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FOREWORD

This report presents the results of Phase II of a study entitied, "Definition of
Technology Development Missions for Early Space Stavions - Large Space Structures".
The study was conducted for the NASA George C. Marshall Space Flight Center,
Huntsville, Alabama by The Boeing Aerospace Company, Seattle, Washington. The work
was performed under contract NAS8-35043 during the period from July 1, 1983 through
November 30, 1984, and was monitored by James K. Harriscn of NASA. Mr. Richard M.
Gates of Boeing was the Study Manager for the program. Detailed design of the
technology developrnent mission concepts was accomplished by Mr. Kenneth P. Hernley.
The operations trade studies and operational analyses were performed by Mr. George
Reid. He and Mr. D. C. Akers conducted the programmatics tasks, Mr. K. B. VerGowe
provided the cost analyses for each of the technology development missions.

The authors of this report, Mr. R. M. Gates and Mr. G. Reid, wish to express their
thanks to each of the contributors mentioned above for their technical contributions as

well as their support to the program.
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1.0 INTRODUCTION

The ever increasing thirst for knowledge s5f the Universe and cur planet Earth has

led to the necessity for larger, more accurate space systems. The development and
implementation of the Space Shuttle to provide ftransportation to low Earth orbit has

provided an important step in the development of these large systems. The next step is
to provide a place in low Earth orbit to construct these systems and to determine the
technical needs for space construction. The costs invelved in larger, more precise
instruments are too.great to accept the all-Or-nothing philosophy of launching an
automatically deployable satellite system which cannot be fully tested and checked out
on Earth.

The use of the Space Station as a construction site will not only reduce the risks
involved by providing on-the-spot test and checkout but also allow the design to be less
complicated through the use of assemblable structures instead of the more complex
automated systems. Advancements in space suit technology will make human involve-
ment in the construction of large space systems more routine. The Space Station crew
will be able to react to contingencies and make adjustments and repairs before the
spacecraft becomes operational.

The objectives of this study were to define the testbed role of an early Space
Station for the construction of large space structures. This was accomplished by
detining, in more detail, the LSS technology development missions (TDMs) identified in
Phase [ of this program. Design and operations trade studies were used to identify the
best structural concepts and procedures for each of the TDMs. Details of the TDM
designs were then developed along with their operational requirements. Space Station
resources required for each mission, both human and physical, were identified. The costs
and development schedules for the TDMs provide an indication of ttie programs needed to
develop these missions.

The results of this study point oui the need to rely on the resources of the Space
Station in the design of large space structures so that they can be constructed and
checked out at the Space Station. [t alsu identifies the need to design into the Space
Station the necessary resources to accommodate LSS construction.
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2.0 MISSION SELECTION

The firzi step in the design of large space structures (LSS) technology development
missions (TDMs) is the determination of mission requirements. This was accomplished in
Phase I of this study by identifying future missions which require large space structures,
the timing of those missions and the objectives which must be demonstrated to advance
the technologies necessary to bring them to reality. Thes objectives were used to
define TDM requirements. Four TDMs were identified which demonstrate the objectives
and requirements of future LSS missions.

The resulting LSS mission objectives and requirements were reviewed and amended
in Phase Il. The final selection of large space structures TDMs to be studied in detail in
Phase II was made following an evaluation of candidates, including the TDMs identified
in Phase I, against this criteria. The criteria used to.select these missions and a
description of wach TDM are documented in the following sections.

2.1 Selection Criteria

The criteria used for TDM selection includes the technology development mission
objectives identified in Phase I. Additional criteria include the benefits of long term
missions to engineering and science, the demonstration of Space Station capabilities and
the desirability of high technical return on the investment. The selection criteria is
summarized in figure 2,1-1.

First, the missions must demonstrate the technology advancements which are
needed to satisfy the objectives of future spacecraft requiring the use of large space
structures. These objectives include large space systems construction which encompasses
the techniques required for sfructural deployment, assembly and fabrication. This
includes the development of advanced materials for use in future space systems. Many
future space systems will require high precision and high stiffness to fulfill their mission
requirements. Foliowing the construction of the structural assembly, the subsystems and
utilities which are not an integral part of the structure must be installed. One of the
tasks which is common to a variety of large space systems, particularly antennas, is the
installation of membrane reflector surfaces. Subsystem instaliation will be a time
consuming process involving significant EVA or remote rnanipulation.
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Demonstrate technology development mission objectives
Space deployment or assembly of 1a: ;s space structures
Space essembly of rigid, high-precision structures
Installation and checksit of subsystems on LSS
Instaitation of membrone surfaces on large aperture
antennas
Precision contral of LSS (pointing and figure control)
Adaptive optics; assambly, test, calibration and
control of large muiti-mirror surface
Demonstrate man’s role and capabilities in space
Matarials development

Provide long tarm benefit
As a scientific instrument
As a technology developmeant test bed
As @ permanent space station facility
Emphasize the benefit of a Space Station
Stable construction base
Long timeline capability
TDM checkout and adjustment
Orbit maintenance

Aceomplish TDMs at a reasonable cost

Figure 2.1-1 TDM Setection Criteria
Another requirement which must be demonstrated is the precision control of large
space systems. This not only involves the overall pointing and attitude control of the
space system but also the figure control of critical surfaces such as antenna reflector

surfaces and multi-faceted reflectors such as those envisioned for optical and IR
telescopes.

The use of-th Space Station as a construction siwe brings another valuable resource
to the developmeut of large space structures --- human involvement. The TDMs must be
designed to demonstrate the role which humans will play in the process of space systemi
construction and checkout.

Second, the TDM should provide a long term benefit to the development of large
space systems or the Space Station, and not be a "dead-ended" experiment. This
objective can be accomplished in several ways. The TDM can be designed to be a usable
scientific instrument following its use as a technology demonstration mission, or it can
be used as a testbed for the development of new and advanced technology, or it can
become a permanent Space Station facility which satisfies a need,

Third, the selection of the TDMs must emphasize the need for a Space Station. The

attributes of a Space Station which would enhance large space structures development

frca rptin v ek
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include the ability to provide a stable construction base and the resources necessary for
projects which require a longer time than can be provided with the space shuttle. The
abilitv to provide the personnel, instrumentation and materials for system constri:ction,
checkout and maintenance will reduce the costs and risks involved with large, expensive
systems.

Finally, the TDMs should be capable of demonstrating the required LSS technology
at a reasonable cost,

2.2 Selected Missions

This section gives an overview of the technology development missions which will
satisfy the mission objectives and other criteria discussed in the previous section.

2.2.1 Corziruction/Storage/Hangar Facility, LSS-1

Since most mission objectives require a storage location for structure, subsystems
and other equipment and a location for assembly and checkout of spacecraft, the
construction and storage facility shown in figure 2.2-1 was chosen as a TDM configura-
tion. It consists of a deployable truss platform attached to a transfer tunnel located at a

i
71\ SRS
ey

Figure 2.2-1 Construction/Storage/Hangar Facility, LSS-1
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docking/berthing port on a Space Station module. A pair of rails supported by truss
members would duplicate the orbiter bay longerons for the istorage of large modules
delivered to the Space Station. Compartments could be installed within the truss
members to provide storage for small items such as tools, hold-down mechanisms,
auxiliary lights, etc. Segments of the platform could have floor panels installed to
provide storage areas for small modules and other equipment. This TDM was combined
with a lightweigiit protective hangar (previously designated as TDM LS5-2) designed to
protect EVA astronauts while performing tasks such as satellite servicing and refurbish-
ment. It would protect the crew and equipment from solar heating, would provide
containment in the event a small object floated free, and would provide untethered
freedom for the crew when fully enclosed. Some of the panels would be permanently
attached to the platform while the "roof" is retractable using extendable masts. The
hangar would contain lights for illumination during EVA activity. .

This TDM will satisfy several of the LSS technology development objectives:
deployment and assembly, subsystem installation and checkout, and demonstration of the
roie of man in space. [t is also designed to become a permanent Space Station facility,
providing a needed location for future storage and construction.

Further details of the Construction/Storage/Hangar facility are discussed in Section
3.3, Mission Design. '

2.2.2 Passive Microwave Radiometer, LSS-3

A large antenna s¥stem can be used to demonstrate a variety of mission objectives.
The antenna system may serve as a test bed used to evaluate membrane surface
installation techniques anc various reflector shape control systems. It can also provide
maximum benefit by being a functional antenna systern upon completion of the
technology demonstration. Construction of the antenna system will require both deploy-
able structures and space assembled structures and subsystems,

The antenna system selected is a version of a microwave radiometer spacecraft
(MRS) which can provide Earth resources measurements for soil moisture sensing and
global erop forecasting., The microwave radiometer was selected as a TDM for several
reasons: (1) a MRS of large, but reasonable size (100 meter diameter) can be functionally
operated in LEO after the addition of electronic sensing equipment, (2) it doesn't require
a gimballed pointing system since both the Space Station and the MRS are Earth
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oriented, and (3) following its use as a TDM, it can be equipped with control and
propulsion subsystems and piaced in a higher orbit (600-700 km) to continue its use as a
scientific instrument.

The basic configuration of the microwave radiometer spacecraft is shown in figure
2.2-2, The reflector is a spherical segment, 100 meters (328 feet) in diameter, with a
spherical radius of 158.6m (520 ft). A 104 meter diameter torroidal ring provides support
to the reflector surface control cables as well as continuity between the dish surface and

the support columns. The ring will also provide mounting support at nodal attachment -

points for subsystem modules and the construction fixture. The support ring is of
pentahedral truss construction, utilizing 18 meter tapered columns as the structural
elements. The deployable feed array truss beam is supported by deployable truss
columns and stahilized by four cables attached to the truss ring.

Figure 2.2-2 Passive Microwave Radiometer, L55-3

The configuration and design details of the radiometer are discussed further in
Section 4.3.

2.2.3 Precision Optical System, L35-4

The precision optical system shown in figure 2.2-3 is a TDM which can be used to
demonstrate a number of LSS mission objectives. The optical system requires a high-
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Figure 2.2-3 Precision Optical System, LS5-4

stiffness, accurately shaped truss structure to support a segmented mirror surface. The
primary mirror system is envisioned as a modular assembly with each set of seven mirror
segments attached on the ground to a deployable/assemblable backing truss. The backing
truss is semi-deployable for efficient packaging in the Orbiter. Each module is then
assembled at the Space Station and connected to the adjacent module to form the
primary micror array. The secondary mirror is supported by a tripod structure attached
to the primary mirror backing truss. The whole instrument is then surrounded with a
cylindrical light shield, This TDM demonstrates the deployment and assembly of a rigid,
high precision structure and the role of man in this process. The structure can b« used to
advance the technologies involved with the precision control of segmented surfaces, the
inclusion of damping augmentation, and the thermal control of optical systems.

Although the detailed development of this TDM was curtailed half way through the
study, more details of this mission are included in Scation 5.3,
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3.0 CONSTRUCTION/STORAGE/HANGAR FACILITY, LSS-1

A
LY

-

This section is a self-contained description of the tasks relating to the development

AT
‘Kt—‘

of the Construction/Storage/Hangar Facility, LS5-1. Included in the study are design and
operations trades, detailed structural design of the mission, an analysis of the operations

%Zif -_9

required to perform the mission, precursor technology developments which can be
accomplished on Earth or with Shuttle flights, and the programmatics of the mission. In

[

addition to these topics, the accommodations which the Space Station must provide to

P
%

the TDM are identified and, conversely, some of the problems and concerns which the
TDM may impose on the Space Staticn are considered.

-~

3.1 Design Trade Studies

3

,rau
N

The design issues relating to LS5-1 which were subjected to trade studies relate to
the configuration, the materials used and the interfaces with the Space Station. Each
will be discussed individually in this section.

3.1.1 Truss Type

Several optiéns exist for the type of truss which can be used for a construction and
storage platform: a tetrahedral truss, a pentahedral truss or a hexahedral truss. Plan
views of each of these trusses are shown in figure 3.1-1. The tetrahedral truss consists
of a repeating pattern of pyramids whose base is triangular in shape. The repeating
pattern for the pentahedral truss is also a pyramid, but with a square bhase. The.

SO

hexahedral truss is made up of a series of cubes.

Physical characteristics of each type of truss such as mass, stiffness and number of
structural elements were calculated to assess their relative advantages and disadvant-
ages. To base the assessment on an equal basis, the physical parameters were calculated
per unit area or, in some cases, per unit length. Other characteristics such as the shape
of the repeating pattern, the 'accessibi-lity of the volume within the truss, and the overall
complexity, which don't lend themselves to qualitative comparisons were considered in a

qualitative assessment.

Figure 3.1-2 gives a summary of trade study results used to determine the type of
truss to use for LSS-1. The flexual rigidity is an equivalent plate bending stiffness per
unit length, and the frequency parameter is the square root of the bending stiffness
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s PRIMARY SURFACE MEMBER"
e em eme SECONDARY SURFACE MEMBER
eescmass NTERSURPACE MEMBER

— PRIMARY SURFACE MEMBER
s~ SECONDARY SUAFACE MEMBER
meeew==  NTERSUAFACE MEMBER

TETRAHZORAL TRUSS PENTAHEDRAL TRUSS
weaees SURFACE PRIMARY MEMBER AND
INTERSUAFACSE MEMBER
e am FRIMAAY SURFACE DIAGONAL MEMBER
sesnases SECONDARY SURFACE DIAGONAL MEMIER
HEXAHEDRAL TRUSS
Figure 3.1-1 L5S-1 Truss Type Options
TRADE ITEMS TETRAHEDRAL PENTAHEDRAL  HEXAHEDRAL
R — TRUSS TRUSS TRUSS __
MASS PER UNIT AREA, M (KG/M2) 121 122 131
FLEXURAL RIGIDITY, O (M:N) 1.16x 107 1,04 x 107 117 x 107
FREQUENCY PARAMETER, \JF:/M 3083, 2920, 2988,
NUMBER OF ELEMENTS P=R M2 25 24 3.9
NUMBER OF CLUSTER JOINTS PER M2 56 57 63
NUMBER OF KNEE JOINTS PER M% 1.66 144 1.62
OTHER CONSIDERATIONS:
SHAPE OF REPEATING PATTERN TRIANGLE SQUARE SQUARE
ACCESSIBILITY OF INTERIOR VOLUME FAIR GOOD POOR
COMPLEXITY ‘LOW MEDIUM HIGH
Figure 3.1.2 1.55-1 Truss Type Comparisons

divided by the mass per unit area which is a relative measure of the structural vibration
frequency. Based on these comparisons, the tetrahedral and pentahedral trusses are
lighter than the hexahedral truss, the tetrahedral and hexahedral trusses are stiffer than
the pentahedral truss, but the frequency parameters are within é percent of each other.

10
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The pentahedral truss has fewer elements and joints per unit area than the other two
trusses, The square repeating pattern in the truss surface for both the pentahedral and
hexahedral trusses is considered an asset because it results in a linear truss edge. The
requirement for diagonal shear ties in all faces of the hexahedral truss makes access to
the interior of the truss very difficult, while the pentahedral truss provides the easiest
access. Because the tetrahedral truss does not require extra shear ties for stability, it is
judged to be the lowest in complexity.

The pentaheriral truss type was chosen for LSS-1 because it has the lowest number
of members and joints, it has low weight, its square repeating pattern is better than a
triangular pattern, and it is judged to be less complex than the hexahedral truss pattern.

3.1.2 Truss Configuration

The two candidate truss configurations considered are shown in figure 3.1-3, The
choice between a planar configuration and a "winged" configuration is primarily based on
qualitative reasoning. Although the planar configuration is somewhat simpler and
provides a large flat surface, the storage of modules or equipment on its surface may
impair its ability to support construction of large space structures unless the construc-
ticn fixture was high enough so that st.ored items were out of the way. The winged
configuration r2duces this problem by providing a raised attachment point for LSS
construction projects. This configuration also has higher overall stiffness and provides a
variety of attachment opportunities.

WINGED
® SIMPLE, NO ARTICULATION ® HIGHER STIFFNESS
. ls-TAgg: ;é.al:m :¥2;:§§E * WIDER WARIETY OF ATTAGHMENTS
° ¢ INDEPENDENT STORAGE AND
WITH LSS CONSTRUCTION CONSTRUCTION LOCATIONS
Figure 3.1-3 LS85-1 Truss Configuration Trade Study
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3.1.3 Space Station Interface

The options identified for the attachment of LSS-1 to the Space Station, shown in
figure 3;.1-4, include three methods of berthing port attachment and one for attachment
to a Space Station module. The latter is the preferred method of attachment since the
platform loads induced by disturbances such as orbiter docking are distributed to many
attachment points. This method aiso results in higher stiffness. Attaching to two or
more berthing ports helps to distribute the loads. The single berthing port attachment

CENTER
ATTACHMENT

MULTIPLE PORTS

MODULE
ATTACHMENT

Figure 3.1-4 L55-1 Space Station Interface Trade Study

scheme results in the highest loads and may require additional bracing to reduce the
interface loads.

Since the Space Station is in its design infancy, the center mounted concept with
auxiliary bracing (if required) was selected for this study. This design could easily be
medified to a different attachment concept at a later date.

12
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3.1.% Structural Materials

Graphite/epoxy composites were chosen for the structural elements of L5S-1 and
invar was chosen for the structural joints and fittings becaus~ of their low coefficient of
thermal expansion (CTE) and their high specific strength. Annough traditional materials
such as aluminum are less expensive, the dimensional stability of graphite/epoxy makes
it more desirable. Advanced composite materials such as metal matrix composites are
also high strength, low CTE materials, but are currently being developed and are
expensive. The recent discovery that organic materials may be significantly degraded
when exposed to atomic oxygen in low Earth orbit may affect the choice of
graphite/epoxy unless a means of protecting it from atomic oxygen can be devised.
Agitional research in this area is required to quantify this effect.

Thin aluminum sheets were selected for the hangar panels because of the lower cost
and ease of manufacture. These panels do not need to carry structural loads and can be
attached to the truss so that thermal expansion does not affect the truss. They can also
be polished or coated to reflect solar heat.

3.1.5 Hangar Configuration

Figure 3.1-5 shows two candidate configurations for the hangar. The choice of the
planar configuration was based primarily on qualitative assessments. Although the cylin-

Figure 3,1-5 LSS-1 Hang'ar Configuration Trade Study
13
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drical shape deployable roof maximizes the interior volume for a given roof height, the
deployment of a curved extendable beam is technology not currently available. The
planar configuration which uses deployable panels similar to the deployment of solar
arrays was, therefore, selected for the hangar.

3.2 Operations Trade Studiey

This section summarizes the operations trade studies completed during the L35 TDM
contract.

3.2.1 EVA Crew Schedule

To the extent that a high level of LSS EVA construction performance will be
required on what will approach a twenty-four hour per day basis, serious consideration
must be given to the selection of the work-rest schedule. 1-G work-rest-sleep cycle data
may not be a i for | application to 0-G work-rest-sleep cycles. Shifts should be limited
to a duration that will preclude the development of task-specific fatigue or boredom.
With the anticipated exposure to specific EVA construction tasks on a day-after day
basis, shifts that seem to be suitable at the beginning of a mission may become long
after a period of several weeks or months. In addition, the sleep periods should be
arranged so that they will come at essentially the same time each day so that adjustment
to (or in) the circadian rhythms will be facilitated. These two factors considered
together are simpiy a trade-off between the necessary or desirable duration and numbers
of sleep periods and the duration of the LSS EVA construction shifts.

The primary factors to be considered in the selection of the length and timing of the
EVA construction shift relate to the nature of the activity required of the operators in
the performance of their duties. Account must be taken of both the levels and varieties

of the demands placed on operators in carrying out their tasks.

An important psychological factor underlying this distinction is the effect that
different kinds of tasks exert on the operator's level of alertness. Passive tasks produce
or contribute to decreased alertness whereas, at least up to s»me level of workload,
active tasks tend to sustain or increase alertness. The variety of tasks also tends to
promote alertness. However, moderately high workloads on tasks that require the
simultaneous performance of psychologically disparate functions (mental calculations
and code solving) tend to make operations vulnerable to losses in alertness. This is
especially true for task combinations in which timing is critical.

14
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If the operators have control over their rate of activity, they typically work at or
near maximum rate for a period; they then take either an official or unofficial rest
break, after which they resume their original rate. Thus the period of continuous work in
most jobs is typicaily about two hours and is seldom longer than four hours.

