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FOREWORD

The SPS system definition study was initiated in December 1976. Part | was cc pleted on May 1.,
1977, Part 11 technical work was completed October 31, 1977,

The study was managed by the Lyndon B. Johnson Space Center (JSC) of the National Ac¢ronautics
and Space Administration (NASA). The Contracting Officer’s Representative (COR) was Clarke
Covington of JSC. JSC study management team members included:

Dickey Amdt Mxrowave System Andrei Konradi Space Radiation
Analysis Environment
Harcld Benson Cost Analys's Jum Kelley M rowave Antenna
Bob Bond Man-Machine Interface Don Kessler Coflision Probability
Jim Cioni Photovoltaic Systems Lou Leopold Microwave Generators
Hu Davis Transportation Systems Lou Livingston  System Engincering and
R. H. Dietz Microwave Transmitter Jim Meany MPTS Computer Program
and Rectenna Stu Nachtwey Microwave Biological E flects
Bill Dusenbury Fnergy Conversion Sam Nassiff Construction Base
Bob Gundersen Man-Machine Interface Bob Ried Structure and Theomal
Alva Handy Radiation Shielding Analysis
Buddy Heineman Mass Properties Jack Seyl Phase Control
Lyle Jenkins Space Construction Bill Simon Thermal Cycle Systems
Jim Jones Deign Fred Stebbins Structural Analysis
Dixck Kennedy Power Distnibution

The study was performed by the Boeing Acrospace Company. The Boeing study manager was
Gordon Woodcock. Boeing Commercial Airplane Company assisted in the analysis of launch vehicle
noise and overpressures. Boeing technical leadens were:

Ottis Bullock Structural Design Don Gnm Electncal Propukion

Vince Caluon Photovoltaic SPS’s Henry Hilbrath  Propulsion

Bob Conrad Mass Properties Dr. Ted Kramer  Thermal Analysis and Optics

Eldon Davis Construction and Orbit- Frank Kilburg Altemate Antenna Concepts
t0-Orbit Transportation  Walt Lund Microwave Antenna

Rod Darrow Operations Keith Miler Human Factors and

Owen Denman Microwave Design Construction Operations
Integration Dr. Ervin Nalos  Mikrowave Subsystem

Hal DiRamio Earth-to-Orbit Jack Olson Configuration Design
Transportation Dr. Henivy Oman  Photovoltaics

Bil Emsley Flight Control John Peay Structures

Dr. Joe Gauger Cost Scott Rathjen MPTS Computer Program

Jack Gewin Power Distribution Development

Dan Gregory Thermal Engine SPS's

The General Electric Company Space Division was the major subcontractor for the study. Their
contributiorn.s tacluded Rankine cycle power generation, power processing and switchgear, micro-
wave transmitter phase control and alternative transmutter configurations, remote manipulators, and
thin-film silicon photovoltaics.

Other subcontractors were Hughes Rescarch Center gallium arsenide photovoltaics; Varian
klystrons and Klystron production; SPIRE silicon solar cell directed cnergy anncaling.
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This report was prepared in 8 volumes as follows:

! -- Executive Sununary \% - Space Opcrations

Il - Technical Summary V] -~ Evaluation Data Book

1Ml - SPS Satelite Systems Vil Study Part 11 Final Bricfing Book

Y My rowave Power Transmission VI - SPS Launch Vchicle Ascent and Fntry
Systems Sonic Overpressure and Noise E flects
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1.0 INTRODUCTION AND OVERVIEW

This volume includes both construction and transportation data since these two topics have many
interrelated factors when comparisons are made concerning the selection of power generation sys-
tems and construction locations. '

This document will primarily cover the matenial developed during Part 2 of the SPS System Defini-
tion Study. Accordingly. construction and transportation systcms and operations are described for
the following combinations: 1) silicon photovoltaic CR=1 satellite constructed primarily in LEO.
) silicon photovoltaic CR=1 satellite constructed in GEQ, 3) Rankine thermal engine satellite con-
structed primarily in LEO and 4) Rankine thermal engine satellite constructed in GEO. Alternate
photovoltaic satellites incorporating a CR=2 design and a Brayton thermal engine satellite were dis-
cussed in Part 1 documentation (D180-20689-3) and are not repeated.

Section 2 of this document consists of a summary presented in a manner to emphasize the key dif-
ferences between the two power generation system options followed by differences between the
two construction location options as measured by various construction and transportation factors.
Data resulting from these comparisons indicate a photovoltaic satellite constructed in LEO offers
the most desirable features in terms of construction and transportation factors. Recommendations
for construction and transportation technology demonstrations are presented at the end of the
summary.

Section 3 of this document presents detailed construction analysis in terms of the construction
operations and construc tion base definition associated with both power generation systems con-
cepts and both construction location options. No construction comparison of the options is

included in this section since it has been incorporated in the overall summary of Section 2.

Section 4 contains the system descriptions of the Earth-to-LEQ and LEO-to-GEO transportation
systems used to support the various combinations of power generation systems and construction
location options. The material primarily consists of the reference system descriptions since alterna-
tives for the various transportation systems were discussed in the Part | documentation
(D180-20689-3).
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2.0 SUMMARY

In this summary section, the construction and transportation systems are discussed together from
the standpoint of how they relate to the two main issues of the study which are the comparison of
1) the power generation systems and 2) the location for their construction. Both LEO and GEO
construction options hav¢ been studicd tor both power generation systems. In order to focus
more clearly on the difterences in the construction and transportation characteristics for the two
pow r generation options. this first portion of the summary will be confined to the LEO construc-
tion approach. It should be noted however, the outcome of the power generation comparison is
not influenced by the the construction location.

Resulting from the power generation comparison will be a judgment as to which is the preferred
system from the construction and transportation standpoint. This concept will then be used in the
comparison ot the construction location options found in the second section of the summary.
Again, both power generation systems have been investigated tor both construction locations.

Assumptions and Philosophy

The key assumptions and philosophy used in the construction and transportation analysis are indi-
<Jated in Table 2-1. Most of these items are self explanatory but a few require a brief explanation.
Item 1 was specified in the Statement of Work. Item 2 deals with the actual amount of useful time
available for construction taking into account that personnel do not work literally an entire shift
{voftee breaks. etc.). and allowances also included for machine down time. Item 3 is specified to
indicate no construction options were investigated which used the satellite itself to support con-
struction cquipment. Item 5 relates to the case where a given type of machine operation such as a
solar array deployment, was analyzed to determine its required construction rate in LEO construc-
tion and then this same rate was used for the GEO construction approach. Ttem 6 deals with the
thought that wherever practical. parallel construction operations were performed in order to reduce
the construction rates of the equipment and at all times an attempt was made to eliminate the cases
where several operations had to occur simultaneously to finish a given task. Item 9 primarily deals
with the tash of indexing the satellite or the terminal phase of bringing together large items such as
satellite modules or antennas using propulsive devices. ltem 10 identifies the two stage ballistic
ballistic system as the reterence cargo launch vehicke although two stage winged 'winged systems

were also investigated.
2.1 POWER GENERATION SYSTEM COMPARISON

The overall configuration charactenstics that mfluence the construction and transportation of
the reterence photovoltaic and thermal engine satellites are shown respectively in Figure 2-1 and
2.2, The referenced 10 GW photovoltaic satellite shown in Figure 2-1 consists of 8 satellite mod-
ules. which when assembled have an overall length of 21.6 kilometers.  Approximately 1300 kilo-
meters of 20 meter beam is assembled. 112 square kilometers of solar array is installed along with
65 hMlometers of powerbus. Construction of two antennas involves tabrication of structure and the

placement of 1.6 square kilometers of radiating surface.
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Table 2-1. Assumptions and Philosophy Construction and Transportation

1. ONE YEAR CONST TIME (INCL 30 DAYS TEST AND C/0)

2. PRODUCTIVITY FACTOR OF 0.75

3. FACILITIZED CONSTRUCTION WITH ASSEMBLY LINE TYPE OPERATIONS
4. COMPONENTS MANUFACTURED ON EARTH, ASSEMBLED IN SPACE

5. SIMILAR CONST EQUIP USE SAME RATES FOR ALL CONST OPTIONS

6. PARALLEL AND DECOUPLED CONSTRUCTION WHEREVER PRACTICAL

7. CONST. ACCOMPLISHED USING CREW OPERATED OR MONITORED EQUIP/MACHINES - NO
“HANDS ON" OPERATIONS

8. CREW WORK SCHEDULE
10 HOURS PER DAY

6 DAYS PER WEEK

90 DAY STAYTIMES

9. NO FREE FLYING INDEXING OR DOCKING OF LARGE SYSTEMS OR MOVEMENT
OF CARGO AROUND FACILITY

10. REFERENCE CARGO LAUNCH VEHICLE-TWO STAGE BALLISTIC/BALLISTIC
11. SHUTTLE GROWTH {LIQUID BOOSTER) USED FOR LEO CREW DELIVERY

12. ORBIT TRANSFER SYSTEMS USED 10N ELECTRIC OR 105/ LH, PROPULSION



D180-22876-5

ANTENNA/YOKE ASSY
2PLCS)
21.6km
—| 27km |-« |--m1un

4

\ X

sam() ® @ ® @ O
X
0\J] 0.68 km
MODULE / w=f e 0.68 km
TAVAN

@ EIGHT MODULES

® 97MILLION kg

® 1300 km OF 20 M BEAM

® 102km?2 OF SOLAR ARRAY

¢ 65km OF POWER BUSES

® 1.6 km? OF ANTENNA SURFACE AREA

Figure 2-1. Photovoltaic Satellite Configuration

51849

(*,

CURVED
CONCENTRATOR

{ o

LZJKM.I

MODULE
FOCAL
POINT
ASSEMBLY
‘ 109KM —
/ﬂ
g ah ANTENNA/YOKE ASSY
7 __A\gr,v'/ e /- \< / 12 PLCS)
/ ‘ X . E ) // \ / j /
A ' 1 | P ODULES
\1-/ \r‘(/ \E!i/ | 4 :;gguuowm
NN N . T2k raoiaToR
~ V7 [ K
4 - 4 ' ® 116 000 FACETS
AN LIN S \:l’ /| # 544 THeRmaL Encines
B0 2
SN INN
NS \i/ )
/ \3 g ¢ POWER GENERATION
7 2 MODULE
v / /NI Worw

Figure 2-2. Thermal Engine Satellite Configuration



D180-22876-5

The thermal engine satellite shown in Figure 2-2 conssts of 1o modules which when assembled have
a planform dimension of 10.9 Kilometer on a side resulting in approximately the same area as the
photovoltaic satellite. A hey distinguishing feature of this contiguration relative to the photovoltaic
satellite is that the depth of the satellite is considerably greater. Key component charactenstics are
also indicated. the only component directly comparable to the photovohaic satellite being that of
the structure whach is approvmately 2.5 times greater m fength, although in this case the majority
of tins beam is 10 meter size rather than 20 meter

The principal areas which will be used to compare the two power generation systems are indicated
in Table 2-2. These areas have been selected to emphasize the differences between the two satel-
lites. The approach used i the summary will be to compare both power generation system options
for a given topic 1n two consceutive charts rather than gong all the way through the photovoltaic

satelhite and then the thermal engine satelhite tollowed by a companson at the end.
2.1.1 Construction Concept

The first comparison to be made s that of the overall construction transportation concept for cach
satellite.  As indweated carher, the TFO construction approach wall be used i making the power
generation sy sten comparison.

In the case of the photovoltare satellite shown an Figure 2-3. cight modules and two antennas are
constructed at the LEO base. All modules are transported to GEFO using selt-pow er electric propul-
sion. Two of the modules wall transport an antenna while the remammimg siv modules will be trans-
ported alone. The GEO operation requires berthmg tdocking) the modules 1o form the sateflite and
deployment of the solar array s not used tor the transter. followed by the rotation of the antenna

mto its desired operating posiion.

Uhe thermal engine 1'HO construcnion concept is shown m Frgure 2= and s sumilar to the photo-
voltaic satellite with the exception that To modules are constructed m FEO with 14 of these beng
transported alone and agam 2 modules cach taking up an antenna. Berthung s again required at
GFO. however, no reflector tacets require deplovment sinee they are not atfected by radiation
when passing through the Van Allen belt so consequenthy ane deployed winle in LFO m order to
simplity the coasttuction operations at GHO

The construction operations 1o be performed at the T HO construction base are as follows i the
case of the photosoltare satellite the operations dlustrated in Figure 2-5 include T assemble the
structure to form a module 18 the size of the total satellite. 21 instalt solar array s, 3) install power
bus system. ) install orbet transter sastenn, S1nstall subsy stems and o) construct two antennas

with their yoke and rotary joints.
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Table 2-2. Power Generation System Comparison

#5164

AREAS OF COMPARISON

¢ CONSTRUCTION BASE CONFIGURATION

o SATELLITE AND ANTENNA CONSTRUCTION OPERATIONS
o FINAL ASSEMBLY OF ERATIONS

¢ CONSTRUCTION EQUIPMENT

o CREW REQUIREMENTS

® CONSTRUCTION SYSTEM MASS AND COST

® LAUNCH SYSTEM

¢ ORBIT TRANSFER SYSTEM

* TRANSPORTATION COST
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The construction tasks assovisted with thermal engine satellite modules are indicated o Figure 2-6.
The key difference compared to the photovoltaic construction task primarily relaies to the differ
ence in the power generetion devices (ie.. reflectors and thermal engines’radiators instead of solar
amravs)

2.1.2 LEO Construction Baws

The coastruction hase for the photovaltaic sateflite is illustiated in Figure 2-7 and consists of two
connecting facilities with one useil 1o build the modules and the other to build the antenna. The
module construction facility i an open ended structure which allows the four bay wike module to
be constructed with only longitudinal indexing. There are two basic work anes. The altorea s
used for structural assembly using beam machines and joint assembly machines attached to both
the upper and lower sarfaces of the facility. Solar array and power distnibution are mstalled from
equipment attached to the upper facdly vurfadce o the forwand area. The satellite moduke is sup-
ported by movabl: towers located on the lower surface of the facility. These towers are also usaed
10 index the module as 1t 15 being fabricated.

The antenna facility is configured to enclose four bays of anterna in width and four rows of baysin
length. The minnnum planview shape of the facility is obtained th.ough use of a 60 degree paratieh
ogram. This shape & the result of the basic unit of the primary structure being tnangular in shape
and the resulting angular indexing.  The lower surface of the facility s uscd to support beam
machincs. joint assembly machines. support indexing machines and bus deploy ment cquipment.
The upper surface s used to support beam machines, joint assembly machines and a deplovment
platform that is used to deploy the secondary structures and antenna subarrays.

The thermal engine satellite construction base has been designed to surround the themmal engine
satellite module and as a result consists of some rather large dimensions as shown in Figure 2-8. The
construc hion operations are performed w three separate levels or areas of the base. At the lower
level is located the antenna construction facilities and those provisions necessany to construct the
antenng yoke, Immediately above this area s the reBector construction factory which includes
equipment necessary to construct reflector structure and install reflccting facets. Support of the
comstructed reflectors is accomphshed using indexing devices moving down twe side rails. These
rails are also used to support beam machines used to construct the tour supporting logs between the
reflector surface and the focal point. At the upper level af the constructior base is lowated the focal
point factory which has the task of constructing the CPC, cavity . installing the thermal engines, cons
structing radiators and the spine which serves as the power distribution system. A fourth a~ea.
although only used in the construction of two modules is the assembly platform used to form the
antenna structure support pomnt for the antenna.
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2.1.3 Satellite and Antenna Construaction Operations

The overall construciion sequence of a photovoltaic satellite module is shown in Figure 9. The
construction sequence associated with the structure, solar array and power buses consists of initially
building the first end frame of the structurc. This end frame is indexed forward one structural hay
length at which time machines can then form the remainder of the structure in each of the bays.
The first row of four bays is then indexed forward to allow construction of the second row of struc-
tural bays in paraliel with installation of solar arrays in bay | through 4. Solar array installation and
construction of structure occurs simultaneously across the width of the module, although neither
operation depends on the other. At the completion of 16 bays or four rows of bays in length, the
power buses and prooclant tanks are installed. Construction of the structure and installation of
solar arrays of the remaining four bay lengths of the module are done in a similar manner to that
previously described.  Thruster modules for the self-power system are attached to each of the four
comers of the module.

The construction sequence for the power generation portion of the thermal engine satellite module
is presented in Figures 2-10 and 2-11. The first of these construction operations deals with the
formation of the reflector surtace and is shown in Figure 2-10. The principal elements irvolved in
this operation are the factory itself and the structural machines. refiector deplovment machines and
indexing devices. The complexity of thiis operation and the machines themselves is better appre-
ciated by the fact that the shape of the reflector surface is 2 portion of a sphere and in addition. the
structure forming the shape comists ot interconnecting tetrahedrons. To accomplish this task. the
structure and reflector machines are attached to the underside of the reflector factory and run on
tracks. The spherical reflector shape is obtained by having the reflector factory move up and down
in clevation and rotate about i longitude anis. Movement of the factory occurs after the machines
make cach tramsit across the Lictory length., Five structural and reflector machines are required in
onder to satisfy the timceline requirements. The other major operation in constructing the thermal
engine satellite occurs at the top of the construction base where the focal point equipment is con-
structed and installed.  The major individual operations o occur are shown in Figure 2-11 against a
background of the tocai point assembly factory. The point to be kept in mind is that all of these
operations are going on simultancously . At several points in time. major subassemblies are brought
together and finally all clements are then connected to form the complete unit. At that point. the
factory is moved away and the Tocal point can be attached to the support legs coming up from the
reflector surface.

Construction of antenna and y oke for cach satellite is essentially the same, and for that reason spe-
cific operations associated with this task are not covered at this time. In both cases. cach antenna
requires six months of construction time. A point of difference however. is where and when these
clements are constructed and how the assembled antenna'voke is attached to the satellite for
transportation.
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Figure 2-10. Reflector Construction Operations
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The antenna and yoke operations associated with the photovoltaic satellite are shown in Figure 2-12.
The yoke for the antenna is constructed in the module construction facility because of its large
dimensions. When using this approach however, it requires the yoke to be made in between the
third and fourth module and between the seventh and eighth modules. Following yoke construc-
tion it is moved to the side of the module facility. At that time either the fourth or the eighth
module will be constructed. During the construction of these modules, the antenna is completed so
that it can then be attached to the yoke. After five rows of bays have teen completed in the fourth
and eighth modules, the antenna/yoke combination can then be attached to the module in its
required location. Construction of two more rows of bays puts the antenna outside the facility
where it then can be hinged under the module for its transfer to GEQ.

Construction of the antenna elements of the thermal engine satellite occur at the lower level of the
construction base as indicated in Fieure 2-13. The support structure for the yoke and the hinge
linkage used to position the antenna are different from the photovoltaic satellite. Another dificr-
ence although not having a major impact is that the antenna is constructed with the radiating sur-
face down. In the case of the support structure, there is an offset which allows the proper pointing
of the antenna while the satellite flies PEP rather than POP as in the case of the photovoltaic sat-
ellite. The hinge linkage used to position the satellite is made following the yoke. Assembly of the
antenna. yoke and hinge linkage into one unit is followed by the attachment of this unit to the
underside of the retlector surface for the transfer to GEO.

2.1.4 Final Assembly Operations

Several key and distinguishing construction tasks are required by each satellite once GEQ is reached.
(The transportation of the satellite modules from LEO to GEO are discussed in Sec. 2.1.10.) In the
case of the photovoltaic satellite, an additional task is required in that those solar arrays not
deployed for transfer now require deployment. This operation requires a final assembly platform
that can support four solar array deployment machines as shown in Figure 2-14. The other tasks to
be performed at GEQ are shown on subsequent charts.

The first operation to occur once the photovoltaic satellite modules reach GEO is that of the berth-
ing (or docking) of the modules. In the case of the photovoltaic satellite, the modules are berthed
along a single cdge as indicated in Figure 2-15. The major equipment used to perform these berth-
ing operations are shown. The concept employs the use of four docking systems with each involv-
ing a crane and three control cables. Variations in the applied tension to the cables allows the
modules to be pulled in, provide stopping control and provides attitude control capability. Also
required in this concept is an attitude control system involving thrusters which are not shown.
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Berthing operations associated with the thermal engine satellite modules require both single edge
and two edge (comer) berthing as indicated in Figure 2-16. To accomplish the berthing operation,
two facilities are employed. Each is provided with a crane system similar to those described for the
photovoltaic concept. One of the facilitiss is located at the upper portion of the mo.'ule while the
second ic near the plane of the reflector so that forces can be applied around the ¢g of the moduie.
Movement of one of these facilities from module to module occurs by releasing one attachment
point and pivoting around the other until the desired location is reached.

Comparnison of the antenna final installation operations associated with the satellite also illustrates
some differences in terms of complexity of the required mechanisms. In the case of the photovol-
taic satellite, the antenna is attached below the module and uses a single hinge line. Once GEQ is
reached. the antenna is rotated into position followed by the final structural and electrical connec-
tions. These operations are illustrated in Figure 2-17.

Placement of the thermal engine satellite antenna requires similar operations except that 3 hinge
lines are required rather than one as shown in Figure 2-18. This condition is a result of the long dis-
tance between the transfer position of the antenna and the final position tor the operational phase.

2.1.5 Construction Equipment

The major construction equipment associated with the photovoltaic satellite are illustrated in Figure
2.19 along with some of the key characteristics such as quantity. mass and dimensions. Again,
because the antenna itself is common to both satellite systems. its special equipment is not shown
although this material is presented in the detail construction section of this document. The beam
machine shown is indicative of the structural concept which uses two beam machines o form all the
main structure. Accordingly, it has both translation as well as rotational capability. The dimen-
sions and mass indicated are indicative of the segmented beam approach although machines fabri-

cating thermally formed continuous cord structure could also be attached to the same frame.

Crane/manipulator systems are primarily used to form the structural beam joints. Although the
size indicated is most common, several 250 meter units are also required in the construction of the
antenna yoke as well as several 20 meter cranes. Two man control cabins with manipulators are
located at the end of the crane which is itself attached to & moving platform.

The principal difference between the indicated solar array machine and those illustrated in previous
bricfings is that the gantry itself is located approximately 50 meters below the facility beams since
that i~ the location of the upper surface of the satellite. Further discussion on these machines

occurs in Section 3.2,
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The thermal engine satellite requires several machines similar to the photovoltaic equipment tat in
addition requires several different units. Some of this equipment i= depicted in Figure 2-20. Beam
machines are also required with the key ditference being th atity and also the need ot 2 10
meter beam machine, Cranc/manipulator units are approx.aately the same. Formation of the
reflector (facets surtace) requires a special structure machine and a facet deployment machine. In
addition to individual machines, the thermal engine satellite comstruction operation requeres several
mini-factories wvolving numerous preces of equipment as shown in Figure 2-21. Fxamples of these
small factories are as tollows. the formation of the CPC and cavity where cranes, manipulators,
welders, conveyors and control catins are required: a radiator factory that welds the 20 meter
length sections of pipe into 330 meter lengths and then attaches the radiators theat pipe) panch to
the main pipes: in addition, engine mstallation is requzred including a connechion of power busses
between the engines and Hinally, the spine assembly that consists of machines to build structure
running hetween moduele focal points and machines to assemble and attach the major power busses
to that structure.

2.1.6 Crew Requirements

The difference in crew size and distribution of crew is compared for the two satellite concepis in
Figure 2-22. The crew stze tor all orbital personnel mdicates the photovoltaic satethite regquares
approximately 300 fewer people with all this ditference o curring in the fow Farth orbit construe-
tion base. The principal reason for the larger crew requirements {or the thermal engine satelbite is
due to more construction operations required and of course this then contnibutes to the construe-

tion tindireet) personned and the support personnel manloadings,
2.1.7 Construction System Mass and Cost

ROM simates are presented for the construction bases as well as crew rotation resupphy
Figure i the case of the LEO construction bases, the photovoltie sateihite s hghter by
approvmately 3 mithon kilograms, The major contributors  » the thermal engine mass is the large
foundation structure) along with thiee extra crew modules due to the 300 additional people aad
additional construction cquipment  GFO final assembly bases ue approvimately equal, Ditterences

i the annual crew rotation resupply requurements retlects the ditterence m the 300 man crew size,

Compartson of the umt cost of the first set of construction bases indicates over a 4 bilion dllar
savings tor the photovoltaic satethite as shownn Pigare 22240 These values retlect a 90 {earning
factor applied to cach mgjor end em 4 e, beam machine, crew moduley 1o potation costs are
not includod in thas particular chart. In the case of the thenmal engine satelhs the princpat difter-
enve in the facility costas the three entqa orew modules. The large difference 1 comtruction
cqiipment quantty and mass contrnibutes to the difference w construchion cqupment cost - the

wrap-aroumd factor is apphied 1o the sum ot the facthty and construchon ~quipment costs.
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2.1.10 Satellite Orbit Transfer System

The transfer of the satellite modules from LEO to GEO involves the use of electric propulsion using
power provided by the module (thus the name selt-power). The characteristics associated with self-
power of a photovoltaic module are shown in Figure 2-28 for both those modules transferring
antennas and those that do not. The general characteristios indicate a 87 oversizing of the satellite
to compensate for the radiation ¢ *gradation occurring during passage through the Van Allen belt
and the inability to anncal out all of the damage after reaching GFO. 1t should also be emphasized
at this point, only the arrayvs needed to provide the required power for transter arc deployed. The
remainder of arrays are stowed within radiation proof containers. Cost optimum trip times and lSP
values are respectively 180 days and 7.000 seconds. Flight control of the module when flying a PEP
attitude during transfor results in large gravity gradient torques at several positions in cach revelu-
tion. Rather than provide the entire control capability with clectric thrusters which are quite
expensive, the electric svstem is sized only for the optimum transter time with the additional thrust
provided by LO: LH: thrusters. This penalty actually is quite small since by tilc time an altitude

of 2,500 kilometer is reached the gravity gradient torque is no longer 3 dominating factor.

Self-power of the thermal engine satellite modules are for the most part sinalar to the photovoltaic
modules from a performance standpoint although there are some distinguishing difterences in terms
of satellite design impact as identified in Figure 2-29. One example of this is that no ovensizing of
the thermal engine modudes is required since the retlector facets and ergines are not sensitive 1o
radiation as are the solar arravs . A second pomtis that the voltage generated by the satellite can be
the same as the operating satellite voltage (srce no plasma losses oceur as in the cose of solar arrays)
and thus a minimum power distnbution penaity occurs. From a propulsion standpoint. three
thruster modules are used rather than four and although all tacets are deploved in LEO, only 4
portion of these are required for the transfer. Gravity gradient torque associated with this contig-
uration are considerably lower due to the inertia characteristios of the module and consequently the
chemucal thrust required and the amount of LO> LH > propellant are considerably less than in the

case of the photovoltaic satehiite module.
2.1.11 Crew Rotation Resupply Transportation

The major transportation system clements and the number of flights assoctited with crew rotation.
resupply is presented in Figure 2-300 A shuttle growth vehicle using a liquid booster delivers up to
75 crewmen per tlight to LFO. Cargon terms of crow and base supplies as well as propellant and
OTV hardwuare s delivered by the satelite launch vehiele, The OTV used for crew rotation;

resupply 1s a two-stage LO-, LHy system with each stage having wdentical propellant capacity.

Crew LEO delivery flights and supply flights are different as a result of the difference of 300 people
required to construct the two satelhtes. The GEO bases have nearly the same crew sizes and conse-

quently no diftference occurs in the OV operation.
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2.1.12 Transportation Cost

The toal transportation cost of the photovoltaic and thermal engine satellite effort is presented in
Figure 2-31. The costs are broken down to illustrate the differences for the three major transporta-
tion operations although the magnitude of the cost of the three are quite different.  In the case of
the satellite transportation costs, the primary reason tor the thermal engine being greater is its need
to use an eapendable shirowd in order to achieve a mass limited launch condition. Crew rotation
resupphy ditferences are retlecting the difference in numbers of flights to get an extra 300 people to
LEQ in the case of thermal engine satellites, Construction base transportation differences are pri-
muartly due to the larger mass of the thermal engine construction base as well as the volume hmited
condition of the construction equipment itself and the tact that the thermal engine concept uses
considerably more cquipment It should be remembered however, that this imitial placement will
most Likedy tast for 20y .o tenms of the facility and 10 years tor the construction equipment so

that tacility transportation o s oo be considered as amortized.

2.1.13 Construction Transportation Summary

~
Al

A summany comparison of the photovoltae and thermal engime satelhite is presented in Table 2-
along with an indication of which concept s preterred relative to the vanions construction and trans-
portation parameters discussed in preceding paragraphs. Compared - this maaner. it appears that
the photovoltaie satellite has a clear advantage in terms of less complen faailibies, construction
operations and construction equipment, all leading to a lower construction cost and in addition has

lower thansportation costs,

2.2 CONSTRUCTION LOCATION COMPARISON

Comparson of the magor construction and transportation parameters assoctated with LEO and GEFO
comtruction will be done using the phoiovoltawe satelhite due to st beng judged to ofter the best
chatacterstios i terms of construction amd transportation The principle arcas to be used m com-
party the two construction focations options are imdicated m Table 2 Asn the case of compar-
ing the power generition svstem options, the two constraction location concepts will be compared

at the same time or on comevutne charts tor a gnven item of comparison.

2.2.1 CONSTRUCTION CONCEPTS

To establish g tramework from which to conduct the comparnison of FEO v GEO construction, an
overtt! summany of cach construction concept is presented. The TEO construction concept of the
photovoltae satethte s shown m Figure 2-37 and consists of cight modules and two antenmas all
corstructed m LEO facihtios Al modules are transported to GEO using selt-power Two of the
modules will transport an antenna while the remanmimg siv modules go up alone. GEO operations
require berthing of the modates to torm the complete satellite and the deploy ment of the solar

arrans not used for the tamter
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Table 2-3. Construction/Transportation Summary
Power Generation Comparison
502y ¥ FOR MOST PROMISING CONCEPT
PHGTO- THERMAL
COMPARISON PARAMETER VOLTAIC ENGINE RATIONALE
1. BASE CONFIGURATION v e SMALLER
e  LESS COMPLEX
2. SATELLITE CONSTRUCTION v ®  LESS COMPLEX
L] FEV,ER OPERATIONS
3. ANTENNA CONSTRUCTION NO DIFFERENCE
4. FINAL ASSEMBLY OPS v e DOCKING & ANTENNA
INSTALL LESS COMPLEX
5. CONSTRUCTION EQUIP v e  FEWLR TYPES AND LESS
COMPLEX
6. CONSTRUCTION SYSTEM v ® LIGHTER (3 2M Kg, 33%)
MASS AND COST {UNIT) ®  CMEAPER ($4.08, 33%}
7. CREW REQUIREMENTS v ® 300 FEWER PEOPLE
e $110M LESS/YR (33%)
8. LAUNCH SYSTEM v ®  HIGH DENSITY COMPONENTS
ALLOW REUSABLE SHROUD
9. SATELLITE ORBIT TRANSFER v e LESS IMPACTON
SATELLITE DESIGN
10. SATELLITE TRANSPORTATION COST v ®  CHEAPER ($300M, 6X)
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Table 2-4. Construction Location Comparison
Photovoltaic Satellite
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e CONSTRUCTION EQUIPMENT
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The GEO construction concept is illustrated in Figure 2-33 and begins with a staging depot, which
has the capability to transfer payloads from a launch vehicle to orbit transter vehicles and 1o house
and maintain the orbit transter veluele fleet. Trauster ot all payvloads between LEO and GEO s
accomplished using LO> LH> OTV'S Construction of the entire satellite ncluding antenna s done
at GEO  The reference satellite for the GFO construction option is a monolithic design rather than
modular as in the case of LEO construction. The effect of this witference as well as others is dis-

cussed on subsequent charts,
2.2.2 Orhital Bases

Two principal bases are required for the construction of cach satellite in the LFO construction
option as illustrated in Figure 2-34. The bases tor the photovoltaic option have been described
carlier in the comparison of the two power generation system concepts. In summany . however, the
LEQ construction bose connists of two connecting facilitios, woth one used tor construction of sat-
ellite modules, while the other s used to construct the antennas. Fhe GEFO base provides basing for
cranes used in the berthing of the modules and supports solar array deploy ment machines.

