
#_..· 
~- . ·~ .... 

SATELLITE. 
1, VCLUft~ 3: 

AND cosr 
Se:i ttle, 

NAS-JSJ96 
DRL T-1346 
DRDMA-664T 
UNE ITEM 3 

u:_ / _f / ~ ;:!) 6 

D 180-20689-3 
Part I Volume Ill 

Construction, 
TransPortation 
and Cost Analyses 

N7S-13101 

CSCL 22B Gl/1S 
unclas 
53639 

Solar Power Satellite 
SYSTEM DEF/NfflON STUDY 



DI 80-20689-3 

Contract NAS9-IS 196 
DRL NumbttT-1346 
DRD Number MA~T 
line Item 3 

Solar Power Satellite 
SYSTEM DEFINITION STUDY 

Part I Volume lll 

Construction. Transportation 
and Cost Analyses 

August 8, 1 '117 

Submitted to 
The National Aeronautics and Space Administration 

Lyndon B. Johnson Space Center 
In Partial Fulfillment of the Requirements 

of Contract NAS 9-1 S 196 

Boeing Anosr*C Company 
Missiles ,...,,. ~pace Group 
Spxe Divi· ·:; 
P.O.Box 1•n 
Seattl~. Washington 

1 



0180-20689-3 

FOREWORD 

The SPS systems definition study was initiated in December 1976. Part I was completed on May 1, 

1977. Part I included a principal analysis effort to evaluate SPS energy conversion options and space 

construction locations. A transportation add-on task provideo for further analysis of transportation 

options. operations. and costs. 

The study was managed by the Lyndon 8. Johnson Space Center (JSC) of the National Aeronautics 

and Space Administration (NASA). The Contracting Officer's Representative (COR) was Oarke 

Covington of JSC. JSC study management team members included: 

Lou Livingston System Engineering Dick Kennedy Power Distribution 

and Analysis Bob Ried Structure and Thermal 

Lyle Jenkins Space Construction Analysis 

Jim Jones Design Fred Stebbins Structural Analysis 

Sam Nassiff Construction Base Bob Bond Man-Machine Interface 

Buddy Heineman Mass Properties Bob Gundersen Man-Machine Interface 

Dickey Arndt Microwave System Analysis Hu Davis Transportation Systems 

R.H. Dietz Microwave Transmitter Harold Benson Cost Analysis 

and Rectenna Stu N:.chtwey Microwave Biological 

Lou Leopold Microwa\·e Generators Effects 

Jack Sey! Phase Control Andrei Konradi Space Radiation 

Bill Dusenbury Energy Conversion Environment 

Jim Cioni Photovoltaic Systems Alu Hardy Radiation Shielding 

Bill Simon Thermal Cycle Systems Don Kessler Collision Probability 

The Boeing study manager was Gordon Woodcock. Boeing technical leaders were: 

Vince Caluori Photovoltaic SPS's Jack Gewin Power Distribution 

Dan Gregory Thermal Engine SPS's Don Grim Electric Propulsion 

Eldon Da,·is Construction and Orbit-to- Henry Hillbrath Propulsion 

Orbit Transportatio:i Dr. Ted Kramer Thermal Analysis and 

Hal DiRamio Earth-to-Orbit Optics 

Transportation Keith Miller Human Factors and 

Dr. Joe Gauger Cost Construction Operations 

Bob Conrad Mass Properties Jack Olson Configuration Design 

Rod Darrow Operations Dr. Henry Oman Photovoltaics 

Bill Emsley Flight Control John Perry Structures 

ii 
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The Part I Report includes a total of five volumes: 

Vol. I 

Vol. II 

Vol. Ill 

Vol. IV 

Vol. V 

DJS0-20689-l 

DIS0-20689-2 

D 180-20689-3 

0180-20689-4 

DIS0-20689-5 

Executive Summary 

System Requirements and Energy Conversion Options 

Construction. Transportation, and Cost Analyses 

SPS Transportation System Requirements 

SPS Transportation: Representative System Descriptions 

Re4\''!Sts for information should be directed to Gordon R. Woodcock of the Boeing Ai:rospace 

Company in Seattle or Clarke Covington of the Spacecraft Design Division of the Johnson Space 

Center in Houston. 
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3.4 CONSTRUCTION ANALYSIS 

3.4.1 Satellite Construction Concepts 

3.4.1. l Approach 

3.4.1.1. I Construction Analysis Objectives-Unlike the other analyses performed during Part I, 

the construction analysis was not directed at determining the mass and cost associated with the 

construction of the alternative satellite types or alternative construction sites. The objectives of 

the Part I construction analysis were the following: 

For each satellite type and each .;onstruction location, 

- define workable construction concepts 

- define associated types of facilities to be used 

- define the construction sequences 

- define the time allocations for each major construction task 

- define the functional requirements for the construction machinery 

- estimate how many of each type of construction machine is required and what operating rate is 

.,uired 

.1mate the number of personnel required 

3.4.1. l.2 Construction Analysis Constraints and Assumptions-Due to the limited analytical time 

available, the number of satellite types/construction locations. and the lack of a data base from 

which to start. it was necessary to adopt some simplifying assumptions, constraints, and ground­

rules: 

I. The total satellite was to be constructed in one year (excluding LEO-to-GEO transportation 

time). 

\ '~ construction machines of a given t~ pe were to have the same operating rate. 

3. Antenna con:.tru..:tion was not 1nalyzed. but time for attaching the antennas to the satellite 

was allowed and an antenna construction crew size was estimated. 

4. 1'J'Ort equipment required to deliver parts to the construction machines was not considered, 

however, the support crew size was estimated. 
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5. Subsystem installation was not considered, however a subsystem installation crew size was 

estimated. 

6. In most cases, only a single design solution was pursued. There was not time to analyze 

attenative machine or facility approaches. 

3.4.1.1.3 Construction Philosophy-As the various satellite types were analyzed, a set of under­

lying principles (objectives, goals, guidelines) evolved that were incorporated into all of the various 

construction concepts. The collection of these principles could be called our .. construction phil­

sophy '', see Table 3.4-1. In some cases, not all of these principles could be satisfied due to peculiar 

satellite configuration details. These principles w~ be reevaluated during Part 2. 

2 



CONCEPT 

e FACILITIZED CONSTRUCTION 

e DECOUPLED OPERATIONS 

e MAJOR SUBASSEMBLIES IN 
PAPALLEL 

e CONTINUOUS BEAMS 

e MOVING BEAM MACHINES 

e SUPPORT THE BEAMS 

e MINIMIZE USE OF FREE FLYERS 

TABLE 3.4-1 
CONSTRUCTION PHILOSOPHY 

RATIONALE 

e DO NOT HAVE TO BUILD IN EXTRA STRENGTH (MASS) INTO EVERY SATELLITE IN 
ORDER TO SUPPORT CONSTRUCTION EQUIPMENT 

e CONSTRUCTION OPERATIONS CAN BE DECOUPLED 
e CONSTRUCTION OPERATIONS SHOULD BE INDEPENDENT AS POSSIBLE SO THAT A SLOW 

DOWN OR SHUTDOWN IN ONE OPERATION HAS MINIMUM IMPACT ON OTHERS 
e FABRICATE MAJOR SUBASSEMBLIES !N PARALLEL IN SEPARATE FACILITY LOCATIONS 

SO THAT MAXIMUM TIM~ CAN BF ALLOTTED TO EACH SUBASSEMBLY FABRICATION 
e CONTINUOUS BEAMS, WHETHER CURVED OR STRAIGHT, 

- MINIMIZE THE NUMBER OF JOINTS 
- ELIMINATES THE NEED FOR SOME JOINT PLUG ASSEMBLIES 

e PLACING BEAM MACHINES ON TRACKS SUCH THAT THE MACHINE BACKS AWAY FROM 
"EXTRUDED" BEAM IS PREFERRED OVER FIXED BEAM MACHINES: 

- CONTINUOUS LONGITUDINAL BEAMS CAN BE MADE (NO LONGITUDINAL BUTT 
JOINTS REQUIRED) 

- CROSS FRAMES CAN BE STARTED AS SOON AS LONGITUDINAL BEAM MACHINES 
PASS THE JOINT AREA 

e LONG BEAMS SHOULD BE SUPPORTED AS THEY ARE FABRICATED TO ELIMINATE UNDESIRED 
STRESS AND UNGUIDED ENO POSITIONS 

e MACHINES THAT FREE FLY ARE NOT DESIRED. THE SATELLITE COMPONENTS ARE TOO 
FRANGIBLE TO TOLERATE ACCIDENTAL COLLISIONS. PROPELLANT CONSUMPTION, 
EXHAUST PRODUCT CONTAMINATION, AND PLUME IMPINGEMENT WOULD PRESENT PROBLEMS 

0 -
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3.4. l .2 Summary of Results-The detailed construction analysis of each of the six satellite types/ 

construction base alternates are included in Section 3.4.1.3. In this section, the significant results of 

the various construction analysis are summarized and evaluated. 

3.4.1.2. l Construction Machinery Requirements-The number of construction machines required 

for each concept is summarized in Figure 3 .4-1. 

3.4. t .2.2 Manning Requirements-The total crew size estimates for each satellite type/construction 

location is summarized in Figure 3.4-1 and is given in detail in Table 3.4-2. 

3.4.1.2.3 Construction Facilities-The construction facilities derived for the various ~atellite types/ 

construction locations are shown in Figure 3.4-2. 

3.4. l. 2.4 Constructability Rating-An attempt was made to integrate the various construction fac­

tors into a "constructability rating". Figure 3.4-3 shows the results. The process used to establish 

the rating scores is described in Section 3.4.7. 

(NOTE: This preliminary constructability rating does not include cost or mass 

factors.) 

The relative ratings show that for a given satellite type, there is very little difference in the con­

structability due to construction base location. 

The CR= I Ph.:>tovoltaic satelJite should be the most constructable and the thermal engine satellite 

should be more difficult. However. the thermal engine satellite is constructable. 

3.4.1.3 Construction Analysis 

3.4.1.3. l Photovoltaic Satellite (CR=2) GEO Base Construction Analysis 

3.4. I .3.1. J Introduction-The CR=:! Photovoltaic satellite is one of the two reference satellite con­

figurations. Its distinguishing feature is that it employs large reflectors to concentrate the sunlight 

on the solar cells. 

This was the first construction analysis performed. The construction philosophy, machine operating 

rates, and assumptions that evolved from this analysis were applied during the analysis of other 

satellite types. 

4 



Table 3.4-2 Manning Requirements Summary 
SPS 784 

CR· 2.0 Photowoltelc satellite Thermal angina satellite 
--C-to oeo LEO GEO 
-k'ln~truction .J<on~~ructi~- ~!!!!ru~t!_on construction 

LEO GEO LEO GEO LEO GEO LEO·- GEO 
base bal8 base bal8 base baw base base 
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s.telllt• conurudlon (3021 11351 IOI 14141 (3371 11191 13311 
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,, 
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Safety 2 2 2 2 2 2 2 2 
Qi,pl.i"I 2 2 2 2 2 2 2 2 

co· :.IOI 2 2 2 2 2 2 2 2 
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11381 1681 CB21 1124) 
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8 4 4 6 
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8 B 8 8 

1841 (371 231 1641 
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2 2 2 2 
2 2 ' 2 
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Figure 3.4-2 Satellite Construction Facility Comparison 
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3.4.1.3.1.2 Overview-In this section, the reference satellite configuration will be described and the 

top-level timeline will be developed. 

Refer~nce SateUite Co:tftgUration-The CR=2 photovoltaic satellite configuration that will be used 

as the reference for the construction analysis is shown in Figure 3.4-4. 

T op-leYel Timeline Analysis 

AssumpLion #I - Total construction time/satellite= 365 days. 

Assumption #2 - Allow 30 Jays for final ;.ntegration ai1d checkout. 

Assumption #3 - Allow 20 days to fabricate end structures and miscellaneous CQmponents ( 10 

days for each end). 

Assumption #4 - Allow :W days to install antenn;.o-; ( 10 days each). 

Assumption #5 - Antennas constructed !n parallel with satellite. 

Assumption #6 - ftJthough I day/week will be allotted as an off duty day for each crewmember. 

the work ph~ng can be organized such that a common shutdown day is not 

required. 

Given these assumptions. it is found that there are 305 days available for fabricating/.lSsembling 44 

bays (see Figure 3.4-5): approximately 7 days per bay. 

Assumption :#:7 - Allow 1 day/bay for: 

- catch up if machines break down 

- final inspection 

- coordination between all bays 

- moving machinery out of way 

- indexing s.itdlite to next bay 

- maintenance on machinery 

Allow 6 days/bay a\ailable for primary fabrication/assembly work. 

Assumption #8 - Two-bay construction facility. 

The -:onstruction of the frame will be done in parallel with the other assembly operations. 

Assumption #Q - Allow 10 hours to index the next bay (I. I meter/minute) 

Taking these factof'i into account, the top-level timeline for each bay is as shown in Figure 3.4-6. 

8 
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3.4. l .3. l .3 Construction Concept 

Configurations 

Frame Configuration-lb: frame configuration to be built within the 7 day time allotment is shown 

in Figure 3.4-7. The frame nomenclature shown in this figure will be used throughout this analy:.is. 

To asse111ble the framework. it will be necessary to adapt the ends of ~me of the frames (as made 

by beam machines) to the angular !'.··rfaces of other frames to which they are attached. To accom­

modate this.joint plugs will be used fsee Figure 3.4-8). 

Sobr CeU Blanket Assembly Conf1gUration-The solar cell b:,nkets will be delivered to the installa­

tion area in '.!Om wide accordion-folded blanket pa..:kages which will be attached to the frame. The 

blankets ha~ a preattached bridle that will be used to unfold and deploy the bbnket across the 

trough. The bridle will be :ittached to a preinstalled tensioning de'\ice. The edges of adjacent solar 

cell blankets are then attached. Figure 3.4-9 depicts the configuration described. 

Reflector Assembly Configudtion-The reflector assembly is similar to the solar cell blanket assem­
bly. Figure 3.4-IO depicts the configuration. Note that the reflector is assumed to be delh ~red in 

rolls. 

Bus/Switch Gear Assembly- The electrical power collection syste~ is shown in Figure 3.4-11 and 

3.4-1 '.!. These figures show that on both sides of each trough that tilere are two busses that have to 

be installed: I) Module bus (triangular in shape-up to .415 mat highest point). and '.!)the Main Bus 

t rectangular in shape - .415 incremental jumps - 9. l 3 m maximum of end bays.) 

At one end of each bay. switch gear will he installed. 

3.4.1.3.1.4 Construction Timeline Analysis 

Frame ~mbly 

A~umption ::tlO - Twelve beam machines used (see Figure 3.4-131 per trough 

- Some of the beam machines are used to make more than one beam (see 

Table 3.4-3). 

- Some of the heam machines can be moved in and out 01 position in order 

to I) use a machine in two positions and, or '.!) to get the machine~ out of 

the way so the satellite ..:an be indexed. 

i I 
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Fagure 3.4-9 Solar CeU Installed Configuration 
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l'lgUre 3.4-10 Reflector Installed Conf1gUration 
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TYPICAL •LOCAL,. BUS 
(1 mm THICK. 0 TO 41.5 cm WIDE) 

SWITCHGEAR FOR LOCAL 
TO MAIN BUS FEED 
C2&00A AT 44 OOOV 
NOMINAL) 

TYPICAL MAIN BUS 
1 mm THICK. WIDTH 
CSTEP• 41.San PER 
850m SECTION) FlgUtt 3.4-11 Photovoltaic Satellite Conductor and Switchgear Installation Concept 

---- - - ---------
=- --=--=::...-

Figure 3.4-12 Bus and Switch Gear Configuration 
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Figure 3.4-13 Frame Fabrication/Assembly Concept Photovoltaic Satellite (CR=2) 
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- The ridge beams are made outside of their final location as there is no way 

to make them in Lheir final position due to the longitudinal beams Cl, C2, 

and C3 occupying the joint area (see Figure 3.4-13). 

Six beam machine operators used to operate the twelve beam machines (see 

Table 3.4-3). 

IABLE3.4-3 

Beam Machine 

Cl C2 C3 RI R2 RS R6 LI L2 L3 L4 L6 

x [!> U> D> 11> [!> x [!> 
x x 

x x 
x x 

x x 
x x 

[!> Beam machine used in two places 

See Figure 3.4-14 for construction sequence. 

The three steps shown in Figure 3.4-14 are to be accomplished in six days. 

Assumption #12 - Twenty-two hours/day available using 12-hour, 2-shift schedule with 4/ .5/4/ 

.5/4/ I I work/rest cycle) 

Assumption #13 - Allow one hour to move the beam machines into next position (2.7 m;min). 

Ttie required Beam machine rate is .25 m/min. 

Other stationary beam machines have most of the 44 hours available (deduct five minutes to move 

machine into position from its retracted location). These also require a rate of 0.25 m/min. 

These rates have to be adjusted to reflect the operator productivity; (see Section 3.4.4): 

A rate of 0.33 m/min is used hereafter in this discussion. 

16 
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ll'DI ll'DI 

L1 .•' 

JOINTS 

DC1 
Ma 
RJ.C1 
llll-C1 
IM-C2 
MCI 
DC3 
RJ-cJ 
u.ca 
LJ.CZ 
u.c3 
L5C3 

Figure 3.4-14 Beam Construction Sequence 
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Assumption #14 - Lap joints require fastening at four points: 

--· /"'-­_ ...,~-" 
Laploint v~ _ , 

A8sumption #15 - Butt joints requi:'e fastening al. three points: 

Butt Joint 

The detailed timeline for joint assembly is shown in Figure 3.4-15 

- 60 min/lap joint and 50 min/butt joint 

The Cl, C2 and C3 plugs can be made at a subassembly factory. The plugs are tr.:nsported from the 

factory and placed on joint assembly machines. 

The timeline for the plug joint assembly is shown in Figure 3.4-16. After the plug is into position, 

the joint assembly sequence shown in Figure 3.4-14 is used (minus the first 15 minutes) increment 

allocated for moving the machine into place). 

Total time for ridge frame joint assembly is 2 hrs. 

The sequence of joint making is shown in Figure 3.4-14 and are further tabulated in Table 3.4-4. 

Step 1 

Step 2 

Step 3 

Top 

Butt Lap 

Cl-Cl 

L4-L3 

R2-Cl 

RI-Cl 

L4-Cl 

L3-Cl 

R3-Cl 

R4-Cl 

R3-Cl 

R7-Cl 

R8-Cl 

Table 3.4-4 

Bottom Lea 

Butt Lap 

C2-C2 R2-C2 

Ll-C2 

L2-C2 

R6-C2 

L6-C2 

R4-C2 

L5-C2 

R8-C2 

L7-C2 

18 

Bottom Right 

Butt Lap 

C3-C3 Rl-C3 

Ll-C3 

L2-C3 

R5-C3 

L6-C3 

R3-C3 

L5-C3 

R7-C3 

L7-C3 
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MOVE JOINT MACHINE TO JOINT LOCAnON 
16 I 

MANIPUlATl FAAMH INTO PC>SITION a ALIGN 

I 15 I 
FASTEN/INSPECT PT #1 

co 
MOVE JOINT MACHINE TO PT#Z 

CD 
FASTlN/INSPECT PT #Z 

CD 
MOVE JOINT MACHINE TO PT #3 co 
MOVE JOINT MACHINE TO PT #4 

DJ 

IUTTJOINT 
PAm~-.cTIT 

TAKES SO MIN 

LAP JOINT TAKES -
60MIN -

• 10 20 311 40 IO to 

TIME-MINUTlS 

Figure 3.4-15 Lap and Butt loint Ass'y Timeline 

MOVE JOINT ASS-V MACHINE TO NEXT LOCA TIOM 

1s I 
PICK UP ANO MOVE PLUG TO ASS'Y LOCATION 

I 10 I 
FASTEt.l/INSPECT PT #1 

GJ 
MOVETOPT#2 

CD 
FASTEN/lt.ISPECT PT #2 

CD 
MOVE TO PT#3 

DJ 
FASTEN/INSPECT PT #3 

CD 
MOVE TOPT#4 

CD 
FASTlN/INSPECT PT #4 

0: 

• 10 20 IO 

MINUTlS 

Figure 3.4-16 Plug Joint Ass'y Timeline Reflector Installation 
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Beam Machine Reloading 

Based on the beam machine usage described above, it is necessary to reload the R l, R2, L 1. R6 and 

L6 machines within one day (21 hours) so that they will be ready to go after the satellite has been 

indexed: There will be a total of 30 beam machines to be loaried within 21 hours (six machines 

per section). The machines should be designed to reload much faster than 21 hoi..~:; m order to 

allow for machine breakdown delays. 

Frame Fab/ Assembly Timeline Summary 

The assumptions, sequences, and rates described above have been used to create the detailed frame 

assembly timeline shown in Figure 3.4-17. 

Reflector Deployment 

Assumption # 16 · Reflector width = 20 m 

Functions to be performed. 

1. Dl!ploy/attach reflector rolls (edge of Cl frame). 

2. Deploy/attach reflector stretcher (edge of C3, C2). 

3. Position deployment machine so that deployment book arm ~ngages bridle . 

.l rranslate deployment machine down to unroll reflector sheet. 

5. Position birdie to engage reflectors stretcher hook. 

6. Position edge sealing head to engage both edges. 

7. Translate deployment machine to move edge scales while it seals the edges. 

8. Disengage edge scaler head. 

9. R.!tum to Step 3 and repeat. 

See Figure 3.4-18 for detailed functional flow. Four hours per strip is available. 

20 
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DAYI ' I 3 • 
HOURS • 12 20 • 12 20 • 12 20 • 12 

lll' • 
"'P 1 • STEPZ • -

--t OPER 1 
npfR 2 

C3 OPER 3 
RI OPER 4 
R2 OPER 5 

1 OPlR 6 I 

I L2 Oi'ER 3 
LJ O?ER 2 

I 
L4 OPER 1 IEAM FABRICATION RS O!'ER4 
f.6 OP~l'l !:> 

I I I OD~R 6 

I 
I I ' 

TOP J C1·C1 R1-C1 
R2-C1 

5 • 
20 • 12 20 • 12 

. STEP3 . 
I I . 

I 1 

. 
I 

MOVE BEAM 
r.:~CHllllES 

I I I I I i 
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I R4 OPER 2 
LS OPER 1 
R7 OPER4 
R8 OPEFiS 

_,L7 OPER6 

D L4-L3 LJ.C1 RJ.C1 
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: 

I I 
: MOVE BEAM 

1~1INES 

! I 

i I , 
~ R4-C1 R7-C 

R3-C1 R8-C 
, , 

I 4SSEMBLE JOit.iTS BOTTOM LEFT ] C2-C2 L 1-C2 

I 
1
eonOMRT I 

R2·C2 
D C3-C3 L1-CJ ' I R1·C3 I ' 

D u-a Ls.a 
R6-C2 

:J R4-C2 
L>C2 

D l2·C3 L&-C3 D Rl-CJ 
R>CJ L>CJ 

, , -n- ,.J- I I I 

R> C2 
-C2 
C3 

-C3 

L7 
R7· 
L7 

FABRICATE PLUGS 

11111111111 
I I 

RELOAD BEAM MACHINES C1 C2 C3 R1 R2 L1 

I I I 11 1 Ri'i R~ I L6 (j> TIME AVAILABLE FOR I U> ... , ,l~ e CATCH UP FOR MALFUNCTIONING BEAM MACHINES 
e FINAL INSPECTION e MOVING MACHINERY OUT OF WAY INDEX TO NEXT BAY 
e COORDINATION e MACHINERY MAINTENANCE 

11 I I I I I II I i · BETWEEN SECTIONS I 

Figure 3.4-17 CR= 2.0 Photovoltaic Satellite F"'llme Fabrication and Assembly Timeline 

_____ _,! DEPLOY/ATTACH REFLECTOR ROLLS 

_____ .. t DEPLOY/ATTACH REFLECTOR STRETCHER 

C?!J MO"!! DEPLOYMENT MACHINE INTO POSITION 

[!] ENGAGE BRIDLE 

1 It 30 MIN DEPLOY REFLECTOR SHEET 

r:'1 COMPRESS STRET .:HER 
L:J ENGAGE STRETCHER HOOK 

00 ENGAGE EDGE SEALER 

IEAL EDGES r:=: , HR 55 MIN I 
DISENGAGE EDGE SEALER (!] 

Figure 3.4-18 Reflector Deployment Functior. Flow 
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AltematiYes 

I. Use a separate gantry to deploy/attach reflector rolls and stretchers ahead of deployer/edge 
sealer. 

2. Set aside some time to deploy the rolls and stretchers before going back to deploy the reflector 
«uses same gantry). 

3. Carry the rolls and reflectors with deployment gantry and attach just prior to deployment 

Alternative 

Evaluation C:iteria 2 3 

I. Number of gantries Most Fewest fewest 

2. Deployment speed Slowest Fastest Fastest 

3. Number of operators Most Fewest Fewest 

4. Complexity of <!eployment machine Least Medium Most 

5. l>ecoupled Best Medium Least 

6. End Frame Oearance Best Worst Worst 

The choice is altemafo·e I because of the complexity of trying to deploy the cannisters and ten­

sioning devices using the same gantry as used to deploy the reflector. 

Assumption # 17 - Allow 60 minutes each to install the rolls and stretchers and to move to next 

and to move to next position. 

There are 33 strips to deploy per bay. 

The component deployment gantry can finish its job within 33 hours. 

The reflector deployment machine can begin work after the second roll is installed by the com­

ponent deployment machine. 

The de.ailed timeline for reflector installation operatkr:!". shown in Figure 3.4-19. Rates are 7.2 

in/min for reflector deployment and 5.t>S in/min i"r Pdgc ; ~achment . 

. , 
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Assumption# 18 - Solar cell blankets 20 m!ters wide. 

The functional Dow and timelines for solar .:ell d~ploynacnt activiues are almost identical to the 

reflector functional Oow and timeline. 

Solar cell deployment rate= 7.'1 m/min 

Solar cell edge attach rate= 5.65 m/min 

Bus and Switch C.ear Installation-The functions to be perfonned include the following: 

I. Deploy module bus 

., Deploy main bus 

3. Deploy switch gear 

4. c~nnect solar cells to module bus 

5. Conncet module bus to swit~h gear 

6. Connect switch gear to main bus 

7. Connect main bus to main bus 

Th"· tirneline for the required functions is s:1own in Figure 3.4-:!G. 

3.4.1.3. I .S Machinery Requirements 

Beam Machines- 'file following numbers of :!O m beam machines will be required in each longi­

tudinal section: 

Section I - I I beam machines 

Section :! - 11 
Section 3 - 11 

Section 4 • 11 
Section 5 - I 0 

51 beam machines required. 
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DAY 1 

I> 
MY 1 ISM OFFUU1Y DAY 

F1ptt 3.4-20 Electric:al Power Collection System Installation 
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The CI /C2/C3 beam machines in each section will be fixed to the facility (IS total). 

The L2/L3/L4 beam machines in each section will be mounted on retractable platfonns ( l S total). 

The other beam machines (27 total) will have t<' be mounted on carriages such that they can be 

relocated. 

Beam EnJ Holder Machines-As each beam machine will remain fixed in place as it fabricates a 

beam. it will be necessar)' to attach the free end of the beam to a traveling beam and holder 

machine to restrain and guide the beam as it is being made. Therefore. 57 beam end hoh!er de,·ices 

will be required. 

Beam 'Wpports-Facility-mounted. retractable beam supports will be required every 200m along 

each ~- t3 required each frame). Therefore. a total of 261 beam Sl' pports will be required. 

Joint Assembly Machines-Joint assembly machines will be required at each of the ridge apexes 

and at mid span of the L3 1L4 frame (see Figure 3.4-~ 1 ). Figure 3.4-22 shows a concept for a joint 

assembly machine. 

Component Deployment Machine-A gantry will be required to operate along each of the reflec­

tor ridges. This gantry will perfonn 3 major functions: 

- Deplo)' solar cell blanket cannisters 

- Deploy reflector roll cannist.!rs 

- Deploy tensioning deviU!s 

Figure 3.4-23 shows a concept for t!1 is mach:ne. Eight of these machines will be required. 

Solar Cell Deployment Machin" A solar cell deployment machine will be required that performs 

the following major functions. 

- Deploy solar c.:11 blanket across the trough 

- Attach solar cell blankei to tensioning de\ice 

- Attach edges of adjacent solar cell >trips 

Figure 3.4-24 shows a concept for this machine. Five machines are required. 

Reflector Deployment Machine A machine will be required to deploy. tension. and edge-attach 

reflector rolls. A concept for this machine is shown in Figure 3.4-25. Eight of th~se machines 

will be required. 
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• 
Figure 3.4-21 Joint ~bly Machine Locations 

flEQUIREMENTS 

• lllOY£S ALONG LONGITUDINAL MEMBERS 
• _,S1' 8E ABLE TO MOVE BETWEEN 

RETRACTED BEAM MACHINES 
• MUST BE ABLE TO RELOCATE TO JOINT 

LOCATION IN 15 MINUTES 
• MUST BE CAPABLE OF MANIPULATING 

AlllO HOLDING FRAMES PRIOR TO JOINING 
• MUST BE ABLE TO ALIGN FRAMES 
•MUST BE ABLE, TO PRECISELY LOCATE 

FASTING OEVIC£ AT JOINT POINTS 
• MUST BE ABLE TO FASTEN FRAMES 
• MUST BE ABLE TO RELOCATE TO 

NEXT FASTENING POINT IN 5 MINUTES 
• MUST BE ABLE TO INSPECT FASTENED JOINT 
• MUST BE ABLE TO WORK AROUND STRUCTURE 

WITHOUT DAMAGING FRAMES 
• MUST BE A MANNED MANIPULATOR 
• TRANSPORT PLUG STRUCTURES 

figure 3.4-22 Joint Machine Concept 
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Figure 3.4-23 Component Deployment Machine 
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Figure 3.4-24 Solar Cell Deployment Machine 
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Bus/Switch Gear Installation Machine-At the bottom comers of each trough, a machine will be 

required to install the busses and switch gear. Figure 3.4-:?6 shows a concept for this machine. 

Eight of these machines will be required. 

Machine Requirements Summary-The quantity of each type of machine and the required operat-

ingrates are summ:rized in Figs~re 3.1-27. 

3.4.1.3.1.6 Manning Requirements-The manning required for the GEO construction base is 

summarized in Figure 3.4-28. 

3.4.1.3.1.7 Facility-The concept for the construction facility is shown in Figure 3.4-29. This 

facility is as wide as the total satellite and as long as two structural bays. 

In this concept the structure is fabricated first in Facility Bay A, see Figure 3.4-30. After the one 

bay of the frame is assembled, the frame assembly is indexed in to Facility Bay B wherein the 

solar cells, reflectors, and power collection system will be installed, see Figures 3.4-31, -32, and 

-33. 

3.4.1.3.2 Photovoltaic Satellite (CR=2) LEO Base Construction Analysis 

3.4.1.3.2.I Introduction 

This analysis was directed at determining how pl10tovoltaic satellite modules can be constructed 

in LEO, transported to GEO and assembled into a complete satellite. The construction concept will 

be described in terms of the numbers and types of construction machinery. the crew required at 

each location, LEO or GEO, and construction facility concept. 

The results of this analysis are compared to the results obtained in the Photovoltaic Satellite GEO 

Base Construction Analysis presented earlier. 

3.4.1.3.2.2 Overview 

The analysis in this report will use data derived in the GEO construction analysis. 

Reference Satellite Configuration 

The photovoltaic satellite is to be wnstructed using modules that are 1Il6 the size of the total 

satellite. Each module is constructed at the LEO base. These moduels are then transported to 

GEO where they wiJJ be mated together to make up the complete satellite. Figure 3.4-34 shows 

the completed satellite configur.1 tion. Figure 3.4-35 shows a typical I /16 size mo<lule. Note that the 

module dimensions are larger than those used in the GEO construction analysis. This size increase 

is required to compensate for radiation degradation.incurred by the transfer; see section 3.5. 
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Figure 3.4-26 Bus and Switchgear Installation Photovoltaic Satellite 
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Figure 3.4-27 Construction Machine and Rate Comparison Photovoltaic Satellite (CR• 2) 
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Figure 3.4-28 GEO Construction Manpower Summary Photovoltaic Satellite (CR= 2) 

FACILITY 

e MINIMIZES SATELLITE DESIGN IMPACT 

e ALLOWS MULTIPLE OPERATIONS THAT ARE 
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e INCREASES CONSTRUCTION SPEED 
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~ FOR CLARITY 

Figure 3.4-29 Photovoltak Satellite Construction Facility 
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SATELLITE BAV 1 
MOVED TO FACILITY 
BAVB 

SATELLITE STRUCTURAL 
FRAME (BAV 1)­
SIMPLIFIED 

Figure 3.4-30 Satellite Bay 1 Framework Facility Bay A 

CONSTRUCTION TIMELINE 

• 1 YEAR TOTAL 
• l50 OA VS FINAL C/O 
• 31& DAYS FOR BAY CONSTRUCTION 
• 7DAYSIBAY 

REFLECTOR INSTALLATION <TYPICALI 

SATELLITE BAY 2 
STRUCTURAL FRAMEWORK 
IN FORMING STAGE ITYPICAL 
OF EACH TROUGH AND RIDGE) 

Figure 3 .4-31 Satellite Solar Array and Reflector Installation Facility Bay 8 Operations 
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F!eure 3.4-34 CR= 2.0 Photovoltaic Satellite Configuration 
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Figure 3.4-35 CR= 2.0 Photovoltaic Satellite 1/16 - Size Module Confi1Jtiration 
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Top Level Tuneline Analysis 

Assumption #I - Total construction time is 365 days at both LEO and GEO. 

Assumption #::? - Allow 30 days for final integration and checkout at GEO 

Assumption #3 - Allow 20 days to fabricat~ end structures and miscellaneous components. 

345 days are available at LEO to build 16 modules. or :! 1.56 days per module. 

Assumption~ - Allow ! 56 days per module to absorb delays, final module checkout, removal 

from facility. etc. 

This leaves ::?O Jays per module actual construction tirr.e available. 

A total ol 335 days are a\·ailable at GEO for matir.goperation. This averages ::?0.94 days per module. 

Figure 3.4-36 shows the top level timeline that takes these ~umptions and derived times into 

account. As Figure 3.4-36 shows. even though 20.94 days haw been allot~ed for GEO ~mbly. 

for Module #16. there are onl} about 13 days a,·aiJable due to ha\'ing allotted 30 days for final 

test and checkout. 

3.4.1.3.2.J Satellite Module Construction 

LEO Construction TimeliaJe Anal:ysis 

Each mOC:~le consists of six ravs 655m long. In the previous analysil> it took 7 days to make each 

of the o55m iong bays. Hence. it would take C 6 bays) C7 days 'bay l = 42 days to make the 6 bays 

usirg the same number of machines. section and the machine rati>s derived in the pre\ious ana.iysis. 

As stated above only 20 da~·s are available to constn.:ct 6 bays. Thus. then- is only half the time per 

bay available as in the GEO cas~- To get the assembly \II Ork done in hali the time. there are three 

alternatives: 

I. Use r ore machines 

., Operate the machines at faster rau!s 

3. Combination of the above 
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Fsgure 3.4-36 Photovoltaic Satellite Construction Top Letti Timeline 
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In order to make a valid comparison to the previous analysis, it was chosen to keep the machine 

rates constant. Therefore. alternative number :!. increase the number of machines. was the choice. 

In Bay A. the frame fabrication area. the time critical assembly operation is the beam fabrication. 

