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CrlAPTER ; 

PRODUCTION EQUIPMENT SPECIFICATIONS 

7.1: GENERAL REMARKS 

Figures 7.l, 7.2, and 7.3 show the cverall layout or th2 

reference S~F. The diagrams serve to illustrate the likely 

relative positions and dimen5ions of the different sections of 

the facility. Figures 7.1 and 7.2 are "top" and "side" views, 

respectively, of the SMF, drawn to the same scale. These fig

ures illustrate the planar shape of the facility. Figure 7.3 

is an "end" view of the facility, drawn to a larger scale to 

show some of the detail of the components and solar cell manu

facturing areas. 

Several features are omitted from the figures for clarity. 

figures 7.1, 7.2, and 7.3 do not show the thermal waste radi

ators for the components factory, above and below that factory; 

the solar cell deposition radiators which collectively cover 

roughly half of the top ar.d the entire bottom of the solar cell 

factory; the active radiators for the waveguide factory, above 

and below that factory; the support structure holding the ma

chinery together within the factories; and the internal trans

port tracks between all of the SMF sections. Part of one of 

the two habitat radiators is shown in Fig. 7.1, and the sup

port truss for those radiators is partially seen in Figs. 

7.2 and 7.3. When the various radiators for the SMF are in

cluded, they cover much of the top and bottom surfaces of the 

facility. Since most of these radiators are 1-mm thick alumi

num sheets, they protect the SMF equipment and personnel from 

micrometeorites. 
7. 1 
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The solar array, partially shown in Figs. 7.1 and 7.2, is 

omittP.d from Fig. 7.3. This array shades the rest of the facil

ity from direct sunlight, reducing the thermal input to the 

SMF. The array produces baseload power for the entire SMF. 

The reference SMF design requires 240 MW for its operation, 

which, assuming a solar cell efficiency of 12.5%, equates to 
2 an array area of 1.4 km . The solar celi array is the only 

section requiring close pointing to the Sun (~ 1°). The rest 

of the factory does not require close attitude control, but 

should stay in the shadow of the solar array to alleviate 

heat waste problems and thermal deformations. 

The array is connected via a flexible joint (including 

flexible power cables) to a central mast extending down the 

length of the facility. The m~st serves three functions: 

1) It acts as a structural mast to which the solar array and 

other sections of the factory are attached. (The factory 

sections are attached by joints which use active damping sys

tems to prevent vibrations being transmitted through the facili-

ty.) 2) It carries the main busbars and power conditioning 

equipment for the SMF. 3) It is designed to allow transpor

ters travelling between the solar cell factory and the rest Jf 

the facility to pass through it. 

The SMF production machinery is conceptually divided int~ 

three areas: the components factory (which produces all com

ponents other than solar cells and waveguides), the so~ar cell 

factory, and the waveguide factory. The components factory 

produces klystron assemblies, structural member ribbon, busbar 
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strips, ~C-DC converters, electrical wire and cables, DCeDC 

converter radiators, end joints, and joint clusters. This 

factory is located adjacent to the input/output station (at 

the left of Fig. 7.1). Details of the factory layout are shown 

in Fig. 7.4, and the production equipment designs are described 

in Secs. 7.2 through 7.6 of this chapter. As shown in Fig. 7.3. 

the layout of this section is essentially planar, except fo~ 

the wheel-like internal storage devices. Omitted from tt.e 

views of the components factory are the waste heat radiators 

located above and below it. 

The waveguide factory is shown in Fig. 7.1, adjacent to 

the zone refining area. The factory is designed to allow the 

minimum of handling of the thin foamed glass sheets from which 

th~ ~~Jeg~ides are formed. The details of the waveguide pro

duction processes are discussed in Sec. 7.7. 

The single largest section in the reference SMF is the 

solar cell factory {shown in Figs. 7.1, 7.2, and 7.3, and 

shown in a larger scQl top view in Fig. 7.5). The solar 

cell factory consists of two major structural units, one con

taining the zone refining and interconnect deposition sections, 

and the other the deposition and assembly equipment for the 

solar cell array production. Each of these structural unit~ 

is attached to the central mast at several discrete points. 