This suggests that shifts on the order of four hours represent the duration of
performance that should be expected as a matter of routine without encroaching on the
maximum efficiency of the operator. When the level of performance necessary to
satisfy the LSS mission requirements is substantially below the operators maximum
capabilities, this figure can be increased. But, in determining how much it can be
increased, the probability that an emergency might arise that would require maximum
capabilities and the speed with which the operator would have to be ahle to exercise
those capabitities becomes an important consideration.

Fortunately, except when their condition has reached a point of extreme deteriora-

tion, they can rather quickly rise to most any situation. The critical questions are, "How
rapidly must they rise? how far? and for how long?"

In earth bound shift work it has been found that a deterioration in performance
occurs during the night shift. Performance has been found to be slower, less accurate,
and accidents are likely to be more frequent.

The ideal shift cycle would be one in which the total "daily" periodicity equals 24
hours, distributed in a manner to which humans are already adapted. The 90 minute day-
night cycle of orbital flight makes this ideal rather difficult to attain in the operational
situation.

Human ability to adapt to an atypical (non-earth) work-rest cycle has been found to
take one week or more. Average times required are in the range of 2-3 weeks for
complete adaptation. All reports seem to agree on the wide degree of variation in the
rate and completeness of adaptation and the work out-put after adaptation. Experienced
shiftworkers show some long-term adjustment as a result of prolonged experience with a
particular shift system. It is possible that as little as a five day adaptation period may
be required for these crewmembers to reach their normal functional level.

Efficiency during task performance is a major concern. Efficiency of performance
follows a 24-hour rhythm. It is low upon arising, shows an initial ascent phase, a plateau
in the middle of the day, and a terminal descent phase. Performance immediately upon

15
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getting up from a period of sleep is often poorer than it was just before retiring and is
worse immediately after deeper stages of sleep. Over a long period of time these
circadian periodicities in efficiency have direct implications on the performance ‘evels
to be expected of Space Station EVA personnel. In addition individual differences may

affect operator shift performance by affecting the subjective health and motivation of
the shift worker.,

Initially, it would appear that a schedule should be selected that would require the
operators to perform only during the high portion of their daily curve of efficiency. This
would, in thecry, provide on the order of 10 to 12 hours per day of high-level
performance. However, the literature suggests that ten hours represents too long a
period of work at one siretch to expect performance to be maintained without at least
an increase in the probability of errors and/or decrements in performance. '

Other factors affecting the work rest cycle include:

a, The number of crew members on board the Space Station.

b. The duty assignments or responsibilities of each crew member,
c. The need for time sharing of work space and facilities.

d. The need for equal division of task loading, rest, and sleep time.
e. The operator's observed pressure to complete the EVA mission.
f. The level of risk as perceived by the crew members.

g. Emergencies situations.

h. Recharge requirements for EVAS,

i.  Mobility and dexterity of the EVAS.

jo [Ease of EVAS operation.

k. Suit comfort.

. Number of crew members irivolved in the EVA tasks.

The best work rest cycle should be one adjusted to duties, independent of the
ambient sun-shadow cycle and not necessarily corresponding to the time pattern of the
earth day-night cycle. This non-earth cycle should be one to which the astronaut should
be able to adapt in a reasonable amount of time and with which they can maintain
synchronization of their metabolic ¢clock to ensure their best psychological and physin-
logical performance.

The general conclusion reached is that humans are fairly well accustomed to a
sleep-wakefullness cycle of a 24-hour duration and that they have diurnal variations in
both performance and physiological functioning that coincide with this rhythm. When an
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atypical cycle is imposed, their physiological rhythms may be expected to show some
adaptation to the non-earth periodicity, but adaptation is not likely to be complete nor
to be uniform for ail individuals. Concomitant decrements in performance, however,
may not occur, especially if the sleep-wakefulness ratio is held constant. The
performance decrement, whatever its degree, is precipitated by the imposition of

atynical work-rest-sleep cycles and can be minimijzed in the following ways:
1) Avoid any non 24-hour work-rest-sleep cycle.

2) Establish permanent shift systems that maximize both short and long term crew
adjustment. Where this is impossible, employ pre-flight, presynchronization
periods for crews using the ncn 24-hour cycle proposed.

3) Coordinate pre-fiight pre-synchronization with the abilities of the individual
crew members to adapt (those who adapt least well should be kept close to their
typical schedule).

Local (orbital adaptation can be accomplished by new crew members as they are
rotated to the Space Station if they are not required to go on duty immediately upon
arrival.

The results of this analysis indicates that the crew should foilow a normal 24 hour
(work-rest-sieep) cycle. The crew workday should be nominally 6 actual EVA hours as
shown in figure 3.2-1. Suit care and work review will require several additional hours
each day. The EVA crew should also average 10 minutes rest per hour of work, with a
longer (15 min) lunch break in the middle of the work period.

Three operators per shift (2-EVA and 1-IVA) will be required, full time, during LSS
EVA construction activities. The ability to operate more than 1 shift per day will be
dependent on the Space Station crew size and other scheduled Space Station activities.
Two or three shift operation could result in conflicts in the use of facilities and high
nojse levels while other crewmembers are trying to sleep. For the LSS TDM EVA
construction activities it is recommended that 1 shift per day be utilized. '

Operators are accustomed to working five days a week with short bursts of six or
seven day activity. Requiring six or seven day weeks on a sustained basis will result in

operator fatigue and a loss of efficiency. It is recommended that a 5 day LSS EVA

17

— - .- - S—r -~ e e e

ot 4 S e S



D180-27677-2
START EMD
EVA EVA
SUITCLT AN B DAY
ST CHICKOUY : ALCHARGE .
riviiw Topaviwors ¥ ¥ sateans oarscrony
EVA 1 ! B l' H; 1 L I' : 'I i
. { 1 L [ |1 | [ N T Ll i i i S { H [ | | i
_" ) I \ ] 1 | t 1 I 1}
GMT 12 " 1 15 18 1} " 19 20 n n Y] 2
SUITCLEAN & DAY
SUIT CHECKOUY RICHARGE
AIVIEY TODAY'S WORK 'IBII! DAY'S NEPORT
EVA2 ! Tl' H gt fH s P ' '
[ R ISR N SO S Ons 1 N T 1 D S Y TR I U 1 SO T A A TN D R I T |
f I | i T 1 ! 1 1 } ]
12 9o, " 15 1 1 " % 0 0 2 n 1
[QUIPMINT CHICXOUT OFACTIVATE EQUIPMINT
AME - VIDIO - COMM RMS - VIDED ~ COMM
VA1 . H '] S I Y 5- H I' B -
1l t° 1 IR 1 N O 11 NS WO VY N e ] T 1 ES00 SN A N T NREN S D O
| ! { t ; i i | 3 1 |
2 13 1 15 % 17 18 W 20 n 2 2 Y]
DARK
S a BREAK
HGHT Le LWNCH
Figure 3.2-1 Typical Daily EVA Schedule

construction schedule, as shown in figure 3.2-2, be utilized ai!o;i/ing 1 IVA work day per

week for paperwork and suit care and maintenance.
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Figure 3.2-2

3.2.2 EVA Personnel Restraints

Typical Weekly EVA Schedule

In order to optimize efficiency during LSS EVA construction tasks, adequate

restraint devices or systems must be provided.

The LSS TDM EVA operators need

adequate restraints to enable them to maintain their position, couiteract torque, and aid

128

-y T

A
(o)
o

Y
¢
i



v, B TR IUWT OB R T T . % T ke aed oy e e ) ° . -

i

G
{
¢

STEN
« ¥

)

%

Y O

)

N

7

=N

%

B

Q ”~

D180-27677-2

in translation while accomplishing mission assembly, deployment, test, and operation.
Currently on STS missions, in addition to the tethers used, the EVA operators stabilize
themselves with one hand or try to wedge themselves into position with their feet. They
also need to counteract the reactive torque thai results from their EVA activities, and
counteract the forces generated during torque requiring tasks (i.e., torquing nuts and
bolts, hand cranking, parts alignment, and the application of force).

The Space S3tation must provide a restraint system for EVA personnel, The
crewmembers need a restraint system to help counteract/provide torque and stabilize
the EVA crewmembers at their work stations. During translation astronauts need a
sysiem to aid them while spanning long distances, plus a safety device (i.e., inertia reel)
ir. case their tether fails or they loose their grip. The design of the restraint system will
have a large impact on the final LS5 TDM construction time lines. Restraint
attachment, methods of restraint between work locations, number, and type of restraints
all have an impact.

trap tethers are simple to use and fairly inexpensive. Flexible tethers also tend to
flop around during translation and other work activities. In addition they could be a
hazard or damage delicate equipment if they strike it or get tangled in the equipment.
strap tethers don't provide adequate restraint to counteract the torque forces generated
during mission activities.

Wrist tethers are fast, convenient, and easy to use, see and reach. They, however
restrict arm movement when attached to the Space Station or work area. They also get
tangled up in equipment or closed in equipment or storage cabinets doors. This causes a
safety hazard as doors and lids could get warped or broken from being closed on the
restraint. Figure 3.2-3 shows an example of the type of wrist tethers used on STS
flights.

Flexible waist tethers are attached close to the operator's CG. They require that
the operator use at least one hand during construction activities to hold their position
and counteract torque. Waist tethers are generally difficult for the operator to see and
attach. They do not stabilize the operator because of the flexible straps.

Rigid waist tethers are also attached close to the operator's CG. They allow the
operator to use both hands during construction activities rather than using them to hold
his pesition and/or counteract torque. Rigid waist tether harnesses are generally
difficult for the operators to see and secure. They do not stabilize the operator well as
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Wrist and Waist Tethers are used to attach a crew member to a worksite or to tether
tools which are not capable of being stowed during the work period.

Figure 3.2-3 Wrist and Waist Tethers

the attach point is at the waist. This allows the operator to rotate around the wais*
when trying to apply torque or position himself. This type of tether mechanism requires
more storage space and needs to be transperted to the work site. Figure 3.2-4 shows an

example of one type of waist restraint.

Safety lines are currently used on the STS EVA missions to keep the astronauts from
drifting off during their EVA activities. The current safety line syster: could be &
problem. Crewmembers could get tangled when translating long distances, when near
other safety lines, or when around equipment and/or experiments. Currently on STS
missions an inertia reel (see figure 3.2-5) is used to take up the slack in the safety line.
During the STS-6 flight EVA the line gct bound up when a test was conducted to
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Figure 3.2-4 Restraint Belt

determine its retrieval capability. The current system is cumbersome. The large bulky
reel has to be near the operator so that he can reach it and see it. The reel is attached
to the operator by a snap. Tension from-the reel keeps the safety line out toward the
attach point on the work station. EVA operators have to be careful when passing or
working near one another so that safety lines do not get crossed and/or tangled. The
EVA crewmember also has to be careful sc as not to become tangled in his own safety
line.

Velcro holds well in shear but is not adequate in peel. However, when trying to
apply torque it tends to work loose. The use of lots of velcro on the EVA suit creates a
problem because crewmembers could inadvertently become secured when bumping into
matching velcro. Also, loose tools, with velcro attachment patches, could stick to the
suit in hard to reach places. There is also a contamination problem because of the
outgassing of the adhesive that is used to secure the velcro to the desired surfaces. In
addition long term usage causes hooks to break off resulting in loss of holding power and
additional contamination from the small hook particles., Velcro is easy to attach in
additional areas if needed at the work site. The use of velcro allows adding a variety of
work positions to the construction area and facilitates the adding of temporary work
stations.

21
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The Fifty-Foot Safety Tether attaches the extravehiculas rrew memper to the Cargo Bay
door slidewire at all times when he is in the Cargo Bay.

T e =X

T

—————— .

Figure 3.2-5 Fifty-foot Safety Tether for Crew Member

During the STS-6 flight a foot restraint was tested during work at the tool cabinet
and during the hand cranking experiment. While the restraint was adequate for work at

the tool cabinet, it did not appear to be rigid enough to provide a solid platform while
hand cranking. The operator had trouble getting his feet into the foot restraint and had
to have help in securing his heels in the foot restraint. In order to be effective, this type
of platform for foot restraint would need to have attach points at the different work

statir: 5, and be adjustable for the 5th to 95th percentile operator.

Shoe restraints, such as those used on skylab flights, are fairly expensive and
complex. sing them for EVA would require mating gridwork at all assembly locations.
This would increase the weight requirement for EVA work stations. An emergency
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breakaway provision would be required in case they got hung up. Shoe restraints provide
one of the best restraint methods for counteracting torque and maintaining operator
position during assembly tasks. With a rigid gridwork they would free both hands for
accomplishing tasks that required the use of both hands. One major major problem in the
use of shoe restraints is the astronaut's ilnability to see his feet so that he can position
them into the foot restraints. The requirement to meet the 5th percentile female to
95th percentile male anthropomotry for work stations requires that the grid work have a
large adjustment range.

The shoe restraint design should be such that one or both feet can be secured while
working at a task. Permanent grid work would be required at each work station with
portable grid work available for temporary work areas. Addition of grid work at every
work station would impose a weight penalty. The design wouid need to take into account
all tasks to be accomplished as well as grid work location and adjustment. Mobile grid
work would provide the operator flexibility in accomplishing construction tasks. It would
require a quick and easy attachment method for the grid work. The grid work would
need a storage location near the work station. This would increase operator timelines in
that they would have to obtain the grid work, attach it to the work area, and then stow
the grid work when the task was completed.

Providing a T-bar or cther mechanical system that the operator wraps his legs
around to stabilize himself during construction.tasks would be fairly inexpensive. The
problem with this method is that for long term usage the operator would experience
fatigue in the muscles utilized to maintain this position. In addition the operator needs
to concentrate on holding his position and if he relaxes his muscles or concentrates on
the task he is working on to the exclusion of his restraint he would then drift away from
his work and have to reposition himself.

Providing no restraint other than crewmembers holding on with their hands or
wedging pars of their body into available crevices or wrapping around projections in the

area is unacceptable. There will not always be adequate restraint locations with this

method. In addition the operators will experience fatigue from holding their positions
with rauscle power and they have to provide a minimal co.. entration to maintain their
position. Tasks requiring two hands would be impossible without some other restraint
method.

The use of safety enclosures would enable the astropauts to work part of the time
without tethers and/or safety lines. This wouid help speed up the completicn of some
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tasks but would require the crewmembers stabilize themselves with the manual means
described above, If the operator were in the middle of the open space it would be hard
to get momentum to return to the work area or to where he could once again propel
himself.

A rigid assemblable hangar would provide sunshade but coul] only be used for the
construction of items small enough to fit inside the enclosed volume. If made of
adequate materials it could also serve as a micro-metersid shield. Time required for
assembly or deployment of structure would add to operator timeline. It would require
auxiliary lighting even during the sunny part of the orbit.

An inflatable rigidized hangar or work space should be light in weight for volume
enclosed and easy to pressurize and rigidize. It could be hard to attach to the Space
Station and could require auxiliary lighting even during the light part of the orbit. Again
only items small enough to fit inside the hangar could be constructed. A box shape may
be hard to achieve, however a cylinder should be easy to attain but would need to be
large to provide adequate construction and storage space.

A safety net would provide an inexpensive method of keeping crewmembers and
tools and/or equipment from drifting off. It would require deployment for each
construction task, but could be made large enough to cover large space structures. It

would not provide adequate sunshade and would create shadows on the work area during

the sunny part of the orbit. The net could get tangled when operators try to deploy or
stow it. In addition the operators could get tangled in the net depending on the mesh
size. The net would require a storage area when not in use.

The restraint methods selected for the LSS-1 TDM construction activities are:

1. The flexible.tethers that are currently used for the STS missions (figure 3.2-3).
2. The current safety line as shown in figure 3.2-5.

3. A shoe restraint with matching grid work.

4. The hangar that is part of LS8S~1 will also serve as an operator restraint.
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This section presents a description of some of the design details for the Construc-

tion/Storage/Hangar Facility (LSS-1). A more complete set of design drawings and parts
list are contained in Appendix A.

3.3.1 Truss Platform

The top and end view of the L35S-1 truss structure are shown in figure 3.3-1. The
truss is a deployable pentahedral truss (whose repeating elements are pentahedrons)
made of graphite/epoxy tubes 50.8 mm (2.0 in.) in diameter and with a wall thickness of
3.175 mm (.125 in.). The typical strut length is 2.0 meters (78.74 in.) which results in a
truss whose planform dimensions are 18.0 by 28.0 meters (59.04 by 91.84 ft.). The
diagonal truss elements which form the pyramid of each pentahedron ore 2.236 meters
(88.03 in.) long, resulting in a truss depth of 1.73 meters (68.19 in.). The truss is
attached to the Space Station at a berthing port using a transfer tunnel which is also
used for access to the platform. Also shown in the figure are support struts for a pair of
structural rails which duplicate the longerons in the Orbiter payload bay for the storage
of large payloads that are transported to the Space Station.
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Figure 3.3-1 L55-1 Pentahedral Truss Platform
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The top view and side view of a typical pentahedral element of the truss is shown in
figure 3.3-2 in both the deployed and stowed configurations. The numbers (e.g., -23)

shown in the figure are part numbers. Knee joints in the center of each surface strut and .

pin joints at the cluster fitting end of each strut allow the truss to fold compactly for
transport to orbit. The 2.0 by 2.0 meter truss element folds into a bundle whose
dimension is 0.194 meters square. This resuits in a packaged truss whose dimensions are
2,72 by 1.75 by 2.24 meters (107.24 by 68.94 by 88.03 inches). Figure 3.3-3 shows the top
view of the square base of one of the pentahedrans with the pulltruded graphite rods
which form an "X" to provide shear stiffness. These rods are alsc hinged for packaging
as shown in the stowed view with some of the struts removed for clarity.

ik

Tk
- |
i.n

VIEW D4-| (STOWED)

R -

C‘\L_-;\

S—

ORIGHIAL PLEE
OF POOR QUALITY

i

w

Lad Ul

VIEW Ca  {DEPLOYED)

WVIEW C4 (STOWED)

LS55-! Platform Truss Element
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VIEW A%

Figure 303'3

LS5-1 Truss Shear Ties

stowed configuration which is only slightly skewed.

An end view of the platform truss at the junction of the planar truss with the "wing"
is shown in figure 3.3-4 in both the deployed and stowed positions. The complex
geometry of this area’complicates the folding of the truss somewhat, but results in a
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WEw 2  (CEPLOYED)

VIEW €2 (STOWELD)

Figure 3.3-4

LSS-1 Truss Wing Junction
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3.3.2 Transfer Tunnel

The truss structure for the construction platform is attached to a transfer tunnel, as
shown in figure 3.3-5, which serves as the interface with the Space Station. it is
packaged separately from the truss and attached to the Space Station first. Then the
truss is deployed and attached to the transfer tunnel. It is 2.03 meters (80 in.) long and
1.788 meters (70 in.) in diameter (the diameter would be compatible with the diameter of
the 3pace Statioin berthing port) and is made of aluminum with a thickness of 6.25 mm
(.25 in.) for micrometeoroid and debris protection. Attachment points are built into the
cylinder to accommodate the truss cluster joints in four places and the diagonal rods in

four different places.

e inr)

vidw G4
BETALLAT 0 OF S W ALLESD TUNMEL

Figure 3.3-5 LSS-1 Transfer Tunnel

3.3.3 Payload Support Rails

A set of rails supported by three tripod support assemblies each are attached to the
construction platform to provide a location for the storage of large objects transported
to the Space Station. The rails duplicate the function and interface of the Orbiter
payload bay longerons. The rails are equipped with standard Orbiter longeron attach-
ment mechanisms. With the low g-levels anticipated at the Space Station, keel fittings
are not required. For additional clearance between the payload and the platform, the
payload can even be mounted in an inverted position on the platform rails.
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3.3.4 Hangar

Figure 3.3-6 shows the LSS5-1 platform with the hangar panels attached. The siues
and bottom of the platform are fitted with fixed, lightweight panels which are attached
to the truss via EVA to provide shielding from sunlight. The panels which form the
“roof" and ends of the hangar are articulated and attach to coilable longeron deployable
masts which are used to extend and retract the hangar in a manner similar to deployable
solar arrays. This allows access to the interior of the construction platform using the
Space Station remote manjpulator. The hangar not only provides protection to the EVA
crew from solar heat and light, but also contains the crew and equipment so that they
will not drift away when working without tethers or other restraints. Hangar panels are
made of thin corrugated aluminum sheets with a reflective surface on the outside for the
reflection of solar light and heat.

Wil

| ‘Tm’ ' VIE:? B2
| i -
' Ml me
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Figure 3,3-6 LSS-1 With Hangar Panels Attached

3.4 Operations Analysis

This section summarizes the analysis of the requirements for constructing the L55-1
TDM on the Space Station.
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3.4.1 Consinuction Method

In order to demonstrate all construction methods during the Space Station LSS TDM
activity, different construction methods were considered for each mission.

