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FOREWORD

This final report, submitted to National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (MSFC), presents the results of the
Definition of Technology Development Missions for Early Space Station -

Satellite Servicing performed by Martin Marietta Aerospace under NASA Contract
NAS8-35042,
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1.0 EXECUTIVE SUMMARY

1.1 Introduction

The Executive Summary includes an overview of both phases of the
Definition of Technology Development Missions for Early Space Station
Satellite Servicing, The Phase 1 contract was completed during the
period of October, 1982 through May, 1983, Phase II, an 18 month
contract extension was initiated in June, 1983, and completed in
November 1984. The approach and summary results for both will be
presented serially, beginning with Phase 1,

1.2 Phase 1 Overview

1.2.1 Purpose of Satellite Scrvicing Study Phase 1

The primary purpose of Phase 1 of the Marshall Space Flight Center
(MSFC) Satellite Servicing Phase 1 study was to eatablish requirements
for demonstrating the capability of performing satellite servicing
activities on a permanently manned Space Station in the early 1990s. At
the start date of Phase 1, October 1982, NASA was exploring means of
acquiring a cognitive perspective of what constituted '‘satellite
servicing.'" The study would then clarify which satellite servicing tas:
could be beneficially performed at the Space Station and what would be
required at the station to evable servicing.

1.2.2 Scope of Phase 1

The scope of Phase 1 included TDM definition, outlining of servicing
objectives, derivatiun of initial Space Station servicing support
requirements, and generation of the associated programmatic schedules
and cost. NASA MSFC had established, at the beginning of Phase 1, three
basic satellite servicing concepts: 1) Modification of the space
Station itself during its evolution: 2) repair and or upgrading of
satellites onorbit: and 3) assembly of large spacecraft, whose volume
configuration would exceed the STS payload capability of one individual
flight. All TDM definition and associated analyses were based on these
three servicing concepts. The study results for Phase 1 were reported
in a two volume report in May, 1983, entitled Definition of Technology
Development Missions for Early Space Station Satellite Servicing. The
results of Phase 1T is presented in two volumes. An Executive Summary
of Phase 1 and Phase 2 is presented in Volume I. Volume II contains the
Technical Report of the approach and results of the Phase 2 study.

1.2.3 Objectives of Phase 1

The primary objectives of the Satellite Servicing Phase 1 study were
three in number. The first was to define satellite servicing and
establish Space Station requirements relative to providing servicing
capability, using Space Station as a '"test bed". The second major
objective was to establish a technology development plan to describe:
1) basic technology development and tests; Z) Space Transportation

1-1
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System (STS) zero-gravity validation tests, and 3) Space station
servicing validation tests, to provide a technology roadmap for
satellite servicing. The final objective was to conceptually define a
set of TDMs that would demonstrate an effective capability to
demonstrate an operaticnal satellite servicing capability in the late
1990s.

Approach to Conduct of Phase 1

The results of this stuuy were developed by performing the analyses as
shown in the Satellite Servicing study flow. Figure 1.2.4~1, This

study flow is consistent with the requirements of the contractual tasks
identified in the statement~rf-work. These three tasks are as follows:

Task 1-Mission Requirements - The purpose of this task was to identify
satellite servicing and maintanance capabilities from which requirements
and servicing objectives could be derived. The analyses emphasized by
this task was the development of a satellite servicing data base,
consisting of a time phased satellite servicing mission model, the
development of potential servicing tasks and locations (servicing
scenarios) and associated Mission/System/Detailed Objectives, the
development of system and hardware accommodation requirements and the
identification of technology capability needs and development.

2) Task 2 Mission Definition - The purpose of this task was to develop
Technology Development Mission (TDMs), establish their operational
requirements and accommodation needs that will satisfy the
requirements and servicing tasks developed by Tagsk 1. The analyses
emphasized were: 1) the development of the capability to perform
routine satellite servicing tasks from the early space station; 2)
the evaluation of the operational concepts and approaches to
identify operational requirements and hardware; and, 3) the
evaluation of accommodation needs, speclal servicing equipment
required on the space station to accommodate the satellite
servicing capability and the identification of satellite, space
station, and servicing hardware interfaces.

3) Task 3 Programmatic Analysis - The purpose of this task was to
generate the plans, schedules, and costs for implementation of the
TDMs, The analyses emphasized were space statlon capability
evolution, satellite servicing economic benefits, precursor
technology capability schedules, TDM performance schedules, and the
assoclated TDM costs.

Ground Rules and Guidelines for Phase 1

The following ground rules and guidelines were provided by NASA MSFC to
gulde the efforts conducted within this contract.

a. Maximum utilization was made of applicable data and results from
prior and current projects and government sponsored studies.

1-2
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b. The Space Sh'ttle was considered as the earth launch vehicle and
the Spacc Station user's Handbook was used to provide the
associated guidelines.,

c. An early Space Station will k- operational in 1990.

d. An Orbital Maneuvering Vehicle (OMV) will be available to support
onorbit operations.

Summary Results of Phase 1

The overall objective of the Space Station Satellite Servicing study was
to define fhe evolutionary development of a satellite servicing
capability on & permanen’ manned space station in the early 1990s, and
to conceptually design Technology Development Missions (TDMs) to
demonstra.e the satellite servicing capabilities on the early space
station. This objective was met with the selection and validation of
eight T™DMs designed t satisfy the four derived servicing tasks of
assembly, orbit transfer, resupply, and maintenance. Completion of
these time phased TDMs demonstrated a satellite servicing capabuility to
perform the servicing tasks at or remote from the space station so that
satellite servicing can become a routine activity from the early space
station. Three tasks were accomplished during the course of this study
to achieve the results necessary to accomplish the study objective,
these tasks are; Task 1 - Migsion Requirements, Task 2 - Mission
Definition, and Task 3 ~ Programmatic Analysis. The summariee of these
three tasks are as follows:

Task 1 Mission Requirements

The analyses included in this task are: a satellite servicing data base,
servicing task and location (scenarios), evaluation of the servicing
scenario requirements and the identification of objectives and
capabilities needed to accomplish the servicing tasks. Mission model
analysis revealed a broad range of servicing tasks. The Martin Marietta
Space Station Satellite Scrvicing Mission Model identified 185 satellite
systems existing and/or planned for operations during the decade of the
1990s, with 387 servicing tasks projected during the early space station
period, reference Figure 1.3.1-1. Servicing task and location
assessment (servicing scenarios) produced four major task areas that
subdivide into 10 associated subtasks, ac shown on Figure 1-3,1-2.

These tasks and subtasks are:

1) Asgsembly - space station assembly and onorbit assembly of large
spacecraft;

2) Orbit transfer - delivery and retrieval of spacecraft to and from
operation orbits using the space station as . base of operations;

3) Resupply - resupply of fluids (earth storable and cryogens) and
material (logistics, modules, raw materials, instruments);

1-4
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Figure 1.3.1-2 OMV/OTV/Satellite Servicing - A Broad Perspective
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1.3.2

4) Maintenance = conduct of planned ard unplanned repair operations
and decontamination operations,

Servicing tasks will be conducted in three locations: 1) on the space
station itself; 2) on satellites berthed at the space station; and 3) on
satellites remote from the spuce station in low or high earth orbits.

Mission objectives were developed for each of the four major servicing
tasks; assembly, orbit transfer, resupply, and maintenance. From the
four top level mission objectives, 21 primary system level objectives
and 230 detail level objectives were formulated.

Functional and operational analyses were developed for the servicing
tasks and locations (mission scenarios)., 112 satellite servicing
scenarios were identified, and through an iterative process of
cross—checking and comparison these se¢quences were reduced into a total
of 18 functional analyses that included the servicing activities
required in performing servicing tasks at all potential servicing
locations. These functional analyses resulted in identification of
servicing requirements hardware/facilities and technology capabilities
required to provide these operational servicing abilities in the early
space station era, These requirements include structural and mechanical
equipment and facilities, data processing and display, audio and visual
communications, handling equipment (such as a Space Manipulator
Arm/Space Crane, work stands, hangar extensions, etc), and servicing and
storage facilities for transfer vehicles and servicers. Th: development
of satellite servicing integrated requirements and their functional
analysis for the TDMs was accomplished in parallel with this study but
these efforts were funded through Independent Research and Developuent.

Task 2 - TDM Mission Definition - Phase 1

A Technology Development Mission (TDM) demonstrates a specific satellite
servicing capability or set of capabilities conducted at or initiated
from the Space Station. The TDM definition task results were prodnced
by using the output of the servicing task assessment. For each of the
major servicing task categories, mission-level, system-level and
detail-level objectives were defined, with over 200 servicing objectives
identified. The derived objectives provided a starting point for
identification of TDM scenarios, Referring to Figure 1.3.2-1, three
analyses tasks; 1) mission objectives definition, 2) servicing
task/location assessment, and 3) identification of task performance
techniques, were used as inputs to the process of identifying specific
potentlal satellite servicing scenarios.

The TDM Definition process was supported directly by the resultant
identification of 112 unique servicing scenarios. These scenarlos were
specific time-phased sequences of servicing events, describing candidate
satellite servicing missions. From the 112 servicing scenarios, it was
determined that all of the servicing tasks, using the various servicing
techniques, could be assessed for TDM selection applicability, Space
Station requirements definition and technology development, by
conducting 18 different functional analyses.
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A top level example of these analyses is shown at Figure 1.3,2-2, This
functional analysis highlights the scenario/servicing task of performing
an orbit transfer (in this case, payload delivery) to a geostatlonary

i{ orbit, using the low energy OMV and the high energy Orbital Transfer

h Vehicle (OTV) to deliver a payload using reusable Space Station based
upper stages. As shown on Figure 1.3.2-2, Space Station satellite
servicing requirements were derived from this analysis, and servicing
technology development requirements were 1dentified also.

There were no specific limitations, in the Phase 1 contract, on
selection of Technology Development Missions (TDMs). The definition of
one or a number of TDMs was left to each contractor, Martin Marletta

| developed a series of eight TDMs that, 1f accomplished at or from Space
i Station, would demonstrate all of the previously identified satellite

‘ servicing tasks and cover all locations at which it was considered
feasible to conduct servicing activities., As shown jin Table 1.3.2-1,
These TDMs demonstrated all of the assembly, orbit transfer, resupply,
and maintenance/repair servicing operations as shown on Figure 1.3,2-3,
the TDM Task/Location Validation Matrix, In fact, on fifty percent of
the mission scenarios (4 of the 8), multiple servicing tasks were to be
performed.

For the selected TDMs, each was fully described, a servicing objective
established, a functional and operational analysis conducted and the
specific precursor technologies outlined. This level of technical
description and assessment enabled clear and concise comprehension of
how satellite servicing could be demonstrated, using the early Space
Station as an opera:ional test bed,

/
1.3.3 Task 1 Mission Definition - Requirements Derivation - Phase 1

The second phase of the Migsion Definition task was to derive survicing
requirements. The two phases of functional analyses: 1) analysis of the
18 servicing scenarios, and 2) functional and operational analyses of
the eight selected TDMs, provided valuable technical assessments of the
types of servicing elements, 1.e., service hangars, storage facilitles,
transfer mechanisms and orbital transfer vehicles that would be required
at a Space Station to enable performance of satellite servicing
activities.

A
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Figure 1.3.2-2 Functional Analysis Example - Orbit Transfer, P/L Delivery
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\L Table i.3.2—l Satellite Servicing TDMs
M OBJECTIVE DM

OBJECTIVE

1 SPACE STATION ASSEMBLY, 5
MODIFICATION, RESUPPLY
AND MATNTENANCE

RESUPPLY (CRYOGENS)

b MAINTENANCE/DECONTAMINA-

TION (EVA)
2 LEO TRANSFER RESUPPLY

AND RETRIEVAL

(SOLID OBJECTS) 7 MAINTENANCE/MODULE(S)

REPLACEMENT AND FLUID
RESUPPLY (GENERAL PURPOSE

3 ORBIT TRANSFER ROBOTIC SERVICER)

(GEO DELIVERY)

8 RESUPPLY (FLUIDS AT GEO)
4 LARGE SPACECRAFT
ASSEMBLY
Task LocaTioN
f SPACE ReMOTE FROM SPACE STATIOM
4 STATION LEC HEC
LARGE STRUCTURE SPACE STATION TDM 1 l NA NA
AsseEmMBLY/ AsSEMBLY/MAINT
MopiFICATION SPACECRAFT TDM 4
ASSEMBLY NA NA
ORBIT DELIVERY WA _%Dg_%J7 _%DM_QJ
TRANSFER RETRIEVAL NA “%j;‘zj NA
ELUIDS (M1 | LIDM 8 |
ARTH STORABLE 2,3,4,5,6,7,8
RESUPPLY k$éggN —%7%7%777£ -IHM—EJ
TERIALS, TDM 1
ﬂﬁasg élsJULes 7—_j M
MopuLe 6.7 [mma2!
EPLACEMENT
GENERAL
MAINTENANCE MAINTENANCE IO 6.7 | NA
DEcoNTAM- me ] NA
INATION -
LEC - Low EnErGY CHANGE
HEC - HieH ENERGY CHANGE

Figure 1.3.2-3 TDM Operation Validation Analysis
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1.3.4

An outline of Phase 1 derived Space Station requirements is shown at
Figure 1.3.3-1. These requirements/accommodations provide a top level
view of the need for a servicing facility to perform extensive satellite
maintenance and repair activities, This "service hangar"” would require
attachment/stabilization equipment, (including a recommended rotatable
carousel mechanism to rotate satellites for servicing), translatable
work stations (to enable astronaut access to the entire satellite), and
other support elements such as CCTV, communications, lighting, and life
support monitoring. As chown, many servicing elements will require
storage, others will require berthing and many will require transport
around the Space Station faclility. These top level requirements were
used subsequently to derive conceptual Space Station accommodations and
these design concepts will be presented in a proceeding paragraph of
this summary repocrt.

Tagsk 1 Mission Definition - Technology Development Plan - Phase 1

A third TDM mission definition task element related to technology
development. The objective of the task was to determine those
technology areas that would require new starts to enable development of
satellite servicing capability on the Space Station. Another objective
was to outline a phased plan to ensure that the needed technology was
scheduled, within the time frame that would lead to developmerit of the
systems and equipment essential to providing satellite servicu.ng
capability in the early 1990's. Top level satellite servicing
technology development issues were determined during functional analyses
of the servicing scenarios and the eight TDMs.

A review of servicing technology produced a set of "key technology
issues”, related specifically to sacellite servicing, as shown in Figure
1.3.4-1. These technology areas include, orbital fluid transfer, OMV,
0TV, onorbiter maintenance, servicers, and space automation. The
gservicing task of orbit transfer, either low or high energy delivery or
retrieval, requires solutions to onorbit fluid transfer management
issues, for both earth storable and cryogenic fluids. These issues
include mass measurement, measurement accuracy, quick disconnects for
zero spill (contamination reduction), propellant management device (PMD)
validation, and standard fluld transfer interfaces for servining ease
and efficlency. The development of space-based, reusable high energy
(OTV) and low energy (OMV) Space Station transport vehicles establishes
an additional complex set of technology development requirements,
including, autonomous rendezvous, teleoperated docking of OMV and other
spacecraft, an OTV aerobrake and perhaps an advanced, throttleable OTV
engine. The need to refurbish both OMV and OTV onorbit, mandates
maintainablility considerations, equipment grouping for ease of
removal/replacement, and automation of repetitive operations for
efficlency and reduction of EVA time, the demand for which is
anticipated to be high. Technology 1ssues for each of the seven related
areas were ldentified and included in the Technology Development Plan.