2-35. The

Two orbital bases are also requited tor the GEO construction option as shown m Fgure
GEO construction base has beena sized to construct a satellite v one vear and consequently . rosults
in the same overall size as the base for 1T HO consttuction. Thus approach does rosult it moving the
satethte construction facihity 1 two directions tather than one. This has been judged to be more
cost etfective than having a tull width fachiny and additonal constiuction equipment and have this
cquipinent sitdle half o the time, Wddihional discussion on they subiect will ocur i subsequent
charts. Mass differcnce tor this construction hase compared to the base for LEO construction pri-
maridy retlects the addiional mass requored tor shickding protection agamst solar tflares. Other
stgnificant differences in the GEO constiuction base are the outniggers on the ~satellite tacinty to
altow fateral direction indenmy in addition to the movement of the antenna tacity from one end of

the sateltite to the other. \eam, both of these ditterences are the subicct of subsequent charts

The staging depot iocated m LEO for tne GEO construction option is sized 1o support the construe-
tion of one satelhite peryvear, and accordimgly roquues one SPS component OV theht per day.,
based on a five day a weck launch and theht schedule s suchy the depot muost provide accommeo-
dations tor three Liunch velucle pay ads one bomg the SPS components and the other two being
propellant tankers used 1o retuel the orbit traestervehicles. Sice the orbat transter vechicle pro-
pellant loadmg requires shgathy more propetbant than can be provided by two tankers, a storage
tank s also provided at the stagme depotand s cctaled every tourth OV thght Other dodking
accommodations are provided for a dedicated OTY ased tor GEHO crew motathon resupphy oo g onee
per month basis,  This operation abso requites docking for supply siodules and crew transter
vehicles  Tho operational crow size Tor the stagimg depot s 75 wiindh com be accommaodatad moone
module similar te the crow modules used m the GEO construction base N transient crew quarters
module i also provided to accommodate the 10 pes onnel rotated with cach crew theht to the
GEFO base. A mamtenance module s abso mcluded at this base for repair work pomarthy i the trans-
portation systems.,
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2.2.3 Satellite and Antenna Construction Operations

Satellite Construction

The LEO construction operations sssociated with the photovoltae satellite have previously been
shown and desenbed. In Fyure 2-30, the operations are lfustrated in a shghtly ditferent manner in
onder toshow a more direct comparson with the GEFQ comtructed satelhite. Fach satelhite madule
18 four bav s wide and cight bavs long  The modale tacility s four bavs wide and convequently can
camtruct a complete width of the module and tesubts moimdenmg the maodute only wm the lonmta-

dinal direction,

The GEO convtructaed sateliite i monohthie m design walthough it could abvo be modular, it so
desstedY and as 2 result has 2 comtiuction wadth of eighit bavs, Inonder to obtam thas width with
the sne size facthty deast mass and costd as a LHO construction hase., mdenng of the satelhite s
requured 1 two directions as indcated i igore 2-3 7 in general, ivar bavs of the witelhie ane
under comtruction at one ue With ther completion, those bavs are maoned lateralhy and the
remanng four bavs of that tow are comtructed. When a goven row s completed ot o then mdoesed
wa longitudmal doection and the constiuction operation s repeatad o onder to accomplinh the
Lateral mdenang i ondy Do steps, outrgeees e been added o the side of the satethte faahitn o

cnable mdevmng ot tour bavs outade the comtiuction envelope

Antenna Comtruction and hntallation

Antenna constrinc tion and msbatiation alse poosents sone simmiticant diferences w the two constiug-
tion location optioasy \gan, the photovoltae THO constiuction approach has been presentad
the ponet roncnation sadem compatsen, Put s shown m ! Fdtity 2N i a manner to make a maore
direct comparson with the GLO comttuction approach T sammany | the vole suppart stnctue
of anantenma soanede e the madale tachine and i between the thad and towth medales »
between the soventh o cchth modalos dependimg onwhether it s the tust antenna o second
antenaa bemg badt Phe antenna s omade mots tackiny which ienmns peomacnenthy attachad to the
module tacahity . Construction of aither the toarth o ahth maoduole s then pattally completed and
the antenna amd voke attachod at s proper location ollowmye module condtiuction completion,
dhe antenna isorotated vnder the module tor tamdet (o GLOY Onee GEO s eached) the antenna

rotated back up ot opeating position

The GHO consttuction concept abvo utibiees sepanate satetlite and antenng taahites However, w the
teference case imdhoated, the anrenna facihity wath antenmtos egquinned to free thy to the oppoate cnd
of the satethite and back aslustrated w Deme 390 T shoukd be noted at thas pomt, that the
antenna constroction astatlation appreach mdcated has been adeed 1o beone ot the bestoal not
the ot option tor ths pantendar tsk oot other options unolang vanations ot the atenna
bty tennany attached, othors wthnag mdependent, and abe two sepatate anteonna taalitios wewe

mveshizated and are reported m the tmal docmmentation



D180-22876-5

Lhdannd (O e CONST END FRAME
LEQ OPERATIONS e INDEX FWD 1 BAY

{— 1 FACIUTv—\ -

m/— FACILITY |

® MODULAR SATELLITE I
® ONE CIRECTION INDEX

\b\ﬂ

E

@ e INSTALL ARRAY
CONTAINERS
@ o DcPLOY ARNHAY
® CONST STRULT BAYS
® INCEX FWD 1 BAY OF 4TH RCWY

SOLAR
ARRAY _\1\ :
CCATAINERS, -

sy

e CONST 317ULT BAYS
o INSTALL CUS AT END

——— ——
l GEQ OP

@ o consT 48AYS OF STRUCT
& INDEX FWD 1 BAY

|

£PLOY ~ j
MINT
PLATFORM

— — — ——— ——

ERATIONS

P g ]

\
HERER

T U

SR SR

1

® BERTH MODULES
o DEPLOY SOLAR ARRAY

Figure 2-36. Satellite Construction Operations

LEOQ Construction Concept

$PS 1A ® AONCUITHIC SATELLIT:
® TVC DIRECTION iNDEXING
@'CONST END FRAME - 4 BAYS 2 ) #\TEX FWD 1 BAY
@ INDEX LATERALLY ®COANST BAY 14
@ CONST END FRAME — 4 BAYS

m V'l_]
-
~— FACILITY ‘18

/

F

- U.i [SIA-1
15
L

L ST ——

™
a S

(®) smoex Fwo B ®evertov (il
18aY BAY 14 |

© DEPLOY ARRAY 6 oco.\sraAvi 117

BAY 53§ T 1316 LT

© CONST BAY 7:_ 5h ®noExX FWO |00

912 HE i 1BAY i -1

@INDEX LAT. | D §

48AYS ER il=1+

W02 1 1} 3

s}l 10} 2

l ! i 91

CI )

@ocenov arsav 1]

@ ® INDEX LAT. 4 BAYS
©CONST BAY 58
®INDEX FWD 1 BAY

BAY 13-16
®CONST BAY 13y
17-20 Mat-s

o
[
3

Figure 2-37. Satellite Construction Operations

GLEO Construction Concept

3R



D180-22876-5

LEO OPERATIONS

® GEO TRANSFER POSITION

- “\‘ - 7 :\ '
{ oIy J! ( Ll T
mm‘m s ® RQTATE INTO s
POSITION
AA . J \

® CONST YOKE ,
o CONST ANTENINA =
e ATTACH YOKE ANTENNA

e ATTACH ANTENNA SYSIODULE

Figure 2-38. Antenna Construction and Installation

LEO Construction
bt SATELUITE FACILITY
SATSRPASR: ‘2::‘:-‘5:11’"
. INT ’ _ ' IR N - T
T LI \ } { hn“-.4, \ \;f i N
e T L d el o X
- . W - -.*-::;.:‘:1; 5- - --“.-..—. :.‘\ h,.,- ——
AR (WIS A S0 o A Q -
D “J - e == -
I ST S B2 ITa L Tl e e m ==,
-ANTENNA
Q@) e const voxe FACILITY

@ S COVPLETE 128 SATELLITE gAYS
® BEGIN SATLLUITE CONSY ®COMPLETL ANTEANANOY
©® BEGIN ANTENNA NO. ¥ CONST

OFRIL #LY ANTEANA FACILITY ANTENNA
TO OPPOSITE END

® RAISE ANTENNA INTO POSITION

T e e e

O T3
g SR \\~ g
5 ;/ : . 3 - . . -
m&;& IS s { T ‘\\, T ety
_.1‘:"‘: >N v
“_‘3 ‘Lz 23 ,
L I
O o N ~ 7 -
3) ® FRIE FLY ANTENIA FASILITY @ e constvont
BACK TO SATELUITE FACILITY ® AOVE SATELLITE FACILITY TO SIDE
®CONST ANTEARAND 2 ® ATTACH ANTENNA FACILITY
®CONST FINAL 128 SATELLITE BAYS TOSATELLITE

® RAINE ANTENNA NG 2 INTOPLACE

Figure 2-37. antenna Construction and Instatlation

GEO Costruction Concept

9



D180-22876-5

In summary. the reference approach consists of the first antenna being made while the tirst half of
the satellite is construct od including the voke and support structure. At that point. the antenna
facility with antenna is flown to the end of the satellite and docked and the antenna then sttached
to the yoke. The antenna facility is then flown back to the satellite facility (the short term separa-
tion of the two tacilities simplities the logistics problem in terms of supplying antenna components
as well as living quarters for the crew). The remaining half of the satellite ts then constructed.
including a second yoke, while the antenna tacihty constructs the sccond antenna. Indexing of the
satellite facility to the extreme ¢dge of the satellite altows the antenna facility to be positioned o
enable placement of the antenna into the yoke.

2.24 Crew Requirements

There is essentially ne difference i orbital crew size between the two construction location con-
cepts, although the distribution of personnel is considerably difterent as shown in Figure 210,
Crew size tor the main construction base indicates 480 people in LEO concept while this same num-
ber is required in GEQ for the GEO concept. Stagmg depot and final assembly manaing requare-

ments are also found te be nearly the sam,
2.2.5 Environmental Factors

Several key enviconmental tactors should be considered when companng the two construction loca-
ton opticns. A summan of these factois s presented in Fable 2-5 plus an additional chart deds-

cated to the topic of colliston with man-made objects,

The principal diticrence between the two construction location options, in terms of natural radi-
tion. is the Lrge amounts of solar flare shuckdmg which must be provided tor all crew modules
lovated At GO Steady sstate radi, tion would ake FV A 4t GEHO conaderably worse than at LEO

although only o bare nunmum of st BV Vs anticapated in either case.

Occulations ot the construction base at LEO occur 13 times a day . whide a base at GEO s only
occulted 88 times per vear. The primapal ettects ¢f occultation are on the clectnical power supph
and thermal aspects of the structure. o the case of power regquirenient. the GEO option requires
less power duc to not having to recharge nickel hy drogen batteries used tor the occultation. The
penalty tor the larger power sastent is relatinvely smatl, however, when one isan the era of low mass,
fow cost solar array . Although o GEO base s cortamly more continuoushy tluminated. the con-
struction base tsell produces siiadows. Consequently | both construction locations require a large
amount of power for lightmg purposes. Use of graphite cpony structure in both the satellite as well

as the construction base structure should minmmze the impact of thermal effects.
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Figure 2-40. Crew Size and Distribution
Table 2-5. Environmental Factors Summary
FACTQR LEQ BASE GEQ BASE
® RADIATION
® SOLAR FLARE 23 Gmicm?2 20-25 GW/C< (115 000 KG/100 PEOPLE)
* EVA SO. ATLANTIC STEADY STATE IS WORSE

® OCCULTATICN

® BASE POWER REQTS:

¢ LIGHTING:
® THERMAL EFFECTS:

® GRAVITY GRADIENT &
DRAG:

® COLLISION WITH MAN.
MADE OBJECTS

ANOMALY RESTRICTION

3600 KW 2500 XW
¢ REQ'D AT BOTH LOCATIONS (. OF 100-150 KW)
® NO SIGNIFICANT DIFFERENCE IF GRAPHITE EPOXY IS USED

® GRAVITY GRADIENT CONST MODE USED FOR BOTH LOCATIONS
e LEOPROP REQT GREATER BY 800 KG/DAY

® POTENTIAL GREATER FOR LEO BUT AVOIDANCE MANEUVERS
¢ REDUCE PROBABILITY TO NEAR ZERO
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Most construction concepts will orient the construction base so it is passively stable tor attitude
control and minmiize gravity gradient torque. Although the LEO construction case required con-
siderably more orbit Keeping attitude control propellant per dayv. it still results in less than one
HLLV launch per vear for this propellant maxeup.

Large amounts of debns from man-made space systems have resulted in some concemn regarding
LEO construction. The analvsis conducted has mdicated the potential is greater with construction
in LEO however. simple avoidance mancuvers can reduce the probability of being hit to near zero.

Further discussion on this topic is prosented in the tollowing paragraph.

Collision Analysis

The collision analy sis has been done for an emvironment predicted tor the vear 2000, including an
addition of 300 objects per vear since 19750 Rosults of this analysis are shown in Figure 2-41.
This data indicates that the LEO (onstruction approach could have forty additional collisions
if no prevenine action s taken. However rescheduled orbit altitude corrections can essentially
climinate the problem of collision with hittle or no additional penatty . Thrust mutiation or
termination durmg oribit transter can also be used to prevent collisions. In sumwmany | there shoukd
be no difference between the two concepts regarding the number of colhisions although the LEO
construction approact Joes require shghtly difterent operations, including the use of the tracking

and warnmimg svstems,

2.2.6 Construction Masy and Cost

The comparnson of the mass and cost assoctated with the orbital bases and their cquipment s pre-
sented in Fugure 2-42 Pthe LEO comtruction approach has orbital bases winch are appronimately

0.3 mullion kg hehter and cheaper by 0 5 bilhon

2.2.7 Satellite Design Impact

The design impact on the satelhite for the case of TEO comstruchion and self-power has been des-
cribed carlier in the description of the photovoltaie satellite, A summary of the key impact areas is
prosented m Lable 2-o0 In the arca of solar array - an overstzing of S pereent has been inchuded to
compensate tor the mability to completely anncal out all the damage to the cells caused by radia-
tion occurring dunng transter and tor the mismateh in voltage output between the damaged and

undamaged cells

The structural impact includes both that of modularity and oversizing. Modulanty includes addi-
tional vertical members used around the perimeter of the satellite module and lateral beams at the
ond of the modules as v ell as the penalties Tor the transter of the 5 mithion Rg antenna supported
underneath the modulke. (1t should be noted that all module structure has been sized to that

dictated by the modules used to transicr the antenna)
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Table 2-6. Satellite Design Impact Summary
— LEO Construction
SELF POWER TRANSFER
® SOLAR ARRAY ® OVERSIZING FOR o 275MKg [>
RADIATION DEGRADATION
® STRUCTURE ® MODULARITY ® 107MKg
® OVERSIZING ® 034MXg [>
® POVIER DISTRIBUTION ® EXTRA LENGTH DUE ® 0.07MKg D

TO OVERSIZING

FUNCTION OF SELF POWER PERFORMANCE
CHARACTERISTICS
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The power distribution penalty is related to the additional length of bus caused by the oversizing
of the array. The total mass penalty for a LEO consructed satellite is approximately 4.2 million
kg for the selected self power transportation system. It should be noted however that the array
oversizing and power distribution penalty depend on the particular performance characteristics
selected for the self power system.

2.2.8 Transportation Requirements

Transportation requirements associated with the payloads of each construction location concept are
shown in Figure 2-43: there is no OTV propellant mass included.

The difference in satellite mass only reflects the structural mass penalty of the additional vertical
and lateral members and loads caused by transfer of the antenna. Oversizing and power distribu-
tion penalties are all a tunction of orbit transfer characteristics and consequer 1y are chargeable to
the orbit transfer system itself.

Differences in crew and supply requirements delivered to LEO primanly retlect additional orbit
keeping attitude control propellant requiremenss. The Key difference. however. is in the mass
which must be delivered to GEQ.

Facility transportation requirements reflect the fnitial placement task as well as in the case of the
GEO bases (both options). that mass that must be movad to the longitude location where the next
satellite is to be constructed. The principal ditference in the two main construction bases is that the
six crew modules in the GEO concept cach have approximately 115 000 ke of additional mass for
solar tlares shelters.

2.2.9 Satellite Orbit Transfer Complexity

Concepts

Prior to comparing the overall contfiguration characteristics of the orbit transfer options. a review of
tiwe basic propulsion systems seems appropriate. A simplitied schematic and key operation charace-
teristics are presented in Frgure 244, Chemical systems using LO LH: have demonstrated an Igp
ol 470 sec. Animportant tactor in the consideration of a LO:«'[,H: system for SPS application is

that it must be reusable because of cconomic considerations.

The clectric propulsion system involves more system clements but has several significant benetits in
terms of ofiermg an Igp of 7500 se¢ and the system does not have to be recoverable tor cconomic
viability, Although 120 ¢m argon thrusters and baseline power processing systein has not been
demonstrated, ion propulsion systems using mercury and 15 cm dia thrusters have been thght tested

and thrusters up to 150 cm have been ground tested.
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Configurations

The self power orbit transfer system used in the LEO construction approach has previously been
shown in the power generation system comparison and is shown again in Figure 2-45. In summary,
electrical power generated by the solar arrays is used to power ion electric thrusters which use argon
propellant. LO>/LH> thrusters are also included to provide attitude control during all occultations
and during short periods of time early in the transfer (up to 2 500 km altitude) when thrust
required to counter gravity grading torque is greater than that provided by clectric thrusters,

The cost optimum trip time and Igp are respectively 180 days and 7,000 seconds. Vanation in
number of thrusters. propellant tanks. ¢tc. do occur in the design to compensate for the case of
whether a module is being transported alone or with an antenna.

The GEO construction OTV is a space based common stage (2-stage) system with both stages
having identical propellant capacity. The configuration and mass characteristics for this vehicle are
shown in Figure 2-46. The first stage provides appronimately 2, 3 of the delta V requirement tor
boost out of low carth orbit at which point it is jettisoned for return to the low carth orbit staging
depot. The second stage completes the boost from low carth orbit as well as providing the remain-
der of the other delta V reawirements to place the payload at GEO and the required dedta Vo to
retum the stage to the LEO stagmg depot. Subsystems for cach stage are identical in terms of
design approach. The basic ditference meludes the use of four engines in the first stage due to
thrust-to-weight requirements of approximately 0.15. The second stage requires additional auxil-
tary propulsion due to its mancuvering requirements in the docking of the payload to the construc-
nion base at GEO. The OTV shown has been sized to deliver a payload taken directly trom the
faunch vehick (400 000 key. As a result, the OTV startburn mass s approximately 890 000 kg with

the vehicle having an overall length  So meters.

Flight Operations

I hght operation differences between the two orbit transfer vehicle options is influenced by their
orbit transfer tume. In the case of the selt power sy stem illustrated in Frgure 2-47, as many as 1200
revolutions around the Farth oceur prior to reaching GEQ when using a 180 day transfer. The
flight schedule mcluding a 40 day construction phase indicates as many as tive modules can be in

transit at any one time tor the case of 8 modules per satellite,

The muission profile tor the common stage LO> 'LH> GTV for GEFO construction is shown in Figure
248 and indicates a 40 hour nmission requirement tor the tirst stage and 85 hours for a second stage
which delivers the paytoad. These times include about 12 hours for retueling and refurbishiment

of cach stage. With the requirements ot one OTV flight per day with the GEO construction option.
4 total of two lower stages and four upper stages are required. Operated m this manner, as many as

six independently operating stages can be in thght at one tine.
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2.2.10 Crew Rotation Resupply Transportation

Crew rotation: resupply svstems consist of a shuttle growth vehicle for delivery of personnel to LEO
and the standard two-stage ballistic ballistic faunch vehicle tor deliveny of supplies and propellunt
to LEO. The utihization of these vehicles is shown in Figure 2-49. Crew and supply delivery
between LEO and GEO use a twosstage LO> LH> OTV. The OTV for the LEO ~oncept is abou ':
as large as that for the GEO concept and requires one-third as many flights because of the signifi-
cantly fewer peopie at GEO. Since the total orbital crew size tor the two concepts is about the
same. the number of delivery flights to LEO are also he same. Cargo thghts to LEO. however, are

three times greater tor the GEO approach prime. ty due to the large OTV propellant requirements.
2.2.11 Launch Operations

Total cargo mass which must be handled by the launch vehicle are shown in Figure 2-50 and reflect
both the payload requirements indicated carlier and the OTV propellant and hardware require-
ments. For the three sastem clements that require transportation. pavioad requirements are not
too different, however. the inclusion of the orbit transter sy stem requirements add significantly

to the total mass which must be dehivered by the HLLV. Agnn, it should be emphasized that

the satelhite transportation requirements are by far the most dominating.

As previowds stated, the reference cargo launch vehicle is a twosstage ballisties ballistic deviee
using l(): RP in stage one and 1O~ LH> m stage two. The configuration and performance
assactated with this vehiucke is shown n Figure 2-51. GLOW for this system is approximately 10,5
mulhon kg tor the case of delnvenng 391 000 kg 1o the construction base or the staging depot
located in LEO with orbat characternistios of 477 hmaltitude and 31 degrees inclination. Vehicle
operations malude first stage scparation at 4 refatnve vedodity of 2970 meters per second and down-
runge water landing appronmately STS ke The second stage delivens the pavload to the LEO

base s docks and returns one day Later and also uses a water landing.

A most sigmiticant impact in the area of launch operations s the difference in the number of
Launches required to support cach construction location option. Fhe number ot flights indicated
in Figure 2-32 arc only those relating to the deliverys of satelhite components and orbit transter
provisions for the satellite and are tor the case of constructing tour satetlites per year. As would
be expected tfrom the transportation reatarements chart presented carlier. the LEO construction

option requires only ene halt as many Farth Lianches as the GEQOQ construction option.
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2.2.12 Transportation Costs

Total transportation cost for the three major system elements is presented in Figure 2-53. Cost s
related to that associated with one satellite, but reflect rates asscoiated with four satellites per year.
The Earth-LEO bar increments reflect the cost of getting payloads to LEQ. Accordingly. the LEO-
GEO increment relates to st of refueling orbit transter vehicles and their unit cost. In the case of
satellite delivery. the intorest increment relates to the self power trip time of 180 days and the addi-
tional interest accrued. (Note: Revenue s not lost. only delaved 180 davs - the same revenue
period still exists.)

The dominating factor in this companson i< that sateilite transportation with LEO construction
using self-power provides a S2 billion (33°¢ savings) over the CEO construction approach. Crew
rotation resupply transportation cost are also S130 million (3697) lower for the LEQ construction
concept along with a 5200 million savings for the initial placement of the construction bascs.

2.2.13 Construction Location Summary

A summary comparisen of the LEO and GEO construction locations is presented in Table 2-7 with
an indication of which approach 1s most desirable Compared in this manner. a number of param-
eters result in no significant differences between the two construction location options. However. a
number of parameters give a clear indication that LEO construction s most desirable. Most notable
among these being transportation costs, simplified launch operations. and reduced construction base
mass and costs. One paranicter has been judged to be in tavor of the GEO construction approach
(the impact on satelhite designi although this data s then fed into the transportation companson

which still favors the LEQ construction approach.

2.3 CONSTRUCTION TRANSPORTATION CONCLUSIONS

The conclusions regarding the issucs of power generation sy stem comparnson and construction loca-
tion companison as influenced by construction and transportation factor are shown in Table 2-38.
This data indicate a distinct advantage tor a photorv oltaie satellite ¢CR=1 constructed in low carth

orbit and transported to GEHO using sclt power.
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Table 2-7. Construction Location Summary

o322
LOCATION
COMPARISON PARAMETER 150 — — 6o RATIONALE
@ CONST. BASES NO SIGNIF. DIFFERENCE ® SAME CONST BASE
, ® STAGING DEPOTw
FINAL ASSY FACILITY
® SATELLITE (PWR GEN] CONST NO SIGNIF. DIFF, ® 1vi 2 DIRECTION INDEXING
OFFSET BY MODULE DOCKING
® ANTENNA INSTALLATION v ® ANTENNA FACILITY
DOESN'T MOVE
® CONSTRUCTION EQUIP NO SIGNIF. DIFF.
© CREW REQUIREMENTS v ® SAME SIZE BUT MAJORITY
AY LEO
® ENVIRONMENTAL FACTORS MO SIGNIF. DIFF, ® ALL FACTORS CAN BE
HANDLED WITH ACCEPTABLE
SOLUTIONS
* CONSTRUCTION MASS & COST v ® LIGHTER (0.6M Kq: 7%)
® CHEZAPER {$0.55.6%)
® SATELLITE DESIGN IMPACT v ® NO 3 OVERSIZING, MODU-
LARITY OR PCWER DIST. PENALTY
® BOTH USE ELEC. PROPUL. ACS
© ORBIT TRANSFER COMPLEX v e APPROX SAME NO. VEHICLESIN FLY
® TECHNCLOGY MORE ADVANCED
® LAUNCH OPERATIONS v ® ONE-MALF AS MANY LAUNCHES
© TRANSPORTATION COST v o CHEAPER ($28;33%)
v INDICATES MOST PROMISING CONCEPT
Table 2-8. Construction/Transportation Conclusions
-2 ® THE PHOTOVOLTAIC SATELLITE (CR = 1) OFFERS SIGNIFICANT ADVANTAGES

LESS COMPLEXITY IN FACIL!TIES AND CONSTRUCTION EQUIP
SMALLER CONSTRUCTION CREW

LOWER CONSTRUCTION COST

LOWER TRANSPORTATION COST

® LEOCC LTRUCTION OFFERS A SIGNIFICANTLY LOWER TRANSPORTATION COST.
OTHER FACTORS ARE COMPARABLE:
¢ CONSTRUCTION OPERATIONS
® SATELLITES IN EITHER CASE REQUIRE ELECTRICAL
PROPULSION AND 3 AXIS ATTITUDE CONTROL
® ENVIRONMENTAL FACTORS CAN OE HANDLED
WITHOUT EXCESSIVE PENALTIES
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3.0 CONSTRUCTION FlL\a

3.1 INTRODUCTION

This section contains the construction analysis for the two types of satellites and construction
location alternatives;

@ Photovoltaic satellite LEO construction (Sec. 3.2.1)

e Photovoltaic satellite GEO construction (Sec. 3.2.2)

o  Thermal Engine satellite LEO construction (Sec. 3.3.1)
e Thermal Engine satellite GEO construction (Sec. 3.3.2)
3.1.1 Objectives

The objectives of the construction analysis were the following:

Assist the satellite system designers evolve configuration designs that incorporate in-orbit

construction considerations.

Analyze the configurations to determine a rational construction task bieakdown.
Design facilitized construction approaches.

Define the overall integrated construction sequence.

Develop detailed construction approaches for each major construction task to a sufficient level
of detail that feasibility is obvious.

Determine the envelope and functional requirements for the major construction equipment

items.

Design the base cargo handling and distribution system.

Define a crew organizational concept and estiiaate the crew size.

Compare the construction differences between the two orbital construction locations.
Estimate construction base and cquipment mass and cost.

Provide inputs to the component packaging analysis that determines how many Earth launches

are required.

Refine the collision with manmade objects analysis of Part L.
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3.1.2 Construction Philosophy
During the vourse of the construction analysis a distinct “style” or “construction philosophy™
began to emerge that characterizes our approach to orbital construction (Table 3.1-1). This

philosophy will be evident in’both the photovoltaic and the thermal engine satellite construction
analyses,
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Table 3.1-1 Construction Philosophy D

CONCEPT

USE CONSTRUCTION FACILITIES

DECOUPLE CONSTRUCTION
OPERATIONS

FABRICATE MAJOR SUB-ASSEMBLIES
IN PARALLEL

MAJOR SUB-ASSEMBLY BASE AREAS
ARE CONTIGUOUS (THIS WAS NOT
POSSIBLE FOR ALL CASES)

USE INDEXING/SUPPORT MACHINES

D SEQUENCE OF LISTING DOES NOT
IMPLY RELATIVE IMPORTANCE OF
THE CONCEPTS

RATIONALE

NON-FACILITIZED APPROACH WOULD REQUIRE
CONSTRUCTION EQUIPMENT TO BE MOUNTED ON
SATELLITE STRUCTURE. THIS WOULD REQUIRE
EACH SATELLITE STRUCTURE TO INCORPORATE
EXTRA STRENGTH (EXTRA MASS) AND BRING
ABOUT COMPETITION FOR THE SAME SPACE AT
THE SAME TIME BY THE CONSTRUCTION
EQUIPMENT.

CONSTRUCTION OPERATIONS MADE AS INDE-

PENDENT OF EACH OTHER AS PRACTICAL SO

THAT SLOW DOWNS iN ONE OPERATION DO NOT

IMPEDE PROGRESS OF OTHERS.

MAJOR SUBASSEMBLIES SUCH AS THF ANTENNA

AND THE MODULES ARE ASSEMBLED IN SEPAR-

ATE BASE AREAS SO THAT THE MAXIMUM CON-

STRUCTION TIME IS AVAILABLE FOR EACH

ASSEMBLY.

ALL OF THE MAJOR SUBASSEMBLY AREAS ARE

INCORPORATED INTO A CONTIGUOUS BASE.

. ALLOWS MATERIAL AND PERSONNEL
LOGISTICS TO EMANATE FROM A COMMON
CARGO HANDLING OR WAREHOUSE AREA.

. ELIMINATES NEED FOR FREE-FLYING
DOCKING OF SUBASSEMBLIES .

THE SUBASSEMBLIES ARE SUPPORTED AND

INDEXED BY INDEXING SUPPORT MACHINES

THAT MOVE ON FACILITY TRACKS. THE SUB-

ASSEMBLIES ARE NOT SUPPORTED OR INDEXED

BY THE CONSTRUCTION MACHINERY
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Table 3.1-1 (Continued)
Construction Philosophy

CONCEPT
USE FACILITY TRACK SYSTEM .
USE HIGHLY AUTOMATED o

CONSTRUCTION MACHINERY

USE CASSETTES FOR THE LARGE ®
QUANTITY PARTS

OPERATORS USED FOR SUPERVISORY e
CONTROL

COMPONENTS FABRICATED ON ]
EARTH AND THEN ASSEMBLED
IN ORBIT

SEQUENCE OF LISTING DOES NOT
IMPLY RELATIVE IMPORTANCE OF
THE CONCEPTS

60

RATIONALE

ALL MOVING MACHINERY TRAVELS ON A COM-
MON GAGE FACILITY TRACK SYSTEM. THIS
ALSO PROVIDES ACCESS TO ALL MACHINES BY
RESUPPLY AND PERSONNEL TRANSPORTERS.
THIS AVOIDS USING FREE FLYERS OR COMPLI-
CATED CABLE TRANSPORT SYSTEMS. USING A
COMMON GAGE TRACK SYSTEM WOULD ALLOW
A COMMON SELF PROPELLED TRANSPORTER
MODULE TO BE DESIGNED. THAT WOULD BE CON-
FIGURED TO ADAPT TO SPECIFIC PAYLOADS.
THE LARGE QUANTITY, HIGHLY REPETITIVE
ASSEMBLY OPERATIONS wiLL REQUIRE A HIGH
DEGREE OF AUTOMATION IN ORDER TO ATTAIN
A SATISFACTORY PRODUCTION RATE USING A
MINIMUM OF IN ORBIT CONSTRUCTION
PERSONNEL.

TO ADAPT TO THE HIGHLY AUTOMATED PRO-
CESSES AND TO REDUCE COMPONENT HAND-
LING, IT WILL BE NECESSARY TO HAVE THE
PARTS FABRICATED ON EARTH PACKAGED FOR
SHIPMENT TO ORBIT IN CASSETTES THAT CAN
BE LOADED DIRECTLY INTO THE ASSEMBLY
MACHINES WITHOUT REPACKAGING.

THE OPERATORS WILL EXERCISE SUPERVISORY
CONTROL OF THE CONSTRUCTION MACHINERY
WHEREVER PRACTICAL IN ORDER TO GET MAN
OUT OF THE LOOP SO THAT THE HIGH PRODUC-
TION RATES CAN BE ATTAINED. NO “HANDS ON”
ASSEMSLY OPERATIONS TO BE USED.

FOR THE FIRST FEW SPS'S, 7:1S APPROACH IS
MORE FEASIBLE THAN BRINGING RAW OR PAR-
TIALLY PROCESCED MATERIALS INTO ORBIT
AND THEN CONVERTING THEM TO COMPONENTS.
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3.2 7HOTOVOLTAIC SATELLITE CONSTRUCTION

This section contains the construction analysis of the photovoltaic satellite. There are two con-
struction approaches that were analyzed: 1) LEO construction —wherein the satellite is assembled
in modules at LEO and then the modules are self-powered to GEO and joined together to form the

total satellite (Section 3.2.1), and 2) GEO construction—whercin the satellite is constructed as a
contiguous unit at GEQO (see Sec, 3.2.2).

In the following sections. for both of the satellite types. the LEQ construction approach is
addressed in detail and then the GEO construction approacn is analyzed to illustrate its differences.
In the detailed construction analysis sections, the construction tasks, construction facilities, con-
struction sequences, construction machinery. logistics systems, manning and mass and cost
estimates are described in detail.

3.2.1 LEO Construction Concept

The reference photovoltaic sateilite configuration for construction in LEO 1s shown in Figure 3.2-1.
The LEO construction concept is illustrated in Figure 3.2-2 and entails constructing 8 modules and
Y antennas at a LEO construction base, deploying a portion of the solar array on cach of the
modules to provide power for the self-power transter to @ GEO base where the modules are joined
together and the antennas erected.

The construction operations at the LEQ base are deseribed in Section 3.2.1.1.1 and those at the
GEO . 1se are described in Section 3.2.1.1.2.

The top-level construction timeline is shown in Figure 3.2-3. This tumeline shows that the LEO
construction operations are compl ted atter 340 dayvs nave elapsed and that the completed satellite

is ready to generate power after 580 days.

Other Options

Other LFO construction convepls were considered but were discarded:

) 16 Modules  This concept was the baseline at Part 1 of this study. It was discarded after
considering the difticulties of docking modules and controlling two edges as well as reducing

the modularity mass penaity.
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o  Construct antenra at GEO—-this was considered as an option to avoid having the difficulties in
attaching the assembled antenna to a module at LEO and to avoid installation problems at
GEO. This approach was abandoned when satisfactory solutions to these problems were
found. It was also determined that it would be significantly less expensive to construct the
antenna at LEO due to the crew transportation and resupply cost associated with placing large
numbers of people at GEQ. This option is discussed in greater detail in Section 4.3.

3.2.1.1 LEO Base Construction Analysis
In this section. the LEO operations are Joscribed in detail. This is followed by discussions of the
LEO base. environmental factors, crew operations, and ihe cost and mass summaries.

3.2.1.1.1 LEO Constiuction Operations

3.2.1.LL1 Top-Level LEO Construction Tasks )
The construction tasks to be accomplished at the LEO base are summarized in Figure 3.2-4. Each
of these construction tasks ane described in detail in the following sections.

