatively indistinct concept with some inconclusive
4 flight-data and one breadboard through the complete design and manufacturing cycle for man-rated space hardware.
2l It was thus ten years from concept identification to a first flight, but the bulk of the development was concentrated
o L into a period of less than 2 years as a response to the Skylab flight opportunity. Post flight analysis of the S193

y ‘ o - data has been extremely positive, and the technological success of the concept is now assured. But had it not been
for the single flight opportunity of Skylab and the concentrated (and costly) efforts to develop the hardware, the
1970's may have passed without the flight of a Rad/Scat.

3.2.2 EXAMINATION OF CASE HISTORY

The example of the development sequence of the Rad/Scat sensor af.fofds many areas from which valuable lessons
may be learned and comparisons made with sensor development practices possible in the Shuttle area. The most
striking element of the example is the uneven cycle the development went through, from the viewpoint of time and
total dollars applied. Once the contract for the S193 was awarded less than three years elapsed until the sensor
was in orbit (in actuality the hardware was ready for launch in about 24 months - much of the additional time was
spent in integration and test at the launch facility). Given the frequent flight opportunities in the Shuttle era a key
sensor development does not need to be controlled in time sequence to catch the only launch for 10 years. Prior
to the emergence of Skylab EREP as a flight opportunity, total funding of the sensor development was less than
$500K, then a step function up to $15M occurred when the actual opportunity for a flight existed. Projecting into
the Shuttle era, the funding of sensor developments will grow in a much smoother fashion and the efforts will not be
paced by a ‘single flight opportunity. This will permit a much more deliberate, cost effective, and efficient de-

velopment cycle,

The concept of sortie flights for sensor development allows for many configurations of equipment in the payload

i bay. . AShuttle flight could have as but one of its objectives the development of one (or several) new sensor types
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contained in a single pallet. Since the sensors being developed are contained on a single pallet the problem of
complex interfaces is reduced due to ability to specify the configuration at an early date. The integration of the
sensor now involves only the pallet to be used plus a minimal Spacelab interface and can take place completely
prior to integration in the shuttle at the launch facility. The value of a constant interface with the experiment
carrier has been proven many times on the Nimbus Satellite program which has flown over fifty experiments on

different missions but using the same, standardized spacecraft and interfaces.

The availability of the spacelab environment presents several attractive features when considering sensor develop-
ment. Standard rack-mounted laboratory and commercial hardware can be used within the Spacelab to provide
power, signal and data conditioning for a developmental sensor contained on a pallet in the payload bay. The im~-
provements inherent in this feature over developing a sensor entirely for a space environment include the use of
the same checkout and test equipment both on the ground and in orbit. This feature also provides the ultimate in
flexibility and adaptability for a sensor in that the sensor may be reconfigured somewhat in flight or when returned
at the end of the flight.

Another advantage to be gained in sensor development during the shuttle era centers around the fact that frequent

and ongoing flight opportunities allow for greater flexibility in the development of a data system for interpretation

of sensor measurement. While parallel development of the sensor and its data handling system are mandatory

(whether considering a satellite or Shuttle application) the Shuttle, with its possibilities of flying the same basic

sensor in several progressive configurations allows for optimal development of both the sensor performance and

the data system needed. In the case of the Rad/Scat the ground data handling system design followed the develop- : }
ment of the instrument by at least a year and the nature of the sensor and the Skylab carrier vehicle allowed for no
improvements once the hardware design was completed. Shuttle-era flexibility in sensor configuration implies the

capability to optimize the data system for the sensor being developed.
3.2.3 EXPLOITING THE SHUTTLE FOR SENSOR DEVELOPMENT

Our study of the total Earth Resources Program requirements in the Shuttle era has identified a set of sensor
development requirements which will be necessary. One of these developments, which serves several disciplines
and which is critical to the devélopment of several of the TERSSE missions, will now be used as a framework for

discussion of Shuttle-era sensor development.

The need for the measurement of soil moisture is critical and appears to be best accomplished by the development
of a microwave sensor. Soil moisture measurements are an important input to agricultural, forestry and water
missions which span the spectrum from crop surveys to flood monitoring. The major requirements identified for
the soil moisture data consist of: measurements to depths up to 50cm, measurement accuracy better than 10%,

and spatial resolution below several kilometers.

In the past soil moisture measurements have been made using microwave instruments of either the active or passive
variety, i.e. scatterometers or radar and radiometers. - They have typically been conducted from cranes and
booms over controlled fields or from aircraft platforms over larger areas. More recently, there have appeared

in the literature several articles dealing with the results of soil moisture measurements taken by several
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microwave sensors of various frequencies and although the results are still not conclusive, it has become apparent

that a sensor could ultirately be developed to give accurate soil moisture data.

The p.+"lem to be addressed for a Shuttle sortie flight is one of assembling a complement of sensors (active and/or
passive microwave, imaging radar are all candidates) which best meets the requirements over as wide a range as
possible of surface roughness conditions, vegitative cover, moisture range and soil composition. Good results
have been obtained with data from the S194 radiometer flown aboard Skylab and it appears that wavelengths of 20cm
or longer prove valuable due to their ability to penetrate the surface and their relative immunity to atmospheric
problems, The mission might develop into one utilizing passive microwave sensors at several different wavelengths
(utilizing polarization diversity) and an active radar imager as well. It would also be desireable to have a variable
incidence angle capability as well as the ability to "calibrate' out the measurement the effects of surface roughness.
This requirement is generated because of the large variation in response for a fixed moisture content over a broad

range of soil structure and composition.

There are several possible methods by which such a sensor development can be achieved. Two extremes will be
illustrated here to demonstrate the various options the shuttle offers for these missions. The first approach in~
volves the use of successive flights to complete a logical sequence of soil moisture signature research, soil
moisture sensor investigations and finally the assembly of a '"quasi-operational sensor utilizing the results of the
previous flights. In this fashion the first few flights may be devoted to studying radiometrically the variation in
the data as a function of frequency, polarization and incidence angle in order to select the optimum combination
of these parameters for the operational missions. The next few flights could then be used for scatterometer or
imaging radar measurements to assess the effects of surface roughness and vegitative cover. Finally, a sensor
complement could be assembled employing the most promising techniques developed on the earlier flights in com-

bination with an IR scanner to reach the 'quasi operational' stage mentioned earlier.

At the opposite end of the spectrum lies an approach which assembles a complex array of sensors for use through
several flights. For example the mission could consist of ‘a multi-frequency dual polarization radiometer, a com-
bined scatterometer and imaging radar and this complex sensor would be flown for several missions encompassing
seasonal changes allowing for collection of soil moisture data under wide ranges of surface conditions, vegitative

cover and moisture content.

While neither approach illustrated here is clearly superior, they both serve to demonstrate the advantages

afforded by the large number of flight opportunities offered on the shuttle program.

3.3 APPLICATIONS DEVELOPMENT MISSIONS

This type of sortie mission, an ASVT; would provide a demonstration of an Earth Resources management mission
specifically designed to fulfill a requirement for data from an operational user. (AVST stands for Application System
Verification Test.) It consists of the assembly and integration of a complement of sensors necessary to fulfill the
data requirements of the user for the particular earth resources management mission to be undertaken, the integra-
tion of these sensors into a total system, the flight and data collection using the sensors selected and the processing

of the data gathered to demonstrate that the system has met its requirements. It is logically the last sequence
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before a remote sensing system goes operational and relies heavily on the results of sensor development missions.
The unique characteristic of an application development mission is that it represents an entire "turn key' package
which can be made operational by the user once the mission has verified the concept. It is complete with documen~

tation, hardware and all necessary software to support operational use.

The TERSSE study has identified 30 Earth Resources management missions of which 19 could be served in an
applications development mode by Shuttle, These include (but are not limited to) crop surverys, mineral surveys,
thermal pollution monitoring, timber inventories, land use inventories, geological hazard mappings, ocean
dynamics monitoring and water quality monitoring. Many of these missions require a sensor complement which
includes scanners (visible, IR and thermal), photographic coverage (multispectral and black and white), and
imaging microwave sensors (radiometer/scatterometer and/or radar). Table #3-2 lists the missions which have
been identified by their resource discipline category. Table 3-3 delineates the sensor complement and spatial

resolutions required for these candidate missions,

Table 3-2. Shuftle Sortie Applications Development Missions (ASVT's)

AGl US CROP SURVEY *LAND 1 US LAND USE INVENTORY

AG3 FARMING PRACTICES *LAND 2 LAND FORM & COVER MAPPING

AGb GLOBAL CROP SURVEY LAND 4 GEOLOGICAL HAZARDS MAPPING
E/M1 = MINERAL SURVEY MAR 1 OCEAN DYNAMICS MONITORING

E/M3 SUBMARINE OIL SURVEY WAT 1 URBAN AG SUPPLY INVENTORY

E/M4 EXTRACTION POLLUTION MONITOR WAT 2 HYDROELECTRIC SUPPLY INVENTORY
E/M7 THERMAL POLLUTION MONITOR WAT 3 GREAT LAKES ICE
*FOR1 TIMBER INVENTORY 'WAT 4 WATER QUALITY MONITOR

FOR 2 INSECT DISEASE STRESS ' WAT 6 4 COASTAL WETLANDS MONITOR

FOR 3 FIRE MONITOR & ASSESSMENT

*SHUTTLE SORTIE IS PRIMARY OPERATIONAL PLATFORM AISO

The potential also exists for applications demonstration via Shuttle wherein only the critical elements of the opera-
tional mission are executed and some synopticity and repeat coverage can be sacrificed. The restriction of the
demonstration to a smaller critical geographical area, or to an important portion of the year permits the use of

a Shuttle sortie flight (or flights) for the demonstration. Since launch costs for sortie flights will be shared among
the payloads carried, cost advantages are nearly certain to exist over automated sbacecraft launched for specific
applications development. This i< not to say that automated spacecraft will not be used for applications develop~
ment but only that Shuttle can be exarﬁined for support of applications development where cost savings warrant the
reduction of synopticity or repeat coverage. Partial solutions quickly are the province of the Shuttle sortie - this

capability should not be overlooked for application development.
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3.4 OPERATIONAL MISSIONS

Operational missions are distinguishable from other Shuttle sortie activities by virtue of the fact that they serve a
user agency administrated function. In this case the shuttle is the vehicle by which the payload (the actual opera-
tional sensor complement) achieves orbit; the data is returned to the user for processing, reduction, analysis and
dissemination. User agencies which have been identified include federal government related groups, non federal
government related (regional, state, county or local), institutional and private or commercial. Operational
missions consist of sensors of various technology disciplines which have been developed and proven on previous
flights (Shuttle, aircraft or pre Shuttle era spacecraft), integrated into an operational system designed to fly in
any of several Shuttle sortie modes (i. e. with Spacelab, pallet mounted, etc.) and previously flown as an applica~
tions development mission, The TERSSE study has identified several which already qualify for operational consid-
eration by virtue of performance and development on previous programs. These missions span two broad earth
resources disciplines of forestry and land use and are, specifically; Timber Inventory, U.S. Land Use Inventory
and Land Form and Cover Mapping. Table 3-3 lists the sensor type and resolution requirements for each of these

three missions.

Although flying an operational mission, the shuttle sortie flight may not be the primary platform in use for the earth
resources management task in question. It is possible to view the role of the Shuttle sortie operational flight as
that of a complementary or secondary platform in a system which includes sensors in geosynchronous or polar
orbit. The problem of global water inventory and management provides an interesting example. Geo-synchronous
sensors would be used to provide constant low resolution data of large areas while polar spacecraft sensors pro-
vide better resolution over designated regions periodically. However, even with coverage such as this, Shuttle
sortie flights could be operationally valuable to fill in cases of sudden changes in water inventory such as flooding.
In this fashion, although flying an operational mission the Shuttle sortie flight in question is not the primary plat-

form in the earth resources management system.

Several questions remain unanswered at this point on the use of Shuttle for operational missions. Launch cost

reimbursement by the user is implicit in the concept, and a schedule of costs will be necessary before any opera-

tional user can decide whether the service provided is worth the cost. Data availability policy must be established:

does the user have sole rights, will current policy prevail into the operational era, or will there be some middle
ground sought? And if an operational payload is flown aboard Shuttle in combination with other payloads what
guarantees of data collection and priority can NASA provide the user ? Operational users expect value for cost,
propriety, and consistency of data, whether they be sister Federal Agencies or private corporations. Substantial

attention must be given these issues before operational resource management missions are flown on Shuttle.

3.5 OUTLINE OF AN INTEGRATED PROGRAM

The preceeding séctions have defined the various roles indentified for the Shuttle in its sortie mode of flight and
illustrated the particular characteristics of each role. The TERSSE study has resulted in the identification of a
set of earth resources mission objectives which have been classified according to the particular Shuttle sortie role

into which they fit. Each managément mission was identified as part of the System Performance requirements
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portion of the TERSSE study. These results include 2 technique developmeats, six sensor developments, support
of many Application System Verification Tests and several candiaate operational missions. Figure 3-5 represents

the framework for a total program for Shuttle sortie flights,

The two major technique developments recommended include the multi-aspect visible/near-IR signature investiga~-
tions already discussed and the development of multi-feature* radar signatures for land phenomena. This latter
area is critically important, as radar has the unique ability (a) to provide high resolution images on demand without
regard for weather and (b) to respond directly to moisture in both plants and scil. Multi-feature radar signatures
are not well known in spite of ilis high potential for uninterrupted discrimination and are therefore a prime candi-

date for early technique development Shuttle flights.

Sensor developments referred to in Figure 3-5 include multispectral scanners, radars, microwave grid measures

(Rad/Scat sesnsors), and ancillary sensors.

With regard to multispectral scanners, the general trend indicated is for greater spectral resolution, a larger

number of spectrel bands and the use of modularity in sensor design.
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DEVELOPMENT
- MULTH-ASPECT SIG, RESEARCH x {x |x x| x x ] % X |x % §x X
+ RADAR {MULT}-PARAMETERS) x| x| 2P x] x]x X x| = X % |x x %
SENSOR
DEVELOPMENT
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. SPECTROMETRY x x A PR X X x % X |x x X X x
ASVT SUPPORT x x x X x | x X % X% X Ix % X xfx {x}x X
OPERATIONAL
IMPLEMENTATION
=" PRIME PLATFORM : X X x
~ PARTIAL MISSION x {x [x{x][=x x| x x {ox[x]x |x % x x| X RIS
SATISFACTION )
= PARTIAL DATA x x | x X |z [ x| x x x pox {x fx fx | x]x |x R x| x
SATISFACTION
Figure 3-5, Outline of an Integrated Program
*Multi-feature, as used here, means multi-frequency and/or multi~polarization. - A synonym might be multi-
’
channel, :
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The sensor development requirements and recommendations for the 10 meter IFOV resolution scanner are shown I
in Figure 3-6. The final required capability, from a polar orbit spacecraft, will require the use of advanced tech~

nology and is not expected to be realizable until the mid 1980's, However, with slightly reduced requirements, a

Shuttle sortie version can be achieved in the late 1970's or early 1980 period using existing technology.

Microwave sensor development recommendations in the two general disciplines of water and land use are shown

in Figure 3-7. Two generic classes of microwave sensor measurements are considered: grid measurements and
(contiguous) images. These are represented by scatterometers/radiometers and synthetic aperture radars re-
spectively., Included with each recommendation is an indication as to whether the capability needs to be implemented

or developed, based on an assessment of the present state of the art in remote microwave sensing.

Ancillary sensors include those necessary for more accurate radiometric calibration of visible/IR and microwave
sensors as well as for removal of atmospheric effects in the former category. Substantial progress has been made
in the understanding and modelling of atmospheric effects but to date no systems-oriented approach to development
of a correction capability has been taken. Early Shuttle flights could carry developmental sensors for such purposes

if atmospheric modelling studies and systems analysis are carried out in the near future.

The third aspect of the integrated Shuttle program for support of Earth Resources System development, applications
development, offers a large number of potential missions where shuttle can benefit the Program. Many of these
applications developments can be carried out using sensors which require little or no development (See Volume 6 of

this final report.) The challenge is to identify those which can so profit and to carry out the definition of the end-

to-end demonstration system in preparation for the shuftie flights in 1979 and beyond. )
e POLAR S/C: OPTIONS:
- LARGE NUMBER OF BANDS : - MISSION-DEDICATED
- THERMAL CHANNELS - SINGLE AGGREGATED
- BIG OPTICS/FOV - PARTITIONED

SINGLE ALTITUDE

REQUIRES ADVANCED TECHNOLOGY—=MID 80's

o SORTIE: OPTIONS:

- EASIER TO DO - MISSION-DEDICATED
- MECHANICAL SCAN ACCEPTABLE - SINGLE AGGREGATED

- VARIABLE ALTITUDE - PARTITIONED

CAN START NOW WITH MODULAR DESIGN-e-LATE 70's/EARLY 80's

Figure 3-6. Scanner Development Requirements "“‘3
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GRID MEASURERS IMAGERS
- SCATTEROMETERS - SYNTHETIC APERTURE
- RADIOMETERS
WATER| @ WIND VELOCITY
o WIND DIRECTION IMPLEMENT
o WAVE HEIGHT - ICEZ==)> IMPLEMENT
o SALINITY  ==> DEVELOP
LAND |e SOIL MOISTURE - CLOUD-FREE B&W
PHOTOGRAPHY IMPLEMENT
e SNOW DEPTH
DEVELOP - EXPLORATION OF
o SNOW MOISTURE REFLECTION EMISS ION
CONTENT PROPERTIES DEVELOP
(MULTIPLE
PARANETERS)
Figure 3-7. Microwave Sensor Development

With regard to operational uses of Shuttle, those identified with the Shuttle as a primary platform we feel to be the

most straight forward to implement and study of them should commence immediately.