1-10
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For each identified technology development area, e specific evolationary
schedule of technology development activities was prepared. The
technology plan for fluid transfer capability evolution is shown in
Figure 1,3,4-2,

The required technology development for both earth storable and
cryogenic fluids is presented. Ground development for earth storable
fluids included resolution of some of the previously discussed fluid
management transfer issues.

Work underway at Martin Marietta included independent research and
development (IR&D) on the design of an experimental Space Transportation
System (STS) fluid supply system and the study of onorbit fluid transfer
phenomena,

Also shown in Figure 1.3.4~2 are the STS flight experiments either
already planned by NASA or recommended as tluid transfer management
"zero gravicy” validation of ground developments. Martin Marietta, in
another IR&D program has developed a Storable Fluid Management
Demonstration (SFMD) device, to transfer fluids in the Orbiter mid-deck
between calibrated supply and recelver tanks, and NASA has scheduled the
SFMD experiment on a 1984 flight, A NASA cargo bay demonstration had
been scheduled at the time of the Phase 1 effort and that experiment was
conducted successfully during October, 1984, Martin Marietta has
recommended a cargo bay experiment to transfer propellants from a
multiple set of Shuttle reaction control system (RCS) tanks to a Mark II
propulsion module, and this experiment, demenstrating onorbit transfer
capability using proven flight systems, designed for transfer, would
serve to extend confidence 1in potential users of the eventual routine
capability to conduct satellite life extending onorbit
propellant/pressurant resupply. Experiment was recommended to be
conducted in 1987,

Further recommended cnorbit fluid transfer validation tests included STS
fluid transfer tests of the Teleoperated Maneuvering System (TMS) now
OMV, using fluid tanks specifically designed for OMV onorbit fluid
resupply.

Finally, Space Station fluild transfer validation tests must be

conducted, including checkout of a Space Station fluid resupply depot,

to demonstrate capabllity to receive and store flulds on orbit and to be
able tn transfer flulds to OMV and to other spacecraft requiring fueling,

Cryogenic fluid transfer technology development requirements are even
more complex and will require extensive ground development efforts to
resolve the critical problems of transferring super~cooled fluids
onorbit. Martin Marietta is presently conducting 2 preliminary design
of the Cryogenic Fluid Management Facility, a test pallet being designed
as an STS onorbit laboratory, capable of conducting the full range of
cryogenic flulid management experiments required to ensure effective and
efficlent storage and transfer of liquid oxygen, hydrogen and other
supercooled fluids. These experiments are tentatively scheduled for
flights commencing in 1987. As is true for storable fluids, recommended
Space Statilon cryogenic fluid transfer validation tests are included in
Figure 1.3.4-2,
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1.3.5

Task 1 Mission Definition — Satellite Servicing Accommodation Needs -
Phase 1

Space Station accommodation needs were generated using the results of
requirements derived, during functional analyses of servicing scenarios
and TDMs. The identification of specific Space Station requirements,
outlined previously in Paragraph 1.3.3, enabled conceptual development
and evaluation of Space Station elements and support equipment. A
summary of those activities will be presented herein.

TDM 7, Maintenance and Madule Replacement, will be used to summarize the
process used in developing conceptual accommodation needs. A top level
functional analysis of this TDM is presented at Figure 1.3.5-1,
highlighting major servicing scenario activities, and derived
requirements. The primary servicing objectives of TDM 7 were: 1) to
demonstrate retrieval of the Advanced X-Ray Astrophysics Facility (AXAF)
from its operational orbit and return to the Space Station; 2)
validation of a general purpose robotic servicer in a service hangar,
and 3) repalr and resupply of AXAF subsystems.

AXAF was chosen primarily because onorbit servicing is a strong feature
of this spacecraft's design. As shown in Figure 1.3.5-2, the initial
AXAF design includes provisions for replacing a number of spacecraft and
scientific instrument modules onorbit, and configuration for
accessibility to perform servicing activities.

A design concept for the servicing facility needed to accommodate AXAF
servicing at the Space Station was developed, taking into account the
multiplicity of requirements derived from AXAF and from the other seven
TDMs. A view of the overall satellite servicing hangar and a closeup of
the interior of the hangar with some of the support equipment 1s shown
at Figure 1.3,5-3, A dominant feature of the enclosed servicing hangar
18 a carousel mechanism on which the satellite belng serviced can be
rotated 360°. Also shown is a translatable work stationm, capable of
moving the astronaut around the entire length of the service hangar.
Within the service hangar, a payload cradle or carriage mechanism
provides support to the AXAF, and lights, video and contamination
monitors support the astronaut in performing the complex servicing
tasks. Figure 1.3.5-4 provides another concept of a multiple position
translation carrlage that supports horizontal movement of the astionaut
and increases the work volume available while fixed in a foot restraint
work platform. This figure displays the potential for automating
servicing processes which evolve Iinto frequent, standard work tasks on
satellites with multiple interfaces, modular subsystems and Orbital
Replacement Units (ORUs). Automation of many servicing activities is
feasible, and in fact, automation of some repetitive, hazardous
activities, such as propellant resupply of OMV and visiting spacecraft
may require automation to remove contamination threats to astronauts
performing the mission manually.
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1.3.6 Programmatic Analyses - Phase 1

Programmatic analysis activities for the Phase 1 satellite servicing
study included an assessment of relative cost/benefit of generic
servicing tasks, technclogy development schedules, TDM schedules and TDM
implementation costs,

Economic benefit analyses were conducted comparing servicing based at
the Space station versus using the STS to conduct servicing. Results of
that analysis are shown in Figure 1,3.6-1, The marginal cost shown is
the additional cost of providing the capability at Space Station,
Similarly, economic bhenefits are primarily derived from transportation
cost avoldance. These benefits come from avoidance of STS flight costs
from earth to orbit and costs incurred in using expendable upper

stages. For Space Station delivery and retrieval missions, primary cost
benefits are achieved with space-based reusable OMVs and 0TVs. From the
figure 1t is clear that delivery of payloads to geostationary orbit
provided maximum benefit, low earth orbit servicing and delivery are
less cost beneficilal, and servicing at GEO provides minimum economic
benefit.

A major scheduling activity was the time-phasing of previously
identified critical satellite servicing technology development., Through
examination of the Technology Development Plan and surveys of the status
of various elements of each of the technology 1lssues, an estimate of the
time~phasing of technology development was prepared. This technology
evelopment schedule ig provided in Figure 1.3.6-2. The TMS (OMV) was
projected to be available in 1986, during the Phase 1 study period, and
as will be seen in the Phase 2 summary, this has changed substantially.
The time line for OTV development is shown, and it, too, has changed
significantly. Space Automation advances are shown for a Space Station
crane, a TMS (OMV) servicer, for remote servicing operations, and
finally, a fully automated Space Station general purpose servicer to
conduct fully automated operations in the servicing hangar.

A third programmatic study task was to provide an estimate of the
relative time in which the eight TDMs could be conducted to demonstrate
the capability to perform servicing at th. Space Station. This schedule
is shown in Figure 1.3.6-3. The assembly of the Space Station satellite
servicing support area is the initial TDM, as all other require its
completion as a precursor activity. As quickly as the service support
area and the reusable OMV are complete and validated, TDMs 2 & 6 can be
conducted. In fact, as will be shown in Phase 2, 1f certain precursor
activities are demonstrated on a slightly improved schedule, TDM 7, the
AXAF retrieval/repair missions could be performed in late 1991, 1in case
of an early failure of major AXAF components. TDM 8, a mission to
resupply fuel on a spacecraft at GEO, will require development and
validation of the UTV, It wil, also require the development and
validation of an intelligent front end for OMV capable of conducting
remote, teleoperated servicing operations at GEO, and the capability to
mate OMV/OTV and fly out and return from GEO, This schedule appeared to
be realistic and achievable during the Phase 1 study, assuming
appropriate resources were allocated both to required technology
development and TDM implementationm.
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The final cost related study task was to estimate the cost of
implementing the TDMs, The Martin Marietta approach to this task is
shown on Figure 1.3.6-4. Wherever possible, TDMs were scheduled to be
implemented with actual cperational or planned satellite missions. For
instance, the AXAF program plauners were planning to launch in 1991 and
perform servicing activities every three years over 15 years. It
appeared chat the overall cost of demonstrating satellice servicing
capability at the Space Station could be reduced by; 1) not duplicating
unnecessary simulated servicing prototype equipment and 2) shering the
actual cost of the servicing Jdemonstration mission with the user. In
the case of the AXAF mission, which demonstrates retrieval of spacecraft
remote from the Space station and also demonstrates capabllity of using
a servicing hangar at the Space atation for major satellite repair
operations, $22 million of the servicing demonstration is paid by the
user, as the spacecraft is built and costs are already invested. The
Space Station common costs are shown and include only those cost
elements unique to the AXAF servicing missions. Thus, the TDM unique
costs are relatively low, including operations support, planning, and
some experiment hardware and support equipment. This cost assessment 1s
an example of the expected cost benefit of conducting TDMs, using
operational or planned satellites for servicing in the future at Space
Station.

Conclusions - Phase 1

The eight-month Phase 1 study was completed and presented to NASA MSFC
in May, 1983, The general conclusions derived from the effort dedicated
to the study contract are summarized below:

a. Our servicing task analysis process identified a full spectrum of
Space Station satellite servicing mission sets (tasks and related
cervicing locatlions) that will require proof-of-concept capability
demonstrations at the Space Station. Our supporting cost/benefit
analysis suggests the priority for which servicing capability
demonstration might be provided. If deployment/assembly of the
satellite servicing support area is to be implemented under the
augspices of a TDM, it should be the first TDM., In terms of capture
of cost beneficial missions, orbit transfer, specifically delivery
of payloads tc high energy transfer orbits and low energy transfer
orbits, would be next. The present state of technology development
suggests that the low energy transfer vehicle, OMV, will be
available before the high energy upper stage, OTV, even though our
cost/benefit analysis which shows that payload delivery to GEOQ has
a higher cost/benefit ratio than delivery to low earth orbit,
Earliest deployment of a space-~based reusable OMV at Space Station
will allow capture of LEO delivery missions, and development of OMV
kits will enable capture of LEO satellites and repalr or resupply
in situ, for retrieval and return to Space Station for repair and
;Esupply. Our analysis supports early development of a
space-based, reusable OTV for capture of highly cost beneficial GEO
missions, to be performed from Space station rather than STS.
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Our selection of eight TDMs demonstrated all of the required Space
Station servicing tasks, servicing locations and specialized
scenarios identified by the satellite servicinyg contractors or by
NASA/MSFC,

The Space Station Mission Model (developed by Martin Marietta for
the Phase 1 contract) provided nearly 400 satellite servicing
opportunities. for the decade of the 1990s, and offers many early
I0C satellite servicing carndidates for TDM selection,

Our assessment of Space station requirements for TDM implementation
established a high degree of commonality for Space Station
elements, service hangars, storage facilities, berthing and fluid
storage/transfer depots and support equipment for all of the eight
TDMs. This observation supports ongoing NASA initiatives to
continue to develop standard interfaces for Space Station (and STS)
servicing operations, Definition and development of standard
interfaces and common support equipment for servicing at Space
Statinn will reduce the cost to provide Space Station support
equipment, and minimize cost to users, Costs to spacecraft users
can be reduced by providing standard interfaces purchased in cost
efficient quantities and, where appropriate, provided as government
furnished equipment (GFE).

This study identified key servicing issues that should be resolved
to guide further study activities and to support satellite
servicing planning activities,

The TDM cost analysis supported the assertion that using
operational or planned satellites for servicing demonstrations will
reduce the overall cost of demonstrating satellite servicing
capabilities at the Space Station.

Study results show that the Space Station will provide: 1) an
effective and flexible "test bed” for demonstration of servicing
capability and procedures at the manned Space Station initially,
and 2) capacity for expansion of servicing capability at remote "in
situ” locations at both low earth orbits (LEO) and high earth
orbits (HEO) including GEO.
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2.2

PHASE 2 OVERVIEW

Purpose of Satellite 3ervicing Study - Phase 2

IR L PR LN

The purpose of Phase 2 of the Satellite Servicing Study was to expand
and refine the overall understanding of how best to use the manned Space
Station as a test bed for demonstration of satellite servicing

By selecting five specific, high priority Technology
Development Missions (TDM), and conducting functional and operational
analyses on the TDMs, servicing requirements for Space Station
components and support equipment were to be refined and clarified.
Specifically, the purpose of Phase 2 was to improve the definition of
accommodation requirements necessary to support servicing missions, and
to develop an integrated Technology Development and Flight Experiment
Plan, to outline a time-phased schedule for ground development and
onorbit/validation of technology required for servicing at Space

This study was to build on the study results of the initial
satellite servicing contract, Phase 1,

capabilities.

Station.

Ground Ruies - Phase 2

Ground rules for the Phase 2 study were provided by NASA and are shown

below:

a. Use applicable data and results from previous and current studies;

b. Use the STS as the delivery vehicle for servicing elements needed
at the Space Station for conduct of TDMs;

¢. A~ early Space Station is to be operational in 1991;
d. The OMV will be availible to support onorbit operations;

e. Cost estimates for technology development and TDM implementation is

to be supported by ground rules and assumptions;

f. The STS will be available for appropriate early TDM precursor

activities.

These ground rules and guidelines were followed in every aspect of Phase

2 study activities.
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STUDY OBJECTIVES ~ PHASE 2

There were four major study objectives defined for the Phase 2 contract.,

The first primary study objective was to define the test bed role of an
early (1991-1995) manned Space Station in supporting the technology
development required to conduct satellite servicing at the Space
Station. Previous studies, including the Phase 1 study, and the Martin
Marietta study, Space Station needs attributes and Architectural
options, have concluded that substantial cost savings will accrue from
performing servicing operations at or from the Space Station. These
cost savings will result from: 1) use of space-based reusable low
energy (OMV) and high energy (OTV) upper stages at the Space Station for
initial delivery of payloads into operational orbits and retrieval of
malfunctioning satellites for repair at Space Station (a direct
extension of the benefits derived from using the reusable stages of
STS); 2) repair or resupply operations at the Space Station (eliminating
the need to develop and deliver a new satellite); and 3) conduct of
similar repair and resupply operations remote from the Space Station (at
low earth and high earth orbits) with reusable OMVs, OTVs and front end
service support kits or systems. In addition, a properly configured and
accommodated Space Station will provide a servicing capablility otherwise
not attainable. Presently, scientific platforms and payloads are
limited to the size of the STS cargo bay. Space Station will enable
both assembly of very large spacecraft and onorbit assembly of large
space structures elther for experimental or operational use.

The second objective was to select five top priority TDMs and define
them in detail. TDM definition was to include functional and
operational analyses, leading to derivation of requirements and
identification of servicing accommodations,

The third objective was to evaluate the impact of satellite servicing
operations on the Space Station, the Space Shuttle and OMV, This
objective was primarily intended to ensure that operations involving
Space Shuttle and the OMV were documented and interfaces and
interactions well detailed.

The last major objective was to attempt to determine the interest of
commercial space operators in using the servicing capabilities to be
developed on Space Station, and, 1f possible, assess the potential
user's iInterest in contributing financlally to acquisition of these
capablilities.
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APPROACH - PHASE 2

The approach used in conducting the Phase 2 satellite servicing study is
shown in Figure 4,0-1,

TDM selection was the first step in the study process and was supported

by the work accomplished by all four Phase 1 studies, including the
large space structures and OTV servicing study. Using all of the TDMs
identified by the four contractors, we devised selection criteria and
evaluated each of the TDMs to rank order them with regard to value added
to servicing at the Space Station. The selected TDMs were reviewed with
NASA/MSFC to secure their concurrence,

The detalled definition cof selected TDMs was supported by a number of
previous STS and Space Station-related studies., Studies and reports on
the specific satellites selected for TDM, such as the Advanced X~Ray
Astrophysics Facility (AXAF), Electrophoresis Operations in Space (EOS)
and the Large Deployable Reflector (LDR), were reviewed and provided
excellent support to this study.