3.2.1.1.1.2 LEO Construction Base

The construction base 1o be used at LEO to accomplish the tasks described in the previous section
is shown in Figure 3.2-3. There are two pnmary constructicn areas: 1) a modulke construction arca
aiso wsed to construct the voketand 2) an antenna construction area. These two areas are con-

rected into a contiguous structure. Section 3.2.1.1.2 describes the base in greater detail,

Other Options

Other base concepts were considered but were discarded:

® XX Iba facility This concept would entail the use of a facility that looks very much the
same a< shown only it would be 2 bayvs wide instead of 4. This would require the module to
be mdened lateraliy through the facility as w2l as longitudinally. This concept would be a
good candidate if it were not for the need to use 4 solar array deployment machines. If the
solar array deploy ment rate could be doubled. then only 2 machines would be required and.

hence, the 2 ¢ 2 bay facility would be a good choice.

® S X 2bav facility This concept wouhd entail the use of a facility that looks very much like the
one shown except that it would be twice as long. It would. therciore, make the satellite
module along the S-bay width instead of the $-bay width. A facility this farge would be
tequired if it were necessany to douole the production rate or if it was found that solar array

deploviment could proceed only half as fast as predicted.
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3.2.1.1.1.3 TYop-Level Construction Sequence and Timeline
The top-evel construction sequence for the module is shown in Figure 3.2-6. The module construc-
tion timeline is shown in Figure 3.2-7, There are 40 days allotted to construct cach module.

The toplevel construction sequence for the antenna’voke assembly is shown in Figure 3.2-8. The
top-level construction sequence for the antenna is shown in Figure 3.2-9. Each of thes major
construction sequences is described in detall in the following sections.

.2.1.1.1.4 Module Detailed Construction Analysis

211141 Structural Assembly
The structural swembhy concept to be described below is onhy one of several coaeting structural
voncepts.  The mtionak for the sclection of the structural concept is addressed in Volume 3.
Section 5.1.1.53. Duta pertaining to the sizing. mass. and cost estimate of the sclected structural

concept is addressed in Volume 3, Section 6.1.1.1.2.2,

As the details of the construction of the seheeted structurad concept are discussed below, some of

the altemaiive concepts will be addiessed.

The seructural concept to be discussed m this section is desenbed by the following nomenclature:
Beam Thpe Pentahedral or Py ranud Beam
Strut Tape Tapered Nested Struts
Strut-to-Srut Stud-insocket, Literal asembly
Jount Ty
Frame Iyviw Scamented Frame
Beam-to-Beam  Lap Jount
Jomit Type
Beam Muchine  Mova. v Articulated 20 meter Beam Machine

Eype

The beam contipuration is shown in Figure 3.2-10. The beam shown s referred to as a 20m beam.

J e cquipmient. and tachiny dmensions and all nmeline anahy ses are based on this 20m beam.

Strut Assembh

The tapes 3 haltstruts wid be manutactured on Farth There wall be 3 different steat half lengths
10, 10 2m, and T 13m0 These haln struts are nested to form 100 picce umits, with several of
these wints then put mto o dispensing magazine as shown m Fgure 3.2-11 ¢ The number of umits to
amagasine would be set so that the magazine has to be changed out of the beam machine onhy once
aday at most) Phese magaznes wouhd bedelnered to the LEQ construction base where they
would then be deinered to the beanm machime and nserted into strat assembh machines that are

part of the beam machme,
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Figure 3.2-9 Antenna Construction Sequence
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The strut assembly machine performs the operations depicted in Figure 3.2-12. Figure 3.2-13
shows a concept of a strut assembly machine used to form 20m long struts. The other length struts
would be assembled by similar machines.

Strut-to-Strut Joints

There are three variations of the strut-to-strut joint fitting previously shown in Figure 3.2-10. Each
type would be manufactured on Earth and then packaged into i dispensing carrousel such as is
shown in Figure 3.2-14. The number of joint fittings to be installed in a carrousel would be suffi-
vient to provide a one-day supply. These joint fitting carrousels are delivered to LEO ready to be
mnserted into the beam machine,

Beam Assembly

To assemble the 20m pen-shedral beam. it will be necessary to use 9 strut assembly machines (5 of
the 20m size. 3 of the 22.4m size, and | of the 28.3m size) configured as shown in Figure 3.2-15.
Three joint installation mechanisms such as is shown in Figure 3.2-16 will be required. These

mechanisms will extract fittings trom the carrousel and attach them to indexing carriages.

The beam assembly operations are shown in Figures 3.2-17 and 3.2-18. Figure 3.2-19 shows a time-
line for this assembly operation. The 3.3m;/minute rate is considered to be conservative. Other
tmeline estimates have ranged as hagh as 13m/minute. Figure 3.2-20 shows that a single beam
machine would easily be capable of making all of the necessan beams within the one year construe-
tion time at the 3 3m.minute rate. However. for reasons discussed below, two beam machines will
be required for operational use,

Beam Machine

The beam assembly equipment described above can be configured into a support frame as shown in
Figures 3.2-21 and 3.2-22. 1t has been determined that it is necessary to have 2 beam machines.
One of these will operate on the fower surface of the facility while the other will operate from the
root of the facility. These two beam machines will be capable of making all of the necessary beams
by giving the machin: transation and rotation capabilities. Figure 3.2-23 shows the beam machine
with the necessary functional capabilities. Two operators, shift are assigned to each beam machine.

Frame Assembly

The trame configuration chosen as the reference structure is referred to as a lap jointsegmented
configuration (as opposed to centroid joint/segmented or lap joint 'continuous configuration). This
frame configuration requires that all of the beams be made in one-bay long pieces. Figure 3.2-24
shows this frame assembly concept. Figure 3.2-25 shows details of how beams are joined.
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Crane Manipulator

The assembly of the frame requires the use of crane, manipulators with characteristics as shown in
Figur= 3.2-26. The item shown is hercafter referred 7o as a 1 10m crane/manipulator. 1t has been
determined that there are also requirements for a 20m and a 250m version of this machine. Two
operators, shift are assigned to the 110m and 230m machines and | operator to the 20m crane/
manipulator.

Other Options

As was mentioned in the introduction of this section, other structural configurations have been
considered. Onc optio 1 1s a concept that would employ a 20m continuous chord, thermally formed
beam. One application for this structure would be in 2 so<called continuous beam frame which is

& fined as one which literally has the beams running the entire leneth and width of the satellite or
module.

Figure 3.2-27 shows a companson of the continuous beam frame concept 1o the scgmented beam

vonvept previoush desernibed.

Figtire 3.2-28 shows 2 comparison of the beam types and beam wints that pertain to these iwo
frame options.
Fraure 3.2-29 shows a comparson of ow many beam machines and manipulators are requared o

mplement the two frame configunations,

Figure 3.2-30 shows g comparison of the size of facin requited to construct the two frame

configurations

From these conparisons it s shown that a contimuous beam frame fequares more beam machmes
trecall that a singke beam machine could make Al of the necesan beam v ithin one vear’s time),
more mampulators, twice as mam solaramrasy deplovens and o Gty sweer the siqe Baed o the

comparnon, the scgmonted beam franie conceptas pootermad.

A continuous chord beam i sl a ke candsdate toven though it weghs more than the penta-
hedral Beamyain an apphoation where it ased moone-bay engths 1o make the segmented beam

frame.

IWwoght savings was of paramount snporiance, a4 frame emploving g centrond omt segmented beam
o strony contender. Phis trame could be made rom aither continuous cherd or pentahedral
Beams  1owould reqanre that “romt plue™ subassemblios to be prade that would match the ends of
beams 1o make a centrowd Jomt. This requires more crewmemben and equipment and also presents
a more chalkengng frame asembly operation. The centrond jomt frame o tusad to make the antenna

priman struvcture.
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Figure 3.2-28 Beam and Beam Joint Concepts
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Figure 3.2-29 Frame Concept Comparison
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3.2.1.1.14.2 Solar Amay Deployment

{Note: the baseline structure has 20m hardpoint spacings but with another iteration will be
changed to match the 15m solar array width which is the largest possible with the payload shroud
assuming the arrays must be launched wita the long axis of the package perpendicular to the launch
axis. The solar array is delivered to the LEO base as 1 5m wide by 650m long blanket strips. The
strips are accordion-folded in the 650m direction (o form blanket packages. Forty-three of these
blanket strips are to be installed within each structural bay as shown in Figure 3.2-31. For the LEOQ
construction approach, only a portion of the array will be deploved at LEO. The exact amourt
depends on whether the module is self-powered to GEQ alone or with an antenna. In the remaining
bays. the solar array blanke* packages will be attached to the structure at one end of each bay
nearest the power bus. These blankets will be deploved later at GEO.

The machine shown in Figures 3.2-32 and 3.2-33 will be used to: 1) install the solar array packages.
2} deploy the blankets across the bay. 3) attach the adjacent edpes of blarkesand, 4) to attach the
blankets via catenary spring assembiies to the structure.

Four of these machines will be required--one in cach of the four solur array deployment bays of the
tacility. These machines cach have 8 days to deploy the 43 blankets within their bay. A timeline
analysis has shown that the deployment assembly has to move at a rate of 7.8 meters per minute.

Two operators per shitt are allocated per solar array deplovment machine. One of them controls
the blanket package installation and gantry indexing operations. The other operator controls the

deployer.

Ottor Options

Other solar array deplovmert concepts were considered but were discarded:

e  Full bay width catenany  In this concept, the blankets would be attached to a smgle corner-to-
comer catenary.  The construction problems associated with this were too mtimidating to

seriously consider.

o  Cable Windhi Deployvment  n this concepi, the Blanacis woukl be sairacicd ssiulianeousiy
from thewr packages by a winch and cable system, This was discarded as the deplovinient of the

cables and winches would be at least as complicatea as deploying the blankets.

e  Fouded and Rolled Blankets  In this concept. the tug 030m width of solar array would be
accordion folded i one dimenston amd then the accorcon tolded package would be rolled into
a singke package.  This weula noid the Hhanket-to-blonket odge attachment problem,
However, it was found wat there wais no teasible way to voll the accordion tfolded pi. Kage
without resulting o considerable stress placed on the individua  dar cells and most Like™

resule n popping off the cells,
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3.2.1.1.1.43 Annealing System Installation

A solar array annealing system will be installed at LEO if such a system is required. This system
would be used at GEO to anneal the solar array that was deployed for self-powered LEO-to-GEO
transport. This system would also be used on the operational satellite to periodically anneal the
solar array, This system has yet to be defined; therefore no installation concept has been
developed.

3.2.1.1.1.4.4 Power Bus System Installation
The power bus system will be installed along the top face of the fourth row of structural bays.
Figure 3.2-34 shows the configuration of the bus system and the machine used to deploy the busses.

The switch gear subassemblies and the bus support subassemblies will be made in the subassembly
area at the central warehouse (see Section 3.2.1.1.1.7) and will be delivered to the installation site
ready to install,

The bus support cable assembly will be installed by the use of two 250m boom manipulator/cranes.
The switch gear assembly will be installed by one of the 110m manipulator/cranes. The busses will
be installed by the bus assembly machine shown in the figure.

Similar venions ot this bus deployment machine are used to deploy the busses on the yoke and
antenna.

As the structural assembly operations are interrupted while the bus system is installed. it is reasona-
ble to assume that two of the frame assembly crane/manipulator operators would be available to
operate the bus deployver. The manipulaior/cranes used to install the bus sy stem would be operated

by the other crane operators from the frame construction crew,

+.2.1.1.1.4.5 Thruster System Irstallation
The thruster aystem is composed of tour thruster modules mounted on support structures at the
four corners of the module. propellant tanks located beneath the center of the module, and the

lunhing and contrel subsystems interconnecting the system,
s ) £ \

The thruster modules are assembled in the subassembly factory area (see Section 3.2.11.1.7). Four
of these subassemblies are constructed per module, These units are delivered to the structural

assembly biy ready to be instailed on the support structure.

The support structures are assembled from 20m beams. The structures to be attached to the leading
cuge of the module are fubricated prior to building the first end frames of the module by the frame
construction machinery and operators, The thruster modules are attached to the support structure

and the plumbing and control circuitty are instailed. Fhe support structure assemblies are then
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moved off to the side of the facility and parked out of the way, When the first row of four bays
has been advanced into the solar array deployment section of the facility, the thruster support
structures are moved into pusition and attached to the module frame.

I'he plutabing and control circuitry are installed along the module frame simultaneously with the
solar array deploy ment operations.

After the fifth row of module .ames are assembled, the thruster propellant tanks are installed
under the center point of the module.

After the aft end of the module has been advanced mnto the solar array deployment ba; . the
thruster support structures are assembled and attached to the module frame and the thrusters
installed.

Fight crewmembers (during two shifts) have been allocated for thruster system installation and
assembly. Fight crewmembers are allocated to the thruster subassembly fabrication in the sub-

assermbly factony.

2 1.1.1.4.6 Subsystem Installation

There are a variety of satellite subsy stems that are to be installed (switch gear, sensors, control lines.
data ma wgement and communication equipment, ete.). The configurations of these items have not
been established s vet so detailed in callation data was not develope I However, cight crewmem-

hers (during two shifts) have been allocated tor this activity.

2001047 Madule Indexing

As the module s constrowcted, it will be supported and mdexed by the indexing support machine
shown in Pigure 3.2-35 A 200m tall versoon of this machine will bo used to support the yoke
during its construction.

Anndexing speed of one meter per iminnte has been assured.

These mdexing machmes would be operated by remoie control from the command and control

cenlter.

This mdexing concept has been applicd s the antenna construction and in the thermad engine

satellite construction,
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Figure 3.2-35 Satellite Support/Indexing Machine
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3.2.1.1.1.5 Antenna Detailed Construction § ask Analysis

3.21.1.1.5.1 Antenns Construction Tasks
The tasks involved in constructing the antenna are summarized in Figure 3.2-36. Figure 3.2-3"
shows the antenna facility concept.

3.2.1.1.1.5.2 Primary Structure Assembly

The primary structure is composed of 130m long 5Sm beams that are fabricated by 5m beam
machines that are similar in operation to the 20m beam machines previously described. These
beams are assembled to form the structure as shown in Figure 3.2-38. Two beam machines and four
110m crane/manipulators arc required. ) his structure requires the installation of juint plugs that
will be preassembled in the centrai subassembly area (see Secuon 3.2.1.1.1.7).

3.2.1.1.1.5.3 Secondary Structure/Subarmray Installation .

The secondary stricture is delivered to LEO as teiescoped/compressed self-expanding packages.
These structures are deploved as shown in Figure 3.2-39. The deployment platform to instalt the
secondary structure and subarruay ~ is shown in greater detail in Figures 3.2-40 and 3.2-41. Before
attaching these structures to the primary structure. it is necessary to install wiring hammesses on the
bottom surface. Two operators are assigned to the secondary structure assembly and deployment
tasks.

The antenna subarrays are delivered to LEQ preassembled. At LEQ. these assemblies are tested and
then stacked onto a transporter as illustrated in Figure 3.2-32. The subarray stack is then trans-
ferred to the deploy ment machine as shown in Figure 3.2-43. The subarrays are then installed onto
the secondary structure and the wiring attached to the wiring hamesses on the secondary structure
as shown in Figure 3.2-44. Two operators are assigned to the subarray deployment tasks.

3.2.1.1.1.54 Power Distribution System Installation

The installation of the power distribution system oa the antenna is shown in Figure 3.245. The
bus support structures and the switch gear assemblies are preassembled in the subassembly factory
(see Section 3.2.1.1.1.7) and are delivered to the antenna factory lower level ready for installation.

The power bus system installation operations requires three 1 10m manipulator/cranes and a bus
deployment machine.

3.2.1.1.1.6 Yoke Detailed Construction Analysis

The antenna yoke assembly is constructed within the module construction facility prior to con-
structing modules 4 and 8 as was shown in Figure 3.2-8 in Section 3.2.1.1.1.3. The yoke construc-
tion tasks and machinery used is shown in Figure 3.2-46. The equipment is operated by beam
machine and crane/manipulator operators from the frame construction crew.
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Figure 3.2-36 Anienna Construction Task
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Figure 3.2-37 Antenna Construction Facility
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Figure 3.2-38 Antenna Primary Structure Construction Operations
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Figure 3.240 Deployment Platform

95



D180-22876-5

SPS-1464
PNDAY Va7 VOB VWP W W Wi W ' DEPLOYMENT
N SECOMDARY MACHINE
i =

- STRUCTURE _ ) CARRIAGE
D DE-TELESCOPING _ _ _ [ 7. 4 (2PLCS)
: MACHINE N,
<> K SECONDARY
. ¢ STRUCTURE
. ') : oy : ASSEMBLY
. : ~ K GANTRY
| ™~
v K N— wiRING
— ; / INSTALLATION
. . MANIPULATOR
N 1(\, ~]
E . ~ FRAME
N O ‘ ;JL\_ SECONDARY
T = ———— P PR (SRS § STRUCTURE
B 3 \ DX ‘ b ENVELOPE
4 = 1 LI > SETREER A M CLELT Rt \
‘ N
! N iy
e S A K ™— suarravy
This: N { DEPLOYMENT
% "~ GANTRY
WA WAVRVAVAVAVAWEY \ O 2
' {
SUBARRAY FACILITY
ELEVATOR BEAM | [ WIRING INSTALLATION
=120M MANIPULATOR _ e conpaRY
SECONDARY STRUCTURE STRUCTURE
TELESCOPINIG FRAME EXPANSION
- INSTALLATION SYSTEM 7 AND WIRING
ey {3PLCS) ‘izt POSITION
. ATEVRIS 7y / SECONDARY
5 _____ EEE —— - =y " STRUCTURE
b I ---“L.---_‘A/ ASSEM3LY
| SECONDARY STRUCTURE ~ z - / ~ 80 GANTRY
rE)E-TELESCOPER - Cc;ii : SUBARRAY
A g - DEPLOYMENT
i O AV AN AN GANTRY
ey ~— INSTALLED
SUSARRAY mmove:/ SUBARRAYS
- e~ ~-w¢vl’

. o —————— INSTALLED
WIRING

1 | LOCATICN OF
CONNECTION | . 160M 1 SECONDARY
MANIPULATOR STRUCTURE

Figure 3.2-41 Deployment Platform Detail

26



D180-22876-S
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3.2.1.1.1.7 Subassemblies
“The various subassemblies described in the preceding sections will be assembled in a factory area
that is adjacent to the central warehouse (see Figure 3.2-47). Crewmembers and assembly equip-
 ment have been allocated for the subassembly operations.

3.2.1.1.1.8 Construction Equipment Summary
The construction equipment described in the previous sections have been summarized in
" Table 3.2-1. Spares have not been included in this summary.

3.2.1.1.2 Construction Base Definition
This section describes the LEO base in detail. The overall configuration, foundation, cargo hand-
ling/distribution system. crew modules and subsystems are discussed.

3.2.1.1.2.1 Configuration

The general arrungement of the construction base has been described in Section 3.2.1.1.1.2. In
stimmary, the base is divided into two major facilities with one used to construct the satellite and
tiie other to construct tie antennas.

The overall construction base is shown in greater detail in Figure 3.2-48. The principal elements of
the base include the foundation (structural framework). cargo handling and distribution sysiem,
crew modules and base subsystems.

The foundation for both the module and antunnu lacilities include upper and lower surfaces to
which construction cquipment is attached. (he satcIhte is supported and other base elem:nts are
attached.

Ten primary crew modules are located in an area whicre the greatest concentration of personnel are
involved while performing their daily duties. Six of the modules scrve as crew quarters and four as
work centers, Other pressurized shirt sleeve environment modules or cabins are also present but
serve only as small work quarters sometimes referred to as remote work stations or control cabs,

Docking provisions for all transportation vehicles are located along the back edge of the module
facility. The orbit transter vehicle operations center is located at the opposite end of the base from

the crew modules due to the required propellant transfer operations,

Each of the base clements is described i additional detail in subsequent paragraphs.
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Table 3.2-1 LEO Base Construction Equipment —Photovoltaic Satellite

. NUMBER REQ'D EQUIFMENT ITEM MAJOR NO. REQGD
EQUIPMEN 7 ITEM MOD |ANT]YOKE [SUBASSY ELEMENT ITEM
® 20M BEANM MACHINE 2 o CARRIAGE 1
ALSO USED TO MAKE b ® VOKE ASSY 1
MODULE-TO VOICE ® STRUT ASSY MACHINE 9
INTERFACE STRUCTURE e JOINT FITTING FEED MECH 3
e INDEXING CARRIAGES 6
{MASS 20K Kg} o STRUT MAGAZINES 18
{COST $100M) b ® JOINT FITTING CARROUSEL 3
e CONTROL CAB (2 MAN) 1
@ 5M BE AN MACHINE 2 2
{11458 7X Kg)
(COSY £35M1)
® 5ht [ . TACLE BEAM MACHINE 1
(a5 3K )
(COST S0t
® 207 V., \NIPULATOR/CRANES 2 " . gi\g\?}l&gﬁ 800 ;
L ) b
B DsEns? > » TRANSVERSE BOOM 1
STR'JCTURES 4 o CONTROL CAB (1 MAN) 1
CADLT ASSY 1 e MANIPULATOR ARM 2
il
" W ITATORICRANE s |8
(128384 Kg)
(COST 2171
—® 25G.1 M4 PJLATOR/CRANES 2
MASS 12K Kg)
ST £200)
9 ALL COST REFLECT AVG UNIT COST AFTER APPLYING LEARNING FACTOR OF 0.9,
" Table 3.2-1 (Continued)
NUNEER REQ'D RO FEC

ECUIPMENT ITEM

EQUIPMENT ITEM MAJOR ELEMENT

MOD[ANT] YOKE |SUBASSY ITEV
® 45M 1005 X NG/SUPPORT MACHINE 6|6 2 ® CARRIAGE 1
(1155 1 I8 Kq) ® 8O0M 1
(COST 83,1
® 200M 1,0 Y ING/SUPPORT MACHINE 2 ® CARRIAGE 1
{(*naLS 55 iy ¢ 5o0M i
(COLTSILY
e BU3 DEPLOY MENT MACHINE ® CARRIAGE 1
® LoV LCUM 1 ® BOOM 1
® £ BOOM 1 ® BUS DEPLOYMENT MACHINES
® 110 ARTICULATING BOOM 1 ® e ABUS 1
® BBLS 1
e CBUS 1
(3> norREQD ON YOKE ® COLLECTOR BUS =
#D ANTENNA MACHINES
® CONTROL CAB (2 MAN 1
485 LK Ka) AVG FOR CONT ¢ )
(COST 2251 THE 3 SIZES
® CARRIAGE/GANTRY 1
® SOLAR ARRAY DEPLOYMENT 4 ® BLANKET MAGAZINE 1
MACHI..E ® BLANKET FEED MECH 1
o agand ® BLANKET PWCKAGE INST MACH 1
(1638324 Kg) & BLANKET DEPLOYER
{COST $4504) ® CARRIAGE
® BLANKET END HANDLER 1
MECH ]
® EDGE CLAMPER 1
® FONTROL CAB (2 MAN) 1
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Table 3.2-1 (Continued)

SPS 1478
NUMBER REQ'D NO. REQ'D
EQUIPMENT ITEM EQUIPMENT ITEM MAJOR ELEMENT \TE
MOD | ANT | YOKE[SUBASSY EM
® DEPLOYMENT PLATFORM ® CARRIAGE/FRAME ASSY 1
& SECONDARY STRUCTURE
b INCLUDH O IN 20M INST TELESCOPES 3
MANIP/CRANE COUNT ® SECONDARY STRUCTURE
DEPLOYVENT GANTRY
® GAMTRY,CARRIAGE 1
® DETELESCOPING MACH 1
® 2011 MANIPULATOR,/CRANE 1 D>
® SUBARRAY DEPLOYMENT GANTRY
® GANTRY,/CARRIAGE 1
® ELEVATOR 1
{MASS 28K Kg) ® SUBARRAY DEPLOYER
¢ CARRIAGE 1
(COST S8om) ® MAGAZINE 1
o DEPLOYMENT MECH 1
® 20M MANIP/CRANE 13>
® CONTROL CAB (2 MAN) 1
A
BUS BAR ROD BENDER [ 1
BUS BAR WELDER i } 2
RADIATOR PIPE WELDER i I
CABLE FITTING MACH L
STRUT ASSY MACH (4 SIZES) bon
SUSARRAY TESTING MACH 1
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Photovoltaic Satellite
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Figure 3.248 LEO Construction Base
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3.2.1.1.2.2 Fuundation

Function

The foundation or structural framework of the construction base must proveae a mounting/
attachment surtace for all construction cquipment as well as mounting provision tor other base
el by such as crew modules, cango handling and distribution systems amnd base subsy stemas.

Design Criteria and Analysis )

The principal loading conditions whwh should be vonmdered in szing the structure melude the
following:

2. Altitude or attitude corrections at 10 g

b, Movement of construction eq.upment at therr required censtiugcbion nates

o Indexing of the sateliite module entenna
d. Gravt gradien
e, Docking of transportation vehucles.

A prebmmany anaby sis was done conatderng dtems a, boand ¢oand resulted mtem a7 having the
Largesd loading conditron g apphied through a 20 beam wlnch was asstimied 1o the structure Thas
lovadmg howerver s less than 33 0 ot the load carevmg capabiity of 20m beams typical of those used

in the satelhite where sirut wall thicknesses of 003 cm Q020 iy wre unaed

The finad crstena used i establintung the base structure was that of having the proper natwea! fre-
cueney aclitionship relative 1o the comtructed clement (ether s mawdude o antennad - n generat,
this means havinye ditterent tregquenicies In the caswe of e module, e natual trequency s lowest
when it s finnhed and accordmgely at has o much lusher treguency witen construciion has jast

bepun,

Fregquency conaderations tor the module comtruchion tacility would intially mndicate o hagher
freqaiency (aeater stittness) woubd be desirable relative o the constructed madule, Howeser as
previotady indicated the module frequency poes trom Qugh to low as s constructed, consquently,
in onder to prevent a fieguency crososer dunng conatruction and to mnamee the depth of the
structure the tacthity has been deagned 1o have o lower frequency than the madate atamy tiae

dunng the construction phase

Frequency calculations tor a modale tone-eighth ot asatelbite) and module construction tacihity
were done assining cach toact as i s cantidevered and pin-ended retative to the other  Further-
more, the natural trequency ot the constiuction faabity was determuned by assumig the U™
shaped facility was sprcad out asafong that trass Analy ced m thas naoner and assinng tive 200m
deop triaes cach consisting o tour Jtm beamis iesulted ina natwal to ney ot apprionmately
40 cphr which was fower than the satethite modude tregaency of approvaately 45 cphe at ats

vompletion,
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The antenna facility was not analycd in this manner since the natural frequency of the antenna
itself was not determined.

Se'ected Sysiem Description )

The foundation or structure of the module facility consists of five 200m trusses formed in the shape
of a U™ and tied together with three 200m lateral trusses in both the upper and lower surfaces of
“the faciity s was shown in Figure 3.248. Each truss consists of four 20m beams running its entire

kength. The truss also includes perpendicular and diagonal members which are also 20m beams.

) The 20m beams are the same type as used in the satellite with all individual struts having a wall
thickness 07 0.05 cm (0.020 in.) resulting in a mass of 5 kg per meter. This sizing appears to be
rathed cons.cn'aliw hut scems justified at this point in the analy.es. The module construction
facility was found to have approximately 435.000m of 20m beam.

The antenna construction facility was assumed to have truss depths of 50m in its upper and lower
wrfaces. As aresult, a total length of 53.000m of 20m beam was estimated. Again, the 20m beam

was assumed to have a mass of 5§ Kg/meters.

3.21.1.2.3 Cargo Handling Distribution System

One of the heys to high productivity ic an afficient kace logictics system designed to move the large

quantitics of matenials from the receving area to the user machines. The base logistics system is
qown in Figure 3.2-49. The central receiving and warchousing area is shown in Figure 3.2-50. A

concept for transporting penonnel around tiw base 2id between the bus and a control cab is shown

in Froure 3.2-51.

A sumnury listing of the equipment used in cargo handling and distribution is presented in

Tablc 3.2.2.
3.2.1.1.2.4 Crew Modules

Module Definition

A total of ten primary crew modules have been included in the LEO construction base. The
modules have an Farth atmosphere eavironment and have been sized 1o accommodate crew sizes
between S0 and 100 or to serve as large work arcas. Accordingly, the modules have dimensions of
17m diameter and ap to 23m length, Excluded from this category of modules then are the crew
buses used to transter personnel around the base and the smalt two-man control cabins uscd in
comunction with the construction equipment and cargo handling and distribution equipment.

A summary histing of these modules and their functions are presented in Table 3.2-3. All'modules
are selt-sufficient in terms of environmental control provisions and emergency power. Primary
power s obtained through a common power supply provided by the base. Functions peculiar to
cach module have beenidentiticd in Table 3.2-3. Five crew quarter modales have been provided
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Table 3.2-2 LEO Base Cargo Handling & Distribution Equipment

Photovoltaic Satellite

EQUIPMENT ITEM

NO REQD

IRASS (EA) 103 Kg

COST (EA) $106

& HLLV CARGO DOCKING PORY

® HLLV CARGO EXTRACTION SYS

© HLLV TANKER DOCKING PORT

® HLLV TANKER CARGO
EXTRACTICN SYS

® OTV TANKER DOCKING PORT

® OTV TANLER LOADING SV§

® SHUTTLE DOCKING PORT

® GROWTH SHUTTLE DOCKING PORT

® PERSONNEL TRANSFER
AIRLOCK SYS *

® GANTRY CRANE

® CARGO SORTING
MANIPULATOR/TRANSPORTER

® TRANSPORTER ELEVATOR

& TRANSPORTER INVERTER

® ANTENNA ELEVATOR

® 24 MAN CREW BUS

® 10 MAN CREW BUS

NMNVNNRNN NS NN W Woabd

10
]
10

SN NS

Table 3.2-2 (Continued)

EQUIPMENT ITEM

NO REQD

MASS (EA) 103Kg

COST (EA)} $106

® TURNTABLFS

® CONTROL CAGS FOR
LOGISTICS EQUIP
® HLLV CARGO
® HLLV/OTV TANKER
® SHUTTLE/SHUT GROWTH
® GANTRY CRANES
@ CARGO SORTER

28

NN oo

0.2

0.1
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Table 3.2-3 Construction Base Crew Modules

MODULE QUANTITY - FUNCTION (ROVISIONS)
. CREW QUARTERS 5 e PERSONAL QUARTERS/HYGIENE

e  PHYSICAL FITNESS/RECREATION

e DINING
TRANSIENT CREW 1 e  USED DURING CREW ROTATION PERIODS
QUARTERS e  HOUSE VIP'S

e EMERGENCY QUARTERS
OPERATIONS CENTER 1 o  BASE OPERATIONS

e  CONSTRUCTION OPERATIONS
MAINTENANCE, TEST AND 1 e  CONSTRUCTION EQUIPMENT
CHECKOUT " e  SATELLITE COMPONENTS
TRAINING & SIMULATION 1 e  NEW PERSONNEL

o  NEW CONSTRUCTION OPERATIONS
UNDEFINED 1 e  CLINIC (COULD BE IN SPS CENTER)

NOTE: ALL MODULES SELF-SUFFICIENT EXCEPT PRIMARY POWER AND FLIGHT CONTROL.
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with each sized for a crew of 100. Thesc modules provide all of the off-work functions associated
with living. Further information concerning the sizing of each module is presented in subsequent

paragraphs.

As indicated, a transient crew quarters has been provided. The logic associated with this module
relates to crew rotation periods where the overlapping of the crews could occur without causing
inconvenience in terms of quartering etc., and aiso al‘ows for time to clean up the rooms or modules
of the departing crew. An additional feuiure of this module concerns itself with an emergency situ-
ation where one of the primary crew quarters has a failurc or in the event a crew scheduled to move
from the LEO base up to GEO or back to Earth are unable to do so due to weather, vehicle trouble,
etc.

The operations module serves as the control center for all base operations and construction opera-
tions. Typical base operations to be controlled from this module include that associated with the
primary power supply and flight control system (attitude and station keeping). communication
system within the base as well as that with Earth, other bases and transportation vehicles in transit.
Overall crew scheduling and consumables manageinent functions are also included under base opera-
tions. Construction operations controlled from the module include those functions associated with
scheduling, brictings, troubleshooting or identifyving workarounds. monitoring of the actual
construction operations being conducted and the operations associated with cargo handling and
distribution. Another tunction provided by the operations module is that of housing the central
data management and processing center.

The maintenance, test and checkout module provides the capability to work on large pieces of
construction or base equipment or satellite components while in an Earth atmosphere environment.

A training and simulation module has been included with its primary purpose being to train new
personnel and to establish and/or demonstrate certain construction tasks while in a controlled

environment.

A tenth module has been included primarily to cover the volume requirements of functions not
included in other modules at this time, Fxamples of such functions include chinie ty pe provisions
in terms of medical, dental and sickbay provisions as well as for the temporary containment of per-
sonnel who have died while on duty. Isolation of the sickbay {rom the other base crew quarters
seems to be particularly important due to relatively confined volume that is available.

Crew Quarters Sizing and Design

Selection of a crew quarters module to accommodate 100 people came about as a result of the
following tactors. First, there was the capability to have a very farge module due to the large pay-
load envelope when using the reference two stage cargo launch vehicle. Secondly, when the floor

area requirements tor 100 people were matched with the available module envelope there was .
g W
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adequate space (actually space is available for close to 130 people). The mass of a 100 person
module was found to be wel! within the capability of the launch vehicle. In summary, a larger crew
could be accommodated within the volume ad mass constraints of the launch vehicle, however,
100 people in one basic living volume appears to be quite sufficient.

Floor area requirements associated with a 100 person module and the division ot funcrions among
the decks of the module are shown in Figure 3.2-52. The indicated arc s allocations are based to a
large degre: on the Rockwell Integra! Space Station Study (NASQ-9953). 1t should also be pointed
out that the indicated arcas reflect having all 100 people present which is a case which occurs one
day per week when both shifts are otf-duty.