The effort should concen-

trate not on Shuttle payload design, per se, for that aspect is relatively straightforward. Rather the information

flow aspects of the missions should be investigated; technical, financial, and policy/political questions abound

which are peculiar to operational missions and which must be addressed and answered before their potential can be-

come reality.

In summary, the Shuttle sortie-mode is a primary development platform for the Earth Resources Program and its

roles span the range from Technique Development to ASVT Support.

As an operational platform, the Shuttle's

unique features of tailorable sensors, tailorable orbits and lighting, and hard-copy return qualify it for primary

platform status in several cases and as a support platform in many others.

Specific objectives now €xist for all

four roles of the Shuttle sortie and, when considered collectively, can result in an integrated program which

will rapidly advance the application of NASA's Earth resources technology in the early years of Shuttle flights.
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SECTION 4
EXPLOITING STS FOR ERP SATELLITES

In this section the exploilation of the STS in support of ERP satellites is discussed. The Shuttle and its associated
upper stages will as a minimum provide low~-cost delivery service for satellites to all earth orbital locations, In
additiou, they can also provide a great yvariety of support services which exploit their unique capabilities, services

which differ radically from those provided by today's expendable launch vehicles.

4,1 POTENTIAL MISSION DEFINITIONS

The missions which can potentially he assisted by the Shuttle have been discussed at some length in Volume 3. Of
particular interestg here are those missions performed by satellite platforms which are delivered and serviced by
the STS, Table 4-1 indicates the three generic families of spacecraft platforms which will perform ERP missions

with the aid of the Shuttle. It is obvious that one satellite is not universally preferred over another and the table

data should not be interpreted in that manner. 1t is rather, that each of these platforms can play a uniquely sub-

gtantive role in the total ERP.
4,1.1 GEOSYNCHRONOUS MISSION SUPPORT

In support of earth synchronous spacecraft, the Space Shuttle will be joined by either an IUS or a Tug. The capa-
bility of the STS for delivery of such satellites to their mission orbit encompasses all of those currently identified

(see Table 2-5), Turther, the STS will be able to perform this service at a considerable savings in launch and
delivery costs.

Geosynchronous satellites will perform a variety of ERP missions with the assistance of the Shuttle/Tug. Through
the 1980's and 90's these will include R&D and operational missions performed by simple and complex spacecraft
of widely varying dimensions. The operational missions to be performed or supported by these satellites are
identified in Table 4~2. From this data, it may be seen that geosynchronous satellites are uniquely suited to

missions which have the following characteristics:
1. continuous or frequent target acquisition
2. moderate to low resolution
3. = incomplete surface coverage, i.e., i<57° (unless image obliquity is not a factor)

It should be noted that there are alternatives to geostationary orbits with a 24-hour period and an inclination of zero
degrees. Other options involving slight inclination of the orbital plane and orbital eccentricity are available which

can provide higher latitude attainment for nadir or near-nadir viewing, and lower altitudes for higher relative

spatial resolution.
4,1, 2 POLAR ORBIT MISSION SUPPORT

Polar orbits are particularly beneficial for ERP automated satellites since they can attain global coverage of the
Earth's surface at relatively low altitude orbits, and can view this area repeatedly at the same local time. The

STS c¢an support all of these missions, although the preferred support may be quite different in both type and degree



Table 4~1, Characteristics of ERP Spacecraft

Earth Coverage

Repeat Cycle Nadir)

Resolution

Nodal Crossing

Earth
Synchronous

Sun
Synchronous

Non~-
Synchronous

<57 N
Continuous
50-100 M and up

N/A

Global
7-14 days
10-25M and up

Constant

Global
7-28 days
10-25M and up

Variable

Observation Obliquity Constant Variable Variable
No. of Mission Contributed 14 23 2
(Total/Major/Partial) (2/4/8) (3/16/4) 0/2/0)

Launch Cost (3600 kg) ~$1.84 M ~$1.73M ~$0.84 M
(35,876 Km, 0°) (500 Km, 97.5°) (500 Km, 45°)

from case to case. Although the Shuttle can attain some sun synchronous polar orbits directly, the cargo weight

delivered to orbit is not very impressive (see Figure 2-7).

This performance characteristic has two primary effects on STS support of polar orbit missions. First, in some

cases, a Tug must be utilized to achieve the desired orbit and second, it is occasionally more cost effective to use

a spacecraft-integral propulsive capability to achieve mission orbit. The first case ig illustrated by an Environ- ¥
ment Monitoring Satellite mission in the mid- and late-1980's. The orbit required by this mission is 1676 km x

1695 km at 103° inclination, and the weight of the spacecraft has been estimated (see Table 2-5) at 2204 kg. This

mission is clearly beyond the capability of the Shuttle alone but, with the Tug, becomes easily attainable.

The second case of limited Shuttle performance for polar orbit missions may be illustrated by the Earth Observatory
Satellite, An intensive trade analysis performed by GE as part of its Phase B EOS study concluded that attainment
of mission orbit should be shared by the Shuttle and the spacecraft. This analysis, reported in some detail in
Appendix A, corncluded that the Shuttle should deliver the spacecraft to a 460 km circular orbit at 97.5° inclination.
From this parking orbit, the spacecraft would utilize an integral propulsion subsystem to provide the necessary

delta velocity to raise the orhit to the desired final destination at 775 km.

As a function of specific analyses, then, a number of cost effective options can be identified which enable the STS

to provide basic launch and delivery support to all ERP polar orbit missions identified in Table 4-2,

4.1,3 OTHER UNIQUE MISSIONS

As noted in Volume 3, there are a small number of desirable orbital locations in addition to the primary geosyn-
chronous and sun synchronous ones. The STS, as described in Section 2.0, can accommodate all of these for the
essential launch and delivery functions. This is egpecially true for those missions which require low orbit for very

high resolution and which need not have global coverage, It has already been noted in Section 3. 0 of this volume,
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that the Shuttle can deliver very large payloads to such orbital locations. Although the concern was for sortie

missions in that earlier discussion, similar delivery support can be given for non-synchronous automated satellites.

The current NASA mission model does not call out a requirement for any such payload, nor does our analysis of
user needs. However, this may be interpreted as reflecting the natural conservative approach which usually ac-
companies advanced mission planning. Until additional basic research and development activitigs are carried out
in earlier sortie flights, it is highly speculative to consider the need for a relatively permanent, low earth orbiting,
automated platform. Such a facility could be totally dedicated to earth resources observation and research, or
could encompass other disciplinary activities as well, thus becoming an ""automated space station'!, of sorts.
Whichever the case, the Shuttle is uniquely qualified to support such a platform with multiple revisits as well as

initial delivery and orbital placement.

4,2 UNIQUE CHARACTERISTICS OF STS SUPPORT

4,2.1 SHUTTLE PHYSICAL ACCOMMODATIONS

Any evaluation of inique support characteristics of the Shuttle for automated satellite must begin with the size of
the cargo bay. The 18.3m long, 4. 6m diameter payload volume is considerably larger than any current provisions
afforded by expendable launch vehicle (ELV) shrouds. The magnitude of the volume available is difficult to appreci-
ate, but is partially demonstrated by reference to Figure 4~1 which illustrates the Shuttle launch configuration for a

single EOS satellite. Two important points come to mind from inspection of this figure. The first is that this same

Figure 4-1, Shuttle/EOS Launch Configuration
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e y spacecraft is essentially at the limit of the capability of one of the most popular current launch vehicles, the Delta

2910, Second, with appropriate launch support systems and modification of the spacecraft itself, it would be
possible to launch two to four of these spacecraft simultaneously. Although these particular configurations are
probably not desirable, the general concept of multiple launches and the consequent sharing of launch costs, can

be of considerable importance to the ERP.

But the size of the cargo bay produces many other potentially desirable features. The large diameter was an im-
portant feature in determining the characteristics of a standardized spacecraft bus in the Payload Utilization of Tug
(PUT) study. For many reasons which revolve about the central theme of low cost approaches, GE proposed some
time ago a tractor~trailer approach such as that shown in Figure 4-2, The core of this concept is the development
of a common structural bus and standardized subsystems for use among a broad variety of satellites. In the PUT
study, which studied design impacts on payloads of the Shuttle/Tug combination, this concept was integrated with

the cargo bay dimensgions to produce a standard bus (shown in Figure 4~3) which optimized use of the available size,

The large cargo bay size also enables general growth of candidate ERP satellite designs. The importance of this
design freedom cannot be underestimated. Larger available envelopes can contribute to the implementation of
highly desirable features, especially those having to do with assembly of the spacecraft and its later servicing,

whether performed on the ground or on-orbit,

In addition to the large cargo envelope provided by the Shuttle, the weight-to~orbit capability of the Shuttle, alone
and with the Tug is also of benefit to the ERP. Much of the design freedom provided by the greater volumetric
3 flexibility is highly correlated with that gained by relaxation of weight restrictions. Naturally, the STS does not do

AUTOMATED
SATELLITE
TRACTOR ™~ SEOS

PAYLOAD
Pﬁg‘zao (TRAILER 11 )
(TRAILER |>\ /
"” | |

% Figure 4-2. Tractor Trailer Spacecraft Concept
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flexibility is highly correlated with that gained by relaxation of weight restrictions. Naturally, the STS doeé not do
away with such restrictions, but there ig considerable leeway, especially with respect to capabilities of current
launch vehicles, As will be shown in succeeding paragraphs of this section, many of the unique benefits of the STS
can only be achieved by incorporating design features which result in some increase in basic vehicle weight, Were
it not for the superior delivery capability of the STS, such increases might result in reduced allowances for mission

equipment, reductions which would inevitably cancel out the potential exploitive advantages.
4,2,2 CANDIDATE SHUTTLE-EXPLOITIVE CONCEPTS

Based on a number of studies of advanced satellite design for the Shuttle~era, it has become increasingly evident
that there are many candidate design approaches which become available to reduce overall satellite program costs,
Several of these are especially useful to ERP satellites for which on~orbit servicing and/or retrieval for ground
refurbishment can mean substantial cost savings. Some of the more appealing of these design approaches are

discussed in the following sections.

4,2,2,1 Standardized Modular Elements

This approach has generally been found to produce the largest potential cost impact of any of the proposed Shuttle-
exploitive, low-cost approaches. The greatest current uncertainty with evaluating this approach is that NASA has
not yet committed itself to this concept. From several discussions with NASA officials, particularly those with the
new Low Cost Office, it was clear that such a policy was being seriously considered along with the concept of a
standard bus or spacecraft platform. With this understanding, we then reviewed broad spacecraft housekeeping
requirements and developed a list and description of standard modules. (It may be noted that Aerospace Corporation

also hag developed such a listing, one which does not differ greatly from our own,)

In compiling this list, adherence was kept to several criteria for modularity which evolved from the aforementioned
GE efforts on the PUT study. These included cost, weight, volume, manufacturing, and component grouping con-
siderations. For configuration reasons, especially considering on-orbit servicing and the Shuttle characteristics,
it was decided to use a five by five arrangement of modules; all located in and accessible from a common plane,
The central modules were reserved for mission peculiar equipment, i.e., sensor modules, leaving sixteen spaces
for housekeeping modules. Table 4-3 shows the seven basic functional module types selected for the housekeeping

subsystem modules.

For each functional module identified, all of the components contained in it were identified with size, weight, and
power dissipation tabulated. Table 4~4 is an example of this gross initial module definition. These lists were used
to assure that volumetric and thermal dissipation limits were not exceeded by any module. In addition, part of the

modularity study was devoted to identifying the interconnections necessary between modiles.

4,2,2,2 Increased Structural Margin

With the increased payload capacity of the Space Shuttle as noted in paragraph 4. 2.1, methods of spacecraft design
and development are being reexamined to determine if cost reductions can be achieved by altering current practices.
One consideration is the safety factor used for spacecraft structural design, By increasing the safety factor to a
relatively high value, an overstrength design would result and costs could be reduced by eliminating or reducing the

structural tests performed during spacecraft development. On the surface, this appears to be a straightforward
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Table 4-3. Functional Module Types-

Subsystem

Module

Functions

Electrical Power

Power Generation

Power Conditioning & Storage

Solar Energy Conversion
Back-up Array Drive Control

Direct Energy Transfer
Energy Storage
Power Bus Control

Avionics

Attitude Sensing

Data Processing

S-band Transponder

Initial Earth & Sun Acquisition
Inertial Reference Measurement

Command Decoding
Telemetry Formatting
Attitude Calculations

Uplink/Downlink Communications
Backup Command Translator

Attitude Control & Propulsion

Momentum Storage

Propulsion

Momentum Exchange
Backup Thruster Control

Propellant Storage
Mass Expulsion

Table 4~4, Typical Module Definition

Power Conditioning and Storage Module

Power
Component Size (inches) Weight (bs) Dissipation

D.E.T. Shunt Driver 3x4x5 3 5
12 Amp-hr Battery (2) 12x8.75x 5.6 56 <70
Battery Charge Controller (2) 3x3x4 6 <8
Boost Regulator 4x4x5 4 35
Power Switching Unit 4x4x5 4 Negligible
Interface Unit 2x4x6 2 1
Harness and Connectors - 5 Negligible
Housekeeping Sensors (18) Negligible 1 Negligible
Module Structure - 28 -
Heaters - : 0.2 <7

Subtotal 109. 2

15% Contingency 16,4

Total 125.6'1bs

(67.1 kg)

approach for achieving a significant cost reduction.

However, there are a number of effects involved that make the

selection of the safety factor and the modification of the structural test program relatively complex when it is ex-

amined more closely. Structural reliability and weight are spacecraft characteristics that are most sensitive to the
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safety factor/test program selection while the related "costs" involve not only those of the selected test program
but also those associated with the spacecraft performance. If appears there has been some consideration of this

technique on recent NASA Programs such as the NASA-GSFC Phase B studies for EOS, by NASA~JSC for The

~Apollo Soyuz Test Program, and by NASA-MSFC for HEAO.

Use of increased factors of safety must result in increased structural weights. However the general magnitude of
the increase is not expressable as a single constant factor since weight increase is a variable depending on the
particular spacecraft structure application. That is, different weight-increase factors would be expected for differ~
ent structural configurations such as trusses, beams, shells, etc. which can be either strength-critical or

stability-critical.

The stress-strength concept of evaluating the adequacy of a struc'tural design provides the basis for determining the
effects of safety factor and test program selection. The structural reliability is defined as the probability of the
structure performing satisfactorily for the period of time intended under the operating conditions encountered.

With the stress-strength concept, the structural strength (resistance) and the imposed loads are described as two
random variables as shown in Figure 4~4, The reliability is the probability that the strength exceeds the load and
for normal distributions; it is determined by the separation of the means of the two distributions and their variance
(amount of variation in both distributions). The structural reliability is presently controlled by specifying a safety
factor and critical design loading conditions., This deterministic approach eliminates the need for statistical treat-
ment of the design once the values are selected. The design loading conditions are generally selected to encompass
the worst conditions anticipated in service (e.g., 99th percentile). The safety factor provides a further separation
in the distributions and accounts for the variations in the design strength. Structural reliability '"goals' on the
order of 0.9999 are often specified but, in reality, the reliability is determined by the safety factor and load condi-

tions used for the design and evaluation of the structure.

STRESS ' STRENGTH
DISTRIBUTION | DISTRIBUTION

FREQUENCY

m2 ’ mi
STRESS AND LOAD PARAMETER

TFigure 4~4. Stress~Strength Concept
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The structural test program affects the spacecraft strength choice and the value of the safety factor used for the
design. Of the infinite number of test programs that could be considered, three of four test options treated in a

recent study appear to be the most applicable to spacecraft and are being used or considered in current programs.
These options are:

1. No Structural Test — Under this option, the structural design is not tested and is flown in the as designed
condition. It is very attractive in that it completely eliminates testing and its associated costs.

2, Standard Test — This implies the fabrication of a static test structure and the usual tests of it to the various
design loading conditions. It is undesirable in that it provides no cost reduction and does not take advantage
of the increased weight capability of the Shuttle.

3. Proof Test — This option provides for structural testing of the flight vehicle. It appears to be a good
compromise test program in that it eliminates the cost of a separate test structure and can take advantage
of heavier, more conservative degign approaches.

The fourth option considered and rejected is a model test option swhich has been used for launch vehicle development
and some other structures. This is particularly attractive for very large structures because of their large test cost.
Because the spacecraft are relatively small, however, the uncertainty in scaling appears to be a governing factor

which makes its application to spacecraft questionable.