Of the three construction methods considered deployment takes the least operator
involvement but incurs the highest engineering and manufacturing costs. It also requires
larger packaging and greater weight than individual components. Manual assembly of
large space structures is labor intensive. This drives the on-orbit costs up (due to the
high cost of EVA) while not reducing tire engineering costs significantly.

A combination of deploy and manual assembly was chosen for construction of the
LSS-1 TDM. This allows quick depioyment of the platform with manual EVA addition of
the hangar, floor, holding fixtures,and sunshield.

3.5.2 Functional Flow Analysis

Functional flow diagrams were prepared to identify the LSS TDM system organiza-
‘tion and function. Utilizing preliminary design information, drawings, and missicn data
forms, a scenario of construction tasks was identified for each mission. This scenario
was prepared to provide the first picture of the functions required to accomplish the LSS
TDM objectives. As shown for LSS-1 in figure 3.4-1, it begins with the attachment of
the transfer tunnel to a berth.ing port. The truss is then deployed and connected to the
transfer tunnel. The payload support rails, floor panels, utilities, fixed and deployable
hangar panels, etc. are then installed. Tests are conducted throughout this construction
sequence to determine the dynamic characteristics, structural accuracy and thermal
deformations of the structure. This construction scenario was then upgraded to a
functional flow diagram in order to define the end to end construction and test
operations for the LS5-1 mission. It was necessary to examine each of the proposed
functions in terms of specifics regarding sublevel requirements for each function and in
terms of the possible constraints that would affect the way in which each function was
accomplished. The LSS-! functional requirements analysis was thoroughly decumented
as seen in figure 3.4-2. In this analysis, each function was keyed to a specific
construction ebjective. This made it easier to relate the functional flow diagrams to the
LSS mission requirements.
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3.6.3 Task Analysis

As the functional fiow diagrams were being prepared, a preliminary task analysis
was begun to further define the LSS TDM construction tasks. These were refined and
updated as more detailed dasign data was generated. As the detailed time lines were
evolved, tasik duration was considered. This combination generated a detailed timeline
analysis, '

3.5.t Timeline Analysis

Timeline analysis was used to derive human performance requirements by showing
the functional relationships between tasks as well as task loadings for the combinations
of tasks.

Design details were coordinated with Boeing designers and used as a basis for the
detailed task analysis and timelines.

The analysis indicates the estimated amaunt of operator's time which is occupied
throughout the L55 construction tasks. These operator task load estimates were derived
from neutral buoyancy simulation, task times from previous missions, and analysis of
NASA video tape of STS-6, STS-11, and STS-13 missions. In addition, interviews with
previous and current astronauts were reviewed for pertinent EVA data. A summary of
the L.35-1 timeline is prasented in figure 3.4-3 with th;e complete detailed timeline being
presented in Appendix B. '

Hours

Start up and deploy truss 11.4
Test truss 5.0
Attach truss 15
Instal! utilities 7.0
Test truss 10.5
Install floor 7.0
Install solar shield 10.5
Test hangar 103
Remove and stow test equipment 4.8

Total 68.0

Figure 3.4-3 LSS-1 Timeline Summary
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3.5 Development Activities

The technology development missions defined in this report will demonstrate the
ability to construct large space structures on an eayly Space Station. However,
precursor developments are required to advance the necessary technology and opera-
tional procedures required for on-orbit assembly or construction. These precursor
activities involve the design, manufacture and test of stfuctural components for the
TDMs and the development of detailed procedures for their construction in space.
Several testing arenas and types of tests can be used for these developments: ground
tests in the laboratory, neutral buoyancy tests in a water tank and tests in space using
the Space Shuttle.

Figure 3.5-1 summarizes the general areas where development activities for large
space structures need to be conducted and the locations for zach. In all cases, ground
testing is the primary development testing arena, but all developments need to be
detnonstrated in space to verify the ground tests. Zero-g simulations which involve
human interaction are most economically conducted in a neutral buoyancy simulator,
subject to the limitations of the physical dimensions of the facility.

DEVELOPMENTS NECESSARY FOR LSS TOM "GROUND 'N-;%;sﬁ SHUTTLE
. BUOYANCY
ASSEMBLABLE JOINT . X X X
' FOLDING DEPLOYABLE JOINT X X X
MRS REFLECTIVE MEMBRANE SURFACE X X
MRS MEMBRANE SURFACE CONTOUR MEASURING SYSTEM X X
MRS MEMBRANE TENSIONING SYSTEM X X
MIRROR POSITIONING CONTROLS X X
DEPLOYABLE THUSS BEAMS X X X
TENSION STABILIZED BEAMS X X
CHERRYPICKER RMS ‘ X X
EVA ASSEMBLY OPERATIONS CAPABILITY X X X
DYNAMIC TESTING X X
SLIRFACE ACCURACY MEASUREMENT X X
MADAL JOENTIFICATION TECHNIQUE X X
Figure 3.5-1 Precursor Technology Development

For the Construction/Storage/Hangar Facility in particular, a list of development
tests was established for each type of test facility and is shown in figure 3.5-2. The
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Ground Tests:
~ Deployment (functional test)
~ Accurscy maasurements
- Dynamic tests
— Static Tests

Neutral Buoyancy Simulator (NBS) Tests:
— Deploym.eit {operational test)
- Utilitias routing and installation
- Install hangar panels
— Attach “fioor” panels
- Simulate attachment of equipment or modules
— Replace interior member (simulation of repair)

Shuttle Flight Teasts:
— Repeat NBS tests in spa:e
— Measure structural accuracy {e.g., flatness)
-~ Measure thermal deformations
— Retract and stow structure

Figure 3.5-2 LSS+l Development Tests

tests listed are designed to be conducted on a portion of the deployable truss so that

hardware costs can be minirmized while the basic cliaracteristics of the structure can be
determined. ‘

3.5.1 Ground Tests

Ground tests conducted in l-g can be used to determine the static, dynamic and
thermal behavior of structural components and assemblies. For sxample, the nonlinear
stiffness and damping of deployable joints must be determined because they may
significantly affect the dynamic characteristics of the truss. Also, for some assembly
level dynainic and functional tests, techniques for simulating zero-g are advisable (ie.
air bearings or other distributed suspension systems). These suspension systems will
more accurately represent the conditions in orbit and will also allow the measurement of
the dimensional accuracy of the structure.

3.5.2 Neutral Buoyancy Simulator (NBS) Tests

Another technique for simulating zero-g is through the use of = neutral buoyancy
sirnulator which relies on the bucyancy forces on an object submerged in water to
counteract the force of gravity. These Iacilities are particularly useful for simulating
tasks which must be accomplished by EVA astronauts and for developing assembly
techniques. Manual or automatic deployment of a representative portion of the platform
truss can be demonstrated. Once the truss is deployed, the installation of utilities,
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hangar panels and floor segments can be accomplished., Another task which will be
important to the maintenance of large space structures is the replacement of com-
ponents and structural elements in the event that they fail or become damaged. These
maintenance and repair tasks can be demonstrated in a NBS,

3.5.3 Shuttle Flight Tests

Once the structural components and assemblies have been tested on Earth and the
construction procedures and techniques have been developed and simulated, the next step
is to demonstrate the functional aspects of the construction process in space. Structural
assemblies of modest size can be constructed on orbit from the Shuttle cargo bay to
verify the results of the Earthbcound tests and simulations. To determine the accuracy
and zdequacy of these tests, it is advisablie to duplicute the l-g and NBS simulations as
closely as possible in orbit so that the differences can be identified. It may be possible
to compensate for these differences in future tests on Earth.

3.6 Pregrammatics

The LSS-1 programmatic analysis provides the necessary plans, schedules, and cost
analysis to support the definition of this technology deQelopment mission. This is
necessary to insure that the plans, schedules, and costs are given proper consideration in
the development and analysis of the missions. Programmatic analysis was performed in

two subtasks: (1} plans and schedules and (2) cost anaiysis.
3.6.1 Plans and Schedules

Our study of LSS TDM programmatics included considerations of program structure,
hardware commeonality, schedules, and program phasing. An important dimension of
program structure is Program phasing. Schedules for LSS development were laid out
using analogous experience with programs of similar size and complexity. Certain

assumptions are implicit in these schedules:

(1) Significant technology advances will be carried at least to the proof-of-concept
stage by technology advancement activities prior to initiation of phase C/D for
each of the LSS TDM's. If the technology advancement is critical, a full
technology demonstration may be required,

(2) Accordingly, program delays to solve technology immaturity problems will not

be encountered.
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(3) Shuttle launch service will be available on a timely basis for LSS buildup.

(4} End item fabrication and test activities are phased so that one set of tcoling for
each end item type, and one test crew, can accomplit® the required fabrication
and testing.

The schedule analyses keyed on the fabricatior, test, and integration schedules
incorporating assumptions (3) and (4).

Because the LSS TDM's will have their final assembly on the Space Station, it is seen
as very important to validate, hoth mechanically and functionally on the ground before
‘launch. This leads to the concept of a Ground Test Vehicle (GTV) All subsystems in the
GTV will be flight or flight prototype hardware.

The GTV will initially serve in an integration role to prove out the proper operation
of the subsystems, later it will serve to validate flight hardware interfaces at KSC
before each flight article is launched. Finally, after the flight system is fully built up
and in orbit, the GTV will serve as a "hangar queen"'for simulation, training, and
checkout of procedures, subsystems updates, and software changes before these are
‘implemented in the flight system.

The program master schedule for L8S5-1 was updated to reflect the Space Station
1992 I0C, and the combination of LSS TDM's | and 2. The expanded preliminary L55-1
TDM program master schedule is shown in figure 3.6-1. The anticipated go-ahead is
shown with design and development, fabrication and assembly, test and launch opera-
tions, and on orbit construction operations. The scheduled launch date for LS5-1 is
shown In 1992. Facility availability, along with test plan submittal, is also shown. The
L55-1 TDM schedule reflects the start and completion dates for key milestone events,
key reports, and customer reviews.

We have developed the L35-1 master schedule that our analysis indicates will reduce

risk to a minimum. This schedule has been formulated to ensure a timely flow. The
scheduled task interrelationships are also shown in figure 3,6~1.
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1987 1988 1989 1990 1891 1992 1993
GO
AHEAD fDR coR
cesion —L L +J e
START START Fap
TOOLING Fa8 COMPLETE
Fas & assemery A+ L v]
FiNAL
LAUNCH REPORT
Test 8 LauNeH W)
OPERATIONS ASSEMBLY
I COMPLETE
FLIGHT TEST
MANUFACTURING TESTPLAN  FACILITY LAUNCH
FACILITY AVAILABLE SIL SUBMITTED AVANLABLE | FLIGHT SUPPOAT
2 _ L+ v
GROUNG TEST
PLAN SUBMITTED
Figure 13.6-1 L5S-.1 TDM Program Master Schedule

3.6.2 Cost Analysis

An analysis of the Construction/Storage/Hangar Facility was conducted during
Phase 1 of this study (Reference 1) to determine the costs associated with its design,

development, and manufacture. These costs were updated in Phase II to reflect maturity '

in the details of the design.

TDM costs were determined using the cost data base we have developed from
experience with previous spacecraft, New equipment, hardware and development costs
were defined using the Boeing Parametric Cost Model (PCM) cost analysis computer
model and the RCA PRICE hardware acquisition model.

The groundrules provided by MSFC are:

o Cost estimates are in FY-84 dollars, including fiscal year funding requirements.

o Space Station ATP are FY-86 with initial launch in FY-90 and IOC in FY-91.

o Cost estimates include all requirements unique to demonstrating the technolegy
feasibility.
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The additional groundrules and assumptions used are:

o The Boeing PCM hardware cost model was used to estimate all structural/
mechanical items and all support costs i.e., SE&], system ground test, tool &
test equipment, program management, etc.

o PCM waus used to estimate all integration costs.

o Design costs reflect the highly repetitive nature of the hardware.

o The extendable masts for the hangar are 100% off-the- shelf.

o Learning was assumed (88% of structural items).

o Development quantity = 2

The development costs for the Construction/Storage/Hangar Facility are summa-
rized in figure 3.6-2. |

PLATFORM HANGAR
ENGINEERING ($M) 47.7 5
TOTAL HARDWARE (2 UNITS) 33.8 8.7
TOTAL DEVELOPMENT ($M) 81.5 9.2
FLIGHT UNIT COST ($M) 7.8% 2.77
1934 DOLLAR
Figure 3.6-2 LSS-1 Development Costs

3.7 Space Station Resources Required
3.7.1 Accommodations

EVA activities require special equipment and/or procedures. These in turn will

require accommodations in the basic space station design. The accommeodation needs of
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the LSS TDM's were defined by analysis of both mission and space station require-

( ! ments/capabilities. A detailed list of the space station architectural features, required
rd
for L55-1 EVA construction activities are provided in figure 3.7-1,

Architectural Features
EVA crew transfar corridors and work areas must be
compatible with the dimensions and mobility of the EVAS.

Proper storage and maintenance areas for EVAS items, spares
and support equipment are necessary,
Adequate handholds, translation rails, safety wires, and
tether attachments to support egress, ingress, transfer, and
othar EVA construction activities are necessary.
Crew safety from electrical, fluid, mechanical, and other
station hazards must be considered.
Viewing ports are required so that IVA crewmembers can
obsarve all LSS EVA construction activities.
All sharp edges, corners, and protrusions should be designed
to meet EVA criteria,
Floodlights to aid the EVA crewmembers visibility in areas
of high EVA activity, such as the airlocks, LSS construction
areas, etc., should be provided.
Electrical power outlets must be availab'e at EVA
construction sites,
Airlock ‘
Pravide two airlocks and support equipment that will handle
a minimum of two crewmembers.
One airlock shall have the capability of serving as a hyperbaric
chamber for two crewmen,
- Provide an equipment airlock for the transfer of EVA tools,
parts, and equipment.

e

)

Fa
A

Figure 3.7-1 Space Station Accommodation Needs

3.7.2 Operations

Scheduling of the Space Station facilities, activities, and personnel is of prime:
importance to minimize conflicts during LSS EVA construction activities. Communica-

<L

tions, data equipment, and links required for EVA will need to be available and

)

operational. All other missions and space station facility usage will require close
coordination during EVA activity. Three crewmembers will need to be trained and
available (2 EVA and 1 IVA) during construction activities. Figure 3.7-2 shows the Space
Station operations that need to be scheduled to avoid conflict with LSS-1 construction
activities.
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Scheduling

Communications
cCcTV
Intsrcomm
Links
Dota
Processing
Handling
Missions _
Limited constructions or servicing without
platform
RMS usage
Facilities (briefing room)
Crew membens
2EVA
1IVA

Figure

3.7.3 Crew Support

3.7-2 Space Station Operations LSS-1

The operations analysis data from previous NASA studies was examined to define

the necessary crew skills for performing basic Space Station operations. . The studies

identified 7 basic crew skills. The seventh skill (spacecraft systems) was further defined,
as shown in figure 3.7-3, to breakout the skills required to accomplish the Space Station

missions.

hwN

No

No special skill required
Medical/biological research
Physical sciences research
Earth and ocsan sciences research
Engineering
Astronomy research
Spacecraft systems
a) Spacecraft systems operations—data
b) Spacecraft systams operations—electronics
¢} Spacecraft systems operations—mechanisms
d) Spacecraft systems operations—fluids
e} Space Station subsystems operation and
maintenance
f} EVA MRMS operations
g) EVA work station operations
h} MOTV and OMV piloting
i} Teleoperator piloting
Skill Levels

1) Task trainable

2) Technical

3) Professional

Figure 3.7-3 Space Station Skill Type
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@\} The operations analysis data from the LSS TDM studies was examined to define the :
g necessary crew skills for performing the LSS construction and testing operations. It was
"{ W determined that six of those skills identified in figure 3.7-3 are required for L33

construction and testing activities. These six skills are shown in figure 3.7-4,

i Engineering

e Spacacraft systams operations—data :

([ Spacecraft systems operations—selectronics i

& Spacacraft systems operations—mechanisms

Space Station subsystems operation and maintenance i

@"’”‘ ) EVA MRMS operations ;

{% Figure 3.7-4 LSS TDM Skills Required

These six skill requirements were then further refined as shown in the example in
figure 3.7-5. This figure identifies the crew skill title, the Space Station location where

AR
\

this skill is most often utilized, and the L5S TDM tasks that the person with this skil}
would be expected to perform, and the basic requirements for this skill.

3

,a‘ iy
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Job Title Work Location

o

Engineering IVA in command center
EVA LSS construction areas

Basic Tasks

Primary function is to supervise construction and test of LSS
Tachnology Devalopment missions,

Maintain voice and visual contact with other EVA and IVA
~ crewmembers as required.

Requirements
. Supervisory skills
{ Advanced training in properties of meatals and composites for
N LSS TDMs

Advanced skills in mechanical, and electrical, diagnostics, |
troubleshooting and repair,

Training in computer hardware and software.
EVA proficient.

Figure 3.7-5 Crew Skill Descriptions

At this point in time, it is too early to define the skill mix required for each of the

LS5 Technology Development mission crewmembers. During the early missions, no

doubt, each crew person will be cross-trained for more than one crew skill. As the Space
41
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Station activity and number of crewmembers increases with time, it is likely that some
of the crewmembers can become more and more specialized to the point to where they
wouid be trained for only one skill.

To facilitate the generation of crew skill utilization statistics, it was necessary to
create a set of tables that allocated the various crew skills to the various L3S TDM
operations.

The numbers shown in the crew skills allocations represent the percent of operation
duration time each skill is required. These percentages were estimated from the dat
used to calculate the operation time, Particular attention was paid to the crew skill
descriptions in figure 3.7-5 in making sure that the proper crew skills were utilized for
each operation. Figure 3.7-6 gives a summary of the crew skills applied to the L55-1
construction/storage/hangar facility.

OPERATIONS
MECHANISMS
2%

ENGINEERING
6%

OPERATIONS
ELECTRONICS
18%

CPERATIONS
DATA
14%

@ RMS OPERATIONS ~ 4%

@ SPACE STATION
SUBSYSTEMS - 6%

Figure 3.7-6 LSS-1 Crew Skill Support

3.7.% Special Equipment

During the definition and analysis of the L35-1 TDM, special equipment require-
ments were considered. The required support equipment, instrumentation, data systems,
and small tools identified during this study are listed in figure 3.7-7. Some common
equipment is envisioned to remain on the Space Station for use with other missions.
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Support Equipment
Docking tunnel
Miscallanesous constraints and hold-downs
Articulated test equipment holding fixture

instrumentation
Structural dynamics {(accaleration, strain, loads, etc.)
Thermal response (thermocouples)
Position/deflection (precision laser ranging, comer reflectors)

Data Systems
Recording
Storage and retrieval
Manipulation (EDP)

Small Tools
.SS-1 construction tool kit

Figure 3.7-7 LS5S-1 Special Equipment

3.8 Potential Problems and Concerns

Several areas of concern must be considered when construciing the Construction/
Storage/Hangar facility at the Space Station. The additional mass and inertias of the
structure as well as its structural dynamic characteristics must, be accommodated by the
Space Station control system. The dynamic loads resulting from events such as Orbiter
docking and thruster firings must also be accounted for. Large Space Structures
attached to the Space Station will also increase the drag due to their size. The large
size of the structures may also influence the thermal balance of the Space Station and

interfere with communication paths.

These and other concerns raised by the construction of large space structures affect
a wide range of technologies and subsystems and need to be carefully considered in the
design of the Space Station as well as in the design of the construction project. The
results of initial investigations of some of these concerns are presented in the following

sections.
3.8.1 Mass and Inertia

The control system of the Space Station must be designed to accommodate growth
from the earliest configuration to the most advanced configuration. The mass and
inertias of each Space Station component and any large space structures construction
projects must be calculated to assess their contribution to the total mass and inertias.
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The mass properties of the Construction/Storage/Hangar Facility witt. and without
the hangar panels are shown in figure 3.8-1., The center of mass location is given in
relation to the Space Station interface which is at the center of the platform. The
inertias are given relative to the center of gravity. The location of the platform will
determine to what extent the additional mass and inertia will affect the Space Station.
Since the mass of LSS-1 is less than 1/3 of the mass of a single Space Station module, it
is unlikely that it will cause a major influence on the total mass and inertia.

COORDINATE REFERENCE AT s
SPACE STATION INTERFACE : !