There is plenty of tiln( available for the joint assembly operations. To make the structure in each 

bay section twke as fast as before. it will be necessary to use dedicated beam machines for each 

frame instead of mo\ing beam machin--s to different locations to make :! or 3 different frames. 

It will take '.! days to make the frame for each bay: 1 '.! days total to make the frame fer a satellite 

module. 

To make the :!-trough wide satellite module, 41 beam machines, 7 joint assembly machines and 

48 operators/shift are required. 

In Bay 8. the reflector.' solar cell/busbar deployment bay. the time critical operations are (I) the 

reflector strip deployment by Gantry A. t '.!) the solar cell deployment by the solar cell deployment 

machine and (3) the bus installation. The deployment of solar cell and reflC"ctor components by 

Gantry 8 can be easily accomplished in enough time to accommodate a higher production rate 

(it only takes 33 hours/bay to distribute the components). 

In order to get the critical B.t} 8 operations perfom1ed at twice the rate as before. it will be neces­

sary to increase the number of machines operating in each section. It will require Reflector/Solar 

Cell Parts Deployment Machines (Gantry Bl. 8 Reflector Deployment Machines . .i Solar Cell 

Deployment Machines and 8 Bus'Switch Gear Installation Ma,:1ines. 

The timeline for construction of a staellice module is sh'lwn in Figun· 3 .-l-37. 

The machine and operator requirements an: summarized in Table 3.4-5. 

The LEO construction facility required to make the satellite module is shown in Figure 3.4-38. 

GEO Assembly Tianeline Analysis 

The satellite modules arrive at '.!O day intervals. 

Assumption ~5 - Allow I day to dock incoming module to previously attached modules. 

Assumption #6 - Allow l day to attach end frames to adjacent module after docking. 

Figure 3.4-39 show:: a fadlity that will be flown into position on the satellite module. This facil­

ity spans the '.! linear tr1mgh section~ and is one 655m bay in length. 
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Figure 3.4-37 SateDite Module Tuneline Analysis 

Table 3.4-S LEO Construction Facility Construction Machinery Sununary 

IEAM MACHINES 

e 41 MACttNES REQUIRED 
e 41 OPERATORS/SHIFT 
e .2S M/MlN FAB ~TE x (1.33) = .33 M/MlN 

JOINT ASSEMBI. Y MACHINES 

e 7 MACHll'!ES REQUiREO 
e 7 (J)ERATORS/SHIFT (LOCATED ON THE MACHINE) 
e 1 HR/JOINT RATE x (I .33) = 1.33 HR/JOINT 

REflECTOR/SOlAR CELL PARTS DEPLOYMENT MACHINES (GANTRY 8) 

• 4 MACHINES REQUIRED 
e 8 OPERATORS/SHIFT (LOCATED REMOTE FROM MACHINE ?) 
• 1 HR/STRIP RATE x (1.33):: 1.33 HRS/STRIP !<ATE 

REFLECTOR DEPLOYMENT MACHINE (GANTRY A) 

e 8 MACHINES REQUIRED 
• 8 OPERATORS/SHIFT (LOCATED REMOTE FROM MACHINE ?) 
e 7.2 M/MIN DEPLOYMENT RATE x (1.33) = 9.57 M/MIN 
e 5.6 M/MIN EDGE ATIACH RATE x (1.33) = 7.5 M/MIN 

SOLAR CELL DEPLOYMENT MACHINE 

e 4 MACHINES REQUIRED 
• 4 OPERATORS/SHIFT (LOCATED REMOTE FROM MACHINE ?) 
e 7 .2 M/MIN DEPLOYMENT RATE x (1.33\ = 9.57 M/MIN 
e 5.6 M/MIN EDGE ATTACH RATE x (1.33) = 7.5 M/MIN 

BUS/SWITCH GEAR INSTALLATION MACHINE 

• 8 MACHINES REQUIRED 
e 8 OPERATORS/SHIFT (LOCATED ON THE MACHINE'1 
e .1 M/MIN RATE x (1.33) = 0. 133 M/MIN RATE 

DELAYS. 
FINAL CHECKOUT. 
llEmVAL FROM 
FACILITY. ETC 
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D> PROPORTIONS EXPANDED 
FOR CLARITY 

Fagure 3.4-38 CR= 2.0 Photovoltaic SateDite LEO Base Comtruction Facility 
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IHOMI IN 0P£RATIONAL POSITION 

(
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Figure 3.4-39 GEO Deployment Facility/LEO Construction Photovoltaic Satellite (CR= 2) 

40 



D 180-20689-3 

Assumption #7 - Allow !/~day to move facility into place. 

17.S days are therefore to deploy solar cells/reflectors and to index the next bay. (385 hrs.). 

Figure 3.440 shows the locations where the reflectors and solar cells require deployment. 3 index­

ing moves of the facility are indicated. 

Assumption l#lS - Allow ::!.5 hrs to move the facility to next bay. 

377.5 hrs are then available to deploy reflectors/solar cells. 94 hrs/bay. 

In the LEO facility. it was estimated that ;t takes 6 days to deploy a bay's reflectors and solar 

cells. To deploy the same quantity of reflectors and solar cells using the same machine rates derived 

previously, two deploying machines must operate simultaneously on each working surface. There­

fore. the facility shown will require the following machines: 

8 Reflector deployment machines 

4 Solar cell deployment machines 

To attach the frames. it will require 4 joint assembly machines. 

32 operators are needed to nm the machines (::!shifts). 

Figure 3.4-40 CR ""' 2.0 Photovoltaic Satellite I/ 16 - Size Module Configuration 
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3.4.1.3.2.4 Comparison of LEO vs GEO Construction 

Table 3.4-6 summarizes the major differences between the LEO and GEO photovoltaic satellite 

construction. Table 3.4-7 summarizes the total manpower requirements for both the LEO and 

GEO construction base alternatives. 

3.4.1.3.3 Thennal Engine Satellite GEO Base Construction Analysis 

3.4.1.3.3.1 Oven-iew 

In this section, the reference satellite configuration is described and the top level construction time­

line is derived. 

• 
• 
• 
• 

• 

Table 3.4-6 

LEO .-s GEO Base Construction of the CR=2 Photovoltaic Satellite 

Construction Differences Summary 

GEO Construction Base 

5 X 2.9 KM size • 
One construction facility required • 
Made as one contiguous assembly • 
Machinery required • 
• 5 7 Beam machines 

• 30 operators/:! shift 

• 19 Joint assembly machines 

• 19 operators/shift 

• 8 parts deployment machines 

• 16 operators/shift 

• 8 reflector deployment machines 

• 8 operators/shift 

• 4 solar cell deployment machines 

• 4 operators/shift 

• 8 bus/switch gear installation machines 

• 8 operators/shift 

Indexing Speed I. I m/min • 
42 

LEO Construction Base 

5 X 4. I KM size 

Two construction facilities required 

Made up of 16 modules that are assembled 

at GEO 

Machinery required 

e 41 Beam machint!s 

• 41 operators/shift 

• 11 Joint assembly machines 

• 1 I operators/shift 

• 4 parts deployment machines 

• 8 operators/shift 

e ! 6 reflector deployment machines 

• 16 operators/shift 

e 8 solar cell deployment machines 

• operators/shift 

e 8 bus/switch gear installation machines 

• 8 operators/shift 

Indexing Speed 1.5 m/min 
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SPS 720 Table 3.4-7 Manpower Summary CR= 20 Photovoltaic Satellite 
UV \OltU -- ---uo \lltU LEO GEO .... a.. - -• ... -... -'" not Iii Ill (101 ....... __.. t30ZI 11351 IOI 14MI ....... _, n 22 -- • ,_ 100 I - • ..... ......-- 12 • - n .... ,_ 12 11 - • ........... 21 21 - II 

T• llld dMckoul 31 31 - 11 

---~ !Ml 1141 - ... 
.. opllMiolll .,., 1681 1121 11241 • ... "' 12 I I 12 °"' ........ • 4 4 I ... ....._ 42 1t " 42 

T......,.lllliua 24 10 24 10 ................ .. 19 19 .. 
Ca.amicaliolll • • • • 

.. 1111PP01t *' tm 123) l&C) .............. , Ii Ii 1 
Ulilitie M • 2 14 ........._. __ 

M 1Z 4 JI 
Mtdiall/dentll 13 • I 13 ..,_ 2 2 z 2 
~ z z z 2 

Cllllllnll 2 2 z 2 

Taah 598 299 110 686 

Totll 891 806 

Parabolic Dish Concept 

The original thermal engine satellite configuration anal~ 1.ed for construction was the 4-module para­

bolic dish configuration shown in Fig.ure 3.4-4 t. 

A construction approach was developed to a significant level of detail. Several alternative construc­

!ion facility conre.>t!' were evolved but no straight forward construction method was found. 

Due to complexities encountered. the satellite configuration was reevaluated taking constructability 

into account. resulting in the configuration shown in Figures 3.4-42 and 3.4-43. S1ight performance 

penalties were incurred (see sedion 3.3.1 ). 

Reference Satellite Configuration 

The configuration of the thermal engine satellite sl.'!eckd for construction analysis is shown in 

Figun: 3.4-42 and 3.4-43. This ..... telhte is ~·omposed of 16 modules. Each module has 4 thermal 

engine'\. The satl'llitc module\\ as d1.·scrihed in mort• detail 111 '\ection 3.3. 
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Figure 3.442 16 Module Thennal Engine Satellite 
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Figure 3.4-43 Thennal Engine Satellite Configuration 
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Top Level Timeline 

Assumption # 1 -

Assumption #2 -

Assumption #3 -

Assumption #4 -

Assumption #5 -

Assumption #6 -

D 180-20689-3 

365 days total construction time/total satellite 

Allow 30 days for final integration/checkout 

Allow 5 days to attach last module to others, interconnect power busses, 

etc. 

Antenna installation will be done concurrent with fabrication of satellite 

modules 

Although 1 day/week is allotted as an off-duty day for each crewmember; 

the work phasing can be organized such that a common shutdown day is 

not required. 

Allow 10 days for attachment of last satellite string set (modult:s 12-16) 

to other module sets. 

These assumptions parallel those used for the photovoltaic satellite where applicable. 

320 days to fabricate modules, or 20 days/module 

Use 20 days as basic satellite module construction time allotment 

The top level timeline is shown in Figure 3.4-44. 

In each 20 day time period, the following major operations have to be completed: 

• Fabricate reflector frame 

• Fabricate radiator assembly 

• Fabricate cavity assembly 

• Attach radiator and cavity assemblies 

e Attach radiator/cavity assembly to reflector assembly 

e Index module ~ut of facility 
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Figure 3.4-44 Thennal Engine Satellite GEO Base Construction Top-Level Timeline 
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Assumption #7 - Satellite indexing rate 1.1 m/min (same as assumed for photov:>lt:ik satellite) 

Assumption #8 - Joint assembly time = 1 hour (same as derived for the photovoltaic satellitt>) 

Using these assumptions and the frame dimensions shown in Figure 3.4-43, the following data can 

be derived: 

Time required to index satellite to halfway point= 16.36 hrs 

Time to join radiator legs to retlector = 1 hour (assuming that both: !!Sare joined simultaneously) 

Total time from completion of end frames to start of next module is 37.n. hrs 

The time available for fabrication of the major elements is computed as follows: 

(20 days) (22 hrs/day) = 440 hrs total time per module 

-38 hrs to index 

40::! hrs to complete subassemblies 

- 18.3 days 

The top level timeline for ead1 satellite module is shown in Figure 3.4-45. 

3.4. 1 .3.3.2 Reflector Construction Concept 

Configuration 

The satellite module reflector configuration and nomenclature is shown in Figure 3.4-46. As can 

be seen, the reflector is a trough-shaped dish composed of two major elements: ( 1 I the reflector 

frame, and (2) the reflector facet assemblies. 

Reflector Construction Timeline 

The timeline for constructing the refledor assembly is shown in Figure 3.4-4 7. 

Reflector Construction Machinery Requirements 

Beam Machines--Based on the constrnction philu~ophy, construction stragety, frame details, and 

timeline analysis described in the preceding sections, requirements for the beam machines are as 

described in Table 3.4-8. 

The A and B beam machines could also 1-ie used as the power units to push the completed satellite 

module out ol the facility. 
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Table 3.4-8 

Beam Machine Requirements 

Makes 
Bea ... No. Beam Type Mobility Beam 

Size Required Stnight Curved Fixed Movable No. Remarks 

20m 2 x x A I. A2 

Sm I 2 x x Bl thru 

BI 2 

Sm x x x D2, E3, Required a beam end 

E4 holding machine when 

making 02 (see section 

3.3.3) 

Sm x x DI.El. 

E2 

I.Sm 37 x x Cl-C73 Included an facet 

deployment machine 

(section 3.3.5) 

Beam Supports--As the A. B. D and E beams are fabricated. it will be necessary to periodically 

SU:'!)Ort them. In the case of the D and E beams. these supports can be removed as soon as these 

beams are joined to the A and B beams. In the case of the B beams, the beam supports will have 

to be removed to make clearance for the facet deployment. The supports used for the A beams 

will have to support the entire satel!ite module while the module is under construction and as the 

module is indexed out of the facility. 

The concept for the various beam supports are shown in Figure 3.448. 

Assuming that a beam support is required every WOm the following number of beam supports 

will be required I for the reflector only): 

20m beam supports 

Sm beam supports 

22 required 

I 7 3 required 
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Figure 3.448 Beam Support ,As.,emblies 
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Beam End Holding Machine Whenever :i beam must pass by existing transverse beams as it is 

fabricated (such as when the D:! beam is made). it is not possible to mo\'e the beam machine. The 

beam machine will not clear the transverse beams. It is. therefore. necessary to fix the beam 

machine a11d to use a beam end holder that will guide and support the extruded end of the beam 

as the 1'• cll1l is made. This beam end holder could either be self-propelled or it could be pushed 

along by the beam as it is t-eing fabricated. A concept for a beam end holder machine is shown 

in Figure 3.446. Only one of these machines is required. 

Joint Assembly Machine .\t every beam joint. it will be necessary to make some type of beam­

to-beam connection. Figure 3.4-50 shows the various types of joints that have to be made. 

NOTE: The type of joint fastening is unknown at this point in time. The joint could be 

mechanically attached (by rivets of sleeves i. welded. or taped and glued. 

Figure 3.4-5 I shows a concept for a joint assembly machine. A singie machine will be able to 

keep up with all of the A-D. 8-D. and E-D joints. 

The E-B joints will be made by joint assembly devices attached to the facet deployment machine 

(see next paragrJph ). 

Facet Deployment Machine-The facet deployment machine concept shown in Figure 3.4-52 is 

1 .nultipurpose machine that perfonns 3 basic operations: ( l) it fabricates the I .Sm C beams. 

( :! ) it attaches the C beams to the B beams. and ( 3) it deploys the facets. Thirty-six of these 

machines will be required. 

Facet Assembly Machine- In order to prepare the heliostats by unpacking and folding into the 

shape shown in Figure 3.4-52 it will be necessary to have a heliostat subassembly area located at 

the main facility. This subassembly area will employ a heliostat assembly machine that assembles 

thl.' ... upport structure. attaches the reflector sheet assembly. folds the assembled heliostats anJ 

load~ them into cassettes to be placed on the heho:.lat deployment machine. Figure 3.4-53 shows 

a concept for this machine. 

Reflector Construction Facility Requirements 

Throughout the preceding sections. various facility requirements ha,·e been mentioned or implied. 

These requirements have been collrcted and summarized in Table 3.4-9. A facility concept that 

satisfies these requirements 1~ shown in Figure 3.4-54 and 3.4-55. 
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Fagure 3.449 Beam End Holder Machine 
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Fagure 3.4-SO Typical Joint Types 
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Reflector Construction Manpower Requirements 

The manpower required to fabricate the retlector assembly is summarized iP Table 3.4-10. This 

summary dixs not include supervisory or support personnel. 

Table 3.4-9 

Reflector Construction Facility Requirements 

o Used to fabricate one .;;atdlite module reflector 

o Must be integral with anknna. radiator. anJ ca\ity construction facilities 

o Must include a reflector facet subassembly area 

o Fabrication should take place on one side of the reflector if possible 

o Must provide tracks for the various construct. n modules 

o Must include n:tractable beam support systems 

o Must allow simultaneous frame fabrication and retlecto1 deployment 

o Must provide means to relocate (' beam mad1ines to new ( heam location 

o Must allow satellite module to be indexed out of facility 

o Must provide means for constructing beams in defined relative positions 

o Must provide means to clear machim:s out of way so that satellite module can be indexed 

o Must provide me:''15 tlJ move components from receiving area to the user machines 

o Must provide means to transport personnel to manned machines 

3.4.1.3..l.3 Radiator/Ca,·ity /Spine Construction Concept 

Radiator/Cavity /Spine Configuration The on: rail con fi~uration of the radiator. cavity. and -;pine 

assemblie'> is shown in figure 3.4.56. 
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Figure 3.4-54 Reflector Construction Facility 
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Figure 3.4-SS Reflector Frame Construction Thennal Engine Satellite 
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Table 3.4-10 Reflector Construction Manpower Requirements 

.mnTU ..,. DESCRIPTION 

IEAM MACHINE e CONTROLS lOAOING OF BEAM COWONENTS INTO BEAM 
OPERATOR MACHINE 

e INITIATES BEAM FABRICATION 

• MONITORS BEAM FABRICATION 

e llOl.ATES FAULT CONDITIONS AND ADVIS!S MAtNTENANCE 
PERSONNEL 

e CONTROLS INTERFACINC? WITH BEAM ENO HOLDING MACHINE 
IF REO'D 

• MONITORS BEAM SUPPORT PLACEMENT/RETRACTION 

JOINT ASSEMBl Y • CONTROLS LOADING OF JOINT ASSEMBLY COMPONENTS ONTO 
MACHINE OPERATOR MACHINE CARRIAGE 

• CONTROLS MOVEMENT OF MACHINE ON T1'ACKS 
e CONTROLS MOVEMENT OF MANIPULATOR CAB 

• CONTROLS MANIPULATORS 

• CONTROLS JOINT FASTENING 

• ISOLA TES FAULT CONOITIONS ANO ADVISES MAINTENANCE 
PERSONNEL 

FACET DEPLOYMENT • CONTROLS LOADING OF COMPONENTS ONTO MACHINE 
MACHINE OPERATOR • INITIATES/MONITORS MACHINE FUNCTIONS 

• ISOLA TES FAULT CONDITIONS ANO ADVISES MAINTENANCE 
PERSONNEL 

• DRIVES MACHINE WHEN RELOCATING 

FACET ASSEMBLY • INITIATES/CONTROLS LOADING OF COMPONENTS INTO 
MACHINE OPERATOR MACHINE 

• INITIATES/MONITORS MACHINE FUNCTIONS 

• ISOLA TES FAUL f CONOITIONS ANO ADVISES MAINTENANCE 
PERSONNEL 

~WHEN BEAM FABRICATION IS COMPLETED. THES~ OPERATORS 
i;.-""" GO AND OPERA TE THE FACET ASSEMBLY MACHINES. 

GENERATOR 
RADIATOR 
(2PLCS) 

,, __ RADIATOR 
FRAME 

Figure 3 .4-56 Radiator/Cavity /Spine Configuration 
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Radiator/Cavity/Spine Constuction Timeline Analysis-In Sl'ction 3.4.1.3.3.l it was found that 

there are approximately 402 hours ( 18.3 days) available to complete the radiator/ cavity /spine assem­

blies. In order to get al. of these major assembly operations completed within this time frame. it will 

be necessary to fabricate the radiator, cavity and spine assemblies sin, .iltaneously. The construction 

timelines for these three major assembly operations are shown in Figures 3.4-57, -58. and -59. 

Radiator/Cavity /Spine Construction Machinery Requirer.ients 

Radiator Constructi<'n Machinery Requirements- Review of the radiator construction requirements 

has identified five types of construction machinery. ( 1) beam machines, ( 2) beam supports. (3) 

joint assembly machines, (4) radiator assembly machines. and (51 manifold assembly machines. 

Beam Machines-Two beam machines were identified: ( 1) a 20m beam machine and ( 2) a I Om 

beam machine. These both would have to be traveling beam machines. These machines must wrap 

the fabricated beams with a thennal protedion wrapping. 

Beam Supports--lt will be necessary to provide facility-mounted retractable beam supports that 

will be used with the 20m, IOm, and Sm beams. The beam support types shown in Section 3.3.2 

illustrate what is needed. The 20m beam supports required for the radiator frames do not need the 

roller assembly shown before. 

The following number of each type of beam support will be required if it is assumed that one is 

required every 200m or at the end of each beam shorter than :!OOm: 

20m Beam Support - 50 Required 

1 Om Beam Support - 4 7 Required 

Sm Beam Support - 7 Required 

Joint Assembly Machines-A single joint assembly machine such as was shown before will satisfy 

this requirement. 

Radiator Assembly Machines-It was found that eight radiator assemiJly machines will be required. 

Table 3.4-11 lists the functional requ;rements for this machine. 

Figures 3.4-60 and -61 sho"' a concept for a radiator assembly machine that satisfies most of these 

requirements. One potential problem is that it will not be possible for these machines to operate 

immediately adjacent to one another. 
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TIME, HOURS 

0 100 200 

I FABRICATE 1080 METER LONG SPINE ~ECTION i---------
D ASS[MBLE FRAME JOINTS 

D ASSE~JIBLE BUS 
TRANSITIOi'J SECTION 

FABRICATE 3~50M I I 
SPINE SECTION '-----------------------" 

NOTE: THIS TIME LINE REPRESENTS THE WORST CASE. 
ALL OTHER SPINE CONFIGURATIOr-.:S REQUIRE LESS TIME. 

Figure 3.4-59 Spine/Bus ~mbly Timeline (Type 2 Spine Configuration) 
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TABLE 3.4- J 1 

Radiator Assembly Machine Requirements 

o Transport 31 sets of panels (enough for 351 strings) 

Type A radiator panels (65 pcs) 

Type B radiator panels (434 pcs) 

o Transport 62 pipe support assemtlies 

o Pickup and positir;i panel for welding 

o Pickup anJ position pipe support assen'hlY 

o Weld header pipe joints (variable diameters} 

o Weld three pipes (same diameter all panels) 

o Attach pipe support to frame 

o Attach pipe support to header pipe 

o Inspect welds 

o Self propelled 

o Support free end of pan•: string •mtil pipe support im.talled 

o Can work adjacent to another radiator assembly machme 

o Must be able to move to new string location along tracks 

Another requirement that w::s not satisfied. due to the large panel area required. was being .il:ile to 

carry all 31 sets of panels at Jnc tinie. Inskad. the concept shown has the machine can) ing 7 stt1ng 

sets of par.els, the supply required for each machine to build its <;hare of an engine radia!or. The 

machines will be reloaded before going rn the next radiator. 

Manifold Assembly ;.,._~: .• e It was found that a single NaK manifold assembly machine would be 

req•tired. A concept for this machin~ is shown in Figure 3.4-62. 
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f"1gure 3.4-62 Manifold Installation Machine Concept 

...-.aA10A FUlllCTIONS 
•~T/..sTALL 

PR HAllGEA ASSY 
• TRAmORTMOl.D PtPIS 
• WB.DPIPES 

Cavity Construction Machine Requirements-In the timeline an:llysis of the cavity assembly. 

requin-ments for construction machines were either explicitly stated or were implied. These 

requirements have l-..-en collected and summarized in Table 3.4-1 :!. From the timeline summary, it is 

seen that there are two sets of parallel operations implying that there are two types of construction 

machines that operate simultaneously: 

Type A Assembly Machine • used to install support ring, heat absorber pane:S. 

light shielJ and turbogenerator 

Type B Assembly Machine - used to install bus bars and NaK manifolds. 

Type A Assembly Machine-The requirements for this machine are listed in Table 3.4-12 under the 

Support Ring, Turbogenerator, H~at Absor;,er Panel, Light Shield and ge~ral requirements. Collat­

ing these requarements. it is seen that it will be necessary to provide the following functions: 
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Support Ring Requirements 

e Transport cavity support ring component ( 17 20m arc1haped pieces). 

• Pick up and place cavity support ring segment into position for fastening. 

• Fasten support ring segment into position for fastening. 

• Fasten support ring sqment to acljac:ent segment on to radiator leg frame. 

Heat Absorber Panel Requirements 

• Transport beat absorber panels (some have preattacbed bnckets and/or manifold pipiq). 

• Pick up and place panels into position. 

• ~echanically attach panels to one another. 

• Place welding bead assembly over helium bt*ler pipes. 

• Weld header pipes. 

• Place welding bead assembly over manifold pipes. 

e Weld manifold pipes. 

• Inspect weh!s. 

Turbogenerator Requirements 

• Transport turbogenerator set. 

• Pick up and place turbogenerator into position. 

• Attach turbogenerator to support ring. 

Bus Bar Requirements 

• Transport bus bar segments 

• Pick up and place bus bar segment into p:>Sition. 

• Mechanically attach bus bar segment to beat absorber panel. 

• Weld bus bar segments together. 

NaK Manifold Requirements 

• Transport pipe segments. 

• Pick up and position pipe segments 

• Weld pipe segments. 
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Light Shield Requirements 

• Transport roU of ring rod material. 

• Pick up and position ring rod. 

• Fonn rod into 2SO m ; ring. 

• Transport rol's of light shield sheet material 

• Pick up and position roU. 
• Attach end of roll to ring. 

• Attach end of roll to heat absorber panel. 

• Deploy roU between cavity bottom and ring. 

General Requirements 

• Must be able to travel 360° around the perimeter of the cavity. 

• Must have capability to reach throughout the working volume required to install aU of the 

cavity assembly component. 

• Must be able to be moved out of the way to allow completed assembly to be moved out of 

assembly facility. 

• Must be able to relocate machine between llS'Sembly locations within S to I 0 minutes. 

• Must be able to pick up component from transporter and l"IOVe it into assembly pasition 

within I 0 minutes. 

Component transport. 

Component manipulator used to lift components from transport carriage up to assembly 

location. 

Component alignment manipulator. 

Co. •pcnent Assembly Devices 

Support ring joint maker 

Heat absorber panel mechanical interlocker (could be i..-:tegral with alipment device) 

Helium header pipe gang welder. 

Helium manifold pipe welder 

Turbogenerator interface joint maker 

Light shield ring joint maker 

Light shield support ring attacher 

Light shield roll deployer 
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Inspection Devices 

Helium header pipe weld inspector 

Helium manifold pipe weld inspector 

Consideration of the component transport requirements leads one to elect to use a transporter that 

can be reloaded prior to each m;Uor assembly operation (component ~lts or pallets). 

The component alignment, assembly and inspection devices will ha\e to be single purpose end­

effectors that can be interchanged on a separate manipulator area. The Type A Assembly Machine 

designed to satisfy these requirements is shown in Figure 3.4-63 and 3.~. 

Type B Assembly Machine-The requirements for this machine are given in Table 3.4-J:? under the 

Bus Assembly. NaK Manifold Assembly and General Requirements. Collating these requirements, 

it is seen that it will be necessary to provide the following functions: 

Component transport 

Component manipulator used to lift components from transporter carriage up to the 

assembly location 

Comp>nent alignment manipulator 

ComJ)Onent Assembly Devices 

bus bar mechanical attachment tool 

bus bar welder 

hus bar jumper attachment tool 

pipe welder 

Inspection Devices 

bus weld inspector 

manifold weld inspector 

These components can be met by basically the same type of machine as the Type A Assemtly 

Machine by using d.!dicated end effectors, component racks and component manipulators (see 

Figure 3.4-63). 

Spine Construction Machine Requirements-Spine construction machine requirements are summar­

ized in Table 3.4-13. The three machine types (beam machine, joint assembly machine and bus 

J-:ployment machine) can be combined into a single machine as illustrated in figure 3.4-65. 
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TABLE 3.4-13 

Beam Machine 

• 20 beam machine 

• Moving machine 

e Wrap beam with thermal protection wrapping 

Joint Assembly Machine 

• Transport joint plu~ to joint location 

• Pick up joint plug and move to joint location 

• Align joint plug 

• Attach joint plug to beam 

Bus Deploymemt Machine 

• Transports rolls of bus sheet metal shock and insulated standoffs 

• Fonns sheet metal into structural shape (2 or 3 busses simultaneously) 

• Attach standoff to bus 

• Attach standoff to frame 

• Weld busses at joints 

Beam supports will also be required every 200m. For the type 2 si 11~~- the worst case, 25 of the 

20m beam supports will be required. 

Radiator/Cavity/Spine Construction Machinery Summary-Table .:..4-14 surr.:narizes the types and 

quantities of construction machinery required to make the radiators, c::.vity and spin.: subassem­

blies. 
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~lOR 

• 2QllERATOAS 
• BEAil IUCHlllEUOlllT ASfff llAa..a OP 
• BUS FAB llACHIRE OP 

F°lgllle 3.4-65 Spine Assembly Machiae 

Table 3.4-14 Radiator/Caftty/Spine Comtnaction Machinery Summary 

RADIATOR CONSTRUCTION MACHINERY M>. REO"D. 

• 20M STRAIGHT BEAM. INSULATION WRAPPING. P.;()YING BEAM MACHINE 1 
• 10M STRAIGHT BEAM. INSULATION WRAPPING. MOVING BEAM MACHINE 1 
• · 20M BEAM SUPPORT • 
• 10M BEAM SUPPORT IQ 
• 5M BEAM SUPPORT 4 
e JOINT ASSEMBLY MACHiNE 1 
e RADIATOR ASSEMBLYMAatlNE I 
• MANIFOLD ASSEMBLY MACHINE 1 

CAVITY CONSTRUCTION MACHINERY 

• CAVITY ASSEMBLY MAatlNE - TYPE A 
• CAVITY ASSEMBLY MACHINE - TYPF. B 

SPINE CONSTRUCTION MACHINERY 

• SPINE ASSEMBLY MACHINE 
• 20M BEAM SUPPORT 

1 
1 

1 
21 

RadiationiC'.avity/Spine Construction Facility Requirement-Throughout the preceding sections, 

various facility requirements have been mentioned or implied. These requirements have been sum­

marized in Table 3.4-15. A facility that satisfies these requirements is shown in Figure 3.4-66. 

Radiator/Cavity/Spine Construction Manpower Requirements-The manpower required to fabricate 

the radiator/cavity/spine assembly is summarized in Table 3.4-16. This summary does not include 

supervisory or support pe1:;onnel. 
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TABLE 3.4-1 S 

Radiator/Cavity/Spine Assemblies Facility Requirements 

General Requirements 

• Radiator, cavity and spine assembly operations must be totally independent of one another 

so that they can proceed simultaneously. 

• Frames must be supported every 200m 

e Subassemblies must be supported. 

• Facility must be contiguous with reflector facility. 

• F1bricate from one side. if possible. 

e :\hst be able to clear construction machines out of way to facilitate indexing of completed 

satellite module. 

• Must provide means to transport personnel to man occupied machines. 

• Must provide means to move components/materials from receiving area to U."' " ·achines. 

Radiator Construction Requirements 

• Provide t'or simultaneous operation of :.lll of the radiator construction machinery. 

• Provide for installation of the beam supports. 

• Provide radiato!" panel set reload area near each r:idiator. 

Cavity Construction Requirements 

• Must be able to operate 2 assembly machines simultaneously. 

• Must provide a 360° track located 40 in below lowest point of light shield. 

• Provide component rack storage area adjacent to track. 

Spin~ Cor,struction Requirements 

e .\tus, be ai>le to oper~te a spine assembly machine. 

• M•.!:;~ provide tracks tor spine assembly machine for all spine configurations. 

• Provide base installation of beam supports. 
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---UDIA10R FACl&.m 'LATFORll 

MSBml.Y IMCHllll TAACKI UIEO FOR: 
• BEAM MACH1111£1 C18M RMIA10R FRAllQ 
• JOINT ASSY UAOttNE 
• RADIATOR ASSEMB1. Y llAQllNIS 
• llANIFOl.D ASSY llAQtlU 

, 

- -Flglll'e 3.4-66 Radiator/Cavity/Spine Construction Facility-- ,' 

Table 3.4-16 Radiator/Cavity/Spine Construction Manpower Requirements - TOTAL WHERE .ID9TITLE .IDB DEICRIPTION REQ'D REQ'D LOCATED 
SHIFT BASE 

IEAll MACHINE • CONTROLS~ OF BEAMCOMPONEN1SlllTO BEAM 3 • •ZAT 
OPERATOR MACHINE CONTROL 

• INITIATES BEAM FABRICATION CEllTIR 

• MONITORS BEAM FABRICATION 
•10lll 
•NE 

e llDIATESFAULTCONDITIONSANDADVISS>MAINTEN~ ASSEMBLY 
PERSONNEL MACHINE 

• CIDllTROLS INTERFACING WITH BEAM END HOLDING MACHINE 
IFREQ'D 

• MONITORS BEAM SUPPORT PLACEMENT/RETRACTION 

.IDllllT ASSEM8l y • CONTROLS LOADING OF JOINT ASSEMBLY COMPONENTS ONTO 2 • • 10N 
IMCHINE OPERATOR MACHINE CARRIAGE RADIATOR 

e CONTROLS MOVEMENT OF MACHINE ON TRACKS FACILITY 
•10N 

e CONTROLS MOVEMENT OF MANIPULATOR CAI SPlllE 
e CONTROLS MANIPULATORS ASSElllBLY 

e CONTROLS .l':>INT FASTENING MACH NE 

e ISOLATES FAULT CONDITIONS AND ADVISES MAINTENANCE 
PERSONNEL 

RADIATOR ASSEMBLY • CONTROLS LOADING OF COMPONEN11 ONTO MACHINE • 11 ON RADIATOR 
MACHINE OPERATOR e INITIATES/MONITORS MACHINE OPERATIONS ASSE•LY 

e ISOLATES FAULT CONDITIONS AND NOTIFIES MAINTENANCE 
MACHINE 

PERSONNEL 

MANIFOLD ASSEMBLY • CONTROLS LOADING OF COMPONENTS ONTO MACHINE 1 2 ON MANIFOLD 
MACHINE OPERATOR e INITIATES/MONITORS MACHINE OPERATIONS ASSE•LY 

• ISOLATES FAULT CONDITIONS AND NOTIFIES MAINTENANCE 
MACHINE 

PERSONNEL 

CAVITY ASSE•LY e CONTROLS LOADING OF COMPONENTS ONTO MACHINE 2 • ON CAVITY 
MACHINE OPERATOR e INmATES/MONITORS MACHINE OPERATIONS AmMBLY 

e ISOLATES FAULT CONDITIONS AND NOTIFIES MAINTENANCE 
MAQtlNE 

PERSONNEL 
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3.4.1.3.3.4 Geo Base Construction Summary-The analysis in this section has indicated how the 16 

module thermal engine satellite can be constructed in GEO within a one year time period. The satel­

lite is constructed in 16 satellite module porticns. These 16 modules are fabricated in S or 6 module 

strpings which are then the strings all joined side-by-side to make up the total 5atellite. 

To make the satellite, the construction machinery designed in Table 3.4-17 will be required. The 

construction machinery operating mtes are summarized in Figure 3.+67. 

It will require the personnel designated in Table 3.4-18 to operate the equipment. To this operating 

personnel quantity will be added tt.~ base support, base oper.itions :ind management personel desig­

nated m Table 3.4-19. 

The satellite modules are fabricated in the integrated construction facility shown in Figure 3.4-68. 

Figure 3.4-69 shows the sequence of how the satellites arc removed trom the facility. Figure 3.4-70 

shows how the strings of satellite modules could be assembled into the final configuration. 