Conceptually, the statistical strength distributions of spacecraft will differ depending on the test option selected.
This is shown in Figure 4-5. With no testing, the strength distribution will be relatively broad as can be shown
using experimental data. With the standard test option, the strength will appear to be truncated at the design load
except for a "tail-off" area representing variations due to manufacturing, ete. A truly truncated strength distribu-
tion will exist for the proof test option. It is assumed that all the distributions will tend to center about the design
load conditions as modified by a prescribed safety factor, Because the distribution at the lower loads have a major
effect on the reliability, it can be seen that the testing will enhance the structural reliability. As a result, lower

safety factors become attractive when tests are performed.

The Proof Test option seems to show the most promise, It is being used for the Apollo Soyuz Test Program

Structure. A safety factor of 2 with a proof load of 1.3 is apparently being used to verify the structural adequacy.

- «— DESIGN - |¢_ TEST LOAD o~ . PROOF LOAD
T LOAD 5 . e : |
>.

5 9 5 |
Z z
L Y u ’///
2 2 o]
o g o |
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I

LOAD LOAD LLOAD
NC TEST OPTION STANDARD TEST OPTION PROOF TEST OPTION

Tigure 4-5, Conceptual Strength Distributions with Various Test Options
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Similarly, factors on the order of 2 to 3 have been used on Skylab with reduced testing, The probability of a proof
test failure of the flight vehicle seems relatively low and the weight penalty does not appear excessive. The overall

result should assure a reasonable degree of structural »eliability,

4.2,2,3 Concentrator Solar Array

Concentrated photovoltaic energy conversion was extensively investigated in the early 1960's. The gignificant con-
clusions of these studies were as follows:

1, The optimum concentration ratio was found to be between 2 and 3 when optimized on the basis of weight,
cost and unit power output.

2. Weight reductions between 20 and 30 percent could be achieved using present-day (early 1960's) solar cells,
filters, and concentrator fabrication techniques.

3. Total system cost savings of the order of 30 percent could be achieved using present-day (early 1960's})
techniques.

4. Orientation requirements for concentrating systems are somewhat more stringent than for non-concentrating
systems, but are still well within the capabilities of simple orientation devices.
Notwithstanding these optimistic conclusions regarding weight and cost, concentrating solar array systems were
never developed and all reference to such systems quickly disappeared from the literature. With the advent of the

Shuttle, and the capability to resupply or refurbish satellites, interest has recently been awzkened,

On the basis of the concentration ratio conclusion resulting from the early studies, the decision was made to per-

form a more detailed assessment of the 60° flat "V'" groove concentrator which has a concentration ratio of two.

Figure 4-6 shows the basic geometry of this solar array configuration. The analysis was performed for a normally

SUN
135.3 MW /CM?

A

N /P SILICON SOLAR CELL
Figure 4~6. 60° '"V' Groove Concentrating Solar Array
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incident solar intensity of 135, 3 mw/ cm? under geosynchronous altitude conditions with earfh albedo and IR fluxes
neglected. The reflective surfaces were agsumed to have a total solar spectral reflectance of 0.90. The entire

rear surface of the array was assumed to have a fotal hemispherical emittance of 0. 85.

Based on these results of recent trade studies, a comparison of two ''V' groove concentrator configurations with a
non-concentrating planar solar array is given in Table 4~5 for a B. O. L. array power output of 1000 watts. A blue-
red filtered concentrator requires fewer solar cells due to the slightly lower temperature resulting from this filter-
ing. However, the total panel area for the concentrator designs is about double the conventional panel area, One
also has to add the costs of the filtering cover glass. The net result ig that the concentrator approaches exceed the
cost of the conventional array in terms of cell stack cost alone. This cost difference can only widen when the sub-
strate costs are included, since the concentrator substrates are 'so much larger than the conventional panels, and
the technicque has been abandoned as a shuttle~exploitive hardware practice,

Table 4~5. Comparison of Solar Array Configurations for 1000 Watt,
B. 0. L. Array Output Requirement

$ O uyn
Nonconcentrating 60~ "V" Groove 60° "V Groove
Planar Concentrator - Concentrator —
Solar Array Blue Filtered N r
Coverglass Blue-Red
g Filtered Coverglass
Number of 2 x 4 cm ,
Solar Cells 10, 250 10,450 9,630
)
Cell Stack Module . -
Area 012) 93.2 95.0 87.5
Total Panel Area 98. 2 200.0 184.2
(&)
Unit Cell Stack
Cost ($ /8t2) 2,900 2,900 3,120
Total Cell Stack
2 a

Cost ($) 70,000 275,000 273,000

4,2, 2.4 Use of Radiosotope Power

Two factors suggested the examination of radioisotope power systems for future Shuttle/Tug launched spacecraft.
The first of these is that the existence of the Shuttle/Tug makes it possible to recover and re-use the very expensive
nuclear fuel, and the not-inexpensive conversion system. The second factor is the recent technological advances in
radioigotope power systems. This progress is of two types: development of dynamic power conversion systems,
which greatly increase the electrical output for a given quantity of expensive radioisotope; and use of a cheaper

isotope, Cm 244.

Plutonium 238 is the "fuel' most frequently used at present and planned for in space-borne RTG's. It is, however,

very expensive, costing approximately $600 per watt ¢hermal) in the form of PuQ,. Such high cost has limited the
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use of RTG's to missions in which conditions prohibited use of other power systems., Since, however, the plutonium
would be less than half expended during a typical satellite 5 year mission life (Shuttle-era), and since the STS makes
recovery possible, the potential for recovering and reprocessing the plutonium for later use may reduce its overall

cost sufficiently to make such systems competitive.

Another approach to reducing the cost of Radioisotope-based power systems is to substitute Curium-244 for
Plutonium=-238. In the form of Cm 203, Curium=-244 will soon be more plentiful, and when extraction technology
and use are sufficiently advanced, costs of Curium=-244 should he $20-100 per watt ¢hermal).

Heat rejection methods for RTGs of typical present design require exposure of the cooling fins, which are attached
directly to the thermoelectric package, to the space environment, While such an approach eliminates a fluid cooling

loop, it may add design and integration problems in many satellite programs.

Costs of Radioisotope Thermoelectric generators for ERP missions are estimated from extrapolated SNAP informa-
tion and are given in Table 4-6. A conventional solar array system is included for comparison purposes. The low
non-recurring costs reflect direct use of the existing, proven design of the RTG's, except for the additional shielding
required for Curium-244, and minor integration changes. Optimized design for the Curium-based RTG could de~

crease its weight, but would add to non~recurring costs.

Coupling of a Brayton Cycle Power converter to the heat sources developed and/or considered for the Thermoelec~
tric generators is an interesting new development for possible ERP use. All of the preceding discussion concerning
the Pu-238 and Cm-244 are equally applicable here. The thermoelectric elements of the previcus systems, however,

are not used. Instead, the elements of the Thermodynamic generators are:
1, Heat Source Assembly ‘
2. Power Conversion System
3. Engine Control System
4. Heat Rejection System

Radiator design for Brayton Cycle Electrical Power system is a major consideration for incorporation into ERP
spacecraft. Design work now in progress is evaluating various configurations. If deployable flat panel radiators
are selected, and such radiators cannot be accommodated on the spacecraft, then additional development will be

required. Such radiators will also incur a-weight penalty for meteroid protection,

On the basis of weight, the Pu-238 Mini-Brayton System is competitive with solar arrays. From a cost considera-
tion, if the Pu-238 is recovered at no cost, and the program is for only one or two spacecraft, the sum of non-
recurring costs and recurring costs are also comparable., This option needs to be kept in mind for Shuttle Era

spacecraft, especially those with large power needs.

4.2,2,5 Standard Tractor

A standard tractor approach was studied for ERP spacecraft and was found attractive. The cost savings, as for
standard modules, accrue to the second spacecraft program using the development. These cost estimates, ex~

tracted from a previous GE study, indicate the magnitude of the possible savings.
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Table 4-6. Comparison of Potential Electrical Power Systems for ERP Spacecraft
Electrical Power System Weight Non«Recurring Recurring
Alternatives for SEOS Criteria (Pounds) Costs (3) Costs ($) Advantages Disadvantages
Solar-Photovaltaic With Batteries 280-300 2,000,000 1,000,000 Flight-proven hardware & technology Array deployment
Minimum cost - recurring Array degradation
Minimum weight Array maintenance & repair in orbit
Moderate complexity
Radioispp¢ Thermoelectric
¢ PU-23¢ Based, No Recovery 310 1,000,000 8,300,000 Compact Expensive
Flight proven hardware, technology
Minimum complexity
® PU-238 Based, Recovery 310 1,000,000 *3,; 800, 000 Compact Recovery from orbit required for economy
Flight proven hardware technology Moderately expensive
(except for recovery)
Low cor-plexity
e CM-244 Based, No Recovery 440 1,100,000 2,800,000 Compact Some new technology
Some flight proven hardware, Low cost required increased Cm useage
technology High weight
Minimum complexity
No recovery required for economy
Radioisotope Thermodynamic (Brayton
Cycle)
e PU-238 Based, No Recovery 306 1,000,000 ~ 2,800,000 Relatively compact Possible radiator deployment
2,000,000 Some flight proven hardware, Moderately expensive - recurring
technology Radiator meteoroid hazard
Minimum weight
e PU-238, Based, Recovery 306 1,000,000 - *1,400,000 Relatively compact Possible radiator deploymmt
2,000,000 Some flight proven hardware, Recovery from orbit required for economy
technology Radiator meteoroid hazard
Minimum weight
Minimum cost
e CM-244 Based, No Recovery 436 1,000,000 - 1,300,000 Relatively compact Possible radiator deployment
2,000,000 Little flight proven hardware, Low cost requires increased Cm useage
technology High weight
No recovery required for economy Radijator meteoroid hazard
Minimum cost
*Daes not include reocvery transportation costs.
Wt .
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(Non-Recurring)

Item Estimated Savings
Structure 7%
Thermal Control 1%
Ground Handling Fixtures 2%
Integration 0.5%
Other 1%
TOTAL 11.5%

4.2,.2,6 Utilization of Commercial Equipment

This topic has been studied extensively with respect to sortie missions since the Spacelab provides a pressurized
environment which is similar to the one for which the equipment was originally designed. To date, U. S. space-
craft have not had this feature. As a result, electronic equipment utilized on current spacecraft are extraordinarily

expensive, due in part to their design, but due primarily to the massive test programs with which such designs gain

acceptance.

GE is currently completing a novel study (for NASA/GSFC) of the essential cost savings which might accrue to a
Pressure Vessel Spacecraft (PVS). Since the study is cost-investigative in nature, the model used for the PVS is
a Nimbus, a spacecraft for which GE and NASA have very precise costs to use as baseline data. The concept
which has evolved (see Figure 4-7), places all of the electronic equipment inside the pressure hull with cable
penetration to an earth-viewing platform. Only sensors, antennas, and solar arrays are exposed to the space

environment.

Although preliminary, some of the data from this study which reflect expected cost reductions are shown in

Table 4-7. It should be emphasized that this study has concentrated on a detailed engineering design of an

existing spacecraft so that realistic and traceable costs could be developed. While such a spacecraft might not be
available to all ERP missions, and it probably is not, its jﬁdicious application can produce cost savings comparable

(and perhaps favorable) to that achieved by standardization.

4.2.2.7 Unified Platform Thermal Control Concept

In recent contractual and in-house studies, GE has intensively studied potential thermal control concepts, which
could be utilized on advanced, Shuttle-era-spacecraft platforms. One concept has been developed which appears

to be of general applicability to all geosynchronous satellites.

The selected thermal control concept for the total spacecraft platform is illustrated in Figure 4-8. Although this
sketch shows a SEOS platform, the concept employed for other geosynchronous satellites, is generally of the same

type, but can provide for larger or smaller heat loads to be dissipated and varying numbers of sensor modules.

On the platform, the modules are thermally isolated and independent. The sub-system modules located on the
North and South faces of the platform dissipate their excessive heat via patched coatings (5 mil teflon over silver)
which radiate to space through cut-outs in the module cannister. The modules contain their own heaters to provide

thermal power when necessary, and are completely insulated except for the cut-out area.
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Figure 4-8. Unified Platform Thermal Control Concept

The centrally located sensor module radiates heat from its North surface to the immediately adjacent structural
panel in the platform. Heat pipes which terminate in this area conduct this heat to the North face of the platform
which has a localized coating acting as a radiator. Except for this local radiator area, the platform structure is

completely insulated. The number of heal pipes shown prolvide about 50% redundancy.

For the East and West located propulsion modules, the primary problem is keeping them warm- (i.e., above the
freezing point of the hydrazine propellant). Each propulsion module requires approximately 9 watts of heater power
to maintain the minimum average temperature at 263°K (14°F), Prior io firing the thrusters, an additional 8 watts

of heater power is required at the thruster catalyst beds.

Withinthe sensor module, a two stage cryogenic cooler is used to cool any IR detectors. The details of this cooler
design are reported in the next section. In addition, heat pipes are provided in the sensor module to conduct heat

to its North surface. “

4.2.2,8 Sensor Module Cryogenic Cooling Requirements

The sensor cooling requirements for rwo ERP spacecraft are defined in Table 4~8, Potential thermal coutroly
approaches which have been considered included passive, liquid and solid cryogens, thermoelectric, and
refrigeration.  GE has consistently found that passive, multi-stage, radiators severely restrict space_raft config-
urations and, in many cases, require prohibitive costs to accommodate. In addition, thermoelectric concepts are
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Table 4-8. ERP Sensor Cooling Requirements

Parameter Satellite A Satellite B
Number of Sensors 7 1 7
Sensor Temperature, °K ©F) 100 (-280) 90 (-297) 180 (-135)
Total Sensor Dissipation, W . 035 -.105 .035 - ,105 . 005 - .015
Available Weight, KG (lb) 181.6 (400} 181.6 (400)
Available Volume, M3 (ft3) 0,028 (1. 0) 0.028 (1.0)
Available Diameter, M (ft) 0.76 2.5} 0.51 (L.7)
Desired Life, Years 5 5
Replacement Capability, Years 1-2 - 1-2

generally limited to about ~190°F (150°K), active refrigeration systems are not yet considered long life space
hardware, and liquid cryogen systems are larger and heavier than solid cryogens with potential two-phase venting
problems. It is therefore our conclusion to use stored, solid cryogen systems. This decision is, of course, also

based on the ability of the STS to assist in replenishing this expendable material.

Two types of stored cryogen syster:s have been considered; namely, single cryogen and staged cryogeén systems.

A staged cryogen system ufilizes a higher temperature cryogen to act as a heat leak guard for a low temperature
cryogen which, in turu, maintains the sensor temperature (e.g., 90°K). The single cryogen system concept
includes a spherical tank for storing a solid cryogen, a surrounding region of multi-layer thermal insulation, and
an outside vacuum shell. The inner shell is supported from the vacuum shell by compressively loaded, glass fiber
reinforced epoxy posts. The payload sensor is coupled to the tank by a metallic tube which also carries away the
gas that sublimes from the solid cryogen. This tube is vacuum sealed to the vacuum shell by a low conductance
stainless steel bellows. It should be noted that when the same payload contains sensors with different temperature
requirements (e.g., 90°K and 180°K), i i&—pﬁﬁmwith one system by mounting both sensors
to the same tube with the hiéher temperature sensor further from the solid cryogen than the lower temperature

sensor such that the vapor leaving the system cools the higher temperature sensor.

Both argon and methane appear to be feasiiole candidates for cooling sensors in the 809K to 130°K (-320°F to -225°F)
range with carbon dioxide as the likely candidate for higher allowable sensor temperatures of 130°K to 2009K

(~2250F to -100°F). However, methane is usually eliminated from manned flights due to its potential hazards,
despite being thermally superior to argon. The weight and life data for beth systems is plotied in Figure 4=9,

along with general minimum weight curves. Also plotted on this figure is data generated for a two-stage argon/carbon
dioxide solid cryogen system. The data indicate thit this staged cryogen system offers a significant weight advan-
tage over the single cryogen argon system and is'comparable to thz methane system. It has been adopted in several

advanced ERP spacecraft studies.
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Figure 4-9. Weight vs. Life for Selected Solid Cryogen Systems

4.2.3 SPACECRAFT RETRIEVAL

One of the most significant features of the STS is the capability to retrieve ERP satellites and return them to the
ground for refurbishment and later reuse. This capability exists for all spacecraft which are directly delivered to
their mission orbit by the Shuttle and several other selecte.d classes. As noted in Appendix A, for . xample, the
EOS has its own integral propulsion system to achieve mission orbit from the Shuttle orbit. This same system can

later produce the required delta velocity to return the EOS back to the Shuttle's packing orbit for capture and return.

Although the current baseline IUS does not possess a retrieval capability, the Tug can retrieve spacecraft initially
placed into orbit by the earlier, more primitive STS upper stage. This capability is currently limited to spacecraft

weighing up to 1542 kg. (from geosynchronous orbit), At this level, all currently identified ERP spacecraft can be
retrieved, if desired,

The benefits of retrieval to the ERJ and its spacecraft can be very significant. In certain cases, where the space-
craft costs are very large due to unique and expensive mission equipment, the refurbishment and reuse of this
equipment can be very cost~effective. Another aim of the retrieval feature can be the recovery of hard copy data.
The use of such a medium is normally not considered, primarily due to the costs of the retrieval system. With the

introduction of a feasible, available retrieval capability possessed by the STS, renewed studies of hard copy

recording of data are wa:ranted. ' :
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Retrieval of ERP spacecraft may also be of some limited value for analysis of environmental effects. One specific
instance which may hold some particular interest concerns the long-term effects of solar radiation and micro-
meteoroid damage on large sensor arrays. Analysis of the data return from such a sensor can probably be of some

benefit in measuring the rate of degradation.