The connections are flexible and include active damping sys

tems to keep vibt·ations from propagating into the solar cell 

factory, which might damage the fragile solar rells. The con

nections between the central mast and the sections of the 

7. 6 
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solar cell factory also carry electrical busbars and ~nternal 

transport tracks. The transport tracks bring inputs to the 

factory, move sr1ne of tne ini:ermediate products within the 

factory, and remove the output solar cell arrays. 

Routine feeding and maintenance of the sr 1 ar cell deposi

tion and assembly processes is done by 'crawl~rs' running along 

tracks above the planar factory. More ~omplex repairs are per

formed by Free-flying Hibrid Teleoperators {FHT's), The craw

ler tracks are shown as horizontal 1int'S oil rig. 7.5. The 

crawlers take inputs from, and load outpu~~ ~n~o the SMF's in

ternal transport carts. The prodt·ct~on lines for deposition 

and assembly of the solar cells r~n perpendicu·arly to the 

crawler tracks (and thus perpendic 1Jlarly to the cerii.1·<1~ mast). 

No radiators for tht so 1 ar cell factory are shown, but those 

for the zone refining and interconnect deposition section 

are above and below that section; those for the ele~tr1n beam 

guns in the deposition sections are above those s, ns; 

those for the thermal belts in the deposition settions are 

below the deposition and asserntly section, coverin~ the 

underside of that section. The solar cell factor · · (escribed 

in detail in Sec. 7.8. 

Also shown in Figs. 7. 1. 7.2, and 7.3 are support areas 

such as the input/output station, habitat, and repair shops. 

Ttiese are described in detail in c: 3p. 8. 

This chapter inc~udes tabulated specificat~ons, physical 

descriptions, and diagrams of each machine in the reference 

SMF jesign. 5cclions 7.2 through 7.3 discuss equipment, 

7.3 
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grouped by major SMF operations {subsections of components manu

facture, waveguide manufacture,solar cell manufacture). Each 

sectio~ begins with a genereal description of the pr~duction 

processes, followed by data on individual machines. 

Associated with each machine are: a specification sheet 

{listing machine mass, physical dimensions, throughtput per 

machir.e, power requirements, and the contribution of each 

component to mass and power requirew-nts), diagram(s), and a 

written description of the machine's operation. 

Terms used in the specification ~hee• are defined as 

follows: 

Mass of ma~hine -- total mass of one machine. 

Throughput per machine -- mass of components produced by 

each machine per year. 

Power requirements -- power required to operate each 

machine. 

Number of machines -- number of this type of machine in 

the refereice SMF. 

Number of operators -- number of crew required to operate 

the machine (during its Juty cycle). 

Components -- elements which compose the machine. 

Number per machine -- number of this typ~ of component 

per machine. 

Mass -- mass of each component. 

Power required -- power required for operation of each 

cornr,onent. 7 • 1 0 



The written description explains the function of each 

compon~nt, the OJeration of the machine, and the rationale 

used in the sizing and costing processes. 
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7.2: METALS FURNACES ANO CASTERS 

_7_._z_._l~_o_v_e_r_v_i_e_w: Figure 7.6 is a detailed top view of the 

components factory. The shaded areas highlight the machinery 

described in this sect~on. Four furnaces -- one producing 

6063 aluminum alloy, one producing molten aluminum, one pro

ducing SENOUST alloy, and one producing molten iron -- are 

used. The furnaces are fed with rods imported fro~ the lunar 

suriace, which are heated as they enter. Mixing of the melt 

fs accomplished by electro-magnetic induction. The resultant 

liquid metals are pumped by electromagnetic pumps along pipe

lines for further processing. 