Table 3.4-17 Thermal Engine Satellite Construction Machinery Summary 

IT!M NO.REG1>.. -2DM BEAM MACHINE - STRAIGttT BEAMS, MOVABLE I 

2llM BEAM MACHINE - STRAIGHT BEAMS. INSULATION WRAPPED. MOVABLE 1 

2llM BEAM MACHINE - STRAIGHT BEAMS, INSULATION WRAPPED. MOVABLE 6> 
10M BEAM MACHINE - STRAIGHT BEAMS. INSULATION WRAPPED , 
IM BEAM MACHINE - STRAIGHT BEAMS. MOVABLE 13 

BM BEAM MACHINE - STRAIGHT ANO CURVED Bf.AMS. MOVABLE 1 

1.&M BEAM MACHINE - CURVED BEAMS. MOVABLE (j> 
2llM BEAM SUPPORT 11 

10M BEAM suPPORT a 
IM BEAM SUPPORT 171 

BEAM ENO HOLDING MACHINE , 
.IOINT ASSEMBLY MACHINE I D> 
FACET DEPLOYMENT MACHINE u 
FACET ASSEMBLY MACHINE ti 

RADIATOR ASSEMBLY MACHINE • 
MANIFOLD ASSEMBLY MACHINE 1 

CAVITY ASSEMBLY MACHINE - TYPE A ' 
CAV?TY ASS£M8L Y MACHllllE - TYPI B ' 
SPINE ASSEMBLY MACHINE 

, 
[!> INCLUDED ON THE SPINE ASSY MACHINE 

B> INCLUDED ON THE FACET DEPLOYMENT MACHINE 

()> ONE *'ORE INCLUDED ON THE SPtNE ASSEMDL Y MACHINE 
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Figule 3.4-67 Thennal Engine Satellite GEO Construction Machines and Machine Rates 

Table 3.4-18 Thennal Engine Satellite Machine Operator Summary 

OPERATOR NO. REao.[j> 

IEAM MACHINE OPERATOR • 
JOINT ASSEMBLY MACHINE OPERATOR • 
FACIT DEPLOYMENT MACHINE OPERATOR 74 

RADIATOR ASSEMBLY MACHINE OPERATOR I 11 

MANIFO~ I ASSEMBLY MACHINE OPERATOR 

' 
I 

CAVITY ASSEMBLY MACHINE OPERATOR 4 

TOTAL OPERATING PERSONNEL 140 

6> NO. REQ'D FOR 2 SHIFT OPERATIONS 
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Table 3.4-19 Thermal Enaine Satellite GEO Bue Construction Manpower Requirements ...... 
USE MAttAGEMENT 

IATEWTI CONSTRUCTION 
MANAGEMENT 
MACHINE OPERATORS 
.. lllYSTEMS 
llAINT£~ 
1111' AND CHECKOUT 

' 
M1'INNA CONSTRUCTION 

MIE OPERATIONS 
llAlllANAG 
llAPMGEMENT 
DATA PROCESSING 
llASE MAINTENANCE 
TRANSPORTATION 
MATERIALS HANDLING 
COMMUNICATIONS 

MSEIUPPORT 
MANAGEMENT 
UTILITIES 
HOTEUFOOD SERVICE 
MEDICAL DENTAL 
IAFETY 
OfAP&>JN 
llASE FLIGHT CONTROL 

BASE SUBTOTAL 

GRAND TOTAL 

NO. REQ'O. 
L•n-'"' RliDAAEli 

51 I 71 ... 
- It - ,. 
- IO - • - 71 

; .... 
flZJ hMJ 

• .,, 
• • " 41 

• ti ,. .. 
• • 

(231 I Ml 
I 7 
2 " • M 
• t3 
a 2 
2 2 
2 2 

110 8'10 

720 

------

ORIGINAL PAGE rs 
f)Jf' POOR QUALITY 

'REFLECTCA 
CONSTRUCTION 

Figure 3.4-68 ThermaJ Engine Satellite Con&truction Facility 
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l.4.1.l.4 Thmnal Engine SateUite LEO Base Construction Analysis-The significant configuration 

diff l!'rence between satellite modules fabricated i_ 1 LEO vs those fabricated in GEO are tile follow­

ing: 

End frames have to attached on both ends of each module. This adds 16 end frames 

•hat do not have to be built when the satellite is constructed in GEO. 

Guy wires have to be strung to support the spine ends and to support the radiator 

assembly. 

If the same facilit)' concept is used. the consequences of the above differences would be that 7.2 

days would have to Ix -dded to the construction time for each module. This is the ~ount of time 

it takes to make the D:? frame c the longest time for an)' of the end frames), because one set of end 

frames would have to be added after the module is pushed out of the facility. The other end frames 

could bt made concurrentl)- with D:? by adding one more 20 in beam machine. 

An alternative way Oi fahric:tting the module using eS:>entially the sa.-ne facility concept would be 

to fabricate at: of the reflector assembly and th'!n dropping the reflector away from the facility. 

The completed refle.:tors would then be free flown to a position where the radia• ·lr assembly could 

be mated with it from a separate radiator lacility. T.ais co1.cept would require two additional 20m 

beam machines. l more joint assembly machine. l more beam l!nd holder. and 46 more 20tr. beam 

supports. To keep within the 20 day'module time allotment, this is the preferred concept_ 

Table 3.4-:?0 summariz~ the differences and Figure 3.4-71 shows the revised facility concept. 

Figure 3.4-72 shows the con~truction sequence. 

Table 3.4-.:? l summarizes the other personnel required at both the LEO and GEO bases ~nd com­

pares the manning to the GEO assembly concept 

3-4. J .3.S CR= I Photovoltaic Satellite GEO Base Construction An:.tym 

1-4.1.3.S. l Overview-In this section. the satellitt: configuration used for malysis is described and 

'i1e top-level construction timeline is derived. Tne constr · hon philoso;>hy previously described 

vas i.:sed. 

Refeorence Satellite Confi~uration-The ~on figuration of t:•e CR= 1.0. annealed silicon solar cell. 

llhotovoltaic satelliu .. is shown in Figure 3.4-7? i Ile framework is composed of an array of 600 m 

x 600 1.: structu1a! bays upon which the solar eel! blank· .s are deployed. 
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Table 3.4-20 Diffeseaces Between LL.I and~ Base ~of die Tbenll8I &giae Salelik 

• REVISED FACILITY COM:EPJ CS£E FIG. •11 

• REQUIRES REFL ~CTOR ASSEMBLY TO BE FREE FLOWN INTO MAtlNCI 
fOSITIOll TO ADO RADIATOR ASSEMBLY 

e ADD 
- 2 2DM8EAMMACHlllES 
- 1 JOINT ASSEMBL V MACHINE 
- 1 BEAM ENO HOLDING MACHINE 
- •. 2Cat BEAM SUPPORlS 

• ADD 8 llActllNE OPERATORS 

Ftg.ne 3.4-71 Thermal Engine Satellite LEO Bale Construction Facility 
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tr 
• DROP REFLECTOR i mP1WO -if--

·-'l.YAWAY 
FROll FM:IUTY ii 

lb 
• • I 

~- i" 
IE&.09 RADIATOR l ._f ____ _. 

USElll'llY •r------.1 • • 

I 

lllPFOUlt 
e ..._ REFUCTOA • •Y i.10 

fOlnlC* 10MATE 10 RADIATOR 
eanADI 

ITT~--, 

SJEPFM 
• FLY c:o.iuTED llOOUL.E 

MrAY FROll FACILITY 

figure 3.4-72 LEO Construction Satellite Module Major Assembly Sequence 

Table 3.4-21 Thermal Engine SateUite Manpower Requirements Sununary 

LEO a>NSTRUC'110N GEO a>NSTRUCTOll 

LE08ASE GEO BASE LEO BASE GEO BASE 

MSEMANAGE•NT I 11 C II C II I n 
IATEWll CONSTRUC110ll mn 'n• 11111 

llAllAGEllEllT :n M - 2' 
IMCMlllE OPERATORS Ml • - Ml 
IU8SYSTEllS • • - • llAnlTEllAlllCE • • - • TUT 6 CltEf;KOUT 12 a - 12 

Mna1A CONSTRUCTION ( ... CM ,... ... 
IASE Ol'£RATIONS (131) ... llZI n• llAllAGEllElllT 12 • • 12 

0A TA PROCESSING • • • • 8ASE llAINTHIANCE C2 19 ti a 
TftAlllSi'OATA TION M • • 18 
MATERIALS HAlllOUNG • 19 ti .. 
~CATIOllS • • • • 

llAIE Sl;.IPORT ... un ( 231 ! .. 
IMllAG&IENT 1 I I 7 
UTIUTIES M • z M 
HOTELJfOOO SEA\ftCE • tz • • MEDICAIJDENTAL 13 • • t3 SAFETY z 2 2 2 
CHAPLAIN z 2 z z 
IASE FLIGHT CONT z z z z 
llAIE SU8TOJAL 838 283 no 6t8 

TOTAi .,, 7211 
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Top l..eYel Timeline Analysis 

Assumption #I - 365 days total construction time. 

Assumption #2 - Allow 30 days for final integration and checkout. 

Assumption #3 - Allow 10 days to attach antenna #2 to last end of satellite. 

Assumption #4 - Allow 20 days (10 days each end) to fabricate the unique end structures and 

to deploy bus ~mblie~. 

Assumption #5 - Although I day/week is allotted as an off duty day for each crew member. work 

will be ph~d to avoid having a common shutdown day each wet•k. 

365 days total time; 30 Jays final integr-.ition6checkout; 10 days to install 

antenna =2: 20 days to fabril:ate and structures; leaving 305 days total time to 

construct satellite bays 

TI1ere an: 23 bays. thus allo\\mg 13.26 days per ba). 

Nineteen days/bay was used as the bask construction time allotment. leaving 5.98 days unallocated. 

The top le,·el timeline is shown in Figure 3.4-74. 

In each I~ day time period, the fr;Iowing major operations have to be completed: 

Fabricate fr.ime 

Deplcy solar cell blankets 

Index co11plcted portion of satellite 600m 

Assumption =b - Use the satcli1tc indexing rate of I. I meter/min. 

9.09 I.rs are required to ind.!x satellite 600m. allowing 276.9 hrs to coO"plete 

assembly of each bay assuming 22 work hours/day as before. 

Assumptio. t:.7 - Allow I day/bay for machine delays. coordination for indexing. ek. leaving 

254.<) hrs/bay for actual as.-;cmbly work. 

2~:' hrslbay was used as assen~hly time allotment 
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FABRICATE ANTENNA 
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DAYI 
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111 
Fisure 3.4-74 CR= 1.n. Photovoltaic SateBite GEO~ Top~ TuneliDP Analysis 
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3.4. 1 l.S.:' :· .,,If' l.onstnaction Analysis 

Configuration-The satellite fr.tme is shown in detail in Figure 3.4-75. These fr.true lengths dnd nom­

enclatures will be used throughout this report. 

All frames are 20 m triangular trusses. The longitudinal members. ttte D and E fran· 0~ are continu­

ous, i.e .. there are no longitudina! joints. The diagonal((' frair.es) are lap joi:aed to the lone?tudinals. 

The horizontal B frames are made as continuou., beams and lap joined to the E fraJ~.:s. The A 

frames are made outside of their final location, dropped into phce and butt joined to the D f r.tmes 

using joint plugs. 

Frame Construction Timeline Analysis-In Sedion 3.4.1.3.5.1 it was found that ~55 hours were 

need~d ~r longitudinal bay to complete all a~~emhly operations. Table 3.4-~2 li~ts the various 

frames, their nominal lengths and their fabrication time computed at the .33 in/min beam machine 

rate used in all pre\·ious analyses. 

By fabricating the top longitudinal D fram-..s and the A frames first, the solar cell deployment can 

start as soon as the beam machines have cleared an area large enough fo· the solar cell deployment 

mac'1inery to operate. The other frames can th ... n be fabricated while solar cell deployment con­

tinues. 

In order to start solar cell deployment reasonably early in the 13 day period, it was elected to use 

I 2 beam machine operators so that the .\ and D frames can be completed within 60 hours. 

!t would be re:.tsonable to employ the beam machinl.' operaturs 1-or up to 150 hours per longitudinal 

bay. Tab!e 3.4-23 shows how 12 operators could be utilized to give each one 150 hours work per 

day. 

Two joint assembly mac.lines. one operating along the A frames and the other operating along the B 

frames. will be able to keep up with all of the joint assembly work (using the l hr/joint assembly 

time used in previous analyses). 
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LONGITUDINAL MEMBERS ARE CONTINUOUS 

D 

E 

TENSION TIES 

.IOINTPLUG 

A MEMBERS MADE OUTSIDE 
OF FINAL POSITION, DROPPED 
INTO POSITION. BUTT JOINED 
~ D MEMBERS WITH A 
JOINT PLUG 

8 MEMBERS ARE a>NTINUOUS ACROSS 2 BAYS 
C MEMBERS LAP JOINTED TOD AND E MEMBERS 

F°llUR 3.4-75 Satellite Frame Details 

ORIGINAL PAGE IS 
OF POOR QUALITY 
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TABLE 3.4-22 

Satellite Frame Fabrication Analysis 

Fabrication 
Time 

Frame Length, m Hou1-s 

Al 600 30 
A:? 600 30 
A3 600 30 
A4 600 30 
AS 600 30 
A6 600 30 
A7 600 30 
A~ 600 30 
A9 600 30 
AIO 600 30 
Al I 600 30 
Al2 600 30 
Al3 600 30 

Bl 1200 60 
82 1200 60 
83 1200 60 
84 1200 60 
BS 1200 60 
86 1200 60 

Cl 600 30 
C2 600 30 
C3 600 30 
C4 600 30 
C5 600 30 
C6 600 30 
C8 600 3f' 
C8 600 30 
r9 600 30 
CIO 600 30 
Cl; 600 30 
Cl:! fOO 30 

Cl3 6()(1 ., .... 
Cl4 CJOO 30 

ORIGIN. 
8(1 

OF PO()~ PAGE Q 
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Frame 

DI 
D2 
03 
D4 

DS 
06 
D7 
08 
D9 
DIO 
Dll 
012 
013 
014 
El 

E2 
E3 
E4 
ES 
E6 
E7 
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TABLE 3.4-2~ (CONT.) 

Satellite Frame fabrication Analysis 

Length, m 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
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Fabrication 
Time 
Hours 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
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TABLE 3.4-23 

Beam Machine Operator Schedule 

Total 
Operator Frame Time Frame Time Frame Time Frame Time Frame Time Time 

DI 30 Dl3 30 Cl 30 C2 30 E3 30 150 

2 02 30 014 30 A8 30 C7 30 C8 30 150 

3 03 30 Al 30 A9 30 C9 30 CIO 30 150 

4 D4 30 A:! 30 CJ 30 C4 30 E4 30 ISO 

5 05 30 A3 30 AIO 30 Cl I 30 Cl2 30 150 

6 06 30 A4 30 Al I 30 C13 30 (']4 30 150 

7 D7 30 AS 30 c5 30 CG 30 ES 30 iSO 
8 08 30 A6 30 Al'.:! 30 El 30 E6 30 150 

9 09 30 A7 30 Al3 30 E'.! 30 E7 30 150 

10 DIO 30 81/6:! 120 150 

11 Dll 30 83/84 120 150 

12 012 30 85/86 120 150 

A tension tie cabk deployment machine will attach and deploy the cables to the D and E longitu-

din<'l members. After the diagonals and horizontal frames are in place, this machine will tension the 

cables as required. 

The integrated timeline for the frame fabrication and assembly will be shown lat;!r. 

Frame Construction Machinery Req•Jirements 

Beam Machines- It was noted that all frames are 20m beams. It was also noted that the longitudinal 

members are all continuous. 

A beam machine will be dedicated to each lm.gitudinal member C! I machines). These beam 

machines will be movable along facility tracks. These machine:. will be employed to push tl:e com­

pleted satellite bay out of the facility. 

8b 
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The pair of diagonal C frames will be fabricated by a single beam machine located on the fadlity 

below the E frame. These beam machines will be rotated so that they can make both diagonal mem­

bers. Seven of th~e beam machines are required. The B frames are made as continuous 2 bay-wide 

lengths from 3 beam machines. 

The top horizontal members, the A fr.tmes, will be made from facility-mounted beam machines 

that will make these beams outside of their final, attached loc:ttions. Six of these bear.1 machines 

will be required. They must be able to relocate to different A frame fabrication positions. 

Joint Assembly Machines--Two joint assembly machines are required. They operate along the A and 

B frame paths. 

Cabfe Deployment Machine-This machine must provide the following functional capabiliti~s: 

- Transport cable rolls 

- Swage end fittings and tensioning devices cable 

- Deploy cables 

- Cut cables 

- Attach end fittings to frame 

- Adjust tensioning device 

A machine that provides these functions is shown in Figure 3.4-76. 

Beam End Holder Machines-The A, B and C beam:. will be fabricated by stationary beam machines. 

It will. therefore, be necessary to provide beam end holder machines to support the f1'!e end of th~ 

bPam as the beam is extruded from the beam machines. This machine has been described in previous 

construction analyses. It will require l 2 of these machines. 

Beam Support Devices-The beams will be supported every :oom (same as was done in previous 

construction analyses) by facility mounted, retractable beam supports. These devices have been 

described previously. It will be necessary to provide 244 20m beam supports. 

Frame Construction Machinery Summary-The machinery required to fabricate the frame is ;um­

marized in Table 3.4-24. 

Frame Construction Facility Requirements-The requirements imposed upon the construction 

faciiit)' to accommodate the frame fabrication work is summarized in Table 3.4-25. As the frame 

fabrication facility is to be integrated with the solar cell deployment facility. the total facility will 

be described later. 
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TENSIONING 
DEVICE 
CASSETTE ----" 

FITTING SW '\GER/ 
CABLE CUTIER/ 
TENSIONING 
MACHINE----' 

Figure 3.4-76 Cable Deployment Machine 

SPS 763 Table 3.4-24 Frame Construction Machinery Suwmary' 

e 20rA B~AM MACHINES 

e D & E FRAME BEAM MACHINES 

o MOVE ALONG FACILltY TRACKS 
e USE IN UNISON TO PUSH COMPLETED BAY OUT OF FACILnY 

e C FRAME BEAM MAChlNES 

e ROTATE TO MAll.E 2 FRAMES 
e FIXED TO FACILITY 

e 8 FRAME BEAM MACHINES 

e FIXED TO FACILITY 

e A FRAME BEAM MACHINES 

e FIXED TO FACILITY WHILE MAKING BEAMS 
e MOVE MACHINES TO DIFFEREt H A FRAME LOC .!IONS 

TOTAL 

e JOINT ASSEMBLY MACHINES 

e CABI E DEPLOYMENT MACH:NES 

e BEAM END HOL'DER MACHINE 

e BEAM SUPPORTS 

SEAM MLICHINi:S 
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TENSIONING 
DEVICE 
MANIPULATOR 

TENSION 
CABLE 

21 REQUIRED 

7 REQUIREr-

3 REQUIRED 

6 REQUIRED 

37 REQUIRs;D 

2 REQUIRED 

1 REQUIRE!.> 

12 REOUIFED 

•44 REQUIRED 
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T ABU:. 3.4-25 

Frame f:tbrication facility Requirements 

• Provide tracks for D and E beam machines. 

• Provi<k tracks for A beam machines to relocate. 

• Provide support points for B beam 't' ·--hines. 

• Provide rotating support fixture for C' beam machin•:s. 

• Provide tracks alonµ A and B frames for JOtnt assembly machin1. acce""· 

• Provide tracks for c1ble deployment machines. 

• Provide beam support device attachment ~ocu.tions. 

• Provide access to all machines for parts reloading. 

Frame Constr 1ction Manpower Requirements- Table 3.4-:!6 summarizes the crew .nembcn. required 

to operate th\O! frame construction machinery. The supervi~.~ry and Sllpport personnel will b'.! idenu­

fted later. 

3.4.1.3.5.3 Power Collection System Construction Analysis 

Conftgur:iticn--The configuration of the power collection sys~em is show11 in Figure 3.4-77. There 

are three subassemblies: '1) the main collector bus assembly on each end of the llite. L.:) tl1•! 

jumper bus assembly located midway down the l":igth of the satellite. and ( 3) the ),JtJr cell bla1 . ..;.et 

assemblies. 

Power Collection System Construction Timeline Analysis 

il::i.:n Lollector ISus Assembly- In th~ top kvd time line a!lalysis. I 0 days were allm:ated to assemble 

the satellite end frames and the collector bus system on each end of the satellite CO days total 1. 

The end frames can be completed within I '.!O hours ( 5 .45 days), the time requirec.i to nuk~ the end 

B f..u:1es. 
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SPS 764 Table 3.4-26 Fnne Construction Manpower Requirements 

. 

NO. 10TAL 
WHERE .-nTU ... OESCAtP1lOlll ...... REO'D 

.... T BASE LOCAlEO 

• CDllTROLS LOAOli.G OF BEAii CXM'OlftlllTS INTO 12 • FRAME 
IEAllllMCH• ~-

OPERATOR IEAll lllAOllNE -···-·-
• •TIATES BEAM FABRICATION CIOllTAOt. 

• llONITORS 8lAV FA8RICATIOll COITEA 

• ISOlATES FAULT CONDITIONSAlllO ADVISES 
llAlllTENANCE PERSONNEL 

.. a>NTAOLS INTERFACllllG Mtlt BEAM END HDLDIN\O 
llACHllllE IF REOUIRED 

e llOMlORS BEAM SU'PORT PlACEllENTIRETAACTIOll 

'OllllT ASSElml. t • CONTROLS LOADING OF .IOUllT ASSEIEl. Y CXM'OllENTS 2 • ONTllE 
llADllNE OPERATOR OlllTO lllAQflNE CARRIAGE llAClaE 

• CIOllTAOLS MOVEMENT OF lllAatlNE ON TRACKS 
• a>NTilOU lllOVtMENT OF llllANIPULA TOR CAB 
e a>NTROLSlllANIPULATORS 
e CONTROLS JOINT FASTENING 
• ISOLATES FAULT CONDITIONS AND ADVISES 

MAINTENANCE PERSONNEL 

CABLE DULOYM£NT • a>NTROL.S LOADlttG OF COWONENTS ONTO llAatlNE 1 2 ON THE 
llAQUNE OPERATOR • INITIATESIMONITORSUACHINE FUllCTION$ llADlllllE 

• ISOLATts FAULT CONDITIONS AND ADVISES 
MAINTENANCE PERSONNEL 

•DRIVES MACHINE WHEN RELOCATING 

... ,. __,.--- JUllP£R BUS 

111-1 SOLAR CELL BLAlllKETS STRING p-WIOE X - LONG 
mES2STRINGS 
TI>GETHERI 

STRING = S BLANKETS WIDE l100lll X 6900M LONG 
Ill = COMPOSES A SOLAR CELL STRING 

STRING 

IOI.AR CELL STRIP 
TO 8US ~NECTOA 
llUSSES 

8US BARS SPACED+ 
PROGRESSIVELY , - -
FURTHER APART : ', 

SOLAR CELL STRIP-TO.BUS 
CONNECTOR SUSSES 

- -uxaao 
STRUCTURAL __ _,__BAY 

1US SUPPORT BUS SPACING INCREASED 
FRAME EVERY 200M 

ElECTRICALLY 
CONNECTED 
TO NEXT STRIP 

ElllDOF 
SOLAR CELL 
lllANKET 
AnADCED 
TO TENSIONING 
DEVICE 

MAIN COLLECTOR BUS ASSEMBLY .NMPER BUS ASSEMBL V 

Figure 3 .4-77 
ORIGINAL PAGE IS 
OF POOR QUALITY 

Power Collection System Configuration 
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The bus installation can begin simultaneously with the frame fabP,tion If two bus assembly 

machines are used, one startina at each outside edge and working toward the center, they must 

complete deploying/attachin& bUS9eS within about 8 days in order to allow time for connecting to 

the slip ring assembly. This requires a bus assembly machine generating rate of O.? '11/rnin. 

Jumper Bus Assembly-There was an unallocated S.98 day period that could be use<! to install the 

jumper bus assemblies when the satellite is half completed. The joint assembly machine operating 

on the A frame surface could be used to piece together these jumper busses. This one machine must 

cover the entire 7900 m width within 6 days; therefore requiring a I m/min jumper b~ assembly 

rate. 

Solar CeU Deployment-Solar cell blanket deployment is the primary, repetitive operation. To 

deploy the solar cell olankets, the following operational functions must be accomplished: 

e Deploy cannisters containing the 20 m wall solar cell blankets. 

• Attach these cannisters to the top of the A frames. 

• Deploy solar cell blanket stretchers. 

• Attach these stretchers to the top of the A frames. 

• Deploy the solar cell blankets 600 m between the corresponding A frames. 

• Attach the dei:;loyed end of the solar cell blanket to the stretching device. 

e Attach the edges of the solar cell blanket to the edge of the adjoining solar cell blanket. 

e Make the electrical connection between the end of the deployed solar cell blanket and the elec­

trical connection on the cannister of the solar cell blanket previously deployed in the preced­

ing bay. 

Two different types of machines will be used. The first machine, a component deployer, will be 

used to ferry the cannisters of ~.>lar cell blankets and the stretchers out to their intended location 

where they will then be attached to the frame. The second type of machine, the solar cell deploy­

ment machine, will then unroll or unfold the solar cell blanket and stretch it across the bay, and 

perform the other required functions. 
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In pRVious photovoltaic satellite construction analyses, it was found that the component deploy­

ment machine was allowed 60 minutes to install a solar cell blanket cannister and a stretcher 

(includes ~'tlC required to reposition the machine). There are a total of 390 strips, thus requiring 

390 hows. 

The first A frames will not be completed until approximately 65 hours into the timeline. This time 

has to be subtracted from the 255 hours of assembly time available, leaving 190 hours time available 

to deploy parts and to deploy blankets. 

Some time also has to be allowed after the last cannisters/stretchers are attached to the frame so 

that the solar cell deployment can be accomplished. This leaves an estimated 180 h9Ur5 time avail­

able to install components. 

If the machine rate is increased slightly. 1 of the component deployment machines could get the 

390 sets of parts attached to the frames within 185 hours. 

The solar cell blanket unfolding and stretching across the frames is to be done at the 7.2 m/min 

deployment rate and 5.65 m/min edge attachment rate previously used in other photovoltaic satel­

lite construction analyses (includes operator productivity factor). Times required are 83.3 minutes 

to deploy the blanket and 106 minutes to atta'-h ed~es. Allowing an additional tOO hours to 

accommodate machine repositioning results in 1335 hours total machine time for the 3% strips. 

Solar cell deployment cannot start until after the first set of solar cell cannisters/stretchers are 

deployed, which will not occur until approximately 61 h(lurs into the timeline (this leaves 194 

hours of machine time available), which computes to 6.88 machines required. Therefore, 7 solar 

cell deployment machines are allocated. 

The integrated assembly timeline is shown later. 

Power Collection System Construction Machinery Requirements 
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Bus Assembly Machines- It was determined that two bus assembly machines would be required. 

These machines have to provide the following functional capabilities: 

- Transport rolls of bus material. 

- Transport insulated support arms assemblies. 

- Roll form the bus material into required deployed shape (3 busses simultaneously). 

- Attach busses to support arms. 

- Electrkally connect solar cell strip-to-bus connector busses. 

Component Deployment Machine-It was determined that .., machines would be required that 

would provide the following functional capabilities: 

- Transport cannisters of solar cell blankets. 

- Transport solar cell blanket stretcher devices. 

- Attach solar cell blanket cannister to frame. 

- Attach solar cell blanket stretcher to frame. 

- Electrically connect solar cell blanket to previously deployed blanket. 

- Self propelled. 

- I hr per set installation rate. 

Solar Cell Deployment Machine-It was determined that 7 machines would be required that would 

provide the following functional capabilities: 

- Extract solar cell blanket from cannister. 

- Deploy the blanket across the 600 in bay. 

- Attach end of t.lanket to stretcher device. 

- Attach edge of solar cell blanket to adjoining blanket. 

- Operate in dose proximity to other machines. 

- Self-propelled. 

Machine concepts '"satisfy these requirements were not develo~d. 

Power Collection System Construction Machinery Summary-The construction machinery items 

identified in this section are summarized in Table 3.4-27. 

Power Collection System Facility Requirements-The requirements imposed on the facility to 

facilitate the construction operations identified in this section have been summarized in Table 

3.4-28. 
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Table 3.4-27 Power Collection System Construction Machine11 Summary 

• BUS ASSEMBLY MACHINE 2 REQUIRED 

0 -
~ 

'° i °' • COMPONENT DEPLOYMENT MACHINE 2 REQUIRED OD 

'° w 

• SQLAR CELL DEPLOYMENT MACHINE 7 REQUIRED 
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TABLE 3.4-28 

Power Collection System Facility Requirements 

• Provide tracks for supporting the bus assembly machines which must operate on both ends of 

the satellite. 

• Provide tracks for supporting the component deployment machines. 

• Provide tracks for supporting the solar cell deployment machines. 

• Provide means to move the various machines around each other. 

• Provide means to perform the power collection system construction operations simultaneously 

with the frame fabrication. 

• Provide access to machines by supply vehicles. 

• These facilities must be contiguous with the frame construction facilities. 

The facility that satisfies these requirements is describe1 in Section 3.4.1.3.5.4. 

Power Collection System Manpower Requirements-The operators required to perform the power 

collection system assembly operations are described in Table 3.4-29. 

3.4. t..i.5.4 Summary 

The analysis in this report has described how the CR = 1.0 photovoltaic satellite can be constructed 

at a GEO base within a 365 day time period. Figure 3.4-78 shows the integrated construction time­

line for eacy bay. 

To construct this satellite, the construction machinery summarized in Table 3.4-30 will be required. 

The personnel identified in Table 3.4-31 will be needed or to operate these machines. To these 0111.~r­

ating personnel will be added the management, support and operations personnel summarized in 

Table 3.4-32. The satellite will be constructed in the facility shown in Figure 3.4-79, which inte­

grates all of the facility requirements previously identified. 
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IPIJll Table 3.4-29 Power Collection System Construction Manpower Requirements 

NO. TOTAL WHERE JOBTITLE JOB DESCRIPTION AEaD REaD 
SHIFT BASE LOCATED 

CONTROLS LOADING OF COMPONENTS ONTO 
MACHINE 

ON THE ._.ASSEMBLY CONTROLS MOVEMENT OF MACHINE ON TRACKS z .. MACHINE MACHINE OPERATOR CONTROLS MANIPULATORS 
INITIATES/MONITORS DEPLOY MACHINES 
ISOlA TES FAULT cor..:DITIONS AND ADVISES 
MAINTENANCE PERSONNEL 

CONTROLS LOADING OF COMPONENTS ONTO 
COMPONENT MACHINE 
DEPLOYER CONTROLS MOVEMENT OF MACHINE ON TRACKS ON THE 
MACHINE CONTROLS MANIPULATORS 2 .. MACHINE 
OPERATOR INITIATES/MONITORS DEPLOY MACHINES 

ISOLATES FAULT CONDITIONS AND ADVISES 
MAINTENANCE PERSONNEL 

SOLAR CELL CONTROLS MOVEMENT OF MACHINE ON 
DEPLOYMENT TRACKS 7 14 AT 
MACHINE CONTROLS MANIPULATORS CONS-
OPERATOR INITIATES/MONITORS DEPLOY MACHINES TRUCTIOll 

ISOLATES FAULT CONDITIONS ANO ADVISES CONTROL 
MAINTENANCE PERSONNEL CENTER 

SPS 789 
Table 3.4-30 CR = I Photovoltaic Satellite GEO Base Construction Machinery Summary 

0 20M BEAM MACHINES 37 REQUIRED 

0 JOINT ASSEM8l Y MACHINES 2 REQUIRED 

0 CABLE DEPLOYMENT MACHINE 1 REQUIRED 

0 BEAM END HOLDER MACHINE 12 REQUIRED 

0 BEAM SUPPORT DEVICES 244 REQUIRED 

0 BUS ASSEMBLY MACHINES 2 REQUIRED 

0 COMPONENT DEPLOYMENT MACHINES 2 REQUIRED 

0 SOLAR CELL DEPLOYMENT MACHINES 7 REQUIRED 
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Figure 3.4-78 Ck= 1 Photovoltaic Satellite GEO Base Construction Timeline for One Bay 

Table 3.4-31 CR = 1 Photovoltaic Satellite GEO Base Machine Operator Summary 

SPS770 
BEAM MACHINE OPERATORS 

JOINT ASSEMBLY MACHINE OPERATORS 

CABLE DEPLOYMENT MACHINE OPERATORS 

BUS ASSEMBLY MACHINE OPERATORS 

COMPONENT DEPLOYER MACHINE OPERATORS 

SOLAR CELL DEPLOYMENT MACHINE OPERATORS 

TOTAL 

99 

24 REQUIRED 

4REOUIRED 

2 REQUIRED 

4 REQUIRED 

4 REQUIRED 

Ji REQUIRED 
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Table 3.4·32 CR • I Photovoltaic Satellite GEO Base Construction Manpower Smnmary 

SPS7n uo GIO ... ... ... _.......... ISi C101 

llatlll19.......ion - cnm 
..., •• ftlll - q ...,.......,.._ - u ....,..... - • . ........_ - .. 
,_ - cll8clcau1 - .. 

AnunM eomvuc:tiDll - 1141 

.............. C9Zt 11111 ............. I 12 
.,.. PIOGllSSina .. • 
... IMilltHIRCI 19 a 
Trwparlllliall • 18 ............... 19 48 
o-nunicatlom • • ... ....- 1231 1841 
~ I 7 
Utilhial 2 M 
""9111aod..,.. .. • 
Mldia1/dent81 8 13 
~ 2 2 
Chlpllin 2 2 ___,, 2 2 

T.-a 110 ""' ·- 812 

t 

----TRACKS FOR 
COMPLETED 
SATELLITE 

- B FRAME BEAM ENO HOLDER MACHINE 
- JOINT ASSEMBLY MACHINE 

~ 
I ' \ I )\4 

8000M 

Figure 3.4-79 CR• 1.0 Photovoltaic Satellite GEO Base Construction Facility 
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3.4.1.3.6 CR•l Photovoltaic Satellite LEO Base Construction Analysis 

3.4.1.3.6.1 Configuration 

For LEO base construction, the satellite will be constructed in 1/16-size modules (see Figure 

3.4-80), which will then be self-propelled from LEO to GEO. 

The 1/16-size module is 1/2 the width of the satellite by 3 bays long (figure 3.4-81). Approxi­

mately 30% of the solar cells will be deployed to provide s~lf-power capability during orbital trans­

fer. 

The significant configuration differences between the LEO-constructed modules and the GEO-con­

structed satellite are summarized in Table 3.4-33. 

3.4.1.3.6.2 LEO Construction Timeline Analysis 

The same assumptions and top-level timeline that were designated in the CR= 2.0 photovoltaic 

satellite LEO construction analysis apply here. The net result is that there are 20 days available at 

LEO to fabricate each module and 20 days at GBO to assemble the modules and deploy the remain-

. ing solar cells. 

There were approximately 13 days allocated to complete one full-width 600 meter long segment of 

the satellite. For LEO construction, we have 20 days to build half the width but 3 bays long. 

Figure 3.4-82 shows a timeline that depicts how the 3-bay module can be constructed within the 

20 day period. 

Table 3.4-34 summarizes the number of machines required; Table 3.4-35 summarizes the number of 

machine operators required. Figure 3.4-83 shows the LEO base facility. 