Discovery of the failure mechanism can be performed best, however, from a detailed inspection and test of the
recovered structure, Once again, it is possible to automate several of those functions and perform them remotely,

but trade studies are needed to select the most cost-effective approach.

The requirement for retrieval by the STS brings with it a need to alter the design of the spacecraft and make it
amenable to retrieval. The additional design features needed by the spacecraft to accommodate retrieval are shown
in Table 4-9 along with estimates of their associated weights. Very few detailed studies of retrieval design impacts
have been performed. However, GE's experience on the PUT and EOS Phase B studies has indicated that the data

presented in Table 4-9 are reasonable.
4.2.4 SPACECRAFT ON-ORBIT SERVICING

On-orbit servicing of ERP spacecraft is feasible at all orbits served by the STS. Although studies of servicing have
only been carried out to any detail in the last two years, the potential benefits to spacecraft programs can be

impressive. Essentially four different levels of spacecraft servicing can be identified for the Shuttle-era ERP:
1. replacement or repair of malfunctioning elements,
2, periodic replacement of expendables (includes hard-copy data recovery),
3. end-of-life refurbishment of wear-out e€lements,
4, mission equipment changeout for experiment/operations modification.

Detailed studies of servicing have been conducted on two ERP candidate satellites, EOS by Shuttle and EOS by Tug.
In the first case, the EOS subsystem modules and several senior modules may be replaced after the EOS is recap-
tured by the Shuttle Orbiter. As shown in Figure 4-10, the spacecraft is captured by the RMS boom and erected on
a docking platform. It may then be positioned for modular resupply by rotation until the appropriate face is pre-
sented to the Special Purpose Manipulator System (SPMS). The resupply concept formulated for the EOS program
(see Tigure 4-11) requires modular mounting of subsystems and instruments and incorporation of RMS~activated
lateh mechanisms and remote electrical disconnects. This concept and its implementation is discussed further in

Appendix C.

The analysis of on-orbit servicing of SEOS by the Tug has necessarily taken a quite different approach. Analyses
have shown that servicing of geosynchronous satellites should be done at the mission orbit and this requires a
servicer which is attached to the Tug. Figure 4-12 illustrates the concept evolved on the PUT study by GE and
MDAC for SEOS servicing by the Tug.” The preferred servicer design itself, developed by MDAC is shown in
Figure 4-13. 1t is based on direct-access servicing. Modules are exchanged using the push~pull capabilities

inherent in the Tug/spacecraft docking mechanism. = The unit shown consists of a storage structure containing
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Table 4-9. Baseline Design Features for Retrievable Satellites

Subsystem Design Addition Estimated Weight (kg)

Structures Increased coniplexity 4.5
docking frame (IUS/TUG
Satellites only)

Electrical Power Stowable solar array 13.6/each
Supllementary battery capacity 4.5
Remateable connectors 2, 7/total
Retrieve function connector/safety 2.3
RTG coolant connectors - 4.5

Telemetry and

Command Rendezvous transponder 2.3
Corner reflectors 4.5
Stowable command antennas 4.5/each

Computation and

Data Processing Stored rendezvous commands -0~
Propulsion Propellant dump capability -0-
Attitude Control Momentum wheel stop -0~
Reusable star tracker covers 2. 3/total
Experiments/ Stowable optics covers 2.8 - 4.5/each
Mission Equipment Large (>3 M) antenna retraction 13 - 45/each
Stowable booms 4.5 - 45/each

provisions for a 5 x 5 (or any other square) satellite-module pattern. The hydraulically-actuated struts provide

the force to transfer modules, overcome preloads, and engage electrical plugs.

In this concept, after the satellite is docked, it is pulled into contact with the servicer storage unit. Extending the
struts pulls the appropriate modules from the servicer and satellite simultaneously, leaving them attached to the
rotating grid. As shown in Figure 4~14 the grid is then rotated 180° to interchange the module positions. The
struts are then retracted, driving the moélules inte their new positions. Any number of modules may be

exchanged in parallel in a maximum of five steps: three push-pulls and two 180° rotations.

The:se two servicing design concepts for EOS and SEOS can, of course, accommodate the four levels of servicing
identified earlier. The benefits of the first three of these levels is dealt with in Appendix D, but the fourth,
mission equipment changeout, deserves special mention here. The provision in the STS for serviceability of
spacecraft on-orbit offers an important dual opportunity to utilize the spacecraft platform as a senior test bed.
Systematic modification of the primary satellite sensors can maximize its research and development value through-
out the entire operating life of thé vehicle. Turthermore, the spacecraft platform represents a special opportunity

for orbit flight tests of additional experiments whose value to operational geo-stationary satellites or whose
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Figure 4-10. EOS ~ Shuttle Resupply Mission

supportive value for earth resource sensing needs to be verified. This opportunity is similar to that afforded by
Shuttle sortie flights with Spacelab, and which can be used to conduct flight fe~ts of instruments, techniques, and

operations before committing them to a satellite application.

The initial design of the primary spacecraft sensors will be based upon the best available information concerning
the correct number and frequency of the spectral bands that are required to provide the earth resource data desired.
It is likely that even in its initial configuration the sensors will not be optically identical to any earth resource
sensors previously flown in space. Thus, after approximately a year of experimentation, it is not illogical to
assume that additional learning or a desire to reorient the primary observational objectives might suggest that

either different or additional spectral channels might be worthy of test.

There are several types of changes to the optical channels that could be desireable: (a) improvement of the spectral
resolution at the same center frequencies; (b) variation of the spectral frequencies of the measurements; (c)
increase or decrease in the number of optical channels used; and (d) improvement in the senéitivity of the
measurements being made. Again, any or all of these changes could be motivated by what has been learned from
the measurements made to that time, or by important technological developments that have occurred. As a result
of these types of changes to the primary sensor capability, one or more type of specific hardware changes would

be required. These instrumentation changes are summarized in Table 4-10.
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Table 4-10. Hardware Changes Associated With Probable Experiment Changes for Prime ERP Sensor(s)

Experiment Change Hardware Changes Required Recurrence
Spectral Resolution of Optical New Filters Once every two years
Channels Processing Electronics

Amplifiers
Change Spectral Frequencies Change entire optical chains Once per year
of Optical Channels iy
Change Number of Optical Add optical chains ‘ Once every two years
Channels Add detectors

Add processing electronics

Modify output data formats
Improve Sensitivity of *Replace detectors Twice/vehicle life
Measurements

*Add supplementary cooling capability
Modify detector electronics

Modify data formats

*Could be one or both

With regard to the use of SEOS, for example, to space qualify experiments important to other geostationary
satellite or supplementary experiments important to earth resource monitoring, several concepts can be suggested.
It should be emphasized that, in this case, SEOS would be a most cost effective way to accomplish these tests

presuming that these experiments could be carried out on a strictly, non-interference basis.

For example, as new and improved data collection platformé are designed, or as new developments occur in the
approach to tracking mobile, automatic platforms from space, it would be useful to test such concepts. SEOS will
have need for a data collection capability to permit the simultaneous acquisition of in-situ data to support its
primary sensors. Substitution of a new data collection subsystem or the addition of an additional data collection
package by Tug servicing that could be alternately used with the primary on-hoard system would permit advanced

DCP development.

SEOS also offers some unique capabilities for the performance of other interesting experiments through Tug
servicing. One of the primary sources of error in wind measurements from geostationary satellites is the
uncertainty in the altitude of the clouds that are tracked to provide these measurements. An approach that has been
suggested to providing cloud altimetry has been the use of a pulsed laser. However, a drawback to this type of
instrument has been the requirement for large receiver optics. Since SEOS will be carrying large optics, it is
conceivable that a laser experiment could be implamented on the SEOS as an in-flight replacament of some other

detector package. Of course, additional detectors and detector optics would have to be added to the primary sensor
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system and appropriate electronics would have to be incorporated into the laser package. However, the experiment
would be capable of being used on a non-interference basis with the nominal cloud cover imagery from the SEOS

sensor, an excellent means to guide the use of the laser probe.

In support of the earth resource measurements that wiil be obtained from the other primary spacecraft sensors,
additional experiments with supportive data or calibration data can be performed. For example, along with
empirical corrections for atmospheric effects on the basic spectral data that SEOS obtains, it might be desirable to
monitor the incoming solar radiation. This would especially be true if any UV measurements were desired. Thus,
an interesting and useful additional experiment that could be added would be a solar monitor to examine the intensity
of the incoming solar energy to account for its variations with respect to the interpretation of small variations of

the spectral content of the upwelling radiation from the earth and atmosphere.

Additional experiments on modifications of primary sensor(s) subsystems with newly developed or improved com-
ponents would be implemented on an ''as available! basis. It is estimated that some changes of this nature would

likely be desirable on the order of once per year.

The foregoing are used to illustrate the concept of long life high-performance optical facility in synchronous orbit
which is made capable by a long series of widely varied experiments through the use of Tug to replace and modify

mission equipment on orbit.
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L4 APPENDIX A
SHUTTLE POLAR ORBIT TRADES

A.1 INTRODUCTION AND SUMMARY

A.1.1 INTRODUCTION

Polar spacecraft have been the mainstay of Earth Resources missions and their role will continue to be important
i in the shuttle era. Significant increases in the number and types of such spacecraft will occur as the shuttle be~
comes operational from WTR. The following discussion of the orbital design and cost oruifzrations for such

* spacecraft describes the major factors involved in the use of shuttle by polar spacecraft. Both the full Shuttle-era
i version of the problem and what is termed, "interim spacecraft'.' problem are treated. Full Shuttle-era spacecraft
are launched, retrieved and/or serviced by shuttle. Interim spacecraft are defined as those conventionally-
launched spacecraft which are placed in orbit sufficiently near in time to achievement of Shuttle polar orbit capa~

bility that the spacecraft can be cor~ ¢, ad for resupply or retrieval by Shuttle.

A.1.3 SUMMARY

The selection of Shuttle delivery, retrieve or service orbits for polar spacecraft involves cost and performance

trades for expendable launch vehicles, on-board propulsion systems and the Space Shuttle. The trades also must

{1 consider recovery at mission altitude or a lower altitude and evaluate the relative advantages of elliptical or cir~

~ cular Shuttle recovery orbits, The recommended Shuttle orbits for a final mission orbit of 418 nm are as follows

in Table A~1. The shuttle retrieve altitude for Interim (Delta and Titan) launched spacecraft was selected to be

330 nm. This altitude represents a compromise between minimizing shuttle charges (lower altitudes preferred)
and minimizing the weight impact on the spacecraft on board propulsion system to make large AV orbit transfer
burns, The selected altitude occurs just below the altitude where a second OMS kit must be added to shuttle and

thus is an optimum point for allowable payload weight.

f Table A-1. Recommended Shuttle Orbits for Polar Spacecraft

Launch Vehicle Recommended Shuttle Orbit Foxr
Delivery Retrieve Service
Delta — 330 nm ———
Titan . —— 330 nm 330 nm*
Shuttle 250 nm ’ 250 nm 250 nm

*The recommended Shuttle service mission orbit for a Titan-launched interim spacecraft cannot be determined
unless the detail weight of the spacecraft is known. It is most likely that such a servicing mission will be weight
1 eritical and therefore the recommended shuttle service altitude will be 330 nm.
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A.2 SHUTTLE SERVICE ORBIT IMPACTS

The relative advantages and impacts of circular and elliptical servicing orbits have been investigated in detail by
Jerome Bell of the JSC Mission Analysis Branch. Four decuments have heen issued to summarize his findings:

JSC~08596 "Placement of the Goddard Earth Observation Satellite into its Operational Orbit after
Orbital Servicing' January 28, 1974,

JSC-08599 !'"Effects of an Elliptical Servicing Orbit on Orbiter Rendezvous with the Goddard Earth
Observation Satellite! January 29, 1974,

JSC-08686 "EOS Maneuvering to a Shuttle Compatible Servicing Orbit prior to Shuttle Lift-Off"
February 4, 1974,

JSC-08878 "Preliminary Representation Mission Profile and Performance Analysis for a Typical
EOS Servicing Mission' March 7, 1974.

The two polar spacecraft servicing orbits investigated in the previously referenced reports are:
1. a 307 nmi circular phase repeating orbit
2. a490 by 124, 5 nmi elliptic phase repeating orbit
The circular phase repeating orbit is preferred over the elliptical orbit for the following reasons:

1. Elliptical servicing will require added crew training and more detail analysis for the more complex
rendezvous case

2. The elliptical orbit imposes geographic constraints on the time of the polar spacecraft deboost maneuver
allowing less flexibility in achieving the required phasing relationships

3. The elliptical orbit option limits the flexibility of accommodating variations in shuttle performance since
perigee can not be lowered helow the presently assumed 124. 5 nm
Therefore, elliptical Shuttle orbits will only be used as a backup in case a failure of the polar spacecraft propulsion

system does not allow the spacecraft to return to the recommended shuitle circular orbit.

Shuttle performance for circular sun synchronous orbits is presented in Figure A-1. The top two lines on this fig-
ure represent the shuttle no-rendezvous and rendezvous performance and were obtained from JSC 07700 volume XIV
Revision B "Space Shuttle System Payload Accommodations'. These values will be used in establishing a para-
metric analysis to determine the optimum shutile service altitude. The lower two lines on the figure establish net
payload capabilities by subtracting Flight.Support System (FSS) and Special Purpose Manipulation System (SPMS)

weights.
A.2,1 EFFECT OF SHUTTLE SERVICING ON MISSION ORBIT

In order to service a polar spacecraft it- Hrbit, the satellite must be lowered from its operational altitude to one in
the neighborhood of 300 nm. Launch of the Shuttle into this lower altitude and use of a hydrazine propulsion system
on the polar spacecraft for maneuvering to/from the operational orbit is shown in Sections A. 3 and A. 4 of this

Appendix to be the most cost-effective metbod of launching/retrieving/servicing polar satellites. Because the
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satellite will be in an orbit other than its mission orbit during the servicing period, its mission ground track will

be altered reflecting the differences in period and nodal regression between the two orbits. Two effects result:

1. A shift in the ground trace - the orbit is still repeatable following servicing but does not repeat in the
same place as it did prior to servicing

2. A shift in the node - the orbit is still sun synchronous but the Beta angle has been shifted
Just how significant the difference will be between the pre- and pcst-service orbits depends on the following:

1. The duration of time spent at the lower altitude - the longer the time the greater the effect on the mission
orbit.

2. The degree of optimization utilized in planning and executing the orbit transfer maneuvers
3. The amount of propulsion system capability available to re-establish the initial conditions.

Analysis performed at JSC* has shown that there is an optimum point occurring periodically (roughly once a day)
from which the initial mission ground trace can be re-established with minimum propellant usage. The option
exists to have either the Shuttle or the spacecraft perform the correction maneuvers. In either case sufficient pro-
pellant will be available for the maneuvers such that the preservicing mission ground trace can always be

re-established.

*Placement of the Goddard Earth Observatory Satellite into its Operational Orbit after Servicing, JSC Internal
Note No. 74~-FM-4. January 28, 1974.




No similar periodic optimum point occurs for the nodal error however; the longer the satellite is at the lower
orbit, the greater the shift in the node, hence the greater the propulsion capability required to make the correction.
For nominal servicing periods of four** days the shift in the node and resultant change in Beta angle are small,
typically 0.5 degree for the Beta angle, and generally would not require compensation. If compensation is desired,
node biasing techniques can be utilized and the propellant requirements are well within the capability of the EOS
hydrazine propulsion system. For cases where the servicing periods become extensive (2-3 weeks in a contingency
case for example) a point will be reached where the propulsion system will not be capable of directly compensating
for the change in node. TFor this later case, the Beta angle will have changed by some amount which is a function
of the actual time spent at the lower altitude. The change could amount to several degrees. This may not be sig~
nificant to many payloads, but assuming it is*, a long-term corrective solution exists to re~establish the initial
node (and hence Beta angle). This solution utilizes a comparatively small amount of propellant, and involves the
spacecraft in a slightly non-sun synchronous orbit upon return to mission altitude. This orbit will cause a slow
drift of the node back toward its desired position, ideally to be back at the desired position at the time of the next
servicing period (nominally two years). Even though the inclination and altitude of the non-sun synchronous orbit
will be slightly different than prior to servicing, the resultant ground trace will nevertheless be identical to the

pre-servicing one.
A.2.2 MULTIPLE SATELLITE SERVICING
There are two separate cases to be considered for multiple satellite servicing:

1. the spacecraft are in the same mission orbit, e.g., two polar satellites at 418 nm altitude phased one~half
orbit apart.

2. the spacecraft are at different altitudes but with inclinations "close enough'' to be serviced by a single
shuttle flight.
In the first case either one or hoth of the satellites can be serviced by one Shuttle Orbiter. If only one satellite is
serviced, it must be returned to its pre-service mission orbit as described in the previous section since the rela-

tive phasing between the spacecraft is key to the ground coverage interval.