As shown in the figure, molten iron, molten aluminum, and 

6063 aluminum alloy are delivered to die casters. These de

vices each consist of a central piston chamber which sequen

tially feeds molten metal through a set of valves to a series 

of molds. Active cooling systems are used to cool the castings, 

and the solidified workpieces are ejected from the molds. 

Parts produced in this w.anner are solenoid cores, klystron 

housings, manifold parts, end joints and joint clusters. The 

SENDUST alloy is fed to a specialized caster which is used to 

produce thP. transformer cores for DC-OC ccnverters. 

Molten aluminum and l.o3 alloy are also fed into a con

tinuous caster, which produces 2 cm thick ribbon that is cut 

into slabs by a high power electron beam gun. The slabs are 

dispatched to the ribbon and sheet operations section. descri

bed in Sec. 7.3. 
7.12 
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7.2.2 Aluminum Alloying Furnace: Thedluminumalloying furnace 

is designed to take in rods of pure aluminum (6.4 cm diameter). 

melt them. and produce liquid metal at 800°C. Aluminum 6063 

alloy may be produced by the addition of 1.7 cm diameter Mg rods 

and 1 .3 cm diameter Si rods. 

The furnace body is made of slip-cast, nitride bonded sf

sil icon carbide, a refractory material resistant to corrosion 

by liquid metals. The Al, Mg, and Si rods are fed into the 

furnace through vapor sleeves, and pre-heated with copper in

duction coils. Induction heating continues as the rods are 

submerged into the melt. The mean residence time in the al-

loying chamber for 6063 alloy is 2 minutes. During this time, 

induction coils act to mix the liquid metal. The maximum 

production rate for one furnace is .6 kg/sec or 1. 9 x 1 o4 tons 

per year in continuous operation. At capacity. the furnace 

holds 1250 kg of liquid metal. 

The induction coils used to heat and stir the metal in 

the furnace are 75% efficient; 209 kw must be wasted through 

an active cooling system. The study group proposes a system 

which uses liquid sodium to draw heat from the coils and waste 

it through a radiator. Since the coil resistivity increases 

with temperature, a tr~deoff exists between increased power 

generdtion (producing a high temperature) and increased radi

ator size (allowing radiation at a lower temperature). The 

radiator is presently designed for an operating temperature 

of about 300°C. 
7. ·i 4 
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Cost estimates for both the aluminum and iron alloying fur

naces were developed from consultations with an industrial equip

ment costing specialist at Kennecott Copper Co. and a member of 

the research and development division of the Norton Co. 

SPECIFICATION SHEET 

Machine Name: Aluminum Alloying Furnace 

Function of Machine: To produce either molten Al or Al alloy 

Mass of Machine: 1215 kg 

Physical Dimensions: 4.8 m length; .7 m maximum diameter 

Throughput/Machine (tons/year)~ 1.4 x 104 · 

Power Requirements (KW/machine): 1160 

Number of Machines: 3 

Number of Operators: 0 

c t omponen s: 

Casing 
-

Coils 

Radiator & Pipes 

Controller 
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7.2.3 Iron Alloying Furnace: The iron ~lloying furnace is 

designed to take in rods of pure iron (6.4 cm diameter) and 

to produce molten iron. With the addition of 2.5 cm diameter 

aluminum rods and 1.3 cm diameter silicon rods, SENDUST alloy 

can be produced. 

The iron furnace is operated in the same fashion as the 

aluminum furna~e. The body is made of graphite to provide 

corrosion resistance and the furnace capacity is 3100 kg moving 

at .56 kg/sec or 1.8 104 tons/year. The metal leaves at 

1600 °c. 