3.4.1.3.6.3 GEO ~mbly Timeline Analysis 

A satellite module will arrive at the GEO base every 20 days. In a previous section it was noted that 

there were 1 7 .5 days available to finish deployment of the solar cells after the module had arrived, 

docked and attached to adjoining modules, and the GEO facility moved into place. 

At GEO, after the facility is in position, it will be necessary to perform two major operations: ( 1) 

Deploy undeployed solar cell blankets, and (2) anneal the previously deployed solar cells. 
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F1gure 3.4-80 CR = t .O. Annealed. Silicon Photovoltaic Satellite Conf13uration 

3900M 
(6-1/2BAVSI 

F18Ure 3 .4.S I Satellite Module Conf1Pration 
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Table 3.4-33 Differences Between LEO and GEO Constructed Satellites 

o THE LEO-CONSTRUCTED SATELLITE HAS THESE DIFFERENCES: 

o CONSTRUCTED IN 1/16 - SIZE MODULES 

o 4 VERTICAL BEAMS (Fl) AND 3 LONGITUDINAL BEAMS (G 1) 
HAVE TO BE ADDED. 

o 30% OF SOLAR CELLS DEPLOYED AT LEO, THE REST HAVE TO BE 
DEPLOYED AT GEO. 

ORIGINAL PAGI 1S 
OF POOR QUALIT\• 

SI'S 180 
DAYS 1 I 2 I 3 .. 5 8 1 a I 9 I 10 11 12 I 13 I 1c I 1s I 11 I 11 I 1a 19 I 20 

HOURS 40 80 120 160 200 240 280 320 360 400 

ENDFAAME B>I .ell 11>1 I.!!!.! 8> !~ ll> 
FABRICATE FRAMES A1 01 01 C1 C2 I 

l 
01 C1 C2 I 01 C1 C2 I -

A2 02 02 C3 C4 I 02 c:: C4 I C4 I -02 C3 
~ 03 03 cs CR I 03 cs CG I OJ ~I; C6 I -
A4 04 04 Al I 04 Al 04 Al -D> BEAM MACHINES 

I -AS 05 05 ~ I 05 A4 05 A4 
08 -Oil Qj -USED TO INDEX AB CG ;.-; 115 A!i 

I IA711 F1 II C7 -SATELLITE A7H F1 II C7 I l.7il F1 C7 

·I 
~/I F1 I C7 

S1 ' 07 B1 I 07 
... 

81 07 Dl 81 I 
G1 G1 C2 ' G1 82 I 82 I 

... 
B2 ., G1 
83 . E1 E1 Cl 03 -I E1 I Et • I 

C2 E2 Al E2 1 1 A6 E2 
... 

::i A6 .....ll... 
El 11 .. 

:::! C4 E3 A2 

~ I A2 EA ·I A2 u ... 
::Ii C6 E4 1 A1 A1 E4 ... 

I . II I I 
ASSEMBLE FRAME JOINTS I I ' 

! I 
I 

I I ' I I I 

I 'I I I 

I I ~ 
I I 

I I 
I I I 

DEPLOY SOLAR CELL I 
I 

I CANNISTERS AND STRETCHERS 

ii I . I 
I I I I i i I ! 

l 
DEPLOY SOLAR CELLS 

!1 

I 

I I 
I I TIME ALLOTTED FOR 

I [ I • MACHINE CATCHUP • FINAL TESTYiECKOUT 

T I 'G L • COORDINATION FOR MOVE. ETC. 11 J~ 
INDEX SATELLITE 111 111 qi ::i r 

Figure 3.4-82 CR• 1 Silicon Photovoltaic SateUite Module LEO Base Construction Timeline 
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Table 3.4-34 CR • I Photovoltaic Satemte LEO Base Construction Mschinery Summa:~ 

SPS774 

0 20M BEAM MACHINES 23REQUIRED 

0 JOINT ASSEMBLY MACHINES 3 REQUIRED 

0 COMPONENT DEPLOYMENT MACHINES 4REQUIRED 

0 SOLAR CELL DEPLOYMENT MACHINES 6 REQUIRED 

0 BEAM END HOLDER MACHINES 13 REQUIRED 

0 BEAM SUPPCRT DEVICES 150 REQUIRED 

Table 3.4-35 CR= 1 Photovoltaic Satellite LEO Base Machine Operator Summary 

SPS 775 

NO REQUIRED 
FOR 2 SHIFTS 

0 BEAM MACHINE OPERATOR 46 

0 JOINT ASSEMBi. Y Mr.CHINE OPERATOR 6 

0 eus ASSEMBLY MACHINE OPERATOR 4 

0 COMPONENT DEPLOYMENT OPERATOR 8 

0 CABLE DEPLOYMENT OPERATOR 2 

0 SOLAR CEL:. MACHINE OPERATOR 12 

78 
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Annealing analyses (Sedion 3.2.5) indicated a requirement for 10 annealing mdchines that will ., 
operate at a rate of 200 m-/hr. tThis n quirement was based on the need to anneal the entire satel-

lite solar cell array within a one year time period). Therefore. it was presumed that these IO 

madnes will be available to anneal the previously deployed solar cells. The area deployed for tr.ms­

fer is 2.1 X 106 m2, requiring 1056 machine hours tu anneal the solar 1..-ells. 

If tht: facility has to be ino~xerl two times at 9.1 hrs/index, 332 hours are estimated available to 

anneal and to deploy solar cells: also 3.18 annt".tling machines are required. 

Therefore. there is plenty of time available to anneal the deployed solar cells using the 10 annealing 

machines that will be available. 

The solar cell deployment wiU require 190 min/strip. 

In Bay I and Bay 3, there are 107 strips to be deployed. 339 machine hours are required per bay, 

reouiring 2 solar cell deployment machines. 

Attach of the frames of the module to the adjacent mo<lules within the I day allotted, requires 4 

joint assembly machines. 

The GEO base construction machinery is summarized in Table 3.4-36. 

The GEO base machine operdtors required are summarized in Table 3.4-37. 

The GEO facility required to support these assembly operations is shown in Figure 3.4-84. 

3.4.1.3.6.4 Summary 

The total numbers and types of construction machinery required to construct the CR = I satellite 

at LEO and GEO are summarized in Table 3.4-38 and these are compared to the requirements for 

GEO base construction. The number and types of machine oper tors required are summarized in 

T<iu1e 3.4-39 and these are compared to the personnel required for GEO base construction. 
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Table 3.4-36 CR • I Photovoltaic Sacellite GEO Base Constnaction Machinery Sununary 

0 ANNEAUNG MACHINES 4 REQUIRED (JO AVAILABLE) 

0 SOI.AR au DEPLOYMENT MACHINES 2REQUIRED 

0 JOINT ~EMBLY MACHINES 4REQUIRED 

Table 3.4-37 CR = l Photo~oltaic Satellite GEO Base Machine Operator Summary 

SPS788 

ANNEALING MACHINE OPERATOR 

SOLAR CELL DEPLOYMENT MACHINE UP 

JOINT ASSEMBLY MACHINE UP 

NO REQUIRED 
FOR2 SHIFTS 

8 

8 

Figure 3.4-84 CR= 1 Photovoltaic Satemte GEO Base Facility 
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Table 3.4-38 CR • I Photovoltaic Satellte Construction Machinery Smnmary and Comparison 

SPS118 
LEO GEO 

CCINS1RUCTION CQ.ISJRUCTION 
MACHINE llOIASE GEO BASE GIEOBASE 

0 20M BEAM MACHINE 23 ~ 

0 JQNT ASSEMBLY MACHINE 3 4 2 

0 CA8lE DEPLOYMENT MACHINE 

0 COMPQli!ENT DEPLOYMENT MACHINE 2 

0 SQ.AR CELL DEPLOYMENT MACHINE 6 2 7 

0 BEAM END HOLDER MACHINE 13 12 

0 BEAM SUPPORTS 150 244 

0 ANNEALING MACHINE 4 

Table 3.4-39 CR = J Photovoltaic Satellite Manpower Summary 
SPS 781 LEO tit:O 

LEO Geo Lt:U ucu 
...;.. ... .... .... ... I Ill•- C10I (SI ., 

"°' ..... __ ......... 
hlll C96J - fZllt 

M1 1111111at .. 22 - 42 ...._...,_ 78 20 - 12 ....,_ 12 15 - II .... ,. nu a • - • T• 11111 checlcout 22 22 - M 

....._-.tl'UCllCln CMI .. , - .., 

............ n331 C881 Cl2) na1 
111111;1 1•• 12 I I 12 .,.....,_.... I ·4 4 • 
... llllialllHH a ti " 42 
TH Ill .. dall a 10 II 11 ............... 48 11 19 41 
Comailiidiooltiol11 I I I I 

.. IUPPOll 1141 C31J C23I CfMI 
U.111111111 7 5 5 1 
Ullllllet 14 I 2 14 ............ a 12 4 a 
lllllml/dentll 13 I I 13 ..... 2 2 I I 
ClllplalJI I I I I 

..al I I 2 I 

Totlls 477 259 110 602 
TOlll 738 112 

108 



3.4.2 Crew Scheduling Concept • • • • . . . . • • . . • . . . . . . . . . • . . . . . . . . . . . • • . . . . • . . . I 09 

3.4.2.1 Introduction • . . . . . • . . . • • . • . . . . . • . . . . . . . • . . . . . • . . . . • . . . . . . . I 09 

3.4.2.2 Problem Statement . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 

3 .4. 2.3 Resource l>ata Review. . . • . . . • • . . . . . . . . . . . . . . . • • . . . . . • • . • . . . . I 09 

3.4.2.4 Analysis. • • . . • • • . . . . . • . . • . • . . • . . . . . . . . . . • . . • . . . . . • • . . . . . • • I I 2 

3.4.2.4. l Derivation of Min/Max Schedule Constraints . . . . . . . . . . . . . 11 S 
3.4.2.4.2 Alternative Work Schedules ................. ~ . • . . . • . . . 11 S 

3.4.2.4.3 Cost Analysis. . • . . . • • . . . . • . . . . • . . • . . • • . . . . . . . • . . . . . I 18 
3.4.2.4.3.1 Down Tune Cost . • . . . . . . . . . . . . . . . . . . . . . . . 118 

3.4.2.4.3.2 Crew Transportation Cost . . . . . . . . . . . . . . . . . . 118 

3.4.2.4.3.3 Subtotal Cost. . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 

3.4.2.4.3.4 Analysis and Results. . . . . . . . . . . . . . . • . . . . . . . 123 

3.4.2.S Recommendations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 



0180-20689-3 

3.4.2 Crew Schedulins Concept 

3.4.2.1 lr.troduction 

Crew scheduling includes consideration of in-orbit staytime, weekly schedule (work days/off duty 

days). daily schedules (hours of workiday), work/rest cycles (work hours/rest hours), and the 

number of work shifts per day. These contjderations are all insensitive to satellite type of construc­

tion location. 

Section 3.4.2.2 defines the specific problems to be addre~d in this re.,ort. Section 3.4.2.3 
describes the reference data that was used. Section 3.4.2.4 is an analysis of tile data . .Section 3.4.2.S 

describes the recommended crew scheduling concept. 

3.4.2.2 Problem Statement 

On-Orbit Stay Tune·-Derive a recommended on-orbit stay time. 

Weekly Work Schedule-Derive a recommended nominal ··weekly'' work schedule, i.e .. how many 

consecutive work and rest days. 

Daily Work Schedule-Derive a recommended daily work/rest schedule. 

Number of Shifts-Derive a recommended number of work shifts. 

3.4.2.3 Resource Data Review 

A survey was condu.:ted to accumulate data that pertain to the problem areas: 

Space Flight Experience Data 

a. Karpox &. Bodrov report that the results of both experimental and actual space flight experi­

ence enables one to recommend the following distribution of the daily time budget: 
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8 hours work (4 hour shift max.) 

8 hours uninterrupted sleep 

2 hours 15 min. for eating 

- 1st breakfast 30 min. 

- 2nd breakfast 30 min. 

-lunch 

-supper 

30 min. 

45 min. 

45 min. for personal hygiene 

2 hours 30 min. for personal time and active rest 

The interval between the I st and :?nd breakfasts should not exceed 3 to 4 hours. between 

i.econd breakfast and lunch - 3 to 4 hours. between lunch and dinner - 4.5 to 6 hours. between 

dinner and first breakfast 10 to I0.5 hours. 

b. Johnson. et aJ. reported on the medical findings of Skylab. The longest duration spaceflight was 

84 days. Medkal evidence established the fact that man is fully qualified for in~rbit missions 

of this duration. Appropriate nutrition. progrdmmed adequate sleep. work. exerdse. and recn.·a­

tion periods. and suitable work areas must be provided. 

On-Earth Experience Data 

The Alaskan oil pipeline construction project offers a potential source of pertinent data due to th<" 

long-tenn. isolated. harsh emironment, construction program that it entailed. The following data 

were obtained(~ Kreshak): 

Daily Work Schedule 

Weekly Work Schedule 

On-site duty time 

Number of shifts 

Height of Construction 

-10 hours/day 

-up to 14 hours,'day for 

high priority short-term 

projects 

-7 days/week 

-8 weeks on/2 weeks off 

(majority use this schedule) 

-:? shifts/day 

I JO 

Now 

-9 hours/day 

-6 days on/ 1 day off 

-8 weeks on/ 

-:? wc=eks off 

-2 shifts/day 
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Experimental Studies 

a. Chiles, et al, reported on 13 investigations canied out as a part of an 8-year program of 

research on the perfonnam;e effects of various work/rest '-"Ycles during confinement in a 

simulated aerospace vehicle crew compartment. 

It was found that a man can work 12 hours per day on a 4-hours work/4-hours rest s~hedule 

for P'!riods of at lei&Sl 30 days. Subjects reported that for a g.;ver number of hours per day of 

duty, duty periods longer than 4 hours would have resulted in perfonnance degradation, 

especially if the total duration of the mission were extended. Subjects working 11 hours per 

day on a 4/4 (work/rest) schedule can maintain generally higher levels of. performance than 

subjects working 16 hours per day on a 4/2 schedule. When subjects are highly motivated. 

performance over a period of 30 days on a 4/4 schedule is indistinguishable from the levels 

maintained by subjects :.•llowing a 4/4/4il2 schedule. 16 hours per day on a 4/2 schedule 

appears to be the maximum feasible number of hours per day a man can work for extended 

periods of time. The 4/4 work/rest schedule with confinement was no more demanding than a 

normal 8-hour split-shift work d.1.y without confinement. 

b. "Sicholson has shown that improved performance has not been demonstrated in persons carry­

ing out complex tasks in which absence of circardian activity is associated with a fully adoptea 

sleep pattern. It is considered unreasonable. in the light of present knowledge. to insic;t on forc­

ing space crews to terrestial rythmns. 

Other Related Studies 

a. Shields <Boeing IR&D) performed a preliminary assessment of how a solar power satellite be 

constructed. The study was based on an assumed 8 hour work shift. maximum of 3 shifts per 

day. and a 6-day work week. No rationale for these assumptions was presented. 

b. JSC-11568 (Chapter V.C. Construction Operations) presented a candidate staffing plan and 

offered an initial method of employing the proposed cadre of personnel by developing the 

logic leading toward a work/cost cycle for the construction crews. Certain assumptions were 

made that pertain to the scheduling topic at hand: 

-Nominal construction activity will continue on a 3-shift :4 hr/day basis 

- Crew stay time limited to 180 days 

- Sufficient personnel are required to staff 4 shifts 

Based on these assumptions an 8 day rotation cycle (consisting of 6 working days followed by 

a ho•1sekeeping day and then an off-day) was proposed for the 6-month stay tim1:. No rationale 

is presented for the basic as.'iumptions. 

111 



D 180-20689-3 

c. VonTie~nhauser. analyzed the functional organizational structure of a 50-man space station. 

He recommends a 3-shift operation to provide the necessary s;&fety and fum:tional readiness of 

the base. The tour of duty would depend upon the mission. He recommends a common 

day of rest for all with only critical systems being monitored. 

d. Shumate indicated that 90 day in-orbit stay time can be committed to now bl.lt that 6 anonths 

is probably feasible. The constraint is a bone decakafica!ion rr ..>blern Jl>'>Ociated with pro­

longed weightkssness. 

e. Ndson reviewed the literature on sleep loss, work-rest schedules, and performance. Amongst 

the findings were many of the results reported above. One additional l>tatement was 1 hat 

permanently assign.-d day-night shift workers generally perform more effectively than do 

workers who rotate day and night shifts frequently. 

f. Gardner, et al, investigated earth-based analogs to the space statio11 en vironmenl. Th.:} 

reported the following: 

Tektite II (an aquanaut habitat) mission of 20 days was not long enough to 1mpa...:t ...:rl'\\. 

performance. 

The optimum tour of duty on nuclear submarines appears to be 60-70 days. with .t 

high percentage of volunteers for repeat missions. Some missions have approached 90 

days duration. 

Antarctic tours of duty. using a seled volunteer crew, typically can maintain good per­

formance throughout the I year mission. but with a low percentag,· of volunteer~ f0r 

repeat missions. 

Arctic radar sites, using non-volunteers who are not subjected to ~creening. typkall) 

have diC.:ulty in maintaining good perfonnan..:e by all personnel over the onl' yl.!ar 

mission. The percentage of volunteers for repeat missions is very low. 

3.4.2.4 Analysis 

The data described in the preceding sectio11 has been summarized and collated in Table 3.4-40. 
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Table 3.4-40 Crew Scheduling Reference Data Summary 

PROBLEM STATEMENT 

2. 1 On-Orbit Stay Time 

2.2 Weekly Work Schedule 

DATA 

- Skylab missions of 84 days show that man is 
fully qualified for missions of this duration. 

- Alyeska pipeline experience has shown that B 
weeks on/2 weeks off is acceptable. 

- 30 day experiments show no degradation of 
performance if 4/4 schedule used 

- Assumed in-orbit stay time of 180 days 
- 90 day stay time can be committed to, but ?. 

6 month stay time is probably feasible. 
- Tektite II mission shows 20 days does not effect 

perfonnance 
- Nucleur submarine optimistic stay tirne is 60 - 70 

days but some missions have approached 90 days. 
Antartic stay time of 1 year can maintain good 
performance. 

- Artie radar site missions of 1 year have shown 
degradation of perfonnance 

- Alyeska pipeline construction was conducted on 
7 day/week basis for 8 weeks. They have backed 
off to 6 day/week now that major construction 
finished. 

- 30 day experiments had no days off 
- 6 day work week assumed for preliminary powersat 

construction ~nalysis 
- An 8 day schedule was derived (6 days work, 1 

day housekeeping, 1 day off duty) 
- Common day of rest recommended for 50-man space­

crew. 

REFERENCE 

Johnson, et al 

Kreshok 

Ch'.le~. et al 

JSC 
Shumate 

Garc(ner 

" 

II 

II 

Kreshok 

Chiles, et al 
Shields 

JSC 

Von Tiesenhausen 



PROBLEM STATEMENT 

2.3 Daily Work Schedule 

2.4 Number of Shifts 

Table 3A ·40 (continued) 

DATA REFERENCE 

- Recommend this schedule Karpov & Bodrov 
8 hours work (max 4 hour shift) 
8 hours uninterrupted sleep 
2 hrs. 15 min. eating 
45 min. personal hygiene 
2 hrs 30 min. personal time and rest 

- Alyeska pipeline construction used 10 hours/day Kreshok 
except for occassional 12 hours/day during height 
of construction. Now using 9 hours/day. 

- Results of 8 years of study Chiles, et al 
-12 hours/day using 4/4 schedule for at least 

30 days results in no significant performance 
degradation. 

-Subject prefer 4 hours shifts. 
-Based on a 30 1ay study, a 4/4 schedule is 
indistinguishable from a 4/4/4/12 schedule. 

-16 hours/day on a 4/2 schedule maximum feasible 
for extended periods. 

-4/4 schedule in confinement no more demanding 
than 8 hours without confinement. 

- If fullyadaoted sleep pattern is established it Nicholson 
is not necessary to maintain a terrestrial 
accordian activity schedule 

- Assumed 8 hours shift Shields 
- Assumed 8 hours shift JSC 
- Recommend 8 hours shift Von Tiesenhausen 
- Workers more effective if kept on a single shift Nelson 

- Alyeska uses 2 shifts/day 
- Assumed 3 shifts 
- Assumed 3 shifts 
- P.eco1m1ends 3 shifts 

Kreshok 
Shields 
JSC 
Von Tiesenhausen 
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3.4.2.4.1 Derivatioa of Min/Max Schedule Constraints 

On-Orbit Stay Time 

The Alyeska exoerience has shown that most personnel were anxious to take the 2 weeks R&R after 

an 8 week CQntinuous st-:;. This should be a clue that there may be psychological problems asso­

ciated with longer stays in an isolated environment. The nuclear submarine experience confirms 

this. Studies of the psychological and psychiatric problems associated with long-term confinement 

(see fra<;er, Romanov, aad Leonov) has shown that very little is known about these effects when 

the mission duration exceeds 70 days (the length of the longest experiement). The 84~ay Skylab 

experience has shown that at least a small crew can work effectively for this length of time. All 

researchers agree that the crew members will have to be psychologically /psychfatrically screened 

and that working units will have to be composed of compatible personnel for long-term missions. 

Based on the available data, it seems reasonable to establish 90 days as the minimum in9Urbit stay 

time (this is medically and psychologically/psychiatrically practical). Experiments s.hould be con­

ducted to see if 180 days can be feasiMe as a maximum. 

Weekly Work Schedule 

The available data shows that a continuous 7 day /week schedule would be tne maximum if the total 

time before R&R did not exceed 8 weeks. A 6 day week, with either one or two days off, would 

be the minimum weekly work schedule. 

Daily Work Schedule 

The available data shows that a maximum of a 4 hour work duty period is the hest choice. There are 

several options of the total work time per day: 8, I 0, and 12 hour total work periods are feasible 

per day. The workers should maintain a regular work schedule. Each crewmember must be allotted 

a total of 8 hours sleep. This sleep period could be continuous or be in two 4-hour sleep periods. 

A 24 hour day is not necessarily a requirement. 

Number of Shifts 

The available data do not dictate a choice of the number of shifts. This can be derived from con­

sideration of the daily work schedules. 

3.4.2.4.2 Alternative Work Schedules 

Figure 3.4-85 shows 3 alternative 8-hour daily schedules. Figure 3.4-86 shows 3 alternative l 0-hour 

schedules (note that one of the •.chedules involves a 20-hour "day"). Figure 3.4-87 shows 2 alterna-

tive 12-hour daily schedu1es. 
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2 TEAM OPTION 

TEAM 1 k wt71i///jjfj/l/J1 w [7//(//-
TEAM 2 W/t1///////il wV/1///////1/J/L w 

SCHEDULE 8·1 4/4/4/ll (8 tllURS SHUTIDN/DAY) 

3 TEAM OPTION 

SCHElllLE 8·2 4/ .5/4/15.S (1 1/2 HOURS SHUTDOWN/DAY) 

2 4 6 8 10 12 14 16 18 20 22 24 
llJURS 

Figure 3.4-85 8-Hour Work/Day Schedule Options 
2 TEAM OPTIONS 

TEAM 1 ~ w Wli/J/J//JJ~ w Vllifl//@!~ w WU//////~ 
TEAM 2 WJ/J/JJm w 7////J//)1///1 - w YM11111i w 

SCHEDll.E iO·l 3.5/4/3.5/4/3/6 ( ~ t«>URS SHUTDOWN/DAY) 

SCHEDULE 10·2 4/ .5/4/ .5/2/13 (3 t«>URS SHUTDOWN/DAY) 

TEAM l k w~ij///@1/A W V/J/WJl//jf W .rf////l/J//j~(ZO IGJR DAY} 
TEAM 2 YlffJ///lb_ w V!J///11/ll!f w J7//////////A w -

SCHEDll.E 10·3 3 1/3/ 3 1/3 I 3 1/3/ 3 1/3/ 3 1/3/ 3 1/3 (O HOURS SHUTOOWN/DAY) 

2 4 

(THERE ARE NO 3 TEAM OPTI~S) 

8 10 12 14 lfi lR 
HO&IRS 

FiRUre 3.4-86 10-Hour Work/Day Schedule Optim:• 
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2 TEAM OPTIONS 

TEAM lb w W////////A w ~///ffe///,l w IW//¥7/2f 
TEAM 2W//////'l;J w 7//////7//;0 w W//U///A w 

0 

SCHEDULE 12-1 4/4/4/4/4/4/4 (0 StllTDOWN/DAY) 

SCHEDll.E 12-2 

2 4 6 8 

4/ .5/4/ .5/4/11 

(THERE ARE NO 3 TEAM OPTIONS) 

10 12 

HOURS 

14 

(2 HOURS SHUTOOWN/DAY) 

16 18 20 22 

Figure 3.4-87 12 Hours Work/Day Schedule Options 
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Tabk 3.4-41 shows 7-day schedules for 2 and 3 shift operations. Table 3.4-42 shows 2 and 3 shift 

weekly schedules for a 6 day on/I off schedule. Table 3.4-43 shows the 2 and 3 shift .. weekly" 

schedules for a 6 on/2 off schedule. 

Taking into account all of the allowable daily/weeklyistay-time alternatives. there are 40 options. 

Each of these alternative! are allowable based upon the available data. However. some of these 

options can be ruled out as impractical. For instance. it would not make sense on a 45-day stay­

time to employ any scheduling option that results in any down-time. 

Table 3.4-44 was constructed to provide a means of showing all of the realistic options and to 

evaluate the relative costs associated with the ptions. It li shown that there are 18 options that 

merit consideration. 

3.4.2.4.3 Cost Analysis 

To attempt to arrive at a way of comparing the relative merits of the 18 selected sc.heduling options, 

a preliminary cost analysis was performed. Figure 3.4-88 shows that there are S major cost centers 

that contribute to total crew operations cost: (1) crew transportation. (2) crew supplies, (3) crew 

faciliti.:s. (4) crew salaries. and (5) down-time ~"Ost. This figure shov.s how various crew-rd:.led 

facton influence these cost centers. 

The prelimir-ry cost analysis is focused on th~ transportation and down-time costs. 

3.4.2.4.3.1 Down-time Costs 

The various schedules result in two types of do\Vn-time: (I) down-time incurred every day due to 

the van,lUS work/rest cycles and number of shifts (see Figures 3.4-85, -86, and -89 and Tahle 3.444 

and (2) down-time incurred when the weekly schedule dictates a whole day off (see Table 3.441, 

-42. -43, 3Jld -44). The totals of these two down-time contributions are figured over a year's time. 

Each day of down-time is estimated as S 1.06 million in cost. The total cost of down-time for 

each option was shown in Table 3.4-44. 

3.4.2.4.3.2 Crew Transportation Cost 

To com putt> the crew transportation costs, it was necessary to make the following assumptions: 

For LEO Construction (Photovoltaic Satellite) 

There are a totai of approximately 500 jobs that need to be staff d iring each shift. 
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Table 3.441 7 Day/Week Schedule Options 

NOT£ • 1 DAYIVEEK SCHEDU.E ADVISABLE aY 
R>R 45 DAYS OR LESS STAYTIME 

TEAM 1 W II W W W Iii W II II M """"" .. Iii .. Iii " 

II Iii Iii II 11 II II II 

TEAM2 W II II II II If Ill Ill II Ill II II II II ~ II Iii M 

3 SHIFTS/DAY 

TEAM 1 If " " " If " If II 
TEAM 2 ., If II II II II If .. 
TEAM 3 If II II II If II II II 

(0 DAYS SllJTOIMIMEK) 

" If " If w w 
II If " " .. " II " w If If " (0 DAYS SIUTlllMl/llEEK) 

2 
llEEICS 

w .. 
" 

" " " " " II " II 

w II II If II If If II 

" II II ". II If " If 

1 2 3 • s 6 1 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
DAYS If • WOPK OllV 

00 • Off our· DAY 

Table 3.442 6 On/l OffWeekJy Schedule Optio!W 

3 SHIFTS/DAY 

TEAMl If II If II II WODll WM 11II110011 If If II W WOD 

TEAM2 II II II II II W ODii II II II II 11 OD II If If II If W OD 

TEAM3 II II II II II WODll W II II W llODW II 11 W II WOO 

(1 DAY SlllTDOWrVllEEK) 

(THERE ARE NO PRACTICAL SHIRS/TEAMS 
CX>MBINATIONS THAT RESULT IR ZERO SlllTOOWN DAYS) 

1 2 
WEEKS 

3 

I I I 1 I I I I 1 I I ' I I I I I I I 9 I I 

1 2 3 4 s 6 7 8 9 10 !l 12 13 14 15 16 17 18 19 20 21 

DAYS 

ORIGINAL PAGE IS 
OF POOR QUALl'l'Y 
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Table 3.4-43 6 On/2 Off Weekly Sdtedule Options 

2 5!1lfIS/P'Y 
TEAM 1 W II W II W W OD OD W II II II W II OD OD 11 II II II II W OD OD 
TEAM2 M ti ti WW II 0000 If If If ti II ti ODOO II II II II II II ODOD 

3 SHIFIS/P'Y 

(2 MYS SllJlDOWll/lfEU) 

(111ER£ ARE RO 2 SHin/P'Y - TEAM aMllllATIOllS 
lHAT RESULT IN ZEii> OR 0ll£ SlllTDOWR DAYS) 

(lHIS OPTION tllLL llOT BE USED) 

TEAM 1 II II ti II II II 00 00 11 If W II lf lf 00 OD If II lf ti If II OD OD 
TEAM 2 II lf Iii II OD OD lf lf II II If II OD 00 II lf lf II II ti OD OD If II 
TEAM 3 Iii II OD 00 II II II II II Iii OD 00 II II II II II .w 00 00 If II W II 
TEAM 4 0000 II ti II W II Iii 0000 II W ti W II If 0000 ti W II II II ti 

1 

(0 DAY SllfTIXMl/tlEElt) 

2 
llE£KS 

3 .............. ,,,,,,,,,,, 
1 2 3 4 5 6 1 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

DAYS 
II • IOllt DAY 

OD • OFF lllTY DAY 

ORIGINAL PAGI 18 
OF POOR QUAIBll 

Figure 3.4-88 Crew Operations Cost Model 
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Table 3.4-44 Crew Sdledulin& Options Cost Analysis 

DAILY SCHEOOLE 

HOURS DAYS NO. 
NO. NO. OOWN 00Wt1 TEAM 

IN-ORBIT WEEKLY . WRK HRS ~F OF PER PER ROTATION~ 
STAYTIME SCHEDULE DAY WORK/REST CYCLE SHIFT~ TEAMS DAY WEEK VEAR 
45 DAYS 7 DAYS/WEEK 10 3 1/3 I 3 1/3 I 3 1/3 . 2 2 0 0 16 

12 4/4/4/ .. 2 2 0 0 16 
90 DAYS 6 OH/1 OFF 8 4/4/4/12 2 2 8 1 8 

4/.5/4/15.5 3 3 1 1/2 1 12 
10 3.5/4/3.5/4/3/6 2 2 4 1 8 

4/. 5/ 4/. 5/2/ 13 2 2 3 1 8 
3 l/3 I 3 1/3 I 3 1/3 . 2 2 0 1 8 

12 4/4/4 •. 2 2 0 1 8 
4/ .5/4/ .5/4/11 2 2 2 1 8 

6 ON/2 OFF a 4/.5/4/15.5 3 4 1 112 0 16 
180 DAYS 6 ON/1 OFF 8 4/4/4/12 2 2 8 1 4 

4/.5/4/15.5 3 3 1 1/2 1 6 
10 3.5/4/3.5/4/3/6 2 2 4 1 4 

4/ .5/4/ .5/2/13 2 2 3 1 4 
3 1/3 I 3 1/3 I 3 1/3 • 2 2 0 1 4 

12 4/4/4 .• 2 2 0 1 4 
4/ .5/4/ .5/4/11 2 2 2 1 4 

6 ON/2 OFF 8 4/ .$/4/15.5 3 4 1 1/2 0 8 
CREW TRANSPORTATION COSTS DOWNTIME COSTS 

LEO BASE GEO BASE TOlAl DAYS !TOTAL 
65.5 €1 $74 HOURLY lFULL' DAY~ TOTAL COST 
MILLION/ MILLION/ OOrtNTIME DOWNTIME OOWNTIME @ $1.06 LEO GEO 
ROTATION ROTATION YEAR YR YR MILLION/DAY COST COST 6 

1048 1184 0 0 0 0 1048 1184 136 
1048 1184 0 0 0 0 1048 1184 136 
524 592 120 52 172 183 707 775 68 
786 888 22.5 52 74.5 79 865 967 102 
524 592 60 52 112 119 643 711 68 
524 592 45 52 97 103 627 695 68 
524 592 0 52 52 55 579 647 68 
524 592 a 52 52 55 579 647 68 
524 592 30 52 82 87 611 679 68 

1048 1184 22.5 0 22.5 24 1072 1208 136 
262 296 120 52 172 183 445 479 34 
393 444 22.5 52 74.5 79 472 523 51 
262 296 60 52 112 119 381 415 34 
262 296 45 52 97 103 365 399 34 
262 296 0 52 52 55 317 351 34 ---
262 296 0 52 52 55 317 351 34 
262 296 30 52 82 87 349 383 . 34 

524 592 22.5 0 22.5 24 548 616 68 
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3SO of these jobs would be at the major LEO constructi"n sites. 

I SO of these jobs would be at the final LEO assembly location. 

For GEO ConstnK'tion (Photovoltaic Satellite) 

There are a total of approximately 400 jobs that need to be staffed during each shift. 

50 of the jobs are at the LEO staging depot. 

3SO of the jobs are at the GEO construction site. 

For Both LEO and GEO Construction 

I 00 people .. :an he transported at one time in either an earth-to-LEO shuttle or in an OTV. 

It will cost S l 1 mission/ JOO people to get to LEO. 

It will cost S 18 million! I 00 people to get from earth to GEO. (The S 11 million earth-to-LEO 

cost plus S 7 million LEO-to-GEO l'OSt ). 

Based on these assumptions. it is possible to estimate the cost of crew transportation as f0!lows: 

LEO Const.uction Site/GEO Final A~mbly 

To get 350 people (one team I to LEO 

LEO 
Transp. 

A= Cost 

Year 
= (350 people) (IOO peo~:efshu!lle) 
= ($38.5 million J (N) 

To get 150 people (one team) to GEO 

GEO 
Transp. 

B = Cost 

Year 

=(I SO people) ( 1 ) 
I 00 people/OTV 

= (S:?7 million) (N) 

Total Transportation Cost= A+ B 

(
SJ I million\ /N 

shuttle 1 ~ rotations ) 
year 

S 18 million \ N rotations) 
OTV /shuttle J year 

= i S38.5 million x N) + S27 million x N) 

= ($65.5 million) (N ~%~~tjgns) 
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LEO Staging Depot/GEO Construction 

To get SO people (one team) to LEO 

LEO 
Transp. 

A= (ost -Year 
~ 150 people> { 50 peo~/shuttle) 
= ($1 I million) x (N) 

(
SI I million\ /N rotations) 

shuttle J \ year 

To get 300 people to GEO 

GEO 
Transp. 

B = Cost 

Year 
~ (350 people> (100 peop~/shuttle) 
= ($63 million) x (N) 

Total Transportation Cost = A + B 

( 
S 18 million\ /N 

shuttle 7 ~· 

= (S 11 million x N) + ($63 million x N) 

= (S74 million) (N fJ:Jion ) 

These transportation costs for each option were shown in Table 3.444. 