Martin Marietta is presently performing a Phase A contract on the 0TV,
and a Phase B definition contract on OMV, Martin Marietta also designed
and developed the Manned Maneuvering Unit (MMU), developed the
procedures and provided astronaut training support for an actual planned
onorbit satellite servicing/repair mission conducted on the the Solar
Maximum satellite earlier this year. These servicing related contracts
and programs provided timely support to Increasing the realism of TDM
definition for the Phase 2 study.

The next sequential study task, using this approach, was to conduct an
analysis of Space Station design requirements, to enable design of
service support equipment capable of supporting proof of concept
servicing demonstrations, The results of this task supported
development of the Technology Development and Flight Experiment Plan and
the programmatics task of scheduling and costing TDM implementation.

Generation of the Technology Development and Flight Experiment Plan was
supported strongly and directly by identification of servicing precursor
technolczy development in Design Requirements Analysis, This precursur
technology included basic technology development in several areas such
as fluid transfer management, ground controlled, teleoperated docking
(for OMV/OTV), aero-assist braking (aerobrake) for OTV, development of
techniques and tools for onorbit assembly of adaptive mirror segments,
and a wide range of servicing-related automation advances, The Plan
also includes onorbit activities both with STS and at the Space Station,
needed to provide zero-gravity verification of appropriate technology
development advances such as cryogenlc fluld transfer management.
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The programmatics portion of the study was directly supported by TDM
Definition. The task included development of TDM schedules and TDM
costs., Costing ground rules were specified for costing of each TDM,
This was essential as the TDMs were significantly different. For each
TDM, costs were presented in three categories; 1) Space Station specific
costs; 2) user specific costs; and 3) unique costs specifically related
to the demonstration activities., One of the conclusions produced by
this approach was to demonstrate that TDM costs could be reduced by
sharing thelr costs with prospective users,

The approach used to complete the final task, industry evaluation of
satellite servicing at the Space Station, was to call and visit
potential commercial users of space to brief them on the anticipated
servicing capabilities at the early Space Station, and projection of
capabilities at a mature Space Station. These discussions provided
insights on plans for commercial operations and insights on planning for
servicing both at the STS and subsequently at Space Station., The
industrial firms included in this survey provided valuable viewpoints
related to the need for specific information to assist them in planning
for servicing at or from the Space Station.




5.0  SUMMARY RESULTS - PHASE 2

5.1 TDM Selection Process

The technology development mission selection process used in Phase 2 was
straightforward and effective. Subsequent comparisons of these TDMs
with evolving Space Station Mission Models have validated the high
priorities accorded to the missions., The selection process is
summarized on Figure 5.1-1.

The selection criteria are shown in priority rank order. Benefit to
- users was welghted highest, and number of potential users of the
specific servicing task was a consideration for this rating factor.
Degree of demonstration potential was also rated high and TDMs
demounstrating more than one servicing capability, such as payload
delivery and retrieval, and repair and resupply, were accorded higher
value in this rating factor than others.

TDM candidates included all those presented by the Phase 1 study
contractors; Martin Marietta, TRW, Boeing and 5Seneral Dynamics
Astronautics (GDA). Also included were a number of specific servicing
scenarios receiving some element of interest at that point in time, such
as "operations at a tethered fuel depot”.

These candidate TDMs, 23 in number, were individually evaluated by a
number of personnel with extensive Space Station and satellite servicing
experience and each TDM rating factor was normalized across all
evaluators. The resulting scores were compared and the top five
demonstration scenarios were selected., The fifth ranked TDM was a GEO

( delivery of a satellite with verification of OTV operations included.
At the TDM selection/validation meeting held at Martin Marietta Denver
Aerospace in October, 1983, MSFC directed replacement of that TDM with
an advanced automation servicing capability that would demonstrate the
evolution of servicing in a far term mature Space Station.

The selected TDMs are outlined in illustrated form in Figures 5.1-2 and
5.1-3. The highest rated TDM was a mission to resupply a free—flying
materials processing platform (MPP) within line-of-sight of the Space
Station. The second ranked TDM was a mission designed to retrieve a
free-flying satellite from its operational orbit with an OMV, return it
to a gservice hangar at the Space Station, conduct extensive repair and
resupply activities on it, and return the satellite to its operational
orbit. The AXAF sysiem was selected for this mission because it is
ideally configured for these types of servicing tasks, and is currently
scheduled for planned maintenance within the period of the early Space
Station operations.
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The third TDM demonstrates one of three servicing categories of interest
initially outlined by MSFC during Phase 1 and continued during the Phase
2 contract, The three categories were: 1) Space Station
Assembly/Modification; 2) Large Spacecraft Assembly Onorbit; and 3)
servicing and repalr of satellites at the Space Station, This TDM
demonstrates Space Station modification capability. The TDM scenario is
assembly of the satellite servicing support area, as this type of
mission would add clarity to the definition of specific servicing
elements and support equipment required for servicing at Space Station.
This objective was clearly achileved.

The objective of TDM 4 was to examine the second major MSFC area of
gervicing interest, the assembly of large spacecraft in orbit. The
number of credible candidates for this mission was very low, and the
assembly of the Large Deployable Reflector (LDR) was chosen for two
reasons., First, the project was the best defined of those considered,
with many related studies available, including some consideration of the
assembly problems assocliated with this mission. Secondly, it 1is an
extremely challenging onorbtit assembly sequence, and definition of this
assembly process would add clarity to the identification of Space
Station accommodation needs.

For the final TDM, MSFC requested Martin Marietta to explore the
possibilities offered by space automation to define a servicing scenario
for the late 1990s, to demonstrate servicing opportunities potentially
available at an evolving mature Space Station. Using the results of an
internal independent research and development effort already underway as
a starting point, TDM 5 was developed. This technvlogy development
mission was designed to 1llustrate the capability of an advanced
technology servicer to conduct nearly autonomous operations, under human
"gupervisory control”, at a disabled satellite in geostationary orbit,

These were the five TDMs approved by NASA MSFC for detailed definitiom
in the Phase 2 portion of the satellite servicing contract.

TDM Definition

The TDM definition task was interpreted by Martin Marietta to include a

thorough description of the missiin and the servicing capabilities to be
demonstrated by each TDM, The rvey.ence of events for each was outlined

to display the results of functional and operational analyses.

The event sequencing included a breakout of pre-mission activities,
direct TDM mission activities, and post mission activities.

Pre~mission activities were defined as activities directly related to
the conduct of the mission, but not labeled as precursor activities,
These were subsequently defined. Mission activities were those
activities included directly in the actual conduct of the servicing
demonstration. Post-mission activities were those activities, following
completion of the mission, that would be required to ensure continued
orderly Space Station operation such as, cleanup operations, return to
earth of TDM residuals, i.e., processed modules, specific TDM equipment,
tools, etc.

i o



5.2.1

The TDM event sequencing included a description of activities, crew
involvement, support equipment required, event time and elapsed times,
For each TDM, servicing requirements derived from the function and
operational analyses, were collected as input to the Design Requirements
Analysis Task.

In addition, all precursor activities including; 1) basic technology
development requirements (technology startups, accelerations); 2) STS
flight experiments required to support onorbit or zero-gravity
validation of the appropriated technology development; and 3) Space
Station validation of equipments and operations concepts for conduct of
each of the TDMs, were identified and provided as inputs to the
Technology Development and Flight Experiment Plan.

TDM 1 - Resupply of Materials Prccessing Platform (MPP)

This mission was rated highest primarily because of a belief that
interest in commercial operations in space will accelerate with the
reality of a near term Space Station., Discussions with McDonnell
Douglas Astronautics Corporation (MDAC) planners assoclated with
experimental Electrophoresis Operations in Space (E0S) activities,
revealed plans for a number of orbiting platforms requiring frequent
resupply of raw materials. The MDAC schedule would have some of these
platforms onorbit requiring servicing priur to the advent of initial
Space Station operations, making these missions _ stentially the highest
priority missions to attempt to capture., There could readily be a
ciustomer fully prepared to pay for the servicing economy inherent in
“his type of mission.

The Resupply of Freze Flying Materials Processing Platform (MPP) mission
is8 outlined in Figure 5.2.1-1, This mission will be described in a
greatly compacted format for this executive summary, TDMs 2 and 5 will
be expanded to display the level »f effort extended to all five TDMs
during this phase of the study.

The activities for this mission are summarized in five genetic event
saquences. First, all mission events required to prepare an OMV and a
replacement module trangporter (as a “Transfer Stack”) for transport to
the remote processing platform were outlined. Next, the mated OMV and
front end module transport kit was maneuvered away from the Space
Station, using proximity operations maneuvering motors. This action
sequence was followed by the OMV transfer operations needed to
rendezvous with the MPP and dock the Transfer Stack (OMV and Module
Transporter) with the MPP,

Figure 5.2.1-2 illustrates the MPP and docked OMV, and supports
description of the highlights of this TDM,
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5.2.2

Shown on the illustration is a postulated free flying platform with four
EOS materials processing factories. This platform is configured with a
remotely teleoperated manipulator system (RMS), capable of circular
translation around the platform, with access to all of the factories for
replacement of modules. The MPP RMS 18 commanded to remove a processed
module from one of the EOS processors i ! stow it temporarily on the
platform. The RMS is next teleoperatad from Space Station Mission
Control (as the MPP is within radio frequency line of sight (RF L0S)),
to translate to the OMV/Module Transporter, to extract a new raw
material processing unit and install it in the processing system. The
same sequence of events is followed to achieve refurbishment of all four
materlals processing systems,

The remainder of the mission 1is essentially a reverse of the previous
operations, including return of the Transfer Stack to the Space Stationm,
demating and reberthing., There i1s, of course, one lmportant additional
phase of activities. The OMV is a reusable upper stage and must be
refurbished, with all essential cctions taken to prepare it for a
follow-on m!suion, t/ior to reberthing i1t. The same 1s true for the
module transy: cter,

TDM 2 - Retrieve/Repair AXAF at Space Station

This TDM was rated high initially because of the multiple servicing
tasks demonstrated by it. These include satellite retrieval from orbit
and return (delivery) to operational orbit, resupply operations at Space
Station including module replacement, and instrument bottle/tank
replacement (or fluid transfer), and maintenance activities including
preventive maintenance in battery replacements and replacement of other
equipment expendables, repair of a variety of potential faillures,
possible refurbishment of antennas and solar arrays (given technology
advancements), and finally potential retrofit of new instrument or
spacecraft systems. A number of candidates were considered for this
mission and the Advanced X~ray Astrophysics Facility (AXAF) was selected
because of the extensive level of onorbit servicing already included in
the planning for the mission.

TDM 2, AXAF retrieval and repair at Space Station, is illustrated on
Figure 5.2.2~1, The major activity sequences as shown are: 1) the
retrieval of AXAF from a degraded low earth orbit (205 nautical miles)
with OMV; 2) the completion of a large number of potential resupply and
maintenance activities conducted on the AXAF while berthed in the Space
Station servicing hangar; 3) the return of AXAF to its correct
operational orbit; and 4) the return of OMV to Space Station and

refurbishment prior to reberthing.
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A representative Space Statlion satellite servicing support area was
developed to facilitate description of the servicing activities. This
configuration, shown at Figure 5.2.2-2, 18 differcnt than the
configuration shown for TDM 1, primarily because it 1s a planar
configuration with all servicing components situated in one plane
aligned along the Space Station velocity vector.

A number of related ground and space-based pre-mission tasks were
identified for this task u. 1 they are shown on Table 5.2.2-1, These
activities include tasks required to prepare for initiation of the TDM.
They include getting the required mission specific tools, equipment, and
replacement parts to the Space Station, developing and validating
procedures and conducting pre-mission training and simulation activities,

An overview of the actual TDM 2 mission activity sequence is shown on
Table 5.2.2-2. These activities include OMV preparation for orbit which
is primarily checkout of the fueled transfer vehicle and is conducted
from an OMV operations panel in Space Station Miesion Control (SSMC).
The OMV is then transferred to a Space Station deployment point, with an
IVA astronaut conducting Space Station RMS (SSRMS) operations. The OMV
console operator transfers OMV from Space Station to a safe launch
initiation position, using inert gas to minimize contamination from main
engine(s) fuel residuals.

Control of OMV is then transferred to SSGC (ground contvol) and the OMV
launch 1s Initiated to place OMV in close proximity to AXAF. The
rendezvous with AXAF is accomplished by: 1) on—-board collection of OMV
position data from Global Positioning System (GPS), 2) on—board
collection of AXAF position data from ground tracking through TDRSS, and
use of new guidance, navigation and control (GN&C) algorithms to affect
the rendezvous. Docking with AXAF is then accomplished using
ground—controlled teleoperation.

SSGC next returns the mated OMV/AXAF to the Space Station, and through a
directly reverse process, OMV is returned to the service hangar for
refurbishment in preparation for reinserting AXAF to a new operational
crbit. AXAF 1s then transferred, using SSRMS, to the service hangar,
and readied for service operatious.

As shown on Table 5.2.2-2, these refurbishment or repair operations
could require anywhere from one or two days, to as many as eight to ten,
depending on how much resupply and refurbishment repair 1s required on
the first planned AXAF mission., Also shown, is the overview cf the
timeline of the remainder of the AXAF mission. The actual TDM mission
timeline reflects a total of approximately 10 hours, and whatever time
the repair mission actually requires.
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’ RETRIEVE AUVANCED X-RAY ASTROPHYSICS FACILITY (AXAF) FROM LOW EARTH ORBIT,
FERRY TO SPACE STATION,
. CONDUCT SERVICING OPERATIONS AT SPACE STATION MAINTENANCE FACILITY --
REPLACE SCIENCE INSTRUMENT ORUS ('3 MAXIMUM)
- REPLACE DEPLETED INSTRUMENT GAS BOTTLES WITH ZHARGED BOTTLES (5
BOTTLES)
REPLACE SPACECRAFT SUBSYSTEM ORUSs (16 MAXIMUM)
[ ] RETURN AXAF TO OPERATIONAL ORBIT WITH OMV,
0 RETURN OMV TO SPACE STATION AND REFURBTSH,
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Servicing
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Figure 5.2.2-2 AXAF Repair/Resupply



Table 5.2.2-1 Related Pre-Mission Tasks

GROUND BASED:

& IDENTIFY REQUIRED SUPPORT EAUIPMENT, TOOLS -- DESIGN, TEST, AND
DELIVER TO SPACE STATION.

e DELIVER RESUPPLY MODULES, GAS BOTTLES, BATTERIES, ETC, TO SPACE
STATION,

e DEVELOP AND VALIDATE OPERATIONAL PROCEDURES/CONDUCT TRAINING,

o PLAN/COORDINATE TDM ACTIVITIES/TIMELINES, COORDINATE WITH AXAF
MISSION CONTROL.

SPACE STATION:
e RECEIVE, TEST AND STORE REPAIR EQUIPMENT. TOOLS FOR REPAIR MISSION.

® RECEIVE, STORE AXAF RESUPPLY MODULES, GAS BOTTLES, BATTERIES.