If both spacecraft are to be serviced they both would lizely be maneuvered to a lower servicing orbit prior to

Shuttle launch. Since the satellites have different node times, optimization of this maneuver would be required
using node biasing techniques to insure their return to the same relative phasing following service. Service of the
first spacecraft would proceed in the same fashion as if only one spacecraft were involved with a typical time in
lower orbit of four days. It could then be returned to operationél altitude. Shuttle maneuvering to the second space-
craft and subsequent service would then begin., Further tradeoff studies are required to determine if the second
spacecraft should be maneuvered near the first to minimize Shuttle maneuvers or if all chase and rendezvous

maneuvers should be performed by the Shuttle. In either case rendezvous can be achieved; one approach may be

*Consider the case of a 10 year minimum life with service every two years. An uncorrected node error will
accumulate over the service periods and, assuming several long-service periods, could grow to a value which
would impact payloads and the power subsystem.

**Preliminary Representative Mission Profile and Performance Analysis for a Typical Earth Observatory Satellite
Servicing Mission, JSC Internal Note No. 74-FM-17, March 7, 1974.
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better in terms of propellant usage (spacecraft, Shuttle or both) and time. Again in either case, a nominal ser-
vicing of the second spacecraft could be completed within two days of servicing of the first. The second spacecraft
would then be returned to its operational orbit, phased properly with the first spacecraft. No significant problems

are envisioned in the servicing of two spacecraft which have the same mission orbit differing only in node time.

Success in the second case, where two spacecraft are at different altitudes and inclinations, is strictly determined
by the capability of the propulsion systems, the Shuttle, the spacecraft or both, to supply the cross plane change
capability to align the inclinations at the servicing altitude and returi to the original inclinations (and altitudes) fol-
lowing service. The ability to align the inclinations is a function of many variables, the altitudes, inclinations,
weights, and propulsion system capabilities of the satellites, the servicing orbit altitude plus the propulsion system

capability available in the shuttle for that particular mission.

Given that the orbital planes can be aligned, servicing would proceed in a similar fashion to Case 1. Return of the
satellites to their pre-servicing mission ground traces may or may not be a requirement depending on the missions
involved. It can be assumed that phasing of the two satellites will not be required since satellites at different mis~

sion altitudes are generally not mission related.

A.3 INTERIM POLAR SPACECRAFT

Interim polar spacecraft are defined as those launched by conventional boosters, but at a sufficiently later date

(e. g. 1980) that Shuttle servicing or retrieval is possible. The baseline pre-Shuttle launch vehicle for polar spa‘ce—
craft is the Delta 2910. Shuttle retrieval and ground refurbishment is the only viable resupply option, since on-
orbit resupply with its associated weight penalty of 400 to 500 lbs. would place the spacecraft weight well in excess
of the Delta 2910 launch capability. Thus, the major shuttle-related question for interim polar spacecraft is the
choice of the optimum Shuttle retrieval altitude. The major variables involved in this choice are the Shuttle re-
trieval costs and the allowable weight (constrained by the Delta launch). If the Shuttle retrieval altitude is selected
as the mission altitude an orbit transfer capability is not required on the spacecraft. If an orbit transfer capability
is provided on the basic spacecraft (large AV engines and increased propellant capability) the spacecraff can frans-
fer to an altitude lower than the mission altitude for rendezvous with the shuttle at an altitude where shuttle has
increased payload capability. - The Shuttle cost to EOS can then be reduced by sharing the Shuttle charges with other
payloads that can be delivered simultaneously by the Shuttle. Using the assumptions contained in Table A~2, a
parametric analysis of transportation costs as a function of mission altitude and Shuttle retrieval altitude was per-
formed with the results summarized in Figire A-2. The upper curve for Delta delivery and Shuttle retrieval at mission
altitude shows that the transportation cost is a function of mission altitude and that the mission altitude is limited
to approximately 450 nm due to the Shuttle retrieval performance as defined in Figure A=1. The lower curves for
alternate Shuttle retrieval altitudes defined at the right hand portion of Figure A-2 indicate the cost savings that
can be achieved by adding an orbit transfer system to the basic spacecraft propulsion system. This addition also
makes the transportation cost relatively insensitive to the mission altitude. It should be noted that significant cost
savings are achieved in reducing the Shuttle retrieval altitude from 390 to 360 and frem 360 to 330 nm, but very
little additional cost is saved in reducing the Shuttle retrieval altitude further. Since the weight allowable on the

spacecraft is limited and therefore the weight for orbit transfer fuel is also limited the Shuttle retrieval altitude
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Table A-2. Shuttle Charges and Costing Assumptions (Delta Launch, Shuttle Retrieve)

Shuttle Charges

Payload up and down cost = 9.8M max. (4.9M up and 4. 9M down)

Payioad up cost = 4.9M (load factor)

Payload up Weight
(- 78) Shuttle Payload Capability

where load factor =

Payload down cost = 4.9M (load factor)

Payload down Weight
(- 78) Shuttle Payload Capability

where load factor =

Cargo Manifest - Share Payloads

e Materials Processing Module h
. . Note: The shuttle charge formula has been
M 2 _—
e  Life Sciences Module ? modified by GE to account for shuttle
e Short Pallet loading inefficiencies by adding a factor of
.78 to the formula
e Hitch Hiker Pallet J
Costing Assumptions
Delta costs ~ $6M
Propulsion System Costs
RCS & OA = $.5M } . _
RCS, OA & OT = $.6M A Cost for orbit transfer = $.1M

Spacecraft wt = 2200# (minus propulsion system) °
Shuttle support wt. = 1500#

A Cost for added reliability = $.25M (orbit transfer case)

of 830 nm is selected as preferred for a Delta launched spacecraft giving a total vehicle weight of 2420 1bs.
(including propulsion) for a mission orbit of 418 nm. As shown on the figure a cost savings of 2, 5M$ is achieved by
lowering the Shuttle retrieve altitude from the mission altitude of 418 nm to 330 nm. A summary of the cost savings
of retrieval at 330 nm over retrieving at mission altitudes of 420, 400, 380 and 360 is presented in Table A~3. An
important point to remember is that the capability always exists to retrieve the spacecraft at the mission altitude if
a failure in the propulsion system precludes returning the spacecraft to the desired lower orbit. This data for
Delta 2910 is typical for an expendable launch vehicle with a limited payload capability and the results would be
similar for Delta 3910 and Titan IIIB.
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Figure A-2. Delta Launched Spacecraft Transportation Cost

Table A-3, Transportation Cost Savings for Shuttle Retrieve at 330 nm (Delta Launch)

Transportation Cost M$
. . ‘Transportation
) / S
Mission Orbit @h;glszgitgfg; huglgsl(?)eltgeve Cost Savings for
Retrieve @ 330 nm
420 11,3 8.5 2.8
400 10. 2 8.5 1.7
380 9.4 8.5 0.9
360 9.0 8.5 0.5

A.4 SHUTTLE LAUNCHED SPACECRAFT

When Shuttle becomes operational for launches to sun synchronous orbits the polar spacecraft will no longer be
severely constrained in its allowable launch weight as it is for a Delta launch. Lifting this weight restriction allows
a re-examination of the preferred delivery, retrieval or servicing orbit for polar spacecraft. The Shuttle charges
and costing assumptions for the full Shuttle-era case are summarized in Table A-4, The Shuttle charge for:aula
used is identical to the formula used in the Delta launched case and defined in Table A-2. The spacecraft weight
for a Shuttle launch has been assumed for this analysis to be 4000 1bs. while the modules required for resupply

were assumed to weigh 2500 1bs. Three tradeoff curves were generated for the Shuttle launch case.

The first tradeoff curves, shown in Figure A-3 present the cost trades for a Shuttle launch and retrieve at an alti~
tude below mission altitude. It is obvious from these curves that there is a considerable cost savings when Shuttle
delivers the spacecraft to a low altitude and also retrieves the spacecraft at the low altitude. Cost savings of
between $5.7 M and $3.5 M are shown for mission orbits between 400 and 360 nm and a Shuttle orbit of 250 nm.
The Shuttle orbit of 250 nm was selected as a realistic altitude that provides meaningful transportation cost savings

while not placing excessive orbit transfer requirements on the basic spacecraft propulsion system.
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Table A-4. Shuttle Charges and Costing Assumptions (Shuttle Launch)

Shuttle Charges -~ See Table A-2

Costing Assumptions

Propulsion System Costs
RCS & 0.A, = .5M$
RCS, 0.A. & O0.T = .7TM$

Cost for added reliability =

Spacecraft weight = 4000# (minus propulsion)
Servicing mission wt = 2500# (mirus propulsion)

Shuttle support wt = 2000# (delivery or retrievai)
= 3200# (servicing mission)

A Cost for orbit transfer = .2 M$

.25 M$ (orbit transfer case)
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R A i | j
2 1 | |
g r 3,548 |
2 & f— 30 N1 MISS ORB, I 330
z - 250 \% DEL & RET ]
P /1/( l 0
E 7
% "
Z s J } 1‘ a
3 — I | 220
: [ 1 T
: T l |
z -
: l |
L | |
1735 SUE UUPEON TSN SU SIE S Y GOS0 NS WO SULIS SN SHUUY TR NN S NS N0 WOHE NONE PG AN YN MY SO |
250 300 350 %00 450 500

MISSION ALTITUDE (NM)

Figure A-3.

Shuttle Launched Spacecraft Transportation Cost - I

The second tradeoff curves, shown in Figure A-4 assume a Shuttle delivery to a lower than mission orbit altitude

but consider a shuttle retrieval at the mission altitude. This case shows the cost savings if a spacecraft failure

would preclude firing the on-board propulsion system to lower the spacecraft altitude for retrieval by Shuttle. Sig-

nificant cost savings in the range of $1.7 to 2. 8 M are still shown for this case.

The final tradeoff curves which are shown in Figure A~5 illustrate the cost tradeoffs for a servicing mission and

again indicate significant transportation cost savings when the servicing mission is performed at 250 nm instead of

the mission altitude.
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The Shuttle delivery, retrieval and service altitude of 250 nm is recommended for a Shuttle launched spacecraft and B I}B

involves a compromise between Shuttle trip charges and on-board propulsion system weight and complexity. . The '

cost savings involved in the two Shuttle launch and retrieve cases is summarized in Table A-5.

Table A-5. ‘Transportation Cost Savings for Shuttle Launch and Retrieve
. Transportation Cost Savings (M$)
Transportation Costs (M$) Using Gn-Board Prop.
Mission . . . . i
Orbit Shuttle Delivery Shuttle Delivery Shuttle Delivery Delivery and Delivery at 250 "
ot and Retrieve at and Retrieve at at 250 and Retrieve Retrieve 5; ¢ 250 Retrieve at
Mission Orbit 250 nm at Mission Alt. Mission Alt,
400 9.8 4.1 7.0 5.7 2,8
380 9.0 4.1 6.8 4.9 2,2
360 7.6 4.1 5.9 3.5 1.7
g
}
A-10
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APPENDIX B
CONTAMINATION CONTROL

All ERP payloads will be mated on the Orbiter in the Orbiter Processing Facility (OPF). Little data is available on
the characteristics of this facility or others used for payload inspection, checkout, propellant loading, pyro instal-
lation, and other operations prior to Orbiter mating. It is expected, however, that the OPF will be supplied with
air at a Class 100,000 cleanliness level after the Orbiter is placed in the building. A hanging shroud will be placed
over the open cargo bay and Class 5,000 air will be provided independently to this area. Before loading the EOS/
FSS, the cargo bay will be cleaned "to a visible clean level, as defined in JSC Spec. SN-C-0005'. The cargo bay

shroud area will continue to be purged with Class 5,000 air which contains less than 15 ppm hydrocarbons.

After launch, the Orbiter payload bay is vented and remains unpressurized until the reentry phase. As a design
goal, overboard dumping of gases and liquids will be controlled to avoid contamination of the payload and payload
bay. In addition, orbiter RCS thruster firings will be planned to avoid contamination when the payload bay doors

are open. This is meant to include deployed or released payloads as well as the payload bay.

Tables B-1 and B~-2 summarize the sources and nature of the Orbiter originated contaminants expected during the

various mission phases.

B.1 CONTAMINATION EFFECTS ON ERP PAYLOADS

Many of the sensors fo be flown on the ERP satellite platforms will have 10,000 class cleanliness requirements.
This environment will not be guaranteed by the Shuttle system; thus, we must consider the possible effects. Two
effects are of major concern, the condensation of contaminants on optical surfaces and on radiative cooler surfaces.
Condensation of contaminants on optical surfaces may be caused by direct (line-of-sight) impingement or indirect
(reflected) impingement, either while in the Shuttle bay or during the process of deployment and checkout with the
Shuttle orbiter in the vicinity of the spacecraft. The condensible contributions of various effects are shown in Fig-

ure B-1 as a function of exposure duration.

These depositions will affect the quality of sensor performance in two ways. First, by light absorption und second,
by a loss of resolution due to light scattering by the deposited contaminants. At a maximum, the potential degrada-

tion could reach the levels shown in Table B-3.

The effect of condensibles on inst.-ument radiative coolers is to significantly reduce their efficiency thereby increas-
ing the operating temperature of the detectors and degrading their performance. The liklihood of this occurring

is considerably less prior to initial instrument deployment (after separation from the orbiter) since instrument
radiators are typically covered or shielded and are not at a significantly lower temperature than their surround

until their exposure to cold space.

B. 2 CONTAMINATION CONTROL/AVOIDANCE

If contamination of radiative coolers by condensibles cannot be avoided, they can be removed by periodic cleaning

through evaporation. Heaters for this purpose may be incorporated into the cooler design and operated on ground

S
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Table B~1. Potential Contamination Sources
Shuttle Effluents
- Payload Stage EC/LS Fuel Cell Ablator
Mission Phase Effluent Effluent RCS Plume OMS Plume Leakage Effluent Purge Outgassing
Prelaunch Leakage Possible | N/A N/A N/A Leakage N/A N/A
vent
leakage
Launch Pad Leakage Vent N/A N/A - Even if | Possible OMS | Leakage N/A Outgassing - Will
leakage |- OMS used P/L | or ABES not affect P/L
protected contaminants
On Orbit - Leakage/ | Vent N/A - as Same as RCS See ahove Leakage/ See Table B-2 | Quigassing
Bay Open Outgassing | leakage long as Waste no expected to last
P/L is not problem only 24 hrs at
erected uniess hold significant level
tanks full
P/L Deployment | Leakage/ | Vent N/A - N/A - not used | See Table B-2 | See Table B-2 | See Table B-2 | See above
QOutgassing | leakage Inhibited at this time and above
during
deployment
Separation Leakage/ Vent Ny, Ho, N/A - See See above See above See above See above
Outgassing | leakage NHg above
Loiter Leakage/ | Vent N/A - N/H - See N/A - N/A - N/A - N/A - Distance
Outgassing | leakage Distance above Distance Distance Distance
Service Leakage Vent Ny, Hg N/A See Table B-2 | See Table B-2 | See Table B-2 | Unknown
leakage | NHg and OMS/
ABES
contaminants
Sk e
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Table B-2. Orbiter Effluent Discharge

Source Effluent Rate Occurrence
Leakage
Hatch Oy, Ny ~0 to 1.6 Kg/day Continuous
Avionics Bay Og, Ng and potential ~0 to 400 Std. cc/hr Continuous

EC/LS Effluent

Waste (Fecal)

Management Ullage

Fuel Cell Purge

Og Purge

Ablator

equipment outgassings

Hy0

Ng, Og

Atmosphere and Methane

COZ, Hydrocarbon

Large carbon-silica
molecules and hrdro-
carbon gases

0. 01 Kg/man-day

0.005 Kg/cycle

0. 01-0, 03 Kg
0. 006~0. 007 Kg
0. 005 Kg
0,001-0. 003 Kg
Trace

Approximately 0. 23 to
0.91 Kg after insertion

Vented continuously (less short
use periods)

2 cycles/man-day

Purified and recycled

Once per hour

Each mission: Exponentially
decays; approx. 90% com-
plete 24 hrs after insertion

50

40

40

CONDENSATION ON EXPERIMENT OPTICS
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Table B-3. Estimated Sensor Performance. Degradation
Versus Spectral Region

et | oo | oo | ot newie
(%) Scattering (%)

Far UV 800 - 1600 3 15

uv 1600 - 4000 3 30

Visible 4000 - 7000 2 30

Near IR 7000 - 15060 5 20

Far IR 1.5 - 30 x 108 5 15

command. This approach has been used effectively on the Surface Composition Mapping Radiometer (SCMR) on

Nimbus E.

Contamination control/avoidanc: on sensor opties may be achieved by a number of design and operational counter-
measures. The utilization of an Orbiter work shroud at the OPF during all open cargo bay operations and the
maintenance of rigid clean room standards will help greatly to reduce the major source of contamination. Materials

selection will obviously be controlled by the Shuttle Project Office, and this will also help.