3.4.2.4.3.3 Sub-Total Cost 

rotations ) 
year 

The sub-total cost for each option are computed by adding the transportation cost and down­

time cost. These sub-totals were given in Table 3.4-44. 

A graphical comparison of these sub-total costs is presented in figure 3.4-89. 

3.4.2.4.3.4 Analysis of Results 

The following observatio11s came from inspection of Table 3.4-44 and Figure 3.4-89 and -90: 

The least e:i..pensive options are for the I 00 day stay-time. 6 days on/ I day off schedule. 

The I 0 and I 2 hours/day schedules using 2 crews are the lowest cost options. 

The 4-team scheduling option is very expensive when compared to the alternatives. It is 

much more cost effective to tolerate a common shutdowr. day. than to use 4 teams to avoid 

a shutdown. Those 2 extra 1.:rews create the need for twice as many crew types that cost much 

more than downtime. 
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• • 

. .I :1 
I 
I 

• PHOTOVOLTAIC SATELLITE 
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I :..: : . .;_:, I . 

• COST INCLUDE TRANSPORTATION 
AND DOWNTIME 
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• LEO CONSTRUCTION 
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• 10 HOURS 12 HOURS II • 

t6DAYS0w1 DAV OF; 1 • : • x 
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Fagure 3.4-89 Crew Scheduling Cost Compamons 

SCHEDULE 

• 90-DAV ST A YTIME 
• 6 DAYS ON/1 DAV OFF 
• 12 HOURS WORK/DAV 

592 

624 

• 4/0.5/4/0.5/4/11 (WORK/REST CYCLE) 
•TWO SHIFTS 

G 
LE 
EO 
0 

(TBD) 

DOWNTIME CREW CREW 
TRANSPORTATION SUPPLIES 

COST CENTER 

(TBD) 

CREW 
SALARIES 

figure 3.4-90 Crew Operations Cost DiUnbution 
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Of the three daily schedule options, the 12 hour 4/.5/4.5/4/11 schedule is preferred even 

though it is slightly more expensive: 

The I 0 hour schedules are discarded because they would unnecessarily create the need 

for forcing the crew onto a synthetic 20 hour .. day ... 

The 12 hour 4/4/4 ... schedule would create some operational problems as well as creat· 
ing the need for an unnatural work/rest cyde. 

J 80 day scheduks arc Jess expensive rhan 90 day options. 

The 45 day schedules offer no economic advantages. 

3.4.2.S Recommendations 

The following schedule is recommended based on the economic factors considered: 

90 day staytime 

6 days on/ 1 day off per week 

12 hours per day work using a 4/.5/41.5/4/11 workfrest cycle. 

2 shifts (2 teams) 

Even though the 180 day staytime is the mo;,t e"'-onomical. it is not recommended due to the 

absence of any experience data to support it as operationally pr.1ctical. 

Subsequent to the 12-hour shift recommendation, the JSC Crew System group recommended that a 

IO hour schedule be used (based on Skylab experience data). A 5/1/5/13 work/rest cycle was there­

fore selected for crew size determinations. 
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3.4.3 Crew Jobs and Organization 

3.4.3.1 Study Approach 

The approach used in this study is summarized in Figure 3.4-91. 

The base operations and base support jobs were identified by performing a functional analysis 

wherein various categories of base support and operations functions were postulated. These func­

tional categories were identified in such a way that they were insensitive to satellite type or, in most 

cases. orbital location. Each of the functional categories were developed to one or two lower 

levels of detail to identify the jobs required to be staffed in order to carry out the functions. At 

these lower levels of detail. it was necessary to apply the number of shifts (2). In some cases. the 

number of habitats and the orbital locatil'n haJ to be taken into account. Information from prior 

studies (references 1 and 2) was incorporated or was compared to make sure major items were not 

overlooked. 

In order to identify construction jobs. it was necessary to select a satellite configuration concept as 

a model for analysis. The photovaltaic satellite was selected. To simplify the analysis, GEO con­

struction was selected as a basis. The satellite construction concept was developed to sufficient 

detail to determine the major construction tasks (fabricate frame, deploy solar cells. etc.). In lieu 

of detailed trade studies that would identify whether the task should be automated or should be 

performed by man it was assumed that there would be one man assigned to each of the tasks. 

It was necessary to determine at how many places the task would be performed simultanecusly. 

Two shifts were assumed. By multiplying these (actors together, it was possible to make an estimate 

of the number of jobs. 

To collate the results of t.1e analysis of the construction jobs and base operations support jobs and 

to identify the management peaSonnel, organization charts were developed. 

After the organization charts and manning requirements for the GEO construction base for the 

photovoltaic satellite were identified the results were adjusted to determine how many jobs would 

be at LEO and to determine the LEO and GEO jobs for a LEO construction concept. 

3.4.3.2 Results 

3.4.3.2.1 Base Support/Operations 

After several iterations the base support and operations were grouped into the eight functional 

cakgories shown in Figure 3.4-92. 
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REVIEW 
PRIOR 
DATA 

NO.OF 

' HABITATS 

CORRELATE 
DATA TO 
IDElllTIFY BASE SUPPORT/OPERATIONS JOBS 
JOBS 

' ' 

PERS:ORM 
NO.OF FUNCTIONAL 

ANALYSIS SHIFTS 

' ' 

REVIEW DEVELOP INTEGRATE GUESSTIMATE 
PRIOR i-. ORG ~ JOSS, 1---t ti(). OF JOOS 
OftG CHART ORGOIARTS. FORCTHER 
CHARTS NO. OF SHIFTS LOCATIONS 

~ 

SELECT ' 
GEO DEVELOI' IDENTIFY 

CONSTRUCTION 
JOBS 

PHOTOVOLTAIC ___. CONSTRUCTION i--. MAJOR SUMMARIZE 
SATELLITE AS CONCEPT JOBS 
MODEL 

DATA 

Figure 3.4-91 Study Approach 

PROVIDE 
BASE SUPPORT 
AND 
OPERATIONS 

u.1 3.4.3 3.4.5 U.7 

PROVIDE PROVIDE PROVIDE PROVIDE 

HABITAT HUMAN BASE MATERIALS 

OPERATIONS SUPPORT MAINTENANCE HANO LING 
OPERATIONS OPERATIONS OPERATIONS 

3A.2 3.U 3.4.8 UJI 

PROVIDE I PROVIDE PROVIDE I PROVIDE 
DATA FLIGHT 

COMMUNICATIONS PROCESSING TRANSPORTATION CONTROL 
OPERATIONS I OPERATIONS OPERATIOl~S 1 OPERATIONS 

Figure 3.4-92 Base Support/Operations Functional Categories 
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The habitat operdtions ar-: identified to lower levtls of detail in Figure 3.4-93. To identify the 

number cf personnel associated with these habitat operdtions it was necessary to detennine the 

total number of people at each base and to assum' a habitat population for each habitat. The 

numbers of personnel shown have been adjusted to reflect the total number of personnel. 

The communications function and its associakd personnel are shewn in Figure 3.4-94. 

A functional category called Human Support Operations was created by encompassing the support 

functions that did not seem to fit into other categories: see Figure 3.4-95. 

The data processing functions and associated personnel are shown in Figure 3.4-9~. It was assumed 

that the majority of data processing would be µerformed on Earth. The operational personnel 

listed would provide in-orbit, special purpose data processing. 

A large base maintenance organization was identified, Figure 3.4-97. These personnel would be 

concerned with maintaining the habitat, command/contrd, communications, transportation. etc. 

equipment. A maintenance team was also assigned to the construction equipment. but is counted 

as part of the construction crew. 

The materials handling function is shown in Figure 3.4-98. The number of personnel shown is 

probably quite i:onservative. The materials handling system concept will have to be developed in 

order to estabiish a better guess. 

The base flight control function is shown in Figure 3.4-99. 

The transportation support function is highly dependent upon where the major construdion site 

is I LEO or GEO): 

LEO Construction/LEO Base· See Figure 3.4-100 

LEO Constr:..:ction/GEO Base - See Figure 3.4-101 

GEO Construction/GEO Base - See Figure 3.4-102 

GEO Construction/LEO Base· See Figure 3.4-103 

3.4.3.2.2 Construction 

The construction personnel were identified for the photovoltaic satellite only. The constrw.:tion 

operations were sorted into satellite constructiCln and antenna construction groups. 
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3.4.3.2.2.1 Satellite Construction 

Fabrication/assembly of the satellite fr.une would be performed by the personnel identified in 

Figure 3.4-104. (The Section I, 2, 3, 4, and S correspond to the longitudinal ridge sections shown 

in Figure 3.4-105.) For this iteration, one man operator was associated with each beam ma1:hine. 

At this point, it is undetennined whether the operators would be locakd with the beam mad1ines 

or at some remote location. Further analysis may show that one operator could control several 

beam machines or that a single beam machine could be used to fabricate several of the different 

beams. 

Assembly of the power ~neration system would be performed by the personnel identified in 

Figure 3.4-106. The Sections 1, 2, 3, and 4 correspond to the longitudinal through sections shown 

in Figure 3.4-107. The personnel identified operate the machines which deploy the power genera­

tion components. At this point, it has not been determined whether the operators are located at 

the deploying machines or are in some remote location. 

The personnel associated with assembly of the satellite subsystem are shown in Figure 3.4-108. 

A team of test and checkout personnel are identified in Figure 3.4-109. A team of construction 

eq•1ipment maintenan•~e personnel are identified in figure 3.4-110. 

3.4.3.2.2.2 Antenna Construction 

The antenna construction personnel are orgaili1.ed similar tc the satellite construction personnel. 

At this point, the antenna construction operatic:>.is have not been identified in as much detail as 

the satellite construction. The antenna constructi.>n team is show 1 in Figure 3.4-111. 
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Figure 3.4-106 Construction Organization Power Generation System 
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Figure 3.4-107 Facility Bay B Operations 
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3.4.3.3 ORGANIZATIONAL CONCEPT 

The personnel identified in the pre~ding sections were organized into a base personnel organi­

zation. The base organization concept defined in Referem.-e I was used as a starting point. The 

top level orpnization is shown in Figure 3.4-11 ~- The "'-onstruction personnel were organized as 

shown in Figure ~.4-113. The base support personnel were organized as shown in figure ~.4-114. 

The base operations personnel were organized as shown in Figure 3.4-115. 

I 

CONSTRUCTION 
MANAGER(1) 

I 

BASE 
DIRECTOR(1) 

I STAFF(4) 
I 

DEPUTY 
BASE 
DIRECTORS(2J 

I 
I I 

BASE BASE 
SUPPORT OPERATIONS 
MANAGER Cl) MANAGER (1) 

Note: Numbers in ( ) indicate total NJmber of 
people holding the job per construction 
base; le .• staffing for two shifts is 
indicated. 

r1p~ 3.4-112 Construction Base Organization 
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Numbers in ( ) indicate staffing for two shifts. 

Figure 3.4-114 Base Support Organization LEO Construction Base 
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3.4.3.4 MANPOWER SUMMARY 

The pt:rsonnl'l identified ir. the previous ~dions have b:en summarized in Table 3.4-45. Nok that 

for the photovoltak satellite that there are approximatdy :!00 more people required to construct 

the satellite in LEO than as required for GEO. Inspection of the numbers will show that the differ­

ence is dui: to thl' ni:ed 'Jr a substantial construction crew at GEO to complete the construction. 

........... 
Slllllill mn•uclioa 

... ··-· ,_ 
,.,.. ..... Mioll 
S11111w 1 a ......... 
,_ ... c:heckout 

._.._...uclioa 

.._apeMiolc 

M•11g1-11 
O..p;a111ni19 .............. 
,,.~ 

....... Mndltng 
~ 

1111 lllflPll'I 
Mmaglllilllit 
Utilities 
Holll/food a¥ic:e 
MedimlldllnQI 
s.t.ty 
Chlpllin 
Base flMlht Cllftttal 

SubtotalS 

Total 

ORIGINAL PAGE; Ui 
0.F POOR QUALJT\r 

Table 3.445 Manpower Summary 

Pba•llllaic ..... T'hennll-..... 

LEO GEO LEO GEO 

-lllniai• ~ - -LEO GEO LEO Gm LEO GEO LEO GEO ... ... .... b9e ... ... ... ... 
m C6I '51 m m l5J l&I m 

(433t c1nt .. ,... 
71 • - 71 

121 31 - '128 T8D T8D TBO T8D 

"' • - n• 
3D 30 - 311 

• 30 - .. 
12 25 - 11 ... C54I - ..... CMI T8D ... 

C138t - CIZt (1241 f138t - C54t C12't 
12 I .. 12 12 I I 12 

• 4 4 • • 4 4 • 42 19 19 42 "2 19 19 42 
2' 10 211 10 2' 10 2' 10 

• ~· 19 46 46 19 11 46 

• I I I • I I 8 ... (37) (23) l84t (64) (37) (23) ,.., 
1 s 5 1 1 s 5 1 

'4 • 2 14 M 8 2 14 
24 12 4 24 24 12 4 24 
13 • • 13 13 I • 13 
2 2 2 2 2 2 2 2 
2 2 2 2 2 2 2 2 
2 2 2 2 2 2 2 2 

726 335 110 724 T80 TBO TBO TBO 
1,061 834 TSO TBO 
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3.4.4 Operator Productivity 

When co:tsidering the amount of work time per day. it is necessary to take into a\.'--ount the fact 

that the huma:i operators do not work at lO<n of their capadty. lt is necessary to a'-count for 

fatigue. delays and persof'al factors. 

Bill Faler. BAC Central Industrial Engineering. provided the: information shown in figures 3.4-116 

and 3.4·117. 

For purposes of computation of machine rates. a operation producti\'ity of 75'4- over the I ~-hour 

shift will be assumed. 

1.33 Machine Rate 

based on 100% 

productivity 

3.-1.5 Constructability Rating Analysis 

= Adjust machine: rate requirement 

This section contains the analysis that was used to derive the ··constructability rating .. giwn to each 

concept that was summarized in Figure 3.4-118 in section 3.4.1.~.4. 

Evaluation Criteria 

There were se\·en e\"aluation aiteria that were used: 

1. 1' umber of operators 

... ~umber of 1.:onstruction machines 

3. Complexity of the construction machines 

4. Size of the m<>; ·r facility 

5. Size of the secondary facility 

6. C0mplexity of major facility 

7 Satellite assembly complexity 

Table 3.4-46 shows how these criteria were converted mto a 0 to 10 si.:onng "'Y"'h'm against which 

each of the six concepts were evaluated. 

14' 
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Table 3.4-46 Constructability Criteria Scoring Evaluation 

NO. OF OPERATORS SCORE 

600 10 
100 8 

800 8 
900 4 

1000 2 
1000+ 0 

NO. OF MACHINES 

25 10 

50 9 
75 8 

100 7 

125 6 
150 5 
175 4 
200 3 
250 2 
300 1 

COMPLEXITY OF MAJOR MACHINES ~-
SIMPLE 10 

1 
8 
6 

' 2 
VERY COMPLEX 0 

SIZE OF MAJOR FACILITY 

SMALLEST 10 

t 
8 
6 
4 

LARGEST 2 

SIZE OF IV'INOR FACILITY 

SMALLEST 10 

t 
8 
6 
4 

LARGEST 2 
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Table 3.4-46 (con't) 

mllOINAL PAGI JI 
~~QUALlft 

CONCEPT 

PHOTOVOLTAIC TURBINE PHOTOVOLTAIC 
CR"'2.0 E:llGINE CR•1.0 

GEO LEO GEO LEO GEO LEO 

(6) COMPLEXITY OF FACILITY SCORE 

LEAST 10 10 

I 8 8 

6 6 .. .. 4 

MOST 2 2 

( 7) SATELLITE ASSEMBLY COMPLEXITY 

CONTIGUOUS-NO DOCKING 10 10 10 

SMALL MODULES-DOCKING 6 5 5 5 

LARGE STRINGS of MODULES 4 4 
TO Bf DOCKED 
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Evaluation Criteria Weighting 

It should be obvious that these seven evaluation criteria do not have eq.ial weight. Table Y shows 

how each of the criteria were compared to the others. This table was constructed by asking the 

question "Is criteria A a more important than criteria B or vice versa?" The most important criteria 

was noted. The total number of .. votes" for each criteria was then added. The number of votes 

became the weighting factor for the criteria. 

Constructability Score 

The data from the preceding taLles were summarized in Table 3.447. The scores from Table 3.446 

were multiplied by the weights from Table 3.4-4 7 to obtain a "Product". All of the "Products" for 

a given con~ept were summed to obtain a "Total Score" which became the "'constructability 

Rating" for the concept. 

SPS-931 
Table 3.447 Evaluation Criteria Weighting 

MOST IMPORTANT 

EVALUATION CRITERIA 
1 2 3 

1. NUMBER OF OPERATORS - 1 1 

2. NUMBER OF MACHINES - 3 

3. COMPLEXITY OF MACHINES -
4. SIZE OF MAJOR FACILITY 

6. SIZE OF SECONDARY FACILITY 

6. COMPLEXITY OF FACILITY 

7. SATELLITE ASSEMBLY COMPLEXITY 

CRITERIA 

1 
2 
3 
4 
6 
6 

NO.OF 
VOTES• WEIGHT 

3 
1• 
2 
6 
2 
4 -CRITERION NO. 2 WAS GIVEN 1 

VOTE IN ORDER TO AVOID A ZERO 
MULTIPLYING FACTOR. 
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Table 3.448 Constructability Analysis 

SPM'l> 

CR•2.0PHOTOVOLTAIC THERMAL ENGINE ~ CR•1.0 PHOTOVOLTAIC I 

LEO GEO LEO GEO I LEO I GEO 
CONS1"RUCT CONSTPUCT CONSTRUCT CONSTRUCT : CONSTRUCT . CONSTRUCT 

EVALUATION FACTOR WT ro~~l~co wTj~o~~i~~ 1~ .1~ WT O'S)«' ~ WT1~~J~°a ·!JC ]4 WT O'S)<" ~°o 1~ .1~ WT ~<" o0 

NUMBER OF OPERATORS 3 4 12 ... 6 18 3 4 12 3 8 24 3 8 24 3 8 24 ... 

NUMBER OF MACHINES 1 7 7 1 3 3 1 8 8 1 8 8 , 9 9 1 9 9 

COMPLEXITY OF MACHINES 2 6 12 2 6 12 2 2 4 2 2 4 2 8 18 2 B 16 

MAJOR FACILITY SIZE 5 8 40 5 2 10 5 4 20 5 4 20 5 10 50 5 4 20 

MINOR FACILITY SIZE 2 4 8 2· 10 10 2 10 20 2 10 20 2 2 4 1 2 20 

COMPLEXITY OF FACILITY 4 4 16 4 6 24 4 2 8 4 4 16 4 10 40 4 8 32 

SAT. ASS'Y COMPl.EXITV I s 5 25 5 10 50 5 5 25 5 4 20 5 6 25 5 10 50 

SCORE 120 137 97 112 168 171 
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3.S TRANSPORTATION ~YSTEMS 

A definition effort was conductt.:d to extrnd aud refine che results of earlier stud ks of SPS t1anspor­

tation systems. Emphasis areas were: 

o Definition of transportation ekment design requirements. 

o Cargo Launch Vehicles, i.e .• HLLV's. 

o Refueling options for chemical orbit transfer vehicks. 

o Personnel trnnsport vehicles. 

o Ekctric orbit transfer propulsion systems .1.nd their interf:lces with SPS power moduk, 

o Transportation costs. 

Results of this effort arr being separately documented and are briefly summarized in this report. 
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l.S. I Rrquirel'lt•lls Sunut13t1' 

Th~ v .. hic!~ have the primary functil"'n of deh'Vl!ring hea .. -y cargo to low eanh orbit. Most of this 

cargo \\·ill be SPS hardware and orbit transfer prc-peUauL Low cost per tanit payload mass deliva~d 

to lo\:.· earth orbit is an o\·erridini requirement. The followmg gc!leral vehide re~uiremenh were 

identified. 

• Recurring \."OSt shouJd be minimiLeo. Acwrdingly. t!te vehi..:k"' should be completdy reu:.able. 

~ith a desilm life of at kast 300 tli!!hts. cap.tble of fast recycle after l.ISe. emp!oy low-..."O'it pro 

ll'=llants md minimize propdlant ent>~y .:ons1.1rr.ptior.. 

• A lafg\: payload \·olume ~·apability should ~l'-'. pro\idd: a payload der.sity ot 75 kg m3 is 

rep~~ntative. 

• large p.iyload mass'" desir.thle. \'chides m th\.' ran~ 100 to 400 1m::tri:.;1 ton:. payloaJ capa­

bility were studied. Tn.: hi~h l'nd of this r.mgc: is d~ir.1hk for a mature progr·m:: the sm.1iler 

wh11.·1e~ may be adequatl.' in .t Jc-nlopment.tl or earl~ cGmmercial pha~. 

e Vehide~ and thc:r launcr. faulil;t.>s should b'-· capable of sustaining high laund1 rat~s. react.mi:! 

ahuut IO f1i~hts p1:r day aftn se\cral y cah· op<rations. and :;.:1ould allo~ saho laur..:hn of tW<' 

to fiw \·c!lidcs at rough'. I-minute int en als. 

e The 1.!ppe- stage of the vehicle ( ..>r the entix \C'hide. if a sin~le-stage sy,.tcm l sholllii b~ <apahlc 

of fl) :ng to an oper.&ti1Jn base in low earth orbit to deli .. ·er its payl,,ad. Payloads will be palkt­

ized p.tyload configuration to r.i:iker configuraiion should be possible at the launch site with­

out mi!jor disruptivn of laun~h pro'--c!>Sin~ opcr.ltions. 

e The design refrrcnce launch s1~c i~ KSC The design reference orbit is 4 78 km altitude at 31° 

inclination. 

• The \·ehidc should be designed for minimum em ironmental impact. This includes (I) selection 

of propellants. engine cydl.'". and flight profiles that minimize atmosphere pollution. and c ~) 

remot ·launch and rccO\.:ory op1:rdtions ro .he degree necessary to control noise 

• In the eve.ai of an :;bort re•:overy ol the wh·d"' · gi..-en priority nver re1.."0\·cry of the payload. 
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e The vehkks should have a return payload capability of roughly 10,<. of deli\'ery capability to 

allow for return of empty tankers and payload p<sllets. 

• The whides should minimize use and ·'or consumption of critical materials. 

• The ,-ehides and thi:ir operational ch.Jracteristi1.:s shall minimiLe safrty of operations. flight 

crews. and the public. The whides should not be manned unless this i~ found to be necl·ssary 

tc meet one or more of the other system requirements. 

Pe-~nnel uunch Vehide"i: 

The personnel laun .. :h vehi.:le was assumed to be an upr.ued shuttle with the pa)·load bay conwrted 

to be capable of •:arrying 50 passengers. A liquid booster was assamc.-d to replace the solids to 

redu.:c.- .. :ost per flight and atmosphere pollution. 

Orbit Transfer Vehicles: 

Orbit transfer vehicles (01V.s) serve to transfer crews and wrgo between low earth orbit and geo­

synchronous orbit. Orbit transfer vehicle requirc.>ments are summarized as follows: 

• Lo-..· 1..-ost is paramount. Accordin~y. the orbit transfer \·ehide should u~ liquid oxygen and 

liquid hydrogen as propellams. should be oompletd)· reusahle. should be staged to improw 

efficiency. should permit fast turnaround. and sho.ild be cap1i'lk of at kast 50 reuses. 

e Space-basing is desir.ibk. The vehicle ~hould be designed for effo:ient on-orbi! propellant trans­

fer from tanl:ers. Servi .. cs s1.1.:h as propellant tr.insfer pumping m.:y be pro\·ided b}· an opera­

ti->ns base. 

e Mission duration capability should be a minimum of 7 days. 

e h should be a design gcal to eliminate dll fluids requirements except LO:! and LH:!. in order to 

simplify on-orbit servicing. 

e The OTV should M mah:hed to the cargo launch vehicle in the sense of having the capability 

to deliwr an c::ntire cargo payload to GEO withoLJt repacking at the LEO base. l"o cargo return 

payload is required. 

e The OTV shall be capable of autonomous operation except for terminal rendenous an<! dock­

ing. for which it shall be remote-piloted. The OTV GN&C system shall be capable of inh:rf ac­

mg with avionic' in a payload ..:rew module for controls and displays and in that modt> the 

01 V sh.di be controllable from the crew module. 
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e Th.: OTV will provid.: no payload Sc:"rviws c:xcc:pt strudur.il attachments and the abow control 

int<."rf a1.:e. 

e The OTV ~hall b.: designed for crew safety. The OTV llight pro tile shall avoid. even as a tran­

sient l.-Ondition. state wctors that do not repreSt'nt a stabk earth orbit from whi..:h a rt>St.·ue can 

bt.' ac..:omplished. 

Electric Propulsion C>roit Transfer System: 

The study indi..:ated that minimum srs S) st.:m .:ost .:ould bt: realiud if SPS modules are t.On­

struch.·d in low e .nth orbit and transferred to GEO under thc:ir own power u. ... ing ek..:tric propulsion. 

Electric rropulsion hardware ffillSt be fittc'd to the modules for this purpos.:. General requir\."menh 

are as follows: 

• Low cost 1s par.1mount. Therefore th\." del.'tri..: propulsion hardware should ~ dfident 'to min­

imize powc:r consumption and resultant dt.-sign scar on the SPS moduk~I. It ma} ~ desirahk 

to a\oid tht' n\:"..:essity for n:tum of the: de..:tric propulsion hardware: to low c:arth orh1t for 

r.:usc:. Therefore. this h;uJware 'hould lx' d.:sign.:d for lo\\ produ.:tion ..:ost and minimum ..:on­

sumption of crit1..:al nutc:ri.ils. 

e Th.: p.-opdl.int ~hould be pkntiful .1nd non-pnllutinl!.. e.g. af!?on. 

• The: ihrusting sy~tc:m should h\:" capJhk of large gimbal angln as required by flight ..:ontrol. 

e The system shall pro\id.: power pro..:e:.sing as ne..:essary to minimi1e total cost. induding 

design 'mass scars on th'"· SP5 mvduks. 

e The system shall prO\ iJi: chemi..:al thrust .:apability (total impulse and thrust lewl TBD) as 

ne..:i:s'iary to control SPS moduk attitude when module power is not availabk Up to 90 min­

utes chemical thrust Opc!ration shall be possible without moduie power. 

• The systi:m lsp shall be: sdected for minimum owrall SPS cost. lkpending on SPS charac· 

teristics. lsp·s in the ran[!< ~500 se..: to 7500 sec may be desired. 

e Thl· -.ystc'm shJll he capable of at least 5000 hours ope::-.. tion without entaing the wearout 

rl·g1me of failun:s. 

• The system shall pro\ide its own services. e.g. thermal control. drawing only unproces~ed 

po\\er and possihly control signab from the SPS module. 
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• The system shall be capable of at least IOOO electric thrust stops and restarts. Restart shall 

occur within 10 minutes after power is available from the SPS module. 

3.S.2 Earth Launch Vehicles 

Ea:-th to low earth orbit transportation accounts for a significant portion of the SPS installation 

cost as indicated by Figure 3.5-1. 

The following material in this section will address vehicle design requirements used: the candidate 

vehicle types including their characteristi1.-s. ~rforman..:t.> anJ operational char.t..:teristics: the results 

of the costing effort: and concludes with a summary of condusions base1. on the rt.>sults. 

3.S.2.1 Cargo Launch Vehicles 

The nominal cargo launch vehicle requirements are as follows: 

Ground rules/ requirements 'assumptions 

• Equi\·alent JSC scenario .. 8 .. 4 sateli1tes/year for :!8 yea~ 

• Delivery orbit 477.5 km fcirculan at 31° inclination 

e KSC laun..:h :!8.5° N. latitude 

e Delivered payload = 400.000 kg (net I 

• Cargo packaging density < 150 k~ 1m3 

• Nominal satellik mass 100 x 106 Kg 

• Anr. _;al number of flights 

LEO assembly 1875 

GEO assembly 31:?5 

• Assume 5-<lay. 5 :!-week. three-shift launch operations 

e Design goal: eliminate expendable hardware 

16 I 
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Thi.' equivalent of the 11: satellite JSC scl.'nario ·e· whi..:h required a \arial:>le rate hetwel.'n I and 7 

s:itdliks per year was established for purposes of thl.' tr.msportation an:ilysis at 4 satellitl.'l> per yl.'ar. 

The sdeded delivery orbit at .a 31° iodination allo\\s two laun..:h opporturutil.'s a day approx.i­

matdy 3-1.'3 hours apart. A reference number of !light as shown for the LEO and GEO assembly 

options was assumed so that par.alld acli\·ities could be ..:ondul."ted on the .;tudy. The a..:tual rl.'quired 

flight rah.-s are identified in the GEO Transportation Sedion. 

Prior to de.,doping the new 1."0nfigurations. wlude sizing trends were inwstigatl.'d to det~rmtnl' thl.' 

optimum first and 5'!1."ond stage l."ombination for a ballislK rl.'..:m·c:rable \ehi..:k. The lo\\er l."Urve in 

Figure 3.5-: is the trend for the point-of-departure l."argo laun..:h veh1de Chea\'y lift laun..:h \ehide: 

HLL VI with variable upper stage ..:haracteristks . .\s noted thl' dcl>ign point resulh jn approximately 

:o'; less pay-load than optimum. This is due primaril~ to th.: requirl'ment for a :o kg m3 payload 

density shroud which drow the vehide to a larger diaml.'tl.'r and thadofl.' stagl.' size. Tht' uppl.'r 

1.·urw repn:Sc!nts the payload impact of a larger first stagt> and thl· dt>sign point \\as sek..:ted at the 

same upper stage mass as the reference HLLV whide. 

The rden:nl."e \·ehide was a :-stage series bum ballistic rt'..:owrablc de\i..:I.' whi..:h uses an expendable 

payload shroud. Two shroud sizes to satisfy :o and I 00 kg 'm3 payload densiti..."S are shown on tht.> 

configuration sket..:h of Figure 3.5-3. The LO:· RP-I first stage uses 9 gas gt.>ncrator ..:ydt.> engines at 

an f=4:.5 for boost. LH: is used for engine cooling and subsequently injected into the main cham­

ber. The upper stage is powered by 7 standard SS~C. s at ;. , expansion ratio of 77.5: l. The LH: 

Jnd LO .. propellants are contained in indi\'idual l:inks. The pa~ '.iJad shroud 1s jettisoned 60 seconds 

into the sel."ond stage bum. 

The ballistic :-stage vehide shown in Figure 3.5-4 resulted from the ..:on figuration effort and is one 

of the ..:andidate \'ehides for the ..:argo vehide. For GEO assembly. a wrsion in..:orporating the same 

booster and upper stage but repladng the l."argo payload section with a tanker ~...-tion is also u-;ed. 

Sixteen new !_O~ RP-1 'LH: engines of greater than 9 " I o6N thrust ea..:h power the booster. The 

upper stage main pr .::Jsion is pro,·ided by 8 standJrJ SSME"s cE=77.51. A unique fl.'ature of the 

..:argo version is the retral."table payload shroud. The shroud is totally exfl·nded on the ground prior 

to payload installation and provides for a 75 kg, m3 pa..:kaging density. On..:e on-orbit and after the 

payload has been deployed. the shroud is mechanically rctra..:ted for thl· ent~ ..:onfiguration as 

shown on the upper left. 
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Thi: boosti:r stage: mas~ statement of the :!-stage ballistic recoverable v,·hkk 1s shown in Ta bk 3.5-1. 

The dry mass is 78~i( of the inert mass. The large inwntor} uf fluids on board mdudi:s the water for 

base ..:ooling: during ascent and entry and also the land:ng propellant for terminal de,:deration. The 

structure and main propulsion system a..:count for 75~ of the dry mass and the largest twu single 

mass dements. A 10~ mass growth allowance on the dry mass has been inducted. The resulting 

boost.:r mass fraction is 0.904. 

The sel·ond stage dry mass and mass history is shown in Table 3.5-~. Structure. main propulsion and 

the cargo shroud account for 84'7< of the dry mass. The mass growth indudes l W on all new devd­

opments. 5 '. ~ 1.m modifications of t>xisting hardware. and err on use of existing hard wart' sud1 as tht' 

SS~tE·s. The second stage mass at main engint' cut off <MECOI indudt's the stage and payload 

masSt'S. The nt't payload delivered is 391 metric tons. Stage propellant loading is 14 79 " l o3kg. The 

owrall stage mas;; fr.i..:tion is 0.81 . 

An add1t1onal launch vehicle candidate for the SPS cargo flight-; is thi: ~-stage wingt>d \t:hick A 

modifit'd wrsion of the JSC inhouse concept is shown in Figure 3.5-5. The vehide inwrporates 

16-LO-, RP-I'! H" engines on the first stagi: and 14-standard SS~tE"s on thi: uppa stage. An mta­

nal pa}~load densi;y of 135 kg.'m3 is available in the nose of the upper stage . .\scent control during 

boost is provided by l ::! gimballing engines with 4 engines in th.: ..:enter fixed. The rdractabk 

booskr nose cap diminates the requirement for expendable interstage. 

The boostt'r stage mass statement is shown in Table 3.5-3. The boo-;ter staging \'e!oc1t} is abo:.it 

1950 m !sec which allows a ''heat sink" thermal protection syskm Structure and Ascent Propulsion 

are the major subsystems and tht'} account for 837c .:if the dr} mass. A growth allowance of I (Y·, is 

included on all dry mass items. 

The second stage mass statement shown in Table 3 .5-4 indudes a breakdown oi the dr)' mass and 

the stage ma"s history during the orbital mani:uvers. The three major subsystems from a mass stand­

point are structure. ascent propulsion. and thermal protection -which account for 55%. 14'7<. and 

l 4'7r of thl! dry mass respectively. The second stagl! scqm:nce is noted on the nght hand portion of 

the table. A tN reserve of 0.859c of the idt'al 6. V was installed in the upper stage. A net deployed 

payload of slightly greater than 381 M tons resulted. Mass growth of l 0'7r on all nl!\\ hardware 

ch:velopments was included and no growth allowanci: was applied to the SSME mass data. 