The size of the module to contain the required J1oor space s 17m in diameter and approximately
20m in length including the spherical end domes. The module is dwvided into seven decks with the
indicated functions performed on cach deck. General arrangement within cach deck was not
performed at this time.

3.2.1.1.2.5 Subsystem Definition

The design approach used for each subsystem was generally the same as defined by Rockwell in
their solar powered integral Earth orbit space station study (NAS9-9953) tor JSC in 1970. A
summary of these subsystems is provided in Table 3.2-4 and described below.

Structure

Crew module structure primarily consists of aluminum alloy. The pressure compartment is designed
for an operating pressure of 101000 n m= (147 psi). The outer shell of each module consists of a
double bumper micrometerorid protection system that was designed to give a 0.9 probability of no
penetration in 10 years  Quite possibly. this particular design enteria will merit turther examination
in the future. Also included in the outer bumper system is the thermal radiator for intemal heat
rejection. An acrothermal shroud for the crew modules is not required simcee they will be launched
within the payload shroud of the taunch vehicle.

Electrical Power
The primary clectrical power sy stent s e ussed viaer the Base Subsystem Section 3.2.1.1,2.5.
Fach crew module however mcorporites an enmergency power system consisting ot tuel celis.

Distribution. wicing and speail power condiioning equipment is also included in cach module.

Environmental Control
Al modules have an independent FCS. The system provides an Farth atmosphere environment,
Oxaygen makeup tor leakage and usage s provided through electrolysis of water which is obtained

Al . . w, \ . ~ . .
by reduction of CO= usimg Sabatier reactor with CO= itself 1s removed using molecular sieves,
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* o SIZED FOR 100
o FLOOR AREAS SCALED FROM 12 MAN UNITARY SPACE STATION (BASED ON ROCKWELL 1970 STUDY -
NA3 9;9953) »
0 AREAS BASED ON ENTIRE CREW BEING PRESENT

ALLOCATIONS PER MONWLE

REC/PHYS FIT./MAINT FUNCTION ﬂz.oon AR:Z
M

PERS. QUARTERS — —

o PERSONAL QTRS §12  (5500)
CONTROL/SUBSYSTEMS

15.5a 0 PHYSICAL HYGIENE 89  ( 960)
GALLEY/DINING o RECREATION 107 (1150)

PERS. QUARTERS 0 PHYSICAL FITNESS 53 (570

_i. PERS. QUARTERS 0 GALLEY 53 ( 570
2.2m EXPEND STORAGE o DINING 16 (1250)
¥ o CONTROL CENTER 37 ( 400)
0 SUBSYSTEMS 149 (1600)

e————— 17.0m ———
0 MAINTENANCE SHOP 9 ( 100)
0 GEG MODULE MODIF EXPEIDABLE STORAG (2080)
o EYPENDABLE STORAGE 193 2080
o ADD 1 DECK FOR RADIATION SHELTER e

o TUNNELS/AISLES 163 (1750)

TOTAL 1480 15930

MARGIN n 760

Figure 3.2-52 Crew Quarters Sizing
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Table 3.2-4 Subsystem Summary

CREW MODULES
e STRUCTURE e  ALUMINUM ALLOY
METEOROID PROTECTION
e Po)=0FOR 10 YRS.
e DOUBLE BUMPER
e  PRESSIJRE COMPARTMENT
, e 101000 n/m2 (14.7 psia)
e ELECTRICAL POWER e EMERGENCY - FUEL CELLS
e ENVIRONMENTAL CONTROL e  EACH INDEPENDENT

LEAKAGE
. OXYGEN - WATER ELECTROLYSIS
° NITROGEN - CRYOGENIC
o REPRESSURIZATION
. OXYGEN - HIGH PRESS
] NITROGEN - CRYOGENIC
WATER - SABATIER REACTOR
CO2 REMOVAL - MOLECULAR SIEVES
THERMAL - WATER AND FREON LOOPS
URINE AND WASH WATER RECOVERY
DRIED AND FROZEN FOOD
WASTE MANAGEMENT
PERSONAL HYGIENE
PERSONAL EQUIPMENT
FURNISHINGS
RECREATION
PHYSICAL FITNESS
COMMUNICATIONS - S BAND
DATA PROCESSING
DISPLAYS AND CONTROLS

e  LIFE SUPPORT

o CREWACCOMMODATIONS

] INFORMATION SYSTEM
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Nitrogen to supply Icakage and repressurization is stored as a cryogenic. Oxygen for repressuri-
zation is stored as a cryogenic while the emergency oxygen system uses high pressure storage.
Thermal control of the modules makes use of water and freon loops.

Life Support

Both urine and wash water are recovered. The urine is reprocessed using vapor compression while
wash water recovery utilizes reverse osmosis. Dried and fiozen food was used. Also included under
life support are the waste management and personal hygiene sysiems.

Crew Accommodations
Included under this category are the personal equipment, furnishings, recreation and physical fitness
equipment. Agamn these systems are located only in the crew quarters.

Information System

The prircipal systems included are communications, data processing and displays and controls.
Each moduls will have its own internal communication system as well as contact with the main
communication center located in the operations module. The principal link between the base and
Earth or hanspurtation vehicles is S-band. Each module has data processing capability suitable for
its needs. However. agan the principal data processing center is Jocated in the Operations module.
Each module 2lso has the appropriate set of displays and controls although the Operations module
contains all displays and controls associated with overall base operation.

Guidance and Control
Displays and conirols for these systems are located in the Operations module although the equip-
ment itself is located throughout the base and consequently are discussed under Base Subsystems.,

Reaction Control
Again, this is a base level subsystems and is discussed under Section 3.2.1.1.2.5.

Special Equipment
This is cquipment that is peculiar to the maintenance/test/checkeut and training/simulation
modules.

Mass Estimate

A miss estimate tor each of the modules down 1o the major subsystem is shown in Table 3.2-6.
These masses retlect the subsystem design approaches discussed in the previous paragraph.
Difterences in the subsystem mass tor the various modules is reflecting the variation in number of
personnel present and consequently power levels as well as the function of the module itself.
Included in the mass of cach module is a growth/contingency allowance of 337 on t.¢ estimated

1Nass,

As indicated. all modules are well within the mass capability of the launch vehicle although in the
case ot a crew gquarters module, e addition of a radiation shelter for GEQ application would add
another 115000 Kg and consequently be quite close to the mass limit.
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STRUCTURE
ELEC, POWER

ENVIRON. CONT./
LIFE SUPPORT

CREW
ACCCMMODATIONS

INFORMATION

GUI0 & CONT

REACTION CONT

SPECIAL EQUIPMENT
SUBTOTAL

GROWTH/
CONTINGENCY

TOTAL DRY

CONSUMABLES
(%0 DAYS)

TOTAL

Table 3.26 Crew Module Mass Su-nmary

QUARTERS OPERATIONS MAINTENANCE TRAINING
JEST&CO
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o MassIn I03kg

CREW

(EA) _ CENTER
80 80
3 7
60 a2
" a
6 30
0 1
0 0

-9 o
162 164
53 54
215 218
45 0
260 218
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3.2.1.1.2.6 Base Subsystems

As indicated previously. several subsystems do not relate specifically tc anyone of the crew
modules, but instead are associated with operating the base as a total entity. Such subsystems
include primary puower and Dight control.

_+Electrical Power

Requirements - Basic operating power requirements have been grouped into the categories associ
ated with crew modulkes, construction syuipment and external lighting as shown in Table 3.2-7. The
average opeaating powe- kevel required is estimated at over 1600 KW. This load does not include
recharg:ng of the secondary power supply or losses.

' Under the category of crew module, considerable use was made of the estimates identified for a
12 man space station as dofined by Rovkwell. These estimates were then scaled up both to account
for the différence in crew size and the number of modules involved.

-Construction equipiment power estimates were made using both Bocing generated data and data
from recent space station studics. Ty pical examples per machine include the 20m beam machine at
S KW, sober array deplover at S KW, crane numipuiator at 3 KW, All of these estimates include the

power 10 a Iwo wan control cabn

. - > -
External lighting estimates are based on providing 216 lumens/m= as specitied by McDonnell
Douglas in the Space Station Systenis Analy sis Study (NAS9-14958). Typical construction areas in
. b . . . . . . . . N -
this study covered 2000 m - and required 10 KW 1o provide the specified illumination. A total of

32 arcas of this size have been estimated 1o the SPS construction base.

Fhe total power requirement to be used i sizeng the pomary power supply is 3725 KW as shown in
Table 3.2-8. The secondany power recharmng load i~ jor a mickel hydrogen system that produces
the operating loads during 377 of the orbit. The atlowance for ovenizing i that associated with

SO g celis and 73 gy cover ships. No theoal anncalimg is assumed.

System Deseription - Fhe pruman power generation systemy s solar arrays similar to those used in
the satelhite, wath g mickel hy drogen batteny syvstem used tor occultation peucds. An array voltage
ot 1300 volts has been selected and appears 1o be the inghest practical when considening plasma

losses.

The selected mstallation approach tor the array s afined body mounted concept, with an aitay
located on three sides of the construction base <o that the necessary power can be gencrated by any
one array wath the base at any location in orbet - Figure 3,248 shown previsouly, illustrates the

lovation o twe ot these arravs, Fact wray ab o aas been sized to account lor sun incidence angle
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Table 3.2-7 Base Operating Power Requirements

Photovoltaic Satellite

OPERATING POWER
CREW MODULES
ENVIRONMENT CONT/LIFE SUPPORT 750
INTERNAL LIGHTING 350
INFORMATION SYSTEM 70
GUID. & CONT. 5
CONSTRUCTION EQUIPMENT
SATELLITE EQUIPMENT 50
ANTENNA EQUIPMENT 50
SUBASSEMBLY S0
EXTERNAL LIGHTING
SATELLITE CONST. 120
ANTENNA CONST. 120
SUBASSY WAREHOUSE 80
TOTAL

° REQUIREMENTS (KW)
e OPERATING LOAD

e SECONDARY POWER
SUPPLY RECHARGING
POWER CONDITIONING
POWER DISTRIBUTION

Table 3.2-8 Solar Amay Sizing

RADIATION DEGRADATION (5%)

e SIZING

e  CONTINUOUSLY SUN ORIENTED ARRAY: 26000 m2
(SATELLITE TYPE CELLS, 140 w/m2)
¢ FIXED BODY MOUNTED ARRAY WITH
EARTH ORIENTED CONST. BASE
e ARRAYS ON 3 SIDES OF BASE
®  MAX SUN INCIDENCE ANGLE OF 54.5 DEG
e TOTAL ARRAY SIZE: 130000 m2

205m x 205m PER SIDE
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penalties so the combined nct atfect is a total array that is approximately five times as large as an
array that was always PEP. By past space system standards. this excess would be prohibitive.
However, in the era of power satellite with low mass and low cost cells, the penalty is quite small.

An alternate solar array installation approach was also considered in the form of providing the array
with two axis control so it could alway » be directed toward the sun. With the physical dimensions
of the base however, the boom to which the solar array would be attached had to extend approxi-
mately 600m from the base. The operational disadvantages of this approach in terms of the impact
on vehicle tratlic as well as the relatively small savings and additional complication of a large two
axis system resulted in not selecting this approach for the reference system.

The mass for the selected power syatem is ostitiated at approximately 120000 Kg as indicated in
Table 3.29.

Table 3.2-9. Primary Power System Mass

Fined Array 03000 Kg
N 1 ": Batteries 20000 hg
Distribution (Power Bus) 20000 kg
Switchgear 2000 Kg
DC-DC Conversion 2000 Kg
Radiator itor \:II_« Systemd [TULAN S\
Structure Q00 ke

119000 K2

Flight Control
Included under the categony of theht control ate the gindance navigation attitude 1y pe sensors such
as IR, star trackers and horizon sensors and the propalson system to petform gttitude and orbit
MRNTCNANCe manceters

\\\‘w
A LO> LH> propulsion system has been selecied to provide athitude coirisl ol the base rather than
CMGS due 1o the large disturbances imohed and the relatinely casy pomting requiremends
(between 1 deg and 3 degr. An barth ouented attitnde has been sclected which has the satellite
being constructed toward the center of the barth

Orbit mamtenance i tenns ot mantnang & tary constant alotude 477 Km ¢ 1T Km obviously

requires the use of a propulston system

The selected propulsion systent uses T OS TH A and toran aceeleration level of 10 g's (saicthte

design conditions), a total thrust of 27000N 18 reamted tor movmg the combined mass of the base,
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one module and osie antenna. Distribution of the thrusters around the base will occur (o minimize
the impact on the structure. The average orbit decay rate is estimated at 1 Km/day. Orbit makeup
s performéd daily with the average propeilant requirement being 800 Kg/day.

The propulsion system mass including 90 days of propellant is estimated at 80000 Kg.

3.2.1.1.3 Environmentsl Factors

The principal environmental factors that influence the design of the construction base or its
operations include radiation, meteoroids, occultations, gravity gradient and drag and collision with
manmade objects. All of these factors have been discussed in prior paragraphs. except collision
Consequently, the previously discussed items will be summarized while collision will be discussed in
more detail.

Radiation

Radiation effects on personnel at the LFO construction base are primarily in the area of EVA
activity since the 3 gm/c:m2 wall density in the manned compartments is more than adequate to

allow the 90 day stay times. Although a bare minimum of EVA activity is anticipated. should it

occur, it most likely would be restricted during passages through the South Atlartic anomaly.

Mecieoroids
Protection against meteoroids is provided by the double wall bumper used around all manned
habitats.

Occuliations

The principal impact of the occultations of the base which occur 18 times per day are in the arcas
of electric power supply and thermal aspects of the structure.  In the case of the impact on the
electric power supply. it means sizing the pnmary system so that the system used during occultation
¢an be recharged. The penalty for the larger power system is relatively small however, in the era of
low mass, low cost solar arrays. Use of graphite/epoxy structure in both the satellite and construc-
tion base structure should minimize the impact of themmal effects.

Gravity Gradient and Drag

Most construction concepts will orient the construction base so it is passively stable for attitude
control and minimize gravity gradient torque. Although the LEO construction base required con-
siderably more orbit keeping, attitude control propellant per day. it still results in less than one
HLLV launch per year for this propellant makeup.

Collision

Large amounts of debris from manmade space systems have resulted in some concem regarding LEO
comtruction. The approach used in establishing the number of potential collisions and an initial
estimate was presented in the Part 1 Final Documentation Volumes il and V (D 180-20689-3 and
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-5, respectively). Th~ number of potential collisions has been since updated as well as the identifi-
cation of methods which can be used to avoid collision. Prior to this discussion however, it should
be noted that the problem of collision involves both the construction phase and the transfer phase
from LEO to GEO. Rather than split this discussion between constructionh and transportation, it
wilt all be discussed as one subject at this time.

The number of collisions expected on a total satellite during LEO construction, transfer to GEO
and thirty years of operating life a2 GEO are shown in Figure 3.2-53. The most dominating portion
of the flight is that associated with construction phase and the transfer through the first 3000
xilometers, where 17 and 22 collisions are estimated, respeciively. The assumptions used in this
estimate are shown. with key importance given to the use of tiie object model as of the year 2000
including 500 objects added per year since 1975. The other key point to be considered with this
data is that no attempt was mad: ‘ai cleaning up the debris or takiag avoidance action to prevent
céﬂi;ion_ The method usad to prevent < ollisions is presented in the following paragraphs.

The method used to climinate or considerably reduce the number of collisions during construction
simply involves a rescheduling of the orbit trim (drag makeup) maneuver of the construction base.
A simplified diagram of this operation is illustrated in Figure 3.2-54. For general planning purposes,
the construction base has a nominal position. The acttal position of the base relative to the
nominal position is shown at the completion of each of the 1§ revolutions (1 day) around the
Earth. At the completion of the 15th revolution. an orbit trith maneuve is performed and the
gradual decay begins again. Collision avordance operations take place in tne following manner. At
a given revolution (such as number 4) 1t is detennined that on revolution 5, the construction base/
satellite will be hit by an object (approaching perpendicular to orbit track) if no corrective action is
taken. At that time, however, an unscheduled orbit tnm mancuver will be initnated which will
increase the altitude of the base and as such results in lower orbital velocity. and on a relative posi-
tion basis. puts the construction base at a new pesition for revolution 3, which is approximately 7
kilometers downtrack fron: the orignal position of revolution 5. and consequently should eliminate
the possible collision. Tiie key factor in this avoidance operation is a need tor approximately 1 rev-
olution of waming timie. that could be obtaincd from both on-orbit and ground fracking systems.

Objects coming into the construction base. along a more tangential path can also be avoided using a
similar technique. but requiring a greater change in altitude und consequently more propellant. This
operation is shown in Figure 3.2-55. For example. a change of 6 kilometers in altitude requires
approximately 16,000 kilograms of propcellant. Since the large change in altitude also results in
excessively large changes i along track position, a deorbit mancuver is also required (16,000 kilo-
grams of propellant). thus bringing tiie construction base back to its nominal position.

Avoidance during transfer can also be accomplished in a similar manner with approximately 1 revo-
lution of warning time. In this case, however, should a collision be predicted for the satellite
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® TOTAL ARRAY AREA = 118 kM2
® 28% OF ARRAY DEPLOYED DURING
CONST. & TRANSFER
© NO OBJECT CLEANUP
© NO AVOIDANCE DURING TRANSFER
® 1.2 x 1.2 M CBIECTS
® OBJECT MODEL ESTIMATED FOR
YEAR 2000 (1975 ORIECT
MODEL PLUS INCREASE OF -
500 OBIECTS PER YEAR)

Figure 3.2-53 Number of Collisions Photovoltaic CR=1 Satellite
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Figure 3.2-54 Collision Avoidance During Construction Perpendicutsr Objects
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CONSY. BASE
REL. MOTION
NEWC.G.

POSITION CONST. BASE
—- __?- SATELLITE MODULE

_— SPECIAL ORBIT TRIM
| / ® AV=33W/S
. ? ' ® WP ~ 37000 Kg (INLL DEORBIT)

1.1_1
e )| PREDICTED
o——» — — — oBsECT
FLT. PATH
DIR.
~ 3xm |-
INITIAL POSITION

@ TANGENTIAL COLLISION OBJECTS
& <2% OF OBJECTS
o PROP EXPENDED IS ADDIVIONAL
o DEORBIT REQ'D TO REDUCE LARGE
ALONG TRACK POSITION CHANGE

Figure 3.2-55 Collision Avoidance During Construction Along Track Objects
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module, at a point in its next revolution, the transfer thrust can merely be terminated for a time
period. thus placing the satellite behind its previously anticipated position on the next revolution
and consequently eliminate or avoid the collision.

In summary, the described operational pmcedureé appear to offer an approach to reduce the
number of collisions to zero with a minimum of penalty.

3.2.1.1.4 Crew Openations
This section addresses the following crew-rclated topics: scheduling, productivity, and organiza-
tion: The crew schedule and productivity factors will be applied in all other crew sizing estimates.

3.2.1.1.4.1 Crew Schedule
The crew scheduling concept that was used in all of the construction task timelines, crew sizing, and
crew transportation analyses was the following:
90 Day Staytime
6 Days On/1 Day Ot Per Week
10 !irs Per Day Work Shift Using a 5/1/5/13 Work Rest Cycle
2 Shifts Per Day (2 Crews)

The selection of this scheduling concept was described in Section 3.4.2 of the Part 1 Final Report.

3.2.1.1.4.2 Operator Productivity

When considering the amount of work time per day. it is necessary to take into account "¢ tact
that operators do not work at 1007 of their capacity throughout a work shift. 1t is necessary to
take into account operator fatigue, delays and personal factors.

The data shown in Figures 3.2-56 and 3.2-57 is based on Bocing manufacturing expericnce data.
For the purposes of establishing machine operating rates, a productivity factor of 757 overa 10
hour work shift was applicd. A typacal application of this productivity tactor is shewn below:

_ 480 Hours Available

(.79 =
Per Module

( 32 Days .\vailahlc) (20 Hours )D

Per Module Per Day

[> {2shins/) 10 Hours/) _ 20 Hours!
Day Shift Day
3.2.1.1.4.3 LEO Base Crew Organization
The operators and associated personnel have been combined into the organizational structure shown
in Figures 3.2-58 through 3.2-07. A total of 478 people will be at the LEQO base.
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2
LUNCH BREAK DINNER BREAX
° 2 4 '] s 0 2
PER BILL FALER B SONAL TIME FACTOA
BAC CENTRAL INDUSTRIAL ENGR % PER: ¥
REF DOO 5010.1601-44 B 6% DELAY T™ME FACTOR

Figure 3.2-56 Machine Operators

©
25

“

2P

LUNCH BREAK OINNER BREAK
o 2 . s s © 12
TIME, HOURS
PER BILL FALER B 5% PERSONAL TIME FACTOR
BAC CENTAAL INDUSTRIAL ENGA 2 7.5% DELAY TIME FACTOR

REF DOD $010.15.7-M

Figure 3.2-57 Assembly Workers
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[, 2 ]
BASE DIRECTOR TOTAL = 10
)
STAFF
w] >
DEPUTY
BASE DIRECTOR
2
L 1
BASE 8aSE
mm' m:‘cmn ors SUPPOKT
MGR MGR
) n )
B> nuMBERS 1N () INDICATE THE NUMBER OF
CREW MEMBERS REQUIRED TO STAFF THE
INDICATED JOB OVER 2 SHIFTS
Figure 3.2-58 LEO Base Personrel
51400
TOTAL =22
CONST
MGR >
STAFF
o PLANNER (8)
* LOGISTICS
COORD _ (4)
ASST
CONST
MGR @
|
1 1 1 ] | |
MOODULE ANTENNA SUBASSY MAINT LOGISTICS TEST/QC
CONST consT MGR MGR MGR MGR
MGR () MGR ) @ @ @ @

IN ALL THIS AND ALL OTHER ORGANIZATION
CHARTS, A MANAGER WHO WAS COUNTED IN
AHIGHER LEVEL ORGANIZATION CHART 1S
NOT INCLUDED IN THE TOTAL SHOWN HERE

Figure 3.2-59 LEO Base Personnel (Continued)
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ASS'Y SYSTEM
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(2)
BEAM MACH 0P SOLAR ARRAY
2242=6 DEPLOYER OP
b= MANIP OP 4x2x2 = 16
6x2x2 » 24 BUS INST
» {DONE BY SOLAR
ARRAY DEPLOVERS
AND MANIP OP).
P> WHERE THIS NOTATION IS LISTED,
1T SHOWS (NO, OF MACHINES) x
{NO. OF OPERATORS PER MACHINE) x
{NO. OF SHIFTS) = (TOTAL NO. OF CREW
MEMBERS REQUIRED FOR THIS JOB)
Figure 3.2-60 LEO Base Personnel (Continued)
SPS 1573

MISC (8)

TOTAL = 68

THRUSTER INST (8)

NOTE: YOKE ASSEMBLY DONE ANTENNA TOTAL = g2
8Y THE MODULE CONST
CONSTRUCTION MGR
PERSONNEL
STAFF
18)
112)] 30] {10} § 18 |
PWR
SUBARRAY STRUCTURE DEPLOYMENT oIST
Y Asﬁi'v" supv INST
1) D ‘ {2) (21 SUPV ¢z
TeST 2x2=4 SECSTRUCT 2x2=4
B/M OP 2x3x2 = 12 2 WIRING 2x2=4
EREWO“K ™x?2=4 MANIP OF 2x6x2 = 24 SUBARRAY 2x2=4 SIRUCT 2x2 =4
TRANSP 1x2 = 2 SWGEAR 2x2 =4
LOADER BUS 2x2 =4

WHERE THIS NOTATION IS FOUND,

1T SHOWS (NUMBER OF PEOPLE REQUIRED
PER SHIFT) x (NO. OF SHIFTS) = (TOTAL
NUMBER OF CREW MEMBERS REQUIRED
TO FILL THIS JOB)

Figure 3.2-61 LEO Base Personnel (Continued)
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3.2.1.1.5 Mass Summary

A mass summary for a complete construction base cavable of constructing one satellite per ydr is
presented in Table 3.2-10. The dry mass of the base is 5.6 million Kg and with 90 days of con-
sumable included the total mass becomes 5.87 million Kg. The largest contribution to the mass is
the foundation (structure) and the ten crew modules.

3.2.1.1.6 Cost Summary

The cost summary for the construction base is presented in Table 3.2-11. Basic hardware costs are
estimated at approximately $4.8 billion. An additional $2.2 billion also exists in the form of
various wraparound cost items. The indicated costs were developed using mass statements and unit
quantities developed by Boeing and cost CER's of JSC and Boeing. A learning factor of 0.9 was
applied to all systems having more than four basic units.

3.2.1.2 GEO Final Assembly Base Construction Analysis

The following construction data pertains to the GEO final assembly base used in the LEO consiruc-
tion concept.

3.2.1.2.1 GEO Construction Operations

3.2.1.2.1.1 Top-Level GEO Construction Tasks
The construction tasks to be accomplished at the GEO base are swmumarized in Figure 3.2-68. Each
of the tasks are discussed in the following sections.

3.2.1.2.1.2 GEO Final Assembly Base

The GEO base siown in Figure 3.2-68 consists of one platform 1600m x 1406Gm that supports all
of the final ass=mhly nd deployment equipment. A more complete discussion cf the base is
presented in Section 3.2.1.2.2,

3.2.1.2.1.3 Detailed Construction Task Analysis

3.2.1.2.1.3.1 Module Berthing (Docking)

The first task to be performed after modules reach GEQ is that of their berthing (docking) to form
the compleie sateliite.  The concept employed to perform this operation is illustrated in
Tigure 3.2-09,

Four docking systems are used with cach involving a crane and three control cables, Tension
applied to the cables allows the modules to be pulled in. provides stopping control and attitude
capability. Also required in this concept is an attitude control system including thrusters which are
not shown. Additional characteristics of the docking crane are shown in Figure 3.2-70.

The major docking operations a.sociated with the modules at GEO are illustrated in Figures 3.2-71
and 3.2-72. The mitial step ac T'= 0 hours has the N+1 module having * rrived in the near vicinity
of module N which s alrcady at GFO. Module N+1 is at a position below module N and
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Table 3.2-10 LEO Coustruction Base ROM Mass

1039
FACILITY (5200)
FOUNDATION 2500
CREW MODULES 2000
CARGO HANDLING/DISTRIBUTION 400
BASE SUBSYSTEMS

MAINTENANCE PROVISIONS 100
CONSTRUCTION AND SUPPORT EQUIPMENT 1200}
STRUCTURAL ASSEMBLY 80
ENERGY COLLECTION/CONVERSION INSTALL. 60
POWER DISTRIBUTION INSTALL. 2
ANTENNA SUBARRAY /SEC. STRUCT INSTALL. 0
CRANES/MANIPULATORS 180
INDEXERS 30

DRY TOTAL {5600)

CONSUMABLES (90 DAYS) (270)

TOTAL (5870)

1 INCLUDES 33% GROWTH ALLOWANCE.
OTHER ITEMS DO NOT INCL. GROWTH.
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Table 3.2-11 LED Construction Base ROM Cost

T $108
T FACILITY -
(3465)
FOUNDATION 350
CREW MODULES 2870
CARGO HANDLING/DISTRIBUTION 330
BASE SUBSYSTEM 15
MAINTENANCE PROVISIONS -
CONSTRUCTION AND SUPPORT EQUIPMENT (1310)
'S+ RAUCTURAL ASSEMBLY 250
ENERGY COLLECTION CONVERSION INSTALL. 165
POWER DISTRIBUTION 7%
SUBARARY INSTALL 80
CRANES/MANIPULATORS 560
INDEXERS 80 o
BASIC HARDWARE (4775)
SPARES (15%) D 715
INSTALL, ASSY, C/O (16%) 765
SE & | (7%) 335
PROJ MGT (2%) 85
SYS TEST (3%) 145
GSE (4%) 190
TOTAL {7020)

Dx OF BASIC HARDWARE

134



D180-22876-S

FINAL ASSEMILY
FACIUTY

SATELLITE
sTRUCTURE

DEPLOVYMENT
MACHIE
GEO FINAL ASSEMLY
FACIITY AN
@ rmaL cwcxour
ROYATE
() oocxmoouLts ANTENNA
INTO
POS:TION
MODULES
SAND 8)
Figure 3.268 GEO Base Construction Tasks
LEO Construction Concept
L ]

® MOOULE MASS
~ 921 10 24 KG

SATELLITE
MODULE (MeY)
T
/ Q" [§ ]
2 CONTROL
LABL}
SATELUITE !\
MOOULE (W)
' ~27TN

DOCK .G CRANES -~
[RNALH
4PLACES

" DOCKING CRANE
(PORTABLL)

Figure 3.269 Berthing Concept
Photovoltaic Satellite

135



D180-22876-5

-

CRANE
./eeo CONTROL
-, CABLE
—ap " FACIITY | : MAKE STRUCTURAL

_ﬂ{ \ 37
: !
|
1

AND BUS BAR

|

Figure 3.2-70 Docking Crane

136



D180-22876-5

e 10w @ 1e250ms

® MOOULE N +1 COMPLETES osnnuoouuumm
RENDEZVOUS ® ATTACH CABL
Ve FREE FLYING
J_ [ MO0 N 1= V=307263M8 - DOCKING MODULES
1000 ¢ wITH cu:.ct
’ MO0, N Y - T ¥ « 307287 W/S N o
SEPARATING VEL = 144 MHR N ,'
-l t=—500m
@eve20mns
© COVPLETE ALIGRMENT
® AFPLY CASLE TENSION @eve3Hrs
UNTIL SEPARATING VEL CHANGES © ATTACH ALL CABLES
TO CLOSING VEL OF 0.08 MS © CONTINUE TENSION

FOR CLOSING VELOCITY OF 0.08 M3

® T+31HRS
® ATTACH ALL CABLES
® CONTINUE TENSION IN
FRONT CASLES
& AT CRANE TIP, FRONT
CABLES BRAKE, REAR
CASBLES PULL

® T =36 HRS

BRAKING CABLE
=7 \/'(-,wmm CABLE
© DECREASE CLOSING
VEL T0 0,005 W/$

© CABLE CONTROL MODULEN MODULE N+

@ T-48HRS - -
® CLOSING VEL TO 2ERO '
® CABLE CONT MODULE N * MODULE N+t
s READY FOR STRUCY

ATTACH

Figure 3.2-72 GEO Docking Operations

137



D180-22876-5

consequently has a greater orbital velocity and for the specified allitude difference, a separating
velocity of approximately 0.04 meter per second (144 meters per hour). Step 2 illustrates module
N+1 having moved ahead of module N approximately 500 meters due to the separating velocities.
At this point, free flying docking modules carry cables to module N+1 for the initial attachment.
Also, realignment of the attitude of the two modules occurs to simplify the docking operation. In
Step 3 and 29 hours after the operation has begun, alignment has been completed and a tension of
100 Newtons has been applied to each of the four lines so that the separating velocity has been
changed to a closing velocity of 0.05 meter per second. Tension applied over this time period
results ‘n loads of 3 x 106 g's. At T =31 hours. the remaining cables are attached again using
docking modules. however, these cables remain slack. Tension of 100 Newtons is applied until a
separation distance of approximatcly 600 meters is reached.

The 4th major step. T = 31 hours. is again illustrated but with additional detail. The kev point to
be made is that the four cables remain under tension and pull the modules together until the leading
edge of the module N+1 passes the end of the crane extending from module N. At this point. the
front cables switch to serve as a braking device and the back cables come under tension and begin to
pull the module together. At T = 36 hours. the modules have closed to 100 meters of ~epanation
and the closing velocity is decreased to 0.005 meter per second. Finally, at T = 46 hours. the
closing velocity has been reduced to 0 and the modules are ready for structural attachment.

3.2.1.2.1.3.2 Module Attachment
After the moduales are docked. the adjacent edges of the modules are interlocked using strut inserts
that are put into position by the crane/manipulators that are carriea by the docking cranes.

The bus bar connections between modules are accomplished by a 110m crane 'manipulator that is
mancuvered on the facility irack system.

3.2.1.2.1.3.3 Solar Amay Deployment

The solar array blanket packages that are attached to the edges of bays are deployed by four sola
array deployment machines that operate in parallel. The solar array deployment machines used at
GEO do not have the blanket magazine or blanket installation mechanisms required by the LEO
solar array machines so consequently only one operator per machine 1s allocated.

The solar array that was deployed to provide self-transport power will be anncaled by the anncalny

system previously installed at LEO.

3.2.1.2.1.3.4 Antenna Installation

On modules 4 and 8. the antenna’/voke assembly is transported to GEO by being hinged under the
module as shown in Figure 3.2-73. At GEO. the antenna is rotated up toits proper location using
electric motor actuators that were used to initially hinge the assembly undemeath the module foi
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transport. Once the antenna/yoke assembly is in position, structural ties are made between the
yoke/module interface and the power busses are spliced. The structural and power bus interfaces
are accomplished by 110m crane/manipulator operating from the facility.

3.21.2.1.4 Equipment Summary
The GEO base construction equipment is summarized in Table 3.2-12. Spares are not included in
this summary. '

3.2.1.2.2 GEO Final Assembly Base Description

3.2.1.2.2.1 Configuration :

The overall configuration of the GEO final assembly base is shown in Figure 3.2-74. The base has
overall dimensions of 1400m x 1600m x 100m with two decks of operation. The upper deck sup-
rorts the crew and maintenance modules and docking facilities for transportation systems and
payloads. The Inwer surface of the facility supports the four solar array deployment machines.
Docking cranes used in berthing the modules are also attached to the base when not in use or when
the GEO basc is transferred to another longitudinal location.