For flight operations, there are a number of approaches which the Orbiter can use to limit contaminants. The most
obvious is the control of Orbiter RCS/OMS thrusters, especially during periods of satellite and sensor deployment,
separation, and retrieval. Without the high duty cyc.% use of the RCS, tight attitude control cannot be maintained by

the Orbiter and an attached checkout of EOS mission sensors is limited; however, this is not a serious limitation,

Another critical operational method to avoid contamination is the avoidance and/or control of venting. Since it would
be impractical to prohibit venting, appropriate control measures are required. Quantities can be made low and

infrequent by proper design of vent ports, configuration, and duty cycle. All vent ports should be located away from
critical areas and designed to provide high~velocity, short—duration, directional flow. Designing tankage to provide

minimum duty cycle is also desirable.

With optimum design and operational practices in the Shuttle program, .contamination impact on ERP instruments
can be minimized. If needed additional countermeasures can be introduced. Perhaps the simplest of these would
involve a simple purge system. Another approach is the design of a protective shroud for spacecraft and deployable

sensors.,

In addition to the design countermeasures proposed, the avoidance of contamination in flight may be aided by careful
interleaving of ERP sensor checkout, deployment, and separation operations with those of the Orbiter. The coor-
dination of RCS thruster firings and planaed liquid and gaseous venting with the elevation and release of ERP satel-

lites should significantly reduce the chance of serious contamination of sensor equipment.
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APPENDIX C
EOS SERVICING (RESUPPLY) CONCEPT

The EOS resupply concept for on-orbit servicing represents one of the more advanced concepts for this STS service
to ERP spacecraft, The basic concept was described briefly in Section 4.2.4. This section contains more de-
tailed description of the concept and its detailed design. The work reported herein was performed under a GE
IR&D program investigating modular spacecraft designs. The EOS spacecraft was chosen as a "model" due to its

current role as one of the first Shuttle-era, standard spacecraft.

C.1 SHUTTLE RESUPPLY EQUIPMENT

The SPMS installation, as shown on Figure C-1, consists of two brimary assemblies, the Module Exchange
(Indexing Mechanism, and the rotating storage magazine, The items are fully defined in SPAR/DSMA 13eport
SPAR-R. 592 dated January 1974. The Module Exchange Mechinism, shown in stowed and deployed cdnfigurations
on Figure C-2, has vertically telescoping columns, fore and aft translation rails, and a scissoring Terminal
Device to extract and replace modules from the Magazine and spacecraft. This system is used for exchange of the

following modules:
1. ACS, Power, and C&DH Subsystem Modules

2, Propulsion Module

MODULE EXCHANGE STOWED TERMINAL
MECHANISM i DEVICE

ROTATING MODULE
STORAGE MAGAZINE

FWD THREE POINT
SUPPORT

{ AFT SUPPORT

X, 1069

Figure C-1. Shuttle SPMS Installation
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PAYLOAD BAY
180" DIA.
ENVELOPE

SCISSORING, TERMINAL
DEVICE

87" MAX, DIAGONAL

50" MIN. DIAGONAL

- S (I TELESCOPING "2"

- COLUMNS

DEPLOYED MEM

SWJTTLE THREE
POINT SUPPORT
STA X, 1069

STOWED MEM

Figure C-2. SPMS Module Exchange Mechanism (MEM)
3. Wideband Module
4, Instrument Modules (TM and HRPI on the Reference Resupply Spacecraft)

During the module exchange operation the double-ended terminal device first releases and holds the replacement
module from the magazine on one set of end effectors. The device is repositioned and next extracts the used
module from the spacecraft. The assembly is then rotated 180 degrees to install the replacement module, The
used module is then returned to the module magazine occupying the spot vacated by its replacement. This concept
eliminates the need for a separate module holding fixture for exchange resulting in simplified module replacement

procedures.

The modules are stored in the magazine during launch and retrieval and the magazine is insulated on all surfaces
except the outboard module faces. Module remote connectors are mated to magazine mounted connectors to permit
module monitoring and to provide heater pc'>wer to the modules during storage. The modules are attached to the

magazine by the corner latches and are removed and replaced by the Terminal Device as described above.
SPMS characteristics taken from the SPAR report are summarized in Table C-1.

Replaceable items not handled by the SPMS are the Solar Array and TDRSS Antenna assembly, which are removed
and replaced by the SAMS manipulator, and are stowed in the Cargo Bay forward of the Retention Cradle. The
stowed array and antenna are supported bty a Storage Fixture at Shuttle Station 715 and the Retention Cradle at
Station 951. ‘
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Table C-1.

SPMS Characteristics

Working Stroke

3302 mm in X-Axis
5436 mm in Z-Axis
1016 mm in Y-Axis

Tip Force

146 ulg through 18 in. Travel

Stiffness of Structure

184 Kg/in. (At Full Extension)

Precision (No Load)

+ 6.35 mm

Speed of Operation

25.4 mm/sec. (Unlocaded)
2.54 mm/sec. Module Engage
Under 136 Kg load

Stopping Distance

6.35 mm at 25 mm/sec. with
409 Kg Mass

Dexterity & Control

4 DOF, Force Feedback Control,
Visuul Position Sensing

Storage Capacity

Up to 9 Spacecraft & Instrument
Modules

Weight

1289 Kg

Operational Power

250 Watts

Cycle Time

15 Minutes Nominal

Flight Environments

Shuttle Launch and Orbit

C-2. SPACECRAFT RESUPPLY PROVISIONS

EOQS spacecraft provisions for resupply are shown for the Resupply Configuration on Figure C-3. Note that this

configuration also incorporates the retrieval features previc'msly described thus providing either resupply or re-

trieval capability.

Major resupply provisions are:

1. Replaceable ACS, Power, and C&DH subsystem modulés using SPMS.

2. Replaceable TM and HRPI (or other designated payload) modules by SFPMS.

3. Exchange Wideband Module including gimballed antennas with SPMS.

4, Exchange Solar Array and TDRSS with SAMS, Both appendages refold for storage.

5. Axial exchange of Propulsion Module using modified Docking Frame and: SPMS,

Module corner latches use a commonA design varying only in length, All subsystem modules, the Wideband Module

and the Propulsion Module use the 18-inch long latch shown on Figure C-4, and the deeper instrument modules use

longer latches as required. The latch design shown is a variation on the original GSFC latch design with modifica-

tions designed to reduce cost and weight of the unit.
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TDRSS_ANTENIA -
o RCFOLDS FOR STORAGE

o REPLACEMENT BY SAMS
o FIXTURE STORAGE

TRANSITION FRAME
o LAUNCH/RETRIEVAL SUPPORT

o SAMS HANDLING FIXTURES
o MAGE FITTINGS

PROPULSION MODULE

o EXCHANGE BY SPMS

o AXIAL EXCHANGE
(MODIFIED DOCKING
FRAME)

o CORNER LATCHES AND REMOTE
ELEC., CONNECTORS

o SPMS MAGAZINE STORAGE

SUBSYSTEM MODULES

DOCKING FRAME/ o EXCHANGE BY SPMS
ERECTOR ATTACH FITTINGS © CORNER LATCHES &
%) REMOTE CONNECTORS

o SPMS MAGAZINE STORAGE

Figure C-3. EOS Spacecraft Resupply Provisions
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INSTRUMENT MODULES
o EXCHANGE BY SPMS

o CORNER LATCHES & REMOTE
CONNECTORS

o SENSOR AND COOLER ENVIRON-
MENTAL COVERS

o SPMS MAGAZINE STORAGE
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Figure C-4. EOS Module Latch Mechanism
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An ACME threaded stud and a conical seat are located on the spacecraft structure at the four module corners. The
latch attached to the module consists of an elongated nut and a male spline assembly, which is soft spring loaded in
its normal axial position, The spline engages the upper shaft which i cupported by bearings and has at its outer
end a knob which interfaces with the exchange mechanism terminal devices. When a module is being installed in a
shuttle operation, the conical insert at the base of the latch provides a guiding action over the pointed contour of
the stud.

As the module is forced against the structnre the ACME nuts recede into the latch against the soft spring pressure
until such time as the outer shaft is rqtatgd by the MEMS terminals. When the nuts are completely torqued, the
required mounting force of 3000 lbs is present, This approach accommodates the condition where only two terminals -
engage the module at one time, If four terminals are available, it may be possible to implement further design
simplification. Note that the corner guide rails have been eliminated to save weight and the mounting stud and

conical seats have been configured to accommodate the = .25-inch MEM positioning accuracy.

Weight for the 18-inch latch including the fixed stud has been estimated at eight pounds per corner or 32 pounds

per module,

The connectors which form the electrical interface between the module and the spacecraft are required to auto-

matically mate as the module is installed.

The mechanism, shown in Figure C-5, is a blind mate umbilical, manufactured by G&H Technology, Inc., cur-

rently being qualified for the F-14 weapon rail, and appears to be a good candidate, The device will allow a £ 0,15"

Figure C-5. Module Remote Electrical Disconnect




misalignment at mating. Mating and disconnect forces are from 100 to 185 lbs. The device would be located near
a corner latch as shown so that the forces generated by the ACME screw in both mating and demating would be '
directly transmitted to the connector without undue moments on the module. The connectors mate after the mount-

ing studs are engaged positioning the connector halves well within the £ .15 inch misalignment allowance.

Instrument modules are designed to house and support instruments and vary in size and mount configuration to
meet the unique requirements imposed by each instrument. The module shown on Figure C-6 for the Thematic
Mapper and HRPI are typical instrument module designs. The basic structure is a welded 6061 aluminum frame
configured to transfer the three-point instrument mount loads to the four inboard corner reaction points. The
latch mechanisms are located at each module corner and electrical disconnects on the inisoard module surface near

a corner.

The modules are completely insulated except for the earth viewing heat rejection surfaces and internal guard
heaters are provided to maintain temperatures during module storage or orbital operations. Note that one side of

the TM module is open to accommodate the TM cooler cover door.

Subsystem modules for resupply are identical to the non-resupply design except for incorporation of the four corner
latches and remote electrical disconnects. Construction and arrangement of a typical module is shown on Figure

C-1.

The Propulsion Module for resupply, Figure C-8, fits within the central cavity formed by the subsystem support
truss structure and is attached to a fixed cylindrical skirt by four module latches as shown. This module is de-
signed for axial removal for replacement which is accomplished by a modified Docking Platform and the SPMS
Module Exchange Mechanism as shown on Figure C-9. The Platform changes consist of providing a center pivot
mechanism for the Docking Latch support arms which will rotate the spacecraft to a horizontal position after
erection by the FSS erection mechanism. This rotation positions the Propulsion Module in the proper orientation
for extraction by the MEM Terminal Device. This proposed modification to the FSS has been presented to RI for

evaluation and appears to be a completely feasible concept.

A layout of the SPMS Module Magazine housing the full EOS module complement and stowed Terminal Device is
shown on Figure C-10. The basic magazine design and interfaces remain unchanged and as shown, the magazine
with all modules installed is within the 180-inch diameter cargo bay envelope, and the 97-inch length allocated for

the magazine by RL
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APPENDIX D
BENEFITS OF STS FOR ERP SATELLITES

The identification of specific benefits accruing to spacecraft from the STS is a very complex problem. In many

examples throughout this report, it has been shown that the unique support services of the STS and its constituent

elements can result in significant improvements of design and operations of various spacecraft. In this appendix

two specific cases will be reported which translate these benefits into ci3i effective terms.

D.1 EOS SHUTTLE MODE COST ANALYSIS

This Shuttle benefits analysis was conducted by GE under its Phase B EOS study contract with NASA/GSFC. The

analysis was aimed at determining the most cost effective method of using Shuitle for the EOS program. The trade-

off involves evaluating the cost impacis of using Shuttle:

1.

4,

As a launch vehicle

(expendable spacecraft concept)

To deliver and return the spacecraft

(ground serviceable spacecraft concept)

To deliver and service the spacecraft

(on-orbit serviceable spacecraft concept)

To perform a combination of the above functions

The aqalysis of the cost impacts of these alternate modes of using Shuttle was approached by establishing the follow-

ing tasks:

1.

2.

Establish a simplified mission model and orbits compatible with the EOS program definition

Establish estimates and assumptions on the spacecraft (lifetime, weights, costs), the Shuttle (costs,
support requirements and weights), ground servicing and the alternate on-orbit servicing concepts.

Perform a cost analysis of the alternate Shuttle modes for the nominally assumed values established in the
proceeding task. This analysis assumes no spacecraft failures and is performed for the following modes

a. expendable spacecraft concept

b. ground serviceable spacecraft concept

c. combined orbital and ground serviceable spacecraft concept

d. orbital serviceable only spacecraft concept

Establish a reasonable range for the variables developed in Task 2 particularly where the data is "'soft'" or
the results may be extra sensitive to the assumed values. (i. e., refurbishment costs, launch costs,

number of spacecraft failures)

Evaluate the impact of the range of variables selected and determine which variables significantly impact
the study results.
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6. Verify the assumptions for the "sensitive' variables.
7. Prepare recommendations on the cost effective use of Shuttle for the EOS program
The results of these analyses were as follows:
1. 'The expendable spacecraft mode is the least cost effective (highest cost) of all the cases considered
2. On-orbit serviced spacecraft are lowest cost for all cases considered

3. Ground serviced and on-orbit serviced spacecraft costs are higher (by usually less than 30%)
than on-orbit services spacecraft

4. On-orbit serviced spacecraft are most cost effective when spacecraft failures are considered

From these results it was concluded that the most cost effective use of Shuttle is achieved by using it to deliver the
spacecraft and also asgist in servicing the spacecraft to extend its orbital lifetime. The Shuttle-launched EOS
spacecraft should be designed for on-orbit servicing while the spacecraft launched prior to Shuttle availability can

be designed for retrieval and ground servicing without incurring significant cost penalties over on-orbit servicing,
As the designs of EOS and Shuttle mature, the Shuttle mode analysis can be refined to establish the most cost effec-
tive use of Shuttle which may include combined on-orbit and ground servicing or may be limited to on-orbit servicing

of the spacecraift.

Pt

D, 1.1 COSTING CRITERIA AND ASSUMPTIONS

An assessment of the relative merits of the alternate methods of using the shuttle requires that costing criteria and 1 }
assumptions be established to define the essential differences between the approaches. A nominal set of assumptions

were originally established to allow a "first~cut'" analysis and determine cost trends. The key assumptions were

then varied to establish the sensi.tivity of the results to these key assumptions, This method of analysis was selected

to allow cost trend data to be developed without being overly constrained by the original costing criteria and

assumptions.

This section of the report discusses the nominal set of assumptions that were generated to initiate the analysis in

addition to defining the selected range of variables used during the sensitivity analysis.

D.1. 1.1 Mission Model and Orbit

The present definition of EOS includes two similar spacecraft in orbit simultaneously. For the purposes of this
analysis a program has been assumed havirig two spacecraft in orbit at one time over a 10 year program. It has
also beeir assumed that the entire program falls in the Shuttle era. That is, the effects of starting with a conven-
tional launch vehicle for the first missions and then transitioning to Shuttle were excluded since it was concluded
this would complicate the analysis, but not affect the results. The Shuttle delivery, retrieval and service orbit has
been assumed to be 465 km (250 nm) circular (see Appendix A for discussion of the rational) and the mission orbit
has been assumed as 775 km (418 nm).” The mission orbit was used to determine the propellant weight and cost
required to transfer the spacecraft from the Shuttle delivery orbit to the mission orbit and return to the Shuttle
orbit.

—
i
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A D.1.1.2 Spacecraft Costs, Weights and Lifetime

4 A basic requirement of this analysis is the availability of non-recurring and recurring costs and weights of the

spacecraft under consideration. The costs of the spacecraft and their associated programmatic elements can be

, expected to vary as a result of their being designed for expend, refurbish or resupply operations. Obviously a g
¥ .
. returnable spacecraft must be capable of refolding or jettisoning its appendages while an orbital resupplyable space-

F craft must provide additional hardware to allow remote disengagement, removal and replacement of modules.

Likewise when spacecraft weights are considered the expendable spacecraft does not require propellant to return it
to shuttle while the resupplyable spacecraft weight will increase to allow for handling provisions, resupply latches, s

electrical disconnects and instrument module structures.

SRR

The nominal estimates of the relative costs and weights of these spacecraft options are summarized in Table D-1.
These figures are considered reasonable for this trade study and should be construed as absolute estimates. The
cost ratios between the expend mode and the two serviceable modes used slight modifications of the factors actually
derived and used in a previous GE study (Payload Utilization of Tug). The refurbishment costs were established ‘

using data from AIAA Paper 73~73 in addition to data submitted from vendors and inhouse estimates.

Table D-1. Assumed Spacecraft Weights and Costs

Delivery Teteh (g Retrieve Cost M3
A Expendable S/C 1884 N/A 28. 8
f ’ Retrievalbe S/C 2043 1702 30.3 L.
On-Orbit Serviceable S/C 2247 1907 32.8
/ 2 Year Nominal Service~Mission 1566 1226 6.6
.‘; Ground Service — - 9.1
fﬁ On Orbit Service of Failure 817 477 3.3

The two year nominal service mission assumes replacement of two subsystems, two experiments, the wideband
system, solar array and drive and the propulsion system. The on orbit service of a failure assumes replacement

of one subsystem module, one experiment and the propulsion system. ;

The nominal spacecraft life in orbit has been assumed as two years. At the end of two years the following actions

are taken for each mode of operation.
1. The expendable spacecraft is discarded and replaced with a new spacecraft

2. The ground serviceable spacecraft is replaced, returned to the ground and refurbished for later use.

3. The on-orbit serviceable spacecraft is serviced in orbit. It is discarded at the end of its useful life
including servicing.