The estimated DDT&E cost of S 7 .6B and $9 .1 B for the 2 stage balli!ltic and winged vehicle~ n:spec­

tively. include flight vehicle development. major system test. tooling and other program elements 

System" test indudes 2-11:! ground te~t units and 2 flight test unib which are e·ventually rec}ded 

into the tlect. The 2 stage winged vehicle's estimated development cost is approximate!} 20',~ 

gn:atcr than the ball;stic·s. (ost-; are compared in Figure 3.5-6. 
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Table 3.S-1 2-Stage Ballistic Vehicle First Stage Mim Statement ..... 
~ 

Stage element 103kg 1o31bm 

Structure 283.65 825.34 

Thermal protection sysUtm 44.47 98.04 
Main propulsion 177.75 391.88 
Auxiliary propulsion. RCS 1.49 3.28 
Landing and auxiliary system 30.48 fD.19 

Prime power 0.74 1.62 

Electric conversion and distribution 3.32 7.31 

Hydraulic convenion and distribution 9.87 21.71 

Avionics 2.43 5.38 
Environmentaf control system 6.22 11.51 
Mass growth (10%) 55.94 123.33 

Dry mass 115.36 1.,356.63 

fmduding Hi> for TPS) 
Residual and unusable propellant 117.81 259.72 
Reave retro propellant 6.97 15.37 
Usable RCS propellant 3.15 6.94 
Usable retro propellant 44.40 97.87 

Total inert 787.69 1.736.53 

Ascent propellant 7455.70 16.436.84 

BLOW 8.243.39 18.173.37 

Table 3.S-2 2-Stage Ballistic Vehicle Second Stage Mlm Statement 

DRY MASS 

SJAGE ELEMENT 1o3111 

STRUCTURE 11i&A3 

THERMAL PROTECTION SYSTEM UD 

MAIN PROPULSION 21.1& 

AUXILIARY PROPULSION 1.15 

I PRIME POWER OAI 

ELECTRIC CONVERSION ANO DISTRIBUTION 0.68 

HYDRAULIC CONVERSION AND DISTRIBUTION 3.59 

AVIONICS u• 
ENVIRONMENTAL CONTROL SYSTEM ur. 
CARGO SHROUO D.01 

PAYLOAD SUPPORT SYSTEM 1.27 

GROWTH 22AO --
DRY MASS 258Jl2 
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SECOND STAGE SEQUENCE 

EVENT 

SJAGE AT MECO 
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Al'OGEE CIRCULARIZATION (OMS BURNt 

RCS TRIM BURN 

OMS TRIM BURN 

DEPLOY PAYLOAD CMAsS • 391,4&0 lqil 

DEORBITAV 

H2'> EXPENDED DURING ENTRY 

I.ANDING RETRO 

MASS AT LANDING 

RESIDUALS ANO UNUSABLES 

RESERVES, LANDING PROPELLANT 
AND H2'> 

DRY MASS 

ORIGINAL PAGE IS 
OF POOR QUALITY 

MASS AFTER 
EV£NT 

1031111 

MUI 

731.1.1 

711.1' 

714.18 

713..IJli 

321..80 

313.14 

301.12 

279.11& -
271.86 

1U8 
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-
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Figure 3.S-S SPS Launch Vehicle (2 Stage Wing/Wing) 

Table 3.S-3 SP: 2-Stage Wing/Wing Freighter Booster Stage M~ Statement 

lfAGE ELEMENT 
,.,,.. 

rrRUCTUAE -.o1 
IODY CZJl.741 
AEROSURFACES ( ID.33) 

TI'S 2AO 

LANDING GEAR 25JM 

ASCENT PROPULSION 1'7.12 

AUXILIARY PROPULSION 0.74 

PRIME POWER 3JM 

ELECTIUC CONVERSION 6 DISTRIBUTION 0.91 INERT MASS 13L1 

HYDRAULIC CONVERSION 6 DISTRIBUTION 1.51 It.OW IOU 

AEROSURFACE CONTROLS 1.n 

AVIONICS 1.11 

ECS 1.11 

GROWTH 11.M -
DRY MASS 141.77 

RESIDUALS 6 UNUSABLES IDJIO 

USABLE RCS6 RESERVES ... ---
INERT MASS 738.12 
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Table 3.S-4 SPS 2-Stage Wing Freighter Second Stage Ma~ Statement 

DRVMASS 

STAGE ELEMENT 

STRUCTURE 
BODY IH0.931 
AEAOSURFACES 158.541 

THERMAL PROTECTION SYSTEM 

LANDING GEAR 

ASCENT PROPULS10N 

AUXILIARY PROPULSION 

PRIME POWER 

ELECTRIC CONVERSION AND DISTRIBUTION 

HYDRAULIC CONVERSION AND DISTRIBUTION 

AEROSURFACE CONTROLS 

AVIONICS 

ECS 

GROwnt 

I 

4 

3 

2 

1 

DRY MASS 

I 2STAGE BALLISTIC I 
l DDTliE • $7.6 B 

1o3iig 

111A7 

&78 

13.lili 

IZ..23 

1.2'1 

1.R 

0.91 

-.M 

us 

U1 

1.13 

~ 
3611.88 

IECOND STAGE SEOUENCt 

EV£NT 

SfAGEOMECO 

/JN RESERVE 

APOGEE CIRCULARIZATION IOMS BURN) 

RCS TRIM BURN 

OMS TRIM BURN 

DEPLOY PAYLOAD IMASS-381120 leg~ 

DEORBIT ~V 

MASS AT LANDING 

RESIDUALS ANO UNUSABLES 

RESERVES 

( 2 STAGE WINGED I 
t ODTliE • $9.1 B 

DRY MASS 

!YSTF.MS 
lt.,:T 

IMlilJAFTER 
EVENT 

1o3iig 

113.17 .... 
780.64 

71&.92 

774.115 

382.93 

382.80 -
382.&D 

11.49 

10.23 

360.88 

} 
FLIGHT VEHICLE 
DESIGN & DEVELO:>MENT 

o1-.~~1--1.~~-1~_L~~-LL~~~BOO~ST~E~R~~~UPP:::E:"!R 
BOOSTER UPPER STAGE 

STAGE 

figure 3.S-6 DDT&E Cost Comparison 2 Stage Ballistic vs Winged 
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The first production unit rnst comparison for the two types of laum:h H:lm.:ks an· '>hown in Figun: 

3.5-7. Strudure, main propulsion and avionks art> the major tlight vehicle produdion rnst clements. 

Included in the unit cost is a single shipsi.:t of Ground Support Equipment (GSE). A program 

management factor of I 0% h:.s been included for administration type furn.:tions The ballistic 

vehicle is about 1 I 7c less expensive than the winged wr~ion. 

The typical weekly vehicle flow for the :! ~tage ballistic vehidi: i~ shown in Figun: 3.5-8. The four 

staging base orbits compatible with the operation of four satdlitc construction bases are noted by 

the ~ymbols on the chart. At the first opportunity to orbit (Northerly) we launch a cargo and 

tanker !light within 15 minutes of each other. On the ~econd opportunity (Southerly) a tanker i~ 

launched to the same orbit. Similarly. the launches to the remaining thn:e orbits occur as the launch 

opportunities occur. The vehicle turnarou11d times are noted on the bars of the chart. As noted 111 

Figures. 36 and 45 first and second stages are required in thl.' turnaround. Fiw ( 5) ~pare first stagl.'s 

and six ( o l second ~!ages are required and therefore an initial bu} of 41 first and 51 second stages 

results. 

Operations options for the ballistic/ballistic and wmgedrwinged two ~tage HLLV's are shown 111 

Figure 3.5-9. The ballistic vehicles are sea-recovered in order that entry sonic over-pres~ures will not 

occur over populated land areas. The winged vehick~ land hortLOntally on a runway. The horizontal 

landing requ'rement may he met by uprange ship launch or by launch and recovery over an unpopu­

lated land corridor. 

3.S.2.2 Personnel Launch Vehicle 

An updated version of the current SPS system for the crew rotation flight-; 1-; '>hown IO Figure 

3.5-10. This serie5 burn version incorporates a tandem mounted booster and smaller External Tank. 

Fou, propane engines of slightly greater than 8.5 x 106 new ton~ thrust power the boostt'r. A 

reduced external tank propellant load. about 777r of the current SPS load. result~ in a -;mailer and 

less expensive expendable item in the system. Using a crew capacit} of 50 ml.'n. 256 flights of this 

vehicle are required annually to support the four satellite/year construction rate. 

The vehicle mass statement is shown in Table 3.5-5. The external tank dry mass i'1cludes c;;nvth 

which accounts for 5'k on deleted items and I O'J on ne-.. items. A potential payload of 71M ~, 1:1~ i' 

available excluding orbiter modifications required for the greater payload'>. 

3.S.3 Cost-Per-Flight Analyses 

The cost per flight work breakdown structure (WBSJ is shown IO Table 3.5-6 The WBS 1~ very '>tn11-

lar lO the Shuttle User Charge WBS but includes production co~t on reu-,ahle hardwarl' Jnd toohng 

costs as!>ociated with the tooling shipsets required to ~upport rate produLt1on. Thl' follow10g d1~cu~­

s1011 describes the methodology in developing the element costs for the mJJor item' of the ~ ~tage 

wing/ wing launch vehicle. 
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Table 3.S-S Personnel Launch Vehicle Mas Statement 

Davr.~A~ SECOND STA.GE SEOU::!'.;CE 

&.!:..~ :...=tfP. 
EVE!\.'T E'-.:i\!T 

BOOSTER (t6U8) 1!;3 K~ 

STRUCTURE 80.52 STAGE AT 1'1.ECO 1£7.29 

THCR!IML i"RO"IECTION SYSTEM 10.41 ~V RES::iWE 1sz.~n I 
I , 

LANDING SYSTEM & RCS 5.48 DROP ET 155.71 

ASCEr~T PROPULSION 47.14 Pff\;GEE BURN 15-¢.17 

PRIME POWER .82 A.°C3EE CIRCULARIZATION 143.94 

POWER CONV/DIST 1.73 RCS TRIM 143.05 

ECS -~ OMS TRIM 147.S4 

AVIONICS 2.74 DE?LOY ?AYLCAD (P/L • 73 550 k!l: 73.99 

GRCWTH 14.93 DEORBIT ~V 7i.21 

EXTERNAL TANK I 26.731 

ORBITER ( 68.561 

DRY MASS • (259.971 I 
Table 3.S-6 Cost/Flight WBS 

W8SELEMENT 

OPERATIONS COST 

PROGRAM DIRECT 

PROGRAM SUPPORT 
PRODUCTION ANO SPARES 

STAGE 1 
AIRFPIWE 
ENGINES 

STAGE2 
AIRFRAME 
ENGINES 

TOOl.ING 
STAGE 1 
STAGE2 

GROUND OPSISYS 
GROUND OPS 
GRC.Jt.OSYS 
GSE SUSTAINING ENGR 
GSE SPAR:S 
PROPELLANT 
OTHER 

r-DIRECT Mft-~ll(lW£R 
CIVIL SERVICE 
SUPPORT CONTRACTOR 

INDIREC'! ,...'\111:-0WER 

CIVIL ~~ •• 111CE 
MJPPORTCCNTRACTOR 
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The production quantity of equivalent units for 14 years .A oper.tions st:"" •• m Table 3.5-7 

indudes: Cl) the initial buy required to satisfy turnaround, C :! ) the additional vehides required for 

life (using a 300 flight limit on ~rvice time>. (3) refurbishment units resulting from a 3W r~place­

ment ~ach l 00 and SO flights respectively for airfr.une and engines. and ( 4) replenishment spar~s 

purchased and mstalled at a rak of 0.18~ and O.S<Yfr per flight respectivdy for the airfr.ame and 

engines. The 1st unit costs are noted and imprO\·ement curws of 857t: anrl 9(}'T on airfr.une and 

engines respectivdJ were ~d to develop the total program cost. The cost per flight Wi!S cievdoped 

by awraging tiae total program cost "ver the 43 750 flights which occur in the 14 years of opera­

tions. 

The portion of cost per flight associated with rate tooling is shown in Table 3.5-8. The number of 

shipsets and the respective first unit cost are shown in the t\A.o columns on t• • !dt. The tool pro­

duction costs results from using an 85fk improvement curve for the units required. Tool sustammg 

was e!>timated at I ITT p<r year of the production costs for the 14 years of oper.ttions. 

fourteen ground oJ)\"rations tasks were identified and manloaded as summarized in Table 3.S-9. The 

.. hands-on .. personnd were estimated for each operations task and the manpower assodated .\·ith 

maintenance and corrective fixes also estimated. The tabular annual he:!:!..:~ut for each t.JSk is noted 

and a total of neany :!4.0C'-0 people are involwd. Since 36 whicles art' :n the turnaround at any 

time. this averages 660 men per whide and a r~sulting cost per flight of 5355.000. TI1i~ is in addition 

to the stagt: refurbishment and repair activities in.:luded in the Production & Splres entry. 

bt1matt>s of the major l\ASA centt>r and contr.tctor manpower for pro~ram support are shown in 

Table 3.5-10. The awr.tge annual rates are estimated by extrarola.ing the Shuttle User Charge Data 

to 1977 dollars. The resultant headcount per \·ehicle is 4100. This is hetween one am! two orders of 

magnitl•de g1eater headcount per \·ehicle than employed by a co:n~ercial airline such as United. 

Propellant costs are shown in Table 3.5-11. Burden factors account for transfer losses. The energy 

value of LH., and I!)., is 3ufficient that boilc..·1 will he collected and reliqudied to the greatest 

exte.1t practicable. 

Theo total average cost per flight i-; S 7 .934M for the two stage winged vehicle whc-n we indud.: sume 

of the other minor elements. Approximately -BS.000 peopll.' would he inrnln.·d in this total a.:t"·-

1ty. A cost per flight summary is present..:d in Tahle 3.5-1 ~-

The ~-stag\.' t-allistic recoverable vehicle cost per r.ight was developed 111 J similar manner a" for the 

winge~ vehicle. The resulting total cost per flight was estimateJ at S - .615\t. a., ~umman1t:d tr. 

T.ible 3.5-13. 
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Table 3.S-7 GEO ~bly Wing/Wing Vehicle Flight Hardware Cost/Flight Elements 

UMTOUANTITIES .... 

>I .. I ti 
i i ~ c ~ 8 I 

:. 0 .. !! t: a 
~I !! ~~ .. .. ... ... z z .. -a: .. ii 

i -
c .. ~::> z• .. c .. 