WITHOUT HANGAR WITH HANGAR

MASS = 3300kg MASS = 7000kg o
Z-CG. = Am 2€6G. = 41m Al
Ixx = 78,000 kg-m2 Ixx = 231,000kg-m2 S
lyy = 130,000 kg-m2 Iyy 341,000 kg-m2 o
lz = 20%,000kg-m2 lz = 485,000kg-m2 S
Figure 3.8-1 LSS-1 Mass Properties |

3.8.2 Dynamic Loads

An analysis was conducted to determine whether the accelerations imposed on the
Space Station by such events as Orbiter docking, attitude control or station keeping . }
thrust would cause excessive loads of deflections. A NASTRAN finite element model cf o
the construction platform including a 14,500 kg "payload" attached to the payload ralls ot
was exposed to a unit acceleration in the x, y and z directions. The structure was )
cantilevered from a rigid transfer tunnel at the center of the truss and the payload was
kinematically supported on the payload rails.
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The loads in the truss members near the transfer tunnel showed them to be buckling
critical. The maximum acceleration which this platform configuration can withstand is
0.48 g's. The maximum deflections which occur with this acceleration level are shown in
figure 3.8-2. The maximum deflections which occur at the corner of the platform are
15 mm (.37 in) or less. These deflections are judged to be acceptable. However, the
“weak link" is probably the Space Station module wall near the berthing port to which the
transfer tunne! is attached. On the other hand, the low thrust propulsion systems and
scft docking techniques proposed for the Space Shuttle will produce accelerations well
below the 0.48 g's used in this analysis (probably on the order of 0.0 g's). 1f the Space
Station module loads are still too high, additional bracing members can be used to
distribute the loads.

ANALYSIS

® 845 D.0.F. NASTRAN MODEL

® 14,500 kg (32,000 Ib) “PAYLOAD"

® TRUSS ATTACHED TO RIGID TRANSFER TUNNEL
® 1-g LOADS APPLIED IN X, Y & Z DIRECTIONS

ANALYSIS ‘ DEFLECTIONS {.48q)
® BUCKLING CRITICAL LOAD DIRECTION MAX. DEFLECTION
@ ALLOWABLE LOAD FACTOR = 0.48g X 13. mm{.51in)
' : Y 12. mm (.48 in)
F4 15. mm (.57 in)
Figure 3.8-2 LSS-1 Truss Deflections

3.8.3 Structural Dynamic Characteristics

The same NASTRAN finite element model used in the loads and deflection analysis
was reduced to 120 dynamic degrees of freedom and used to determine the dynamic
characteristics of the Construction/Storage/Hangar Facility (without hangar). The
resulting frequencies listed in figure 3.8-3 show that the truss is very stiff, even witih a
14,500 kg payload attached. With the hangar panels attached, the first mode frecuency
wiil be approximately 2.0 Hz. As mentioned in the discussion of the truss loads in
Section 3.8.2, the flexibility of the Space Station side of the interface could contribute
significantly to the overall flexibility of the platform system.
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ANALYSIS

® 120 DYNAMICD.O.F.

® 14,500 kg {32,000 ik} “PAYLOAD"

8. TAUSS ATTACHED TO RIGID TRANSFER TUNNEL

FREQUENCIES
' ODE  FREQ.{H1)
1 2.9
2 4.0
3 9.2
4 129 -

Figute 3.8-3 L5S-1 Dynamic Characteristics
3.8.4 Drag

Another concern created by LSS construction is the increased frontal area which
increases the rate of orbital decay due to drag. The orientation of the structure can
have a pronounced effect on the drag. For instance, if the planform of the platform is
oriented perpendicular to the flight path, the frontal area of the Space Station will be
increased more than if it was oriented with the end of the platform toward the flight
path,

The drag force on a body in low Earth orbit is & function of its ballistic coefficient
{area per unit mass), Figure 3.8-4 shows the area of L5S5-1 in the x, y and z directions
and the corresponding area/mass ratio treating the platform as an isolated body. The
important thing, however, is the effect that the additional area and mass have on the
Space Station drag. Using an estimate of the maximum exposed area and mass of the

Space Station, the infiuence of L.$5-1 was estimated in terms of the percent increase in
area/mass ratio as shown in the figure. For these calculations, it was assumed that the
two areas are additive, when in reality, some shadowing may occur.

X-pIft ¥-Dift Z-DiR
LSS-9 AREA {(m2) 102. 303, - §04.
AREA/MASS RATIO {m/kg) 015 043 072

% INCREASE FOR SPACE STATION -1 7 16.4

ASSUMPTION: TDM AREA ADDS TO SPACE STATION AREA

Figure 3.8-4 .L55-1 Drag Etfects
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8.0 PASSIVE MICROWAVE RADIOMETER, L55-3

This section is a self-contained description of the tasks relating to the development
of a Passive Microwave Radiometer technology development mission, L.8S-3. Included in
the study are design and operations trades, detailed structural design of the mission, an
analysis of the operations required to perform the mission, precursor technology
developments which can be accomplished on Earth or with Shuttle flights, and the
programmatics of the mission. In acdition to these topics, the accommodations which
the Space Station must provide to the TDM are identified and, conversely, some of the
problems and concerns which the TDM may impose on the Space Station are considered.

4.1 Design Trade Studies
The design topics relating to the microwave radiometer which were subjected io

trade studie- include the configuration, the type of members and joints, and the reflecior
surface material and its control. Each trade is discussed individually in this section.

4.1.1 Truss Ring Cenfiguration

The three types of reflector support structure shown in figure 4.1-1 were considered
for this TDM. Two ring trusses, one made up of trapezoidal elements (box ring truss) and

ew i,

TRAPEZOIDAL ELEMENTS TETRAHEDRAL TRUSS

'

PENTAHEDRAL ELEMENTS

Figure 4.1-1 L55-3 Reflector Support Structure Concepts
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one consisting of pentahedral elements, and a continuous tetrahedral truss were
evaluated based on characteristics such as mass, stiffness and number of structural ele- w
ments and joints. Additional factors such as ease of on-orbit construction were also used

to evaluate the configurations. -

Figure 4.1-2 summarizes the results of the trade study. Under the assumption that
the tetrahedral iruss is a deployable concept, the length and diameter of the members
was varied to arrive at a baseline configuration. Packaging dimensions and the
requirement for a sutficientiy large number of "hard points" for proper reflector control
led to the 12 ring baseline configuration. The resulting weight and complexity (number
of elements and joints) quickly eliminated it from further consideration.

OPTIONS o
BOX RING PENTAHEDRAL TETRAHEDRAL ' ‘
TRADE ITEMS JRUSS RING TRUSS ‘
(12 RINGS; o
MASS {KG) 8s7. 74, 3485.
STIFFNESS {157 MODE FREQ., H2) 1,08 ¥ 225
NUMBER OF ELEMENTS 144 144 3852
NUMBER OF JOINTS 72 B4 801 CLUSTER
2556 KNEE
PIAMETER (M) s, 103, 115, ' R
'{ .
OTHER CONSIDERATIONS LI [
EASE OF CONSTRUCTION FAIR Goup COMFLEX : N
Figure 4.1-2 L55-3 Reflector Support Structure Trade Study (.i' 1 i

The two ring configurations are comparable in mass, stiffness and complexity. The S )
pentahedral truss ring is 13 percent lighter than the box truss using similar structural - @
elements, The stiffness of the box truss is higher based on a NASTRAN analysis of the '

. dynamic characteristics of each configuration. However, the stiffness of the penta-
hedral truss ring can be increased by increasing the diameter of the cables »which provide

shear stability in the square faces of the pentahedrail truss elements. The pentahedral

truss is smaller in overall diameter since the reflecter can be attached at the outside
diameter while iv inust be attached to the inside diameter of the box ring truss. The

biggest advantage of the pentahedral truss, however, is in the ease of on-orbit
construction. It is significantly easier to construct a pyramid truss module (from a fixed

=
i
Ve
1
i
i

base) than it is to construct a cubic module. The tip of a pyramid aligns itself while {
shear ties must be added and adjusted to stabilize and align a cube (or trapezoidal

element). For these reasons, the pentahedral ring truss was selected for L55-3. T '}
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4.1.2 Truss Members

Three types of truss members were considered for the truss elements: cylindrical
tubes, nestable. tapered tubes and deployable beams. The factors which led to the
selection of nestable tapered tubes for the truss ring are packaging {cylindrical tubes are
very inefficient for packaging) and complexity (deployable beams are complex and,
therefore, expensive), Nestable tapered tubes require on-orbit assembly of the twr
halves but can be packaged efficiently for delivery to orbit.

4.1.32 Truss Member End Joints

Figure 4.1-3 shows the four truss member end joint concepts evaluated for the ring
truss elements. Truss ass;-;mbly requires the use of "side entry" joints for both assembly
and for potential replacement of inembers. All four candidates are "side antry" joints.
The strengths and weaknesses of each are discussed individually in the following
paragraphs.

COLUN JOINTY

FLOTATION
MIT CLUSTER SLIP~JOINT

1
RECEIVER

oo |
. > et ROt

™
- [
b Jew ped o=

-—1: --.-“4 ) :--t —t-
[~ wad
. AUTOMATIC COUPLER
BAC RALL AND SOCKET VOUGHT QUICK—CONNECT COUPLER
Figure 4.1-3 L58-3 Truss Member End Joint Trade Study
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Snap~joint union - This joint requires complex machining and, to minimize joint

"slop", it must be machined very accurately. Accurate strut alignment is required for
latching and opposite ends of the strut must be accurately aligned with respect to each
other to permit truss assembly.

Cluster slip-joint - The cluster slip-joint also requires precision machining to

minimize joint slop. High alignment accuracy is required to slide the joint sleeve into
place, and high end-to-end aligninent accuracy is required to allow truss assembly.

Quick-connect coupler - This joint can be assembled from the side, from the end, or
from other angles. Although the slop accommodation is potentially better than the

prewvious two concepts, the fit of the pin within its hole determines the amount of slop in
the joint. As in the previous joints, the end-to-end alignment must be accurate.

Ball and socket - The geometry of the ball and socket joint does not require high

alignment accuracy for latching or for end-to-end alignment. The slop in the joint is
eliminated by the locking nut. Although strut length is pre-set on the ground, it is
feasible to adjust the strut length on-orbit.

The bail and socket joint was selected for the L5S-3 truss ring because of its ability
to eliminate all joint slop, its tolerance to slight strut misalignment for initial latching,
and its potential for being manufactured from low CTE (coefficignt of thermal
expansion) materials such as invar or graphite/epoxy. The ball ends of the struts also
elimindte the necessity to index the strut torsionally befure latching. - The biggest
deterrent is the necessity for a tool (wrench) to lock the joint.

A.1.8 Truss Member Center Joint

To achieve high paickaging density, the use of nestable tapered struts is proposed for
the truss members. The center joint which joins the two halves is the subject of this
trade study. The two concepts which were considered for this trade are shown in figure
4.1-4. The interlocking joint consists of a series of interlocking fingers on each half of
the strut which rely on the flexing of the fingers to slide over and latch to a machined
ring on tha opposite half of the strut. The ring clamp concept is similar to thnse
commonly used in the aerospace industry to jein cylindrical structures.

The interlocking joint is operationally simpler since there are no extra parts

required. [t does, however, require high alignment accuracy and an axial force to latch.
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N
% e N

INTERLOCKING JOINT

Figute 4.1-4 LS$5-3 Truss Member Center Joint Trade Study

The manufacturing process is fairly complex and requires accurate machining to assure
proper fit and minimum joint slop. The disassembly of this joint is also very inconvenient
since all of the latched fingers must be lifted simultaneously to disengage the two halves
of the joint,

~ Although the ring clamp is an extra part to contend with in the assembly process,
the manufacturing simplicity, off-the-shelf technology, self-aligning ability, joint slop
elimination and ease of disassembly make it our choice for the center joint for LS5-3
truss members.

4.1.5 Feed Array Supports

The three types of masts shown in figure 4.1-5 were considered for use as feed array
support beams: a coilable longeron (Astromast-type) deployable mast, a cable-stiffened
mast (consisting of a structural central tube which carries axial loads and outrigger
cables which provide increased bending stiffness), and a deployable mast with folding

longerons.

Figure 4.1-6 gives a quantitative and qualitative comparison of the three types of
masts. The coilable longeron mast has high packaging efficiency. but is the heaviest of

31

Y

e e prr————




TN Rl AR M L e NIRRT S T AR DR RS Tk e, T R ) o e
|

D180-27677-2

Figure 4.1-5 L55-3 Feed Array Support Mast Concepts

STIFFENED LONGERON
TRADE ITEM ASTROMASY AST
MASS, KG 3z0.
BENDING FREQUENCY (PIN-PIN), HZ J4
PACKAGING EFFICIENCY HIGH
COMPLEXITY - HIGH
Figure #.1-6 L55-3 Feed Array Support Mast Trade Study

the three and has the lowest bending frequency based on pinned end conditions.
cable stiffened mast is somewhat less complex than the other two but has poor packaging
efficiency since it consists of seven hinged sections which fold into a 11.5 meter long
bundle after the cable spreaders are folded along the central tube. Its bending stiffness
depends upon the cable parameters and spreader length. The folding longeron mast made
of graphite/epoxy material is the lightest, has good frequency characteristics and is
efficiently packaged for delivery to orbit. This type of mast was, therefore, selected for

use as the feed array supports.
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4.1.6 Feed Array Truss Beam

The three generic types of deployable beams considered for the feed array truss
beams are shown in figure 4.1-7. Two of the concepts have a triangular cross-section
while the third has a square cross-section. Comparisons were made on the basis of
weight, stiffness, number of elements and joints, and other intangible factors such as the
ability to accommoda.te the microwave sensor assemblies.

Figure 4.1-7 LSS-3 Feed Array Truss Beam Concepts

Figure 4.1-8 shows a comparison of the characteristics of the three deployable truss
beam types. Ignoring the weight of the joints, a mathematical expression was derived
for a stiffness-to-weight parameter (I'). This non-dimensional parameter involves the
equivalent area moment for the beam (I), the material density (p), the length of a typical
member (L) and the weight per unit length (w). The stiffness-to-weight parameter shown
‘5’ I'=1*p/(W*L2)

Although the hex-truss beam is the heaviest, it has the highest stiffness-to-weight
ratio (a measure of its bending frequency-squared). Its square modular shape also
provides good accommodation for the feed horn assemblies, while the triangular cross-

section of the other two truss beams would require the feed assemblies to be mounted
externally. This causes the mass to be offset from the elastic axis of the beam and

would result in undesirable lateral/torsional coupling. Therefore the hex-truss configura-

tion was selected for the feed array truss beam.
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PENTA DELTA HEXA
NUMBER OF ELEMENTS PER BAY
W/O DIAGONALS ) 6 8
W/ DIAGONALS (1) 10 .9 13
NUMBER OF JOINTS PER BAY 3 3 4
STIFFNESS/WEIGHT PARAMETER
h=L
W/Q DIAGONALS 0749 1069 325
W/ DIAGONALS 0648 0626 0884
WEIGHT/UNIT LENGTH
W/O DIAGONALS 8.90AP 8.24A0 8AP
W/ DIAGONALS 1032 AP 10.85 AP 16.07 AP
FEED HORN ASSEMBLY ACCOMMODATION POOR POOR GoOD
Figure 4.1-8 L55-3 Feed Atray Truss Beam Trade Study

4.1.7 Reflector Surface

A review of the literature indicates that there are two basic types of flexible
reflector surfaces: mesh and membrane. Mesh types include woven metallic mesh and
knitted metallic mesh., Membranes inclyde materials such as aluminized kapton or
aluminized mylar. Based on articles in Reference 2, a knitted metallic mesh system was
selected. The mesh consists of gold-plated molybdenurm wire with an areal density of

0.043 kg per square meter.
4.1.8 Reflector Shape Controi Mechanism

Three types of reflector control schemes were considered for LS5-3: The bootlace
catenary system, the distributed control catenary system and the electrostatic control
method. These three schemes are shown schematically in figure 4.1-9. The distributed
control catenary system was somewhat arbitrarily selected for use as the reflector
control.method. The electrostatic control method appears to be complex and heavy,
while the bootlace system is judged to be intolerant of local variations in reflector
shape.
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- Bootlace Catenary W
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(‘ Aﬂi Linear actuators
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Structure

Distributed Control

Reflector
mambrane

r/ Structure
7

Voitage

o

Electrostatic Control

Figure

3.1-9

LSS-3 Reflector Control Options
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4.2 Operations Trade Studies

This section summarizes the trade studies compieted during the LSS-3 construction
analysis,

4.2.1 EVA Crew Schedule

The results of our analysis indicates that the workday should be 6 actual EVA hours.

Three operators per shift (2-EVA and 1-IVA) will be required, full time, during LSS
EVA construction activities, The ability to operate more than | shift per day will be
dependent on the Space Station crew size and other scheduled Sgace Station activities.
Two or three shift operation could result in conflicts in the use of facilities and high
noise livels while other crewmembers are trying to sleep. For the LSS TDM EVA

construction activities it is recommended that | shift per day be utilized.

It is recornmended that a 5 day LSS5-3 EVA construction week be adopted with | IVA
day for paperwork and suit maintenance and care.

4.2.2 EVA Personnel Restraints

The restraint methods selected for the LS5-3 TDM construction activities are:
" 1. The flexible tethers that are currently utilized for the STS missions.

2. The current safety line.

3. A shoe restraint with matching grid work.

4. The hangar that is part of L55-1 will also serve as an operator restraint.
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%.3 Mission Design

Some of the design details for the Passive Microwave Radiometer (LSS-3) are

discussed in the following paragraphs. The detailed design drawings can be found in’

Appendix A.
4.3.1 Reflector Support Structure

The 103 meter diameter reflector support structure is a truss ring made oi tapered
strut elements i8 meters in length, forming a series of pentahedral truss elements as
shown in figure 4.3-1. The struts are made of graphite/epoxy material and use a unique
method of manufacture. 260 graphite/epoxy fiber bundles run longitudinally and are
evenly spaced around the circumference, resulting in a structural element which has a
constant cross sectional area even though it tapers from .305 meters (12. inches) in
diameter at the center to .025 meters (1.0 inch) diameter at the end. Then a single
helical wrap bundle is used to stabilize the longitudinal {ibers. The center joint and the
end joint are bonded with the longitudinal fibers during manufacture. With the joints

included, the mass of each 18. meter strut is 5.7 kg (12.5 lbs) and can be efficiently

nested for transport to orbit.

Figure 4.3-1 L5S-3 Reflector Support Structure

The center and end joints are shown in figure 4.3-2. The center joint is a ring clamp
joint which produces a no-slop connection which does not require accurate angular
alignment about the strut axis during assembly. The end joint is a ball and socket joint
which also allows all slop to be eliminated and does not require angular alignment. The
primary adjustment nut is designed to allow an astronaut to accomplish the initial
connection and tightening with a gloved hand. Final tightening of the lock nut requires a
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castings with final machining to provide the accuracy necessary in the socke.s.

Figure 4.3-3 LSS-3 Ring Truss Cluster Joint
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The cluster fittings, shown in figure #.3-3, are made of Invar investment
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4.3,2 Feed Array Structure

The feed array structure is a deployable box beam truss as shown in figure 4.,3-4,
The elements are .0508 m (2.0 in.) in diameter and are made of graphite/epoxy laminate,
Although the longeron tubes are all the same length, the hinge fittings on the bottom of
the truss are approximately .1016 meters (4.0 in.) longer than those on the top so that
the box beam curves in a 79.3 meter circular arc. The "tee" plates and "angle” plates in
the joints are made of laminated graphite/epoxy and the tube end fittings are injection
molded graphite/epoxy.

03 203,
- 9 -
: 303 F~
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-3 ARRAY ASDY
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VIEW ID2

AL L] -RL 3

4.3-4 L55-3 Feed Array Structure

Figure 4.3-3 shows the packaging scheme for the box truss. The diagonal members

Figute

on the sides of the truss beam telescope to allow the truss to fold at the hinged joints,
The packaged dimensions of the feed truss are 2.0 x 4.0 x 2.1 meters.