¢ ASSIST IN DEVELOPING OPERATIONAL PROCEDURES, CONDUCT TRAINING AND
PERFORM REALISTIC SIMULATION ACTIVITIES,

Table 5.2.2-2 AXAF Retrieve/Repair Mission Timeline
SEQUENCE TIME MISSION ELAPSED

MISSION SEQUENCE
CHECKOUT QMV FOR AXAF RETRIEVAL 0.5 0.5
6ﬁONSFER OMV TO STANDOFF LAUNCH POSITION 0.3 0.8
ORBIT TRANSFER/RENDEZVOUS WITH AXAF 1.0 1.8
mv DOCK W 0.1 1.9
0 V/AXAF ORBI& TRANSFER/RENDEZVOUS WITH 1.0 2.9
AXAF BERTHED TO SPACE STATION SERVICING
CAROUSEL . 0.5 3.4
OMV BERTHED TO SPACE STATION 0.3 (PARALLEL ACTIVITY)
0.3 (PARALLEL ACTIVITY)
Y REFUELED, REFURBISHED, STORED 3.2 (PARALLEL ACTIVITY)
AXAF REPAIRED/REFURBISHED, REPLENISh:D
(EVA) 1-10 DAYS ===
CHECKOUT OMy FOR AXAF RETURN 0.5 3.9 + AXAF REPAIR
OMV MATED WITH AXAF 0.3 4.2 + AXAF REPAIR
OMV/AXAF TRANSFER TO STANDOFF LAUNCH
POSITION 0.3 4.5 + AXAF REPAIR
OMV/AXAF TRANSFER TO AXAF OPERATIONAL
ORBIT 0.8 5.3 + AXAF REPAIR
AXAF SEPARATED FROM OMV 0.2 5.5 + AXAF REPAIR
OMV ORBIT _TRANSFER/RENDEZVOUS WITH
SPACE _STATION 1.0 6.5 + AXAF REPAIR
QMV BERTHED TO SPACE STATION 0.3 6.8 + AXAF REPAIR
OMV REFUELED, REFURBISHED, RESTORED 3.2 10.0 + AXAF REPAIR
MISSION COMPLETE 10.0 + AXAF REPAIR
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Throughout the 18 month period of performance of this study contract,
Martin Marietta communicated frequently with the AXAF program office,
particularly with a group associated with servicing plans for AXAF, An
AXAF servicing document entitled, "AXAF Maintenance and Repair
Concepts", NASA/MSFC, AXAF-004, April, 1984, provided excellent support
to the TDM 2 definition task. As shown in Figure 5.2.2-3, the AXAF
satellite, including spacecraft/sclentific instrument elements, is
configured extensively for servicing. AXAF planners are currently
considering five servicing missions over a 15 year period of operationms,
including final retrieval and return to earth. The spacecraft and
sclentific systems have been designed with addressibility to essentially
every system component. Table 5.2.2-3 highlights the level of servicing
activities being considered by AXAF planners., Spacecraft subsystems to
be configured for onorbit replacement total 18 in number, including
systems such as the solar arrays and the aspect sensor assembly.
Replacement of the aspect sensor assembly will be a challenging
servicing task, principally because of sensor handling activities
requiring realignment of the mirror assembly and the necessity for
stringent contamination control during operations. In addition,
servicing planners have considered 23 science instrument subsystems for
onorbit replacement, and are considering development of orbital
replacement units (ORUs) for each of these.

Thus, an estimation of specific AXAF servicing time for the first AXAF
mission is premature at this time. However, a series of eight EVA
activity days were detailed to investigate the operational aspects of
this servicing demonstration mission and to refine estimates of Space
Station requirements and accommodations. An example of this analysis is
gshown in Table 5.2.2-4, This 1s the second planned EVA day, and this
day 1is dedicated to removal of faulty sclentific instrument ORUs,
(recall that AXAF is configured for replacement of 23 of these subsystem
elements). The operational timeline includes EVA preparation, transit
to the service hangar and ORU replacement time. Estimates were based on
experience gained on Solar Maximum ORU replacement.

Upon completion of AXAF servicing, return to orbit, and return of OMV to
Space Station for refurbishment and reberthing, the actual TDM activity
is complete.

AXAF post mission tasks are limited in scope. The mission specific
equipment including an AXAF ORU carrier, a rotating carousel containing
all AXAF ORUs situated temporarily in the service facility for
convenient presentation of ORUs to the astronauts (see Figure 5.2.2-2),
must be returned to earth to avolid unnecessary accumulation at Space
Station. Also, OMV fuels and pressurant levels must be retained at
proper levels, so these may require replenishment. Finally, this
mission is a multi-service oriented mission, with a large number of
"lessons learned” anticipated. The equipment and operations used in the
mission will be thoroughly reviewed to refine related follow-on missions.
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Focsl Plane Instruments

Soler Arrays (2) -
Polerimeter

Communications/ Deta -~
Antennas (2)

Subsystem Elements

C & Dvta [
Attitude Control Module
R Whee! & A

Aspect Sensor Assembly

2)

*From NASA/MSFC, April, 1984, AXAF 004, Electrical Power Module

“AXAF M&R Concepts ‘ Sig Cond & Cont/Sci Inst Support Elex Module

Figure 5.2.2-3 Current AXAF ORU Baseline

Table 5.2.2-3 AXAF ORU Equipment Complement

ELECTRONKC GAS SLPALY
SCENGE PSTRUMENTS
SN Dk ey SPACECRAF T SBSYSTEMS

SCCU/SISE- SIGNAL CONDITIONING AND CONTROL
UNIT/ SCIENCE INSTRUMENT SUPPORT

ELECTRONICS
MR1- MODERATE RESOLUTION IMAGER 2 2 2 ACS- ATTITUDE CONTROL SYSTEM
HRDS - HIGH RESOLUTION DISPERSIVE SPECTROMETER 1 1 2 CAOH- COMMUNICATIONS AND DATA HANDLING
MRS- MODERATE RESOLUTION SPECTROMETER 1 1 EPS- ELECTRICAL POWER SYSTEM
FPP- FOCAL PLANE POLARIMETER 1 1 1 REACTION W-EEL
HRT- HIGH RESOLUTION IMAGER 3 3 INERTIAL REFERENCE BASE
MPC- MONITOR PROPORTIONAL COUNTER 1 1 SOLAR ARRAYS

MAGNE TIC TORQUER
TOTAL ASPECT SENSOR
ANTENNAS

TOTAL

TOTAL NUMEER (F RERLACEABLE MOOWLES: 41
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During detailed definition of TDM 2, a number of "precursor" activities
were ildentified. Precursor activities are defined as those technology
development and requisite onorbit technology verification enterprises
that must be undertaken or completed to enable conduct of the TDM., For
the AXAF retrieval/repair mission, those precursor activities are shown
in Table 5.2.2-5. A space-based reusable OMV must be developed, tested
repeatedly in various STS flight experiments, and validated for
operations at Space Station, utilizing the accommodations provided at
Space Station to support OMV operations. OMV onorbit operations are
dependent on resolution of fluid transfer management issues, including
onorbit fluid transfer, mass gauging, leak proof quick disconnects, and
onorbit storage of both storable and cryogenics.

Another precursor technology activity that must be initiated on the
ground, and then space validated, 1s the design and development of the
Space Station service support area. Though perhaps an obvious precursor
activity, it 18 included to ensure full precursor description.

For AXAF, the design and development of the ORU carrier must be
completed to enable conduct of this TDM. Every effort should be made to
ensure use of standard tools being developed for similar missions, such
as for Space Telescope on the STS,

STS Flight Experiments are a second category of TDM precursor
activities. Those new technology starts requiring onorbit validation,
such as fluld transfer, can be accommodated efficiently by STS flight
experiments. Demonstrations of onorbit refueling of OMV will be
performed using the STS., Demonstrations of fuel transfer from Space
Station fuel storage depots are logical STS flight experiment
candidates. Docking and berthing of the OMV, mating of the OMV and
free~flying satellites, and OMV/Space Station proximity operations are
additional flight experiment initiatives.

Space Station validation of satellite servicing support elements and
equipment will also be required prior to initiation of the AXAF
resupply/repair TDM. The servicing support equipment; i.e., service
hangar, OMV berth, storage hangars/facilities and fluid depots must be
installed and appropriately tested/exercised. Special AXAF support
equipment must be delivered to Space Statlon and verified using exercise
scenarios,

A final phase of precursor activities at the Space Station 1s a
recommended simulation of the actual AXAF repair mission. Solar Maximum
repalr mission "lessons learned", suggests the modification of a
SPAS-type pallet to create a high-~fidelity mockup of AXAF. This mockup
would require AXAF/OMV, AXAF service hangar and AXAF/ORU interfaces to
enable Space Station proximity operations testing. The OMV would deploy
to retrieve the mockup and return it to the service facility. Servicing
gsimulation activities, including ORU replacement and antenna or solar
array replacement/refurbishment, would then be conducted on the AXAF
mockup in the service hangar.

5-13 '



ORIGINAL Pal. .
OF POOR GUALITY

Table 5.2.2-4 AXAF Module Replacement Operational Timeline

CONTROL  EVENT  ELAPSED SUPPORT CONTROL  KVENT  ELAPSED SUPPORT
EVENT REM  MAN AUTO TIME  TIME  EQUIPHENT EVINT CREM  MAK AUTO TINE  TIME  EQUIPMENT
MOVE 2 VA ASTRONAUTS FROM 2 EVA, 100 I HIN 0433 8BS MMS o EVA #1 DISCONNLCTS 1 EVA, w0 13 HIN 2¢15  SERVICING RMS
AIRLOCK TO SERVICING 1 IVA CONTROL/ HRDS HODULE L tvA HODULE SERVICE
FACILITY 5 RMS To0L
PREPARE TO SERVICE AXAF o EVA #2 ROTATES RESUPPLY 1 EVA 100 S MIN 2415 MODULE RESUP-
CAROUSEL PLY CAROUSEL
o GET PROFIR TOOLS 100 10 KIN 0433
o EVA #2 REMOVES 1EVA 100 10 MIN 2415 HODULE
o MOUN™ MFR TO SPRVICING 100 10 MIN 04335 BERVICING RMS REPLACEMENT HRDS MODULE AESUPPLY
FACILITY RS FROM RESUPPLY CAROUSEL CAROUSEL
o EVA /1 MOUNTS MFR AND 2 EVA, 100 10 MIH 0445 GERVICING RMS | o EVA #1 REMOVES EXPEND- 2 EVA, 100 5 KIN  2¢20  SERVICING RMS
HOVES 70 SCIENCE L IVA ED HRDS HODULE FROM 1A HODULE SERVICE
INSTRUMENT HOUSING ON AXAF
AXAF
o MOVE EXPENDED HRDS TO 2 EVA, 100 10 MIN 2030 BERVICING RHS
SERVICE SCIENCE INSTRUMENTS RESUPPLY CAROUSEL 1 IVA HODULE SERVICE
TooL
o CPEN APT HINGED DOOK 2 EVA, 100 15 MIN 140C  SERVICING RMS
of Axar . 1w HODULL SERVICE | o EVA #2 PLACES EXPENDLD 1 EVA, 100 10 MIN 2040 HODULE
T00L HRDS MODULE IN RESUPPLY 1 IVA RESUPPLY
CAROUSEL CAROUSEL
o DISCONNECT MRS MODULE 1 EVA, 100 13 MIN 1415 SERVICING RMS
110vA MODULE SERVICE | o EVA #1 RETURNS T0 AFT 1 EVA 100 10 HIN 2440 SERVICING RMS
TO0L END OF AXAF WITH
REPLACEMENT HRDS MODULE
o EVA #2 REMOVES 1EVA 200 10 HIN 1418
REPLACENENT MRS MODULE o EVA #1 REPLACES AND 2 EVA, 100 20 KIN 3400 SERVICING RS
FRON RESUPPLY CARCUSEL CONNECTS REFLACEMENT 1 IVA MODULE SERVICE
HRDS HODULE IN AXA? T00L
o EVA f1 REMOVES EXPEND- 2 EVA, 100 S MIN 1420 SERVICING RMS
ED IRS MODULE FROK AXAF 1 IVA HODULE SERVICE | o REPEAT FOR EACK PAULTY/ 2 EVA, 100 AS RQD AS RQD
T00L SCHEDULED REPLACEMENT 1 IVA
INSTRUMENT
o MOVE LXPENDED MRS TO 2 EVA, 100 10 MIN 1430 SERVICING KMS
RESUPPLY CAROUSEL 1 IvA RETURN 2 EVA ASTRONAUTS TO 2 EVA, 100 IS MIN 6400 S5 RS
AIRLOCK 11va CONTHOL,
o EVA 42 PLACES EXPEND- 1 EVA, 100 10 MIN 1440 HODULE RESUP~ 58 RMS
ED }RS MODULE IN 11IvA PLY CAROUSEL

RESUPPLY CAROUGEL

o ZVA #1 RETURNS TO AFT 1 EVA 100 10 MIN 1440 SERVICING mMS
END OF AXAY WITH
REPLACEMENT MRS MODULE

0 EVA 41 REPLACES AND 2 EVA, 100 20 MIN 2400 SERVICING RMS
CONNECTS REPLACEMENT 11vA HODULE SERVICE
MRS MODULE IN AXAF ToOL

Table 5.2.2-5 Precursor Activities - Preliminary

o GROUND
- OMV-SAME AS MPP TOM, FUEL TRANSFER MANAGEMENT. STORAGE

- SPACE STATION SUPPORT AREA VALIDATION-SAME AS MPP TDM
- SERVICE HANGAR, FUEL DEPOT, OMV BERTH, STORAGE AREA

AXAF
- ORU CARRIER-DESIGN, DEVELOPMENT, TEST
- SPECIFIC TOOLS-DESIGN, DEVELOPMENT, TEST-(MAY BE NONE)

® STS FLICHT EXPERIMENTS/TESTS
- OMV-PREVIOUSLY DESCRIBED
- SERVICING SUPPORT AREA-FUEL TRANSFER/STORAGE TESTS-LOW LEVEL

- AXAF
- ORU CARRIER-ON ORBIT VALIDATION, OPERATIONAL PROCEDURES

- SPECIFIC TOOLS-TEST

® SPACE STATION VALIDATION
- OMV-RETRIEVAL OF MOCK AXAF SPACECRAFT
- DEPLOYMENT OF ORU CARRIER-VALIDATICN EXERCISES
- DEPLOYMENT OF SERVICING SUPPORT AREA (TDM 3), VALIDATION OF SERVICING

EGUIPMENT/OPERATIONAL SUPPORT
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5.2.3

These precursor activities represent a top level evaluation of the types
of technology development and flight experiments required to prepare for
the AXAF servicing demonstration mission, and this data served as an
input to the Technology Development and Flight Experiment Plan.

A final step in the definition of TDM 2 was the development of a
Technology/TDM Implementation Plan for the mission. Shown at Figure
5.2,2-4 is a time-phased program for development of the technology
required to conduct the TDM, and the schedule of activities required for
either NASA or a TDM contractor to implement the TDM, The figure
highlights AXAF, OMV and Space Station program milestones, and presents
the sequence of AXAF maintenance and repair activities; i.e., ground
developments, STS and Space Station validations that will be conducted
to prepare to conduct TDM 2., Also shown on the bottom of Figure 5.2,2-4
are the TDM implementation operations leading up to the demonstration
mission, tentatively set for 1994,

TDM 3 - Satellite Servicing Support Area Assembly

This TDM demonstrates the servicing capability of Space Station
modification. As previously stated, the servicing demonstration is one
of the three NASA identified areas of general servicing interest. The
specific task was modifying the Space Station by adding the satellite
servicing support area to an assembled Space Station, The servicing
elements added were; a satellite servicing hangar (cylindrically shaped,
30 feet by 70 feet), a storage facility (similar shape and scaled down
to 15 feet by 30 to 50 feet), a fluid storage/transfer depot and a
berthing station for OMV,

The mission was designed to enable transport of all assembly elements to
the Space Station in two STS flights, On the first flight, all
materials for a service strongback support structure, the service hangar
and the OMV berthing mechanism were loaded in two STS cargo canisters,
transferred to Space Station and deployed with the SSRMS to berthing
ports in close proximity to the asserbly location. The cargo canisters
were included to allow rapid removal of the assembly materials from STS,
to free it for return to earth, and to enable temporary storage of the
assembly materials., The assembly 18 projected to require a significant
amount of time and the container thus resolves storage problems for both
the STS and the Space Station. This container is also used in TDM 4,
and could be used in many TDM scenarios to return residuals to earth
when the mission 1s completed.