PRODUCTION c .... < >- IC 
~~~ >u• _.re I ..... a: ... 

MDSPARIES i=>~~ ::> .. ::> .... -- .... Sti:.; a:> co ... ;:: c 0 51 ma: io.Z A. c ::>:r- ca:- 1-0,. s~ i;:; -:::10::> <le ;o, ... ~ ; fa owz ~~81 ... ::> !! o:o ! ......... a:~ w>::> .. u..c 1-0..u u ...... 

lfAGE1 

AIRFRAME " 105 81 19 13131 S.111 15 G100 8..911 
l300FlT ~EACH 1.18'1.EACH 
LIFE) 100 FLTSI FLTI 

ENGINES - NIA .... BIO C81flDJ S10.3 98 25193 8..516 
ClllEE- l30'\ EACH l.SO'A.EAal 
FINITE 50 Fl TSI FLT) 

lfAGE2 
LIFEJ 

AIRFRAME 51 95 81 119 13131 S37U 85 39503 0.903 
l!KEACH l.1ftEACH 
100 FLTSI FLT) 

ENGINES n• NIA 3161 30b3 l7238I 115.87 90 33304 0.761 
llNOE- ~EACH l.SO'A.EACH 
FINITE 50 FLTSI FLTI 

I LIFEI 

e 1977 DOI.LARS 
• 1• YEAR PROGRAM 

Table 3.S-8 GEO ~bly ~ing/Wing Vehicle Tooling Cost/Flight Elements 

ll!Ula:R TOOL FIRST LEARNING TOOL TOOL COST/F\.T 
OFPtlPSETS UNIT COST s PAOOUCTION SUSTAINING .. 
FOR RAT£ .. COST 91 COST SM(?> 

lfAGE 1 AIRFRAME 10 scou I& 12174 S4024 S.1118 I U!i9M 

lfAGE 1 ENG;NES 54 167.9 I& 11131 S2515 S.101 

lfAGE 2 AIRFRAME tO SID'l.I 15 121• 1311111 S.111 I S.162 

nAGE 2 ENGINES 47 $13 • llD2 11123 .....,... 

[l> 1ft PER YEAR FOR 14 YEARS e 1977 DOLLARS • 1• YEAR PROGRAM 
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Table 3.S-9 GEO Assembly Wina/Wing Vehh.ie Ground Opera1ions Cost/Flight Elements 

ftRSf DAGE fROC£SSMIG ..,. - '-"£HICLE WSl'EC110NS 

llCOM> SJAGE PROCESSING MG -V&flCl.E INSIPKTIONS 

llOBll.E l,AUNCHER AC1'MTIR 191& 

FIRST 6 SECOM> STAGE INS':' AUATION -Ollll MOBILE LAUNCHER 

VBffCLE INTEGRATIOfl TESTING .... 
PAYLOAD INSTALLATION So CHEaca..n 111 

IUPfOAT FOR MOVE TO LAUNC~ SITE 212 

FIRST i.TAGE RECOVERY OPERATIONS 1913 

VAi TEST STATION .... 
SECOND SJAGE REa>VERV OPEAATIOlllS .. 
LAUNCH CQllTRC)l. CENTER 12111 

LAUNCH SITE INSTAUATION 6 CHECKOUT 115 

PROPEUMT SVSTEll 12N 

GAS SIORAGE lo DISTRIBUTION -
t -1\9&0 

• 31 VEHICLES IN THE TURNAROUND AT ANYTIMf 

1888 

me -
.. 
51tl 

16 

, ... 
l3G 

108 

* 
•1111)1 

INllP£CTION PICKW' 6 llAINT 

INSP£CTION PtOW1P 6 MAINT 

EOUtPUENT ltAINTDIAlllCE 

ECllURIENT MAINTEftANCE 

EQUIPMENT MAINTENANCE 

EOUlf'MENT MAINTENANCE 

EQUIPMENT IMIAINTU&ANa 

EOUlfMeNT MAINTENANCE 

EQUIPMENT MAINTElllANC£ 

EOUIPM£NT 

TOTAL COST• $1188111 

~IFLT • to..35lill 

Table 3.S-lC GEO Assemblv Wing/Wing Vehicle Major Manpower Cost/Flight Elements 

AMIR.IA&. AVERAGE AN\IUAL 
COST/FLIGHT 

ltEM>OOUNT YEARLY RATE COSTSll 

l'ROGRMI SUPPORT 23188 ..... S81' &281 

DIRECT MANPOWER 

CM1. SERVICE ..,. 138.GOO 1'1111 U61 

~CONTRACTOR -- f33.808 l'IOll 1.325 

fMHR£CT MANPOWER 

C1V1L SERVICE 32908 ...... St& MOO 

SUPPORT CONTRACTOft 31100 f33.808 S1047 U3l5 

E • 1'1900 

HUDCOUNTIVEHICU • 141911G13& • 41GO 

• ......, 'I AIRUNH HA!: 
e TOTAL HEADCOUNT/AIRCRAFT• 125 
e MAINTE!MNCE Hf:ADCOUNT/AIRCRAFT • Z2 
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Table 3.S-11 GEO Aswembly Wing/Wing Vehicle Propelant Cost/Flight Element 

LOADEO 
MASS .... 

FarSJAGI 

I.Dz •1•m 
RIL1 1 ..... &80 

I.Hz ·-
SECOND STAG£ 

LOz 1169900 

lHJ 328320 

IUllOa 
FAClOR 

1• 
Ull 

1• 

1.o& 

1Jl6 

PAOPEUAllT 
COST 
fSIW 

.. 
.21• 

2.G3 

JJll5 

UZI 

TOTAL PROPELLANT 
COST IF-LIGHT 

COST/FLIGHT 

a1131 

31l090 

1G900 

1tMi08D 

llM400 

$ Z..000.&00 

Table J.S-12 2 Stage Wing/Wing Vehicle Average Operating Cost/Flight-GEO Assembly 

COST BY .-:ss LEVEL - SM 
WBSELEMENT 0 © © © I © 

OPERATIO'.\:S COST 
PROGRAM DIRECT 7..S3.e 6.517 

PROGRAM SUPPORT 8.28'1 

PRODUCTION AN!l SPARES am 
STAGE 1 1.571 

AfRFRAME .... 
ENGINES 8..578 

STAGE2 1.llM 
AIRFRA'.iE UDJ. 
ENGINE:; ~791 

TOOLING IA2I 
STAG' 1 o.251 
STAGE2 0.182 

GROUNO O!'S/SYS 2..S1f 

GROUND C?S .... 
GROUND SYS o.oso 
GSE SUST Al:~ING ENGR OJM7 

GSESPAf'tES 0.106 

PROPELLANT U01 

OTHER 8.011 

DIRECT M.\!\:rO~·:ER G.6112 

CIVIL SERVICE G.367 

SUPPORT CONTRACTOR 0.325 

INOI RECT MANPOWER 0.735 

CIVIL SERVICE ... 
SUPPOflTCONTRACTOR 0.335 
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Table 3.S-13 Ballistic/Ballistic Vehicle Awerase Operating Cost/flight 

WBSELEMENT © 
OPERATIONS COST 7..615 

PROGRAM DIRECT 
PROGRAM SUPPORT 
PRODUCTION ANO SPARES 

STAGE 1 
AIRFRAME 
ENGINES 

STAGEl 
AIRFRAME 
ENGINES 

PAYLOAD SHAOUO 
TOOLING 

STAGE 1 
STAGE Z 
PAYLOAD SHROUD 

GROUND OPS/SYS 
GROUND OPS 
GROUND SYS 
GSE SUSTAINING fNGA 
GSESPARES 
PROPELLANT 
OTHER 

DIRECT MANPOWER 
CIVIL SERVICE 
SUPPORT CONTRACTOR 

INOCRECT MANPOWER 
CIVIL SERVICE 
SUPPORT CONTRACTOR 

COST BY WBS LEVEL - SM 

© 
1..198 

o.&82 

0.735 

@ © 

8.2111 
2.M 

1.135 

a.a 

0.1'1 
G.313 

G.251 
8.187 
8.018 

uca 
G.319 
a.oso 
0.00 
U91 
1..96' 
0.017 

G.367 
0.325 

0.400 
G..335 
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Figure 3.5-11 illustrate:!> both it. .• n:-:r.ige cost/flight and the payload transportation cost for the 

major options invest:0 ·lt .. d. •• .dd'.!ion, using the ballistic vehide as reference. the LEO Assembly 

..:ost per flight is abou: aU'A higiaer than for GEO Assmrbly due to the difference in the 1875 and 

3125 flight rates respectively. The delivery costs range between $8.80 and $9 .60 per pound of pay­

load delivered. 

Cost per flight results for the growth Shuttle personnel carrier are summarized in Figure 3.5-12. 

These data n:tle.:t a launch rate of 256 tlights per y.:-ar for 14 years. Additional orbiter production~ 

is required to support this rate and is indud.:-d in the cost figur.:-s. 

A .. rough order of magnitude .. facility cost estimate was de\'eloped to identify the differences 

between LEO and GEO assembly shown in Figure 3.5-13. The 2-stag.:- ballistic vehide was selected 

as the rderence. The number of facility units b tabulated on the chart and the estimated cost 1s 

shown on the bar graph. A S5.2B fa..:ility cost ad,·antage for LEO assembly resulted from this pre­

liminary analysis. 

LEO Transportation summaf) hased on the refert•n1.:e annual !light rate of 3125 and 181 5 flights. 

for GEO and LEO assemhly rl·spe~·li\dy. j 52. l B per satt>llill· ad\'antage rl·sults for LEO a~scmhl). 

The primaf)· differt>nce 1s thl· number of freighll·r flights required. 

Both ballistic and winged rt'cowrab!e wh1~:ks appt>ar to be \'iahle candidates and provice LEO trans­

port costs of bet :een S9 and SI 0 per pound of payload. Each as a number of specific conct'rns as 

noted below. bu! JOth Cjndidatt's appear to be viahle. 

Ballist:c vs Winged Launch Vehicle 

• Performanc.:- ana Cost 1Flight are about equal ~ S l 0 'LB~I 

e Each type has unique cou..:::rns 

Ballistic 

Sea Recover)· 

Walt wata compatibility 

L:..unch Sitir.g 

Payload Density 

Higher DDT&E 

Launch & Booster 

Recovery Siting 
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• 3584 FLIGHT PROGRAM 
• 1977 DOLLARS 

----.PROGRAM 
SUPPORT 

1111===-=IGSE SPARES 

PROPELLANT 

GROUND 
OPERATIONS 

..,_ __ TOOLING 

ET 

t:::=:=t:CRB'I pi=• GFE 
~ BOOSTER ENG. 

BOOSTER Alf 
---ssME"S 
t-----tORB. SPARES 

ORBITER 
PRODUCTION 

PROGRAM 
DIRECT 

SUPPORT SUPPORT 
CONTRACTOR CONTRACTOR ------- .--..... 
CIVIL CIVIL 
SERVICE SERVICE 

DIRECT INDIRECT 
MANPOWER MANPOWER 

Figure 3.5-12 Personnel Carrier Average Cost/Flight 

NUMBER OF Ut<llTS 

uo .!!!!! 

.,,,...,, PAY1..0AD PROCESSING POSITIONS 4 4 
- LCC FIRING ROOMS • 12 

RECOVERY SHIPS all 1212 

LAUNCH POSITIOlllS • 12 

MOBILE 1812 %1/3 
LAUNCH PLATFORMS 

VAi 12 ,. 
POSmONS 

01-------------~.._--~ ~--------~---------------' 
LEO CONSTRUCTIOI. GEO COP.IST .>UCTION 

• ACOCT FO 1EO CONSTRUCTION• ~.28 

Figure 3.S-13 ...aunch Site Diffrl'E'ntials Estimated f c.cility Costs 
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3 S .4 Orbit-to-Orbit Transportation 

T•te orbit-to-orbit transportation discussion includes systems n:qmred for crew rotation and re~un­

ply. delivery of power satdlites from LEO to GEO and a comparison of the transportation option~ 

in terms of cost .md their cost sensitivtties. 

3.S.4.1 GEO Construction 

The major operations associated with the use of a c:1emical orbit transfer vehicle in the GEO con­

struction option are illustrated in Figure 3.5-14. The initial operations includl' the use of a spa;.;e 

freighter to bring payload from Earth to a low Earth orbit (LEO) staging '.,pot. The space freighter 

also brings propellant for orbit transfer vehidl'~ based at the LEO staging dl'pot. Payloads are trans­

ferred to the orbit transfer vehicle which in turn ddiwrs the payloads to GEO when: the ;.;ompo­

nents Jre then ;.;onstru;.;ted into a power ~tdlite. Following delin~ry of the componenb to Gl:.O. 

the orbit transfer vehkk rl'tums to the LEO staging depot for subseqm·nt reu~e. 

Three types of chemi..:al OTV systl'ms Wl'rl' inwstigated in Part 1 J~ illustrated Ill Figun: 3.5-15. The 

bJsi;.; differen;.;e between these options is in the method of propdlam handling. All option~ make 

use of the LEO staging depot. The first option is the spa~·e-based \erston. A two-staged velu;.;k 1s 

used with both stages identical in propellant ;.;apacity. Prvpellant for thi~ system is brought to LEO 

by a laun;.;h vehide and a tankc-r with propellant transfer oc;.;urring between the tanker and each of 

the OTV stages. T~.e second opiion. identific-d as a mission tankc:r. again makes u.>e of the ground 

based tanker. Howewr. in this case. the tanker continues throughout the whole m1ss1on. Its propul­

sion systl'tns and avionics are provided in a separJte space-bJ~l'J module. Consequently. assembly 

of thl.' tanker with the propulsion module is required for c-ach stage: hov. e\ a. no propellant transfer 

is requ1rc-d. The third option. identific-d as a tankc-r OTV. is a;.;tuall~ a grounJ-basc:d orbit transfer 

whick. Again. a tankc-r is used. but in this ;.;ase the engines and Jvionk·~ arl.' integrated directly into 

the tankc:r system and no propdlant transfer m assembl~ of the: stage 1s rt>quirl·d. Prelimina11 ;mal}­

-;is indicateJ the mission tanker has l'Onsidc:rahl~ more: opt> rational l·omple\.1ty than thl· tanh•r OlY. 

Consl·quentl). the: mission tanker was not 111dudl'd in pc:rformance .1 .. d uht l·omparisons. 

Comparisons of the spa;.;e based rnd tanker OTV options for perfonnance. the number of l:.arth 

launches required. and resulting satellite transportation cost' are showr. in F 1gun: 3. 5-16. The tanker 

OTV option required approximately 100.000 kilorrams additional \ehick ~tarthurn r.ta.,s. primarily 

as a n:sult of the additional inert mass of ~tructure and thermal rnntrol ~y~tc:ms rl'qu1red for tliat 

\ehick due to launch loads and entry heatmg. Thi~ additional mas~. in turn. trarhlJte<; 11110 Jdd1-

tional [Jrth laun;.;hes n:quired as indicated hy the miJdle bJr graph. Wlll·n l'Xprc:-,-,ed a~ tran...porta· 

tion cosb for one satellit.: mcludmg hoth the launch vehide and the orbit tran,kr operation· .. the 

tankl'r OTV results 111 about a I or;: penalty vwr the 'pace-bJsed OT\' Con,equentl~. the ~pale 

ba<;ed OTV was selected as the referenl·e LO, LH: ~y,tc:m 
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3. SPS CONSTRUCTION 
.............._ BASE IS LOCATED IN ----.:::::,.e GEOSYNCHRONOUS ORBIT. 

,, ,---- ~ , . 
~, .. 

TRANSFER STAGE "''3 
RETURNSTO '\ "-.... 

~: ~':m~. \ " 

TRANSFER 
STAGE ......... 

/ 

' I 
I 

I 
I 

/ 
/ 

2. TRANSFER STAGE LIFTS 
PAYLOADS TO 
GEOSYNCHRONOUS ORBIT. 

• T/W• 0.15g 
• <1 DAY 

1. SPACE FREIGHTER BRINGS PAYLOADS 
TO LOW ORBIT STAGING BASE. (270 NM) 

SI'S"" Figure 3.5-14 Chemical Orbit Transfer Operations GEO Construction 
PACE BASED 

• PACE BASED OTV 
e GROUND BASED TANKER 
e PROPELLANT TRANSFER 

rrANKER • OTVI 
e OTV ASSEMBLY 

MISSION TANKER 

e SPA:E BASED 
e PROPULSION MODULE 
e GROUND BASED TANKER 
• STAGE ASUMBL Y 
e OTV ASSEMBLY 

TANKER 
OTV 
STAGE 

Figure 3.5-1 S I '>2/LH2 OTV Options 
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Figure 3.S-16 L02/LH2 OTV Comparison 
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The space·based common stage OTV is a two-stage system with both stages hav: .. g identical prope!­

lant capadty as shown in Figure 3.S-17. The first stage provides approximately 2/3 of the delta V 

requirement for boost out of low Earth orbit at wnich point it is separated for return to the low 

Earth orbit staging depot. The second stage completes the boost from low Earth orbit as wdl as the 

remainder of the other delta V requirements to place the payload at GEO and also provides the 

required ddta V to n:turn the stage to the LEO st::i;ing depot. Subsystems for each stage are identi­

cal in design approach. The primary diffen:nce is the use of four engines in the first stage due to 

thrust-to-weight requirements. Also the second stage requires additional auxiliary propulsion due to 

its maneuvering requirements including docking of the payload to the constrrction base at GEO. 

The stage shown has b~en sized to deliver a payload of 400,000 kilograms. As a result, the stage 

startbum mass without payload is approximately 890,000 kilograms with the vehid"! having an 

overall length of 56 meters. 

The requirements and implementation mdhods for crew rotation/resupply are shown in Figure 

3 .5-18. The primary requirements are the support of 100 men at LEO staging depot and 700 men at 

the GEO construction facility. Crew stay times an: 90 days. Ddivery of the .:rcw to the LEO staging 

depot uses the shuttk growth launch vehicle with the delivery ·JI 50 mm per !light. 

Delivery of the crew between LEO and GEO makes use of one stage of the two-stage orbit tran:.frr 

vehicle pn.:\iously described. lt requires 28 flights per year. P1opellant for the orbit transfrr vehide 

is delivered by the SPS HLi.. V. Crew ~nJ facility supplies will be delivered to the LEO stagin~ depot. 

also used in the SPS HLLV. The majority of these supplies will in tum be ddi·1.t'red to tile GEO con­

struction facility using tile two·stage SPS OTV: six flights per yt.ar are required for the delivery to 

GEO. Again, prcpellant for the o!"bit transfer vehicle will be deliwred to the LEO staging depot 

using the SPS HLLV. 

The ground rules us.:d to establish the cost per llight of the chemical orbit tran!>fcr vehicle .tnd the 

resulting cost per flight are as follows: 

e Space Rascd L02/LH 2 Common Stage 

e Startburn Stage Mass of 445 K Kg 

e Stagl' TFU Equal S82M (1977 dollars\ 

• 280 OTV Flights per Satellite 

e 14 Year Program Life 
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~-- - 28M ---• 

56M 

~MAIN ENGINE 141 
470 KN (105 K LBfl 

------STAGE 2 ______ ,..,,....,.___ STAGE 1 ------1 

e PA VLOAD CAPABILITY .. 400,000 KG 

e OTV STARTBURN MASS'" 890.000 KG 

e STAGE CHARACTERISTICS (EACH 
• PROPELLANT• 41°5.000 KG 
• INERTS'" 29.000 KG 

(INCLUDING NONIM!»ULSE PROPELLANT! 

• 280 OTV i=LIGHTS PER SATELLITE 

SPS-H& Figure 3.5-17 Space Based Commun Stage OTV GEO Construction 

GEOCONSTAUCTl::>N FACrL~ 
• 100 MEN • 200 KG/MA'llJMO 

' ' 

J 
I 

• 11TGSPSOT",/ I 

/ 
/ 

• 21 FLT/YA I CREW 
e 100 MEN/FLT ;fl MODULE 

IUPPL y '\ • 2 STG SPS OTV 
MODULE 'l\ • e 6 FLT/YR 

OTV ~ 

I 
I 

• GROWTH SHUTTLE 
e 14 FLTIY~· ' 

~j 
C..EWI' 

(f oTV 

LEO STAGING DEPOT FACILITY 
• 100 MEN e 200 KG/MAN/MO 

\ I 
\ I 
v 

• SPS HLLV ~ T- • SPS HLLV 
• 28 FLTIYR J _,, • 12 FLTS~R 

CCREW OTVI ....._ [ ..., ISUPPL Y OTVI 

PROP. 

\ 
\ • SPSHLLV 

\ • 6 FLT/YR 
\ 

SUPPLIES 

• OTV 

Fi£ure 3.S-18 Crew Rot:ttbn/R. "Upply GEO Construction/Photovoltaic Satellite 
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• SO Flight Design Life 

• Stage Leaming Factor of 0.88 

e Spares Equal 50% of Operational Units 

Cost Per Flight 

• Operational Units SI .24M 

• Propellant S0.40M 

• Spares SO.b:?M 

Total S::!.26M 

The majority of these ground rules are self-explanatory. However. several merit further explanation. 

Stage theoretkal first unit (TFU) costs are based on data developed during the FSTA study and 

updated to 1977 dollars. The :?80 tlights for the orbit transfer vehicle is the number required for 

one satellite. A 14-year program has been a~umed for the orbit transfer vehicle, since beyond that 

point in time it is g~nerally assumed that a different generation of orbit transfer vehicle would be 

developed. A 50-tlight design life has been assumed for the spaced based orbit transfer vehicle. TI.is 

value is based on the MSFC Tug Study which assumed SO uses for a ground based system. Assuming 

that the SPS OTV is a second generation vehicle~ it was assumed SO uses could be proje<.:ted for a 

space-based system. Using these ground rules. the resulting cost per flifht is 2.26 million. including a 

total of 640 operational stages. 

The transportation cost for the placement of one satellite at GEO using chemical orbit transfer 

vehicles and the crew rotation/resupply associated with the construction phase is estimated at 7 .8 

billion dollars for the reference photovoltaic system (10 GW BOL CR2). The transportation ele­

ments involved in this cost include the SPS HLLV which contributes 80% of the cost, a chemical 

orbit tran ,fer vehicle at 1 O'lc. and the growth shuttle vehicle used to deliver crew to low Earth orbit 

also contributing 10%. These estimates are shown in piechart fast.:on in Figure 3.S-19. 

3.S.4.2 Orbit-To-Orbit Transportation for LEO Construction 

The major operations associated with use of an electric propulsion system in the transfer of satellite 

modules from LEO to GEO are indicated in Figure 3.S-20. Again, space freighters bring satellite 

compvnents to LEO. However. in the LEO construction option, the components are as~embled into 

satellite modules at LEO. The modules will have the capability to generate electric power which can 
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eMCmWOLTAIC 10GW llOL 

lOTAL • 11.8 aLLION 
•11881KW 
•1181Kt 

CAEWOlV"P 

SUPPt.1£S 
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be used to drive electric thruste-rs that provide the thrust to mow the satellite- module from LEO to 

GEO. Transfer in this case. howe\·er. will be done at acceleration levels of I o4 to J o-5 g's and result 

in trip times as long as six months to one year. After modul~ arrive at GEO. they then must be 

.. ~rubied into the final satellite configur.ttion. 

Sc!wn major system elements make up the electric propulsion system as sho\\n in Figure 3.5-~ I. 

These are the gener.ltion of power by the satellite. the distribution of the power to the ekctric 

thruster system. conditioning the power by power pru.:essing equipment. and the thrusters them­

selves which may be either ion or MPD devices. (Propellant for either ion or MPD thr..asters is 

argon.) Power processing is estimated at 95% to 96% efficiency. therefore necessitating a thennaJ 

control system. Finally. in order to get the required pointing of the thrusters. a gimbal system is 

required. Each of these systems has been chara..:terized in tenns of mass and ""-ost factors and incor­

porated into an optimization model. 

One of the principal variables in selecting a design point for the electric propulsion system is the 

thruster specific impulse. The principal ion thruster perfonnance characteristks as a function of 

spedfi..: impulse are shown in Figure 3.5-~~- Example influen"·es of each of these paramC'lcrs is ;as 

" follows: Beam voltage will have an impact on the 1-R losses and the amount l•f plasma losses 

im·olved in the power distribution system: efficiency intluences the amount of powl."r required for 

the operation: thrust lewl will establish the number of engines required: and finally. the input 

power will detenninc the amount of solar array which must be deployt"d for the transfer operation. 

These characteristk-s along with trip time options were incorporated into the perfonnance/cost 

optimization model. 

The principal estimating fa..:tors used in ..:osting a self-power system were as follows: 

e Orbit Transfer System 

e Ion Thrusters ( I 20 CM Dia-Argon) 

e Power Processing Unit (DC-DC Conwrter 

and Swit..:h Gear) 

• Radiator (Low Temp: 370°0 

• Propellant Tanks (Cryogenic) 

• Installation Structure 

e Propellant (Argon) 

cL0"' 1Llf,) -· -
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• Satelhk Related 

e Satellite (Exel Mpts) SS Billion 

e Power Distribution S~O,'Kg 

• Include Mass Growth Allowance 

• Launch System S7.5 M 'Flt 

• Programmatic 

• Trip Dela} & Otlw1 lntere't 7.5'; 

The ef,;:ct of lsp and trip time on tran!>portation -:osts GEO for a 89 miiliun kilvgram !>.ttdlik is 

shown in Figure 3.5 23. This particular ca~e pre~umed a non-.·nneal.tble satt:lhte ~o that the radi..1-

tion damage inrnrred durmg the orbit nansfrr was permanent. Tran~p,)rtation .:o~t reduci:s with 

lower l5p. primarily becau!>e less power is required. resulting in kss radiation dq:rad;.t1on of the: 

satellite. (Radiation degradation is rnmpen'i.llt'd in the model h} nver.;i1ing thl· satelht.: and the 

resultant cost i' f''t1 .:ted as a part of the: trans,.,ortation cost. Only thl· solar celb a.:tuall} us.:'d for 

the transkr an: Je?r;1de<i. as the remainder need not he deployed.) Transportation cost also is 

reduced with trip time.; .ts long a' 350 da} s. A l·lmstraint occurs on the trip tilill' m the form of an 

attituc.ie control limit. With transfrr times beyond ~00 days. the thrust le\els a\ail.tble an: so small 

that gravity gradil:nt torque cannot he owrcome. Consequently. for a satellite to he tramfl.·rrcd with 

full attitude control capability. the: transfer must be done less than 200 days. 

The configuration arrangement of the system eli:ments n:qi.:.red to transfer each of satellik modules 

is shown in Figure 3.5-24. Thi." module itself rl'quires oversizmg due to the radiation degradation of 

the solar blankds used for lhl' transfer. t AppnJ\unately 22'1 of the solar arra}' and reflc:ctors must 

be deployed to provide the rl·q uirt•d power for the eledril: thrusters.) Thrust as and power proces­

sing systems arc located at four comas of the satelhtl' module. Each thrnstl.'r power processing 

panel is connected to a gimhal system to enahk rl'qlllred pomting. Propellant tanks for the thrusters 

have bel'n locatrd along the center line of thl· \\:hide to prm 1Jl· a more d~~irable inertia charac­

teristic (the dominatmg factor in the amount of gravity gradient torque.) Radiators dissipate the 

waste heat from the power procl'Ssing units. The mass associated with the elcdric propulsion system 

con-;ists of approximately one million kilogram~ for the overs11ing and power distribution. while the 

orbit transfer system has a dry mass of approximately one million kilograms with approximately ~ 

million kilograms total of argon propellant for the electric thrusters and LO~/LH~ propellant (for 

attitu",. control during the occultation periods). 
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For a satellite module being transferred from LEO to GEO using el..:ctric propulsion. the rekrence 

flight attitude maintains the solar amlys always aimed at the sun as mdicakd in Figure 3.5-:?5. The 

thruster thrust levels and the pointing angles shown in the figure are necessary to control gravity 

gradient torque at each of the clock positions around the Earth and to provide the required transfer 

acceleration capability. During the shadow period, chemical thrusters must be used to control the 

attitude. Should control not be employed during the shadow periods. the satellit:: would accelt:rate 

to a O.l degree per se1.-ond rotation and as it reenters the sunlight will have rotated nearly 180° with 

solar arrays facing away from the sun. 

The requirements for LEO construction crew rotat;on/re!.upply are different from these for GEO 

construction option primarily as a result of the differc-m:e m distribution of the personnd (rather 

than the quantity). Three hundred crew an: required at GEO rather than 700. The method of imple­

menting crew rotation/resupply is the ,am.:.;.,:, 11lu:.trated in F1pire 3.~-::'.ti, :1.1t 1i--: 1H1:o;ber of SPS 

HLLV launches is only 40?r that for the GEO construction option. 

Transportation cost to place one satdlite in Gl:O. for the rekrt"111.·e photo1ol ·..11..: I IOCW BUL Cl<.2) 

configuration. using electric sdf-power propulsion. and to support the cr\.'w rotation-'resupply oper­

ation during construction. is estimakd at 6.5 billion dollars or S650 per Jeli\ered k1hwatt. SPS 

HLLV flight contribute 50~~ of this l.'.Ost. lhe sdf-power orbit transfer sy::.km. i11..:luding -.atdlite 

modifications. contributes :?0);. the shuttle growth vehicles used to ddiH:r ..:rewmen to LEO add 

l07t, chemical orbit transfer vehicles used to transfer 1.·rewmen from LEO to GEO add approxi­

mately :?09( of the total cost. The largest contributors for the orbit transfrr ~ysh'm are the thru:.ters 

and power processing units. In the area of satellite modification. the m ersiLing is the largest rnntri­

butor. Cost estimates are displayed in pie-d1art fashion in Figun: 3.5-:?7. 

Thennal Engine SPS Self-Power 

The effects of lsp and trip time for the therm.ii engine satellite on transportation 1.:osts to GEO, are 

shown in Figure 3.5-18. For this satellite. optimum trip time is considerably shorter and the lsp 

higher than for the photovoltaic satellite. This situation is brought about because the higher power 

requirement for both conditions can be obtained without significant oversizing. the thcnnal engine 

SPS is less sensitive to radiation degradation. (Similar results were obtained for annealable photo­

voltaics). The selected Isp is 7 .000 seconds and the trip time is 160 days. 

The thermal engine satellite module to be built in LEO and transferred to GEO 1s approximatdy 3 

by :! kilometers in size with a basic mass of approximately 6 . .:!5 million kilogram'> as shown in 

Figure 3 .S-19. Power to drive the electric thrusters requires approximately 3 7r"fr of the heliostats to 

be deployed. but in order to simplify the GEO construction or>erations. l 00% of hehostats are 

deployed in LEO. Flight control and transfer acceleration requirements for this configuration 1.:an 

be accommodated through three thruster installation locations with approximately 700 thrusters at 
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each location. Satellite modification to provide self power requires a small amount of oversizing and 

minimal power distribution modifications in terms of mass and orbit transfer penalty. The orbit 

transfer system dry mass is approximately 0.6 million kilograms and require~ ! .5 million kilograms 

of propellant. The component affecting gravity gradient torque for the thermal engine satellite 

moduk is approximately I /7 that of the equivalent photovoltaic satellite module. 

Thruskr utilization in terms of panels utilized. thrust level and pointing angle is illustrated in figure 

3.5-30 for the first few revolutions of the transfer of a thermal engine satellite module. Maximum 

thrust of a given panel is 2,000 newtons. Chemical thrusters are used during the shadow periods of 

the orbit as for the photovoltaic module. However, in this case the thrust is considerably less than 

for the photovoltaic satellite module due to the lesser inertia. Without contro.1 during thrust is 

shadow periods. the module would be off sun-aiming by approximately 20°. 

3.S.S Transportation Options Comparison and Sensitivities 

Although the impact of the number of laum:hes was included in the cost wmpari!>on. it is imp0rtant 

to recognize the difference m quantity between two construction location options shown in Figure 

3 .5-31. In general. the GEO construction oprion using chemical orbit transfer \·ehicles will require 

about twice as many launct.::~ per day as the LEO option using electric propulsion. The significance 

of this differerice, in addition to cost, may include such factors as propellant production rates. 

environmental impacts in terms of noise pollution. and launch operations scheduling. 

Transportation cost to GEO is compared in Figure 3.5-32 for five different satellik options. For the 

photovoltaic (beginning of life) and the arra}' addition options, the LEO option provides a cost sav­

ings of approximately 15%. For photovoltaic satellites assuming annealing capability or for the ther­

mal engine satellites, all less sensitive to radiation. transportation cost savings of 25 to 30% or 2.5 

billion dollars per satellite are available through the LEO construction 0ption. This comparison 

includes estimated cost penalties for the satellite modifications necessary to enable self-powered 

LEO-GEO transpo1tation. 

A tra:isportation cost breakout is presented in Table 3.5-14 for the phnto\'Oltaic CR=2 annealable 

satellite. The most significant cost difference bdween the options is SPS HLL V utllization; more 

launches incur a greater cost penal~y. It may be that the programmatic costs could be treated as a 

life cycle cost item. In addition. recovery of electric thrusters and power processing systems may 

prove cost effecth e. These factors could combine to reduce the cost of the LEO option by an addi­

tional 0.5 to 0.75 billion dollars. 

Transportation costs to GEO for the two construction options can also be compared in terms of 

sensitivity to various program elements. Satellite mass sensitivity is shown in Figure 3.5-33. The 

sensitivity of the GEO construction option is aµproximatcly 75% greater to satellite mass than that 

of the LfO construction/electric orbit transfer vehicle option. for either the photovoltaic or the 

thermal engine satellite. 
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9'5111 Table 3.S-14 GEO vs LEO Transportation Cost Photovoltaic Satellite fAnnealed) 
• SATELLITE COST IN BILLIONS 

svs;EM ELEMENT GEO ;.EO 
CONSTRUCTION CONSTRUCTION 

• SPSHLLV (1.711 13.401 

•SATELLITE 2.03 2.23 
' '.>RBIT TRANSFER: 

TANKER U3 1.01 
•CREW ROTATION/ 

RESUPPLY SUPPORT 0.31 0.11 

• ORBIT TRANSFER IRECURI 10.n> lo.IOI 

•CREW o.oe C.04 
•SATELLITE o.a 0.78 

•SATELLITE MOOIFICA1'10N - I0.101 

• PROGRAMMATICS (Q.2$1 I0.781 

•TRIP DELAY - o.&& 
• HLLV INTEREST O.?t 0.12 
• OTHER INTEREST - CU1 

• GROWTH St1UTTLE ICREWI 10.701 10.791 

TOTAL U3 &.89 

COST DIFFERENCE S2.li8B 
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The releren"-e LEO delivery cost is approximately S 17 per kilogram. The tot;a! cost ~nsitivity to 

LEO delivering cost for a chemical orbit transfer vehicle, in tenns of transportation costs to GEO, is 

approximately 90% greater than that of the electric orbit transfer system, as shown in Figure 

3.5-34. 

3.5.6 Orbit-To-Orbit Tr-ew.r~rtation Summaiy 

The transportation of a satellite to GEO using a self-J>C'wer electric propulsion system after modular 

construction at LEO, appears to offer cost advantage of o'er 25%. In addition, it is less sensitive to 

changes in LEO delivery costs and to satellite mass. Self-power of the thermal engine satellite 

appears to have a slight advantage oYer that of a photovoltaic satellite. primarily _as a result of sim­

plifaed integration and flight control operations. The LEO cons1ruction option requires roughly half 

as many HLLV launches. Transportation relative to crew rotation/resuppl)' has not been found to 

be significant since there is only a I 0% cost difference between the two construction location 

options. 
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3.6 COLLISION ANALYSIS 

Consideration of space operations with objects as large as an SPS or SPS module raises qut:Stions of 

•""'lli!iion haards. For historical space systems. even as large as Skylab, the probabJity of colli4'ion 

with a manmade object is negligible, whereas the probabiliy of rnllision with meteoritic matter of 

potentially damaging size is appreciable. Vehides lik·: Skylab have accordingly ~en designed with 

suitable mett>oroid protection. ger.· rally in the fomt of a .. bumper" (impact armor). The flux of 

manmade objects in near Earth space, although small. is large eneugh to present a potential hazard 

to SPS's. and is orders of magJtitude greater than the flux of natural objects of ~"Qrnparable relative 

momentum or kinetic energy. The flux of manmade objects is considerably greater at LEO than at 

GEO. Therefore. relative collision hazards enter into the selection of LiO or GEO as a construction 

location. 

3.6. l Flux Model Analysis 

The idea that an SPS satellite can collide with another orbiting object is brouht about by the fact 

that there were over 3700 man made objects in space as of late 1975. 

(Satellite Situation Report - GSFC Volume 15, December 31. 1975.) 

Most of these objects have apogee. perigee and inclination characteristics which can intersect an SPS 

satellite during the LEO construction phase and transfer to GEO. In addition. although the volume 

sweepout in one orbit of an object is quite small. that volume beccmes quit~ large as the orbit of 

that object regresses, sweeping out a volume bounded by the objects apogee. perigee and inclination 

characteristics. 

Tht> purpose of this subtask was to develop a flux model and estimate the number of collisions 

netween objects and the SPS satellite as a function of its altitude and inclination. A flux model is by 

m.ture a first-order statistical approximation to collision probabilities. More accurati> models can be 

constructed. e.g. Monte Carlo simulations. but in view of uncertainties in source data. are probably 

not worth the added effort required. 

The initial step in this analysis was to establish the flux (number) of objects per KM2-sec that will 

be encountered by an SPS satellite. Several key assumptions were used in this initial analysis· 

1. The distribution of objects in orbit as listed in the December l 9i5 Goddard Satdlite Situation 

Report is representative of the future distribution; 

2. the Flux (objects) of objects in orbit is isotropic (true for low-medium altitudes): and 
'l 

KM--sec 
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3. The size of any object in orbit is so small in comparison to and SPS, that the object is consid­

ered a point r.tther than a volume. The flux contribution that each orbiting object makes wa" 

calculated & illustrated in Figure 3.6-1 using the following equation: 

where 

4> = (T F) x (VEL) 

VOL 

; =Flux objects 

KM"" -sec 

T F = Fraction of an objects orbit time that is 

spent within a given "toroid" where each 

toroid is defined b} an altitude and 

inclination band. 

VOL ..,, The actual volume of the toroid (KM3) 

VEL = The average velocity of an object within 

a given toroid \KM/sec) 

The toroids considered in this analysis were bounded by the following altitude and inclination 

bands: Altitude (KM): 400-440, 440-480, 480-520 (LEO). 520-550, 550-600, 600-700, 700-800, 

800-1000. 1000-1500. 1500-:moo. 2000-3000. 3000-5000. 5000-10000. 10000-20000. wooo-
35750, 35750-35890 (GEO); and inclination boundaries of (deg): 0-5, 5-IO. 10-15, 15-20. 20-25, 

25-30, 30-35. 

Summation of the flux made by all objects within a given toroid resulh in the total flux an SPS 

satellite will encounter within a given toroid. 

A computer program was used to perform the flux calculations for each of the specified toroids. 

The data were then combined within a typical SPS satellite LEO to GEO transfer trajectory (alti­

tude vs inclination). This results in the plot shown in Figure 3.6-2, which estimates the flux encoun­

tered by the satellite. The highest flux is indicated at the 500 to JOOO KM region as would be 

1 xpected due to the large number of satellites having perigees within this range. The relatively high 

flux at the GEO location is somewhal misleading, since the isotopic flux assumption becomes 

invalid, (most of the objects at or passing through this location are traveling at the same velocity 

and in the same direction as the SPS). 
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The flux COl'tribution that each orbiting object makes was calculated 
using the fo~owing equation: 

f• (:JL) x (VEL) 

Where: 

f • Fltlx ( objects ) 
tm2-sec 

T F • fraction of an object's orbit time that 
is spent within a given .. toroid," where 
each toroid is defined by an altitude 
and inclination band 

VOL = The actual volume of the toroid (kml) 

VEL • the average velocity of an object 
within a given toroid {km/sec) 

Figure 3.6-1 Orbiting Object Flux 
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3.6.2 Flux Modf'l Analysis Results 

The collision model data reported at midterm w.:re ~!'dated to retlect a •·growth" object model 

(assumes the number of objects presently in t.rbit will increase due to continuing space launches) 

and modular construction with sixteen modules. Assumptions and expected numbers of collis~ons 

are shown in Figure 3.6-3. The 3x3 meter object assumption relates to calculations of collision 

cro..s-section for small SPS elements such as structure-the object model induded all objects now 

listed in the Goddard Space Flight Center satellite: situation report. In low Earth orbit, objects down 

to about 10 sq cm can be tracked. 

Figure 3.6-4 shows a collision prediction for the thermal engine option similar to the previous figure 

for tht> photovoltaic option. 

3.6.3 Collision Avoidance Considentions 

The flux model analysis presented above assumes no measures are taken to avoid ;;ollisions. During 

the orbit transfer outboard propulsion could be used for evasive action. either in changing the path 

of the transferring module or in changing its attitude to minimize the collision cross-section. The 

available propulsive acceleration is expected to be Sxl04 m/sec2 or greater. This is sufficient to 

move an SPS module a distance equivalent to its own size in about l hour (linear accekration 

assumption). In low Earth orbit. during the early part of the transfer up to 2 revs might be required. 

Ephemerides of objects in LEO are known to roughly 50 meters, so adequate warning should be 

available for tracked objects. Collisions during the construction phase are somewhat more problem­

iatical since the construction facility will presumably be far less maneuverable. 

3.6.4 Junk Oeanup Concept 

Most of the problem objects are not operable satellites. they are .. junk". Conceptual studies of a 

junk cleanup pursuit vehicle were included in the SEPS sludy program. This vehicle would propul· 

sively match orbit parameters with target junk objects (one by one). perform a noncooperative 

rendezvous. acquire the object with some sort of "grabber" and either deorbit it or return it to a 

rnntrolled disposal area. 
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During the present activity, an interceptor vehicle was suggested as an alternative. The interceptor 

would not rendezvous with the target objects, but merely fly into their path, a maneuver requiring 

far less delta v and propellant. The interceptor would empioy a ''catch'!r's mitt" to absorb the target 

objects by an inelastic collision. Various materials such as old matre~s. styrofoam, and water-filled 

plastic microballoons or tubing mats, have been suggested as catcher's mitt could be separated from 

the interceptor vehicle such that the collision would deorbit the (in this case expandable) mitt as 

well as the object. Ephemeris uncertainties would require the inten:epLOr to have .m active terminal 

rendezvous capability. 
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3. 7 COST ANALYSES 

The cost analyses began with a revkw of a prior SPS study cost analysis and of Boeing Jesign-to­

cost studies. This background was employed to develop updated SPS cost analyses based on tradi­

tional aerospace and mature industry cc-rrelations. ParLicular emphasis was givtn to solar cell cost 

projections because of the high leverage solar cell ..:osts exhibit with respect to ovuall SPS costs and 

e.:on:>mics. 

3.7.1 SPS Data Base Cost Review 

A review was conducted on SPS element costs developed for the MSFC space-based power contract 

(contract NAS8-3 l 6'.!8 ). This was done to understand and asses the current data base as a starting 

point for cost analyses for the SPS system definition study. Present were: Richard Bock. J. Ga·1ger, 

D. Gr :gory. S. Otrosa and G. Woodcock. 

Photovoltaic and thermal engine methodologies and data were discussed. Microwave power trans­

mission system CO!>tS were not discussed since these were common factors in Part l of the SPS 

study. Most of the cost estimating employed aerospace estimating relationships and learning curves. 

(Learning curves do not appear to be appropriate for SPS costing. nor do aerospace estimating 

relationships in most instances.) Costs described below are FOB launch site. 

I. Photovoltaic-The silicon photovoltaic systems costs were largely driven by solar blanket 

costs. Solar blanket costs were based on a theoretical first unit HFU) of s:no.ooo per square 

meter for the first square meter. This figure was derived from solar array estimates developed 

for Space Tdescope: it correlates well with SEPS cost estimates for solar arrays. This TFU was 

run down an 809c kaming curve for the entire 60-satellite progr~.m involving a total solar cell 

buy of roughly 2900 km2. The average unit/TFU ratio os 0.00133 for an average cost of 

S360/M 2, equivalent to $1650/KWe solar cells at 16'n effo:iency. (The cells were operated at 

a wncentration ration of 4.5; actual operating efficiency at that concentration ratio was ~ 

I 0% ). Gallium arsenide cells were arbitrarily assigned a TFU per square meter twice that for 

silicon. 
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Messmen• -This cost is considerably higher than the ERDA goal of $500/KWe, and is 

believed to be pessimistic. 

2. Structure-The same methodology was used for photovoltaic and thermal engine structures. 

The following dat .. are for the thermal engine options. 

Unit - !!.tructure for an entire module, mass 2960 tons (6.525 x 106 lb) 

Number of Units - 240 (4 modules x 60 satellites) 

Learning Curve - 90% 

Total Cost - $52 billion (240 units) 

Average - $70/Kg (S32/lb) 

Messment-High for the type of structure (aluminum) assumed. Current efforts are directed 

to graphite composite structures. Vendor projections indicate raw material (prepreg tape) costs 

in the range of $6/lb. Parts fabrication costs should not exceed materials cost. leading to an 

ROM of $12/lb. In addition, the graphite structure will bt: lower in mass. 

3. Heliostats-Thermal engine heliostats were priced as follows: 

Unit - One Heliostat 

Mass - 65 Kg (144 lb) 

Leaming Curve - Not stated 

Total Cost - $90 billion (4.25 x I 06 units) 

Average - $ 21 ,000 each 

Assessment-Heiostat costs will probably be dominated by plastic film cost at $300 - $350/lb 

for aluminized Kapton. Materials cost per heliostat is ~ $ l 2K. Estimate is probably reasonable. 
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4. High Temperature Heat Exchanger- This item was to be fabricated from columbium alloy: 

Mass - 250.000 tons (60 satellites) 

Total Cost - S::?I billion 

Average - $38/lb 

Assessment-Materials cost is estimated as $120/lb as tubing. Therefore this cost estimak is 

low by a factor of 4 to 5. !\change in material may be in order. 

S. Cavity Shells and Insulation-The total cost was $6.8 billion. This does not appear to be a cost 

swinger. 

Assessment -The reforence configuration employed a tantah..:n multifoil insulation. Materials 

cost need examination. 

6. Turbomachines and Recuperator Coolers 

Unit - 300 MWe machine with recuperator-cooler heat exchanger set 