8.3.3 Feed Support Structure

The feed support masts are deployable truss beams with a triangular cross section as
shown in figure &.3-6. As in the feed array truss, the structural elements are

graphite/epoxy tubes .0508 meters (2.0 in.) in diameter,

Figure 4.3-7 shows the packaging method fcr these masts. The longeron tubes are
hinged at the center of each bay and fold inward as shown. The cross section of the
packaged mast i$ triangular with a base of 2.0 meters and a height of 2.0 meters. The

79.3 meter length becomes 4.5 meters when packaged.
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Figure 4.3-5 L55-3 Feed Array Packaging Concept
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Figure £.3-6 L55-3 Feed Support Mast

4.3.% Reflector System

Tna reflector surface is a light weight knitted wire mesh made of gold plated
molybdenum wire embedded in a plastic film. It is divided into 18 gores with 25 panels
each (fig. 4.3-8) with reinforcing cables at the boundary of each pane! and pgore. The
mesh is attached to the top of the truss ring at eac of the 18 cluster joints around the
circumference. The radial reinforcing cables are mirrored by radial control cables. The
radial reinforcing cables are mirrored by radial control cables attached to the corre-

sponding cluster fittings around the bottom of the truss ring. Between the mesh surface

0 ‘ JRIGINAL PRGE &
GF POOR QUALITY



D180-27677-2 ORIGINAL Phol )
OF POOR QUALITY,

-
Aty
- e
. . -p—éqm

TR M
rew) -orm
rmw)
) . .
VIEW -7 VIEW A3-IT

(omy wEMEIPL 8% nEAR IS drupem)

7 “ z;ﬁ*/ \

VIEW D3 (DEPLOYED) o VIEW D3 (5TOWED) \"}\

Figure #.3-7 L55-3 Feed Support Mast Packaging Concept
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Figure 7#.3-8 L§S5-3 Reflector Surface
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and the radial control cables are vertical drop cables, as shown in figure 4.3-9, which

contro} the shape of the reflector surface. Each drop cable and radial cable contains a

linear actuator which can apply tension to its cable in response to the surface control

system. A typical linear actuator capable of a .0508 m (2.0 in,) stroke is shown in figure

4.3-10. The control of the surface cortour will require a sophisticated measurement and
B control system to orchestrate the many actuators.
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Figure 4.,3-9 LSS-3 Reflector Control Cable System )
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4.3.5 Construction Fixture CUALITY,

The construction of the radiometer structure will require a fixture to provide
stability and alignment for the structural components. The construction fixture shown in
figure 4.3-11 attaches to the "wings" of the construction platform and consists of a pair
of tee-section rails supported by a series of quadrupods along their length. The rails are
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Figure 4,311 LS$5-3 Canstruction Fixture
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curved in a circular arc compatible with the radius of the radiometer truss ring
structure. Attached to the rails are wheeled carriages (fig. 4.3-12) to which the truss
ring cluster fittings can be attached. The rails are long enough to support two bays of
the truss ring so that one bay can be anchered to the platform while another bay is under
construction. Upon completion of the second bay, the truss ring is allowed to move
circumferentially until it is supported by the newly constructed bay. The next bay can
then be constructed in the area vacated. Thus the construction of the truss ring always
occurs in one area of the construction platform which is convenient to the stored struc-
tural components and reduces the translations required for both structural components
and personnel. This concept also supports the use of fixed and mobile work stations
which ease the construction tasks.

DETAIL T JONT F

»
[
—

-1 CARRIAGE ASSY

Figure 4.3-12 L55-3 Construction Fixture Rails and Cartiage

4.4 Operations Analysis

This section summarizes the analyses of the requirements for constructing the LS5-3
on the Space Station.

4.4.1 Construction
In order to demonstrate all construction methods during the space station L35 TDM

activity, different methods were considered for each mission.
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EVA assembly was chosen for con:struction of the LSS-3 TDM. Of the three
construction methods considered, manual assembly requires the most operator EVA. This
drives up the on-orbit construction costs due to the high cost of supporting EVA
activities. These costs, plus the fact that engineering costs are not significantly
reduced, makes this type of construction as expensive as the other methods {even though
there are lower fabrication costs).

4.4.2 Functional Flow Analysis

Functional flow diagrams were prepared to identify the LSS TDM system organiza-
tion and function. Utilizing preliminary design information, drav'vings, and mission data
forms, a scenario of construction tasks was prepared for the microwave radiometer, LSS-
3. This scenario was prepared to provide a picture of the construction tasks required to
accomplish the L55-3 TDM objectives. Figure 4.4-1 shows the microwave radiometer
construction sequence. First, the construction holding fixture is assembled on the

el B
A =
ﬁ";’ <
)

ORIGINAL PAUT 8
OF POOR QUALITY,

PASSIVE MICROWAVE RADIOMETER

. Figure 4.4-1 LSS-3 Construction Sequence
platform, Then each pentatiedral medule is assembled and indexed on the fixture until
the truss ring is completed, Next, the feed array beam and its support beams and
bracing cables are deployed and attached. The reflector mesh and its control cables are
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then installed. During construntion, structural accuracy, dynamic characteristics and
thermal deflections tests are planned to verify the characteristics of the structure and
construction techniques. The L55-. functional flow diagrams were then prepared and are
documented as shown in figure 4.4-2,

START ASSEMBLE TEST TEst
upP CONSTRUCTION COMPLE
N TucT TRUSS MPLETE
i
ASSEMBLE JEST - TesT ASSEMBLE )
PARTIAL TRUSS COMPLETE PARTIAL
RING RING -
i }
!
TEST -
TEST : | COMPLETE T | C
TRUSS COMPLETE TRUSS “RING TRUSS Lo

| DEPLOY FEED TEST TEST e
. SUPPORTS TRUSS COMPLETE i
i)

INSTALL TEST & | @ : Loy
MEMBRANE STOM :

Figure 4.4-2 L55-3 Functional Flow
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8.8.3 Task Analysis

As the functional flow diagrams were being prepared, a preliminary task analysis
was begun to further define the LSS TDM construction tasks. These were refined and
updated as more detailed design data was generated. As the detailed timelines were
evolved, task duration was considered. This combination generated a detailed tiimeline

analysis.

4.8.54 Timeline Analysis
Timeline analysis was used to derive human performance i‘equirements by showing
the functional relationships between tasks as well as task loadings for the combinations
of ‘asks. Design details and operator requirements were coordinated with Boeing
designers and were used as a basis for the detailed task analysis and timelines.

The analysis indicates the estimated amount of operator's time which is occupied
throughout the LS55-3 construction tasks. These operator task load estimates were
derived from neutral buoyancy simulations, task times from previous missions, and
analysis of NASA video tapes of 5T5-6, 5T5-11, and STS-13 missions. In addition,
interviews with previous and current astronauts were reviewed for pertinent EVA data.
A summary of the L55-3 timeline is presented in figure 4.4-3 with the complete detailed
timeline being presented in Appendix B.

Task Hours
Start up 8.7
Assemble construction fixture 9.7
Test construction fixture 14.8
Assambile partial truss ring 15.5
Teast truss 13.7
Asseiiible partial truss rin 14.0
Test truss . 13.7
Complete truss ring 2.0
Test truss 13.9
Deploy feed supports 14.6
Tast truss 12.3
Install membrane 8.5
Fina! test and stow 14.9
Elapsed hours 156.3
25% contingency 39.1
Total hours 195.4
Figure 4.54-3 L58<3 Construction Timeline Summary
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8.5 Development Activities

The technology development missions defined in this report will demonstrate the

ability to comstruct large space structures on an early Space Station. However,
precursor developments are reguired to advance the necessary technology and oper-
ational procedures required for on-orbit assembly or construction. These precursor
activities involve the design, manufacture and test of structural components for the
TDMs and the development of detailed procedures for their construction in space.
Several testing arenas and types of tests can be used for these developments: ground
tests in the laboratory, neutral buoyancy tests in a water tank and tests in space using
the Space Shuttle,

Figure 4.5-1 summarizes the general areas where development activities for largé
space structures need to be conducted and the locations for each. In all cases, ground
testing is the primary development testing arena, but all developments need to be
demonstrated in space to veriiv ‘4e ground tests. Zero-g simulations which involve
human interaction are most ecunuivically conducted in a neutral buoyancy simulator,
subject to the limitations of the physical dimetsions of the facility.

DEVELOPMENTS NECESSARY FOR LSS TOM GROUND N;%%?AL SHUTTLE

: BUOYANCY
ASSEMBLABLE JOINT x x | x
FOLDING DEPLOYABLE JOINT X X X
MRS REFLECYIVE MEMBRANE SURFACE X X
MRS MEMBRANE SURFACE CONTOUR MEASURING SYSTEM X X
MRS MEMBRANE TENSIONING SYSTEM X X
MIRROR POSITIONING CONTROLS X X
DEPLOYABLE TRUSS BEAMS X X X
TENSION STABILIZED BEAMS X X
CHERRYPICKER RMS ) X X
EVA ASSEMBLY OPERATIONS CAPABILITY x X x
DYNAMIC TESTING X X
SURFACE ACCURACY MEASUREMENT x X
MODAL IDENTIFICATION TECHNIQUE X X

Figure 4,5-1 Precursot Technology Development

For the Passive Microwave Radiometer in particuiar, a list of development tests was
established for each type of test facility and is shown in figure 4.5-2. The test program
68 '

s g
JEpp—

T o




r LR D b e WL R R

l
|
!
i
3
|

3
i
?
!
]

A

P
N

N

/63*-
% .

2
H

D180-27677-2

Ground Tests
Full scale tests
— Assembly (1 or 2 bays)
- Packaging
- Static, dynamic and thermal
Scale model tests
— Assembly (full ring truss)
- Static and dynamic
— Install reflector and control cables

Neutral Buoyancy Simulator (NBS) Tests—(scale model}
Assembie ring truss
Install mesh reflector surface
Deploy section of feed truss
install foad assembly in truss

Shuttie flight tests:

Ring truss:
~ Repeat NBS tests in space
— Measure structural accuracy
— Measura thermal deformations
— Dynamic tests

Feed truss and feed support bezins:
— Deploy
= Accuracy measurements
- Dynamic tests
~ Install feed modules in feed truss

Figure 4.5-2 LSS-3 Development Tests -
outlined makes use of full scale tests to provide data on structural components, and
subscale model tests to determine the characteristics of larger assemblies, Many of the
tests and assembly demonstrations can be accomplished ﬁ;-st in a 1-g environment, again
in a neutral buoyancy simulator and, finaily in space.

4.5.]1 Ground Tests

Static, dynamic _énd thermal tests of full scale components are required to
determine their behavior in response to the expected environment of space. Many of
these tests can be conducted in l-g laboratory conditions. Portions of the assembled
structure can also be tested in full scale to determine the effect of joints, cable
pretension, etc. on the behavior of the sttucture. However, because of the large size of
the complete structure, the overall static, dynamic and thermal characteristics of the
radiometer structure will initially have to be determined analytically. Verification of
the analytical tools can be accomplished through the use of scale model test/analysis
correlation. The scale medels will also provide data on the assembly procedures and

techniques which are required for on-orbit construction.
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To reduce the effect of gravitational fox:ces, special suspension systems will be
required to distribute the forces over the structure. They may take the form of air
cushions, air bearings, soft springs or an active suspension system which is computer
controlled. These suspension systems wiil more accurately represent the conditions in
orbit and will also allow the measurement of the dimensional accuracy of the structure.

#.5.2 Neutral Buoyancy Simulator (NBS) Tests

Zero-g activities which require human involvement are best simulated in a neutral
bueyancy simulator which uses the buoy'ant forces on objects submerged in water to
simulate the weightless conditions of space. Within the dimensional limitations of the
NBS facility, several radiometer assembly tasks can be demonstrated. The deployment
of a section of both the feed array truss beam and the feed support beam, the joining of
these two beams and the attachment of the support beam to the ring truss can be
accomplished. Procedures necessary for the deployment of mesh reflector surfaces and
their control cables can be developed. Due to the length of the ring truss members (18
meters), demonstration of the assembly of the truss ring will require the use of scaled
structural elements and construction fixture {perhaps 1/5th scale). The NBS facility can
also be used to demonstrate the installation of subsystem components and the routing of
utilities.

4.5.3 Shuttle Flight Tests

After the structural components and assemblies have been tested on Earth and the
construction procedures and techniques have been developed and simulated, the ne;(t
step is to demonstrate the functional aspects of the construction process in space.
Structural assemblies of modest size can be constructed on orbit from the Shuttle cargo
bay to verify the results of the Earthbound tests and simulations. To determine the
accuracy and adequacy of these tests, it is best to duplicate the l-g and NBS simulations
as closely as possible in orbit so that the differences can be identified. It may then be
possible to compensate for these differences in future tests on Earth.

%.5 Programmatics
The L35-3 programmatic analysis provides the necessary plans, schedules and cost
analysis to support the definition of this technology development mission. This is

necessary to insure that plans, schedules, and costs are given proper consideration in
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the development and analysis of the missions, Programmatic analysis was performed in
two subtasks: (1)plans and schedules and (2) cost analysis.

%.6.1 Plans and Schedules

The program master schedule for L55-3 was updated to reflect the Space Station
1992 iI0C and TDM launch date in 1994, The expanded preliminary LSS-3 TDM program
master schedule is shown in figure 4.6-1. The anticipated go-ahead is shown in 1988,
along with the design and development, fabrication and assembly, test and launch
operations, and on orbit construction operations. Facility availability, along with test
plan submittal, is also shown. This schedule reflects the start and completion dates for
key milestones, key reports, and customer reviews.

We have developed the LS8S-1 master schedule that our anaiysis indicates will reduce
riskk to a minimum. This schedule has been formulated to ensure a timely flow. The
scheduled task interrelationships are also shown in figure 4.6-1.

1988 1989 1950 1991 1992 1993 1994
G0
AHEAD POR CDR
oesicn ; A7 4 SUSTAMING /
START START ' Fap
TOOLING FAD COMPLETE
¢as 8 assemaly o v v
FINAL

o LAUNCH  REFORT
TEST & LAUNCH v
GPERATIONS

ASSEMBLY

COMPLETE
FLIGHT Tesy
MANUFACTURING TESTPLAN FACILITY LAUNECH AND
FACILITY AVAILABLE siL SUBMITTED |  AVAILADLE FLGHT SUPPORT
kv v v hvd

GROUND TEST
PLAN SLOMITTED

Figure 4.6-1 1.5S-3 Master Program Schedule
4.6.2 Cost Analysis

An analysis of the Passive Microwave Radiometer was conducted during Phase I of
this study (Referenci () to determine the costs associated with its design, development,
and manufacture. These costs were updated in Phase II to reflect maturity iin the details

of the design.
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TDM costs were determined using the cost data base we have developed from
experience with previous spacecraft. New equipment, hardware and development costs
were defined using the Boeing Parametric Cost Mode! (PCM) cost analysis computer
mode! and the RCA PRICE hardware acquisition model.

The ground rules provided by MSFC are:
o Cost estimates are in FY-84 dollars, including fiscal year funding requirements.

0 Space Station ATP are FY-86 with initial launch in FY-90 and 1OC in FY-91,

o Cost estimates inciuce all requirements unique to demonstrating the technology

feasibility.

The additional ground rules and assumptions used are:

o The Boeing PCM hardware cost model was used to estimate all

structural/mechanical items and all support costs, i.e. SE&I, system ground

test, tool & test equipment, program management, etc.

o PCM was used to estimate all integration costs.

Design costs reflect the highly repetitive nature of the hardware,

priced.

o Learning was assumed (38% of structural items).

o Development quantity = 2

The development costs for the Passive Microwave Radiometer are summarized in
Figure 4.6-2.

72

The electronics package for the Passive Microwave Radio-meter was not




|t on T A W A

Di80-27677-2
ENGINEERING ($M) 202
TOTAL HARDVVARE (2 UNITS) 100.7
YOTAL DEVELOPMENT ($M) 120.9
FLIGHT UNIT COST ($M) 37.86

COES NOT INCLUDE MICROWAVE SENSORS AND ELECTRONICS
DOES NOT INCLUDE CONSTRUCTION FIXTURE

1984 DOLLARS

Figure 4.6-2 L.55-3 Development Costs

4.7 Space Station Resources Required
4.7.1 Accommodations

LSS TDM EVA activities require special equipment and/or procedures. These in
turn will require provisions for accemmodations in ‘the basic Space Staticn design. The
accommeodation needs of the L5S-3 TDM were defined by analysis of both mission and
Space Station requirements/capabilities. A detailed list cs the Space Station architec-
tural features, required for L35-3 EVA construction and test activities is provided in
figure 3.7-1 previously shown in section 3,7,

4.7.2 Operations

Scheduling of the Space Station facilities, activities, and personnel is of prime
importance to minimize conflicts during LSS EVA construction activities, Communica-
tions, data equipment, and links required for EVA will need to be available and
operational. All other missions and space station facility usage will require close
coordination. This scheduling could be critical during the LS5-3 truss ring construction.
Figure 4.7-1 shows the Space Station operations that need to be scheduled to avoid
conflict with LS5-3 construction activities.
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Scheduling
Communications
CCTV
Intercomm
Links
Data
Processing
Handling
Missions
Shuttle, OTV, and OMV docking and operations
RMS usage
Facilities (briefing room)
Crew Members
2EVA
1IVA

. Figure 4.7-1 LS$5-3 Space S tation Operations

4.7.3 Crew Support

The LSS-3 crew skills were identified as explained in Section 3.7.3. The numbers
shown in the crew skill support (fig. 4.7-2) represent the percent of operation duration
time each skill is required. These percentages were estimated from the data used to
calculate the operation time. Particular attention was paid to the crew skill descriptions
in figure 3.7-5 in making sure that the proper crew skills were utilized for each

operation,
@
EVA ENGINEERING
WORKSTATION 9%
OPERATIONS
1%
@ OPERATIONS
DATA
12%
OPERATIONS
MECHANISMS
15% OPERATIONS
ELEC;I’SRSNICS @ AMS OPERATIONS - 12%
(]
@ SPACE STATION
SUBSYSTEMS - 7%
Figure 4.7-2 Crew Skill Support
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4.7.% Special Equipment

During the definition and analysis of the LSS-3 TDM, special equipment require-

ments were considered. The required support equipment, instrumentation, data systems,
and smail tools identified during this study are listed in figure %.7-3. The construction

Support Equipmsnt
Construction fixtures
Miscullaneous constraints and hald-downs
Articulated test erjuipment holding fixture
Strut alignmuent and astembly fixture

Instrumentation
Structural dynamics (accelaration, strain, loads, etc.)
Thermal response (thermocoupies)
Position/deflection (precision lasar ranging, comer reflectors)

Data Systemns
Recording
Storapge & retrieval
Manipulation (EDP)

Small Tools
LSS-3 construction tool kit

Figure 4.7-3 L.5S-3 Special Equipment

fixtures and strut alignment and assembly fixture are good examples of special
equipment that will fieed to be supplied with the LSS-3 mission hardware. Some common
equipment is envisioned to remain on the Space Station for use with other misslons.

4.3 Potential Proklems and Concerns

Several areas of concern must be considered when constructing the Passive
Microwave Radiometer at the Space Station. The additional mass and inertias of the
structure as well as its structural dynamic characteristics during and following its
construction must be accommodated by the Space Station control system. The dynamic
loads resulting from events such as Orbiter docking and thruster firings must also be
accounted for. Large Space Structures attached to the Space Station will also increase
the drag due to their size. The large size of the structures may also influence the
thermal balance of the Space Station and interfere with communication paths.

These and other concerns raised by the construction of large space structures affect

a wide range of technologies and subsystems and need to be carefully considered in the

design of the Space Station as well as in the design of the construction project. The
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results of initial investigations uf some of these concerns for LSS-3 are presented in the
following sections.

#.8.1 Mass and Inertia

The mass properties of the Microwavs Radiometer structure are shown in figure
4.8-1. Although all the structural components are deliverad in one Shuttle flight, the
distribution of tne mass will change as the structure is assembled. The location and
orientation of the radiometer will determine to what extent the additional mass and
inertia will affect the Space S:ation. The center of mass and inertias shown in the figure
are measured relative to the coordinate origin located at the center of the bottom plane
of the truss ring.

MASS 2846 kg
Z.€G. = 275m
Iyx = 4.64x106kg-m2

|yy = S5.6x106 kl,_]-l'ﬂ1
lzz = A4.93x106kg-m2

e

Figure 4.8:1 L 55-3 Mass Properties

Although the radiometer structure is light, the distance between the center.of mass
and the point where the truss ring is attached to the construction platform is large (51.5
meters). Ther=fore the contribution of the radiometer to the Space Station inertias can
be significant. '

%.8.2 Loads and Deflections

One of the analyses performed was to determine the structural deformation of the
ring truss due to the pretension in the guywires which support the feed array siructure.
A NASTRAN finite element model of the radiometer structure was used to determine
these deflections. It was determined that a pretension of 500 Newtons is required in
each of the guywires to prevent them from becoming slack under an acceleration of
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0.1 g's in the lateral direction. With this pretension, the truss ring deforms approxi-
mately 0.1 meters (3.9 in) and varies around the circumference of the ring as shown in
figure 4.8-2, Thke deflections shown are measured relative to the base of the feed
support masts. Although these deflections are more than the accuracy required by the

reflector surface, they can be reduced by increasing the shear stiffness of the ring. The

linear actuators which contro! the reflector surface contour can also be used to provide

the required surface accuracy.