3.2.1.2.2.2 Foundation

The foundation {structure) of the base has been sized to provide a natural frequency of 50 cphr
which is greater than that of a single satellite module, The primary stru<ture consists of 20m beams
forming a grid pattern for both the upper and lower surfaces of the basz. A total beam length of
55,000m has been estimated.

3.2.1.2.2.3 Cargo Handling and Distribution

Movement of satellite components from central receiving to the module will not be required except
in the case of replacing items that may have been damaged during the transter from LEO or during
the berthing of the modules. A logistic network and personnel bus is necessary. however, to move

the crews tfrom the living quarters te such remote work stations as the solar array deployers. A

listing ot all the cargo handling and distribution equipment is presented in Table 3.2-13.

3.2.1.2.2.4 Crew Modules

The GEO base has a crew size of 65 and only a minimum of construction operations so conse-
quently, all functions can be incorporated into a single ciew module. The module is similar in
design to the crew quarters modules used at the LEO construction base. The major modifications
to the LFO modules are as tollows: 1) incorporation of an operations deck in place of une of the
three personnet decks sinee only 08 rather than 100 people are housed in the module, 2) add an
cighth deck which serves as a solar tlare radiation shelter. Assuming a shielding requirement of
2010 25 gm, ¢m-. the shelter will add an additional 115,000 Kg to the basic module mass. Within
the shelter will be provisions for up to five days and controls to operate the complete base on a

standby status
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Table 3.2-12 GEO Base Construction Equipment

Photovoltaic Satellite
$PS 1481
EQUIPMENT ITEM NUMBER REQ'D | EQUIPMENT ITEM MAJOR ELEMENTS f‘%;‘“
® DOCKING CRANES 4 ® CARRIAGE
® gOOM
{rass 25X Kg) ® WINCH SVSTEM
(COST $52M) ® DOCKING PROBES
® CONTROL CAB (2 MAN)
® 2511 INDEXING/SUPPORT 6 ® CARRIAGE
‘| wmacHings . * BOOM
{r:AaSS 1X K} |
(COST $3M) _
® GOM MANIPULATOR/CRANES 4 ® CARRIAGE
' ® ELEVATOR EOOM
(+1AsS 7K Kg) & TRANSVERSE BOOM
{COST $18M) . ® CONTROL CAB (1 MAN)
: ® MANIPULATOR ARMS
® SOLAR ARRAY DEPLOYMENT 4 ® GANTRY/CARRIAGE
MACHINE e DEPLOYMENT CARRIAGE
(MASS 12X Kol ® BLANKET END HANDLER MECH
(COST $45M) ® EDGE ATTACHMENT MECH
© CONTROL CAB (2 MAN)
® SOLAR ARRAY ANNEALING (T8D) (TBD)

MACHINE

ALL COST REFLECT AVG UNIT COST AFTER APPLYING LEARNING FACTOR OF 0.9.
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Figure 3.2-74 GEO Final Assembly Base
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898 1482
Table 3.2-13 Cargo Handling and Distribution Equipment
GEO Final Assembly Base
1
EQUIPMENT ITEM NO. REQ'D | MASS (EA) 103 Kg| COST (EA) $108
® OTV CARGO DOCKING PORT 1 1 4
® OTV CARGO EXTRACTION SYS$ 1
® OTV TANKER PORT 1 1 4
® OTV TANKER CARGO EXT SYS 1
® OTV PERSONNEL DOCKING PORT 1
® PERSONNEL AIRLOCK SYS 2
® CARGO SORTING MANIP/CRANE 1 3 3
® CARGO TRANSPORTER 2 08 2
& 10 MAN CREW BUS . 2 8 4
® TURNTABLES 1%
e CONTROL CABS FOR LOGISTICS
EQUIP 2
e OTV DOCKING 1
® CARGO SORTER 1

Subsystems used within the module are the same as for the LEO construction crew quarters
modu:

3.2.1.2.2.5 Base Subsystems

The two key base subsystems are the clectrical power and flight control systems. An operating
electrical load of 26C Kw has been estimated. Use of satellite type solar arrays results in an array
size of 1700 square meters. Flight control in terms of attitude control. station keeping and transfer
of the base to the longitude location cf the next satellite will make use of a LO4/.H > propulsion
system.

3.2.1.2.3 Environmental Factors

The principal environmental factors that influence the design of the final assembly base or its
operations include radiation. meteoroids., occult itions, gravity gradient and drag and collision with
manmade objects.

tadiation

The major impact of the radiation environment at GEO is the provision of a solar flare rudiation
shelter as described in Section 3.2.1.2.4 and revisions to EVA operations should they be necessary.
Since the natural GEO radiation environment s more sevcre than in LEO when EVA s required
consideration must be piven to either EVA suits with more shielding or shorter EVA periods must
be used in order to not exceed the allowable radiation levels for crewmen,
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Meteoroids
At this time, no dittference has been defined tor the meteoroid environment at GEO versus LEO. In
both cases. bumpers will be used dround all manned modules.

Occultations

The impact of occultations on the GEO base solar array design is less than for the LEO base since
only 88 vccultations occur per vear and with the -uiaximum durations being approximately 70
minutes at the time of the two equinoxes. Shadowing from the base will necessitate external
lighting.

Gravity Gradient and Drag
Gravity gradient at GFO has been estimated to be only 0.47 as -cat as at LEO and drag is

essentially negligible,

Collision
The complete collision analysis has been presented i Section 3.2.1.1.3. The one year final
assembly of the total sateliite adds approvimitely 0.3 of @ collision to the total number of collisions.

3.2.1.2.4 Crew Summarn

The GEO base personnet are sununanzed in the organizational chart shown in Figure 3,2-75, A
total of 63 crew members are required at the GEO base. Table 3.2-14 summirizes the crew size at
both the 1T O and the GEO faahties

3.2.1.2.5 Mas Stmnany
A ROM s tor the GRO final assembly base including 90 days ot consumables is estimated at
880000 Keo A s breakdown ot base is presented in Table 3.2-15.

3.2.1.2.6 Cost Summary

Fhe total umit cost tROM of the GEO base for the LEQ construction option is estimated at 8,172
million of which approsvimately $800 mulhon 1s the basic hardware with the remainder associated
with the wraparound items, Unlike the LEO base cost, the construction equipment cost s greater
than that ot the Taality primarily because there is only one crew module. A cost breakdown is

presented in bable 3.2-1o,
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Table 3.2-15  GEO Final Assembly Base ROM Mass

103kg
FACILITY (680)
FOUNDATION 280
CREW MODULE 335 [>
CARGO HANDLING/DISTRIBUTION 55
BASE SUBSYSTEMS 10
CONSTRU"TION & SUPPORT EQUIPMENT (7%)
SOLAR ARRAY 'NST 50
CRANE/MANIPULATOR 15
INDEXERS 6
DOCKING CRANES 104
ORY TOTAL (855)
CONSUMABLES (90 DAYS) ( 35)
TOTAL 880)

[>|Ncwoes RADIATION SHELTER

Table 3.2-16 GEO Final Assembly Base ROM Cost

$106
FACILITY (382)
FOUNDATION 30
CREW MODULES 300
CARGO HANDLING/DISTRIBUTION 50
BASE SUBSYSTEMS 2
CONSTRUCTION EQUIPMENT (425
SOLAR ARRAY INSTALLATION 165
CRANE/MANIPULATOR 35
INDEXERS 15
BERTHING CRANES 210
BASIC HARDWARE (807)
SPARES 120
INSTALL. ASSEMBLE, C,0 123
SE&I 55
PROJECT MANAGEMENT 15 15
SYSTEM TEST SNAL P ACE 17
ORIGIE L apaLiTY
GSE OF, 200K s
TOTAL (1172)
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3.2.2 GEO Construction Concept

The GEO construction concept is illustrated in Figure 3.2-76 and begins with a LEO staging depot,
which has the capability to transfer payloads from a launch vehicle to orbit transfer vehicles and to
house and maintain the orbit transfer vehicle fleet. Transfer of all payloads between LEO and GEO
is accomplished using L02/ LH, OTV’s. Construction of the entire satellite including antenna is
done at GEO. The reference satellite for the GEO construction option is a monolithic design rather
than modular as in the case of LEO construction.

The following sections describe the coastruction tasks. facilities, construction sequences and the
differences between the GEO construction concept and the LEO construction concert described
in Section 3.2.1.

3.2.2.1 LEO Staging Depot Analy-is

3.2.2.1.1 Operations

The LEO staging depot is sized to support the construction of one satellite per year. The principal
functions of the depot and the number of docking ports required are presented in Table 3.2-17.
One SPS component OTV flight per day is based on a five day a week launch and flight schedule.
As such, the depot must provide accommodations for three launch vehicle payloads: one being the
SPS components and the other two being propellant tankers used to refuel the orbit transfer
vehicles. Since the orbit transfer vehicle propellant loading requires slightly more propellant than
can be provided by two tankers. a storage tank is also provided at the staging depot and is refueled
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Table 3.2-17 Staging Depot Requirements
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every fourth OTV flight. Other docking accommodations are provided for a dedicated OTV used
for GEO crew rotation/resupply on a once per month basis. This operation also requires docking
for supply modules and crew transfer vehicles.

The crew rotation operations associated with the GEO construction concept are illustrated in
Figure 3.2-77. Two shuttle growth vehicles are used to deliver 160 people to the LEO staging
depot once per month. A crew rotation/resupply OTV dchivers the new crev to the GEO con-
struction base. The OTV then retumns to the LEO staging depot with 160 people who have
completed their duty. The two orbiters which delivered the new crew to the staging depot then
return the old crew to Earth,

3.2.2.1.2 System Description

3.2.2.1.2.1 Configuration

The LEO staging depot consists of three crew modules and 15 docking ports for the various system
elements. The tunctional arrangement including identification of those elements having functional
intertaces is shown in Figure 3.2-78. The configuration of the staging depot is presented in Figures
3.2-79 and 3.2-80. (NOTE: The arrangement of the docking ports is slightly different from the
functional arrangement which is the most updated.)

3.2.2.1.2.2 Foundation
The foundation of the staging depot consists of 20m beams forming an overlap grid pattemn
consisting of 2300m of beam.

3.2.2.1.2.3 Crew Modules

Three crew modules have been provided at the staging depot. One module serves as a combination
crew quarters for the 75 people and the operations center tor the depot. A second module is used
as a transient crew quarters to acconmodate 160 personnel which is the quantity that is rotated at
the CEO base cach month. A maintenance module is also included at the depot for repair work
primarily on the transportation systems and payload handling systems. The crew modules have the

same design approach as described in Section 3.2.1.1.2.4,

3.2.2.1.2.4 Vehicle and Payload Handling

The overall concept of vehicle and payload handling consist of having incoming vehicles dock
directly to the depot and then utilize a crane/manipulator to stack the various elements to form the
desired vehicle as shown in Figure 3.2-80. For payloads that are removed from the payload shroud
of the launch vehicle. the docking system is located on a pedestal to allow the removal as shown in
Figure 3.2-80. Payloads are moved around the depot through the use of cargo transporters or the

crane 'mamipulator,

150



D180-22876-5

SRy
e DELVER 80 -
© CREW ROTATION/RESUPPLY
*CREW B {160)
* FLT CONT MOD
*PERS. OO
“,Z SRESUPPLY MODIWLE
*2STG OTV
LEO STAGING DEPOT
* ORBITER XA Y © ORBITER X AND ¥
. uamemm o EA B0 PEOPLE (CREW )
® WAIT FOR CREW A
EARTH
T
Figure 3.2-77 Crew Rotation Operations GEO Construction
P IN2
| | |
MAINT. SPARE | seare { carco . |
MODULE S1G 1 STG2 TANKER
1 , A |
SPARE b cams ! sromace ‘ CARGO
CREW CREW TANKER TANKS | sm61
OUARTERS mooute | 1 l
] ___...___.L..___I__ﬁ._.___.._l_._.l._._
TRANSIENT CREW L' cams | canco CARGO
CREV: MODULE | ST61 TANKER | ste2
QUARTERS 2 —e
»—-.—--——p«.—- —“—1——-—_—1——1—-——
|
RESUPPLY l CR/RS V' cams SUPPLY
MoOULE | STG2 | TANKER |  moDuLE
= [

oo INDICATES PHYSICAL/FUNCTIONAL INTERFACE
CR/RS CREW ROTATION/RESUPPLY

Figure 3.2-78 Staging Depot Functional Arrangement

151



D180-22876-5

TURNTABLE (10 PLCS8)
! cwp

orve AL A S, 'RIGINAL PAGH W
' ~ X ¢ POOR QUALITH

= —— e . e m

| % -~ , R \ . H \‘ ,w
R = N4, m_:._.\ — e
)‘. - _1._ . \.1/ s N 'EXi
INA / - PR 3
| o N 1800
; < asaaanih N
b e — _< —1.~ 200 BEAM a
} " 2 CTVR CRANE~ | RMP : v \ T o socaws
', - "y FJ‘.’ i— ﬁ:Q!/ Cﬂ} .’j\*i i i:%ﬁ'&mw
b\ g — i-\\ﬂ /t A »"‘ N /.&\-H."—’:('a‘ CMP ! . . rg..:‘_" vemas
TCQ! ¢ -2 -v 3 A - “— — « ' » Tamad » wocumm0
\:" ot \\ -~ AN - , \_/“m" ’.: ' o “'?wu&mal
e L v e ey, - - N s ONS - omm Taumste vimELE
R "y = . ® P rmoeta et T
b > : j }\Y\/ R o~ ooy
S . ~ ‘ RELC RS S ; 0 - cmosm.
& l\ _4' 4 hd \\\ LS AN P - > OO -~ TRANDENT Chow GAMITING
A TN TR T i 5 A o R o
1 A . \... »—ia.r - v Xt__ P e A .-
g RNP A
e 2002 ~Zw-
i ]
Figure 3.2-79 LEO Staging Depot
~X
>'ﬁ/?
st 1M
o .. CRANE/
Py MANIPULATOR
3 ;
{ § T“
& 3 >
& 3
2 b = \.z
tol . < .RMP }\E
¥ e S
SHUTiLE  ~ CTM V70~ 1/{’} %, TRACKS, S
ORBITER {, ' — = for A ONTRET AR
Tgmeasd . \ VALY \ \
RS Ii_ _ :. - \-/ XX ", A\
‘ § . / 7
N -
"vf\, \ \

A-A



ORIGINAI PAGE I8
D180-22876-5 OF POOR QUALITY
3.2.2.1.2.5 Propellant Storage and Distribution

Under normal conditions, one cargo OTV flight per day requires 830,000 Kg of propellant. Two
propellant tankers can deliver and transfer directly to the OTV 720,000 Kg of propellant thus
resulting in 2 110,000 Kg deficit. The remaining propellant is then proviaed by a third tanker
which can again transfer directly to the OTV or to a storage tank which cun in turn transfer the
propellant to the OTV’s. This results in the storage tanks being sized to hold all of the propeliant
from one tanker (360,000 Kg). A larger storage capacity hus not been provided since if the tankers
are unable to reach the staging depot due to weather, etc., launch vehicles delivering satellite com-
ponents would also be cancelled. At this point, the only justification for more storage is for the
casc of the ground propellant production capability being restricted or shut down for a short time
period while the payloads could still be launched. This case, however, is <peculation. A more
complete analysis of the logistics associated with material and propellant will be conducted in

Part 111 of the SPS study.

The method used to transfer propellant from one vehicle to another is that of capillary acquisition
using suspended screen channels as defined by General Dynamics in study NAS9-15305. A total of
15 hours is assumed for the transfer of 830.000 Kg of propellant when using this transfer approach.
A liquifaction unit is also included to minimize the effect of boil-off.

3.2.2.1.2.6 Base Subsystems
Primary Power is provided by 2 body mounted solar array with blanket characteristics the same as

for the satellite. The array is sized for a load of 1000 Kw as shown in Table 3.2-18.

Table 3.2-18. Staging Depot Power Requirements

ECLS 300
Internal Lighting 9
External Lighting 60
Information System 15
Propellant Management _35
Base Load 500 Kw
Sec. Power Recharging 300
Conditioning 100
Distribution __I_Og_
Total 1000 Kw

The basic solar array for the load would require 7000 m= however with fixed body mounted cells a
total of 35,000 m Zis required.

Nickel hydrogen batteries are used for the sccondary power system used during occultations.
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A total power system mass of 30.000 Kg has been estimated,
The flight control;station keeping capability is provided by a LO»/LH 5 system.

3.2.2.1.3 Eavironmental Factors
The environmental fuctors tor the LFO stagins. depot are the same as discussed for the LEO
construction base in Section 3.2.1.1.3.

3.22.1.4 Crew Summary

A crew size of 72 has been estimated to operate the LEO staging depot. Again this value is based on
work schedules of two shifts cach 10 iwours per day and 6 days per week. A breakdown of the crew
15 presented in Table 3.2-19 )

3.2.2.1.5 Mass Summary
A ROM muass of 730.000 Kg has been estimated. A breakdown of the mass is presentc-d in Table
3.2-20. Mass estimates tor the propellant storage and distribution were based to some degree on the

General Dy nannies study results,

3.2.2.1.6 Cost Summary
A total ROM umit cost tor the LEQ staging depot has been estimated at $1130 million with the
basic hardware contributing N783 nuthon and wraparound cost the remainder ot the total. A

breakdown of the cost estimate s presented in Table 3.2-21,
3.2.2.2 GEO Base Constriction Analysis
3.2.2.2.1 GEO Operations

3.2.2.2.1.1 Top-Level GFO Construction Tasks

The top-levet construction tasks 1o be performed usig the GEO construction approach are the
following.

Construct trame assembly

Install solar array

Install poser busses

Construct install 2 y oke assembhies

Construct install 2 aniennas

Install attitude control system

Install subsy stems
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Table 3.2-19 LEO Staging Depot Crew Summary

FUNCTION

MANAGEMENT
DEPOT OPERATIONS
FLIGHT CONTROL
COMMUNICATIONS
DATA MANAGEMENT
UTILITIES
SUPERVISOR
HOTEL MANAGEMENT
MANAGERS
COOKS
VEHICLE AND DEPOT MAINTENANCE
STRUCTURE
MECHANICAL
AVIONICS
SUPERVISOR
VEHICLE AND PAYLOAD HANDLING
STATUS
DOCKING
ASSEMBLY
SUPERVISOR
PROPELLANT MANAGEMENT
TANKER OR HOLDING TANK
SYSTEM STATUS
TRANSFER OPERATION
MISCELLANEOUS
ORBIT TRANSFER VEHICLE
SYSTEM STATUS
TRANSFER OPERATION
MISCELLANEOUS
SUPERVISOR

GEO Construction

(2)
{2)
(2)
L))
{2)

{6)
(6)

{2)
{6)
{6)
{6)

{4)
(4)
{4)
{2)

(2)
(2)
2)

(2)
2)
(2)
{2}

15§

TOTAL

QUANTITY

12

12

16

14

14

72
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CREW MODULES

BASE SUBSYSTEMS

VEHICLE AND PAYLOAD
HANDLING

PROPELLANT STORAGE
AND DISTRIBUTION

CONSUMABLES
(90 DAYS)

FOUNDATION
CREW MCDULES
BASE SUBSYSTEMS
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Table 3.2-20 LEO Staging Depot ROM Mass

DRY TOTAL

TOTAL

Table 3.2-21  LEO Staging Depot ROM Cost

F!RST SET

VEHICLE AND PAYLOAD HANDLING
PROPELLANT STORAGE AND DISTRIBUTION

SPARES (15% D

INSTALL, ASSEMBLY, C/O (16%)

SE&! {7%)

PROGRAM MANAGEMENT (2%)

SYSTEM TEST (3%)
GSE (4%)

D % OF BASIC HARDWARE

156

BASIC HARDWARE

TOTAL

103KG

15
590

40

750

($106)

645

120
15

$785
115
125
55
15

25
30

$1130
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3.2.2.2.1.2 GEO Construction Base

GEO construction of the photovoltaic satellite will require two separate facilities at GEO as shown
in Figure 3.2-81. One facility is used to construct the satellite while the other is used to construct
the antenna. These facilities are similar in size and in function to the LEO construction facility
described in Section 3.2.1. Therefore, these facilities will only be discussed in terms of their dif-
ferences relative to LEO construction base facilities,

It should be noted that, while in the figure these twe facilitics are shown to be separated. in opera-
tional use, the antenn~ facility will be attached beneath the satellite facility most of the time. It
will be detached only when the antennas are mated to the yoke. This is described in the following
sections.

3.2.2.2.1.3 Top-Level Construction Sequence

The top-level construction sequence is shown in Figure 3.2-82. Note that the satellite facility must
index both laterally and longitudinally. The operational sequence involved in mating the antenna to
the yoke is shown in Figure 3.2-83. The overall umeline tor the GEO construction concept is
presented in Figure 3.2-84.

3.2.2.2.1.3.1 Alternate Antenna Construction Options

Several alternate antenna construction instaliation options were investigated for the GEO construc-
tion option. These options are illustrated in Figures 3.2-85 and 3.2-86. Two main categornies of
options were identified. The first considers the case where there is only one antenna facility but has
two suboptions in the form of: 1YIA, the antenna tacility s always contiguous with the satellite
facility as in Figure 3.2-85 and 2) [B. the antenna tacility is independent of the satellite facility as
in Figure 3.2-86. The sccond main option. 11 makes use of two antenna facilities as shown in
Figure 3.2-80.

One of the most significant criteria used inassessmza the options s that of the logistics problem in
getting satellite and antenna components to their required lociation. This factor becomes a2 major
issue since faunch cconon.ics (payload component densities) forees both ty pes of components to

be in each delivery from Farth. Other factors considered in the assessment include antenna instal-
lation complexity, redundancy i orvital systems and facility design. The particular problem(s)

with cach of the investigated alternatives is indicated in the figures.

3.2.2.2.1.4 Detailed Construction Task Analysis
The construction of the sateflite, antenna, and yokhe will be accomplished identically to that
described in detail in Section 3.0 1. 1. 1.4,

3.2.2.2.1.5 Construction Equipment Summary

Since ihe construction operations are virtual'y identical to that described tor the LEO construction

concept the construction equipment previously given in Pable 3.2-1 also applies.
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3.2.2.2.2 GEO Construction Base Description

3.2.2.2.21 Configuration

The genceral configuration of the construction base for the GEO construction option is essentially
the same as for the LEO construction base descnibed in Section 3.2.1.1.2 but has a few small
variations. One of these variations oceurs in the torm of outriggers on the side of the satellite
construction facility. Each of these four outriggers is approximately 700m in length which allows a
completed portion of the satellite 1o be indexed laterally one bay length so it is outside construc-
tion area so additional sections of the satellite can be constructed.  This particular operation was

shown previousdy an Figure 3,2-82,

Another deviation of the GFO construction base is that the antenna construction facility is designed
<o that it ¢can be separated from and reattached to the satellite construction facility.  This operation
iy necessans in the nstallation of the antenna as previously discussed in Section 3.2.2.2.1.3,
3.2.2.2.2.2 Foundation

The toundation or structure of the construction base has been assumed 1o be the same as tor the
LEO construction base descibed in Section 320,122

3.2.2.2.2.3 Cargo Handliag Distribution
This sastem moves cargo and personnel dround the base and s essentially the same as desenibed for

b

the LEO construction base m Secnon 3.2 11,23,

3.2.2.2.2.4 Crew Modules

Ten crew modules including sin crew gquarters modides are also used 2t the GEO construction base,
The defintion of these modules is esseninally the same as for those descnibed for the LEFO con-
struction base in Section 3.2 1 1.2.4 with the exception that cach of the crew quuarters modules has
an cighth deck that senes as a solar flare radiation shedter. The mass penalty for cach of these

shefters is estimated to be 113,000 He.

3.2.2.2.2.5 Base Subsystems

The clectrical power system tor the base consints ot satellite ty pe solar arrays for primary power and
mchel hyvdrogen battenes dunmg occultation. Since occultations at GEO are of very short duration
and occur ven infreguenthy (88 times per year) it has been assumed the construction work will shut
down durmge these periods and have no appreciable effect on the umehne. Because the nickel

I drogen system does not need recharzing eveny day the total power requirement 1s 2600 Kw rather

than 3200 Kw as tor the LEO construction base.

A LO~ LH~ thght control ssstem i used to satisty the functiows of atiitude control. station

heeping and morvement of the base to the next satelhte location.
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3.2.2.2.3 Eavironmen*al Factors
Environmental factors including raciation, meteoroids, occultations, gravity gradient and drag and
vollision with manmade objects are the same as discussed for the GEO final assembly base in
Section 3.2.1.2.3.

3.2.2.24 Crew Summary

The crew size for the GEO construction base is judged to be the same as for the LEO construction
base or 480 since essentiallv the same tasks are being perfermed during the same time period. A
breakdown of the crew would be similar to that defined in Section 3.2.1.1.4.3.

3.2.2.25 Mass Summary

A ROM mass of approximately 6.5 million kg has been estimated for the GEO construction base. A
summary of the estimate is presented in Table 3.2-22. This mass is approximately 0.7 million kg
heavier than the comparable LEO construction base primarily as a result of the additional mass of

the solar flare radiatiorn. shelters.

3.2.2.26 Cost Summary

A ROM unit cost of approximatels $7.5 billion has been estimated for the GFO construction base
A summary breakdown is presented in Table 3.2-23. This base is approximately S0.5 billion greater
than the LEO construction base again pnimarih duc to the cost associated with the radiation
shelters.
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Table 3.2-22 GEO Construction Base ROM Mass

(103KG)
FACILITY {5750)
FOUNDATION 2500
CREW MODULES 2690
CARGO HANDLING/DISTRIBUTION 400
BASE SUBSYSTEMS 60
MAINTENANCE PROVISION 100
CONSTRUCTION & SUPPORT EQUIPMENT (515)
STRUCTURAL ASSEMBLY 80
SOLAR ARRAY INSTALLATION 60
POWER DISTRIBUTION INSTALLATION 20
SUBARRAY INSTALLATION 30
CRANES MANIPULATORS 255
INDEXERS 70
DRY TOTAL 6265
CONSUMABLES (90 DAYS) 270
TOTAL 6535
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Table 3.2-23 GEO Construction Base ROM Cost

FIRST SET
$106
FACILITY (3610)
FOUNDATION 250
CREW MODULES 3020
CARGO HANDLING/DISTRIBUTION 330
BASE SUBSYSTEMS 10
MAINTENANCE PROVISIONS -
CONSTRUCTION AND SUPPORT EQUIPMENT (1555)
STRUCTURAL ASSEMBLY 350
ENERGY COLLECTION AND CONVERSION 165
POWER DISTRIBUTION INSTALLATION 75
SUBARRAY INSTALLATION 80
CRANES/MANIPUL ATORS 760
INDEXERS 125
BASIC H-RDWARE {5165)
SPARES 775
INSTALLATION, ASSEMBLY, C/O 825
SE&I 360
PROJ MANAGEMENT 100
SYSTEM TEST 155
GSE 208
TOTAL {7585)
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3.3 THERMAL ENGINE SATELLITE CONSTRUCTION

This section contains the construction analysis of the thermal engine satellite configuration shown
in Figure 3.3-1. There are two construction approaches that were analyzed: 1) LEO construction—
the satellite is assembled in modules at LEO and transported to GEO ustng self-powered electric
thrusters, and then the modules are attached at GEQO, and 2) GEO Construction—the satellite is
constructed in modular fashion at GEO.

The LEO construction approach is developed in detail while the GEO approach is examined for its
differences relative to the LEO construction approach. In the following sections. the construction
tasks. facilities. assembly sequences. macuinery. logistics and personnel are discussed.

3.3.1 LEO Construction Concept

For the thermal engine satellite. the LEO construction concept s' in Figure 3.3-2 entails con-
structing 16 modules and 2 antennas at LEO. individualiy transporung each module to GEO using
self-powered electric propulsion, and at the GEO the modules are attached to form the complete
satellite and the antennas erected.
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Figure 3.3-1. Thermal Engine Satellite Configuration
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The construction operations at the LEO base are described in Soction 3.3.1.1. The GEQ base
opcerations are described in Section 3.3.1.2,

3.3.1.1 LEO Base Construction Analysis

3.3.1.1.1 LEO Construction Operations

3.3.1.1.1.1 Top Level LEO Construction Tasks
The construcaon tasks to be accomplisied at the LEO base are summarized i Figure 3.3-3. Fach

of these tasks are discussed in detail in tollowing sections,

3.3.1.1.1.2  LEO Construction Base
The construction base to be used at LEO v shownain Figure 3,34, The base consists of three
construction arcas 1) the voke and antenna construction area, 2) the reflector construction

factony . and 3) the tocal pomt factony. The base s desenbed m more detilin Section 3,311,

3.3.1.1.1.3  Top-Level Construction Sequence and Timeline

The retlector, the tocal point and the antenna Yy ole assemblies are constructed m parallel,

Figure 3.3-53 shows how the retlectorn is assembled. This assembly operation is discussed iy detait in
Section 3311 141,

Figure 3.3-0 shows how the focal pomt assemdly s constructed. The details of this assembly
operation s discussed m Section 3 310142
Frgure 3 3-7 shows how the yohe anteana asseinbly s constructed. The detarls of these assembhy

operations are discussed e Sections 33 1 Sand 331 Lo

These retlector and tocal pomt subassembhes are connected to form a complete madule and then

the module s indexed out of the construction facihity as shown i Fgure 3.3-8,

1he yoke and antenna constriction pooceed concurrenthy wiith the construction ot cight modules.
The antenna and yoke assembhies ar then attached to the 8thoand Toth maodules via g hinge

asembl

The top-level construction timchne is shown in Figure 3.3-9,

330004 Module- Detailed Construction Task Analysis

The moduke s composed of the retlector and the tocal pomt assemblies Fhe reflector construction

detanls are gnven m Section 3 2.4 11041 and the tocal pomt constructhion detals ate ginen in
Section 33,1142,
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3.3.1.1.1.4.1 Reflector Assembly

The retlector structure is a spherical disk constructed from tetrahedral structural units. The basic
structural unit ic shown in Figure 3.3-10 along with the structure assembly machine. This machine
incorporates 9 strut assembly machines and 7 joint fitting installation mechanisms similar to those
described in detail in the photovoltaic satellite structure construction section. A pyramid and a
triangke are assembled in two separate areas of the machine. The triangle is assembled directly to
previonsdv irstalled structure.  After its assembly . the pyramid section is transported and connected
to the v, .nglc and to previously installed structure as illustrated in Figure 3.3-11.

Using the timing constraints imposed on the beany machine described previously. it was found that
five of these structure assembly machines must operate in parallel in order to finish the retlector

within 14 dayvs. Two operators are assigned to each machine cach shitt

Facet Deployment

The henagonal etlector facets are attached directly to the retlector structure via spring-tensioned
rocker amms. Figure 3.3-1 2 shows the facet deployment machine that could be used to perform this
task. Figure 3.3-13 shows details of this machine. Figure 3.3-14 shows the facet deployment

]quenee,

Five of these facet deploy ment machines are required. Two operators are assigned to cach machine

cach shitt.

Integrated Structure Assembly and Facet Deployment Sequence
T'he tive structure assembly machines and the five tacet deploy ment machines opesate along the
cuncd surface of the reflector facton as was shown i Figure 3.3-5 and an a stasgered alignment as

shown in Figure 3.3-15,

In order to construct the cunced dshe it s necessany to move the facton up and down through a
range of 140m and to rotate 12 through 79 as shown i Figure 3.3-16 This facton reorientation
i accomnbiched at the cnd of oach saee o the machiigs.

3300142 Focal Point Assembly

Fhe tocal pomt assembhy s composed of the following subassemblies

° Structure ancludimg tegsy

Cavity

Compound Parabolic Concentrator (CPC)

F ngme \ssemb!

b ieie Radator

actator Radator

e  Spme anchudes power busses)
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These subassemblies are constructed concurrently in dedicated assembly areas on the focal point
tactory as shown in Figure 3.3-17

In the tollowing sections, the cunstruction of cach of these subassemblies is described separately
and then an integrated construction sequence is shown.

Major Subassemblies Construction Concepts

Structure—The structure is fabricated and assembled by a collection of beam machines and manipu-
lators operating trom the various surfaces of the focal point factory as shown in Figure 3.3-18.

The 20m beam legs and the antenna support structure are assembled by beam machines and crane/
manipulators that operate from the side rails of the tacility as shown in Figure 3.3-19.

Cavity and CPC—Tie cavity and CPC are constructed on turntables in their respective assembly
arcas. These assemblics are constructed in a two-step. two-station sequence using the construction
equipment shown in Figure 3.3-20.

At Station 1. the exoskeleton is fabricated by two 3m beam machines and a 20m crane!
manipulator. One of the beam machines makes the longitudinal beams and the other beam muachine
makes the laterals. These beams are interconnected by the mampulator. The frame is pericdically

attached 1o the turntable which is used to index the assembly through the assembly stations.

At Station 2. the panels are trunsported to their assembly location by a conveyor system that can be
inserted into and retracted out of the inner recesses of the cavity or CPC. The panels are removed
from the convesor and attached to the frame by a panel installation machine. On the cavity pancl
installation machince there is incorporated another manipulator that is nsed 1o weld the marifeld

pipes.

Engine Rib Assembly—The thermal engine assembly is composed ot 10m beam to which 1s attached

the thermal engine pallets. the piping assoctated with the radiators, and the collector power busses.

This integrated assembly can be produced in a 3-bay subasseribhy factory as shown in Figure 3.3-21.