SPECIFICATION SHEET 

Machine Name: Iron Alloying Furnace 

Function of Machine: To produce either molten Fe or SENDUST alloy 

Mass of Mdchine: 1215 kg 

Physical Dimensions: 4.8 m length; .7 m maximum diameter 

Throughput/Machine (tons/year): 1.9 x 103 

Power Requirements (KW/machine): 1160 

Number of Machines: 1 

Number of Operators: 0 

c t omponen s: 
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7.2.4 liquid Aluminum Pipeline: A liquid aluminum pipeline 

is needed for the transport of molten Al and Al 6063 within 

the SMF. The pipe connects the Al furnaces to the metal cas

ters. The pipes were designed for a maximum throughput of 

.6 kg/sec or 19,000 tons/yr in continuous operation; normal 

throughput is 10.300 tons/yr. 

The pipes are made of silicon carbide in a nitride matrix 

and are sized to survive handling stresses. Consultations 

wtth experts in industry resulted in the selection of a 6 mm 

pipe wall thickness. Six layers of foil insulation prevent 

cooling or solidification of the metal. The number of layers 

of foil was found by using the equation: 

where € is emissivity, a is the Stephan-Boltzmann constant. 

n is the number of foi1 layers, r is the reflectivity, and 

Q is the power radiated away through ~he insulation. Because 

of the high temperatures involved the first two layers should 

be titanium and the other four layers should be aluminum. 

Electromagnetic pumps (see Fig. 7.9) provide the pressure 

necessary to force liquid metal through the pipe. These work 
. 

by passing direct current through the liquid metal at right 

angles to a magnetic field. This produces a force on the fluid. 

The pumps will have metal contacts (tungsten alloy) extending 

into the fluid. The pumps may also be designed to provide heat 

if any coolin~ does occur. The size of the pump was determined 

7.19 
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from current industrfal pump sizes~ and by calculation of the 

fluid flow rate and pressure needed. Costing for pumps was 

done by comparison with pumps used by the nuclear power in

dustry. Cost estimates for the pipeline itself were also 

based on information about currently available materials. 

R & D for the pipeline should include long term exposure of 

the materials to vacuum and corrosion resistance testing. 
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FIGURE 7.9: LIQUID ALUMiNUM PIPELINE 

7.20 



SPECIFICATION SHEET 

Machi11e Name: liquid Aluminum Pipeline 

Function of Machine: To transport liquid Al within the SMF 

Mass of Machine: 115 kg 

Physical Dimensions: 30 m x .2 m; 6 mm wall thickness 

Throughput/Machine (tons/year): 1.03 x 10 4 

Power Requirements (KW/machine): .01 

Number of Machines: 4 

Number of Operators: O 

c t omoonen s: 

Pipe Sections 

Pipe Joint 

EM Pump 
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7.2.5 Liquid Iron Pipeline: The iron pipeline ~oves liquid 

iron or SENDUST alloy from the i~on furnace to the dfe caster. 

The iron pipeline is made of graphite t~ provide corrosi~n re

sistance. Like the aluminum pipeline, the maximum flow rate 

fs .6 kg/sec; however the iron pipeline will only be required 

to carry 1900 tons/year in mormal operation. 

For costing information and other C:et .. lls see Sec. 7.2.4, 

"Liquid Aluminum Pipeline". 
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SPECIFICATION SH:ET 

Machine Name: Liquici Iron Pipeline 

Function of Machine: To transport liquid Fe within t~e SMF 

Mass of Machine: 75 kg 

Physical Dimensions: 30 m x .2 :n (incl. foil insul.); 2mm wall 

Throughput,'Machine (tons/year): 1.1 x 103 

Power Req~trements (KW/machine); O 

Number of Machines: 

Number of Operators: 

c omponents: 

Pipe Segments 

Joints 

EM Pump 
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7.2.6 Continuous Caster: The continuous caster is designed to 

produce aluminum slabs from liquid aluminum. Continuous cas

tin~ is especially suitable for u~e ;n space because ft can 

produce uniform slabs in the absence of troublesome convection 

currents induced by gravity. The caster consists of a mold 

and a heat removal systems which ci~cui~tes a quantity of li

quid sodium coolant between the mold and a radiator. 