4, The combined on-orbit and ground serviceable spacecraft is serviced in orbit one or more times and then
returned to the ground for ground refurbishment and reuse.
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A total lifetime of ten years has been assumed for a ground serviceable spacecraft while the total lifetime of tho
on-orbit spacecraft has been varied from six years (2 services) to ten years (4 services) and is discussed further

in Section 4,3.1.1. 3.

D. 1. 1.3 Shuttle Cost and Accommodatiops

The Shuttle assumptions required for the tradeoff analysis include the Shuttle trip charges, requirements for Shuttle

support equipment including their estimated weights and costs and an establishment of the alternate Shuttle on-orbit

servicing modes of operation,

The Shuttle cost formula supplied for the EOS study, modified slightly by GE is:

shuttle costs (one way) = [ EOS chag_greable Wis ]

9,806 x .78

where -

e Shuttle cargo sharing efficiency of . 78 is assumed

e  EOS Shuttle support systems are only assumed shared with other EOS flights
®  Max shuttle one way cost = 4.9M

Shuttle support system definitions for EOS have been established by R.1. and SPAR under separate study contracts
to GSFC. These support concepts have been reviewed by GE and the concepts adhered to with some minor modifica-
tions which have been coordinated with R. I - For this trade study it has been assumed that the positioning platform
will not be required for either the expendable or returnable spacecraft modes. It is assumed that the Shuttle

Attached Manipulator System (SAMS) can be used to deploy and retrieve the spacecraft. Unique shuttle equipment

required for the on-orbit serviceable mode of operation therefore becomes: .

1. The Positioning Platform
2. 'The Special Purpose Manipulator System (SPMS)
3. The Module Exchange Mechanism (MEM)

The assumed weights and costs of this support equipment are summarized in Table 4-11. Non-recurring costs are

only shown for the equipment unique to the servicing mission since the other non-recurring costs apply to all

missions.

The Shuttle transportation charges can be calculated using the Shuttle trip charge formula previously defined, the
spacecraft weights defined in Table D-1 and the Shuttle support system weights defined in Table D-2. ~These costs

are defined as a function of spacecraft mode of operation and transportation direction in Table D-3.

[}
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Table D-2. Assumed Shuttle Support System Weights and Costs
) . : Cost M$
Support Equipment Weight Kg (Io) Non~Recurring Recurring Refurbish
Retention Cradle 272, (600) - 0.3 0.01
Positioning Platform 590 (1300) 1.0 0.5 0. 04
Data Management,
Electrical Power and
Thermal Control - - 0.5 0.15
Module Magazine and N N
Module Exchange Mechanism 999 (2200) (10.0) (2. 5) 0.5
*These costs will not be chargeable to the EOS program
Table D-3. Shuttle Trip Charges (Launch and Retrieve)
i s/c Chsaf‘rutiile Total Shuttle
Spacecraft Mode . p' Weight g Weight Trip Charge
Direction Kg (Ib Supt. Wt b MS$)
g (b Keg (1b) (Io) (
Expendable Spacecraft Up 1886 (4150) 272 (600) 2152 (4750) 1.38
. Up 2043 (4500) 272 (600) 2315 (5100) 1.48
Ground Serviceable 8/C Down 1704 (3750) 272 (600) | 1975 (4350) 1.26%
A . Up 2247 (4950) 272 (600) 2510 (5550) 1. 61
On-Orbit Serviceable 5/G Down 1907 (4200) 272 (600) | 2179 (4800) 1.39%
. s Up 1566 (3450) 1590 (3500) 3156 (6950) 2.01
2 Year Service Mission Down 1225 (2700) | 1590 (3500) | 2815 (6200) 1. 80*
o . - Up 817 (1800) 1590 (3500) 2407 (5300) 1.54
Failure, Service Mission Down 477 (1050) { 1590 (3500) | 2067 (4550) 1. 32%

*Charges for the down portion of a shuttle round trip will be costed at no less than the up portion of the

round trip

Four alternate on-orbit servicing concepts have been assumed for this tradeoff analysis.

The first two concepts

involve combined on~orbit and ground servicing while the other two are restricted to on~orbit servicing with the

spacecraft discarded two years after the final on-orbit servicing, The concepts studied are:

1. Combined Ground and On-Orbit Servicing

a. - One on-orbit service and then return the spacecraft to the ground for refurbishment and reuse
(this sequence is repeated until 10 years on orbit life is reached and then the spacecraft is discarded)

b. Two on-orbit services and then return the spacecraft to the ground for refurbishment and reuse
(this sequence also assumes a total on-orbit life of 10 years prior to discarding the spacecraft)

2. On-Orbit Servicing

¢.. Two on-orbit servicings of the spacecraft and then discard the spacecraft

(this sequence assumes a total of 6 years of on-orbit life)




d. Four on-orbit servicings of the spacecraft and then discard the spacecraft
(this sequence assumes a total on-orbit life of 10 years)

D.1.1.4 Ground Costs

The ground costs for logistics manpower has been assumed to be:
1. Expendable Spacecraft Mode (. 1M/yr)
2. Ground Serviceable Spacecraft Mode (.2M/yr)
3. On-Orbit Serviceable Spacecraft Mode (. 2M/yr)

It should be noted that these costs do not include any refurbishment costs or the costs of spare hardware which is

costed elsewhere,

D.1.1. 5 Selected Range of Variables

The nominal assumptions esiablished for the Shuitle mode cost analysis have been discussed in the previous para-
graphs. These assumptions have been used to establish nominzl costs of the alternate Shuttle modes of operation.
This section defines the range of values selected for some of the variables to establish sensitivities of the analysis

to those variables. These values are summarized in Table D-4,

Table D-4. Range of Variables Selected for Sensitivity Analysis

Variable Nominal Range
Refurbishment Cost
Ground Refurbishment (2 yr) 9. 1M 9. 1M to 15. 1M
Ground Refurbishment (failure) 7.6M 7.6M to 12. 6M
On-Orbit Service (2 yr) 6.6M 6.6M to 9.8M
On-Orbhit Service (failure) 3.3M 3.3M to 6.6M

Launch Costs

Shuttle Trip Formula Shuttle Trip Full one way
: Formula Charge of 4. 9M -
Spacecraft Costs
Expendable 28. 8M 18.9M to 37.9M
Ground Serviceable 30.3M 20.2M to 40.4M
On-Orbit Serviceable 32. 8M 21.9M to 43. TM
Number of Failures Zero Zero to Three

Costs

Recurring Costs Only

Récurring plus
A Non-Rec. req.
for servicing

Recurring Costs
Only

Ground Costs
Expendable
Ground Serviceable
On-Orbit Serviceable

.IM/yr
.2M/yr
.2M/yr

.1IM/yr
.2M/yr to 2M/yr
. 2M/yr to 2M/yr

Number of Spacecraft Required

Total no. of S/C reg'd
for 10 yr program

Prorated cost of
spacecraft for 10yr
portion of longer

8/C required for
10 yr program

program
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D,1.2 COST ANALYSIS

The shuttle mode cost analysis has been performed in three stages.

assumed nominal case variables and no failures. The next stage evaluated the impacts of ranges of variables to

LT e

The first stage analysis was performed with

establish sensitivities of the analysis to these variables. The third and final stage of the analysis involved further

investigation of the most sensitive variables and an analysis of the revised nominal cases using "best estimate"

values for the variables while also including a nominal number of failures in the costing. . These three stages of the

analysis are dizsnissed in the following three sections and are followed by a summary of the cost analysis.

D.1.2.1 Cost Analysis of Nominal Case (No Failures)

The Nominal Case cost analysis was performed using the values, for the variables as defined in SectionsD.1.1.1

through D. 1. 1. 4 and for the following modes of operation;
1. expendable spacecraft
2. ground serviceable spacecraft
3. combined orbital and ground serviceable spacecraft

4, orbital serviceable only spacecraft

Each mode of operation was evaluated for two alternate mission models to establish the impact of alternate delivery

or other operational concepts.

A summary of the nominal case cost analysis is presented in Table D-5 and indicates a clear advantage of the ser-

viceable spacecraft modes over the expendable spacecraft mode.

mode depends upon the achievable on-orbit life and the impacts of the cost sensitivities discussed in later para-

The choice of optimum serviceable spacecraft

graphs. Details of the means by which these analyses were conducted are complex and have been omitted here in

the interests of brevity.

Table D-5. - Nominal Case Cost Analysis Summary

Case Cost
: M$ Normalized
Expendable Spacecraft ; 319 (2. 03)
Ground Serviced 8/C (single launch) i 188 (1. 19)
(dual launch) 210 (1. 33)
Combined On-Orbit and Ground Serviced 8/C
(1 service and return) 192 (1. 22)
(2 services and return) 189 (1. 20)
On-Orbit Serviced Spacecraft
(S/C Life 6 yrs and discard) 213 (1. 36)
(8/C Life 10 yrs and discard) 157 (1. 00)

o  Expendable spacecraft not cost effective.

- On-Orbit life of spacecraft
- Impact of cost sensitivities

&  On-Orbit serviced S/C (with 10 yr life) most cost effective for nominal case.
e Choice between service options depends on
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D.1.2.2 Cost Sensitivity Analysis and Impacts

This section covers the cost impacts of the ranges of variables defined in Table D-4. The summary of the cost

impacts of the defined variables is presented in Table D-6 and discussed below:

High Refurbishment Cost Impacts. The major impact of increasing the refurbishment costs is the relative increase

in the ground serviceable over the on-orbit serviceable options. In all cases the exbendable spacecraft cost far
exceeds the serviceable spacecraft costs, three of the four orbital serviceable spacecraft concepts show program
costs less than the ground serviceable spacecraft concepts. The on-orbit serviceable spacecraft also improve in

ranking over the combined ground and in-orbit serviceable concepts.

Full Launch Cost Impacts. When full Shuttle launch costs are charged to the EOS program in place of shariag the

Shuttle charges with other programs, the advantage of dual launches for both the expendable and ground serviceable
spacecraft become evident. The dual launch concept saves 49 M in the expendable spacecraft case and 28 M in the
ground serviceable spacecraft case. The increased launch costs also improves the relative ranking of on-orbit

serviceable spacecraft. .

Spacecraft Recurring Cost Impacts. The choice of spacecraft recurring costs within the range of 20 to 40 M dollars

has relatively little impact on the ranking of alternate servicing modes of operation. The lower spacecraft costs do

however provide a slight improvement in ground servicing over on-orbit servicing,.

Table D-6. Sensitivity Analysis Cost Summary

[ {{g" INMPACTS OF COST SENSITIVITIES
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o oy . 3] & 4] b =)
n § = = B A w
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CASE z L= i = - o = < 4l m &
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EXPEND SPACECRAFT 310 Jfe10 RETS zey | a1r ) ast | ase 414|319 %19 319
» 2.03 TR | (9 ol ¢
EXPEND SPACECRATFT C.00) Lary [ (191 (Lag] 20| (L.92)] .01 | @.10)} (1.00) | (1.82) | (2.03)
(DUAL LAUNCH) ) 319 [j219 240 220 | 414 351 | 382 414 1319 319 219
] (1.19) H(1.26) | (.40)| (L.16] (1.22) | (L.21)] (1.22) { (1.23)|(1.14) | (1.18) (1.06)
GROUND SERVICE SPACECRAFT 188 230 57 137 239 221 232 243 192 200 167
(1.33) §(1,34) | (1.32 1.29| 1.26 1.o9] @.33) | .85 a.
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Cost Impacts of Failures. The number of failures experienced during a ten year program has a significant impact

on the selection of the optimum servicing mode. When failures were assumed the on-orbit serviceable spacecraft
cost rose less than the costs of the ground serviceable spacecraft showing three of the four on-orbit serviceable
concepts more cost effective than the ground serviceable concepts. A realistic comparison of the relative merits

of the alternate servicing modes must consider this cost sensitivity factor.
The following assumptions were made to calculate the impacts of failures on each of the spacecraft cases considered.
1. Expendable Spacecraft

A failure of an gz'(pendable spacecraft requires a new spacecraft, (28. 8 M dollars) plus the costs to launch
the new spacecraft

2. Ground Serviceable Spacecraft

One additional spacecraft (at the cost of 30. 3 M dollars) is required to allow continuous on~orbit operation
of the system. It was assumed that a shuttle launch can be scheduled within 3 months and that the 3 month
period with only one spacecraft operating in orbit is acceptable. The spare spacecraft is launched when a
shuttle flight can be scheduled and the failed spacecraft returned to the ground. This failed spacecraft is
refurbished (at a cost of 9. 1 M dollars) and then operates as the new spare.

3. On-Orbit Serviceable Spacecraft

Spare modules of all on-orbit serviceable equipment (at a cost of 22, 3 M dollars) are required in this mode
of operation to ensure that on~orbit downtime is maintained at a minimum. When a faulure occurs a shuttle
flight is scheduled to perform the replacement of the failed module and also perform any preventive main-
tenance. 'The failed module is returned via shuttle along with other modules replaced and refurbished (at

a cost of 3 M dollars) for later use,

Non-Recurring Costs of Servicing. Designing the spacecraft and shuttle support system to allow on-orbit servicing

will require significant non-recurring costs. These costs have been assumed as:

Ground On-Orbit
Serviceable Serviceable
Spacecraft Spacecraft
Spacecraft Design and Integration 4 M 10 M
Positioning Platform (TFSS) - 1M
Special Purpose Manipulator System — *
Total 4 M 11M

*(these costs are not chargeable to the EOS program)

When these non-recurring costs are added to the on-orbit serviceable options their cost advantages over the ground

serviceable spacecraft are reduced.

High Ground Cost Impacts. The cost spread between the expendable spacecraft and serviceable spacecraft options

are so large that even an increase in the ground costs by a factor of ten for the serviceable spacecraft options show

little impact on the relative costs.

Impact of Prorating Spacecraft Costs. In many of the nominal cases investigated the number of spacecraft required

provide for spacecraft operation in excess of the assumed ten year program. In these cases, that option was
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penalized for the cost of the additional spacecraft without accounting for the additional lifetime of the system, If the

spacecraft costs are prorated to account for the additional lifetime the costs of all options with the exception of the !

expendable spacecraft and the ten year lifetime on-orbit serviceable spacecraft will decrease. This decrease is

significant, although the ten year lifetime on-orbit serviceable spacecraft still remains the lowest cost option.

Summary. The most significant cost sensitivities investigated were:

1.

2.

3.

4,

5.

Refurbishment Costs

Launch Costs

Spacecraft Failures
Non-Recurring Costs of Servicing

Prorating Spacecraft Costs

These variables were re-investigated and combined sensitivities determined for the most realistic alternate values

of the variables determined.

D. 1. 2.3 Revised Variables and Cost Analysis

1.

Refurbishment Costs

A subsystem by subsystem investigation of the anticipated refurbishment costs indicate that the originally
assumed refurbishment costs of 9. 1 M dollars for ground refurbishment and 6. 6 M dollars for in-orbit -
service are valid estimates of the refurbishment costs. 1

Since this is a key cost area and previous studies for other applications have indicated higher refurbish-
ment cost estimates this area will remain a variable in the updated cost analysis. The cost variation
carried will remain as shown previously.

a. Ground refurbishment (2 yr.) 9.1Mto15.1 M
b. Ground refurbishment (failure)  T.6Mtol12.6 M
c. On-orbit service (2 yr.) » 6.6 Mto 9.8 M
d. On-orbit service - (failure) 3.3 Mto6.6 M

The lower cost figure is still considered as the most realistic estimate of anticipated refurbishment costs.

Launch Costs

The actual launch costs charged to EOS is most likely bounded by the costs determined using the shuttle
trip charge formula supplied for this study and the full shuttle charge of 9. 8 M dollars round trip.  The
nominal cost cdse will continue to use the shuttle trip charge formula while the alternate case will assume
a cost averaged between the full trip charge of 9. 8 M and the cost using the supplied formula.

Spacecraft Failures

It is imperative to include the impact of spacecraft failures on the shuttle mode utilization cost analysis.
The impact of failures has been determined to be significant and it is unrealistic to assume no failures in
a 10 year program with two spacecraft operating at all times. The revised nominal case will consider two
spacecraft failures while the alternate case will assume three failures.
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4. Non-Recurring Costs of Servicing

The non~recurring costs associated with the servicing modes must be included in the analysis if valid com~
parisons are expected between servicing and non-servicing modes. The non-recurring costs assessed
against the alternate servicing modes are:

a. firound Serviceable Spacecraft = 4.0 M
b. On-Orbit Serviceable Spacecraft = 11.0 M
These values will be used in both the revised nominal and alternate cost analysis.

The revised cost study has been separated into two independent analyses. The first analysis assumes the nominal
cost impact of variables while the second analysis assumes the maximum realistic values of the variables, The
costing assumption used in each analysis are summarized in Table D-7. A summary of the two combined sensitivity
cost analyses is presented in Table D-8, The results of the revised nominal cost analysis indicate that on-orbit
servicing provides lower cost than ground servicing even when the spacecraft costs are prorated over a program
length of greater than ten years. The expendable spacecraft mode of operation is nearly twice the cost of the

lowest servicing option. When the maximum realistic values of variablés are considered in the alternate cost analy-
sis, the advantage of on-orbit servicing over ground servicing becomes more pronsunced as seen by the last col-

umn of Table D-8.