RING DEFLECTION PUE TO CUVHIRE PRETENSION
A3

4 S99 M Prelesd
14
+
6] \
O 20 4@ @ =0 108 120 e n‘,n i aéo 22a 249 a2do afe 208 2l adeasd
ANCULAR POR1TION (DECREEF)

oUT-OF-PLANE DETLECT JOM (METERE)

Figute 4.8-2 L§S-3 Ring Deflection Due to Guywire Pretension

4.8.3 Structurai Dynamic Characteristics

One of the primary concerns relating to the construction of large space structures
on the Space 3tation is the flexibility oi the structure both during and after
construction, Therefore a NASTRAN finite alement model was used to assess this
concern for LS5-3, Mode shapes and frequencies were calculated at several stages
during the assembly of the truss ring. As more and more segments of the ring are
constructed, the modal frequencies of the cantilevered structure get lower and lower as
shown in figure 4.8-3, After 17 of the 18 bays are constructed, the first mode frequency
of the truss (whose mode shape is shown in the figure) is less than 0.1 Hz., Upen
completion of the {8th bay, the frequency increases to approximately 0.25 Hz. bhecausa
the ring is now continuous. The curves plotted show the trends associated with different
types of motion, therefore they cross over each other as more bays are completes,
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The frequencies of the radiometer structure after the feed system and reflector are
added are shown in figure 4.8-4, The tension-only characteristics of the guywires were
modeled by using half of their cross-section properties. The first column shows the
cantilevered frequencies of the completed structure without the reflector installed. The
ring vias cantilevered at the four points adjacent to one of the feed support masts (point

A on the figure) for the-  results. The next two columns contain the structural
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h\\./ /.
A . /
: ,..‘.'::’ * o 15 20
NUMBER OF MUDLLES COMPLETED
Figure 4.8-3 L55-3 Structural Dynamics During Build-up -
!:.. ]
FRECIUENCY, Hz
VAN NOREFLECTOR  W/REFLECTOR  W/REFLECTOR
1 PCLNS, MOOE A A B
VAR \ AN\ 1 197 198 191
oo B AN N 2 236 217 281
A N\, Lt 3 378 328 287
R AL N3 a 493 A75 433
> e 5 660 602 561
. A = CANTILEVERED AT POINT A
= B = CANTILEVERED ATPOINT B
B | . _
A -
Figure 4.8-4

LS55-3 Structural Dynamics After Build-up _
frequencies with the mass of the reflector included. The reflector mass was distributed
around the ring, therefore the membrane modes are net included in the analysis. The

first of these two columns use point A as the cantilever location while the second of
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these two columns uses point B (midway between the feed support mast attachment
points) which is a more flexible mounting position,

4.8.4 Drag

Another concern created by LS5 construction is the increased frontal area which
increases the rate of orbital decay due to drag. The orientation of the structure can
have a pronounced effect on the drag. For instance, if the plane of the ring is oriented
perpendicular to the flight path, the frontal area of the Space Station will be increased
more than if it was criented with the edge of the ring toward the flight path.

The drag on a body in low Earth orbit depends on its ballistic coefficient (area per
unit mass). Figure #.8-5 shows the area of L55-3 in the %, y and z directions and the
corresponding area/mass ratio tor the radiometer alone. The effect that the radiometer
has on total Space Station drag properties is shown in the last line of the table, expressed
as the percent increase of the Space Station area/mass ratio aue to LSS-3. For these
calculations, the shadowing effects which may occur were neglected, and the areas were
assumed to be additive. Due to the size and light weight of the radiometer, it has a
significant effect on Space Station drag properties, particularly when the reflector is
broadside to the flight path. This crientation results in a 455, percent increase in the

area/mass ratio and must be avoided if at all possible.

X-DIR Y-DIR Z-DIR.
L55-3 AREA (m2) 88s. 898. 7854,
AREA/MASS RATIO (m2/kg) 311 316 2.76
% INCREASE FOR SPACE STATION - 38. 38, 455,

ASSUMPTION: TDM AREA ADCS TO SPACE STATION AREA

Figure 4.3-5 L58-3 Drag Effects
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3.0 PRECISION OPTICAL SYSTEM, LS54

This section is a self-contained description of the tasks relating to the development
of a Precision Optical System, LS§5-3. Included in the study are design, operations and
cost trades, preliminary structural design of the mission, an analysis of the operations
required to perform the mission, precursor technology developments which can be
accomplished on Earth or with Shuttle flights, and the programmatics of the mission. In
addition to these topics, the accommodations which the Space Station must provide to
the TDM are identified and, conversely, some of the problems and concerns which the
TDM may impose on the Space Station are considered.

5.1 Design Trade Studies

The design considerations which were subjected to trade studies for the Precision
Optical System include the structural configuration, the size and shape of the primary
mi=ror segments, and the method of assembly. Each trade is discussed individually in
this secticn.

- 5.1.1 Primary Mirror Support Truss

The most efficient planar truss and one which accommodates a segmented mirror
configuration very well is the tetrahedral truss. It can also be made to provide a
spherical or parabolic surface. The tetrahedral truss was, therefore, selected as the
primary mirror support truss. The subject of this trade study is to determine the method
which will be used to construct the primary mirror support structure on-orbit.

Figure 5.1-1 shows the three candidate construction techniques considered for the
precision optical system primary mirror support truss. The assemblable concept relies on
in-space assembly while the deployable concept requires on-Earth assembly and
checkout with little human intervention on-orbit, The modular concent combines these
two methods by high precision manufacture of the mirror support frame with mirrors
attached on the ground. The primary mirror support truss is divided into seven modules
which support seven hexagonal mirror segments each. The individual modules are sized
se that they fit within the Orbiter bay diameter with the mirrors attached. Truss
elercents in the up_per‘surface of each module (called the mirror support frame) are

' PRECEDING PAGE BLANK NOT FILMED
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B
KXPLX

DEPLOYABLE

Figure 5.1-1 L55-4 Primary Mirror Structure Concepts

rigidly bonded together on the ground and the mirrors are attached to it. The backing
truss (the bottom surface of the truss and the diagonal elements) is semi-deployable for
efficient packaging in the Orbiter. The bottom truss surface elements are also rigidly
bonded together on the ground with the diagonal elements made so that they deploy from
the bottom truss surface. Each module is deployed and assembled at the Space Station
and then connected to the adjacent moduie, as shown in the figure, to form the primary
mirror array. The outlines of the mirror support frames are shown as a solid lines in the
figure while the outlines of the bottom truss frames are dotted. The size of the mirror

array can be easily increased by adding more mirror modules.

The trade study results in the form of quantitative and quatitative comparisons of
each assembly concept are shown in figure 5.1-2, A NASTRAN {inite element analysis of
each of the concents was conducted to determine their dynamic characteristics. In this
analysis, all joints were assumed to have no slop. Therefore, the analysis of the
assemblable and deployable concepts are identical. The first made frequency of the
modular truss is somewhat lower than the other two because each module is attached to
the adjacent medule at three points. The mass of each truss concept is nearly equal. A
qualitative comparison of the time required to assembie the primary mirrors and their

support structure shows that the modular approach takes less time than the other two.
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- ABSEMBLABLE OEPLOYABLE MODULAR
TRADE ITEM TALISS TRUSS TRUSS
PRIMARY FREQUENCY (TRUZS » MIRRORS) (Hx) 16,0 : 16.0 95
TRUSS MASS (Kg) 169.0 169.0 161.0
EVA ASSEMBLY TIME (TRUSS + MIRHORS) HIGH MEDIUM Low
ACCURACY [AS ASSEMBLED] MEDIUM MEJIUM HIGH
JOINT REQUIREMENTS * SIDE LATCH ¢ DEPLOYABLE « SOME DEPLOYABLE
* SELF ALIGNING {AUTO) {(MANUAL)
» ZERO SLOP *LOCK-ABLE  * SELF ALIGNING
« ZERO SLOP
COST ON-ORBIT {SM} 393 365 78
Figure 5.1-2 L55-4 Primary Mirzor Structure Trade Study

This is based on the fact that much of the assembly and adjustment work for the modular
concept is accomplished on the ground. The assemblable concept requires a large
amount of EVA to build the structure and attach the mirrors. For the deployable
concept, the time required to deploy the structure is short, but the attachment of the
mirrors to the structure is not only time consuming but also risky. The as-built accuracy

-of the modular concept is judged to be higher than the other concepts. The results of the

assemblable vs. deployabie vs. modular cost trade (discussed in more detail in Section
5.3) are also summarized in the table, with the modular concept being the least
expensive. Based on these trade study comparisons, the modular concept was chosen for
the precision optical TDM. | '

3.1.2 Primary Mirror Segment Size

Using the modular support structure concept, two sizes of mirror segments can be
accommodated as shown in figure 5.1-3, With seven mirror segments per module, the
size of each mirror segment is approximately 1.5 meters in diameter. A single mirror
approximately 4.0 meters in diameter can also be used.

The size of the segmented mirrors was determined by both mirror manufacturing
technology and cost. Large mirrors are more difficult to manufacture, but the smaller
mirrors will require more position control mechanisms which will add to the total cost.
Also, based on the design goal of 15 to 25 kg per square meter for lightweight mirrors,
large diameter mirrors would be too fragile to withstand the boost environment and may
not retain their proper shape. A report on mirror technology (NASA CR 166493)
applicable to the Large Deployable Reflector (LDR) concludes that the "optimum size
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( HOSEN )

o “, .. ,OPTIMAL SIZE FOR THE REFLECTOR _ * LIGHT WEIGHT MIRRORS THIS SIZE ARE
PANELS IS BETWEEN 1.5 AND 2.0 METERS"” TOO FRAGILE
PERKIN-ELMER CORPORATION

* MAY NOT MAINTAIN PROPER SHAPE

® DESIGN GODAL OF 15-26 KG/M2 ATTAIN-
ABLE ® MISTAKES ARE TOO COSTLY

® FEWER MANUFACTURING PROBLEMS

Figure 5.1-3 L.38-4 Primary Mirror Size Options

for the reflector panels is between [.5 and 2.0 meters." Therefore the l.5 meter mirrors

were selected for LSS-4.
5.1.3 Secondary Mirror Supports and Light Shield

Two candidate secondary mirror support concepés are shown in figure 5.1-%. The
LSS5-4 configuration defined in Phase I of this study is shown on the left. The secondary
mirror is supported by radial truss beams attached to a hexagonal truss ring which, in
turn, is supported by six extendable masts attached to thc primary mirror support truss.
These masts also support the light shield panels. The figure on the right shows NASA's
strawman LDR {Large Deployable Reflector) concept which employs a tripod secondary

mirror support structure and a separate light shield.

The configuration of the secondary mirror support structure was changed from the
initial LSS-4 concept to the tripod support structure concept. The purpose of the
secondary mirror support structure is to provide accurate alignment of the secondary
mirror with respect to the primary mirror. The inherent stiffness of the tripod support is
a definite advantage over the parallel support beam concept. It is also lighter and much
less complex. The fact that the light shield is separaie from the secondary mirrer
supports is alse an advantage since disturbances which may affect the light shield will

not be transmitted directly to the secondary mirror.
84
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NASA/ARC STRAWMAN LDR

Figure 5.1-4 L 55-4 Secondary Mitrror and Light Shield Trade

5.1.4 Cost Trade Study

Although the choice of space system designs can be based on considerations such as
structural efficiency, weight, performancs, simplicity, 'etc., the cost of the system is a
very important item. Many factors contribute to the overall cost of a large space
system. Design, development, test and manufacturing are some of the items which
immédiately come to mind when costs are being determined. However, the cost of
transportation to orbit and, in the case of the TDMs defined in this study, the costs
involved in the on orbit construction need to be considered.

With this in mind, it is not immediately obvious whether it is less costly to
manufacture an automatically deployable spacecraft on the ground and deploy it in orbit,
to assemble the whole system in orbit, or to .use'deployable modules which can be
assembled in orbit.

A trade study was performed to evaluate these options using the primary mirror
system of the Precision Optical System as the system to be evaluated. The costs

associated with the development, transportation and on-orbit assembly for each of the

three construction options previously identified in Section 5.i.1 were determined and are
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compared in bar chart form in figure 5.1-5. The development costs are nearly equal.
The cost of the mirrors is not included in the total cost of the system. However, mirror
costs do influence system integration costs and are, therefore, included for that calcu-
fation, The high packaging efficiency of the assemblable concept results in the lowest
transportation charges. Transportation charges for the other two concepts are nearly
equal. The largest differences in cost between the three concepts comes from the
charges associated with on-orbit construction. The modular concept requires signifi-
cantly less assembly since the structure is modularized and the mirrors are integrated
with the structure on the ground. These results were a major contributor to the decision
to 1se the modular concept for LSS-4.

(554 PRIMARY MIRROR SUPPORT TRUSS

7//////: DEVELOPMENT COST*
% TRANSPORTATION
CHARGES

i SPACE STATION
CHARGES

200

COST (DOLLARS IN MILLIONS)

10.0}

*PRICE OF MIRRORS NOT INCLUDED

0.0

ASSEMBLASL E DEPLOYABLE MODULAR

Figure 35.1-5 Cost Trade Study Results
5.% Operations Trade Studies

This section summarized the trade studies completed during the LS85-4 TDM
construction analysis activity.,

5.2.1 EVA Crew Schedule
The resuits of our analysis indicates that the workday should be 6 actual EVA hours.

Three operators per shift (2-EVA and 1-IVA) will be required, full time, during L83
EVA construction activities. The ability to operate more than @ shift per day will be

.1
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dependent on tho Space Station crew size and other scheduled Space Station activities.

" Two or three shift operation could result in conflicts in the use of facilities and high

noise levels while other crewmembers are trying to sleep. For the LSS TDM EVA
construction activities it is recommended that 1 shift per day be utilized.

It is recommended that a 5 day L5S-3 EVA constiruction week be adopted with 1 IVA

day for paperwork and suit maintenance and care,

5.2.2 EVA Personnel Restraints

The restraint methods selected for the LSS-4 TDM construction activities ares

The flexible tethers that are currently utilized for the STS missions.

The current safety line.
A shoe restraint with matching grid work.

Fowon o

The hangar that is part of L55~1 will also serve as an operator restraint.

5.3 Mission Design

This section and Appendix A present a description of some of the design details for
the Precision Optical System. The design of this TDM was not carried to the same level
as the other two so that more effort could be directed to the
Construction/Storage/Hangar iacility and Microwave Radiometer. This section will be
limited to a discussion of the primary mirror support structure for the Precision Optical
System.

The primary mirror assembly consists of seven structural modules, each with seven
hexagonal mirror segments, Each of the structural modules (fig. 5.3-1) is a tetrahedral
truss constructed using a combination of deployable and assemblable techniques. The
upper surface of each module is a rigid framework manufactured to high precision, with
the seven mirror segments attached on the ground. The lower surface is also a rigidly
fabricated frame with the deployable diagonal.struts attached to it. This allows the
upper and lower components of each module, which are sized to fit within the 4.5 meter
Orbiter bay diameter, to be packaged efficiently and still be made stiff. The trade
study, discussed in the previous section, comparing the costs (including DDT&E,
manufacture, transportation and on-orbit construction) of this modular construction
method compared with deployable and assemblable concepts showed this to be a more

economical construction method.

37

[

.




T TR AT ST A e T A TR R A BT e R T R TR T - Ml

D180-27677-2

MIRRORS NOT SHOWN

Figure 5.3-1 L88-4 Primary Mirror Assembly

At the Space Station, each module is assembled by, first, deploying the diagonal
members from the lower truss frame and then attaching the upper truss frame (with
mirrors) to it. The modules are then attached together, as shown in figure 5.3-2, to form
the primary mirror assembly. The secondary rpirror and supports are then attached
followed by the light shield.

5.4 Operations Analysis

This section summarizes the analysis of the requirements for constructing the L35-4
TDM on the Space Station.

5.4.1 Construction Method

In order to demonstrate various construction methods during the Space Station LS5
TDM activity, different methods were considered for each mission.

A combination of prefabrication and assembly was chosen for construction of the
LSS-4 TDM. Prefabrication and EVA assembly of modules can minimize on-orbit
assembly time and, therefore, costs. Transportation size, weight, and packaging

becomes a major consideration with this type construction.

28



'
{

D180-27677-2

TOP FRAME AND MIRRORS

BOTTOM FRAME AND
DEPLOYABLE STRUCTURE

MIRROR MOGULE

Figure 5.3-2 L55-4 Construction Scenatio

5.4.2 Functional Flow Analysis

Functional flow diagrams were prepared to identify the LS5 TDM system organiza-
tion and function. Utilizing preliminary design information, drawings, and mission data
forms, a scenario of construction tasks was prepared for the precision optical system
LSS-4, The first scenario was prepared to provide a picture of the manual assembly
functions required to accomplish the L55-4 TDM objectives. As shown in figure 5.4-1,
LSS5-4 begins with the attachment of the instrument housing to the platform. The
primary mirror truss is theén manually assembled. The extendable masts, secondary
mirror truss ring, sécondary mirror, light shield, etc. are then installed. Tests are
conducted throughout this construction sequence to determine the dynamic character-
istics, structural accuracy and thermal deformations of the structure. This construction
scenario was then upgraded to a functicnal flow diagrar in order to define the end to
end manual assembly and test operations for the LSS-4 mission. It was necessary to
examine each of the proposed functions in terms of specifics regarding sublevel
requirements for each function and in terms of the possible constraints that would affect
the way in which each function was accomplished.

39

SRR I TN

-

I A G I L N T T T e TR

R

e T e

f]



e e el

D180-27677-2

Figure 5.4-1 L55-4 Manual Truss Assembly Construction Sequence

Then utilizing the preliminary design information, drawings, and mission data forms,
a second construction scenario was prepared. This scenario was prepared to provide a
picture of the modular assembly functions required to accomplish the LSS5-4 TDM
objectives. As shown in figure 5.4-2 the sequence begins by first deploying the diagonal
members from the lower truss frame and then attaching the upper truss frame (w.ith
mirrors) to it. The modules are then attached together to form the primary mirror

nsgambly. The secondary mirrpr and supports are then attached followed by the light

shield. Dynamic tests and accuracy measurements were included during the construction
activities to verify the characteristics of the structure and construction methods.
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TOP FRAME AND MIRRORS

PRIMARY MIRROR ASSEMBLY

BOTTOM FRAME AND .
DEPLOYABLE STRUCTURE \ Q._-_..

—

7
L Ly
"'.‘-}L;__‘Q“v

MIRROR MODULE

Figute 35.4-2 LSS-4 Modular Construction Sequence

The LSS-4 functional flow diagrams were then prepared and documented as seen in

figure 5.4-3.

5.4.3 Task Analysis

As the functional flow diagrams were being prepared, preliminary task analysis
was begun to further define the LS5-4 TDM cor;struction tasks. These were refined and
updated as more detailed design data was generated. As the detaiiéd time lines were
evolved, task duration was considered. This combination generated a detailed timeline

analysis.
5.4.4 Timeline Analysis

These Timeline analyses were used to derive human performance requirements by
showing the functional relationships between tasks as well as task loadings for the
combinations of tasks, Design details and wperator requirements were coordinated with
Boeing designers and were used as a basis for updating the detailed task analyses and

timelines.
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SITE ASSEMBLE TEST TEST
PREPARATION PRIMARY TRISS COMPLETE
TRUSS
INSTALL INSTALL JusTaLL nom 1
EXTENDABLE A CONDARY
MASTS FRAMEWORK MIRROR SHIELDING
INSTALL FINAL TEST
STABALIZING ASSEMBLY TRUSS
CABLES
LSS-4 Manual Assembly
SITE ASSEMBLE TEST
REPARATTON MODULAR -
PREPARATT DULAR TRUSS
INSTALL INSTALL INSTALL INSTALL
EXTENDABLE APERATURE SECONDARY SHIELRING
MASTS FRAMEWORK MIRROR
INSTALL FINAL TEST | @
STABALIZING ASSEMBLY TRUSS
CABLES

Figure

504-3

LSS-4 Functional Flows
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The anslysis indicates the estimated amount of operator's time, for each type of
construction, which is occupied throughout the LSS construction tasks. These operator
task load estimates were derived from neutral buoyancy simulation, times from previous
missions, and analysis of NASA video tape of STS-6, STS-11, and STS-13 missions. In
addition, interviews with previous and current astronauts were reviewed for pertinent
EVA data, A surnmary of the LSS-4 manual assembly and modular assembly timelines is
presented in figusa 5.4-4.