The caster width is sized for structural member ribbon pro

duction: each slab has cross-section .70 x .02 meters. After 

rolling, the width increases to .735 meters, the width required 

for structural member ribbon. The 2-cm mold thickness is the 

result of trading off the ease of liquid metal injection and 

the ease of rolling the resultant slabs. The search for a mate

rial that is both highly conductive (for heat removal) and re

sistant to liquid Al corrosion resulted in th~ selection of 

s~aphite as a mold material. 

The cooling system is designed to cool the metal from 800°C 

at a rate of 1 kg/sec (or 3.2 x 104 tons/year) operating at 

maximum capacity. Cooling fluid flows in sheets across the 

upper and lower surfaces of the mold. The temperature of the 

coolant must be high enough to allow effective heat radiation 

to space and low enough to prevent the formation of defects in 

the slabs (which requires a large thermal gradient in the mold). 

Liquid sod:um, used on Earth for cooling at high temperatures, 

has the advantages of high hlat capacity and established pum

ping and pi~ir.g technology. Therefore the system is designed 

7,24 



to allow sodium to enter the cooling jacket at 200°C and leave 

at 400°C. At a throughput of 1 kg/sec of metal, liquid sodium 

must flow at a rate of 2.8 kg/sec, removing 725 kW of power. 

A radiator of 1 mm thick aluminum with an area of 180 m2 radi-

ates away heat from the sodium at an effective temperature of 

z 75 °C. 

Cost estimation fer the continuous caster was aided by con

sultation with experts on sodium cooling systems presently used 

in nuclear reactQrS. Such systems, the study group was told, 

have vfrtually a 100% duty cycle. 

SPECIFICATION SHEET 

Machine Name: Continuous Caster 

Function of Machine: To produce .slabs of Al or Al 6063 alloy 

Mass of Machine: 890 kg 

Physical Dimensions: .8 m length; .7 m width; ...,.1 m thickness 

Throughput/Machine (tons/year): 3.65 x 104 

Power Requirements (KW/machine): 20 

Number of Machines: 2 

Number of Operators: o 

Components· . . .. 
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Fluid Coolant 

Piping System 

Pump 

Radiator 
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7.2.7 Aluminum Slab Cutter: Aluw~num emerging from the con

tinuous caster is cut into slabs ~ith cross-sectic~s .70 m x 

.02 m, and lengths varying according to the ne€ds o later 

production processes. The cut fs made by a h(JVf duty elec

tron beam gun as shown in Ffg. 7.12. The devic~ c~erates at 

a power level of 128 kg to cut the 2 cm thick casT aluminum 

at a rate of 4.2 cm/sec. This assumes typical effiriencies 

of SOS in the gun and SOS in the sublimation of the metal. 

In an electron beam gun, a tungsten filament is heated 

to incandenscence.causing electrons to boil off. The elec

trons are formed into a beam and accelerated by a potential 

of several hundred thousand volts through a cylindrical anode. 

The electrons are focused by an electromagnetic lens to a 

0.1 - 1 mm spot on the slab where they release their kine

tic energy, vaporizing the material in the cutting area. De

flection coils provide some lateral movement of the focal 

point, but the gun also moves along a track inclined at 50 

to the direction of motion of the slab, therby making a per

pendicular cut across the sl~b. 

Vacuum is the t~st condition for EB cutting operations, 

since the electron beam is dispersed by collisions with any 

gas molecules. Vacuum req~irements are the main reason why 

lasers are more commonly used for beam cutting on earth: elec

tron beam guns, howevers are more energy-efficient ard pene

trate deeper. 
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The only consumable item in an EB gun is the tungsten 

filament which must be replaced every 8 ~ours (in a cutting 

gun) because of contaminating vapor from the bombarded mat&

rial. A refill magazine of 20 filaments and a spare cathode 

is mounted directly on the gun and automatically replaces a 

filament when one goes out. 

Electron beam guns require a closed current loop to re

turn the electrons to the cathode. Therefore, they can only 

be used on conductive materials, or the quick build-up of 

negative charge at the impact point will repel the electron 

beam, and the build-up of positive charge in the cathode will 

eliminate the potential difference accelerating the electrons. 