Phagse 1 of the Service Support Area Assembly is shown in Figure
5.2,3~1, The first deployable service strongback support element is
shown being removed from the first cargo canister by a dual-armed,
remotely operated SSRMS. The SSRMS is already installed on a tracked
system that enables the SSRMS full access to the Space Station. The
support element is then deployed by RMS teleoperation and attached to
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the nucleus of the Space Station. The automatic alignment, mating and
latching process 18 closely monitored by astronauts Iin close proximity,
and manual assist will be provided as appropriate. These elements are
30 feet long and five sections are connected to form a 150 feet long
support structure.

The next element assembled in this mission is the service hangar.
Assembly of the service hangar is represented on Figure 5.2,3-2, The
second cargo canister is shown loaded with service hangar assembly
elements and these elements are removed and transferred to the hangar
assembly area, The assembly operations are conducted with he
coordinated efforts of the SSMC (mission control) RMS operator operating
the dual arm, tracked manipulator, and supported by astronauts in EVA,
The astronauts will use the MMU until relocatable foot restraint
supports are available, and will then use foot restraints for improved
agsembly support capability, sans MMU, A rotatable spacecraft berthing
mechanism is attached first to the strongback. Then, payload bay like
cradle racks are attached, along with SSRMS track to provide RMS
accessibility to the assembly operation. Following installation of the
satellite servicing support equipment, including umbilicals, storage
racks, and translatable astronaut work stations, a circular shielding
materlial is assembled to provide micrometeoroid, thermal and radiation
shielding for satellites to be serviced in the hangar.

The third phase of this Space Station modification TDM 18 illustrated on
Figure 5.2.3-3. The shielded service hangar and OMV berthing ring are
shown attached to the service strongback support structure. The STS is
represented as docked at Space Station with the second cargo load for
this TDM. The dual-armed SSRMS has grappled the servicing storage
fac1lity, (assembled on earth as it is sized to be cargo bay
compatible), and will transfer it to an assembly point on the service
support structure. The storage hangar will be aligned for mating by the
SSRMS operator, and latched and checked by supporting astronaute in

EVA, The fuel depot, also shown in the STS, will be transierred
similarly to an assembly point just above the OMV berthing ring, and
gsecurely attached to the strongback support area.

Following attachment of each service element to the strongback, the
interface connections between elements and the strongback will be made.
Power, data handling, and fluid transfer connects will be made by
astronauts to provide required Space Station support to each of the
servicing elements.

This completes a top level representatiom of the TDM 3 activities, The
completed satellite servicing support areza is shown at Figure 5,2.3-4,

There were a number of major issues generated by the definitlon and
detailed description of this assembly TDM, First, top level trade
studies should be initiated to determine how the service strongback
should be configured, either deployable, executable or some hybrid
method. Secondly, it is recognized that a relocatable, or translatable
RMS will be required for servicing at the Space Station., Trade studies
are ongoing regarding optimal solutions to providing this capability. A
third issue relates to what degree, if any, of shielding will be
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5.2.4

required for servicing elements, Another major issue surrounds the
quostion eof how man can best be used, and best supported in conducting
assembly operations at Space Station, The assembly operations
envisloned for this mission indicate a substantial amount of required
EVA time. "In EVA operations”; according to Owen Garriot (communicated
in an Advanced Automation Panel conference at California Space Institute
in July, 1984), "man 18 about 107 as capable as he 1g in a shirt sleeve
environment”. This supports the position taken in this study that
advanced, automated manipulator systemns will be required to support
gservicing operations at Space Station and increase the effer ‘veness of
wan 1u this environment, The resolution of these significant assembly
support 1issues was beyond the scope of this contract.

TDM 4 - Assembly of Large Spacecraft

The Large Spacecraft Assembly mission addressed the second principal
se.vicing category identified for Phase ? of the Satellite Servicing
study. Onorbit assembly of large spacecraft at the wanned Space Station
will add 2 new dimension to considerations for sclentific and commercial
use of space. Several current large spacecraft concepts, presently in
various stages of planning, were considered as candidates for this
mission. The Large Deployable Reflector (LDR) appeared to be the best
defined future mission of this type and was suvlected for that reason,
The onorblit assembly of LDR also appeared to of.:2r significant
technology challenges and would add additional breadth and depth to
definition of Space Station servicing requirements and accommodation
needs.

The general outline of this TDM is illustrated on Figure 5.2.4-1. The
detz2iled definition of the mission was outlined in four top level
activity phases. The filrst activity grouping includes those mission
events related to delivery of the LDR spacecraft/scientific instrument,
the s.rictural and reflector elements of the mirror assembly. Current
planning estimates indicate that al' LDR assembly components can be
delive:ed to the Space Station in two Shuttle orbiter missions.

The second rhase Involves assembly of thé 20 meter (dlameter) mirror
assembly ou the Space Station, and attachment of a 20 meter long
sunshade :o the mirror, using the SSRMS and an RMS-mounted servicing
work station (to support EVA) to conduct the assembly., The final two
stage®s include deployment of the assembled LDR to 1ts operational orbit
using OMV, and the final task of returning OMV to the Space Statinn for
refurbishment and reberthing.

The first phase of TDM 4 is i1llustrated on Figure 5.2.4-2, and two major
activity sequences are highlighted, The LDR spacecraft and scientific
instrument package are mated in the STS cargo bay, using the STS RMSs,
The two spacecraft are not mated in the cargo bay on the ground and then
transported in a mated configuration, as the cantilever support
mechanism required to enable this would add unnecessary payload weight,
The second activity sequence shiown 1s the transport of the mated LDR
spacecraft/sclentific instrument package, using SSRMS, tc the service
strongback support. This assembly package is attached to a previously
installed rotating berthing ring. This rotating ring will support
mirror assembly operationms.
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Figure 5.2.4-1 TDM 4 - Assembly of Large Spacecraft
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Figure 5.2.4-2 LDR Assembly - Phase 1
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The next activity sequence in Phase 1 of the large spacecraft assembly
TDM 1is the assembly of the LDR primary mirror segment clusters and
attachment to the LDR spacecraft/scientific instrument elements. As
shown on Figure 5.2.4-3, the STS cargo canister is used in this TDM to
transport and store mirror cluster segments during an anticipated
lengthy assembly period. The mirror segment clusters have a diameter
roughly equal to the diameter of the STS cargo bay. Each cluster is
comorised of seven 2-3 feet hexagonal mirrors. Each of these mirrors
has a deployable support structure and three actuator mechanisms to
enable individual alignment of each mirror, after the entire adaptive
mirror system is assembled.

The graphic outlines transport of a primary mirror cluster (total of
19-20) to the primary mirror assembly area. The mirror cluster
assemblies are aligned, attached and checked out, using the combination
of a remotely operated marinulator mechanism and an astronaut on a
mobile work station. The work station has movable manipulator foot
restraints to provlde astronaut stability for this precision assembly
operat ion,

The actual assembly of the mirror cluster segments is the most stressing
technical challenge in this TDM, Pre-alignment, then latching and post
assembly alignment will be difficult, A software checkout program
validating alignment accuracy (following assembly of the mirror
segments), will be required. This alignment checkout procedure must be
pre-tested on the ground and on the STS prilor to initiation of this
mission.

Another complex technical challenge relates to the need to retain the
mirror segments free from contamination during the entire assembly
process.

Phase 2 of the LDR assembliy mission includes attachment of the secondary
mirror subsystem to the mirror assembly, and attachment of the sunshade
elements, These activity sequences are illustrated on Figure 5.2.4-4,
These activities are conducted with a teleoperated SSRMS transporting
assembly materials to the LDR, and astronauts performing the assembly
operations. The assembly operations will be structured to enable
maximum support from a translatable manipulator system. Advanced
automation capabilities for the Space Station RMS are highly recommended
to support difficult and time consuming assembly tasks and to increase
man'e productivity in these operations.

With these activities completed, the LDR aesembly is complete. At this
time, the LDR spacecraft and sclentific instruments are rechecked,
adaptive mirror segments are tested Ior effective alignment and the LDR
18 considered ready for transport,

The final activity sequence is illustrated at Figure 5.2.4-5. The LDR
is grappled by the SSRMS and detached from the rotating ring. The OMV,
having already been checked and grappled by the other manipulator arm,
is mated with the LDR. OMV/LDR is deployed from the Space Statiom,
using OMV inert gas proximity operations motors. The OMV/LDR Transfer
Stack is launched to LDRs operatiovnal orbit. OMV 1s demated, using
teleoperation from Space Station ground control, returned to Space
Station and refurbished and reberthed for follow-on missions.
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5.2.5

This set of activities completes the summary outline of TDM 4, the
onorbit assembly of LDR at the Space Station. Conduct of this mission
in the late 1990s will demonstrate a significant new servicing
capability at Space Station.,

TDM 5 - Remote Repair By Intelligent Servicer

NASA MSFC requested Martin Marietta to develop a servicing scenario that
would demonstrate increased satellite servicing capability at a mature
Space Station. The scenario selected was to conduct a nearly autonomous
fault isolation/system restoral operation on a disabled satellite
located at the Experimental Geostationary Platform (XGP), in the late
1990s.

An outline of the principal TDM 5 activity sequences is illustrated on
Figure 5.2,5-1. The first activity group, not unlike previously defined
TDMs that involve activities remote from Space Station, involves
preparation of the orbit transfer equipment., Thus as shown, an Orbital
Transfer Vehicle (OTV), and the OMV and the Intelligent Servicer are
fueled and loaded, mated and deployed from Space Station, The OTV then
delivers the "Transfer Stack” to a rendezvous with the XGP in GEO, and
the OMV and the attached Intelligent Servicer (IS) are separated. The
OMV next rendezvous' and docks with the disabled satellite on the XGP.
The IS, under SSGC, conducts a highly automated fault isolation and
recovery process, under supervisory control from the ground. When the
satellites' operation has been restored and operationally validated, the
OMV returns to rendezvous and mate with the OTV., Finally, the OTV
returns the Transfer Stack to Space Station, and all vehicles in the
transfer operation are refurbished, reberthed and ready for their next

missions.

The Intelligent Servicer is the primary new servicing element in this
TDM. A representative dual armed Intelligent Servicer is shown mated to
an OMV on Figure 5.2.5~2., The approach used in postulating a servicer
for this mission was to; 1) identify relevant servicer technology
elements (manipulators, sensors, computer vision, artificial
intelligence/expert systems) out to the end of 1991; and 2) integrate
appropriate evolving technology into an Intelligent Servicer design that
could be developed and flown in 1996-~97 to demonstrate the advances in
servicing capability,

A top level functional analysis for TDM 5 is shown in Figure 5.2,5-3,
This graphic further identifies the specific activities involved in the
three primary phases of TDM 5. Phase 1 includes those activities
required to prepare the servicing Transfer Stack, transfer it to the
geostationary platform and then separate the OMV and Intelligent
Servicer to dock with the inoperative satellite. Phase 2, as shown on
Figure 5.2.5-3 outlines the activities connected with the actual repair
mission, fault isolation and restoral. Phase 3 includes those
activities related to returning the Transfer Stack to the Space Station
and refurbishing the reusable vehicles; OTV, OMV and Intelligent
Servicer,
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TDM 5 - Remote Repair by Intelligent Servicer

Figure 5.2.5-2 Intelligent Servicer
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An expansion of Phase 2, the actual repair of the malfunctioning
satellite at the XGP, is shown at Figure 5.2.5-4, The Intelligent
Servicer is first docked at the disabled satellite at XGP, The IS is

i fixed firmly with stabilizer bars, and fault isolation umbilical
connections are affected autonomously.

The fault isolation and detection process is initiated with the use of
highly advanced artificial intelligence and manipulator systems
operating interactively. The objective of this operation 1is to
understand the work area. Normal operation of the satellite's system(s)
has terminated for an unknown reason, and reevaluation of the
satellite's configuration is paramount in importance. This 1is
accomplished by comparing the new satellite configuration with the
configuration known prior to the malfunction. Thus, an initial task is
to conduct "image understanding” operations using advanced multiple arm
manipulators, advanced sensors (proximity, tactile, force moment), 3-D
lasers, computer vision systems and color stereo cameras. The new “"work
station” images are now correlated with stored system(s)
design/malfunction data. The artificial intelligence system(s) perform
comparative analyses, use advanced decision-oriented algorithms to
isolate fault(s) and provide recommended restoral actlons to a human in
supervisory control of the repair operation at SSGC (ground control).

Restoral activitles are directed by SSGC mission supervisor(s) and the
expert system/manipulator system(s) conduct restoral operations
including replacement of lowest replaceable unit(s) (LRUs) or
malfunctioning/damaged sy:*em components, either in spacecraft or
sclence instrument/payloay elements.

i In addition, most resuppliable satellite expendables; propellants,
pressurants, batterles, instrument coolant and gases, etc., will be
resupplied at this time, to support satellite life extension.

Following completion of all repair and resupply operations, ground
control (SSGC or a POCC) will conduct operational checkouts of all
satellite systems, will retract fault isolation cables and stabilizer
support mechanisms and separate from the newly restored satellite.

All of these operations are conducted remotely, semi-automatically, with
critical events under the control of humans at Space Station Ground
Control.

The detailed definition of TDM 5 supported identification of a number of
required technology developments essential to development of an
Intelligent Servicer. These are shown on Figure 5.2.5-5. Though all
are important, the key technology development areas are: artificial
intelligence, including path planners, expert systems, natural language
interfaces and advanced decisional algorithms; information processing,
with mass memory and high speed signal processing advancements seen to
be critical needs; and sensory perception, including vision and tactile,
touch and proximity systems.
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A final summary inclusion for TDM 5 is a Technology Development/TDM
Implementation Plan and Schedule, shown in Figure 5.2.5-6, This plan
provides a roadmap for the technology development required to evolve the
gstate of automation technology to the point where an intelligent
servicer could be designed and developed. It also outlines the TDM
activity timeline suggested to enable implementation of this
gophisticated servicing mission in the late 1990s.

As shown, manipulator advancements, computer vislion sensor advancements
and artificial intelligence developments will evolve in parallel paths
and at varying rates. Early in 1992, the development of Intelligent
Servicer will be initiated, leading to ground, STS and Space Station

test and validation. STS flight experiments are indicated with
specified validation objectives.