LS5S4 Elapsed 25% Total
Concept Hours Contingency Hours

" Assembiable 229,3 57.3 286.6
Moduiar 169.63 424 2120
Figure 5.4-4 L55-4 Timeline Summary

5.5 Development Activities

The technology development missions defined in this report will demonstrate the
ability to construct large space structures on an early Space Station. However,
precursor developments are required to advance the necessary technology and opera-
ticnal procedures required for on-orbit assembly or construction. These precursor
activities involve the design, manufacture and test of structural components for the
TDMs and the development of detailed procedures for their construction in space.
Several testing arenas and types of tests can be used for these developments: ground
tests in the laboratory, neutral buoyancy tests in a water tank and tests in space using
the Space Shuttle,

Figure 5.5-1 summarizes the general areas where development activities for large
space structures need to be conducted and the locations for each. In all cases, ground
testing is the primary development testing arena, but all developments need to be
demonstrated in space to verify the ground tests. Zero-g simulations which involve
human interaction are most economically cenducted in a neutral buoyance simulator,

‘subject to the limitations of the physical dimensions of the facility.

For the Precision Optica! System in particular, a list of development tests was
estabhshed for each type of test facility and is shown in figure 5.5-2. The development
program outlined uses full size structural components, including at least two primary
mirror support structure modules with dummy mirrors, to determine the behavior of the

structure and to develop techniques for its construction. Because of the high stiffness of
93
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TESIS
DEVELOPMENTS NECESSARY FOR LSS TDM GROUND | NEUTRAL | sHuUTTLE
; BUOYANCY

ASSEMBLABLE JOINT X X X
FOLDING DEPLOYABLE JOINT X X X
MRS REFLECTIVE MEMBRANE SURFACE X X
MRS MEMBRANE SURFAGE CONTOUR MEASURING SYSTEM x X
MRS MEMERANE TENSIONING SYSTEM X X
MIRROR POSITIONING CONTRCLS X X
DEPLOYABLE TRUSS BEAMS X X x
TENSION STABILIZED BEAMS X X
CHERRYPICKER RMS X X
EVA ASSEMBLY OPERATIONS CAPABILITY x x X
DYNAMIC TESTING X x
SURFACE ACCURACY MEASUREMENT X X

X X

MODAL DENTIFICATION TECHNIGU.

Figure 5.5-!1

Precursor Technology Development

Ground Tests:

Structural tesis
— gccuracy measurement
~ dynamic
— thermal
— static
Mirror tests

— dynamic
- static

Shuttle Flight Tests:

Measure accuracy

Dynamic tests

Measure thermal deformations
Replace a mirror segment

Deploy and assemble prithary mirror assembly

- glignment measurement systern
—~ adjustment mechanisms {coarse and fine)

— remove and replace mirror segment

Neutral Buoyancy Simulator (NBS) Tests:
Deploy and assemble primary mirror assembly
Remove and replace mirror segment

Depioy and assemible primary mirror assembly
Assemble secondary mirror system

Perform mirror alignment tests (coarse and fing}

Figure 5.5-2

2%

LSS-4 Development Tests
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the structure, most of the tests can be accomplished on the ground in a l-g environment,
Neutral buoyancy simulations will help to determine operational procedures and tech-
niques, and final verification will be done in space.

5.5.1 Ground Tests

The determination of the structural characteristics of the precision optizal system
design can be accomplished using ground tests. Structural deformations due to the
effect of gravity will be small because the structural stiffness must be high. Therefore,
conventional ground test methods for spacecraft will apply to this TDM. The determina-
tion of the effect of joint slop on the structural dynamics and damping of the structure,
however, may require special suspension systems to negate the effects of gravity.

In addition to the thermal and structural ground tests, development of the precision
measurement and control system for the primary mirror segments will be accomplished
on the ground. The precision alignment of the mirror segments requires the accurate
knowledge of the behavior of the siructure to control system forces as well as to
externzal disturbances.

Ground tests can also be used to develop the procedures and techniques required for
the construction and checkout of the structural components of the precision optical
system and to verify the mechanical systems which are required to attach the various

assemblies together.
3.3.2 Neutral Buoyancy Simulator (NBS) Tests

Zero-g activities which require human involvement are best simulated in a neutral
buoyancy simulator which uses the buoyant forces on objects submerged in water to
simulate the weightless conditions of space. This test facility can be used in the
development of the precision optical system to demonstrate the procedures and
techniques for the as. ‘mbly of the primary mirror modules, the attachment of several
modules together, the assembly of the secondary mirror and its support, the routing of
utilities, and the attachment of the light shield panels.

5.5.3 Shuttle Fi.5 t Tests

After the structural components and assemblies for the precision optical system
have been tested on Earth and the construction procedures and techniques have been
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developed and simulated, they must be also be demonstrated in space. Orbiter flight
tests of the construction of the precision optical system can be used to verify the
measurement and control systems for the alignment of the optical reflector segments as
well as the mechanical systems. Dynamic measurements taken during these tests can
also be used to verify ground tests results, analytical models and predictions. Assembly
procedures and techniques developed in the neutral buoyancy simulator can be duplicated
in space to determine the accuracy of NBS testing.

5.6 Programatics

The study of LSS-4 included preliminary considerations of program structure, cost,
schedules and phasing. This programmatic analysis was performed on two subtasks: (1)
plans and schedules and (2) cost analysis.

5.6.1 Plans and Schedules ©)

The preliminary program master schedule for LS5-4 was not updated due to the
change in the statement of work by NASA direction. Figure 5.6-1 shows the preliminary

master schedule, - Sy

. ()
1988 1989 1990 1991 1992 1993 1994
-

GO . ' B i

AHEAD POR COR ’ - ;

pesian . L7 hvi _SUSTAINING // ' i

I3 :

. -

START START ’ £48 :

TOOLING A COMPLETE
fFage assemeLy \Z v hv 4 e
FINAL
. . TEST 8 LAUNCH LAUNCH  REPORT
QPERATIONS
ASSEMEBLY
COMPLETE
FLIGHT TEST i )
MANUFACTURING . TESTPLAN FACILITY LAUNCH AND :
FACILITY AVAILABLE 1[8 SUBMITTED AVAILABLE FLIGHT SULIPPORT

7] v 2 Lv] ?

GROUND TEST Ty

PLAN SLBMITTED A

|

coy

Figure 5.6-1 L35-4 Master Schedule o
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5.6.2 Cost Analysis

An analysis of the Precision Optical System was conducted during Phase I of this
study (Reference 1) to' determine the costs associated with its design, development, and
manufacture. These costs were updated in Phase Il to reflect maturity in the details of
the design.

" TDM costs were determined using the cost data base we have developed from
experience with previous spacecraft. New equipment, hardware and development costs
were defined using the Boeing Parametric Cost Model (PCM)} cost analysis computer
maodel and the RCA PRICE hardware acquisition model.

The Ground Rules Provided by MSFC are:

o Cost estimates are in F Y-84 doltars, including fiscal year funding requirements,

o Space Station ATP are FY-86 with initial launch in FY-90 and 1OC in FY-2!.

o Cost estimates include all requirements unique to demonstrating the technology
feasibility.

The Additional Ground Ruies and Assumptions used are:

o The Boeing PCM hardware cost model was used to estimate all

structural/mechanical items and all support costs, i.e. SE&I, system ground
test, too! & test equipment, program management, etc.

o PCM was used to estimate all integration costs.

o The RCA PRICE hardware cost model was used to estimate the cost of one set
of primary mirrors and secondary mirror assembly.

0  Design costs reflect the repetitive nature of the hardware.

o The electronics package for the Precision Opticél System was not priced.
o Learning was assumed (38% of structural items).

o Development quantity = 2
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J.6-2.

Engineering ($M) 1546
Totat Hardware {2 Units) 118.8
Total Development {$M) 273.4
Flight Unit Cost ($M) 59.4

Does not include focal plane electronics
and mirror control electronics

1984 dollars

Figure 5.6-2 L5S-4 Development Costs

5.7 Space Station Resources Required

5.7.1 Accommuodations

LSS TDM EVA activities require special equipment and/or procedures. These in
turn will require provisions for accommodations in the basic Space Station design. The
accommodation needs of the LSS-3 TDM were defined by analysis of both mission and
Space Station requirements/capabilities. A detailed list os the Space Station architec-

turai features, required for LSS-4 EVA construction and test activities is provided in
figure 3.7-1 previously shown in section 3.7,

5.7.2 Operations

Scheduling of the Space Station facilities, activities, and personnel is of prime
importance to minimize conflicts during LSS EVA construction activities. Communica~
tions, data equipment, and links required for EVA will need to be available and
operational. All other missions and Space Station facility usage will require close

coordination. Figure 5.7-1 shows the Space Station operations that need to be scheduled
ta avoid conflicts with LSS-4 construction activities. "

5.7.3 Crew Support

The LS8S-4 crew skills were identified as explained in section 3.7.3, The numbers

shown in the crew skill support (figure 5.7-2) represent the percent of operation duration
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Scheduling
Communications
ccTV
Intercomm
Links
Data
Processing
Handling
Missions
RMS usage
Facilities (briefing room)
Crew members
2 EVA
11IVA

5.7-1

LS5S-4 Space Station Operations

time each skill is required. These percentages were estimated from the data used to

/)

AN
I

€

operation.

EVA CHERRYPICKEN VA WORKETATION
OPERATIONS CPERATIONS
Figure 5.7-2 Crew Skill Support

calculate the operation time. Particular attention was paid to the crew skill descriptions
in figure 3.7-5 in making sure that the proper crew skills were utilized for each
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5.7.4 Special Equipment

During the definition and analysis of the L$5-5 TDM, special equipment require-
ments were considered. The required support equiprment, instrumentation, data systems,
and small teols identified during this study are listed in figure 3.7-3. The articulated
holding fixture is an example of the special equipment that will need to be supplied with

the LS55-4 mission hardware. Some comnion equipment is envisioned %o remain on the
Space Station for use with other missions.

5.8 Potential Problems and Concerns

Several areas of concern must be considered when constructing the Precision
Optical System at the Space Station. The additional mass and inertias of the structure
as well as its structural dynamic characteristics must be accommodated by the Spacne
Station control system. The dynamic loads resulting from events such as Orbiter
docking and thruster firings must also be accounted for. Large Space Structures
attached to the Space Station will also increase the drag due to their size. The large size
of the structures may aiso influence the thermal balance of the Space Station and
interfere with communication paths. For the Precision Optical System there is the
added concern of handling and protecting the fragile mirror segments.

These and other concerns raised by the construction of large space structures affect
a wide range of technologies and subsystems and need to be carefuily considered in the
design of the Space Station as well as in the design of the construction project. The
results of initial investigations of some of these concerns are presented in the following
sections.

5.8.1 Mass and Inertia

The mass and inertia of LSS construction projects must be accommodated by the
Space Station attitude c:éntrol system. Therefore the inertia properties of the Precision
Optical System structure including the mirrors were estimated and are shown in figure
5.8-1. The instrurment module which contains the focal plane instruments and other
equipmeit is not included in these estimates. The center of mass location and the
inertia properties are given in relation to its interface with the Space Station which is at
the center of the bottom surface of the primary mirror support truss. Primary and
secondary mirror weights are based on an areal density of 25 kg/ m?2,
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_,"-3': ;

:. 4\ P Mass 1880.kg
F Zcg. 149m pm2
: q"‘w WIRRCHS HOY Ehawn . :;,y‘ n;gg 'l:g-mz
FEA ‘ Izz 22990, kg-m?
L Prims -y mirror support structure
{ and mirrors only.
“ ( : Figure 5.8-1 LSS-4 Mass Properties
P
X
W 5.8.2 Structural Dynamic Characteristics
A
% The calculation of the structural dynamic characteristics for L$3-4 was accom-
-_ : { plished during the design trade studies conducted to determine which primary mirror
g support structure concept would be used. A NASTRAN f{inite element mode! was used to
i { ) ’ determine the free-free mode shapes and frequencies of the primary mirror suppor:
% | structure with the mass of the segmented mirrors included. As shown in figure 5.8-2, the
(* first free-free frequency is 9.5 Hz. Even with the structure attached to the Space
: Station and the secondary mirror system attached, the fraquencies will probably be
- higher than the primary frequencies of the Space Station itself, and, therefore will not
( ) be of significant concern for the control system.
b
L
o ® Unconcstrained modes
4 T o Primary mirror support
structure and mirrors
;, ( Mode  Freq, (Hz)
- -1 951
R 2 9.52
i ( \ 3 14.68
;E i 4 1536
R
i (q’}
!
( P Figure 5.8-2 L5S-4 Dynamic Characteristics
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5.8.3 Drag

Another concern created by LSS constructii:i is the increased frontal area which
increases the rate of orbital decay due to drag. The orientation of the structure can
have a pronounced effect on the drag.

The drag on a body in low Earth orbit depends on its ballistic coefiizient (area per
unit mass). The drag areas for L55-4 were calculated and are shown in figure 5.8-3 along
with the area/mass ratio. The effect that the optical system has on the total Space
Station drag properties i{s shown in the last line of the table, expressed in terms of the
percent increase in area/mass ratio of the Space Station. These calculations are based
on the assumption that the areas as well as the mass are additive. In actuality, some
shadowing may occur which will help to reduce the area/mass ratio.

X-Dir Y-Dir Z-Dir

L.SS-4 area (m2) 156 166 123
Area/mass ratio (m2/kg) 031 .031 .024
% increase for Space Station 2.6 2.6 1.0

Astumption: TDM area adds to Spacs Station area

Figure 5.8-3 LSS-4 Drag Effects
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6.0 INITIAL SPACE STATION CAPABILITY

The current Space Station concepts {IOC 1992), as defined by the Space Station
Needs, Attributes, and Architectural Options studies and the NASA CDG meetings were
analyzed to determine the extent to which the early Space Station can support the LS5
technology development missions.

6.1 Review of Current Concepts

The first step in the review process was to collect the documented results of the
eight Space Station Needs, Attributes, and Architectural Options Studies and the NASA
CDG Space Station concept. The next step was to review the results of these studies and
select a set of representative Space Station concepts for further evaluation. A complete
set of the Space Station study concepts with a list of pertinent resources as identified
are ‘isted in Appendix C.

In analyzing the early Space Station configurations, it was determined that all the
configuration designs fell into one of four configuration philosophies. These four
configurations: Radial Hub, Tunne! Hub, SOC (Space Operations Center) type, and Raft
are shown in figure 6.1-1

AADIAL HUB TUNNEL HUB

RAFT

Figure 6.1-1 Space Station Configurations
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6.2 LSS TDM Accommodation Assessment

In selecting a representative set of Space Station concepts for further evaluation,
we decided to 2valuate these four configuration types. Each type is unique enough to
make it important to understand each concepts ability to support the construction of LSS
technology development missions.

It was determined that all four configurations would adequately support construction
of the LSS technology development missions. The L53-1 TDM design was changed to
insure adequate Space Station mounting. In order to accomplish this a docking tunnel
attachment method was incorporated. ‘

M
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7.0 CONCLUSIONS

Future space systems will require the develdpment of the facilities and technigques
needed for the on-orbit construction of large space structures. The logical place for this
task is the Space Station which can supply the needed human and physical resources. We
need to start now to design into the Space Station the facilities and accommodations
required for these projects. Space system designs must also reflect the availability of a
construction site in low Earth orbit and the valuable human resource which can reduce

the complexity and expense of future systems.

The large space structures technology developmert missions described can serve to
advance the design and operational techniques for LSS construction at the Space Station.
These missions provide a logical progression from ground tests and Orbiter flight tests.
They can also be used as testbeds to support the technology advancement of other

discipiines.
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PAGE NO. 00001 D180-27677-2

12/18/84
LSS~1 TIMELINE ANALYSIS
TASK
* 1
Review assembly procedure
Don suit

Pump down airlock

Exit airlock

Obtain area lights

install lighting

turn on and adjust

Obtain CCTV' equipment

Break

Mount CCTV

turn on and adjust

Prepare tool kit

Inspect berthing pert

Activate RMS

Translate RMS to transfer tunnel

Secure RME to transfer tunnel

Release transfer tunnel hold downs

Remove transfer tunnel from storage/orbiter bay
Translate transfer tiinnel to berthing port
Berth transfer tunnel

Verify transfer tunnel berthed

Release RMS

Translate RMS to storage area/orbiter bay
Attach RMS to basic truss module

Release basic truss module hold downs

Remove basic truss module from storage/orbiter bay

Break

Deploy basic truss

Verify truss braces latched
Lunch

Verify truss braces latched .
*%* SUBTOTAL **

* 2

TEST TRUSS

Obtain vibration excitation equipment
Install vibration excitation equipment
Connect vibration excitation equipment
Test vibration excitation and data system
Stow tool kit

Enter alr lock and pressurize

Doff suit

Conduct modal survey

*% SUBTOTAL **
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PAGE NO. 00002 D180-27677-2
12/18/84
LSS-1 TIMELINE ANALYSIS
TASK
* 3
ATTACH TRUSS
Don suit

Pump down airlock

Exit airlock

Prepare tool kit

Align basic truss with transfer tunnel
Peosition truss on transfer tunnel
Attach top braces

Attach bottom braces

Attach tangent braces

Break

Verify braces secure

Release RMS

Stow RMS

*% SBTOTAL **

* 4

INSTALL UTILITIES

Translate RMS to utilities package

Secure RMS to utilities package

Release utilities package hnld downs
Translate utilities package to platform
Secure utilities package to platform
Release RMS

Prepare utilities package for assembly
Remove utilities box

Attach uvtilities box to platform

Break

String and attach electrical and data lines
Remove utilities box

Attach utilities box to platform

String and attach electrical and data lines
Femove utilities box

Attach utilities box to platform

Lunch

String and attach electrical and data lines
Remove utilities box

Attach utilities box to platform

String and attach electrical and data lines
Break

Remove utilities box

Attach utilities box to platform

String and attach electrical and data lines
Remove utilities box

Attach utilities box to platform

Break

String and attach electrical and data lines
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PAGE NO. 00003 D180-27677~2
12/18/84 :
LSS-1 TIMELINE ANALYSIS
TASK
* 4

Remove utilities box

stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Pump down airliock

Exit airlock

Prepare LSS-1 tool kit :

Attach utilities box to platform

Break

String and attach electrical and data lines
Remove utilities box

Attach utilities box to platform

String and attach electrical and data lines
Connect electrical utility and data lines to SS
Break

Test lines

** SUBTQTAL **

* 5

TEST TRUSS

Obtain instrumentation (accel., thermal, corner ref.
Install instrumentation on truss

Connect instrumentation to SS test subsystem
Lunch .
Test instrumentation

Obtain laser measurement equipment

Install laser assembly on transfer tunnel
Connect laser to test subsystem

Test laser

Stow equipment containers

Break.