The completed assembly will be “extruded™ from this tactory gt a rate that matches the
“extrusion” rate of the engime radiator factory discussed in the nest paragraph. This allows the

radiator manitold pipes to be welded to the engine manifolds within the facihity.
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Radiators—The thermal engine and the generator radiators can be produced using a 3-station
assembly line as illustrated in Figure 3.3-22,

At the first station, the pipe sections are deliver -1 by a conveyor system to assembly positions
where pipe welders attach the pipes end-to-end. The completed pipe is index :d ahead a short
distancc. The secoud pipe is then similarly assembled. These two pipes are then attached together
by pipe brackets installed by pipe bracket installation machines. The completed 2-pipe set is then
indexed to Station 2. ‘

At Station 2, the meteoroid bumpers are attached to the pipes in a 2-step assembly operation.
After the bumpers are installed, the pipe set is advanced to Station 3.

At Station 3, the radiator panels are conveyed to their installation positions. A panel installation
machine extracts panels from the conveyor and moves the panel to the final assembly position
where the ends of the panels are welded to the manifoiu pipes. The complered assembly is then
indexed out of the radiator factory.

$PS 1423 RIADIATON UFPER
PANE" i)
INSTALLATION / ISTALLATION
oLD
{ i b re AsSY vt
‘I 1 | L LOADED FROM
« ASERoUD i \"’"""’

o ouur< - —~ .n':tnuun
( \ R S
D
~

- ; . .. g REMOVE @
_ oo . MADIATOM FROM
. - - CONVEVOR aaoIATOR
e rd A
RAOIATOR PAREL - - =, DOWN TO
. N ans ASSEVALY
CONVEYOR —\ g LTS POSITION ® DIRECTION
LOADED - -
FROM THIE g - - N
DIRECTION >
— g * ‘4 v
-~ // by ’ LS ',
¢ s “WiLD RADIATOR R\ RADIATOR SSSEMELY LRJE
g P BN { \ Tomarow 1
o -~ // — RASIATOR , ANEL
- - ¥ MANPULATOR
g pd T ~WELOE®

/ / - . 129 I PANEL)
- /// ’é"“.’ //"FM— PANEL mmu:‘-::‘u CHINE
Figure 3.3-22. Radiator A_sembly
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SPINE —Thve spine is composeu of a 20 m beam. Some of these spine beams will have power busses
attached. This spine assembly can be produced Py a machine concept as shown in Figure 3.3-23.

Integrated Focal Point Construction Sequen ce—The various subassembly operations just described
all proceed in parallel in an irtegrated scquence as shown in Figures 3.3-24 and 3.3-25.

3.3.1.1.1.3 Antenna-Detailed Construction Tack Analvsis

The antennas are constructed in the antenna factory iociated below the reflector factory  The
antenna construction details are identical to that described in the photovoltaic satelite antenna
construction (Sec. 3.2.1.1.1.5) with ti.c exception that for the thermal engine satellite. the antenna
is constructed upside down. This difference is due to tue thermal engine satellite’s umiqgue antenna

hinge system.

3.3.1.1.1.6  Yoke—Detailed Construction Task Analysis

The vy ohe configuration s similar to that used on the photovoltaie satellite The sigmificant difter-
ence s that the thermal engine satellite yoke has an oftfset™ in it with an extra turntable. .\ hinge
assembly s alse required.

Construction o the voke asseinbly tor the thermal engme satellite requares a special platforny and

rotating boom & shown in Figure 3 3-20 since no overhiead construction provisions gre avatlable m

the {ower arca ot the construction base.

The sequental mating ot the antenna-to-y ohe. linge-to-y ohesand antenna voke hinge-to-reflecton

was previotshy shown n Figure 3.3-7.
3.3.1.1.1.7 Subassen:blies

Manmy of the subassembhies discussed in Section 3201 1.1.7 are required s satelh brgure 3.3-

3.3-27 shows the subassemblies requare .
3.3.1.1.1.8 Constrnction Fanipment Summary

[he maor equipment used to construct the thermal engine satellite and their characteristios s pre-

sented m Table 3 3-10 Shests Vo through 6.
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Figure 3.3-23. Spine Assembly Machine
pA

e CAVITY 1/2 COMPLETED

® CPC 172 COMFLETED

* GEN RADIATOR 1/2 COMPLETED

* RADIATOR A CONPLLTED

* RADIATOR A ATTACHED TO CAVITY

FRAME ASSEMBLY
CPERATIONS NOT
SHOVIN FOR CLARITY

NOTE:

® RADIATOR A ROTATED AS
CAVITY IS INDEXED
DURING ASSERMOLY

e CFC COMPLETED

* CAVITY COMPLETED

* RADIATOR 8 COMPLETED AND ATYACHED
TO cAVITY

® GEN RADIATOR COMPLETED AND
ATTACHED TO BEAMS

Figure 3.3-24. Focal Point Construction Sequence
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FRICEEDING OPLRATIONS)

Figure 3.3-25. Focal Point Construction Sequence
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SPS 1467 Table 33-1. LEO Base Construction Equipment  Sheet |
I NUMBER REQD EQUIPMENT ITEM MAJOR NO. REQD
L EQUIPLERTITEM REFL |FOC PTIANT][vOKE[SUBASSY ELEMENTS ITEM
e im ® CARRIAGE 1
® o. hu.\'_ 02!’\2 ASSEMSLY 5 ° STRU‘. ASY w ’
MACHIN ) ® JOINT FITTING MACH 7
reass 11K kg . ® INDEXING CARRIAGES 6

| OSTSIE AL ® JOINT FITTING CARROUSELS 7

; - ® CONTR0L CABIN (2 3IAN) 1

' ® STRUT MAGAZINES s

e CARRIAGE 1
e rACET CEPLOYMENT MACHINE | 5 o FACET STORAGE MAGAZINE 1
| hass 13% Kg} o FACET FEED LIECH. 1
COST 82 o FACET DEPLOYAENT MECH, 4
! o RCCKER AR GEPLOY MECH. 1
a CONTRC! CATIN (2 MANY 1
e 20 MANIPULATOR/CRANE 7 2 10 ® CARE!AGE 1
i > cect D B> e ELEVATOR BOOM 1
Y cavirvi ® TRANSVERSE 200M 1
E%GiNES 2 ® MAKIPULATOR ARMS 2
soinE 2 ® CONTROL CABIN (1 MAN) 1
Zi/\ THUULTEAS 2
! €. CIaR2
STGUCTURES 4
meass3X wg

I et B

e 3110V U 2IrULATORCRANE 3 8 0

: > T ‘:'f‘.;s'z => (SAME AS ABOVE EXCEPT

| eeacs I 2%1AN CASSY
;@ 7 SO TTULATORCRANE 2 {SAME AS ABOVE EXCEPT
!L : N 2 %AN CABS)
A {1 1 TABLE REFLECT AVG COST PER UNIT AFTER
- ATFININ3 LLARNING FACTOR OF 09,
SPS 1268 Table 3.3-1. L£O Base Construction Equinment  Sheet 2
i NUMBER REQD EQUIPMENT ITEM MAJOR
ECUTTVENT ITEM REFL|FOC P ANT| vOxE|SuBASSY ELEMENTS
. P ® CARRIAGE 1
® 20\t BF A% VMACHINE 1 ® YOXE ASSY 1
> STINE2 @ ® STRUT ASSY MACH 9
v LEGS 2 ® JOINT FITTING MECH 3
{"1ASS 20X xg) ® INDEXING CARRIAGES 6
{COST Saatss ® STRUT “IAGAZINES 8
® JOINT FITTING CARROUSELS k]
® CONIROL CAB (2 MAN) 1
® 0% QAN MACHINE 8
SUPERSTRUCTURE 6 B>
ENGINE RIB 1
CAVITY RING 1 (SAME AS ABOVE) ()
(1ASS 11V Kg)
(COST 85307 —

® S.UEDAM MNACHINE 4 2 1

~

B> cavITY2 > [SAME AS ABOVE EXCEPT ()
(1ASS TN Kgy 1 MAN CAB!
(COST €371

. & (:r»uw,“ne BCAM MACHINE ! (SAME AS ABOVE EXCEPT {1

I ICOST ST ! MAN CaB)

o Ji-.5 HETK §

P g\.‘;‘:};lEIhACI?BLE BRIDGE o CARRIAGE '
(COST ) ® SYRUCTURE 1
s A 10G 1
T ‘RETRACT‘ 8LE BRIDGE » CARRIAGE .
oSt ) ® STRUCTURE 1
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SPS 1469 Table 3.3-1. LEO Base Construction Equipment  Sheet 3
NUMBER REQD EQUIPMENT ITEM MAJOR NO. REQD
EQUIPMENT ITEM REFL [FOC PT|ANT] YOKE ELEMENTS ITEM

e YOKE ASSY BCOM 1 o HINGE ASSY 1

IMASS ) & BOOM STRUCTURE 1

1COST )

& BUS DEPLOYMENT MACHINE 3 1 2 ® CARRIAGE | 1

REQ'D ON YOKE MACH ONLY * BOOM 1
ks, - 8O0 :grﬁ :(s;o-o ouj:lleus ® A BUS DEPLOY MACH ]
MACH G ASSY ® B BUS DEPLOY MACH 1
ONONEOF THE YOKE e ® CONTROL CAB (2 MAN) 1

(MASS 3K Kg)

{COST $214)

@ SPINE ASSY AACHINE 2 ® CARRIAGE 1
INCLUDED IN 20M BEAM o 20°4 BEAM AACH v B
MACH COUNT ® STRUT ASSY MACH 1
INCLUDED IN 20M ® 2021 MANIPULATOR/CRANE 1
MANIP/CRANE COUNT ® BUS DEPLOYMENT MACH 3
INCLUDED IN BUS ® CONTROL CAB (2 MAN) 1

. DEPLOYLIENT MACH COUNT
™ASS 5K kg)
| {COST s2504)

CAVITY ASSEMBLY AREA EQUIP ® SM BEAM MACH 2
INCLUCED IN 5M BEAM ® 2001 MANIP/CRANE 1
MACH COUNT ® PANEL INST MACH 1
PANEL CONVEYOR AND ® PANEL CONVEYOR 1
PANEL INSTALLER e CONTROL CAB (2 MAN) 1 B»
OPERATORS USE THIS ® TURNTABLE 1
CAB

(MASS 10X K3

{COST S$20M) _

SPS 1470 Taole 3.3-1.  LEO Base Construction Equipment  Sheet 4
NUMBER REQD EQUIPMENT ITEM MAJOR NO, REQ'D|
| —
EQUIPMENT ITEM FEFLIFOC PTIANT] YOKE [SUBASSY ELEMENTS ITEM
e CPC ASSEMBLY AREA EQUIP
{H1ASS 10K Kg) {SAME AS CAVITY ASS'Y AREA) {)
{COST $20°1)
® THEAMAL ENGINE ASSEMBLY ® ENGINE PALLET CONVEYOR 1
LINE ® ENGINE PALLET ELEVATOR 1
® 10M BEAM MA 1
B> wcLuDED '"‘;::;:“ . 2& zAmwcnc:NE 3
BEAM MACH ® BUMPER INSTALLER 1
Eb INCLUDED I 20M e BUS DEPLOYER 1
MANIP/CRANE COUNT o PIPEWELDER > 2
* BUS WELDER 1
INCLUDED IN BUS ? 1
® DEPLOYER COUNT © CONTROL CAB {2 MAN)
B>  ATTACHMENTON
MANIP/CRANE
{MASS 14K Kg)
{COST $45¢1)

e ENGINE RADIATOR ASSEMBLY ® CONTROLU CAB {15 MAN) 1

LINE ® PIPE WELDERS ”

K K ® BRACKET INSTALLERS 17

(MASS 277 Kg) e BUMPER DEPLOYER 2

(COST $130M) e PANEL INST MACH 2

o INDEXING GANTRY 1
® WELD TESTER 3
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SPS 1471 Table 3.3-1. LEO Base Construction Eq »ment  Sheet §
NUMBER REQD EQUIPMENT ITEM MAJOR NO. RECD
EGUIPMENT ITEM REFL | FOC PTIANT] YOKE [SUBASSY ELEMENTS ITEM
® GENERATOR RADIATOR ® CONRCL CAB {5 MAN) 1
ASSEMBLY LINE EQUIP ® PIPE WELDER 1
(r1ass 11K xg) & BRACKETY INSTALLER 1
iCOST S2021 e BUMPER DEPLOYER 2
® PANEL INST MACH 1
® INDEXING GANTRY 1
® YELD TESTER 1
® SUBARAZY TEST MACHINE 1
® 10M INDEXING. SUPPORT MACH '}
. e 13KKg
® 4271 INDEXING.SUPPORTMACH | 8 6] 2 ® S350
. - e 5Kg
® 200M INDEXING SUPPORT MACH 2 ° 2 9!“_9
e BUS BAR RUOD BENDER 1
® BUS BAR WELDIR 2
® RADIATOR PIPE WELDER 1
¢ STRUT ASSY MACHINE
3SIZES) n
e CONTROL CABS {2 MAN) 4
SPS 1472 Table 3.3-1. LEO Base Construction Equipment  Sheet 6
= KUNBER REQUIRED EQUIPMENT ITEM MAJOR 10. REQD
CQUIPWENT ITEM REFL| Foc PalanT] vOKke [susassy ELEMEITS ITEM
® DEPLOVAIENT PLATFORM ® CONTROL CAB i2 MAN) 1
INCLUDED IN 20M ® CARRIAGZ/FRAME ASSY
et A ATOE h
UL 103 CTANE COUNT e SECONDARY STRUCTURE 3
ST Ssoa INST. TELESCCPES

® SECONDARY STRUCTURS
GANTRY

& GANTRY
® 203 MANIPULATOR
o DETELESCOPING MACH

® SUSARRAY DEPLOYER

® GANTRY

e ELEVATOR

o DEPLOYER
MAGAZINE
CARRIAGE
OFPLOYMENT MECH
CONTROL CAB {2 MAN)
ATANIPULATOR

4

-

- b wd b b
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33.1.1.2 LEO Construction Base OF POOR QUALITY

33.1.1.2.1 Configuration

The overall configuration of the base has previousiv been presented i Figure .34, No additional
detail was developed. Crew modules are located near the antenna construction facility.

3.3.1.1.2.2 Foundation

The toundation or structure of the base generally usexs 20 m beams forming cither 100 m or 200 m
trusses. A\ total requirement of S00.000 m ot 20 m beam was estimated.

3.3.L.1.2.3 Cargo Handling Distribution Sy stem

The peculiar configuration of the themal engine satedlite facilities has created a necd lor a signifi-

cantly more complex fogstics svstem than was desenbed for the photovoitae satelhite.

The themmal engine satellite facility logistics network for the lower construction arcas and focal
portare shown respectnedy  Figures 3.3-28 and 3.3-79 A Jogistic network also i required on
the reflector facton and up and down one of the construction base legs.

bR ]

Asamman of the carge handhng and distnbunion cquipment s presented i Table 3.3
31124 Crew Modules

Tire types of crow madules used for the thermal engine satetlite construction age the same as tor the
photovoltae sateilite desenbed m Section 3211240 theee additional crew quartens modules
ttotal of N are requured however. simce the themual engime satellite requires 300 additional people

for construction,
I.3.1.1.2.5 Base Subsystems

he clectiical power syatem agam rehies on solar arrays for priman. power and michel by drogen bat-
tenies dunmyg the occultanion penods - Solar cells having 147 etficieacy (10 m: RKw Y were used tor

the thermal engme satellite construction base rather than 177 as tor the photovoltaie satelhile since
for 4 thermal engine satelhite program, it was judged that not as much emphasis would be placed on

mproving the pertormance of solar celis,

Lhe power load for the RO thenmal cagime constroc ot base 13 0,000 Kw rather than 3,700 Kw as
for the photovoltae satellite construction base due to the 300 additional people and more construe-

tron equupment
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Figure 3.3-28. Lower Construction Area Logistics Network
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spsggs . Table 332 LEO Base Logistics Bqnipment —
NUMBER REQ'D RASS (EA) OOST {EA)
Eﬁumsm ITEM - REF my _Jo3Ks 1 - Si06m
e uuvcmuecxmmr -2 {2 & "
2 MLLV CARGO EXTRACTION £Y8 2 324 B} 3 [
“» RLLV TANKER DOCKING PORYT T3 E ) - 6 11
® HLLV TANKKER CARGO Extnacrmsvmn . k¥ 3 3 _ 6
» 0TV TANKER DOCKING PGRY . R - 2 I °7
« OTV TANKER LOADING SYS - - 2 - ) i
o SHUTTLE DOCXING PORT o 13 }
o SHUTTLE GROWTH BOCKING PORT. = 12 ] -
o PERSONNEL rwsﬁﬂswcxm ) 64 - -
o GANTRY CRANES . -} 2 72 - ) a ‘8
& TRANSPCRTER ELEVATOR - - 3 3 -
o [RANSPORTER INVERTER R P 3 .
® CARGO SORTING nmtmumiy ; R B -
- TRANSPORTER - = e = N0 I N
« CARGO TRANSFER mmuuroa o 2 s R S
e ANTENNA ELEVATGR TR 2 -
e GARGO TRANSPORTERS - 1 |10 05 2.
o A MAN CREWBUS - RS 1. 42 7
o 15 BaN CREW 6US 1.-1 -{°% ST S R 3
<& TURNTABLES 26 41 - 425 - SR -
o CONTROL CABS (2 MAN} } 3 §3% : -
s {FOR LOGISTICS EQUIPMENT) ' : " B
..-}& HLLY CARGO 3 - - e .- B
Yo HLLV/OTV TANKER 1 e 2 T
& SHUTTLE/SHUTTLE GROWTH 1 i -
e GANTRY CHANES 4 ) i . ] -
e CARGO SORTER 2 = - ]

ORIGINAL PAGE IS
OF POOR QUALITY
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i

7-&LO>/LH thre 3us system is again used-for flight control.

_=3.3.1:1.3 - Environmental Factors
. The cnvironmental {actors associated with LEO construction of the thermal engine satellite are the
< same as described for the LEO constructed photovoltaic satellite described in Section 3.2.1.1.3.

73_7.3,;.1.1.47 Crew Summary’

: gtomi LEO crew size of 760 has been estimated to construct the thermal engine satellite. A break-
amm of the crew in terms of organization and functions is presented in Figures 3.3-30 through 3.3-
3339, -

T33..05 Mass Sommary
{_:
A ROM mass of nearly 9 million kg has been estimated for the thermal engine LEO construction

* base. A breakdown of tuis estimate is prescnted in Table 3.32-3. This value is neardy 3 million kg
heavier than the LEO photovoltaic coustruction base with the main contributions 10 the difference
bcin'g/'i‘n the mass of the foundation and crew modules.

" A3.1.1.6 Cost Summary

= A ROM cost for the first thermal engine construction base is estimated at over $11 bithon. Approx-
imately §7.6 billion is for the basic hardware with the remainder for the wrap-around cosi. A
breakdown of the cost is presented in Table 3.3, The total cost s appronimately S4 billion
greater than a LEQ photovoltaic construction base.
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Figure 3.3-30. LEO Base Personnel
. Themmal Engine Satellite
TOTAL = 22
CONST
MGR D
STAFF
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MGR o
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| 1 ] | 1 1
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Figure 3.3-31. LEO Base Personnel
Thermal Engine Satellite
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Figure 3.3-32. LEG Base Personnel
Thermal Engine Satellite
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Figure 3.3-33. LEQ Base Pemonnel
Thermal Engine Satellite
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Figure 3.3-36. LEO Base Pe:sonnel
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Table 3.3-3. LED Constraction Base ROM Mass

 (7615)
FACILITY
FOUNDATION 4000
crew womes [T 2600°
CARGO HANDLING/DISTRIBUTZON 515
BASE SUBSYSTENS 400
MAINT. PROVISION - 100
CONSTRUCTION AXD SUPPORY EQUIP. ( 945)
STRUCTURAL ASSEZBLY 500
ENERGY COL:LCTION INSTALL . 75
Enmev'izéuvmsxou INSTALL. 65
POVER DISTRIBUTION INSTALL. 70
_ SUBARRAY INSTALL. 30
CRANES/MANIPULATORS _ 240
INDEXERS " 30
' TOTAL DRY (6560)
CONSUMABLES (90 DAYS) (_400)
TOTAL (8960)

[=>1ncLuoes 331 GrowmH ALLOWACE
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- Thermel Engine Satellite .
‘ FIRST SET-UNIT b
o A (4670}
- FORDATION = 400
~ CREM WODULES 3600
CARGO HANDLING/DISTRIBUTION ~- 470
MAINTERANCE PROVISIONS -
CONSTRUCTION & SUPPORT EQUIPENT (2920)
STRUCTURAL ASSEMBLY 1420
ENERGY COLLECTION 280
| ENERGY CONVERSION 250
PGHER DISTRIBUTION 19
SUBARRAY INSTALLATION 80
CRANES/MANTPULATORS 600
INDEXERS %0
BASIC HARDMARE (75%0)
sPARes (152) [T 135
INSTALLATION, ASSEMBLY, C/0 (16%) 1210
SE&I (7%) 530
PROJ MANAGEMENT (2%) 150
SYSTEMS TEST (3%) 225
GSE (4%) 308
TOTAL $11,145

[T=>% OF BasiC HARDWARE
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33.1.2 GEO Final Assembly Base Construction Analysis

The follow: 1¢ data penains to tire GEO final assembly based used in the LEO construction concept.
33121 GEO Coustruction Operations
" 331211 TopLevel GEO Construction Tasks

" The construction tasks(qbeaccmnéliﬂmdag the CEO base are summarized in Figure 3.3-40. Each
of these tasks are discussed i the following sections.

'33.1.2.12 GEOBase
The GEO final assembly baeconssts of Two facilities as shown in Figure 3341

- Upper Facility
The upper (acility attaches itsclf 10 the ends of the spines. This faality incorporates a docking
crane 2 facility docking fixtures. and a docking port for a intra-facility free flver vehick.

A typical facility decking fixture is illustrated in Figure 3.3-32. This fixture provide the means by
which the upper facility is attached to the spine. A crane ‘mampulator attached to these fixtures is
used to make the structural and electneal connections between modules.

The upper facility is indeved by having one ! the facility dockiag fixturcs detach tfrom the spinc.
This lixture is then retracted so that it wil! e clen ol obstructions during the indexing mancuver.
The Facility docking fixiure that is still aitached to a spine s then used to swing the upper tacility
throusgh an arc such that the opposite facility docking fixture s located above a new spinte end.
Once in position. the reiracteu facility docking fizture is extended and attached 0 Ui spine.

The docking crane and the facility docking fixtures can be relocated anywhere along the kength of
the upper facility via facility tracks.

Lower Facility
The lower facility attaches itself to the comers of the reflector. This facility incorporates two dock-
ing cranes, two tacility docking fixturcs. vehicle docking ports and a crew module.

The faailiey docking fintures incorporate crane; manipulators that are used to make the structural
attachmenis Lotween module reflectors. The fintures provide indexing capability as described
above.
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Figure 3.3-42. GEO Base Docking Fixture
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£

3.3.1.2.1.3 Detailed Construction Tasks Analysis

2.3.1.2.1.3.1 Module Berthing (Docking)

The berthing (docking) cranes on the upper and lower facilities are identical in concept to the dock-
ing crane described in thé'photovoltaic system (the booms will be longer). The docking scheme is
the same except that only three docking cranes are used to dock the thermal engine satellite
modules.

Figure 3.3-43 shows how these docki.g cranes would be employed to achieve module docking. This
figure also shows how the facilities have to be orientedin order to get the crane/manipulators that
will be used to attach modules in the right position.

When docking an incoming mod-ile in a comner. it will be neccssary for the lower facility to make an
extra indexing maneuver in order to get the inner comer of the reflector attached to adjacent
modules.

3.3.1.2.1.3.2 Antenna Installation

As was described in preceding sections. the antennas are transpozted to GEO with modules 8 and
16. The antenna is connected ia its yoke (o the underside of the reflector using a hinged linkage
assembly. Figure 3.3-44 shows this arrangement and how the antenna is raised into position using
the linkage once GEQ is reached.

Note that the upper facility has been indened such that it is attached on one end to the antenna
support structure. This gets a crane manipulator out to the voke attachment position where struc-
tural and bus bar connections need to be made atter the antenna assembly has been moved into
position.

3.3.1.2.1.3.3 Construction Fquipment Summary

A listing of the GEO basc construction equipment and their characteristics is presented in
Table 3.3-5.

3.3.1.2.2 GEO Basc Description

3.3.1.2.21 Configuration:

The configuration of the base has previously been shown in Figure 3.341. Placement of the crew
module at the lower facility was somewhat arbitrary since the activity is about equal between the
upper and lower facilitics. Regardless of its location however. a small manned free-flying is neces-

sary to transport c.cwmen to their work stations at the opposite facility.
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33.1.2.2.2 Foundation
' Therfoupdation consists of 20m beams forming trusses.

- 3.3.1.2.23 Cargo l'hllilinnglstﬂmtion

The equl:pmcntfuscd tc kandle and distribute cargo and transport personnel are presented in
Table 3.36.

33.1.2.24 Crew Module

_ -

The one c;ew modaule serves as both crew quarters and operations center. The module itself is simi-
far in design to the module used at the GEO final assembly base for the photovoltaic satellite includ-

. ing a radiation shelter.

3.3.1.2.2.5 Base Subsystems

-The systems are the same as described for the photovoltaic GEO final assembly base in Sec-

tion 3.2.1.2.2.5.
3.3.1.2.3 Environmental Factors

The environmental factors concerning the thermal engine GEO base are the same as for the photo-
voltaic GEO base described in Section 3.2.1.2.3.

3.3.1.2.4 Crew Summary

A crew size of 33 has been estimated. The organization of this crew is shown in Figure 3.345.
Table 3.3-7 presents a crew functional breakdown for both the LEO and GEOQ bases associated with
the LEO construction concept of the thermal engine satellite.

3.3.1.2.5 Mass Summary

A ROM-mass of approximately 960 000 Kg has been estimated. A breakdown of this estimated is
presented in Fable 3.3-8.

3.3.1.2.6 Cost Summary

A ROM cost of approximately $1.2 billion has been estimated for the GEO base. A breakdown of
this estimate is presented in Table 3.3-9.
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SPS 1475 Table 3.3-6. GEO Base Logistics Equipment -Thermal Engine Satellite
NUMBER REQ'D MASS (EA) COST (EA)
EQUIPMENT ITEM UPPER | LOWER 103Ky $106
® OTV CARGO DOCKING PORT 1 1 7
® CARGO EXTRACTION SYS 1 3 6
® OTV TANKER DOCKING PORT 1 1 7
© TANKER CARGO EXTRACT SYS 1 3 6
© OTV PERSONNEL DOCKING PORT 1 .
® PERSONNEL AIRLOCK SYS 1
© CARGO SORTING MANIP/CRANE 1
® CARGO TRANSPORTER 1 1
& 10 MAN CREW BUS 1 1 5 3
® TURNTABLES 4
© CONTROL CAB {FOR LOGISTICS EQUIP) 2
® CARGO/TANKER HANDLING
® CARGO SORTER
© PERSONNEL FREE-FLYER 1 ? 6
SFS va54
3ASE TOTAL =53
DIRECTCR
D THIS CREW PERFORMS THESE FUNCTIONS )
© DOCKING CRANE OPERATIONS
© MANIPULATOR CRANE OPERATIONS STAFF
® CARGO HANDLING '
® OTV REFURSISHMENT 4
® “TQINTENANCE (13) (35)
1 |
FINAL SASE OPS/
ASS'Y -
MOR BASE SUIPORT
m MGR o
o MULTIPURPOSE CREW (12) [I>
f o] 3|
“sorv umicime HOTEL
rV 3
) SUPV (1) SUPV 1y
* VOICE COM (2) S HABITAT * HOTEL
e BASE COM OP (2) UTILITIES 2x1x2=4
e DATACOMOP (2) (3) 0P 2x1=2 2 « FOOD 3|
o BASE PWR SERVICE
DATA 0P 2x2=4 2x1x2=4 FLT
PROCESSING MED/DENTAL CONT
SUPV " supv m SUPV (1)
. (2) * PARAMEDICS o FLT CONT 2x2=4

2)

Figure 3.3-45. GEO Base Personnel
Thermal Engine Satellite
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Table 3.3-7. LEO Construction Manpower

s Thermal Engine Satellite
LEO BASE GEO BASE
BASE MANAGEMENT (10) m
CONSTFR.UCTICN {592) 12)
MANAGEMENT 2
MODULE CONST 240 12
ANTEN:IIA CONST 87
SUSASSELBLY 26
MAINTELAMNCE 85
LOGISTICS 56
TEST/QC 56
BASE OPERATIONS (39) (10
$2AIAGEMENT 7 2
TRANSFORTATION 18
coim 8 6
DATA PRCCESSING 6 2
BASE SUPPORT m7) 124)
MANAGEMENT 8 4
BASE UTILITIES 2 6
HOTEL 62 8
LIEDICAL 2 2
FLIGHT CONT 4 4
— ——
BASE TOTAL 758
TOTAL 811

Table 3.3-8 GEO Final Assembly Base ROM Mass
Thermal Engine Satellite

103KG

FACILITY (805)
FOUNDATIUN 390
CREW MODULES 336
CARGO HANDLING/DISTRIBUTION 60
BASE SUBSYSTEMS 20
MAINTENANCE PROVISIONS -

CONSTRUCTION AND SUPPORT EQUIPMENT {130)
CRANES/MANIPULATORS 35
DOCKING CRANES 60
INDEXERS 35

DRY TOTAL {935)

CONSUMABLES (90 DAYS) (28)

TOTAL {963)

212
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Table 3.3-9 GEO Final Assembly Base ROM Cost
Thermal Engine 8¢ ite

s108
cACILITY {60C)
FOUNCATION 40
CREW MODULE a0
CARGO HANDLING. DIST 161
BASE SUBSYSTEM 1
CONSTRUCTIGKE AND SUPPORT EQUIPMENT {250)
DOCKING CRANES 160
"{DEXERS 20
CRANES. MANIPULATORS 0
BASIC HARDWARE 1S850)
SPARES 12%
INST, ASSY,. C O 135
SE&! 60
PRQJIMGTY 15
SYS TEST 25
GSE 35
TOTAL 151235,
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332 GEO Construction Concept Overview

For the themual sagine satellite, the GEO construction concept entals constructing 1o modules and
2 antennas ol the configui_tion desciibed in Section =2 4.1, The construction facilitios. opera-
twonal sequences. task breahdowns, construction machinen . cte will be identical to that described
under tive thermal engine satellite LHO comstruction section. A LEO «taging depot would also be

required with characteristies similar to the staging depot deseribed in Scetion 3.2 2010

The onlv detectable ditterence will be a small change in crew size due o the climination of the
redundant baw managenent. hase support and base operations ¢ suanel associated with what was
the GHO base tor the LFO comstruction concept. However. this delty will almont totall, be offset

M the need for a simifar redundancy required fo statt’ a LUO staging depot.

Mass and cost eatunates were not preparcd < pectfically tor this particutar option. \ prelinnan s\-
mate can be made oy twing data from the other conmstruction bases described in this document.
Using tius approach. the themmal engine sateilite GRO construction base i Sstvnated o have g mass

of 10 milhon Kz and a unit cont ot 72 bithon.
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34 KEY CONSTRUCTION TECHNOLOGY DEVELOPMENT REQUIREMENTS

This section presents b-ier descriptions of keyv const uction operations. techniques. and support
systems that will nguire development and demonstration cardy in the SPS precursor programs in
order to verit that it will indeed be possible to construct SPS's as described. These are items for
which no known study program has becn initiated or for which previous space flight data is not
available or pertinent.

3.4.1 Beam Assembly

Pemonstrate ihe capability to make 13 m to 20 m beams from an automated beam machine at S to
10 meter per minute rates

342 Frame Assembly

NDemonstraie the capability of crane manipulators and z2ccessory equipment to move long (630 m)
beams into posttion and to attach these beams into a nad framework.

343 Solar Amay Deplcyment

Demonstrate the capability to deplov accordion folded solar armay blankets. attach blankets to
structure and attach blankets edge-tovdge using deploy ment equipment of the ty pe descrbed in

this dovument.
344 Power Bus Depleyment

Demonstrate the capability (o deploy 3 o 30 m wide by | millimeter thick sheet metal busses trom
roll stovck.

3.4.5 Module Support lndening

Demonstrate the capability (o support large structures ustng sveral indening support machires

openating simultancoush from a acility surface.
3.4.6 Attitude Control During Construction

Demonstrate the capability to conirol the atitude of lange factlity product combination as the

product s grown.
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34.7 Large Module Docking

Demonstrate the capability to dock large structures using the technique descritea in this document.

348 Large Machine Assembiy

Demonstrate the capability to asemble in-orhit large construction machines that are delivered as
larze subassemblies.

349 Antenna Subamay Installation Maintenance

Develop capability 10 install. repair and replace complicated subarray s and components.

34.10 Environmental Control

Demonstrate environmieaial control and life support svstems suitable fo; long Jurations and laree
Crew sizes as speaied in this document.

34011 EVA Sont

Develop a lighly mobile 14.7 psiz EVA suit compatible with the atmoespnerse of the primany crew
modules and would consequently eliminzie long pre-breathing and post-breathing periods.

3.4.12 External Lighting

Establish extemal lighung kvels required for the continuous construction operations involving large

areas and monttoied or controlled by - avand or sensons.

3.4.13 Space Debris Tracking System

Develop capability to accuratels predict the size and trajectonies of spa.e debris that may pose a

problem for thie construction and operation of an SPS.
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40 TRANSPORTATION SYSTEM ANALYSIS

A major portion of Part 1 of the SPS System Definition. Study was devoted to the definition of SPS
transportation systems. This data is documented in Volume IV (D180-20689-4) and Volume V
(D180-20689-3). These documents identify requirements. system trades and system descriptions.