TDM implementation activities will commence also in 1992, with ongoing
courdination with both OTV and Intelligent Servicer programs. Following
requisite precursor validation activities for OTV and Intelligent
Servicer, both on STS and at the Space Station, TDM 5 could be conducted
in 1997,

5-29

27



Real Time
Time Delay

[— Data Compression |

(= Vision
~ Yactile & Touch
~ Image Understandir
~ Proximity

Artificial Intelligent

Servicer

~ Ergonomics
— Controls

— Expert Systems

— Natural Language
Units

— Development

Tools

Information
Processing

=GP Pr Simulation ~ Actuators

= Mo Homory ) ~ Menipuigtor
- High Spend Sana (= End Eifectors)
_40“_'__!"%___‘ — Analysis Tools

— Fault-Tolerant — Integrated Design

Computing

Figure 5.2.5-5 Technology Development for Intelligent Servicer

[ [ I I T I I I T ;
o S j!,t!&w!?‘n 89 | 90 . 91 . 92 | 93, 94 *”f*’LPZ—J
AL ATOR ADVACTHENTS - o xra 1 | | [ | [ ‘ | ‘
| | |
[ TRTYY I——— . } | " ! \ ‘ 1 k
| AL LA S + { | [ ‘ [ [
POVACED [rgE oo Ss1ng | | | | [ | 1‘ |
COMAUTER ViSION | "ﬂm“#m"‘ } } 1 | } |
{ b \ |
ANILAALLN S LTIIL ' 3 ' 1 } ‘
_ (\:mn- 1ETTA ':‘Amtmu\ OOOXING) GYrOnes ™A 110 | ‘ i i !
CLPERVIIOR Y MODE. W11 VELOWENT ¥ ATOOUY 000N A QR e | [ | | |
ASTONCMOLS BACHP) [ ‘ A [ ‘ | | |
‘ ! [srs riiae VAN [ [ | ‘
1 ; [wasrs yaﬂ-rum | | i i
Ilunan m’m STEMED CAERAS * ) | , 1 I\
| IV BT — [ \ \ | |
‘ N ‘,’\Fivs "o [ | |
1 j | '
Csses | ) J ' l
—t i |
| SIOn A GO s ‘
1 INTELLIGENT OPPORTUNISTIC OONTRO
| TN ERENC | NG/ REASONI NG CAUSA. AT -
|
m.z'mmmnn Mm@muﬂ?ﬁ T ? i -l -a
| | } | | PRt | supeOR!
| [ | | | | £l 1s PR
. ) ) ‘ ] l Ton 4 MISSION
1) oW SPAS DOOXING EXPT 2) CACTBRATED TEST [MAGE UNDERSTANDING 1) D0 IS OFSee vALIDATION, 1% mmOTE ;” .
S e R o . )l N COOROTWA (10N ¥ITH 15 b OTV PGS

Figure 5.2.5-6 TDM 5 - Technology Development/TDM Implementation

5-30



6.0

6.1

6.2

DESIGN REQUIREMENTS ANALYSIS

Objectives and Approach

The principal objective of the Design Requirements Analysis task for the
Phasc 2 study was to expand and refine the existing knowledge base of
Space Station satellite servicing accommodation needs; 1.e., service
hangars, storage facilities, reusable transfer vehicles, etc., A
secondary objective was to establish a set of spacecraft design criteria
to serve as guidelines for those planning to configure their satellites
for servicing at the Space Station. An additional objective was to
define servicing Iinterface requirements and accommodations.,

The design requirements analysis approach used by Martin Marietta is
shown in Figure 6.1-1. As each of the TDMs were defined at expanding
levels of detail, functional and operational analyses produced specific
servicing requirements, These requirements were entered into a master
requirements data base. There were many duplicative requirements,
particularly related to EVA, OMV and MMU, as use of these equipments and
operations were common in many of the TDMs, The requirements data base
was constantly expanded and, when apwropriate, requirements were purged
to eliminate redundancy. Space Station accommodation needs were then
developed from the derived servicing requirements. In addition, some
selective design concepts were provided to illustrate potential
approaches for satlsfying the servicing needs. Finally, spacecraft
servicing design criteria were outlined; and a Space Station servicing
interface analysis was conducted to provide added insight to the total
complement of satellite servicing requirements and accommodation needs.,

Servicing Requirements/Accommodation Needs

With the completion of TDM detalled definition, the associated derived
requirements data base was readied for refinement and definition of
accommodation needs. This data base was thoroughly reviewed for
redundancy. Next, the requirements were grouped into logical sets, to
support definition of major categories of Space Station servicing
elements and support equipment. These gervicing elements, such as
servicing hangar(s), servicing storage needs, and reusable transport
vehicles, had been identified in the Phase 1 study and reverified as
major servicing needs during Phase 2 analyses, This regrouping of
servicing requirements is shown in Figure 6.2-~1. The total set of
requirements were classified as relating to; servicing facility,
berthing/storage, fluid storage/transfer, satellite transport, and
assembly.

The first category, those requirements identified as relating to a
servicing hangar/facility, include: requirements to berth and stabilize
a satellite for servicing, to support maintenance, repair and retrofit
(MR&R) activities on satellites, and to provide satellite checkout, and
mate and demate activities, to support servicing done 1in conjunction
with satellite delivery and retrieval operations, These are
representation top level requirements. A second example from Figure
6.2-1 is fluid storage and transfer.
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Relsted requirements such as: deliver, store, supply/resupply and
measure both storable fluids and cryogenicse; control contamination
relative to fluild transfer, and ensure safety of operations were grouped
to support definition of the Space Station accommodation needs for
gtorage and transfer of fluids,

The next phase of design requirements analysis involved the translation
of requiremerts into specific Space Station elements and support
equipment nceded to facilitate servicing., An example of the result of
this process is shown in Figure 6.2-2. The expanded grouping of
requirements specifically related to the presumed need for a servicing
hangar or servicing "facility" is displayed. These requirements are top
level, but enconmpass a broad spectrum of the types and levels of
servicing requirements that must be satisfied to enable satellite
servicing. For the specific purpose of this study, requirements such
as; provide full access to an AXAF spacecraft for MR&R activities,
remove access panels, enable mating of OMV and AXAF or OMV frent end
kits, aud contamination monitoring/shielding of spacecraft elements
during replacement, will demand satisfaction to enable conduct of the
selected TDMs.

The suggested accommodation needs, shown at the right side of Figure
6.2~2, are potential solution sets, designed to provide satisfaction of
the identified servicing requirements. For example, a rotatable
carousel berthing assembly, to be used for berthing and stabilizing
satellites (and perhaps OMV), translatable work stations eguipped with
manipulator foot restraints (MFR), is one approach to satisfying the
need to provide full access to AXAF for MR&R activities. A candidate
design concept for the servicing hangar/facility is displayed in Figure
6.2-3, This servicing configuration provides: a thermal shield, with
cargo bay like doors to provide access for RMS delivery of satellites
and OMVg; a payload rotation/translation mechanism to berth satellites
and allow spacecraft rotation and full access for repair operations;
lighting, contamination monitors, equipment and spares storage lockers,
and numerous other servicing features. These design concepts were not
contractual requirements; they are provided to enhance the visual
perception of Space Station servicing a~rcommodations.

Another set of derived servicing accommodation needs is shown in Figure
6.2-4, Fluid storage and transfer requirements and accommodations were
further subdivided into three branches, OMV, OTV and
satellite/spacecraft. Requirements and recommnended servicing elements
and support equipment for each is outlined on the graphic. A
representative storable fluld depot is provided in Figure 6.2-5. This
conceptual fluild depot is configured to supply propellant fuels and
pressurant gases for OMV and other spacecraft, and instrument coolant
gases for sclence instruments. As a multi-purpose storable fluid depot,
the design concept includes a carousel mechanism for berthing and
rot.iing vehicles undergoing servicing. It 1s anticipated that highly
automated fueling processes will be desired at Space Station and a
robotic manipulator, the Integrated Orbital Servicing System (I0SS), is
shown configured to robotically mate fueling umbilicals to spacecraft
desiyned with standard fueling interfaces.
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Figure 6.2-5 Storable Fluid Depot
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Spacecraft Design Criteria

One specific Martin Marietta objective in the Design Requirement
Analysls process was to provide top level design criteria to serve as a
reference point for planners configuring spacecraft for eventual onorbit
servicing at or from the Space Station, With Space Station ur’  €ined,
and standard satellite/spacecraft servicing interfaces still . + 1y
undefined, a detalled definition of servicing design criteria wou. be
premature, However, frum servicing operations already conducted on STS
and with others planned, an outline of design criteria for eventual
scrvicing at Space Station can be initiated, This outline is shown at
Figure 6.3-1. Servicing design criteria are classified according to
type of servicing activity., Thesez include; resupply activities, such as
ORU replacement, or replacement of batteries, film and other
expendables; satellite mainteuance repair and retrofit (MP&R); fluid
transfer; and orbit transfer, either delivery or retrieval.

Spacecraft designers must first assess requirements for resupply of
expendables, which primarily provides extension of onorbit satellite
lifetimes. Developers must evaluate and compare planned satellite
lifetimes with the expected satellite payload technology cycle, to

ascertain whether servicing resupply activities are warranted. Then,

glven that the satellite will be designed for resupply, the designers
should consider several factors including: standard mountings and
interfaces for ORU replacement, standard alignment processes, use of
standard tools, accessibility for both EVA and robotic resupply

cperaticns, and gafety,

For designers planning to accommodate sateliite repair activities, a
first consideration relates to how the repair operation can wmost
effectively be accomplished, for instance, either by man or by machine.
EVA capability has been demonstrated, but has been shown to be difficult
and inefflecient, in the zero—gravity envircnment. On the other hand
autonomous systems, though expensive to develop, nan pay off over time
with frequently used, multi~purpose equipment. 1In discussions with
automation experts, it has been recommended that subsystems be designed
for automatic fault 1solation, detection and restoral. Solar Maximum
repalr experience and planned rr overy operations for the Westar and
Polapa communications satellite retrieval mission, highligh:t the
benefits of providing redeployable, retractable appendages, where
possible, to reduce clesrance envelope problems and prevent loss of
operating subsystems during repair,

Servicing design criterlia considerations are also shown for planners
considering onorbit fluld transfer and either dellvery or retrieval
operations with OMV or OTV.
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and inefficient, in the zero-gravity enviromment. On the other hand

autonomous systems, though expensive to develop, can pay off over time

with frequently used, multi-purpose equipment. In discussions with

automation experts, it has been recommended that subsystems be designed

for automatic fault isolation, detection and restoral. Solar Maximum

repalr experience and planned recovery operations for the Westar and

Polapa communications satellite retrieval mission, highlight the

benefite of providing redeployable, retractable appendages, where

possible, to reduce clearance envelope problems and prevent loss of
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- DESIGN FOR OPTIMUM ORU REPLACEIVENT
~ SPACECRAFT MOOULES, INSTRUVENTS
- EXPECTED LIFETIVES, TECHNOLOGY UPGRADE CYOLE
~ STANDARD MOUNTING, INTERFACE FITTINGS, FASTENERS
= STANDARD COURSEAFINE ALIGMVENT TECHNIQUES: PIN, SLOT, KEYS
- PROVIDE ACCESSIBILITY: EVA, ROBOTIC OPERATIONS
- DESIGN FOR MAXIMUM USE OF MULTI-PURPOSE TCOLS, MINIMIZE UNIQUE TOOLS
= SAFETY: MINIMUM ASTRONALUT INTERFACE WITH STORED ENERGY, PYROTEGHNIC DEVICES
= DESIGN IN MODLLARITY FOR FLEXIBLITY, (ROWTH
~ PROVIDE HANDHOLDS NEAR ORU CENTER OF GRAVITY
= MAINTARN CONFTGURATION CONTROL

~ SATELLITE REPAR
- CONSIDER EVAVALITOMATION ROBOTICT TRADES
~ EVA CAPABLLITY NOW PROVEN
~ EVA OPERATIONS DIFFICLLY, INEFFICIENT
= ALUTOMATED SYSTEMS, ROBOTICS EXPENSIVE
- DESIEN SUSSYSTEMS FOR AUTOMATIC FALLT ISOLATION, DETECTION, RECOVERY PROCESSES
- PROVIDE RETRACTAELE APPENDAGES
- REDUCE QLEARAMNCE ENVELOPE PROBLEMS
- PRECLUDE UNNECESSARY LOSS OF FUINCTIONING HARDWARE
- PROVIDE HANDHOLDS, TETHER ATTACH POINTS, AND FOOT RESTRAINT SOCKETS
- STANDARD COLOR OCUES, MARKINGS, LABELS FOR EASE IN IDENTIFICATION

- ONORIT FLULED TRANSFER
- CESIGN FOR EVA, REMOTE/AUTOMATED FLUID TRANSFER
-PROVISION FOR HOLDING: STS TRUNNION FITTINGS, CAROUSEL. MATING
- ACCESSIBIITY FOR STACDARD UMBILICAL. CONNECT: EVA, RO30TIC

- POWER - VENTING - CRYOGENS - COOLANTS
- DATA - PRESSURANTS - EARTH STORABLE
'~ COMBINATIONS

- PROVIDE CONTAMINATION SHIELDING, CONTAMINATION CONTROL MEASURES
~ COMPATIBLE ‘WITH DECONTAMINATION EQUIPMENT

- ORAIT TRANMSFER: 0L IMERY, RETRIEVAL

- CONFIGURE SPACECRAFT FOR MATING WITH OMV/OTV
~ COMPATIBLE WITH MANUAL/AUTOMATED ALIGNMENT PROCESSES, MATING LOADS
- COMPATIBLE WITH, ACCESSIBLE TO POWER, DATA IUMBILICALS/INTERFACES FOR OPERATIONAL
CHECKOUT AT SPACE STATION
- PROVISION FOR RETRIEVAL
- SPACECRAFT INERTING
- CONTAMINATION SHIELDING, DUST COVERS
~ RETRACTABLE APPENDAGES

Figure 6.3-1 Spacecraft Design Criteria for Space Station Servicing
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6.4

Space Station Servicing Interface Requirements

Interfaces between satellites, OMV, OTV and other "serviced"” systems;
and Space Station servicing components, were identified while conducting
functional and operational analyses during TDM definition. From the
"interface data base”, all unique interfaces (redundant interfaces
eliminated) were evaluated to determine their physical and operational
characteristics. The interface requirements were categorized as;
structural/mechanical, electrical (power and data), environmental,
fluids, crew and communications., The specific interface requirements
for each of these classifications, as they relate to defined TDMs in
this study, were described. Requirements for structural/mechanical
interfaces are shown on Figure 6.4-1, and for environmental interfaces
on Figure 6.4-2, as examples of the results produced from these analyses,
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SPACE STATION RMS WITH END EFFECTORS TO GRAPPLE:

- GRAPPLE FIXTURES - OMV, OTV, AXAF, LDR ELEMENTS

UMBILICAL CONNECTION DEVICE/UMBILICAL DISCONNECTION ACTUATION DEVICE
- SERVICE/POWER UMBILICAL AT OMV AND OTV STORAGE SITES

- ELECTRICAL UMBILICAL AT OMV AND OTV STORAGE SITES

- FUELING/ELECTRICAL UMBILICAL AT OMV AND OTV FUEL DEPOT.
BERTHING STRUCTURES AND LATCHES - WITH AUTOMATIC LATCH ACTUATION/RELEASE
MECHANISM - TO FORM STABLE PHYSICAL CONNECTION BETWEEN:

- OMV AND OMV FUEL DEPOT

- OMV AND SERVICE HANGER

- OMV AND OMV STORAGE SITE

- AXAF AND TEMPORARY BERTH SITE

- AXAF AND SERVICE HANGAR

- OTV AND STORAGE SITE

- OTV AND OTV FUEL DEPOT

- 0TV AND SERVICE HANGAR

- OMV/SERVICER AND SERVICER STORAGE SITE

- OTV AEROBRAKE HANDLIMG FIXTURE

- STORAGE FIXTURE FOR OTV ENGINE

- FOUR RESTRAINTS AND TETHER ATTACHMENTS

- SPACECRAFT LARGE COMPONENT STORAGE SUPPORT FIXTURE IN SERVICE HANGAR

Figure 6.4-1 Structural/Mechanical Interface Requirements

ADECUATE LIGHTING FOR VIDEO AT:
- OVER SPACE STATION FOR TRANSFERS BETWEEM ELEMENTS
- INSIDE SERVICE HANGAR FOR:
- EXTERNAL VISUAL INSPECTION OR SPACECRAFT
VISUAL MONITOR OF SPACECRAFT DURING CHECKOUT
) SPACECRAFT AND VEHICLE ALIGNMENT, BERTHING OPERATIONS
VERIFICATION OF SERVICE/POWER UMBILICAL CCNNECTION
MONITORING OF EVA OPERATIONS, MATING AND DEMATING
- OMV STORAGE SITE, OTV STORAGE SITE, SERVICER/ORU STORAGE SITES
- OMV AND OTV FUEL DEPOT
- SPACECRAFT DEPLOY AND CAPTUPE SITES
CONTAMINATION MONITORS AT:
- MONITORS IN OMV AND OTV STORAGE SITES
- OMV AND OTV FUEL DEPOTS
- SPACECRAFT/SATELLITE
- SATELLITE SERVICING HANGAR
PROVIDE SOLAR RADIATION, THERMAL, MICROMETEOROID PROTECTION SHIELDING AS
NECESSARY TO:
- OMV AT OMV STORAGE SITE, SERVICING SITE
- OTV AT OTV STORAGE SITE, SERVICING SITE
- SATELLITES IN TEMPORARY STORAGE
- SERVICERS (OMV KITS) AT STORAGE SITE
- SATELLITES IN SERVICING HANGARS

Figure 6.4-2 Environmental Interface Requirements -~
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7.1

7.2

7.3

TECHNOLOGY AND FLIGHT EXPERIMENT PLAN

Introduction

The objective of this Phase 2 study task was to develop a plan that
would incorporate both: 1) the basic technology development required to
enable Space Station servicing, and 2) the STS and Space Station flight
experiments required to validate this servicing related technology. The
result produced was an integrated, time-phased plan for technology
development and flight validation that supports implementation of the
selected TDMs. The approach used was; to collect all precursor
technology activities identified in definition of the five TDMs, to
collect and classify servicing technology requirements, to outline STS
and Space Station onorbit validation flights/tests, and, finally,
produce the plan.