Total Cost - $72 Billion 

Average - $73/KWe of actual on-board output 

Assessment-Industrial experieuce and estimate3 for ground-based hardware indicate costs 

should be in the $I 00/KWe range. 

7. Radiators 

Unit - 20 x 20 meter p<!nels and header reactions - roughly 20,000 per SPS 

Total Cost - S 107 Billion 

Average - $36/lb. 

Assessment-Radiator panels and pipes will be fabricated from steel alloys and aluminum. 

Assuming automated fabrication, the rad!ator cost appeal") to be high t,y a factor of 5 to I 0. 
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8. Space construction anJ transportation costs were separately estimah:d. 

9. Other-Additional items contributing to u. c.:ost (program totals for 60 satellites). 

Tooling - $64 BilJion 

Initial Spares - I 0% 

Sustaining Engineering and SE&l - $25 biilion 

GSE - $19 BiUion 

Prcgram Man~gement - $44 Billion 

Assessment-Tooling, engineering, and management co~ts appea: high tor the oresumed com­

mercial environment. 

10. Totals-The total costs attributable to the thermal engine SPS, t!xcluding antennas. space con­

struction, and space transportation. add to slightly less than S600.'KWe uf useful ground out­

put. Adding the costs of the space-based antenna. increases this to about $700/KWe. very dose 

to a figure derived by the high-level Dix-Riddell correlation. (See "Satellite Powt'r Systems for 

Large-Scale Power Generation" by G. Woodcock, presented at the 27th IAF. October 12. 

1976.) 

The plus!'~s and minuses discussed under the assessment headings may roughly cancel. As noted 

~' "'""', photovoltaic estimates appeared pessi:nistic; all costs were re-estimated in the SPS system~ 

using a generally different methodology. 

3. 7.2 Design-to-Cost Review 

Typical Program Cost ffistory--for a typical vrogram, tlie cost history is as shown in Figure 3. 7.1. 

Point A is the initial program cost estimate carried out by mid-management and en)!ineering during 

the conceptual phase of a program. 

This is submitted for corporate approval and slides down to Poil}t B. tl; 1tionale usually being "we 

can't win at Point A." The B estimate is given to the custom!.''" who s, "that's too high-we can't 

get t.:ongressional appro•al," so the RFP goes out and a cost auction br;,,gs th~ cost to Point C. 

Now the changes start-the contract is negotiated up to "D" as customer and contractor begin to 

realize the con:ractor bid too low. 
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By the time the program ends, the costs have risen to E-and the contractor--:ustomer team have 

done it again. 

The SPS program should not allow this to happen and with proper early consideration and control, 

costs can probably be brought to point D. This will require the development of an accurate cost 

prediction and control capability. 

When is cost injected into a program? Analyses of both commercial and government Aerospace pro­

grams indicate that by tlte time concept definition has been '-"Ompleted (which is DOD programs is 

the DSARC I decision point), progr.im decisions have been made which will result in approxi­

mately 70% of the life cycle costs. By the end of the program validation phase (DSARC II), pro­

gram decisions have obligated approximately 85~ of the life cycle cost (LCO. Essentially no cost 

leverage is available at the end of the dewlopment phase. This is illustrated in Figure 3. 7-~. 

Next let's take a look at .. learning" curves, better titled, .. improvement curves." 

We have found that af we extrJpolate to the IOOOt:1 unit, all aircraft progrJms we studied would 

have passes through a gate between 0. 75 and I .~5 manhours/lb. Three programs have been sketched 

in as examples in Figure 3.7-3. 

Program A is driving from a 60r; curve and will pass through th:: top of inad• quate manaj!ement 

attention. improper funding. poor proJuction ar.-1 tooling planning. probably poor skill mixes. 

Program A is in deep trouble. a cost delta has been added because of inadequate management atten­

tion. improper funding. poor production and tooling planning, probably poor skill mixes. 

Program B has been developed as a "good·· aerospace program but has a cost burden added by design 

complication. 

Program C is a good aerospace program characterized by simple design and an adequate tool and 

production plan. The cost for these programs through 1000 units is in ratio 4: 1.7: 1. 

:- .:xt we looked at the cost composition for aircraft. and it looks like the data sketched in Figure 

3.7-4 are as~mbly; about 25% are fabrication. By the IOOOth unit, they are about 50-50. So assem­

bly 1.-osts are the prime cost swinger of airplane production. 

A good assembly improvement curve characteristically follows "=0.80, while fabrication is at 

X=0.89. or the net production curve at "W.83 to 0.85. 
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A steep curve is an indication of poor planning and 4.'0ntrol of a production program. 

Sin4.-e 60% of airframe costs through the first IOOO units are assembly .. -osts, w~ then analyzed the 

assembly charges in detail. Figure 3. 7-S shows the relative va!·1es of productive time. 

I. Productive time was 6~ of first unit cost and SCY,f of I OOOth unit. 

fob familiarization, ··mechanics learning:· was -4~ of first unit and drove do~·n a ~=0.5 

cum~. Th~ mechanic learns quickly. By unit I 0. this element has virtually disappeared if no 

ch.rnges in paper, tooling. skill, etc. have been made. 

3. Overall. the mechanic loses about tO'k: of total assembly time for personal reasons. 

4. Stacked upon that. 503 of costs are attributable to nonproductivt> factors over the same I 000 

units. That is, tin~ spent by the mechanic in overcoming the deficiencies of the management 

plan. 

The non-productive elements can be directly related to unrealistic schedules. part shortages. etc. 

If we look at the nonproductive cost data, it is apparent that a program manag.!r must be provided 

with ··should cost" rationale. If a program manager can identify the management changes to imple­

ment and determine how they will impact the program nonproductive elements. an improvement 

curve approaching ~=1.0 can be predicted. 

Program Cost/Management Matrix-The previous fi~ure est:.blishes some requirements of a .. should­

cosC philosophy. but more is needed. 

To assist in the definition and control of a program as complex as SPS. the adoption of a 3-dimen­

sional pure hardware/softwa~ WBS even ~t this early stage is essential. An example of the work/ 

cost management matrix is illust;ated in Figure J.7-6. along the 

o Z-asis are deliverable hardware/software items 

o X-axis time phased program tasks 

o Y-axis are functional cost elements 

Standard Hours -The ••standard hour" methodology can be described thus· For any specific indus­

try. the device to be produced. under the management policies of that industry has a minimum w:.t 

which is purely a function of the design/configuration of the item. 
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The cost generakd in producing a single unit are the .. standard hours" for that unit. The .. standard 

hours" cost levd should be rea1.:hed by the tune the peak production rate has been reached. figure 

3.7-7 illustrates this approach. 

Unit costs are then calculated by combining the standard hours for a umt with 1.:akulabh: pr0gram 

variables and the line position along a m.rnagement imposed improvement curw. 

3.7.3 ~1&iu.e Iud.,<.:ry Concept 

The .. mature industry" analogue requires a comp.uable analysis which rdates the .. standard hour" 

cost of a unit to the prodl!.:tion rate in units per year. 

Since the .. standard hour" value is a fundion of the optimum re~oun.:e allocation for a specific 

industry at a specific yearly production rate. one e".;entially has a "'design" for the indu~try which is 

rate sensitive. 

This industry design is a function of the volume and the optimum resource allocat1on and is not the 

~ame at all rates. Tooling. fa..:ility layouts and size. material tk "'. process controls. and the ratio of 

energy expended to manhours expended all vary. as the rate is 1.:hanged. to produce the opti.oum 

standard hour cost for a unit. 

Figure 3. 7-8 illustrates the functional dependence of the standard hnur \alue of a unit as the pro­

duction rate varies. 

The produd1on rate slope is r.Jughly 0. 70. Th.: industry rate~. aerospace. computer. dectnLal apph­

an1.:es all seem to he consistent. 

The apparent limit of rnst redud1on seems to be reached at production rak, .1pproaching I 0 7 units 

per year for an industry. where the per umt cost should be about 1.5-::.5 times the b.istc material 

cost. The automobile industry reache" this k\el. 

A number of items for SPS may rea..:h this limit. e.g .. the individu ... radiator pands for the thermal 

engine system. 

Mature Industry Source Data: \tetal. Ores If we ex.imine th.; throughput in pound~ per year of 

industnes involved 111 handling large amounb uf ores or metab. we can .:orrdak the volume 111 num­

he!.'year against the S's/year for the industry. Thl· result of su.:h a ~tudy •~Ill F1gun: 3.7-9. 

For ore the correlation wa~ 0.80. 

For metals the wrrdat1on was 0.89. 
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Figure 3. 7-7 Program Cost Bueline 
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Figure 3.7-8 Mature Industry: Production Rate Cune 
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The condusions we can draw from this are :i.ignificant. 

If an industry is to survive the birth pangs and reaches maturity, it must develop technology and 

manufacturing capabilities which are designed to handle the volume of material needed for a sp:ci­

fic purpose. 

lr1 the case of solar cell~. we are forced to extrapolate to production volumes of 1001an2/year of 

cells or more. 

We caunot and must not expect that an extrapolation along a pure .. learning curve" will be valid. 

Example: DUPONT KAPTON QUOTES 

Mature industry cost-Kc;1lt. ln ~:lm. 

l . Dupont. the sole producer of the polyimide film, quotes the cost of Kapton as follows: 

Film Thickness Cost S/# 
0.3 mils S375 

0.5 115 

1.0 29.75 

to 

5.0 29.75 

2. The cost is certainly a conse·.iuence of production rates. The 0.3 mil Kapton is a special order 

requiring significant lead time 

3. If we assume a reasonable consistent pricing policy, then the cost elements contributing to the 

quoted prices should include: 

a. Profit (estimate@ 15%) 

b. A setup time per pound 

c. A run time per pound 

d. Basic material costs 
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BeL"au~ of the constant prkes at thicknes~es from I to 5 mil. we Js-.ume that, the I mil Kapton is 

heing produced at ··mature" industry rates and further assume a rah: of> I 06 #'s,'}Tar. 

Assuming the I mil production rate is the bottom end of the prodw.:tion plateau region at l 06#'s.' 

yt>ar and a production volume parameter of 0.7 then the volume produL"ed 'year for the 0.5 mil <._a 

SI 15,'# i" • 104# 

Kapton case L"Ondusion: 

The basil" material cost is - SI 0/ # and the basic mn rnst is · ':u. #. 

The pnces quoted for 0.3 and 0.5 mil Kapton are dearly a con~quence of run size. 

The rnst of 0.3 mil of Kapton film in quantit1e-. of I oh or more #\ } ear will not e>..c .:ed 

• s2s.1~. 

Example #2: I 20 CM ARGON ION THRUSTER 

Shown in F1gun: 3.7-IOis a sketch of the 120 cm diamett:r ion thrusta assumed in transportation 

analysis of SPS sdf-powa to GEO. An estimatt· was made usmg. the hierarL"hical approach. 

I. Prototype to: 

, 
Standard hour at Aerospace prodm:tion rates then to: 

3. Matt re industry costs at I 0-20 x 104 units per year. 
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The analysis proceeds 'ls follows: 

l. 
.., .... 
3. 

4. 

30 cm Prototype cost 

Prototype factor ( 1.5) first unit 

(a) First unit assembly cost (75%) 

(b) First unit fabriaction cost ( 25%) 

(a) 1024th Unit assembly on 80% LC 

0180-20689-3 

5. 

6. 

7. 

8. 

(b) 1024th Unit fabrication= assembly I024th. 

Total cost l 024th unit 

Change + O/S removal (0.40) 

30 cm thruster mass 

120 cm thrust CER 

9. 120 cm thrust mass 

I 0. 120 cm tlu~t cost (Aerospace production rates) 

11. Production rate cost factor estimate 

12. Unit cost "mature industry" production rak 10-20,000/year 

3. 7 .4 Silicon Solar Cell Costs 

$ 70,000/u11it 

48,000/unit 

36.000 

12,000 

s 3,850 

$ 3.850 

$ 7,700 

$ 3,080 

18~g 

$171 /kg 

50kg 

$ 8,550 

IO 

$ fs55 

Silicon solar cell cost estimates were analyzed in three ways: (I) Mature industry projection: (2) 

Review of manufacturer's projections: (3) Energy cost check and production methods projection: 

Mature Industry Projection-Figure 3.7-9 shows the functional relationship between $/year for the 

industry and pounds of material processed per year in the industry. Line I is for the ores and min­

;!ral extraction industry. Line 2 is fer the primary metals industry (excluding "precious" metals). 

Note that the data for some 20 or so industries, from which line 2 was derived. yielded a correla­

tion coefficient of 0.89. A good fit. The correlation coefficient is a measure of the quality of the fit 

of data to tne calculated equation. 

In using this to predict silicon cell costs we calculated the amount of balk quartzite needed to pro­

duce the required amount of mono crystal silicon required fur a specific satellite-judge the ore 

cost, "metal" cnst, and volumL, and a value added factor tt' yield a solar cell blanket. 
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The results are as follows: 

#'s/YEAR BULK = 1.33 X l 081cg 

(2.93 x 108#) 

#'s/YEAR FINISHED= 1.7 X to7kg 

(3.7 x 107#) 

$ 's/YEAR BULK • $IO 7 

$'s/YEAR FINISHED $108 

VALUE ADDED • factor of 20 

SOU .{CELL COST - -2 X I 09 

I) 180-20689-3 

(10-20 CENTS/WATT) 

For approximately I 0 GW l!elivered power we will need to process 133 million kilograms of b1Jlk 

quartzite at a cost of I 0 7 dollars to obtain 17 million kilograms of semiconductor grade silicon at 

a cost of $108 whi,;h when finished into the solar cell blanket will cost about $2 X 109 for a satel­

lite. 

We originally said that the cells would cost 10-20 cents/watts for the power delivered to the on 

board power distribution system. 

Manufacturer Projections-RCA projects 20 cents/watt for a scenario as follows: 

• Three pcor '.e + machines = 4000 cells per hour 

e SO'/c Yield for ION implan:ation 

• Project 20 cents per watt for material and expense 

• Semi-annu I review meeting silicon technology programs ERDA, Jan., 1177 

Motorola's prediction based on the program variables beluw is 13 cents/watts: 

e No new orocesses, 15% cell efficiency 

• Dedicated factory produces 500 MW per year 
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• Equipment depm:iated in 7 years. buildings in 40 yl'ars 

e Work ::~.5 hour.: per day. ~40 da)s p.:r )ear. US< ::.scents. KWH power 

• Advan'-"t:d IOI'\ irr. ,..Janter 

• Used k-aming curw from semicondw.:tor experience 

• Predict 13 cents per watt 

• Semi-Annual Re\iew M~ting Silicon Technology Programs ERDA, Jan .. 1977 

Teus instrume:1ts projec1s ::6 cen1s:watt redu'-ing 10 approximatdy 14 cents'watt with learning· 

• Dem0nstrate hy 198~ all processes for 1985 manufa.:turing plant 

e 13.5':; ceU. textured. O.:: to 0.3 J!.\t junction depth 

• Additi,·e process~ instead of etching and gnnd!O!,! 

• Only single-crys1al s1lkon 

e Avoid cosll~ Ag. Pt. Au for Backside Metalization 

• Cost: 

Expe.:tt>d Experil'nce 

S0.::559 per watt. i5.~'"; \ 1dd 

X 0.5 without new imentions 

u.13.::9 per watt 

e Semi-Annual Reviewing Meetng 

Silicon Technology Programs 

ERDA. Jan .. 1977 

-,- . 
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GE Estimate High Voltage Production Silic:on Cell Costs-And G.E .• is now projecting 17 to 20 

cents/watt for LEO manufacture: 

e LEO MANUFACTURE 

e CELL EFFICIENCY 

e MASS- 167 GM/M2 (100 GM/M2 IS 25 MICRON COVER GLASS) 

e ANNEALING 

e COST 

e MA TE RIALS 6.8 CENTS/W 

e FACP 1 TY (INCLUDES POWER) 9-10 CENTS/W 

e TRANSPORT ($10/lb) 2 CENTS/W 

TOTAL 17-20 CENTS.'W 

Energy Cost and Production Methods-Solar cells are very energy intensive. Presented in Figure 

3. 7-1 I are energy costs in kilowatt hours per kilogram of cells. The energy payback for solor cells 

as a function of this energy cost is also shown on two scales. These scales show SPS and ground 

applications. Pricing lhe energy at 40 mills per kilowatt hour. the actual c..'Osl of the energy is shown 

on theoutside scale. 

The main reason today's cells are so intensive is that yields are very poor. Most of the silicon. in 

which a great deal of energy i! invested. ends up as waste (saw filings and trimming). Continuous 

processes can probably reach a yield range of 60% to 80%. making the payback very attractive. 

Energy cost is a basic factor in the cost of solar cells. like materials cost in building hardware. If the 

energy cost is below l 0 cents/watt one might be reasonably confident that cells in the 20 cents/watt 

range, made b} a continuous pruduction process, would be possible. 

figure 3.7-li -ompares today's process with a probable mature industry process. The mature indus­

try projection is as fo1'"ws: 

Step t : Bulk quartzite - met. grade silicon. The requirement to handle I 00 - 200,000 tons annu­

ally is easily met. Mining companies, quarries, construction outfits, routinely handle 

much greater quantities than this. 
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Step 2: Silane production. etc. This step resembles a petroleum refining process or other closed­

cycle chemical and distillation process. It is amenable to and demands a highly automated 

do~d cycle, hands-off process. The costs incurred here. where the silicon is processed to 

6- or -., nines pure. are mainly energy. pro~"ess. and facility utilization costs. 

Step 3: Silicon monocrystal production 

a. Silicon - Ribbon: 

This is a conceptual ap~roach to a totally integrated system. A comment made by 

Dr. Handy of Motorola is relevant. when asked if he would or ~-o~d respond to a 

request to deliver one dollar per square foot silicon cells. His answer was. ··Maybe 

not one dollar. but three to five is possible." 

The capillary dies used contribute to the impurity levels in the silicon monocrystal 

ribbon at present. This is not an insurmountable problem, but will require work, 

time and money. before this method is usable for mass production. 

The maximum size of a unit cell for the Czochralski pull process appears to be about 

I 0 X I 0 cm. This size limitation would appear to rule out this method for any rea­

sonable production quantity and probably will exclude this method for production 

quantities of 100 (Km)2 per year. 

Step 4: Silicon cell. unit fabrication 

The preparation of the silicon monocrystal sheet or other to solar cells will be similar 

regardless of the previous ste~ This can be a highly automated system and. for mass pro­

dui:tion. the principa! costs will be incurred because of process dema:ids and facility 

utilization - not labor. 

Step S: Solar cell panel as.wmbly and test 

The panei size - cell size opt1m1zation will be a function of se' ~ ral things; unit size. panel 

size. end use (space or terrestrial). power levels. etc .. all will contribute to the cost. 

Test costs will be a functional quality and process control, end use and automation. 

This will be the most intensive labor area. 
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3.7.S Aerospace Historical Cost Estimating 

Aerospace l."OSl e;:stimating employs l."Orrdations between historkal physkal characteristk"S of sy~· 

terns and co .. t experienced on those systems. These l."Orrdations are usually developed .it the subsys­

tems or component lewl. The Boeing Paraml"tric Cost Modd CPCM) has proven to be a particularly 

effective model of this type. Its basi..: e;:stimating units are manhours Crates are used to convert to 

dollars) and it includes functional correlations to develop re~ults in terms of design hours. de\·elop­

ment shop, software engineering. basic manufacturing. quality control. eh:. Cost ~timating algon­

thms include cost estimating relationships. USI: of factors. summing of lower kwl elements. direct 

input of hours or dollars. hardware off-the-shelf or modified off-the-shelf considerJtions. complex­

ity. and subdement learning for systems with repetitive subelements. 

CER's used in the SPS effort are plotted in Figure 3.7-13. DDT&E and theoretical fi~t unit (TfU) 

estimaks were dewloped for the reference silicon photovoltaic and Brayton thermal engine systems 

as updated by the study activity. Results are shown in Tables 3.7-1 and 3.7-2 for the thermal engine 

and photovoltaic systems. Relatively little effort was dernted to re\ ;-:wing the DDT &E figures; the 

primary intent was to develop first unit estimates that could be compared with the mature industry 

results discussed below. As a g1·>1e to reading the tables. note item 9 t ··20 Metrc .. I or the first page. 

This is .tn element of the strm:ture. The unit n• :,·d is 5000 lb mass. Item 9 is suh to. i.e .. added 

into. item b ··Beams .. which is in turn added into item 6 for the total structure estimate. Estimating 

is by CER, #2 for DDT&E and #36 for TFU. The blend factor= I indicah.•s that the estimated value 

is equal to (I times) the CER prediction. Support hours are deri\ed from CER.s #28 and #54. This 

element is a new item (OCJ off-the-shelf. Oct mod). there are : 15 ot them in the SPS first unit and an 

85S'1c learning curve is used. 

3. 7 .6 Mature Industry Estimates 

The mature industry e'itimating concept was discu~ed in section 3.7.3. for th.: Part I acti\ity. 

mature industry estimating used cost factors in dollars per kg representative of current large-scale 

production of hardware that is \."Om('arable to the SPS item in terms of materials used and compkx­

ity. Projections were necessary for solar cells and graphite composites where pre~nt-day mature 

industry analogs are not available. The discussion following begins with the pho:ovoltaic system. 

then describes the thermal engine system. and wndudes with some comparison~. 

3.7.6.I Photovoltaic System Cost 

For the photovoltaic satellite. the costing was done to level 5 of the hardware WBS. The midterm 

mass statelT'ent was used. Level 3 is the satellite level and level 4 the major subsystems. The WBS is 

summarized in Table 3. 7-3. 
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Table 3. 7-3 A 1.01.01 Photovoltaic Satellite. CR • 2.0. Si 

was NAME 
A1.G1.01 
A1.G1.01.00 
A1.G1.01.00.00 
A1.01.01.00..01 
A1.G1.01.00.G2 
A1.G1.01.00.03 
A 1.01.01.01 
A1.G1.G1.01.00 
A1.G1.01.01.01 
A1.01.G1 .01.02 
A1.81.G1.02 
A1.G1.G1.02.00 
A1.81.01.02.01 
A1.G1.01.02.02 
A 1.G1 .G1 .03 

PHOTOVOLTAIC SATELLITE 

A 1.01.01.03.00 
A1.01.01.03.01 
A 1.G1 .G1 .03.02 
A1.01.01.G3.03 
A1.G1 .01.03.04 
A1.G1.01.04 

MULTIPLE/COMMON USE EQUIP 
PRIMARY STRUCTURE 
CONTROL SYSTEMS 
CC>t.WUNICA TION/DATA SYSTEMS 
MECHANICAL SYSTEMS 

ENERGY COLLECTION SYSTEMS 
SUPPORT STRUCTURE 
ICAPTON REFLECTOR SHEEJS 
SHEET TENSION TIES 

ENERGY CONVE~SION SYSTEM 
SUPPORT STRUCTURE 
SOLAR CELL BLANKET 
ANNEALING MACHINES 

POWER DISTRIBUTION SYSTEM 
SUPPORT STRUCTURE 
POWER BUSES 
DISCONNECTS 
IN-LINE SWITCH GEAR 
ROTARY JOINT 

POWER TRANSMISSION SYSTEM 

Table 3.74 AIOIOI Photovoltaic Satellite 

NAMf MASS 
111'1 

P.··~TOVOLTAIC 74814 

...ULTIPLE/COMMON 16354 

ENERGY COLLECTION 3197 

ENERGY CONVERSION mm 
POWER DISTRIBUTION 3381 

POWER T""NSMISSION 15000 

244 

DOLLARS 
(MILLIONS) 
6422.7 

983.5 

175.8 

2114.8 

185.8 

2963.0 
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Silicon photovoltait.: mst results are summanzed in Tahk 3 7-4 and Figure 3. 7-14. 1'oh~ that the 

large~t cost driwr appears to be the MPTS for wlu.:h we used the· JSC ba!>t!linc w:.t of: 963 hilhon. 

The pnn.:ipal costs are assodated with the solar cell blanket and thi: next largest .:ost Jnvcr 1s the 

multiple 'common use systems which indudes the primary structure. 

The next set of tables and figures CTables 3 7-5 through 3 7-8 and Figuri.>s 3.7-15 through 3-'-181 

provide .:ost breakouts of the major :.ystcms. First. A 10 I 0 I 00. multiple ,·ommon equipment. 

cTable 3.7-5 and Figure 3.7-15> which mdud6 

Primaf) structure 

Satellite control systems 

Satellite 1.'llmmunication/data systems and 

MechanKal systems 

The cost estim.iting rd<tlh' J' are shown in million~ of dollars pr.:r metric ton. 

The primary strudure 1~ the major item 180+'}1and1.·ontrol systems next at about lo'; 

Tht' t'nt·rgy 1.·olkdion system :s summari1ed 111 Table 3 '-o .J11J Figun: 3.7-lh. It 1s apparent!~ the 

lowc-st 1.·ost sy~tem in the set. Kapton retlector sheets at S55 Kii ~·munate tht' ~·ost 190+'.-;. ~-

The enc-rgy conversion system fTable 3.7-7 and F1gurc- 3.7-1-, hJs rl·all} onl~ one c-nt1} the solar 

L·ell blanket The support structure entf)' 1s a token entry oni} I he 1.:dl hlankft ,·,Jsts were caku­

lati.>d '· · ~ the .. m.iturl' industf)' •• data shown earlier \\hnl' the ,·nlume of mono l.'rystal .. 1hcon 

needed per satellite was taken as the prodlKtion volume. I lu,. 1' a net CO'>t of about S56 Kg for tht' 

blanket. 

The on hoard pl1wer distribution s} stem ac.:epts 1 7 3 GW to dell\ er} 15 .9 GW to the MKrowa\e 

Power Tran~mission system. The largest -tH drivc-r here appears to ht' thl' in-lme S\\ ItLh ~ear. The 

next large~t driver is tht' power bus .. ·~ R.:sults ari.> summarized 111 T ahh~ 3 7-8 and Figure 3 ""-I~-

The .. shoulJ-.:osf' numbers for the m1au" ,iw power transmis~1on s) 'tern used the JSC baseline 

cost numba of last summer tJSC-11 568. Aug. 761. Since the s~ stem is common to hoth thc- Bray­

ton and PhotovoltaJC syslt'm. no new ''should...:osf' numha~ were g1.'nerated for this part of the 

~tud~ 

3.7.6.2 Them1al Engine System Cost 

The next set of data relate~ the ··should-.:ost .. ~tor} for the Brayton cyde ~} \tcm A~ ~een m Table 

3.7-9. \\e were fon:ed lower 111 the WBS (to kh·I 6) 111 order to track the ma1or 1.ost dnver~ The ~y-.­

tem .:osted here was based on a 16-module satelhh.' 1 he top level 1.·o~ts are pre~ented Ill Ta bk 

3 7-10 and Figure 3.7-19. 
:!45 



A1.0Un.OO 

A1..G1.G1.00.00 

A1.G1.01.00.01 

• A1..G1..G1A02 
A1..G1.G1.GO..o3 

D 180.20689·3 

FJgUre 3.7-14 Al.01.01 Photovolt:llc SateDite 

Table 3.7-5 Al.01.01 Photovoltaic Satellite 

ffAM£ CIR MASS 
In) -

MULTIPLE/COMMON USE EQUIP x 11354 
PRIMARY STRUCTURE ... 14870 
CONTROL SYSTEMS A40 340 
COMMUNICATION/DATA SYr.EMS A40 • 
MECHANICAL SVSTDl'S .no 40 

246 

DOLLARS 
(MILLIONS) 

983.5 

823.4 , ... , .. 
u 
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SPS-684 

COMMON 1.8 MECHANICAL SYSTEMS 8.8 

CONTROL SYSTEMS 

PRIMARY STRUCTURE 823.4 

Figure 3. 7-1 S A 1.01.0l Photovoltaic Satellite A 1.01.01.00 Multiple/Common Use Equipment 983.S 

247 
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Table l. 7-6 Al .Ol .01 Photovoltaic Satellite 

NAME CIR 

A1.G1.01.G1 ENERGY COLLECTION SYSTEMS X 

A1.G1.G1.G1.00 SUPPORT STRUCTURE .o&I 

A1.G1.G1.01.G1 KAPTON REFLECTOR SHEETS .o&& 

A1.G1.G1.01.G2 SHEET TENSION TIES .GI& 

3197 

209 

2978 

10 

DOLLARS 
fMILLIONS) 

171.1 

'1.1 

183.8 

0.8 

figure 3.7-16 Al.01.01 Photovoliaic Satellite Al.01.0J.01 Energy Collection System 17S.8 

248 
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Table 3.7-7 Al.01.01 Photovoltaic Satellite 

was NAME CER Mt SS DOLLARS 
(MT) (MILLIONS) 

A1.G1.01.02 ENERGY CONVERSION SYSTEM x . 31982 2114.8 

A1.01.01.02.00 SUPPORT STRUCTURE .o55 10 .. 
A1~.01.02.01 SOLAR CELL BLANKET CALC. 37952 2114.1 

A1.01.01.02.02 ANNEALING MACHINES 

IUfPORT STRUCTURE U 

Figure 3.7-17 Al.01.01 Photovoltaic Satellite Al.01.01.01 Energy Conversion System 2114.6 
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Table 3.7-8 A10101 Photovoltaic Satelllte 

WIS NAME CIR MASS DOLLARS 
(MT) CMILLIONSf 

A1.01.01.03 POWER DISTRIBUTION SYSTEM x 3381 185.8 

A1.01.01.03.00 SUPPORT STRUCTURE .o&5 10 0.8 

A '5.01.01.03.01 POWER BUSES .020 3000 ID.O 

A1.01.01.03.02 DISCONNECTS .020 &O 1.0 

A1.01.01.03.03 IN-LINE SWITCH GEAR .414 300 124.2 

A 1.01.01.G3.04 ROTARY JOINT x x . x 

IUPPORT STRUCTURE G.1 

JOWIR BUSES IO.O 

IN UNE SWITCH GEAR 124.2 

Figure 3.7-18 Al.01.01 Photovoltaic Satellite Al.01.01.03 Power Distnoution System 185.8 

250 



11.01.01 
11.01.01.00 
11.01.01.00.00 
11.G1.01.00.01 
11.01.G1.00.02 
11.G1.01.0Cl.03 
11.01.01.01 
11.01.01.01.00 
11.81.01.01.01 
11.01.01.01.01.00 
11.01.01.01.01.01 
11.01.01 .01 .01 .02 
11.01 .01.G1 .02 
81.01.01.01.(12.00 

. 11.01.01.01.02.01 
11.01.01.01.02.02 
81.G1 .01.01.02.03 
81.01.01.02 
81.01.01.02.00 
11.G1.01.02.01 
11.G1.01.02.01.00 
11Jl1.G1.82.01.01 
11.111.01.02.01 .02 
11.01.01.02.02 
11.01.01.02.02.00 
11.111.01.02.02.01 
11.01.01.02.02.02 
81.01.01.02.03 
81.01.01 .02.03.00 
81.01.01.02.03.01 
81.111.01.02.03.02 
81.D1 .01.02.03.03 
11.01.01.02.03.M 
11.G1.01.03 
11.D1 .01.03.00 
11.01.01.Gl.01 
11.1)1.01.0103 
11.01.G'l.Gl.04 
11.1)1.01.04 

D 180-20689-3 

Table 3.7-9 WBS Thennal Engine Satellite 

251 

THIRMAL ENGINE SATELLin 
MULTIPLE/COMMON USE 

PRIMARY STRUCTURE 
CONTROL SYSTEMS 
COMMUHtCATIONIDATA SYSTEMS 
MKH•NtCAL SYSTEMS • 

ENERGY COLLECTION SYSTEMS 
IUPl'ORT STRUCTURE 
fACnl 

STRUCTURE 
KAP1'0N REFLECTORS 
TE"9ION TIES 

fACET AIMING AND CONTROL 
STRUCTURE 
IOLARCELLS a BRIDGE 
LOGICCKT 
Bl-METALLIC DRIVE • 

ENERGY CONVERSION SYST£M. 
SUPPORT STRUCTURE 
CAVITY ABSORBER 

STRUCTURE 
PAN EU 
HEAT ABSORBER 

THERMAL ENGINE SYSTEM 
IUPPORT STRUCTURE 
TUABOMACHINES. ET AL 
RECUPERATOR.COOLER 

HEAT REJECTION SYST£M 
STRUCTURE 
DUCTING 
PUMPS 
RADIATOR PANELS 
NAIC 

POWER DISTRIBUTION SYSTEM 
SUPPORT STRUCTURE 
fOWERBUSES 
IN-LINE SWITCH GEAR 
ROTARY JOINT 

POWER TRANSMISSION t.YSTEM 
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11'1617 Table 3.7-10 810101 Thennal Engine Satellite 

WBS NAME MASS DOLLARS 
fM'I'' (MILLIONSI 

810101 THERMAL ENGINE SATELLITE 1'N81 8047.0 
81010100 MULTIPLE/COMMON 3110 317.4 
81010101 ENERGY COLLECTION GOS 278.2 
81010102 ENERGY CONVERSION 13386 2372.6 
81010103 POWER DISTRIBUTION 3781 115.8 
81010104 POWER TRANSMISSION 1&000 2983. 

POWER TRANSMISSION 2963 

ENERGY CONVERSION 2372.1 

POWER DISTRIBUTION 11&.I 

Figure 3.7-19 Bl.OJ.OJ Thennal Engine Sate!lite 
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Again t'-e MPTS do1mnates. with the energy conversion system seoond. The masses of the system 

are shown. This system was heavier (79 481 r..tT vs. 74 ~74 MT) than the photovoltak, but less 

costly (6047 vs. 6423) million for the produ.·tion cost. 

Table 3.7-11 and figure 3.7-20 swnmar.ze results for the multiple/common system. The primary 

structure mass was 3110 MT and the cost at .OSS million dollars per metric ton was 150 2 million. 

Again the control. commidata, and mechanical systems were those used for the photovoltaic 

system. 

for the energy collection system of thermal satellite. the largest cost drivers are the facets within 

which the structure cost at 154 million is the larJest. as summarized in Table 3.7-1 ~ and figure 

3.7-~l. 

The principal cost accumufa.ting area is the energy conversion system within which the cavity 

abso~rs at I .I ~6 billion and heat rejectio.1 system at 863.3 million dominate. 

Note that the .:ust of 64 power generation units has been estimated at jaat over 4 million each. 

Energy conversion system results are summarized in Table 3.7-13 and figure 3.7-22. 

For the power distribution svstem ff able 3.7-14 and figure 3.2-23) the cost of in-line switch gear is 

somewhat smaller. wh:Ie the power bus cost has increased slightly with respect to the photovoltaic 

system. 

The "'should-cost"' for the power distribution system places it at the bottom of the cost drivers so 

far as priority is concerned. 

For the MPTS system the JSC \;dues were also used in estimating thermal engine SPS costs. This is 

an area where considerable effort will be spent during Part II of the study. 

3.7.6.3 Comparison and S1DDmary 

Summa1 izing the preceding ~ts of data. the reference photovoltaic and the Brayton s:stem acquisi­

tion costs including DOTE, Production. and lnstallatio:i are compared in Figure 3.7-24. The DOTE 

costs should be compara'>le on a per satellite basis. 

The production costs discussed in the matu.-;- industry section show a small delta in favor of Bray­

ton whi : the installation costs (wt.1ch ir.cl~d.: ··~limat\!s of construction base. LEO and GEO assem­

bly. and transport costs) bring the totals for LEO assembly to 11 ,409 billion for the Brayton and 

11 .5 I :! for the n-frrence silicon system. The cost delta is insignificant and oveniden by probable 

error for the should-cost numbers. 
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Table 3.7-11 81.01.01 Thennal EnPae Satellite 

was NAME CER MASS DOLLARS 
am (MILLIONSI 

81.oun.ao MULTIPLE/C<*MON USE x 3110 311A 
11.cn.01.00.00 PRIMARY STRUCTURE Jl&5 2730 150.2 
11.cn.cn.oo.cn CONTROL SYSTEMS MO - 149.& 
81Jn.G1.G0.02 COIUllUNICATIONIDATA SYSTEMS .440 •• 17.8 
81.81.01.GQ.03 MECHANICAL SYSTEMS .220 • • 

Figure 3.7-20 81.01.01 lbennal Engine Satellite 81.01.01.00 Multiple/Common Use f.quipment 317.4 
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Table 3.7-12 Bl.01.01 'Daennal Enaine Satelite 

.. CER MASS DOLLARS 
11111 CMILLIONS) 

8Utl.G1.G1 ENERGY COLLECTION SYSTEMS x .. 278.2 
81.01.01.G1.00 SUPPORT STRUCTURE • 05& ... 2 
81.81 .G1 .01.01 FACETS x ~ 217 
81.81.81.01.81 .00 STRUCTURE .05& 2791 154 
81.81.01.01.01.G1 ICAPTON REFLECTORS .065 1081 58 
81.G1.G1.01.01.G2 TENSION TIES •• 100 I 
81.81.G1.G1.02 FACET AIMING AND CONTROL x 209 • 81.01.81.01.02.00 STRUCTURE .G55 81 I 
81.Gl.81.01.02.01 SOLAR CELL ANO BRIDGE .440 17 1 
81.81.01.01.02.02 LOGICCKT .440 18 8 
81.81.01.o'l.02.03 Bl-METALLIC DRIVE .440 81 38 

T STRUCTURE 2 

Figure 3.7-21 Bl.01.01 Thermal Engine Satellite Bl.01.01.01 Energy CoUection System 278.2 

2SS 
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Table 3.7-13 Bl .Ol .01 Thermal Engine Satellite 

ll8S NAME CER MASS DOLLARS 
llTI fMILLIONSI 

81.01.01.02 ENERGY CONVERSION SYSTEM x 53385 2372.6 
81.01.01.02.00 SUPPORT STRUCTURE Jl55 0 0 
81.01.01.02.01 CAVITY ABSORBER x 10694 1126.5 
81.01.01.02.01.00 STRUCTURE .022 566 12.45 
81.01.01.02.01.01 PANELS .110 1058 116.38 
81.01.01.02.01.02 HEAT ABSORBER .110 9010 997.10 
81.G1.01.02.02 THERMAL ENGINE SYSTEM y 11130 382.8 
81.01.01.02.02.00 SUPPORT STRUCTURE O.!» - 0 0 
81 .01.01.02.02.01 TURBO-MACHINES. ET AL .044 6270 275.9 
81 .01.01.02.02.02 RECUPERATOR-COOLER .022 4860 106.9 
81.01.01.02.03 HEAT REJECTION SYSTEM x 31561 863.3 
81.G1.01.02.0100 STRUCTURE .Cl55 459 25.2 
81.01.01.02.0101 DUCTING .022 n4 15.9 
81.01.01.02.03.02 PUMPS A40 368 161.9 
81.01.01.02.0103 RADIATOR PANELS .cm 19763 432.8 
81.01.01.02.03.04 NAK .cm 10337 227.4 

CAVfTYAllSORBlR 1121.S 

Figure 3.7-22 Bl.01.01 Thermal Engine Satellite Bl.01.01.02 Energy Co1••ersion System 2372.6 
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Table 3.7-14 81.01.01 Tilennal Eaa0ie Satelite 

was -- CEA MASS DOLLARS 
1111'1 lllLUONSI 

81..81.81 ."3 POll£R DISTRIBUTION SVSI EM x 3181 115.8 
81JnJn.G100 SUPPORT STRUCTURIE ... 10 OJI 
B1JnJn.G3.01 POWER BUSES ..020 3310 17.40 
81JnJn.o3.02 DISCONNECTS .020 300 8.00 
81Jn.01..G3.03 IN-LINE SWITCH GEAR A14 100 41A 
81.01Jn.o3.04 ROTARY JOINT x x· x 

rlUll'PGll'TsrRUCTURE U 

figure 3. 7-23 B 1.01.01 Thermal Engine Satellite B 1.01.01.03 Power Distnbution System 11 S.8 
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In considering life cycle costs over a 30-year lifetime. the acquisition l-OSt will probably be over­

shadowed by operations and support (OclS> costs. as suggested by Figure 3.7-25. The O&S costs for 

powc:r systc:ms have historically been 5<n of gross revenue with the majority of these costs incurred 

in the distribution system. The staff bier.achy built up in support of the system will probably domi­

nate the O&S costs. To what extent historical relationships c•m be extrapolated to SPS is question­

able. The: operational l'<>Sts are certainly functionally dependent on the availability required. MTBF. 

mean time to repair and mean logistics delay time. 

Tiu~ ··will-cost" (aerospace PCM> and "should-cost" <mature-indu:.try) estimates are comp-ued in 

the next four figures. First. the Brayton system in Figure 3. 7-"!.6. 

The ... ill-cost"' numbers on the ieit presume business as usual without consideration ot des1gn-to­

cost or its eqm,·aknt. The first unit cost. under standard aerospace management and estimating. will 

be :!0.605 billion. The: average cost using an 85t/f improvement curve will be 8.788 billion. 

The should cost nwnber is 3.034 billion. Both numbers exclude the MPTS value. The signifo:ant 

item here is that the relative distribution of costs is the same by major system and the should l·ost 

number is - .JO'-; of the a\·erage cost. 

The relati,·ely greater share of l'OSt occupied by multiple/comwon in the PCM is in part due to a 

differen..:e in handling of structure. The PCM analysis considered primary and secondary structure as 

multiple, common. The mature industry analysis included "econdary structure rn the related 

subsystems. 

Similarly. for the photovoltaic satdlite a comparison of .. aero~pace costing·· and mature industry 

(figure 3.7-271 shows that Con the lefO TFU ftypical aerospace) wdl be 18.97 billion. with an 

average (over 112 units on 85% In 8.09 billion while the "should cost" mature industn number 1s 

3 .46 billion-again - 4()9; of the aerospace ,·alue. 

Figures 3.7-28 and 3.7-:!9 show the mature industry estimates as percent of aerospace TFU for the 

total SPS and for the le,·el 4 major subsystems. 
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3.8 RADIATION ENVIRONMENT AND EFFECTS STUDIES 

Radiation analyses were conducted to suppvrt analyses of SPS degradation in the operational orbit 

and during low-thrust orbit transfers. A composite crew dose estimate for GEO was also developed. 

3.8.1 Environment Analyses 

Transfer Orbit Radiation Environment 

During transfer from low earth orbit (LEO) to geosynchronous orbit <GEO), the SPS will be 

exposed to the trapped electron and proton fluxes in the most intense regions-o~ the earth's radia­

tion belts. The equatorial flux of trapped protons, as a function of energy and radius, is shown in 

FigLJre 3.8-1 taken from the AP-8 trapped proton environment. The relative intensity of high energy 

proton decreases with increasing altitude. The trapped electron flux. taken from the AE4 and AE-5 

electron flux maps. is shown in Figure 3.8-2. Although only the electron flux above 0.5 MeV is 

shown, the t.lectron energy spectrum also becomes softer (in high energy particles) with increasing 

altitude. The fluxes at 30° inclination are typically 2 .3 times lower than the o0 inclination values. 

Both proton and electron flux maps are provided by the National Space Science Data Center by 

J. Vette and co-workers. 

Transfer Orbit Proton & Electron Dose 

The trapped proton and electron dose resulting from a l 80 day transfer orbit from 30° inclinatio:i 

LEO to o0 inclination GEO is shown in Figure 3 .8-3 and 3 .84. Spherical aluminum shielding is 

assumed in Figure 3.8-3 while Figure 3.84 shows both spherical and slab shielding values for the 

trapped proton. Brems!>trahlung from electrons is nvt included. The total doses are sufficien: to 

preclude manned oper:>tion during the low altitude portion of the transfer. Electronic component 

radiation hardening requirements are implied at doses above 1 o3 rads. 

Solar & Transfer Orbit Proton Incident Fluence 

The integral proton spectrum incident on the Sb during a l 80 day transfer frorr. 30'..: mclination, 

LEO to o0 inclination GEO is shown in Figure 3.8-5. The solar proton integr&I p1,1ton spectrum 

typical of an average yt:ar near solar maximum during solar cycle 21 ir, also given. Using the solar 

proton model of J. King of NSSDC, the 30 year solar pre ton fluence estimate that has a 9091: pro­

bability of not being exceeded is obtained by increasing the yearly tluence by a facto: of 75 In the 

region of concern for solar cell degradation, the 180 day transfer orbit proton tluence exceeds the 

30 year 90% solar proton fluence by an order of magnitude. 
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Geosynchronous Environment 

The composite total dose at synchronous altitude shown in Figure 3.8-() is the result of galactic C'lS­

mic rays. solar protons and trapped ekctrons. For a solar proton intensity cor-·sponding to three 

solar cycles similar to cycle :! l , and with the 90% model of J. King. the solar proton dose is show11 

to dominate over lor:g time periods bdween I and 10 g/cm:! of aluminum. The ek'-1ron dose! will 

dominate below lg/cm:!. with the el.:ctrC'n Bremsstrahlung important above 10 g/cm:!. The galactk 

proton dose provides a penetrating iow level rddiation background. The high Z cosmi.; rays present a 

separate radiation problem. one not described by the concept of absorb->d dose. 

3.8.2 Degradation Analyses 

RefleC'tor Degradation 

The reflector degradation during the transfer orbit is ;;;Jculated from Project ABLE data and the 

low l!'nergy proton tluence versus time depende· .ce duri,1g ascent. The degradat.on as a function of 

time is shown in Figure 3.8-7 for three transfer orbits. 180. 90 and 75 days. 

GEO Solar Proton Degradatior. 

The solar proton models developed by J. King are based on data taken at IO MeV and greater. The 

extrapolation of this model to the lower energil!s of importance to SPS can be based either on an 

i:xponential rigidity model. as was done by JPL for the Halleys Comet mission or ;:ma power law 

t>xpression as found by W. R. Webber and USl!'d for INTELSAT. These two methods Ieao to ir.1por­

tance differences at the cowr slip thicknesses of interest. We haw USl.'d the cCJnscrvative Jegr;.datiori 

\"alues. but the importance of thi:; assumption on solar cell d .,!""adation is obvious. as is shown in 

Figun.· 3.8-8. 

Transfer Orbit Damage Gradients 

The displacement damage gradient in silicon resulting from the transfer proton spedn.m increases 

rapidly with decreasing cover slip thickness as is shown in Figure 3.8-9. As t!1e solar cell degradation 

expressed in terms of 1-MeV equivalent electrons CM:!. follow this damage g!·.1dient closely. it is 

apparent that the abundant low energy protons encountered in the transfer orbit make covo:r slip 

thickness a wry parameter in determining sohr cell degradatioi; for 1·onventiun:;.l critenon solar 

cells. 
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Tramfer Orbit Solar Cell Degradation 

Parametric values of solar cell degradation are shown in Figure 3.8-W for transfer orbit t1mi: and 

cover slip thickness assuming 6 mil n/p 10 ohm-cm cells. The conversion of displaci:ment damage to 

1-MeV electron fluence was based on the results of NASA and AF funded studies of solar ~·ell 

degradation which produced a reasonable cakulational method for low energy proton degrad.1t10n. 

Due to the i:nportance of low energy protons dama~ for these cover slips. the degradation ~ti· 

mates depend critically on the low energy proton Jamage evaluation method used. Experimental 

verification would be desir.tble for this environment. 
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