The transportation cfiort of Part 2 was limited to making refinemenis to the Part | data to reflect
changes in satellite design. improve the system definition and update the cost estimate. A system
description of the launch vehickes and orbit transfer vehicles is presented in the following

paragraphs.
4.1 TRANSPORTATION REQUIREMENTS

Detatl SPS transportation syvstem requirements were prosented in Volume 1V of the Pant 1 docu-
mentation. A summary of the transportation requirements associated with the payioads of
the reference photovoltaic satellite constructed in either LEO or GEO is shown in Figure 4.1-1.
There is no OTV propellant mass included.

The difference in satellite mass only reflects the structural mass penalty of the add:tional vertical
and lateral members and loads caused by transter of the antenna. Oversizing and power distnbution
penalties are all a functicn of orbit transter characteristics and consequ. ntly are chargeabie to the
orbit transfer system itselr.

Difkerences in crew and supply requirements deliversd to LEO primanly reflect additional orbit
keeping attitude control propellant requirements. The key difference. however. s in the mass
which must be delivered to GEQ.

Facility transportation requirements retlect the mitial placement task as well as in the case of the
GEO buses (both ontions). that mass that must be moved to the longitude location where the next
satellite is to be constructed. The pancipal difference in the two main construction bases ¥s that the
six crew modules in the GEO concept cach have approximately 115 000 kg of additional mass tor

solar flares shelters.

Total cargo mass which must be handled by the launch vehicle are shown in Figure $.1-2 and reflect
both the pavioad requirements indicated carlier and the OTV propellant and hardware require-
ments. For the three system clements that require transportation, payload requirements are not too
different between LEO and GEO construction options. however. the inclusion of the orbit transter
syaiem requirements add significantly to the total mass which must be delivered by the HLLV. The
LEO construction location assumes clectric propulsion for the satellite LEO to GEO transportation

while LO~ LH - is used tor the GLO construction option.
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4.2 LAUNCH SYSTEMS

421 System Descriptions

Detail system descriptions for the launch systems are presented in Volume V (Di80-20689-5) of the
Part 1 Report. The tollowing paragraphs present a summary description.

4.2.1.1 Cargo Delivery System

Both two stage ballistic/ballistic and two stage winged vehicles have been investigated. In both
cascs. the reference pavload capability was 400 000 kg. Other common charactenistics included the
launch site at KSC and a defivery orbit of 477.5 KM and 31 degrees.

4.2.1.1.1 Two-Stage Bailistic Vehicle

Configuration

The baselinc engine is a scaled up version of the Alternate Mode 1 engine defined by Aerojet Liquid
Rocket Company under contract to NASA Lewis Research Center. The following engine character-
istics were used in the anaivsis.

The bascline eagine is a scaled up version of the Altemate Mode 1 engine detined by Acrojet Liquid
Rocket Company under contract to NASA Lewis Rescarch Center (see attached appendix). The

following engne charactenstics were used in the analysis.

Propellants RP-1. LO:z LH:

Thrust Vacuem 9.039 X 10°N (2037 X 10% 1br)
Chamber Pressure 29300 kpa (4230 psiay
Mixture Ratio 291

Specific Tmpulse (SL Vaco 3233 350.7 sec.

Total Flow Rate, Engine 2633 kg sec 3808 b sech

Engince overall length is 3.44m and the power head and exit diameters are 3.51m and 2.97m. respec-

tively. The total mass of the engines including accessorics is estimated to be 138322 ke,

Flight Characteristics
The ascent trajectory characteristios for the vehicle are shown in Figure 4.2-2. The major character-
istics are summanzed as follows:
Fint Stage

T.W ¢« lgnition = 1.30

Mavimum Dynamic Pressure = 32125 kpa

Manimum Acceleration = 490 g's

Stage Bum Time = 17689 see.

Dy namic Pressure at Staging = 405 pa



D180-22876-5

SFS- 164
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Second Stage
T/W @ lgition = 0.76
Maximum Acceleration = 2.28 g's
Stage Bum Time = 394.84 sec.

At main engine cutofT (MECO) the trajectory characteristics are as follows:
Altitude = 110948 m
Relative Velocity = 7540 m/sec
Bumout Mass = 749383 kg

Cost

A DDT&E cost of slightly more than S7.1B and a st unit cost of $895.8M arr cstimated for both
the vehicle. The DDT&E costimate inciudes the equivalent of 2.5 ground test and 2.0 flight test
units. The cost per flight for LEO constructinn is estimated at S8.2 million based on 1873 flights
over a 14 vear period. A breakdown of this cost is presented in Table 4.2-1.

4.2.1.1.2 Two-Stage Winged Vehicle

Configuration
The reference concet for the winged recoverable vehicle is shown in Figure 4.2-3. Main propulsion
is provided by sixteen (161 RP-1. 10> LH> gus generator cyele engines similar to those on the two-

stage ballistic vehicle. The following engine cnaracteristics were used in the analysis:

Piopellants RP-1 LO~ LHA
Thrust-Vacuum 8.273X 10O\
Chamber Pressure 20300 kpa
Mixture Ratio 294

Speattic Impulse (S.L. Vao) 3235 3307 0

The total mass of the sixteen engines and the associated avcessories and gimbals is 128090 Lg.

Flight Characteristics
The ascent trajectory characteristios for the vehicle are shown in Figure 4.2-4. The major char-
acterstics are summanzed as follows:
First Stage
TW « lgition = 1,30
Maximum Dynamic Pressure = 34,440 kpa
Maximum Acceleration = 3,49 g7y
Stage Bum Time = [47.90 scc.
Dynanue Pressure at Stagng = 1819 pa
Sccond Stayxe
TW e lgution = 0935
Maximum Accleration = 3.07 g’y

Stage Bum Tune = 351 78 sec.

[ 25 ]
t2
—
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Table 4.2-1. 2-Stage Ballistic Vehicle Average Operating Cost/Flight—LEO Assembly

COST BY WBS LEVEL — $M
oS ELERENT ® @ ® ® ®
OPERATIONS COST 8332
PROGRAM DIRECT 6.755
PROGEAR SUPPORT 0317
PRODUCTION AND SPARES 3342
STAGE 1 2032
AIRFRAME 1.061
ENGINES 0.971
STAGE 2 1.097
AIRFRAME 0.581
ENGINES 0516
PAYLCAD SHROUD 0213
TOCLING 0.466
STAGE 1 0.318
STAGE 2 0.132
PAYLOAD SHROUD 0.016
GROUMND OPS/SYS 2.630
GRCUMD OPS 0.426
GRQUND SYS 0.056
GSE SUSTAINING ENGR 0.053
GIE SPAR 0.112
PRCPELLANT 1.963
OTHER 0.019
DIRECT MAKPOVWER 0.768
CIVIL SERVICE 0.402
SUPPORT CONTRACTOR 0.355
INDIRECT :ANPOWER 0.809
CIVIL SERVICE 0.451
SUPPORT CONTRACTOR 0.358
T _VEHICLE CHARACTERISTICS
® GLOW = 9566 X 10613
; ® BLOW= 6445 X 10043
Wo, =569 X105k
/_] ® ULow=2739x 10844
/"';—/ . wpz = 2.306 X 105 g
-—Q-,- S S ® PAYLOAD = 0.361 X 10549
~——i ® TAVAT LIFTOFF = 1.30
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o me e Lo e |
— 135 kg/m3 / 4 r l
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Figure 4.2-3. 2-Stage Winged SPS Launch Vehicle
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Cost

A DDT&E cost of $9.1B is estimated for the vehicle with the hooster contributing $5.2B and the
upper stage the remainder. TFU for the vehicle is slightly over S1 billion with the cost about
equaily split between the booster and upper stage. The cost per flight for the two stage winged
vehicle for GEQ construciion was estimated at $7.9 million. A breakdown of these costs are pre-
sented in Table 4.2-2. A cost per flight was not derived for LEO construction although a rcasonable
estimate would be $8.5 to $8.8 million.

4.2.1.2 Personnel Carrier Vehicle

The personnel carrier vehicke provides for the wransportation of the crews between carth and low
carth orbit. The vehicle is a derivative of the current Space Shuttle system which incorporates a
liquid propellant booster in place of the Solid Rocket Boosters (SRB’s). A series-bum ascent mode
was selected and as a result a reduced Extemal Tank (ET) propellant load is required.

Configuration

The personne! launch vehicke. shown in Figure 4.2-5_ incorporates a propane fucled booster. Exter-
nal Tank and Space Shuttle Orbiter. Overall vehicle geometry ond characteristics are shown on the
figure. The overall fength of 0092 m i, due o the tawdem arrangement rather than the side-

mounted concept in the current Shutr ¢ svstem.

The booster stage is powered by tour CyHg LOs engines which provide 8.323 X 109N ofvacuum

thrust. The following engine charactenstics were used in the analysis:

Propellants C;Hg LO>
Thrust- Vacuum 8.523X 100N
Chamber Pressure 20085 kpa
Minture Rato 2.08:1

Specitic Impulse (S L. Vac 304.1 340.0 sec
Total Flow Rate Fngme 25305 kg see

Lhe pressurizanon gases are heated GH and GOS for the main tenks. Individual propellant delivery

lines are provided to cach engine. The total mass of the ascent propulsion system is 47 138 kg,

Flight Characteristics
It personnet carnier v che sl pertornmcee was caleulated based on the following ground rules:
e  Kenne by Space Coner (RSO was the Taunch site (atitude = 28,59
[ ] AV Resenves = 85 \.I
. Delivery Orbat
Altttude = 477 km arrealar

Inclination = 319
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3591 Table 4.2-2. Average Operating Cost/Flight—GEQ Assembly
COSTEY C.2SLEVEL -S4
e ELeenT ® ©) ©) ®
0 ®
OPERAT:ONZ COST
PROGRA! CIRECT 72933 6517
PROGRALI SUPPORT e
PRODUZTION AND SPARES 3239
STAGE 1575
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EXCINES 0576
STAGE 2 1664
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TOOLIXG oan
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STAGE 2 IR
GROUZC OTS/SYS 252
GROWDC?S | oS
GROUND £YS :‘5:
GSE SUSTALLING ENGR Tl
GSE SPARES ~ 0.206
PRCPELLANT 2001
OTHER b ]
DIRECT LIANTGER 0.582
CIVIL SERVICE 0352
SUFPCRT COSITRACTOR 0325
INOIRECT MANPOER s
CIVIL SERVICE 0.400
SUPPORT CONTRACTOR 0335
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GLOW 2512%x105xG
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} —-- 0.52m Vg 1.560%108 K«
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Figure 4.2-5. Personnel Launch Ve .icle
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The ascent trajecten characteristics are summaiized as follows:
T'W  ignition = 1.24 :
Maximum Dynamic Prosure = 29.733 kpa
Maxinum Accekrabon = 30g's
Bum Time = 54! 9 seconds

The personnel carrier payload performance is summarized in Table 4.2-3. A net payload of 73350
ke is delivered to the $77 km orbit. The orbiter events including the suborbital jettison of the ET
and the resulting vehicle mass by event are also noted.  The Shuttle orbiter OMS system performs
the majoniiy of he orbiter maneuvers.

Cost

DDT&LE cost for the personnci vehicke are estimated at $2.56B with the booster making up $2.53B.
The TYU oi the reusable booster is sstimated 2t $220 million whike the ET coatnbutes $4.9 million.
Cost per flight based o~ flights per year and 2 total of 14 vears was estimated at 312.6 mitkion.

A breakdown of the cost per flight &s preseated in Table 4 24

173 Pavioad Packasing

A significant facto7 in the faunch aspect of power aizllites is the component packaging density and
s impact on the number of launcies required and or the © e of pavioad shroud that s used.
Typical characteasnes tor the reference photovoltaic satellite components are shown in Figure 4.2-6.
The componcal preseniing the sreatest concem is that of the aniennz serarmn s which have a
modizn packagng density of oaly 28 kg m®  Sanilar pack aging charactenstics were defined tor the
thermal engine satellite. The <ipnificance of this deastiy can be fully apprecisted by realiziag that

the pazioad shroud had previcusly been sized for o payload densiiy of "3 Lg m=.

* upact of the component packazing density s fileraied m Faepre 32270 The photos ol
The snpact of the component pachaging density fustraied o Figure 4
satellite rosults o an pverage deadty of 93 Kz m°) A mass bmited laanch condition requires a pack-
aginy density of approvisuatel 93 ke m” when apphong o Q.7 5 okane wtidization fa0tor to the 178

w dia. X 23 m Beight po; Youd shroud that has g wet volume densty of "3 kg m™,

The thernal camne sate 0 hos adensty af appreaaate 0o Kdograms por onbic mieter ponman'y
duc 1o the lon densiy of the 1o Lo, reflectiag facets and anteana subarranvs. Should the antenna
subarray s be dintdoa mio g wancguide stnictinne secton and Mhsiron tube sectior. the Jensity
would o up to "o Kiograms per cubie moter. Hus approach however, requires assembhy of the sub-
arran s i ot which s not deemicd dosirable at ths time. Consequentiy _ tiie thermal engine con-
Copt proesents o ifficali case for aciictmg aass mted Lonch conditions. Thic number of thghts
tor the photovoltaic satclhite reflect mas imited Lunch conditions The thermal cagime systemos
shown for both an capondable shiroad Lirse caough 1o reach o nuss hmted condition and a reus.-

ble stiroud opiior  Laanch cost Tor those options are compared in the thard set of bars, For the
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wren Table 4.2-3. Personnel Lasnch Vehicle Performance Mass Statement
ORY BMASS SECOND STAGE SEQUENCE
VEHICLE ELEMENT wIke MASS AFTER]

EVENY EVENT

BOOSTER tsasn w3xG

STRUCTURE 052 STAGE AT MECO wre

THERMAL PROTECTION SYSTEWM wa A RESERVE mss

LANDING SYSTEM & RCS 548 DROP ET w72

ASCENT PROPULSION an PERIGEE BURN "7

PRIME POWIR = APOGEE CIRCURARIZATION (L LY

POWER CONVADAST .73 RCS TR waos

s 8 OMS TR urse

AVIONICS 274 DEMLOY PAYLOAD (PR - 73550%g)| 7399

GROWTH use DEORBIT 3V 1,51
EXTERNAL TANK 1679
ORBITER { &858

DRYMASS - | (zs09n N

Table 4.24. Personnel Camier Average Cost/Flight 1 256 Flights/Year For 14 Years)

COST SVRERLEVEL - S 1™
RES ELEVENT \9 @ @ \:\:
TOTAL PROGRAM OFERATING GSY 1289 T
PROGRAY MKECY 3 388
PROGRAM HFPORT [\R . 1
PRAICTEN & FARES 3%
CR$UTER FRIOUCTION 1.5%
ORSHTER SPARES a3
sers § aws
CAIETER AIRF RANE i ; 079
SOVSTLR ENGINGS QX
CREA R LATEDGFE s
ENPENDASLE HARDWARE - €Y, 1956
TOMING a3’
GROUND (W5.3¥S ey ]
GRKRND OFS w43
(34 SPARES aie
FROPLLLANT 0588
MR 0d7s
DIRECT MANSMER LIS
CIVIL SERVICE ass?
SUPRORT CONTRACTOR arer
INDRREST vand Ot R LERI
Ot St RVCE ! arss
SUTPOR T CONTRACIOR L TN
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SATELLITE STRUCTURE
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thermal engine system. the expendable shroud shows approximately a 300 million jollar savings per
satellite as compared with a reusable shroud due to the low unit cost (2 million dollars) for the
cxpendsble shroud when large quartities are procured. 1t should be menticned however. that the
thermal engine satellite will also atilize reusable shrouds for the delivery of crew and supplics and
delivery of construction requirements.

One possible mix of the vanous compunents for delivery 1o LEO is dlustrated in Figure 4.2-8.
The number of flights indicated s that associated with the mix of uunMnts and is not meant to
be indicative of the actual launch sequence. It should also be noted. the number of flights is asso-
ciated with a photovoltaic satellite with 2 mass of 110 million ke rather than 100 million kg for the
final Part Il sateflite. As indicated. the dominating component was the antenna subarmays. which
was included in 246 out of 247 total thights (of dentifiable Rardware). Fortunately. the high
density solar arrays can be used to offsct the lower density subarrays during most of their unches.
In summary. unlike the Part | amalysis where only about 25 1o 30 of the pavioad shroud was used
{antenna undefined). a more compkete understanding of the antenna and desire to doliver subarvays
fully assemblcd has resulted in using the full kngth of the pavload shroud in order to achicve 2 mass
limited launch condition.
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4.2.3 Exhaust Product Analysis

The exhaust products of the launch vehicles can be an environmental concem due to the release of
chemical pollutants into the atmosp.iere. The results of the effort reported in this section super-
cedes the data reported in the Part | final report (Section 8 0 of D180-20689-3). The proposed
launch vehicle concepts are two stage devices. in which the first or booster stage bums a hydro-
éalbon fuel and oxypen and the second stage uses hydrogen and oxygen as the propellant combina-
tion. Two types of launch vehicles have been identified. either the two-stage ballistic recoverable or
the two-stage winged recoverable concepts. In addition, the following two vuriations of the booster
engine have been proposed:

1. A 29300 kPa (4250 psi) chamber pressurc gas generator cvele engine using RP-I;’LO:;’LH:
propellants with 2 2.9:1 oxidizer to tucl mixture ratio.

2. A 34475 kPa (5000 psi) chamber pressure gas generator cycle engine using LCH 4/LO» propel-
lants with a 3.0: i oxidizer to fuel mixtare ratio.

Either booster engine cencept is applicable for the SPS application. However. for purposes of this
report. the hallistic recoverable booster was sized for the RP-1 LO» ’LH: type engine and the
winged booster uses the LCHY LO: propellant combination.

Therelore. the exhaust products of both booster enginge types could be assessed on a per flight basis.
The second stages of both vehicke concents are powered by Space Shuttle Main Engines (SSMEs)
which use a Lll: LO: propellant combination at a 6:1 oxidizer to fuel mixture ratio.

The launch vehicle exhaust products are distrabuted through the various regions of the atmosphere.
Using the detinition of the various lavers of the atmosphere shown in Figure 4.2-9 and the propel-
fant flow rates as a function of altitude time. the propeliant usage in cach laver can be established.

Talle 4.2-3 ideatities the predicted amount of propeiiant consumed in cach layver of the atmosphere.

Table 4.2-5
Propellant Consumption Per Flight in the Various Lavers of the Atmosphere
Region Ballistic Recoverable Winged Recoverable

Troposphere 3012010%ke  RP-1 LO- LH, 3196x10%kg  LCHyLO,
Stratosphere 3A72x10%ke  RP-1 LO~'LH, I3o8\10%ke  LCHy, LO»
Mesosphers [D> | 12735100 kg RP-1 LO, LHy 0.27210%kg  LCH, LO,

0055\ 10%kg  LH, LOs 0.289x10%kg  LH» LO,
fonosphere 1423010y LH, LO, 2000x10%kg  LH, LO

D The booster bumout condition occurs in the mesosphere tor both launch vehicle concepts.
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The exhaust products at the nozzle exit for both types of booster engines are listed in Table 4.2-6
including the megnitude of cach combustion product. These values *do not™ include the effects
of atmospheric reactions and recombinations due 0 “afterbuming™ phenomena.  Future studies
on the effects of exhaust products should include these phenomena. The SSME exhaust products
are water (96.57%) and free hydrogeu (3.5%'  The booster engine exhaust products are mainly CO-.
H-0.CO. and H~ which account for 99.93'¢ ofthe total.

The distribution of the exhaust products. in the atmosphere on a per flight basis is shown in Table
4.2-7. for both vehick concepts. 1t is recognized that due to the atterbuming effect the exhaust
products will react with air to form oxides of nitrogen and possibly very small amounts of organic
nitrogen compounds. For example. the amount of (NO) produced by the F-1 engines on the
Saturn V" has been estimated to be 0.47 of the exhaust gas mass in the troposphere and about
0.002" in the stratosphere. The lower production ot (NO) in the stratosphere is partly due to the
lower density and partly due to the lower temperature of the more expanded plume.

The booster engines proposced for use on the SPS Launch Vehicke wili be of more advanced design
than the F-1. Fven if no environmental constraints are placed on the engine. performance consid-
crations will tend o reduce the pollutant levels. Two of the changes which will be significant are

higher chaniber pressure and a dif?rent operating oyvele.

Since the combustion temperature is esseatially indepandent of the chamber pressure and since the
higher chamber pressure results in a higher optimuin expansion ratio. the plumie boundary tempera-
ture will be lower. especially at altitude. Fora 4U: 1 expansion ratio the exit static temperature is
-about 2000°K. The rroduction ol (NO) will. theretore. be reduced. The (NOY leved for the can-
didate booster engines should be near or below the values for the Space Shuttle Main Engine which
have been ostimated at 0.0177 in the troposphere and 0.001° ! in the stratosphere.
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Table 4.2-6 Rocket Engine Exhaust Products—Percent of Propellant Flow Mass

Species of Exhaust Products at the Nozzle Exit—Percent of Propellant Flow

H,0 CHO CH, H co OH CH,0 co, | Hy

Booster Engine |
RP-1/LOA/LH, | 34,538 | 3.127%10°5 | 28816100 | 1.649x10 [ 24.500| 4.089x10% | 1.668x100 | 39.618 | 1.193
LCH4/LO, 39.881 | 3.623x10°0 ] 2220x100 | 3.222x10°¢ | 18,053 | 1.803x10°0 | 1.537x10C | 40.197 | 1.802

$-9L82T-081a
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Table 4.2-7  Distribution of Exhaust Products in the Various Regions of the Atmosphere

+

Magnitude of Exhaust

Exhaust Product

r

Species/Flight — IO:{kg

Region H0 | CHO CHy H co’ OH CH,0 €0, Hjy
2-Stage Ballistic Recoverable |
Troposphere 1040 "' * 0.005 740) 0.012 » 1193 36
Booster Stratosphere 1096 0.005 780 0.013 1257 a8
Muesaspliere 440 0.002 313 0.005 504 15
Upper Mesospirere 53 u * " * 2
Stage tonosphere 1375 * b b # . * * 50
2-St..ge Winged ‘
Troposphere 1275 . * * 577 " i 1285 58
Booster Stratosphese 1343 608 1354 61
Mesosphere 108 49 109 5
Upper Mesosphere 279 * i 10
Stage lonosphere 1936 * " * " » " . 70

Less than | kg per tlight.

§-9.877-081Q
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4.3 ORBIT TRANSFER SYSTEMS

4.3.1 Satellite Delivery System

Analysis of the two construction location options have resulted in the detail analysis of two satellite
delivery systems. The LEO construction concept for the reference photovoltaic satzllite is illus-
trated in Figure 4.3-1. Eight modules and two antennas are constructed in LEO. All modules are
transported to GEO using self power electric propulsion. Two of the modules will transport an
antenna while the remaining six modules are transported alone.

The GEO construction concept is illustrated in Figure 4.3-2. This concept involves a staging depot
in LEO which has the capability to transfer payloads from the launch vehicles to orbit transfer vehi-
cles (OTV) and maintain the OTV fleet. Transfer of all payioads from LEO to GEOQ is accomplished
using LO~/LH» OTV’s. Constructior. of the entirc satellite including antennas is done in GEO.

Subsequent sections will discuss each of these delivery systems in te.ms of their characteristics
which have been updated dunng Part 1I. Numerous trades and characteristics have not been
updated during Part I but may be found in Part | Volume V.

4.3.1.1 Photovoltaic Satellite Self Power System

The reference photovoltaic satetlite uses annealable silicon cells with a concentration ratio of one.
The self power elements required to transfer each module are discussed in the following sections.

4.3.1.1.1 Configuration

The configuration arrangemient and charaoceristics of the system elements used in the transfer of
each satellite module is shown in Figure 4.3-3. The general characteristics indicate a 37 oversizing
of the satellite to compensate tor the radiation degradation occurrine during passage through the
Van Allen belt and the inability to anncal out all of the damage after reaching GEO. It should also
be emphasized at this point. only the arrays needed to provide the required power for transter are
deployzd. The remainder of arrays are stowed within radiation proof containers. Cost optimum
trip times and | p values are respectively 180 days and 7.000 seconds.

Thruster modules are located at four comers of the module to provide the most etfective thrust vec-
tor and satisty control requirements. Further discussion ¢f the thruster module is provided later in
this scction. A two axis gimbal system correctly positions the panel. Installation of the thruster
module approximatel 500 mcters trom the satellite in conjunction with gimbal limits prevents high
velocity ions from impinging on the satellite and causiny <rosion. Propellant tanks for the thrusters
have been located at the center of the satellite module ang at the lower surface to provide a more
desirable inertia characteristic (tae dominating factor in the amount of gravity gradient torque).
Radiators dissipate the waste heat from the power processing units.
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Flight control of the module when flving a PEP attitude during transfer resuits in large gravity gra-
dient toryues at several positions in cach revolution. Rather than provide the entire control capabil-
itz with clectric thrustens which are quite expensive. the electric system is sized only for the opti-
mum transfer time with the additional required thrust provided by LO:}LH: thrusters. The
poiformaace penalty for this approach is actually quite small since by the time 2.500 kilometer
attitude is reached the gravity gradient torque is no lotser 2 dominating force.

The mass characteristics of the electric propubsion system elements are directly proportional to the
mass of the payload being transterred for the case of fix2d trip time and 'sp' Consequently . the
modulcs transporting the antennas require c¢ sideqably more OTS hardware and propellant. The
total mass of the sateliite in this case is approximately 100 miilion ke which includes the following
penaltics for selt power transter. In the area of solar array. an oversizing of 3 percent has been
included to compensate for the inability o completely anneal out all the damage to the cerls caused
by radiation occuming during transter and for the mismatch in voltage output between the damaged
and undamaged cells. The structural impact includes both that of modulanuy and oversizing.
Maodularity includes additional vertical members used around the perimeter of the satellite moduke
and lateral beams at the ¢ad of the moduies 2« well as the penalties for the transter of the 13 million
ke antenna tncludes growth) supported undemeath the module. (1t hould be noted that &l mod-
uke structure has been sized to that dictated by th. modules nsed to transfer the antennaly The
power distnbuiion penalty s related to the additional fength of bus caused by the oversizing of the
array. The total mass penaity for a LEO constructed satellite s approvimately 4.2 million kg for
the sekecied self power transportation svstem. 1t should be noted however that the amay oversizing
and power distnibution penalty depend on the particular performance charactenstios selectad tor

the sclf power svstem.

A typical thruster module configuration consists of 3y ohe and 2 thruster pancel as shown in Figure
4.3~ Tlus particular configuration: is representative of the eqiipment invohved and the ir relative
physical interfaces. however. the number of subpanel sre dificrent trom the selected configuration
previoushy shown in Figure 4.3-3. For the sclected configuration. modules without antenna have
four subpanels. while modules with antenna have 12 subpanels per comer. Included within the
voke are gimbais both 2t the tripad interface and at the thruster panclinterface  Across the tripod
gimbal are found two 25 cm dia. lines tor PPU coolant, one cight centimeter diameter line for pro-
pellant and a 1 m x 0.4 cm cicetric power conductor. Gimbal capability of 290 Jdegrees is provided
at cach gimbal to provide the necessany thrust vector direction. The thruster panel is divided into
siv suomanels for compatibility with tae payload shroud dimension constraint. Fach subpanel con-
sists of a hasic structural framework with thrusters trounted on one surface and PPU's. fluid lines
and clectrical lines on the opposic surface. Reinforee § edges or the subpanels provide the required
stiffness 1o attach subpanel: ¢+ cach other to form the total thrister panel. Each subpanel has
(1401 120 cm diameter thrusta rs armanged in a pattern of 10 rows with 13 thrusters per row. A Q.15
meter spacing between thasters has been piovided tor installation. Two PPUS consisting of DC
DC-converter and associated switeh gear provides power processing. Fach PPU syvalem processes

power for "0 tirusters. Radiators for dissipating PPU waste heat are located on the support tripod.

238 ”



D180-22876-5

.- — THRUSTER PANEL
B THRUSTE > TP —
B o /r “mr‘ “lﬁinsmlﬁ“ﬂ
e Sia - _____l {FRONY SIDE)}
r— £ . 2 4 \
7 T 4 hihs 3

!
FLUID & ELECTRIC o=y o 8
/ u
GIMBAL . \Anm
LINE mw TO

TRIPOD
Figure 4.34. Thiuster Mod.le Configuration

239



D130-22876-5

4.3.1.1.2 Subsystens

Scven major sy~tem clements are used in the electric propuldon system as shown in Figure 4.3-3.
These ase the goneration of power by the satellite. the distribution of the power to the clectric
thruster system. conditioning the power by power processing equipment. thrusters and propellant
storage. Power processing b estimated at 9347 10 967 efficicney. therefve necessitating a thermal
control sastem. Finally . in onder to get the 1equired pointing of the thrusters. 2 simhul ssstem s
required.  Fach of these systens has been charactenized m tenms of mass and cost characteristics and

incorporated into a cost optimization maodel.  Further discussion on cach of these clements follows.

Thrusters

The reference 120 am ion theuster is illstiatad in Figure 4_3-0 with Jeagn and sclected operating
cheractenstics (rosutting from transportation optimization shown in Tablke 4 3.1, Parametnic per-
femuance predictions for this thruster are shown in Freure 4.3-7. The paramctric data are based on
axtrapolations from current 30 ar myercury ion thruster technolon | including the recent $A (heam
cument ) domominaten tosts which show ed that the deuble custent densiiy was feasive, but that
thruster hite woukld he reduced roughly 30 7 Thes should be compatible with SPS tansfor requane-
ments ankd s the b of the selection of 3 heam current of SO ampens.

Table 4.3-1. Sclected 1.2 M Argon lon Throntes {haracteristics

Fined Charactenstes

Beam Current. NQ Amps.

Accel Voltaae NIV Y

Deharee Vaitas 0 Vb keaungy

oaplnge Voltaxe I ENUY

DM lon Rats Qio J2 0y

Neutral Frdun 48384 Amp Haun,

Dnorgence ass

Dncharse Low. INT.2 v

Other Lo 1730 W

U thization LA A )

L NN hr

*Wewht M) kg
Selected Charactenstios

Soreen 1 Ream Vallase ISCLUIAY

loput Power 120 KW

Thrust TN

I Iacienay R

“Wawsht prodiction courtesy of 1 Maseh ot HRI
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Power Processing

The basic power processing concept is 1o provide ¢ach propulsion subammay with its own power
processing center. 1t utilizes 2 motor generator system to provide the DC/DC conversion and is
schematically illustrated in Figure 4.3-8. This approach assumes that multiplke thrusters can be
operated from common power supplies and that arcing can be controlled by quick acting switches.

Since the curent jon thruster technology requires electrical independence among clusters of
thrusters to prevent destabilizing clectrodynamic interactions among thrusters (prinapally duning
grid arcing). quick acting intermupter switches (8) have been placed in the screen and accelerator grid
circuits of each of the thrusters in a subarray. Discharge current controllers for each thruster may
also be required. These can be ~“small™ motor generators dedicated to each thruster. An isolation
switch will be requircd to effective’y remove a failed thruster from the system.

Thermal Control

The DC DC converter used in power processing requines an active thermal control system in order
to control its operating temperature 1o 2 maximum of 200°C. A heat exchanger transfers heat from
the gas circulating in the DC:DC converter to the Therminal 60 coolant loop. A general lavout of
the themal control toop including radiator s shown in Figure 4.3-9. Waste heat from all six sub-
pancls are colkected into one 24 cm diameter line that passes out to the radiator which s mounted
on the support tripod. The radiator rejects 330 KW of waste heat and requires a projected area off
1 lOm:_ Power required lor pumping the coolant is estimat ~d ai 00 KW. Switchecar and inter-
rupter equipment are radiative cooled because of lower waste heat kvelks.

Eiectric Power and Distribution

Pnmany clectric power for the propulsion system is obtained trom the satellite. The poncipal volt-
aa requirement during the orbit transter is that associated with the thrusters. The cost optimum
Isp of "000-7300 scconds requires a 1300-1300 1 olt input to the thrusters. The GEO operational
voltage of the satelliic however is 40.000 volts. High voltage gencration results in low IR losses
but high plasma loxscs at altitades below 1000 km. Taking these factors into consideration the volt-
age rosulting in the least oversizing and power Jdistribution mass penaliy is between 3300 and 4000
volts. A one time switchgear system is included in the power distribution sy stem to cnablke the

arravs utilized duning the ansier to switch to providing the operational voltage ol 40.000 volts.

Propellant Storage and Delivery Systems

Arzon propeliant for the ekectric thrusters is stored in 8 m diameter tanks. Six tanks are required
for modules without an antenna and 16 tanks for modules that trunsfer antennas. Tanks are mani-
folded and mdividual supply Lines » 1o cach thruster module. The maximum flow rate is 0.2

K g sec and 0.6 Kg'see for the cases of transterming a module without and with an antenna. Propel-
lant delivery from the tanks to cach module is accomplished by heating the liquid argon and asing
the boil-ofT pressure to drive the gascous argon. An example of a ty pical propellant deliveny sy<tem

at the thruster pancl is illustrated in Figure 4.3-10 (Note: This is for a 6 subpanel module rather
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than 4 or 12 subvanel moduie used for the preferred system. however. the ovenall concept is the
same in all cases.). The propellant delivery line at the thrust module splits into two primary mani-
folds which in tum divides into 10 feed lines for each subpanel. Each feed line supplies propellant
for 14 thrusters and is sized to provide a negligible pressure drop and a uniform pressere to each
thruster. The indis idual thruster flow rate is fixed by using a critical flow ventuni at the inlet of
cach feed line. With this amangement. the flow rate is only a function of the manifold (plenum)
pressure. The only line connections made in orbit will be attachment of the subpanel feed line with
the main manifold and the auvtachment of propellant tank lines to the thruster module delivery lines.
The thrust level produced from 2 module can be varied by tuming on and off rows of 14 thrusters.
Noiadividial thruster control is necdSsary except for a one-way shutoft valve in the case of thruster
failure. There is no individual thruster throttling capability. As the number of thrusters operating
varies, the flow rate into the module primary manitold is regulated to maintain the correct pressure
and corresponding thruster flow rate. The boil-off rate ii: the argon tanks is set accordingly by
changing the rate of heat input,

Auxiliary Propulsion

An auxilian propulsion system is required tor the following functions during the transfer: 1) atti-
tude control dunng the orbit transfer occultation penods. 2) to provide object collision avoidance
thrust durng occultations. 31 duning the periods of high gravity gradicat torgue. 41 during the ter-
minal docking wianeuvers at GEO and 3 ) most likely duning the witial mancuvers to move away
trom the construction base. A LO~ LH> system is used provading an Isp of 400 sec. The thrust
level is ostablished by the requirement o surplement the clectnge thrusters dunng periods of high
eravity eradient. For the case of 2 module transtferning without an antenna a thrust level of 12000

N is required while a2 module with an antenna requires 300 XN of supplemental thrust.