TDM Precursor Activities

During Phase 1 and continuing into Phase 2 of the Satellite Servicing
study, the importance of identifying precursor activities became
increasingly clear. Precursor activities include; basic technology
development required to support servicing; and definition, development
and onorbit validation of Space Station servicing elements and servicing
gsupport equipment. All precursor activities must be identified,
prioritized, planned and conducted along timelines that will enable
conduct of TDMs designed to demonstrate speciflc servicing capabiiities
at the Space Statien, Precursor activities for the five TDMs were
collected and are shown in summary form on Figure 7,2-1,

Technology Development Requirements

During the TDM Detalled Definition phase of the study, a "technology
development” data base was established, similar to the servicing
requirements data base. This data base was developed through analyses
of TDM precurscr activities. These analyses supported identification of
technology development requirements, Following completion of TDM
definition, the technology development data base was inspected to ensure
completeness and to eliminate redundant entries. The technology
development file was then subdivided to group requirements into seven
technology development areas.

These categories are outlined in Figure 7.3-1, and include; fluid
transfer management, space—based reusable low energy upper stage (OMV),
space—~based reusable high energy upper stage (OTV), maintenance, repair
and retrofit operations, remote servicing, large object handling and
translation and, finally, servicing automation. An example of the
specific technology development requirements identified for three of
these categories is shown at Table 7.3-1.

7-1
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- SPACE STATION SERVICING SUPPORT AREA YALIDATION
- AXAF SUPPORT EQUIPMENT-ORU CARRIER .
- SERVICING CAPABILITIES:ORU'S, HIRROR ASSEMBLY,

- EvA ENHANCEMENTS-IMPROVED SUIT, HEAD'S UP DISPLAYS

_/

(" IOMMJ - WATERIALS PROCESSOR RESUPRLY | (" 7orq2 - AxAF RETRIEVAL/REPAIR
- VALIDATION OF SPACE BASED, FEUSAELE UMV "0V VAL IOATION
- FLUID TRANSFER MANAGEMENT TECHNOLCGY - FLUID TRANSFER HANAGEMENT
-G FUEL DEFOT - oMV FUEL DEROT
- TELEGPERATED/AJTONITASS DOCKING
- TELECPERATED MOOLLE REPLACEMENT
- INTELLIGENT FRONT END FOR G
- TRANLATAELE MANIPULATOR FOR OMV/MODLLE SOLAR PANEL ALIGNMENT/REPLACEMENT
TRANSPORTER
|| - THTERIALS FROCESSING ranRIT - SPACECRAFT FLUID DEPOT
-/
p

JI F - SPACE STATION ASSEMALY/MODIFICATION

- DUAL ARFED, TRANSLATING MANIPULATOR, OR SPACE CRANE

- STRUCTURAL CONCEPTS, STRONGBADC ASSEMBLY, DERLOYABLE

STRUICTURES

- STORABLE FLUID/FUEL CEPOT(S,-O, SATELLITES

~ TRANSLATABLE wORK STATION IN SERVICE FACILITY

- VALIDATE STORAGE FACILITIES-SATELLITES, O, ORUS, 'L
EQUIFHENT, TOLS

- LIGHT WEIGHT SHIELDING MATERIALS, ASSEMBLY PROCESS

- LIGHTWEIGHT CARGD CAMNISTERS

-

(.

T4 - LARGE SPACECRAFT ASSEMEBLY

- ON-ORBIT ASSEMBLY OF ADAPTIVE OPTICAL SYSTEM

- TRANSLATABLE, DUAL ARMED MANIPULATOR

- TRANLATABLE, WORK PLATFORM/COMTROL STATION

- LIGHTWEIGHT CARGO CANNISTERS

- YALIDATION OF LARGE ASSEMBLY OPERATIONS IN UNSHIELDED

HODE

- COTAHINATION P ROTECTION OF MIRROR SEGMENTS DURING

ASSEMBLY

/

Figure 7.2-1

TDM Precursor Activities

I 5 - INTELLIGENT SERVICER
~ MENIPULATOR ADVAMCES
- COPUTER VISION
- AUTOMATED/AUTONOMOUS DECKING
- SENSCR ADVANCEMENTS
- ARTIFICIAL INTELIGENCE
- INTELLIGENT SERVICER SYSTEM
- 0TV VALTIDATION

- CRYOGENIC FLUID HANAGEMENT TECGHNOLOGY y
\.

-FLUID TRANSFER MANAGEHENT
~STORABLE, CRYOGEN
-STORAGE, TRANSFER RESUPPLY
-STANDARD INTERFACES, QUICK DISCONNECTS

~SFACE-BASED, REUSABLE, LOV ENERGY UPPER STAGE (OMV)
-REFUEL, REFURBISH
-RENDEZVOUS-GPS, TDRS, NEW GNSC ALGORI THMS
-DOCKING-GROUND CONTROLLED, TELEOPERATED

Figure 7.3-1 Technology

-SPACE -BASED REUSABLE HIGH ENERGY UPPER STAGE (0TV)
-CRYOGENIC FLUID TRANSFER MANAGEHENT
-AERO-ASSIST (BRAKING)

-STORAGE, SERVICE, REFURBISH

-SPACE STATION MAINTEMANCE, REPAIR & RETROFIT OPERATIONS
~ADAPTIVE MIRROR SEGHENT ASSEMBLY
-CONTAMINATION/DEGRADATION PREVENTION/MAINTENANCE
-SATELLITE REPAIR, HATING, CHECKOUT, TRANSPORT

-REMOTE SERVICING (OMv KITS, ADVANCED SERVICER)
-AJTOMATED/ TELEOPERATED MOOWLE REPLACEMENT
FLUID TRANSFER, REPAIR

-LARGE OBJECT MANIPULATION/ TRANSLATION
-.ARGE SPACECRAFT ASSEMBLY, TRANSFER
-0Tv/SPACECRAFT FUELING, MATING, TRANSLATION

-SERVICING AUTOMATION
-ARTIFICIAL INTELLIGENCE
-SENSORS |
-IMAGE UNDERSTANDING ‘
-HANTPULATOR ADVANCES

Development COverview OF POOK
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Table 7.3-1 Technology Development Requirements
TLLID TRANSER [MANAGENMENT
-STORABLES, CRYOCGENS
~SUPPLY, STORACE
-FLUID TRANSFER, RESUPPLY
-THERMAL, PRESSURE CONTROL
. ~SAFETY, VENTING, CONTAMINATION
~STANDARD INTERFACES, QUICK DISCONNECTS
-ALITOMATION FOR SAFETY, EFFICIENCY FOR REPETITIVE OPERATIONS

-FLUD 1RN\IS=ER—FLELS, PRESSURANTS, COLD GAS (FOR PROXIMITY OPERATIONS)
-“RENDEZVOUS-USE OF GPS HARDWARE FOR OMV POSITIONING/
TORS FOR TARGET POSITIONING/ANEW GNBC ALGORITHMS
-DOCKENG-OMV CAMERA USED 10O ACHIEVE GROUND CONTROLLED
TELEOPERATED DOCKING

=SPACE BASED), RELEAAL £ HIGH ENERGY LIFER STAGE (O1Y)
-CRYOGEN FLUID MANAGEMENT
-AERO-ASSIST (BRAKING)
-DESIGN FOR SERVICING
—“MODULARIZATION-COMPONENT GROUPING
-ADVANCED ENGINE
-PERFORMANCE, LIFETIME
-ADAPTIVE OONTROLS, HEALTH MONITORING, FALLT ISOLATION
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7.4

Onorbit fluid transfer management is recognized as one of the most
important technology development requirements presently associated with
satellite servicing. The capability to store fluids, both storable and
cryogenic liquids, and transfer them to reusable OMV and OTV transfer
craft, and to satellites requiring resupply of fuels, pressurant and
instrument gases will be essential for servicing at Space Station., Some
of the basic technology issues related to fluid transfer management

are: establishment of initial conditions in receiver tanks, accuracy of
measurement, control of thermal and pressure conditions, venting and
contamination and quick disconnects and standard fluid transfer
interfaces.,

Technology development issues relevant to OMV are also shown, and
development of fluid transfer and onorbit storage capabilities are
considered crucial. 1In addition, for rendezvous operations, the
development and use of Global Positioning Satellite (GPS) hardware for
OMV positioning, Tracking and Data Relay Satellite Systems (TDRSS) for
target positioning and the development and validation of new guidance,
navigation and control (GN&C) algorithms, are required. For remote
docking of OMV with free-flyer satellites and platforms, demonstration
of a ground-controlled, teleoperation docking capability is an
additional technology challenge.

OTV technology development requirements were identified by review of
documented OTV studies and was supported by insight from the Martin
Marietta Phase A study team., OTV technology issues include cryogenic
fluid management, an area in which Martin Marietta is presently heavily
engaged. Denver Aerospace is presently engaged in detailed design of
the Cryogenic Fluid Management Facility, intended to provide an onorbit
facility for exploration and resolution of cryogenic fluid management
issues. The design and development of an aero—assisted brake 1s
considered essential, to reduce fuel requirements for OTV missions and
inherently increase allowable payload weight for transfer to high energy
orbits.

STS Flight Experiments

During TDM Definition, STS flight experiment requirements were also
established and maintained in a specific data base. An early example of
this data base is presented in Figure 7.4-1. These candidate STS flight
experiments were tabulated as each TDM was analyzed and defined in
detail, Flight experiments were recommended to validate onorbit any
precursor activities, technology development or servicing
hardware/equipment, associated with servicing needs.

During the middle period of the contract, the study team made an
evaluation of the candidate STS flight experiment data base and selected
seven experiments for expanded definition as shown on Figure 7.4-2., The
study team enlisted Denver Aerospace Technical Operatioms to expand the
definition of these flight experiments to include; technical approach,
equipment requirements, schedule and funding. An example of the
expanded STS flight experiment/definition is the Storable Fluid
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Figure 7.4-2 STS Flight Experiments
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Management Demonstration (SFMD) reflight. The initial flight of the
SFMD equipment is still scheduled for an STS flight in 1984, The
existing SFMD facility is shown in Figures 7.4~3 and 7,4-4, and
represents an opportunity *~ test many fluid transfer and propellant
tank technologies that would directly support Space Station servicing.
The initial SFMD experinent involves fluid transfer tests using a
capilliary-type propellant management device (PMD), consisting of screen
covered channels and cells formed by barriers and baffles., The
equipment list, cost and schedule estimates for the recommended SFMD
reflight is shown on Figure 7.4-5, The reflight would test another
capilliary-type PMD device. This PMD has a sheet metal structure that
uses the surface tension of the liquid in crevices of the structure to
position liquid over the tank outlet. This device has the potential to
allow venting of the tank as it fills, The experiment would examine the
static 1iquid orientation, sensitivity of the liquid to disturbances,
and performance during refill and expulsion.

Technology Development and STS Flight FExperiment Plan

The Technology Development and STS Flight Experiment Plan, hereafter
refereuced as the TD&FE Plan, is a time phased sequence of technology
development and flight validation activities leading to development of
servicing capabilities. The genuine development of such a plan is
considered well bryond the scope of this contract., However, the
technology develcnment data base and the STS flight experiment data,
combived with additional estimates of required Space Station flight
experiments has provided information enabling the generation of
realistic outlines of a TD&FE Plan., An example of thig plan is shown on
Figure 7.5-1. This plan highlights the top level technology activities
essentlal to demonstration of TDM 2, the retrieval and repair of the
Advanced X-ray Astrophysics Facility. It addresses technology related
to three of the seven areas identified previcusly in Paragraph 7.3,
Technology Development Requirements; i.e., flulid transfer management,
the space-based reusable low energy transport vehicle (OMV), and onorbit
maintenance, repair and retrofit operations.

For technology development in the area of fluid transfer management,
NASA has scheduled the initial flight of a Storable Fluld Management
Device (SFMD) on an upcoming STS flight., This is an aft flight deck
experiment consisting of two tanks, a supplier and receiver tanks with
vigible panels to observe and photograph fluild transfer operations under
varying conditions. Follow-on flights for the SFMD are recommended to
evaluate other propellant management devices (PMD) and other fluid
transfer technology 1ssues.

A fluid quick disconnect (QD) for onorbit refueling of the Gamma Ray
Observatory (GRO) 1is 1in planning and will be supplied to the GRO
developer by mid-1986., An STS flight experiment willl validate the QD.
Planning is also underway in NASA for development of a standard
propellant transfer interface device. Ground development 1s expected to
begin in 1985, with flight test of a manually connected (EVA) device in
1987, and an actomated device flight tested in 1989,
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Figure 7.5-1 Technology Development and STS Flight Experiments Plan
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For OMV, the presert development schedule 1s shown and fluid transfer
tests are not required prior to flight test in 1990. An OMV resupply
flight experiment is scheduled during 1990, Th« 1edule for rendezvous
and docking ground development, STS flight tec¢-3 .nid Space Station
validation tests are also provided. TIn addition, retrieval operations
are scheduled, beginning with PALAPA/WESTAR later this year, including
LANDSAT and SPACE TELESCOPE, all by STS. An OMV retrieval 1s scheduled
with first launch from STS, with validation flights at Space Stationm,
following completion of OMV accommodations on Space Station,

Onorbit mailntenance and repair technology schedule includes development
and validation of ORU replacement operations, fluid resupply, mirrcr
assembly replacement (for AXAF), and contumination/degradation removal
and system restoral operations. Fluid resupply development is already
underway and an STS cargo bay hydrazine transfer is scheduled by NASA
for later this year, The Mark IT propulsion transfer experiment,
previously discussed, is recommended for STS flight in 1987. Following
development of OMV and OMV tanker kits, an OMV/satellite refueling is
scheduled in 1991,

In general, all technology develecpment trails lead to a serles of
appropriate STS flight tests, and Space Sta>ion validation tests prior
to servicing of AXAF in 1994,
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8.1

8.2

PROGRAMMATIC ANALYSIS

The programmatic analyses for Phase 2 of the servicing study included;
development of s summary TDM schedule, an evaluation of the cost of each
TDM, and finally, an estimate of the spread of costs across the summary
TDM schedule.