D. 1,2.4 Cost Analysis Summary

The following conclusions can be made from the preceding cost analysis:

1. The expendable spacecraft is the least cost effective of all the cases considered.

M

The on-orhit serviced spacecraft (assumed 10 year life on-orbit) is the lowest cost for all cases

considered.
Table D-7. Revised Costing Assumptions
REVISED ALTERNATE COST
NOMINAL COSTS {MAK VARIABLES)
MISSIOH MODEL & ORBIT SAME AS NOMINAL COST ASSUMPTIONS
SPACECRAFT COSTS, WTS & LIFE
GROUND SERVICE 9.14 15,04
- JABIT SERVICE (2 YR) - 6.6M 9.8M
0t ORBIT SERVICE (FAILURE) 3.3M 6.6M
SHUTTLE COST & ACCOMMODATIONS LAUNCH COSTS PER COST AVERAGED BETWEEN
TRIP FORMULA TRIP FORMULA & MAX COST
(REVISED)
GROUND COSTS SAME AS NOMINAL COST ASSUMPTIONS
L
NUMBER OF SPACECRAFT FAILURES THO THREE
ADDITION OF NON-RECURRIiG COSTS
GROUND SERVICE 4,04 4.0M
ON-ORBIT SERVICE 11,08 g 11.0M

D-11



Table D-8. Revised Cost Summary (Impact of Combined Sensitivities)

NOMINAL © ALTERNATE
05T S COST MS
(MAX VARIADLES)
OPTION ¥1 orTION #2 oli1GH REFURD,
a g =) 8 FAILUKES 8
oNOM. REFURB. 8 o0 REFURR, d #IOTAL, S/C COSTS it
#2 FAILURES Sk |'e2 FAILIRES 5;. #MOD, HIGI LAUNCH Be
#TOTAL $/C COSTS 5 g | erromateD s/ costs [ 58 1. cosTs g9
CASE eN.R. SERVICE cosTS| § oN.R, SENVICE €OSTS | & | eit.R, SERVICE cosTs | £°
TNPENDABLE SPACECRAFT 382 1,90 382 1.90 459 - nn
(STHGLE LAUNCH)
EXTEHDABLE SPACECRAFT o382 1.90 382 1.90 428 1,59
(DUAL LAUNCIT)
GROUID SERVICE SPACECRAFT 236 1.17 212 1,08 381 1,42
(SINGLE LAUNCH)
GROUI'D SERVICE SPACLCRAFT 258 1.28 213 1,06 352 1.31
(DUAL LAUKCH)
GROUND & OH-CRBIT SERV §/C 236 1,17 215 1.07 306 1,14
{1 SERVICT. & RETURN)
GROWND & OR-ORBIT SERV'S/C 233 1.16 213 1.06 300 1,12
(2 SERVICE & RETURM)
CRBIT SERVICE SPACECRAFT 257 1.28 237 1.18 1Y 1,18
(6 YR LIFE)
ORBIT SERVICE SPACECRAFT 201 1,00 201 1.00 269 1.00
(10 YR LIFE)

3. The cost differential between the combined on-orbit and ground serviced spacecraft is negligible for the
nominal cost options. .

4. The on-orbit serviced spacecraft are most cost effective when spacecraft failures are considered and
refurbishment costs increase as indicated in the (max. variable) cases.

D.2 GEOSYNCHRONOUS SATELLITE BENETITS OF THE STS

For the EOS analysis just described, the use of the Shuttle to effect on-orbit servicing is shown to have a major
impact on overall program costs. In the analysis described below, three quite different geosynchronous satellites

are subjected to a similar evaluation. The basic costs of the three satellites are shown in Table D-9.

Table D-9. Geosynchronous Satellite Cost Comparisons

Exploitive
Current .
Design Expendable (E) Retrieve (R) Orbit Service (S)
NR R NR R NR R Refurbish NR R Service
SATB 121.7 26.5 117.1 *26.1 117.6 26.8 22.4 123.8 28.17 14.9
SAT C 29.4 9.2 26.8 8.1 27.5 8.2 4,0 33.8 | 10.4 4.0
SAT A 131.1 | 28.8 129.6 26.4 150,9 | 29.7 9.7 155.3 | 31.5. 9. 0

NR NONREOCCURRING
R  REOCCURRING

The data presented in this section was prepared jointly by MDAC, GE, and Fairchild as part of their Payload
utilization of Tug (PUT) study. This effort was performed for NASA/MSFC under contract NAS8-29743,
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D,2.1 SATELLITE PROGRAM COSTS

Program cost equations used for the three satellites examined are shown below. The equations for satellites A and

B were written for a total program. The Satellite C equations are for a yearly cost to maintain an ongoing system

since the program is a continuous system after startup is achieved.

Satellites A & B

g

]

Cr

Cs

Satellite C

s/c
LV
AE

RC

Subscripts
E

R

NR

NRE +n (s/cE + LV + AE)

n

3
NRR + (s/cR +RO) + gn (LV + AE)

2

S

m

NR, + [m s/cE + AV AE)] (L + R)

n I
+ 5 (s/cS + AE) + g (SC + Serv) +(

1+RL

NR, + mS/Cp + = (LV + AE) + mR (RC +

n n
n n ; -
5 2r) (LV + AE)

2LV + AE)
r

(1+R) L

NR, + m S/Cg + % (LV + AE) +mR (SC + Serv +

LV + AE
)

(L+R)L
Program Cost

Non-Recurring spacecraft cost

-~ Number of satellite flights

Spacecraft cost

Launch vehicle enst

- Ancillary equipment cost
- Refurbishment cost
- Service Cost

- Servicer charge

Number of launch cost sharers

- Expendable

~ ‘Ground refurbish

Orhit service
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(3 -~ Yearly program cost
m - Satellite constellation size ’
R - Number of additional flight cycles

L

Expected life for one cycle

The major factors effecting the program economics were the mission model size. STS performance, STS cost,
satellite life and life cycle use, service and refurbishment costs, and satellite cost. Each of these parameters
were varied to determine the effect in the overall economics. Table D-10 displays the manner in which the sensi-
tivity studies were accomplished and the ranges and values of the parameters used. As noted, each successive
parameter was varied in turn while the others were held constant or monitonically varied, This is similar to a

partial derivitive analysis. The system variations are individually discussed below.

D. 2.2 PROGRAM SIZE SENSITIVITY

The first parameter varied in Table D-10 was program size. The effect on program costs of changing the number

of flights from nine for SAT A and three for SAT '3 is shown in carpet plot format of Figure D-1. Each variation

Table D-10. Sensitivity Study Parameters

&
i L) %
b'q’ @ $ SO [~
(9] o B )
\aé’(’ é\? p? &.‘%} @‘#’ ;\7 0§'$ )
o & i & o .\&’_\ 9 ~$? 5
§/ & /&5 S S /5P JES 3
Sensitivity & /& o N & 5 &\ SEFS 5
Study 2 & & ) Y & & P &
Mission Model Variable D 5,500 11.5 1TO3 A2 Nominal 1.0
Size R 3,500 B-3
RT 2,200 c17,4
STS Performance A9 Variable 11.5 A2 Nominal 1.0
B3 B -3
C 20/31 C174
STS Cost A9 D 5,500 Variable 1TO3 A2 Nominal 1.0
B3 R 3,500 B-3
C 20/31 RT 2,200 C 1,4
Refurbish and A9 D 5,500 11.5 1TO3 A2 Variable 1.0
Service Costs B3 R 3,500 B-3
C 20/31 RT 2,200 Cc17,4
Satellite Life A9 D 5,500 il.5 2 Variable Nominal 1.0
Cost B3 R 3,500
C 20/31 RT 2,200
Mission Success A9 N/A 11.5 1TO3 2 Nominal | 0.4 TO 1.0
Probability C 2TO8
D~-14
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Tigure D-1. Program Size Cost Sensitivity ~ Satellites A & B

| ? is shown for the current launch vehicle (T - IIIC) mode and three Shuttle exploitive modes (expend, ground refurbish,
' and orbit service). The exploitive satellites are those that could be considered designed or modified to take full

advantage of the S'TS capabilities,

Because of the large size of both Satellites A & B, they would fully tax the STS payload capability and thus could not
share the launch cost with any other program for both the expend and ground refurbish modes. Both these modes
are below the current launch vehicle program cost for most-number-of-flight values with the expend mode slightly
lower. However, if the SAT A program were reduced to two, the cost difference would probably not warrant

changing to the STS based program.

In the orbit service mode after initial placement of a SAT A or SAT B on orbit, the subsequent service missions
could be cost shared with other programs as defined by the parameter, r - the number of launch cost sharers.

This parameter is the most significant variable as shown by the orbit service mode carpet plot. For no flight
sharing, r =1, the orbit service mode is slightly lower in cost than either the expend or ground refurbish mode.
If flight sharing on the service missions can be effected, the orbit service mode is even less expensive by up to
$58M for a 10-flight program on SAT A, It appears that the preferred mode of orbit service for SAT A should be
retained if flight sharing can be effected and the number of SAT A flight cycles is five or greater. Below that
number is should probably be considered in the expended mode. The cost differentials for SAT B indicate that the
service mode would not be effective unitl the number of flight cycles was six or greater. Below that the expend and
ground refurbishment mode costs are the same with the former preferred to provide full flexibility to this R&D

program.
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Figure D-2. Program Size Cost Sensitivity - Satellite C

Tl effect of mission model size on the SAT C economics is shown in Figure D-2. Since the overall goal of SAT C
is to provide an operational communications network, the programmatic influences are shown here as the yearly
cost to maintain a varying size constellation of SAT C's on orbit.  As seen, the orbit service mode is the lowest
cost mode followed by expend, and then ground refurbishment, for all constellation sizes. It should be noted that
once again the cost sharing factor is the major one and it should be ncied that the current launch vehicle mode
(Delta) is the lowest cost system if no STS flight sharing can be effected. The orbit service modes and expend
updated modes are cost effective over the current launch vehicle approach for r = 2. The service expend mode
would be preferred if the constéllation size increased much beyond 20. The cost differential for a 20-or-less-

sized constellation would not be the major factor in the selection.
D.2.3 STS PERFORMANCE SENSITIVITY-

The potential effect of a varying STS capability to geosynchronous orbit is shown in Figure D-3. The abscissa is
shown for a varying delivery capability. The corresponding retrieval and round trip capabilities are for a typical

cryogenic tug design. As the STS capubility increases to the right the available modes for accommodating each

satellite are added.

For example, since the minimum SA’f A weights 1623 Kg, S'TS capability below that would require a current launch
vehicle (T -IIIC) solution. Above this delivery capability, the STS could accommodate SAT A in the expend mode.
The service mode would require 1675 Kg capability minimum. As the 8" retrieval capability increases to 1623 Kg,

the ground refurbish mode could also be used. The current launch vehicle mode would be used up to an STS delivery
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Figure D-3. STS Performance Sensitivity

capability of 1592 Kg. The expend mode is preferred as the STS capability increases to allow mission sharing. A
similar effect is shown for the SAT B and SAT C. Note that though a 1362 Kg STS could accommodate a single
SAT C, it would not be cost effective and the current launch vehicle is preferred. Also, the serviced SAT B is

heavier than the expendable verison and thus requires a higher STS capability.
D.2.4 STS COST SENSITIVITY

The potential effect that a varying STS cost would have on the SAT C accommodation modes is shown in Figure D-4.

SAT A and B results were similar,

The service mode is the least expensive for the nominal STS cost shown, orbit service is next, foliowed by the
ground refurbishment mode. The variation with STS launch cost is significant. If the STS launch cost were doubled,
the current launch vehicle (Delta) mode would be the cost effective approach. If the STS launch cost were halved,

the expend, refurbish, and orhit service modes would be cost effective almost equally.
D.2.5 SATELLITE SERVICE/REFURBISHMENT COST SENSITIVITY

Each satellite program was examined to determine how varying the refurbishment or service cost might effect the

cost effective mode selections. The results for the nine~flight SAT A programs are shown here.

The program costs for each mode were calculated in'terms of the service and refurbishment cost parameters.
These relationships were then equated to determine the cost effective boundaries between each mode as shown in

Figure D-5. The boundaries are shown for mission sharing factors r = 1 and 2 since that parameter is a strong
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Figure D-5. Satellite Service/Refurbishment Cost Sensitivity - SAT A

influence.. For no mission sharing, r = 1, the nominal SAT A data lie just in service regime of the figure. From
this cdndition, a service increase of about 50% would make the expend mode cost effective. . For mission sharing,

r = 2, the nominal point is further in the orbit service regime. That regime is the SAT A mode preferred over
most of the parameter ranges explored. A corresponding analysis for SAT C revealed that the service and expend
modes were equally cost effective for the nominal value of service or refurbishment cost. A slight increase in ser-
vice cost would favor the expend mode. The SAT B results show a slight preference for the orbit service mode in

this sensitivity analysis.
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D.2.6 SATELLITE COST-LIFE SENSITIVITY

The relationship between satellite recurring cost and expected unmolested life on orbit was examined. The satellite

refurbishment and service costs were assumed proportional to the previous costs for this analysis.

The results presented in Figure D-6 for a size-20 SAT C constellation show the potential for lowest cost to be with
the orbit service mode but not by a great margin. The nominal ground refurbishment point is above the current
launch vehicle cost so it would be a lesser candidate. To make orbit servicing cost more effective, the design

could be changed by increasing the life at no increased cost; by reducing the cost while maintaining a 7-year life;

by increasing the life at an increment cost; or by a combination of the above changes. A lesser sensitivity was found

for SAT A & B. This type of trade could be effectively used to stcer future design and reliability analyses.

_ 20 2 2
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> 50 |- 8 ;
g 5 2 g 12 182
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Figure D-6, Satellite Cost-Life Sensitivity ~ SAT C - Constellation of 20
D.2.7 SATELLITE RELIABILITY EFFECTS

The effects of varying mission success probabilities for SAT A was briefly analyzed and is summarized in Figure
D-7. In the expend mode (upper left), the effect of a lower .relia,bility\is to increase the number of launches to
satisfy the =wue program time with an attendant increase in cost. Variable mission success probability was also
applied to the end of life service concepts including the servicing missions (upper middle). Comparing these two
modes at a fixed investment of $500M results in the chart (lower left) which shows that the expendable SAT A would
need a success probability of 0. 96 to be comparable to a lower reliability service mission. This also illustrates

how mission sharing can allow a lesser re'liability and attendant lower cost and still be cost effective.

The expend plus service mode considers expending the satellites as they normally wear out but servicing any that
failed early. The results (upper right) show that the high reliability cases are unduly penalized by the cost of unused

serviceability while this mode becomes more effective as the reliability decreases as shown in the lower right por-

tion of the chart where the expend plus service mode line intersects the service cycle end regime.

The cost band for the service-cycle end mode is dependent upon the type of failure encountered. The upper bound-
ary is defined by those failures which would preclude the conclusion of the intended cycle after repair. The lower
bound is defined by the case where all failures when serviced would allow the satellite to resume its normal cycle

life. The types of failures expected would determine where in the band the effectiveness of the two service
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Figure D-7. Reliability - Cost Sensitivity - SAT A

philosophies would be equal. It appears that success probability above 0. 6 would prefer the service-cycle end mode

while below 0. 6 the choice would be dependent upon the types of failure encountered.
D. 2.8 COMBINED SENSITIVITY EFFECTS

The sensitivity study results were combined to determine the factors that would be changed to cause each accom-
modation mode preference.  This was done for each satellite as shown in Table D-11. As indicated for the nominal
parameter conditions, the orbit service mode seems most advantageous for SAT A while the expend mode seems so
for SAT B & C. The other blocks indicate the changing conditions that would cause other mode selections to be

effective.
Satellite A

The expend mode would be preferred if the programs were reduced to less than five missions or if for some reason
mission sharing on the orbit service mode could not be effected. The ground refurbishment mode would be effective
for a program of less than five missions and reduced refurbishment costs. The service mode is advantageous for

the rniominal conditions.
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Table D-11. Mission Mode Sensitivity Results

Updated Mode
Satellite . Expend Ground Refurbish Orbit Service
A Program reduced to <5 Program reduced to <5 Advantageous for nomi-
and refurbish costs nal conditions
No mission sharing reduced
B Advantageous for ‘Decreased refurbish Program increased in
nominal conditions costs size and made opera-
tional
Increased refurbished
life .
C Advantageous for Increased orbit service Increased cycle life
nominal conditions costs and increased
refurbished life Reduced service costs
(x 1/2)
Reliability reduced

Satellite B

The expend mode appears advantageous for the nominal conditions. The refurbishment mode would be more effec-
tive if those costs were reduced or if the life after refurbishment could be increased. Orbit servicing would be

effective for a larger program (more than six missions) and the character of the program changed to operational,
Satellite C

The expend mode is preferred for nominal conditions. The ground refurbishment mode would predominate if the
orbit-service costs were increased and the life of the expendable system were reduced. Orbit servicing would be

advantageous if the serviced life were increased or if service costs could be reduced.
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