Avionics

Avionios functtons include onboard autonomous gundance and navigation. data management and
S-tand telemetry ond command communications. Navigation caploy s Farth horizon. star and Sun
sepsors with an advanced high performance mertial measurement system. Cross-strapped LS com-
puters provide required computational capasdity mcluding data management. control znd configu-
ration control.  Fhe command and telemetny system emplovs remote-addressable date bussing and
its own muluplexing,  An additional tactor that may need consideration s the need tor radiation
shiclding duc "o the passage through the Van Allen belts. Although the shielding density may be
quite high, the yvolume to be shielded s small and consequently the mass penalty should not be too

SevVere.
4.3.1.1.3 Performance Optimization
Performance optimization for sell power clectric propulsion systems is foctsed on the parameters of

specitic impulse and tap tme. Additional considerations used i selecting optimum trp time and

Iy are radiation cftects and interest rate (cost ot money ).
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The results of optimizing Isp as a function of radiation degradation with fixed trip time and interest
rate isshown in Figure 4.3-11. Current cell and annealing characteristics indicates a 5% degradation.
Although the curves for the low degradation levels are quite flat, the minimum cost per Kw is in the
7000 to 7500 sec region.

Optiniization of the trip time for the optimum lsp and several interst rates is shown in Figure 4.3-12.
As indicated from this data, the assumed interest rate has a significaat impact on the transporta-
tion cost as well as the optimum tnp time. The intersst rate judged to be most compatible witl.
current utility philosophy is 7%%. The optimum trip time for this case then is approximately 220
days. however for analysis purposes the selected trip time is 180 days.

43.1.1.4 Mass Properties

Mass characteristics associated with the optimum >clf-power orbit transfer system is presented in
Table 4.3-2. The values are related to the transfer of each satellite module.

Table 4.3-2 Reference Photovoltaic Self Power Mass Summary

MASS (106 Kg)
ITEM WITHOUT ANTENNA WITH ANTENNA
Orbit Transfer Sys.em (0.76) (2.08)
Power Processing Units 0.39 1.07
Flectric Thrusters 032 032
Chemical Thrusters NIL NIL
Propellant Storage/Distribution 008 0.23
Thermal 0.14 0.39
Structural Installation 0.03 0.07
Usable Propellants (3.06) (8.26)
Argon 206 346
LO-/LH» 1.00 2.80
Satellite Modifications 10.66) (L7)
Oversizing 0.23 0.63
Power Distribution 0.30 o°
Structure (for Modularity) 0.12 0.33

Inertia charactenstics for a module transferring without an antenna are presented in Figure 4.3-13.
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4.3.1.1 5 Mission Profile aud Flight Operations

Mission Profile and Flight Sequence

Mission profile characteristics in terms of the relationships between orbit plane. altitude and elapsed
time for a typical any time departure transfer are shown in Figure 4.3-14. A significant point that
can be secn from this data is that a great deal of time is spent traveling through *he Van Allen belts
which have their main contributions below 10.000 km.

Since the selt-power concept does involve low acceleration levels, the altitude increase per revolu-
tion is quite small particularly at the lower altitudes where a stronger gravity field is present. Each
of these revolutions includes an occultation or shadow period when the satellite will be passing on
the backside of the Earth and out of suniight. The number of occultations that can be expected as
a function of transfer time is presented in Figure 4.3-13. The band indicates the range in number of
occultations depending on whether the transfer is initiated at the best or worst time of the year rela-
tive to the orbit and sun position. Theretore. for typical transfer times of 180 days. as many as

1000 occultations can be expected.

Also shown in Figure 4.3-13 is the fraction of time a vehicle in orbit is occulted as a function of the
time from departure: the decrease with time is the result of the orbit getting larger and the shadow

ong Stﬂ_\'iﬂg vonstant.

The flight sequence for the transfer of cight satellite modules is shown in Figure 4.3-16. Allowing
40 day s for the constt wction and 180 dayvs for transter of ¢ach module results in a maximum of five
satellite madules being in transit at one time after the fitth module has departed.

Flight Control

The tlight control task associated with the self-power transter ol a satelite module trom LEO to
GEO imvolves directing the thrust vector in a manner to change the plane of the orbit and raise the
aititude while mamntaiaing the sttitude of the satellite so that clectric power can be generated for
the thiusters. The tlight attitude selected tor the reference case consists of directing the solar arrays
toward the sun during the entire transter. The principal disturbance to the attitude is that of grav-
ity gradiont torque. As mdicated in Figure 4.3-17, gravity gradient torques result because the sat-
ellite module is always Town PEP during the transfer as shown in the left hand portion of the figure
andd abso because the thght begins from ar mchine orbit as illustrated on the night hand sketch, An
additional consideration in the ight control analy i s the chanmng line of nodes w hich resuits

trom having the capability to begin the departure at any tume during the vear.

Dotenminatior of inertin characteristios, eravity gradient torque and thrust ceguirements has been
done usimg a 6 DO simulation .\ typical cosult of this simalation is prosented in Figure $.3-18 for

the case of the st revolution ot a satellite module transteinmg wathout an antenna.
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As indicated by this data. the maximum thrust required at each comer of the module is over 4000
N. The available thrust which is established by the optimum trip time is slightly under 2000 N per
vorner therehy necessitating supplemental thrust capability. The sensitivity of altitude to the con-
trof thrust requirenient is preseatad in Figure 4.3-19. This data i licates that the available electric
thrust is sufficient to control the gravity gradient torque once 2500 Km s reached (NOTE: GEO s
33786 Km). The line of node sensitivity to control thrust roguirement is also presented in Figure
4.3-19. Again. this parameter deals with the time of 1car the Jdeparture is initiated.

1a all of these tlight controt cases. a supplemental amount of thinest must be added to that provided
by ine clectric thrusters. The approach used to provide the supplemental thrust 2nd total impubse
is that of 3 LO> LH> svstem. The mugnitude of the thrust and propellant quantity has previously

been identitied in Figure $.3-3,

43116 Cont

The total DDTE cost tor the sclfpower sisiem o ostimated at STV bithion. Toe flight svsicm por-
ton of tas cost s astimated at $235 mithion, A breakdown of the DDTE cost i presented i Table
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Table 4.2-3 Self-Powner DDTE Cost
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The recurring cost for the self-power system to transfer one complete satellite is estimated at $870
million. This estimate is based on 2 mature industry costing approach and delivery of four sateflites
per vear. A breakdown of the recurting cost for the complete sateflite ac well as for modules being
transported with and without an antenna is preseated in Table 4.24.

Table 434 Self-Fower R-.curring Cost

{cost i millions)
TOTAL MODULE MODULE
SYSTEM SATELLITE W/O ANTENNA WITH ANTENNA

Flight System {790y 69 (188)
Power Processing System 335 31 84
Electric Thrusters 63 6 16
Chemical Thrusters Nil -- --
Propeiflant Storage & Distribution 130 H 31
Thermal Control 30 7 18
Structure & Mechanisms 103 9 23
Avionics 20 2 b}
Power Distribation 35 3 9

Progeam Management 40y 3 L]

Sustaining Engincering «0) [£]] hd)
TOTAL 870 73 206

43.1.1.7 Supporting System Level Trades

Supporting system kevel trades conducted during Part H involved the comparison of several locations
for constricting the antennas for the LEO construction option amd the cost effectiveness of recov-
ery and reuse of the electric propulsion sy stem when using self-power for LEO to GEO transfer.
Each ol these trades will be discussed in additional detaii in the subscy.ont paragraphs.
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Antenna Construction. Transportation Trade

The early part of Part 1l involved the preliminary investigation of five different antenna construc-
tion/transportation methods when considering LEO construction of the satellite. These options are
illustrated in Figure 4.3-20. The first three concepts involve construction of the entire antenna
{including yoke) at LEO but vary in the location or method of attaching the antenna to the satel-
lite module. Option 4 also has the antenna made in LEO but is transferred in sections. with each of
the eight modules taking up one-fourth of an antenna. Option 3 has the yoke constructed at LEO
(size requires a facility height similar to that required for the satellite construction) but has the
antenna delivered in the form of components. which are assembled in GEO. Assessment of these
options involved a number of critena and resulted in selecting Options 2 and 3 as the most promis-
ing and requiring iurther depth in the analysis in order to make a selection.

Option 1 was eliminated from further consideration since it had the worst characteristics in terms of
gravity gradient torque (GGT). restricted the thrust vector due o exhaust impingement on the
antenna and had 2 large structural impact on a satellite due to eccentric loading dunng transfer and
required two different propubsion system designs since the sateliite modules without antennas
would involve considerably less mass. Option 3 imolhved a structural impact on the satcellite and
required movement of the antenna to its operating position. The mosi signiticant disadvantage of
Option 4 is that it required facilitics at both LEO and GEQ. The GEO faaility was required te hook
up the pnman structure of the antenna sections plus install secondaiy structure and subarsays in
between the already present secondany structure and subarrays that had been previously installed

at LEO.

Further analvsis of Options 2 and 3 involved a closer examination of the methods emploved to con-
struct and position the antenna as well as factors resulting in a difference in cost.

Construction Operations—Construction and installation of the antennas in LEO Jor Option 2 is
illustrated in Figurc 4.3-21. This concept has the antenna constructed in a facility that is attached
1o the module construction facility. Following completion of either the third and seveinth modules.
the antenna y cLo s constructed in the module facility and parked at the side. Midway through the
construction of th: fourth ad cighth modules, the antenna has been completed. attached to the
voke and this combination attoched to the module in its operating position. After the module is
completed and pror to release. tae antenna is rotated down under the module for the transfer to
GEO (this location gets the antenna out of the exhaust of the thrusters and also results in better
incrtia characteristics for attituge control). Once GEQ is reached. the antenna is rotated back to s
operating position through use of a single hinge line.
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The antenna construction/installation concept for the option of constructing the antenna at GEO is
shown in Figure 4.3-22_ In this option. cach of the eight satellite modules brings to GEQ one-
fourth of the components required for an antenna. These components must then be transferved to
the antenna construction facility as indicated in picture 2. The actual installation of the antenna
into the yvoke is the same as in the previously described option. Construction of the second antenna
is done in 2 manner similar to the first and when complete. the antenna facility is flown to the
opposite end of the satellite so the antenna can be installod.

Compared from this standpoint. LEQ construction of the antenna is judged to be the most desirable
since the antenna facility dovs not have to be moved nor are antznna components required to be
transferred the length of the satellite.

Cost—The principal cost differences between the two options are compared in Table 4.3-5. This
data indicates a cost savings of $120 million per satellite when using LEO construction for the
antenna. Satellite and t—sportation costs are greater for the LEO constructed opuion since the
structure of 2 module must be sized to support 3 15 million kg antenna. Consequently. the cost
reflects both the cost of the extra structure plus its transportation. The antenna faclity and its
transportation is cheaper for the LEO construction approach pnmanly because only one crew mod-
ule has a radiation shelter as opposcd to three. In addition. the antenna facility doss not have to be
transported to GEO although this cost contrnbution is amortized over 10 vears.  the most signifi-
cant difference. however, is the crew rotation resupply associated with haviig 200 fewer people a2t

GEO. |

In summan . LEOQ construction of the antenna is recommended because of the $120 million per sat-
cllite saving and kss complex operations associated with installation of the antenna.

Electric OTS Reusability

Motivation for considening the reusability of the electric propulsion system has been the $620
million unit cost associated with the system at the midterm or Part - (note the final Part 2 value
was $870 million). A breakdown of the system components and reusability rationale is shown in
Figure $.3-25. Those componeats considered as prime candidates for reusability include the
thruster modules and propellant tanks due to their high cost and or high cost per Kilogram. as well
as being convenient in terms of disassembly  reassembly and retum back to low Earth orbit.

Lite considerations of approximateh 8.000 hours for the thruster units prevent more than two uses

unless refurbishment is provided which amounts to approximately 3077 of the unit cost.
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© MOTIVATION: S620 MILLION/SATELLITE
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_257‘- bl
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wure 4.3-23.  Electric OTS Reuseability

TRIPOD
& RADIATOR

Recovery Concept for Electric OTS—The concept for recovery of the electric OTS is presented in
Figure 4.3-24. The system analy. 4 Jar the returmn of the electric components to LEQ is a single-
stage LO> LH» OTV. Rceturmn of 210.000 kilograms of payload requires a propellant loading of
approximately 400,000 kilograms. (Note: The unal Part 2 chemical OTV for crew rotation!
resupply is 2 commnon two stage system with total propellant loading of 460.000 ky.) Delivery of
the LO>. LH> stage to GEO involves mounting the stages below the satellite module. The resulting
impact on the clectric propulsion system of transporting an additional 1.6 million kilograms of
LO~ LH> stages is relatively minor due to its high performance characteristics.

Reusability of the clectric components used on the first module is not possible before transter of
the seventh module due to delivery times of 180 to 200 days.

Cost Assessment—Cost for recovery of the clectric components compared to their value is nearly

the same as indicated in Table 4.3-0. Conscquently. recovery is not suggested for the Part 2 mid-
term cost characternistics. although it is recommended that consideration be given for using these
thrusters for operational attitude control and station-keeping associated with the satellite, which
would also cftectively reduce the cost of the selt-power system and also to investigate recovery
using an independent solar electric tug. Note: The final Part 2 OTS cost (hardware) was estimated
at $790 miltion rather than $620 million for the Part 2 midterm tor which this trade was conducted.
Using the final Part 2 cost however results in a savings of $140 million per satellite which means tur-

ther consideration of recovery should occur in Part 3.
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Figure 4.3-24. Electric OTS Recovery Concept

Table 4.3-6. Cost Assessment Electric OTS Reuseability
® COST PER SATELLITE MODULE

A COSY FOR] RECOVERY (SM™)

® ELECOTS (1 UNIT) 9
® ELECCTS TOLEO 1"

® CHEM (3 UNIT) 10

e CHEM TO LEO 3
TOTAL S63M
CONCLUSION:

RECOMMENDATION:

VALUE OF RECOVERY

43

e THRUSTER MODULES
{UNIT)

® LAUNCH SAVINGS 16

(ASSOC. WITH THRUSTERS)
¢ TANKS 5
TOTAL $64M

NOT ECONOMICALLY ATTRACTIVE

CONSIDER

1) ELECTRIC TUGRETURN

2) ELECOTS FOR SATELLITE
OPERATIONAL ACS & STATION
KEEPING
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4.3.1.2 Thermal Engine Satellite Self-Po ver System

Self-power of the thermal engine satellite modules are for the most part similar to the photovoltaic
modules from a performance standpoint and basic hardware although there are some distinguishing
differences in terms of satellitc design impact as identified in Figure 4.3-25. One example of this is
that no oversizing of the thermal engine modules is required since the reflector facets and engines
are not sensitive to radiation as are the solar arrays. A second difference is that the voltage gener-
ated by the satellite can be the same us the cperating satellite voltage (since no plasma losses occur
as in the case of solar arrays) and thus a minimum power distribution penalty occurs. From a pro-
pulsion standpoint. three thruster modules are used rather than four and although all facets are
deployed in LEO. only a portion of these are required for the transfer. Gravity gradient torque
associated with this configuration are considerably lower due to the inertia characteristics of the
module and consequencly the chemical thrust required and the amount of LO~/LH» propellant are
considerably less than in the case of the photovoltaic satellite module.

Flight operations such as trip time are the same as for the photovoltaic satellite. A difference in the
operations, however. is that the thermal engine satellite consists of 16 modules as compared with
cight modules for the photovoltaic satellite. As a result. 10 modules are in transit at any one time
after the tenth module of the first satellite has begun its trip as shown in Figure 4.3-26.

Since the mass of the thermal engine satellite is essentially the same as the photovoltaic voltaic. the

total electric OTS system DDTE and satellite cost is the same: approximately S1.4 hillion for
DDT&E and $870 million recurring per satellite.
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Figure 4.3-25. Self Power Configuration—-Thermal Engine Satellite
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4.3.1.3 Chemical Orbit Transfer Vehicle

The chemical orbit transfer vehicle (OTV) is used in the satellite GEO cou..ruction concept. 'n this
concept. satellite components are delivered to a LEO staging depot and then transferrc *o coemical
OTV’s for delivery to GEQ where the construction occurs.

Various tynes of chemical OTV's have been investigated in .he FSTS study and Part I of the SPS
system definition study. The results of thesc studics have indicated a LO»/LH- common stage (tv-o
stage) system to be the most desirable. This system will be summarized in the following sections
and is applicable to either the photovoltaic or thermal engine satcllites.

4.3.1.3.1 Conafiguration

The space-based common stage O7TV is a two-stage system with both stages having ide,.tical propel-
lant capacity as shown in Figure 4.3-27. The first stage provides approximately 2/3 of the delta V
requirement for boost out of low Earth orvit at which point it is jettisioned for return to the low
Earth orbit staging depot.

The second stage completes the boost from low Earth orbit as well as the remainc -~ of the other
delta V requirements to place the payvload at GEO and -, provides the :quired delta V to return
the stage to the LEO staging dopot. Subsystems for « ch stage are identical in design approach.
The primary ditference is the use of four engines in the first stage due to thrust-to-weight require-
ments.  Also, the second stage requires  Iditional auxiliary propulsion due to s maneuvenng
requirements including docking of the payvload to the construction base at GEQ. The vebicie has
been sized to deliver a pavioad of 400 000 kilograms. As a result. the stage startburn muss without

payload is approxima* *ly 890 000 kilograms with the vehicle having an overall length of 56 meters.
4.3.1.3.2 Subsystems

Structure and M >chanisms

Main propellant contamers are welded aluminum with integral stiffening as required to carry tlight
loads. intertank. forward and aft skirts, and thrust structures employ graphite/epoxy composites.
An Apollo, Sovuz type docking system is provided at the front end of cach stage for docking with
pavloads. retncling tankers and orbital hases. The stage-to-stage docking system provides for dock-
ing the stages together with flight loads carried through tull-diameter structures. Propellant transfer
connections allow cither stage to be tuecled independently with the stages ither separated or docked

together  Structure of the two stages is wdentical to the extent practicable.
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Main Propulsion
Main engines are based on shuttle engine technology . operating with 2 <taged~combustion cyvcle at
20 M, m= (3000 psia) chamber pressure. 2 LO . LH mixture ratio of 3.5 10 1.0 and a retractatle
nozzie with extension expansion arca ratio of 400 providing a specitic impulse of 470 seconds.
Advanced low * PSH pumps are used to minimize teed pressures. A 6 degree square gimbal pattem
is emploved. The engines are capable of operating in a tank-head idle (THH mode (pumps not tum-
ing: mixed-phase propetlantsy for -ohgown and self-ullaging at a specific impulse of 330 sevonds:
60 seconds t1ime ) in selt-ullagi..g n ode 15 assumed needed prior to bootstrapping to tull thrust,
Throttling betwcen tank-head idle and tull thrust is not required. Main propellant pressunization is
derived from engine tap o1t after an onboard helium prepressurization.

Auxilary Propulsion

Auxiliany propualsion » used for attitede contra! and low Jdelta V mancuvers duning coast periods
and for temunal docking mancuvers. An aindependent LO~ LH system is used and provides an Isp
of 373 seconds averaged over pulsing and teady state opersting mrades. Thanters are mountad in
quad packages analogous to the Apollo Senace Module installation. Fach gquad has its own propel-
tant supply 1o facittate change out. Aunilian propalsion Tos the 1o stagses ases common tech-

aclozy but capacitics and thoest wsels are tadored.

Electric Power

Priman ciectine power is provided by el celis based en <huitle technolog | tailored o the OTV
requiremient. Reactants are siored imvacuam-tackeied prossure vessel, Product water o assumed
retained onboard to manmize payboad contumination potental. Ni-Cad batenes are cmployved for
pezking ond smoothing, 2N VIXC poner s rough-regulated and Oltered wathh fine regulation pro-
indcd by poner vane subxystems as necded. A potential mnert sunss aaving ot asumed ) would uw
low pressure reactants provided Trom main propellant tanks. Elecine power systems tor the two

stages are nientica] oneet for fvactant capaciy and hamesses

Aviontcs

Avionios fanctions include onboard sutonomous gindaace and pavigztion. data management and
S-band welcmetn and command cosmmunications, Novgation cmptoy s Farth honzon, siar aae Sas
seisors with an advanced Ingh pooformanes mertial measurcaient sasicm. Cronsstoapped 1S com-
putens provade reqauired computationdd capabiliny mohiding data management. control and confige
ratton control. The command snd teicmetn sustem emploss ccmoteaddresable dats busang and
it own muliplense. AMthough the nuonics sustomivom the tae stages aredertical, software tor

cach stage s tadorsd 1o the stage function .
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Thermal Environment Control

Mamn propetlant tanks are insulated by aluminized myvtar multitaver insulations contained within a
par bag. The insulation system s helium purgad on the ground and dering Farth aunch. The
A0S sastens sem-xcine louvered radiators and cold plates. Active thuid loops and radiators arc
required for the fucl coll systems. Supenallo: metal hase heat shickds are emplovad 1o protect the
basce arcas trom recirculating engine plumce gas.

43,133 Performance

Perfomunce charactenstios assoviated with the common stage LOS LHS OTV are shown m Fipure
4328 Propellant requirenients are shown a5 3 function of the pas loast retum and delivery capa-
bality . Performance zround rules used in theswe paramctne are ax follows (alecs are mamn

rropeliant quantitiesy:

o [Hlmde Ste | 10 kg por stant
Stz > S0 Ag perstant
®  Stop lws Stzl J0kg
Ste> 104¢
e Baoiloftf rate o &g hreach sase

®  Bumwut masas scaling cquations.
t 310 +00330" WPy +0 72T \\l’:
1E3N SO0 R +OOSIITNE, OITISNT,
Where W Py and W l‘: are mam and auntioe propellant capacitios sespectanchh
® Suge \Morgaz

®  Stimny baswe 2t 477 K 31 degrens
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Summan level mass estetes are prosented in Table 4 327 tor the clected satclnte OFV Vet
sronth actor of 100 was wecd rathicr than 13 aca FSES Paed on the jadginent that the SPS
1O THGEN wenld be gsccond zestcranon vchicke Wass Sstimatos for the sastenms rellect the

deagn approach provioash dowenbed.

43135 Musion Profile and Flight Operations

Pypical ordal framsdoer opetations froun FRO 1o GO tor the comunon siage OFV are diustrated
Figure 4 3229 The moaonty of 1he dele b for Boonting troun TRO woproaded by Stase T Stage |
thon soparates amd setams o the stagie dopot 1 lowang an clliptics! ceturmn phoog arbet Sage 2
complees the Doontand puis the pavioad mie 2 GEHO franster and rhasng ot s well avimectine
the pavioad mie Gi O and pertomuang tiie temunad readevous mancaver wath the GEO constnue-
tren Base Pollowg remonad of the pavload, stage 2 ases Inwo pranen barms i refermmg o the
PO Stz Jopot. Vdetad mssen protide mdicatiage avenids, e and delta Vs presented i

Table 4 3.8

Jos



TOTAL PRUPELLANT REQUIRED (109 Kg)

D180-22876-5

/l/i | L

-] 0 0 0 00
PAYLOAD RETURNED (103 KXo

Figure 43-28. Two Stage LO»/LH, OTV Performance
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Figure 4.3-29. Chemic: | OTV Orbit Transfer Operations
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Table 4.3-7. Chemical OTV Mass Summary

Stage 1 (KG) Stage 2 (XG)

Stuct and Mechanisnes 13300 14.780
Main Propulsion 7090 4020
Auxihary Propulsion s$20 1.120
Avionics 300 310
Flectrica! Power 830 820
Thcrmal Control 1.850 2310
Weight Growth 107 2420 2340

Dry 26630 35.79%
Fuel Bias ) o0
Unusable 1O~/LH- 1.810 1.810
Unusable and Reserve APS 290 600

Burnout X370 28.990
Main Impulse Prop 413000 407.000
APS 2.760 6.100

Startbum H7070 4H2.09

A total mission fimeline for each stage is presented in Figure 4.3-30. Allowing approximately cight
hours ‘or refucling and returb results in 40 Lours clapsed time before a given Stage 1 can be reused.
A typical Stage 2. however. has an clapsed time of 83 hours betore reuse including time for
assembly between stages »nd e tween OTV and payioad.

With the indicated tumaround times for cach stage of an OTV . it is possible to esiablish the total
stage fleet size as shown in Figure 4 3-31. The lirst 'wo hars are - sociated with the fist OTV
flight. At the end of approximately 12 hours the second or upper stage (Ul separates from the finst
dower) stage (LI The first stage complete its operations and s available i time for the third OTV
flight. The nirst upper stage finishes its mission and is available for another flight at the end of
approximateiy 83 hours which allows it to be used on the tlight scheduled for the fifth day. With
opcrations conducted m this manner and the requirements for onte OTV flight per day for five
consecutine davs per week (corresponds to launch vehick operations) a total of two lower and four
“wpper stages are regquired in the tleet in order to co:dact day to day operations. Operated in this
manner. as mam as sin independently operating stages can be in flight at one time dunng the

construction of cach satclite.
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Table 43-8. Mission Profile

MISSION
EVENY REQUIRED PROPULSION
NO. & TIME DELTAYV A OR
NAME Ry MSEC AUXILIARY REMARK
MISSION
1. STANDOFF L] 3 A PROVIDES SAFE SEFARATION DISTANCE BETWEEN
FAQUITY & VEHICLE
2. PHASE 12 3 A IV 1S ATTITUDE CONTRCL
3. COAST K3 1715 ~ OTV FIRST STAGC SEPARATES AFTER THIS *V
4. COASY 42 3 A ELLIPTIC REV
S INJECT ] 750 v INCLUDE > 80 MWSEC ACCUMULATED FINITE -
BURN LUSS
& COAST sS4 3 A TRANSFER YO GEO
7. PHASE INJ a3 1780 ] REPRLSI STATIVE FOR 15° PHASING
B PHASE 2 3 A
8 TP A 5 ] MSCLUDES 15 MSEC OVER IDEAL TO F
(TERMINAL PHASE CURRECTIONS ALLGY FOR
MNITIATION?
10. RENDEZVOUS 2 0 A TP ASSUMED TO OCCUR WITHIN S0 KM OF TARGET
1. DOCK w0 A
12 WAIT 8 -0 - ASSUMED DOCKED
13. SYANDOFF R 3 A
13, DEOHBIT R 1520 "
15. COASY sS4 10 A TRANSFER TO LEO
16. # W ASE INJECT 2 56 Ly ’
17, PHASE 12 3 A ORMIT PERIGEE AT STAGING BASE ALTITUDE
18 ™ R S0 .
19, RENDEIVUUS 2 2 A
20. DOCK ] 10 A
21, RESERVE - 150 " 2% OF STAGE MAIN PROPULSION V BUDGET
FIRST STAGE RECOVERY
.. -ST 42 30 A 1V TO CORRECT DIFFERERTIAL NODAL REGRESSION
BETWEEN COAST ORSIT AND STAGING BASE
2. PHASE INJECT . 1645 ~ ELLIPTIC ORBIT PERIGEE AT STAGING BASE ALT.
4 ™ ” 3 A ALTITUDE CONY.30L
3. PHASE K] 50 ~
S. RENDEZVOUS 2 2 A
€ DOCK ) 0 A
7. RESERVE - 85 " 7% OF STAGE MAIN PROFULS.oN V BUDGETY
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Figure 4.3-30. Chemical OTV Flight Operation Timekine
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Figure 4.3-31. Flight Operations-Chemical Orbit Transfer
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4.3.1.36 Cost

DDTE cost for the common stage LO~/LH~ OTV with a start bum mass of 900 000 kg is estimated
at $950 million (1977 dollars) based on cost parametrics developed in the FSTSA study. The
average TFU cost for the two stages is estimated at $82 milhon (1977 dollars) again using FSTSA
parametrics.

Cost per flight for the LO:;’LH: OTV is based on the following ground rules:
Space Based LO~'LH, Common Stage
Startburn Stage Mass of 445 K ke
Stage TFU Equal $82M (1977 Dollars)
280 OTV Flights Per Satellite

4 Satellites Constructed Per Year

14 Ycar Program Life

30 Flight Design Life

Stage Leaming Factor of 0.88

Lo» LH. Bulk Cost of SO 10 per ke
Spares Ec_]ual 30°- of Operational Units

The majority of these ground rukes are selfexplanatory. However. several merit further explana-
tion. The 280 tlights for the orbit transfer vehicke is the number required for one satellite. A 14-
year program has been assumed for the orbit transter vehicle. since bevond that point in time it is
senerally assumed that a different gencration of orbit transter vehicle would be developed. A 30-
tight d-sign life has been assumed 1or the spa--¢ based orbit transfer vehicle  This value is basea on
the MSFC Tug Study which assumed 30 uses tor a ground based system. Assuming that the SPS
OTV is a second generation vehicle. it was assumed 30 uses could be projected for a space based
system.

Bascd on the above ground rules a total of 624 stages (upper and lower) are required resulting in 2n
average stage cost of approximately S31 million. Cost per flight for a complete two stage OTV was
estimated as 226 million with the following breakdown.

e Operational Units S1.24M

o  Propellant SC.40M

® Sparcs S0.62M

4.2.2 Crew Rotation Resupply Transportation System
The crew rotation resupply OTV for a photovoitzic or thermal engine <2 flite or LEO or GFO con-
struction makes use of 3 common stage LOy LH, OTV. The system deseription of this OTV is

essentially the same as described in Section 4.3.1.3 although the size of the system does vary with

its apphication.
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The complete crew retation/resupply transportation system required for a photovoltaic satellite is
presented in Figure 4.3-32. In the case of LEO construction. the crew rotation resupply concept

-volves rotating all of the personnel {75) at the GE? base every 90 days and providing supplies for
90 davs. As a result. the OTV has a startburn mass of 495,000 ke.

Should the satellite be constructed in GEO. the same OTV as used to deliver the satellite compo-
nents is emplored. As a result. a crew rotation/resupply flight is flown once a month involving 160
personnel and supplics for 480 people and 30 days. Accordingly. the OTV has a startbum mass of’
$90.000 ke.

S Ml
orv:
12
o CREW/CARGO 1O GEO s
e 2STAGE LO2LH OTV
e LEO CONST OTV .
o Vig = 495000 Kg
e GEO CONST 0TV
W= 830 000Ky ® o Lo GEO
5
3 3. CREWTO.EO CARGO TO LEO
_. D — ——————————
w wTE
= -
@
a
z TANKER
2 {PROP)
——
CARGO
GEO
® CREW TC LEO e CARGO, PROP & OTV's
® SHUTTLE GROWTH e 2STAGE BALLISTIC
» 75/7LT

""gure 4.3-32. Crew Rotation/Resupply Transportation
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4.4 INTEGRATED RESULTS

Sections 4.2 and 4.3 have presented data related to either the launch system or orbit transter sys-
tem. This section presen.s total transportation flight and cost data for the preferred transportation
system for the reference photovoltaic satellite. The transportation elements consist of a two stage
ballistic/ballistic launch vehicle for cargo. self power ¢electric propulsion for the satellite. shuttle
growth (reusable liquid booster) vehicle for crew delivery to LEO and LO~: LH+ common two stage
OTV for crew;supply delivery betweer: LEO and GEO. )

The flight schedule associated with the construction and delivery of one satellite per vear is pre-
sented in Table 4.4-1. The maximum launch rate for the cargo delivery systzm is expected to be
three per day for the case of constructing each of eight modules in 32 dayvs and delivery of all of the
OTS propellant for a module in the first 16 davs of the 32 dayv construction period.

Table 4.4-1. Flight Schedule Per Satellite

Per Satellite Max. Rate
Earth- LEO Deliven:
Y Stage Ballistic, Ballistic

Satellite Components 277 33. 32 days
Satellite OTS Hardware 33 8§ 32duys
Satellite OTS Prop 83 2416 davs l>'
Base Crew Supplics 4 1 90 davs
Chemical OTV Prop 5 ~ 1 90 days

Shuttle Growth
Personnel 2% ~ 1 13 days

LEO-GEQ Deliver
Satellite ] 1 40 days
Crew/Supplics 4 190 days

{> Relates to module transporting an antenna.

The total transportation cost for one satellite (based on four satellites year constructioa rated is

estimated at shightly under $4.8 bilhon, A breakdown of this cost is presented in Table 4.4-2.

275



D180-22876-5

Table 4.4-2. Transportation Cost (Cost in Millions)

Satelite Transportation (4250)
Components to LEO 2325
1S Hardware to LEO 355
OTS Prop to LEO 795
0°'S Hardware 775
Crew Rotation Resupply Transportation (240)
Supplies to LEO 45
OTV Prop 1o LEO 45
OTV Hardware 10
Crew to LEO 140
Interest (Self Power T Timed (300)
Total $4790
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