TDM Schedule

The TDMs were scheduled independently, using realistic technology
development schedules and existing program planning schedules including
those for Space Station, OVM, OTV, AXAF, EOS, and LDR, The TDM schedule
is displayed on Figure 8,1-1, The test bed role of the Space Station as
a base for demonstrating evolutlonary satellite servicing capabilities
is strongly supportad by this schedule.

Space Station modification, TDM 3 1s the first of the five selected TDMs
scheduled for ‘!mplementation., Planning for any TDM assembly operation
involving modification of the Space Station will be initiated early in
Space Station definition efforts, and will include tracking of all
identified precursor activities. The scheduled mission is expected to
be conducted during the latter phase of evolution leading to an IOC,

TDM 1 is the second scheduled mission and will take place following
Space Station development, Materials Processing Platform development and
validation of OMV front end servicer kit operations. The late 1993
schadule for this TDM appears reasonable and reallistic. It can be
scheduled earlier if the requisite precuregor activitiez are complete.

TDM 2, the AXAF retrieval and repair mission, could be conducted early,
a8 described previously, if precursor activities are completed, and
major malfunctions vccur in an orbiting AXAF system. Otherwise, the
mission will be conducted per the pre:r:nt AXAF program schedule.

TDM 4, the onorbit assembly of the Large Deployable Reflector is
presently planned for the 1997 timeframe. The time phasing for TDM5,
demonstration of the Intelligent Servicer, 1s to consolidate evolving
automation advances in 1991, and to develop a semi-autonomous,
supervisory controlled servicer for demonstration in 1997.

TDM Cost

The approach used to estimate TDM costs in Phase 2 was: 1) to identify
all cost elements for the TDMs, including costs of the Space Station and
the systems Leing serviced, and 2) the narrow scope of cost estimating
to those costs specifically related to implemen.ation of the TDM. Costs
related to the Space Station and to the satellite system being serviced,
such as AXAF and LDR, were not costed, as these elements will be
developed independent of servicing TDMs., To estimate each of the TDM
specific costs, parametric cost models were used and astimates presented
in fiscal year 1984 constant dollars. A final cost display provided was
a satellite servicing funding profile, spreading costs across the
overall TDM schedule.

@



Cost analyses were based un the assumptions listed on Table 8.2-1. 1IVA
costs for servicing activities were estimated at $5000 per man hour, and
STS crew costs of $17,500 per man hour were used for EVA servicing.
Bardware costs were developed using Planning Research Corporation (PRC)
cosc models, The cost factors are all summarized on the table,

An example of how cost elements were broken out for each of the TNMs is
shown on Figure 8,2-1., Costs to demonstrate resupply of the Matarials
Processing Platform (MPP) ave outlined in three cost element

categorlies, MPP unique ccsts are those related specifically to
development and operation of the MPP, It is assumed that the EOS MPP
will be resupplied by the STS prior to evolution to Space Station
servicing use. A second cost element category was the common costs
directly related to Space Statiom, such as development of satellite
gervicing elements, including a servicing hangar, OMV, OMV berthing, and
a fueling depot. These elements will be used by all related initial
TDMs and following servicing users, and are not specifically included as
TDM costs specific to TDMl, These include training for the mission,
engineering and technical support, OMV fuels and refurbishment and crew
time. The estimated cost of TDM1 is $7 million.

A final step in the cost analysis was to provide a funding profile for
TDM costs applied across the 7-8 year schedule of TDM activities, The
spread of TDM costs 1s shown on Figure 8,2-2, Cost drivers, as would be
expected, are TDM3 and TDM5. TDM3, assembly of the Space Station
servicing support area, is an immense operation. It requires massive
outlays for assembly tralning activities, and for performance of the
mission. It 1s lengthy and time consuming as defined in this study.
TDM5 cost drivers Iinclude development of the Intelligent Servicer and
tralning related to its use. The cost of both training for mission
parformance and for the Intelligent servicer are all allocated to this
migssion. If proper estimates of the frequency of use of the servicer
could be made, proper allocation of expenses related to this mission
would significantly reduce its cost,
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1984 $ in Millions

Table 8.2-1 Satellite Servicing Cost Analysis
BASIC GROUND RULES AMD ASSUMED COST FACTORS:

o 1984 § IN MILLIONS

¢ SPACE STATIOM CREW OPERATING COSTS (IVA) BASED OM A SPACE STATIOM CREW OF
6 AND AN OPERATING COST OF $30,000/HR

® EVA CREW COSTS TAKEM FROM STS USER'S GiL:IDF - ASSUMED TO BE $17,500/HR/MAN
¢ HARDWARE (OSTS DEVELOPED USING 1978 PRC SPACE STATION COST MODEL

9 STS COST/FLIGHT ASSUMED AT $200M

¢ OMV FUEL ASCUMED TO BE STS DELIVERED AT A COST OF $2,000/LB

o SPACE CREW TRAINING IS ASSUMED AS A FUNCTION OF HARDWARE DDT&C AND
PRODUCTION COSTS - FUNCTION IS GXVEN BY '78 PRC MODEL
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9.0
9.1

INDUSTRIAL SERVICING INTEREST ASSESSMENT

Introduction

The objective of thie task was to determine the interest of potential
commercicl Space Station users in the servi_es to be demonstrated on the
early Space Station. The planned approach to thils task was: 1) to
develop a comprshensive overview of the cost, timing and capabilities
that would be demonstrated by the TDMe, 2) to contact potential
commerclal space users and discuss study results; 1.e., conceptual Space
Station satellite servicing concepts, and 3) to determine commercial
user needs and assess thelr interest In developing and using servicing
capabilities at the Space Station.

Upon completion of all of the tasks previously discussed, a selected
group of potential commercial users, and others presently involved in
studying concepts for commercialization of space, were contacted. This
group of commercial user contacts is displayed on Table 9.1-1. The
results of the commercial user assessment were generally very positive,
Potential users expressed genulne awareness of and interest in the
potential available at Space Station, and presented concerns and
questlons that will assist Space Station servicing planners in
developing servicing capability. The results of two of the commercial
user inquiries will be presented as examples of this activity. The
first of these is outlined in Table 9.1-2,

Ford Aerospace is presently performing a study for Lewis Research Center
(LeRC) examining potential designs for commercial payloads to be
attached to a commercially operated geostationary earth orbiting (GEO)
platform to be available in the late 1990s. Both the GEO platform and
the notential attached payloads are intended to be operated by
commerclal sources. Following initial discussions, it became clear that
rtet ¢ principal servicing interest was to determine whether to configure
+ne commercial payloads for extended life or design them for servicing.

Ford's primary concern related to the question of whether the capabllity
to conduct retrofit operations, to accommodate new operational or
technological improvements, into existing payloads would exist in the
late 1990s. Ford believes that for communication payloads, for example,
user coverage patterns will change, requiring smaller beamwidths. Thus,
in turn, will require new feed assemblies and changeout of wave guide
interconnects. They also envision higher power amplifiers and the need
to replace these onorbit. Ford expressed the need for data on design
criteria for servicing and the need for servicing cost estimates and
data for cost tradeoffs to determine whether to configure for servicing.

It is clear that Ford belleves potentlal commercial payload designers
will focus on the importance of being able to cost-efficiently design
for and be provided retrofit servicing capability in the late 1990s,
Ford believes commercial platform payload users will support servicing,
however, they will require near term data on servicing design criteria
and costs to enable conduct of trades related to servicing.

9-1
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rable 9.1-1 Commercial Satellite Servicing Assessment - Contacts

£ COPPERLIAY. INTEREST

£0R0) AERCSACE. COMMERCIAL GEO COMMUNICATIONS PLATFORM,
COMMERCIAL GEO PAYLOAD DEFINITION

XX EFRE & CO SPACE IRON PROCESSING
LOQOAEED) MISSILE & SPACE CORPARA 7N COMMERCIAL GEO COMMUNICATIONS PLATFORM

PMOONNEL L. LA AS ASTRONAITICS CORPORATIONY

OISO & JOHNSON OR THO, OMISION ELECTROPHORESIS OPERATIONS IN SPACE
MRCOGRAVITY RESEARCH ASSOCIATES ELECTROEPITAXIAL GROWTH OF GALIUM ARSENATE
CRYSTALS
AMINNESOTA MINING AND MANUEACTURING ORGANIC 8 POLYMER CHEMISTRY
RALIC CORPORATION OF AMERICA COMMERCIAL GEO PAYLOAD DEFINITION
WYLE LABORATORIES COMMERCE LABORATORIES

Table 9.1~2 Servicing Interest - Assessment
FIRM : FORD) ARRCGPACE
PROGRAM : QOMMERCIAL GEQ QOMMUINEC AIONS PAYLO DEFRITION

SEVICING INTEREST: DETERMINE WHETHER TO CONFIGLRE PAVLOAD FOR EXTENDED LFE OR
DESIGN FOR SERVICING

LB LSRN

- WL GPERATIONAL/TECHNOLOGY RETROFIT SERVICING CAPABRLITY BEXIST N
LATE 1990%?
- USER COVERAGE PATTERNS WL CHANGE, REQUIRING SMALLER BEAMWIOTHS,
NEW FEED ASSEMELY, WAVE GLIDE INTERCONNECT
- DEVELOP HIGHER POWER AMPLIFEERS, REPLACE ONORBIT

- NEED DATA ON SPACECRAFT DESIGN CRITERIA ~ HARD POINTS, THERMAL
ENVIRONMENTS DURING TRANSPORT AND RETROFIT, MPACT FORCES

- BASIS FOR COST TRADELFFS INVOLVING SERVICING
~ SERVICING COSTS FOR RESLPPLY, RETROFTT

MBI MERETIA BSESTENT

- USER KEYS ON IMPORTANCE OF RETROFTT, UNDERSTANDS HIS POTENTIAL
TECHNOLOGY/OPERATIONAL. SERVICING NEEDS

« USER IS PREPARED TO SUPPGRT SERVICING, REQUIRES NEAR TL-M DATA ON
SERVICSNG DESIGN CRITERIA AND COSTS
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A second and final example of commercial user assessment is the MDAC
Electrophoresis Operations in Space (EO0S), presently a joint endeavor
with NASA, outlined in Table 9.1-3,

In the case of many of the concepts which have been advanced to date in
the field of space manufacturing, neither the market economics nor the
technological approaches have as yet been fully validated, 1In fact, few
of these have matured to the point of flight demonstration, One of
these 1s the Electrophoresls Operations in Space (EOS) program, which
represents a Joint Endeavor Agreement between NASA and the McDonnell
Douglas Astronautics Company (MDAC) and its teammate, the Ortho Division
of Johnson and Johnson. The EOS team has conducted 5 STS experiments
and 1s planning for operations both on free flying spacecraft/platforms
and for operations at the Space Station,.

The study team communicated with McDonnell Douglas and found their
servicing concerns to be more specific then others as a result of the
maturity of program planning. For operations on the Space Station, they
are trying to understand how very large replacement modules (10 feet
long, 12,000 pounds), can efficiently be transported to the Space
Station. They are lo~king at shared flights with a Space Station
logistics module. MDAC 1s also concerned with the large power service
support requirements at Space Station. They are also examining design
criteria for resupply, for accommodation needs for module storage at
Space Station and, of course, for the cost of these services,

The free flyer operations questlons are similar In nature., One
additional question related to the avallability of OMVs for expansion of
module delivery and retrieval operations at an increasing number of free
flying materials processing platforms.

The servicing interest of this customer is high and MDAC is planning to
conduct servicing at and from the Space Station. The servicing needs
are clear for the EOS program. It could serve as an excellent model for
customer accommodations requirements on the Space Station, and as an
initial user of OMV front end kits.



Table 9.1-3 Servicing Interest - Assessment (Concl)

FIRM : McOONMEL L. DOUGLAS ASTRONALITICS COMPANY (MDAC)

PROGRAM :  ELECTROPHORESIS OPERATIONS IN SPACE (EOS).

SERVICING INTERLST: OPERATIONS SUPPORT THROUGH RESUPPLY OF PROCESSING FACTORY MODULES

200 QESTIONG
- FOR OPERATIONS AT SPACE STATION

- SHARED FLIGHT) WITH LOGISTICS MODULE? 10 FOOT LONG, 12,000 LB
REPLACEMENT MOOULE

=~ POWER SERVICE SUPPORT- 12-15 KW/MODLLE REQUIRED

- DESIGN CRITERIA FOR RESUPPLY, MODILE STORAGE AT SPACE STATION

- COST OF SERVICE

- FOR FREE FLYER OPERATIONS
- MODILE STORAGE AT SPACE STATION
- DESIGN CRITERIA FOR RESUPPLY
- OMV FLEET SIZE ADEQUALCY
- COST OF SERVICING

LRIV MARIETTA ASESIVMENT

- CUSTOMER PLANNING ON SERVICING

- EOS ONE OF MOST MATURE COMMERCIAL. SPACE VENTURES, TOP LEVEL
NEEDS CLEAR TO USER

~ EOS CAN SERVE AS EXCELLENT MODEL. FOR CUSTOMER ACCOMMODATION REQUIREMENTS
ON SPACE STATION, DRIVER FOR OMV FRONT END KITS

~ PREPARED TO PAY REASONABLE COSTS FOR SERVICING



10.0 SUMMARY OF STUDY CONCLUSIONS

The MSFC Satellite Servicing study, conducted over the past two years by
Martin Marietta has supported development and refinement of the
satellite servicing needs at Space Station. Specifically, study results
were periodically presented to the Space Station Concept Development
Group(s), and to the Satellite Servicing sub-group.

Study conclusions for Phase 2 are summarized below:

8.

The flve TDMs selected and defined during Phase 2, if implemented,
would demonstrate the highest priority servicing capabilities
required at the early Space Station., In addition, these same five
TDMs would present over 50% of the generally accepted servicing
tasks identified during Phase 1&2 for satellite servicing.

The selection of specific operational or planned missions, such as
AXAF and LDR, and the use of existing (MMU, EVA) and planned
servicing support elements (OMV/OTV), greatly increased the clarity
of Space Station servicing requirements/accommodation needs
definition,

The TDM detailed definition efforts, including
functional/operational analyses, have demonstrated the feasibility
of conducting even the most complex of tasks at the Space Station.
This study task also 1dentified the most challenging of these
tasks, including onorbit assembly of adaptive mirror segments,
enabling a proper focus on technology development needs,

The identification of servicing technology development requirements
will support planning for Space Station satellite servicing
technology initiatives presently under consideration.

The STS will provide a vital link in validating servicing
technology, Space Station servicing elements and servicing support
equipment. Planning for servicing should include considerations
for STS flight experiments.

The performance of TDM operational analyses has revealed a growing
list of standard STS servicing tools and equipment being developed
for planned missions. A high percentage of these and follow-on
developments, can be transitioned to and used at Space Station.

Servicing cost analyses continue to support the concept that the
total cost of initial servicing demonstrations (TDMs) can be
reduced by using existing or planned satellite systems - GRO, ST,
AXAF, LDR,

The assessment of commercial servicing interest resulted in a firm
conviction that most planners were considering at least one aspect
of servicing. There were specific questions relative to
avallability and cost of servicing. Potential users should be
assured that their current questions and concerns are being or will
be addressed in a timely manner, This can only stimulate
continuing interest and support for servicing at and from the Space
Station.
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