Connect vibration excitation equipment

Test vibtration excitation equipment

Stow tool kit

Enter air lock and pressurize

Doff suit

Conduct flatness and thermal deformation tests
Conduct modal survey

** SUBTOTAL **

* 6

INSTALL FLOOR
Don EVA suit
Pump down airlock
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PAGE NO. 00004 D180-27677-2
12/18/84
LSS-1 TIMELINE ANALYSIS
TASK
* 6

Exit airlock

Prepare LSS tool kit

Obtain panel for platform floor
Install panel

Obtain panel for platform floor
Install panel

Break

Obtain panel for platform floor
Install panel

Obtain panel for platform floor
Install panel

Obtain payload support rail assembly

-Install payload support rail #1 assembly

Break

Install payload support rail #2 assembly
Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Conduct modal survey

** SUBTOTAL **

* 7

INSTALL SOLAR SHIELD

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Activate RMS

Translate RMS to storage/crbiter bay
Attach RMS to solar shield package
Release solar shield holddowns
Remove solar shield from storage/orbiter bay
Translate solar shield teo platform
Secure solar shield to platform
Release RMS

Stow RMS

Break

Obtain solar shield

Install solar shield R1

Obtain solar shield

Install solar shield R2

Obtain solar shield

Install solar shield R3

Obtain solar shield

Install solar shield R4

Break

Obtain solar shield
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PAGE NO. 00005
12/18/84

LSS-1 TIMELINE ANALYSIS

D180-27677-2

TASK

* 7

Install solar shield RS
Obtain solar shield
Install solar shield Ré6
Obtain solar shield
Install solar shield R7
Lunch

Obtain solar shield
Install solar shield RS
Obtain solar shield
Install solar shield R9
Obtain solar shield
Install solar shield L1
Obtain solar shield
Ereak

Install solar shield L2
Obtain solar shield
Install solar shield L3
Obtain solar shield
Install solar shield L4
Break

Obtain solar shield
Install solar shield LS
Obtain solar shield

‘Install solar shield L6

Stow tocl kit

Bnter air lock and pressurize

Doff Suit

Don suit

Pump down airlock

Exit airlock

Prepare tool Kit

Cbtain solar shield
Install solar shield L7
Break A
Obtain solar shield
Install solar shield L8
Obtain solar shield
Install solar shield L9
Obtain botton solar shield
Install botton solar shield

‘Extend bottom solar shield

S8ecure solar shield

Obtain bottom solar shield
Install bottom solar shield
Break

Extend bottom solar shield
Activate RMS-

Translate RMS to storage area
Attach RMS to extendable mast assembly
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PAGE NO. 00006 D180-27677-2

12/18/84 .
LSS-1-TIMELINE ANALYSIS
TASK

* 7

Release extendable mast hold downs
Translate mast assembly into position
Align mast solar shield assembly
Attach ends of mast assembly to platform
Release RMS

Translate RMS to storage area

Attach RMS to extendable mast assembly
Relecase extendable mast nold downs
Translate mast assembly into position
Align mast assembly with platform
Attach ends of mast assembly to platform
Release RMS

Translate RMS to storage area

Lunch

Deploy R extendable mast and sunshield
Deploy L extendable mast and sunshield
Latch masts at peak

Secure sunshields at peak

Break

** SUBTOTAL *¥

* 8
TEST HANGAR

Obtain instrumentation (accelerometers, reflectors)

Install instrumentation on hangar

Install instrumentation on hangar

Connect instrumentation to test subsystem
Break

Test instrumentation

Test laser

Stow equipment containers

Test vibration excitation equipment

Stow tool kit :

Enter Airlock and pressurize

Doff EVA suit ,
Conduct flattness and thermal deformation tests
Conduct modal survey

** SUBTOTAL **

* 9

REMOVE AND STOW TEST EQUIPMENT
bon EVA suit

Pump down airlock

Exit airlock

prepare tool kit
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PAGE NO. 00007 D180-27677-2
12/18/84
LSS-1 TIMELINE ANALYSIS
TASK
*+ 9

Disconnect vibration excitation equipment
Remove vibration equipment from masts
Break

Stow vibration excitation equipment
Disconnect instrumentation from test subsystem
Remove instrumentation test cable

Stow instrumentation

Break

Disconnect laser meassurement equipment
Remove laser measurement equipment

Stow laser measurement eguipment

Lunch

Stow laser measurement equipment

Remove accelerometers and reflectors
Stow tool kit

Enter air lock and pressurize

Doff EVA suit

Inspect platform and hangar

Turn off CCTV

Turn off lights

** SUBTOTAL *¥

** TOTAL **
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PAGE NO, 00001 180-27677-2

12/18/84

LSS-3 TIMELINE ANALYSIS -

TASK MIN
* 1
START UP 0
Review assembly procedures 480
Don EVA suit , 15
Pump down airlock 15
Activate platform lights 1l
Activate remote CCTV 1
Exit airlock 5
Prepare LSS tool kit 5
*% SUBTQTAL **

522

* 2
ASSEMBLE CONSTRUCTION FIXTURE 0
Activate RMS 5
Translate RMS to construction fixture storage area 2
Secure RMS to construction fixture package 1
Release package hold downs 1
Translate construction fixture package to platform 2
Position package at platform hold downs 1
Secure package to hold downs 1
Release RMS 1
Break 10
Remove 2 # 1 rail segments 8
Latch rail segments together 4
Remove and &sttach 25 truss members 50
Break . 10
Remove 2 # 1 rail segments 8
Latch rail segments togethar 4
Remove and attach 25 truss members 50
Lunch 15
Perform # 1 rail alignment 60
Break 10
Remove 2 # 2 rail segments 8
latch rail segments together 4
Remove and attach 25 rail segments 50
Break 10
Remove 2 # 2 rail segments 8
Latch rail segments together : 4
Break 10
Remove and attach 8 truss members 16
Stow tool kit 5
Enter airlock and pressurize 15
Doff suit 15
Don suit 15
Pump down airlock 15
Exit airlock 5
Prepare toolkit 5
Remove and attach 17 truss members 34

B-9
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PAGE NO. 00002 DI180-27677-2
12/18/84
LSS-3 TIMELINE ANALYSIS
TASK
* 2
Break

Perform & 2 rail alignment

Translate RMS to storage areca

Secure RMS tc LSS-3 construction fixture motor
Release motor package hold downs

Translate motor package to platform
Position motor package

Attach motor package to platform

Release RMS

Release motor wiring from housing

String motor wiring to electrical,data bus
Break

Connect to bus

** SUBTOTAL **

* 3

TEST CONSTRUCTION FIXTURE

Obtain insturmentation electrical lines
Install electrical lines

Obtain data lines

Connect electrical utility, and data lines to bus
Obtain instrumentation (accelerometers, reflectors)
Install instrumentation on fixture

lunch

Connect instrumentation to test subsystem
Obtain laser measurement equipment

Install laser

Test laser

Break :

Connect laser to test subsystem

Obtain vibration excitation equipment

Install vibration excitation equipment

Break

Connect vibration excitation equipment

Test vibration excitation equipment

Stow eguipment containers

Stow tool kit

Enter airlock and pressurize

Doff suit :

Conduct flatness ..ad thermal deformation tests
Conduct modal survey

Don EVA suit

Pump down airlock

"Exit airlock

Prepare tool kit _
Disconnect vibration excitation eguipment
Remove vibration excitation equipment from fixture
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PAGE NO. 00003 D180-27677-2

12/18/84
LSS-3 TIMELINE ANALYSIS
TASK |
* 3
Brezk

Disconnect instrumentation from the test subsystem
Remove instrumentation test cable

Stow instrumentation

Disconnect laser measurement cable

Remove laser measurement eguipment

Break

Stow laser measurement equipment

*% SUBTOTAL **

* 4

ASSEMBLE TRUSS RING

Activate RMS

Translate RMS to MWR beam storage
Attach RMS to MWR beam package

Release MWR package hold downs
Trznslate heams to construction plaform
Prepare beams for assembly

Assemble 8 basic and 1 connecting beams and position

Lunch
Install 4 base members
Translate to peak
Install 4 peak members
n3tall 1 connecting member
Translate back to base )
Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Install X braces
Obtain beam parts
Assemble 7 basic and 1 connecting beam and position
Break
Install 3 base members
Translate to peak
Install 4 peak members
Install 2 connecting members
Translate back to base
Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring
Break
Install wiring
Install X braces
Stow tool kit
Enter airlock and pressurize
Doff EVA suit
Don EVA suit
Pump down airlock
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PAGE NO. 00004 D180-27677-2
12/18/84
LSS-3 TIMELINE ANALYSIS
TASK
* 4

Exit airlock

Prepare tool kit

Obtain beam parts

Assemble 7 basic and 1 connecting beams and position
Install 3 base members

Translate to peak

Break

Install 4 peak members

Install 2 connecting members

translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Punp down airlock

Exit airlock

Rotate ring

Install wiring

Install X braces

Obtain beam parts

Assemble 7 basic and 1 connecting beam and position
Break

Install 3 base members

Translate to peak

Install 4 peak members

Install 2 connecting members

Translate back to base

Obtain corner rcflectors and accelerometers
Mount correr reflectors and accelerometers
Rotate r;ng

install wiring

Break

Install X braces

Obtain beam parts

Assemble 7 basic¢ and 1 connecting beams and position
Install 3 hase members

Translate to peak

Install 4 peak members

Install 2 connecting members

translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Lunch

Install wiring

Install X brace

Obtain beam parts
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PAGE NO. 00005 D180-27677-2

12/18/84
LSS-3 TIMELINE ANALYSIS
TASK

* 4

Assemble 7 basic and 1 connecting beam and position
Install 3 base members

Break

Tranglate to peak

Install 4 peak members

Install 2 connecting members

Translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install X braces

Obtain beam parts

Assemble 7 basie and 1 connecting beam and position
Install 3 base members

Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Translate to peak

Install 4 peak members

Install 2 connec¢ting members

translate back to bhase

Obtain corner reflectors and accelerometers
Mount ‘corner reflectors and accelerometers
Rotate ring

Break

Install wiring

Install X brace

Obtain beam parts

Assemble 7 basic and 1 connecting beam and position
Install 3 base members

Translate to peak

Install 4 peak members

Install 2 connecting members

Translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install X braces

Obtain beam parts

Assemble 7 basic and 1 connecting beams and position
Break

Install 32 base members

Translate to peak
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PAGE NO. 00006 D180-27677-2

12/18/84
LSS-3 TIMELINE ANALYSIS
TASK

* 4

Install 4 peak members

Install 2 connecting members

translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install X brace

Lunch

** SUBTOTAL **

* 5

TEST TRUSS

Obtain electrical 1lines

Install electrical lines

Obtain data lines

Break

Install data lines

Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Pump down airlock

Exit airlock

Prepare toeol kit

Connect electrical utility and data lin=s to S8
Break

Test lines

Obtain instrumentation (accelerometers, reflectors)
Install instrumentation on truss

Connect instrumentation on test subsystem
Test instrumentation

Break

Obtain laser measurement equipment
Install laser on transfer tunnel

Connect laser to test subsystem

Test laser

Stow equipment containers

Connect vibration excitation eguipment
Test vibtration excitation equipment

Stow tool kit

Enter air lock and presssurize

Doff suit

Conduct flatness and therma] deformation tests
Conduct modal survey

** SUBTOTAL **
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PAGE NO. 00007 D180-27677-2

12/18/84
LSS~3 TIMELINE ANALYSIS
TASK

* 6

D:n EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Obtain beam parts

Assemble 7 basic and 1 connecting beam
Break

Install 3 base members

Translate to peak

Install 4 peak members

Install 2 connecting members

Translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install X braces

Break

Obtain beam parts

Assemble 7 basic and 1 connecting beams
Install 3 base members

Translate to peak

Install 4 peak members

Install 2 connecting members

translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Lunch

Rotate ring

Install wiring

Install X brace

Obtain beam parts

Assemble 7 basic and 1 connectiiyy beam
Install 3 base members

Break

Translate to peak

Install 4 peak members

Instalil 2 connecting members

Translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install X braces

Obtain beam parts

Assemble 7 basic and 1 connectlng beams
Break

Install 3 base members

Translate to peak
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PAGE NO. 00008 D180-27677-2
12/18/84

LSS-3 TIMELINE ANALYSIS

TASK

% 6

Install 4 peak members

Install 2 connecting members

translate back to base

Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Reotate ring '

Install wiring

Break

Ingtall X brace

Obtain beam parts

Asgsemble 7 basic and 1 connecting Lbeam
Install 3 base members

Translate to peak

Install 4 peak members

Install 2 connecting members

Translate back to base

Break

Obtain ccrner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install X braces

Obtain beam parts

Assemble 7 basic an~ 1 connecting beams
Install 3 base members

Lunch

Translate to peak

Install 4 peak members

Install 2 connecting members

translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install X braces

Oobtain beam parts

Break

Assemble 7 basic and 1 connecting beams
Install 3 base members

Translate to peak

Install 4 peak members

Install 2 connecting members
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PAGE NO. 09009 D180-27677-2

12/18/84 -
LSS-3 TIMELINE ANALYSIS
TASK

* 6

translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Break

Install wiring

Install X brace

Stow tool kit

Enter airlock and pressurize

DoLf EVA suit

Dan EVA suit

Puiap down airlock

Exit airlock

Prepare tcel kit

Obtain beam parts

Assemble 7 basic and 1 connecting beam
Break

Install 3 base members

Translate to peak

Install 4 peak imembers

Install 2 connecting members

Translate back to base

Obtain corner reflectors and accelerometers
Mount corner reflectors and accelerometers
Rotate ring

Install wiring

Install ‘X braces

Break

*% SUBTOTAL **

* 7

TEST TRUSS

Obtain electrical lines

Install electrical lines

Obtain .data lines

Break

Install data lines

Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Connect electrical utility and data lines to S8
Break '
Test lines
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7 PAGE NO. 00010 D180-27677-2
- 12/18/84
{ " L8S-3 TIMELINE ANALYSIS
(”} TASK MIN
* 7 .
- Obtain jinstrumentation (accelerometers, reflectors) 5
(\lf Install instrumentation on truss 20
> Connect instrumentation on test subsystem 5
Test instrumentation ‘ 15
(* = Break 10
o Obtain laser measurement equipment 5
Install laser on trangfer tunnel 10
- Connect laser to test subsystem 5
( Test laser : 5
Stow equipment containers 10
Connect vibration excitation equipment 5
Test vibtraticn excitation equipment 5
( Stow tool kit : ' 5
Enter air lock and presssurize 15
. Doff suit 15
( Conduct flatness and thermal deformation tests 240
- Conduct modal survey 240
** SUBTOTAL **
( 820
- * 8
( COMPLETE TRUSS RING _ 0
A Don EVA suit 15
‘ Pump down airlock . 15
(" f Exit airlock 5
' Prepare tool kit 5
Obtain beam parts 2
- Assemble 6 basic and 1 connecting beams 16
( Break 10
- Install 2 base members 6
Translate to peak 2
(' Install 4 peak members 8
‘ Install 2 connecting members 4
translate back to base 2
- Obtain corner reflectors and accelerometers 2
( Mount corner reflectors and acvelerometers 4
t— Install wiring 10
~ Break 10
( : Install X brace 4
_ k* SUBTOTAL **
120
(
— * 9
_ TEST TRUSS 0
(.W Obtain electrical lines 5
] Install electrical lines 35
Obtain data lines 5

5-18




e s 5o M e A R L R B e b LTy e T L b b et

I I
I B e B A T T D DS Lo e C e e

PAGE NO. 00011 D180-27677-2
12/18/84

LSS-3 TIMELINE ANALYSIS
TASK

* 9

Lunch

Install data lines

Connect electrical utiiity aiid data lines to S8
Break

Test lines

Obtain instrumentation (accelerometers, reflectors)
Stow tool kit

Enter airloc» and pressurize

Doff EVA suit

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Install instrumentation on truss

Break

Connect instrumentation on test subsystem
Test instrumentation

Obtain laser measurement equipment
Install laser

Connect laser to test subsystem

Test laser

Stow equipment containers

Break .

Connect vibration excitation equipment
Test vibtration excitation eguipment

Stow toeol kit

Enter air lock and presssurize

Doff suit _
Conduct flatness and thermal deformation tests
Conduct modal survey

** SUBTOTAL **

* 10

Don EVA suit

Pressurize airlock

Exit airlock

Prepare tool kit

DEPLOY FEED SUPPORTS

Activate RMS

Translate RMS to feed support package
Secure RMS to feed support package
Release package hold downs

Translate feed support to construction area
Remove covers

Break

Deploy feed supports

Position feed support on truss
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PAGE NO. 00012 D180-27677-2
12/18/84

LSS-3 TIMELINE ANALYSIS
TASK

* 10

Secure feed support to truss

Release RMZ

Pranslate RMS to feed support package
Secure RMS to feed support package
Release package hold downs

Translate feed support to construction area
Remove covers

Deploy feed supports

Position feed support on truss

Secure feed support to truss

Release RMS

Translate RMS to feed truss package
Secure RMS to feed truss package
Release package hold downs

Translate feed truss to construction area
Break

Remove covers

Deploy feed truss

Position feed truss on feed supports
Secure feed support to truss

. Release RMS

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Tranglate feed horn to construction area
Remove covers

Install feed horns

Lunch

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers

Install feed horns

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers

Break

Install feed horns

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers

Install feed horns

Break

Translate RMS to feed horn package
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PAGE NO. 00013 D180-27677-2
12/18/84 _

LSS~3 TIMELINE ANALYSIS
TASK

* 10

Secure RMS to feed horn package

Release package hold downs

Translate feed hkorn to construction area
Remove covers

Install feed horns

Translate RMS to feed horn package
Secure RMS to feed horn package

Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Release package hold downs

Translate feed horn to construction area
Remove covers

Install feed horns

Break

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covera

Install f=ed hocrns

Translate RMS to fesd horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers :
Install feed horns

Break

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers

Install feed horns

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers

Install ieed horns

Translate RMS to feed horn package
Secure RMS to feed horn package

Relezse package hold downs

Translate feed horn to construction area
Lunch
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PAGE NO. 00014 D180-27677-2
12/18/84

LSS~3 TIMELINE ANALYSIS

TASK

* 10

Remove covers

Install feed horns

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove cecvers

Install feed horns

Break

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers

Install feed horns

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs

Translate feed horn to construction area
Remove covers

Install feed horns

Break

Translate RMS to feed horn package
Secure RMS to feed horn package

Release package hold downs-

Translate feed horn to construction area
Remove covers - .
Install feed horns

Stow tool kit

Enter airlock and pressurize

Doff EVA suit

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Translate RMS to feed horn package
Secure RMS to feed horn package
Release package hold downs
Translate feed horn to construction area
Remove covers

Install feed horns

Break

Attach 4 cables to feed truss

Attach 2 cables to truss -

Pogition other 2 cables .
Tension 2 cables to position feed truss
attach 2 cables to truss

Break

** SUBTOTAL **
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PAGE NO. 00015
12/18/84
LSS-3 TIMELINE ANALYSIS
TASK
* 11
TEST TRUSS

Obtain electrical lines
Install electrical lines
Obtain data lines

Lunch

Install data lines

Connect electrical utility and data lines to SS

Test lines

Obtain instrumentation (accelerometers, reflectors)

Install instrumentation on truss

Connect instrumentation on test subsystem
Test instrumentation

Break .

Obtain laser measurement equipment
Install laser

Connect laser to test subsystem

Test laser

Stow equipment containers

Connect vibration excitation equipment
Test vibtration excitation equipment

Stow tool kit

Enter air lock and presssurize

Doff suit

Conduct flatness and thermal. deformation tests
Conduct modal survey

** SUBTOTAL **

* 12

INSTALL MEMBRANE

Don EVA suit

Pump down airlock

Exit airlock

Prepare tool kit

Translate RMS to membrane package
Secure RMS to membrane package
Release membrane package holddowns
Translate membrane package to truss
Remove membrane package covers
Attach fittings to truss

Break

Deploy membrane

Attach membrane tensioning cables
Stow tool kit

Enter airlock and pressurize

Deoff EVA suit

Don EVA suit

pressurize airlock
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PAGE NO. 00016 D180-27677-2
12/18/84
LSS-3 TIMELINE ANALYSIS

TASK MIN
* 12
Exit airlock ‘ 5
Prepare tool kit -
*& SURTOTAL **

511

* 13
TEST 0
Obtain electrical lines 5
Install electrical lines 35
Break 10
Obtain data lines 5
Install data lines 35
Connect electrical utility and data lines to SS 15
Lunch : 15
Test lines 15
Obtain instrumentation {(accelerometers, i=2flectors) 5
Install instrumentation on truss 20
Break 10
Connect instrumentation on test subsystem 5
Test instrumentation . 15
Obtain laser measurement egquipment ' 5
Install laser 10
Connect laser to test subsystem 5
Test laser . 5
Break ) 10
Stow equipment containers . . 10
Connect vibration excitation equipment . 5
Test vibtration excitation equipment 5
Stow tool Kit 5
Enter air lock and presssurize 15
bDoff suit 15
Conduct flatness and thermal deformation tests 240
Conduct modal survey 240
Don EVA suit 15
Pump down airlock . 15

Exit airlock 5
Prepare tool kit ' 5
Remove laser 5
Stow laser 5
Remove instrumentation 5
Stow instrumentation 5

Break 10
Stow tool kit and equipment 15
Inspect platform to insure equipment stowed : 10
Enter airlock and pressurize 15
Dofff EVA suit 15
Inspect platform with CCTV 5
Turn off CCTV 5
B-24
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12/18/84

* 13
Turn off lights
** SUBTOTAL **

%% TOTAL **

D180-27677-2

LsS-3 TIMELINE ANALYSIS

TASK
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