In slab cutting, e1ectrons are returned to the gun via a metal 

brush1sweeping across the slab surface next to the cutting zone. 
I 
Above lOKW power input, an EB gun probably cannot be ef-

fectively cooled by a passive radiator. An active cooling 

system employing liquid sodium is therefore used. Assuming 

a difference of 100°K between the input and output temper

atures, .5 kg/sec of liquid sodium must circulate through the 

gun. 

Accelerating voltage, focusing current, beam current, 

lateral sweep speed, and gun-to-slab distance are all con

trol parameters of a gun. By increasing the accelerating 

voltage or focusing current, the size of the focused spot 

can be decreased, causing deeper penetration. Increasing 
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the beam current or decreasing the sweep speed wfll also in

crease DV penetration. The distance between the slab and 

gun will also affect the intensity of the focused spot since 

the greater the travelfng distance, the higher the space

charge repulsion effect, which 'spreads out' the electron fn 

the beam. Reference 7.1 discusses numerical control of an 

EB gun. 

SPECIFICATION SH~ 

Machine Name: Aluminum Slab Cutter 

Function of Machine: To cut Al slabs (outputs of continuous caster} 

Mass of Machine: 96 kg 

Physical Dimensions: 2 m x 1.5 m x 2 m 

Throughput/Machine (tons/year): 

Power Requirements (KW!machine): 130 

Number of Machines: 2 

Number of Opera to rs: O 

c t omponen s: 

EB Gun 

Gun Tracking 

Active Cooling System 
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7.2.8 Al and Fe Die Casters: Casting on Earth is accomplished 

by ladling liquid metal into a sleeve, then driving it into a 

metal mold with a piston at high pre5su.·e (1.~ it 108 N/m2). 

To adapt this process for use in space. a valve is placed 

near the entrance to the sleeve (see Fig. 7.13). In order to 

cast many pieces efficiently, the study group has designed a 

system in which several molds can be fed by one piston and 

one liquid metal pipeline. The charging of the molds is con

trolled by valves at one end of the piston sleeve. An active 

cooling system circulates fluid around each mold. Once the 

casting in a mold has solidified, the mold is opened, allowing 

the casting to be removed to a storage frame. Castings pro

duced by the die caster include: solenoid poles, solenoid 

cores, klystron housings, manifold parts, end joints and joint 

clusters. 

Cost estimates for the die caster were based on the as-

sumption that an earth-bas~d die caster could be reduced in 

mass by at least/50% when redesigned for space use. 

Two such die casters are used in the reference SMF; one 

for the production of aluminum and aluminum alloy components, 

the other for the casting of iron pole pieces for klystrons. 

The aluminum die caster produces manifold parts, klystron 

housings, solenoid cores, end joints, and joint clusters. Of 

the 19 molds, 5 are devoted to the production of alloy end 

j o 1 n ts and j o i n t c 1 us t er s, w h i ch re q u ire approximate 1 y 7 0 hours 

of production time per year (assuming one molding every two 
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minutes). The 1·emaining 14 molds are used in the manufacture 

of aluminum products. 

The iron die caster is used to produce the soft 1ron so

lenoid pole pieces required for klystron production (448,000 

per year). One mold is used in the production process. 

SPECIFICATION SHEET 

Machine Name: Al Die Caster 

Function of Machine: To :ast parts from liquid Al and Al alloy. 

Mass of Machi n e : 3 5 , 5 0 O kg 

Physical Dimensions: 6 m x 6 m x 4 m 

Throughput/Machine (tons/year): 4.1 x 10
3 

Power Requirements (KW/machine): 290 

Number of Machines: 1 

Number of Operators: .25 

c t omoonen s: 

Piston and Chamber 

Molds 

Act he Cooling System 

Radiator 
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SPECIFICATION SHEET 

Machi n e Name : Fe 0 i e Ca s t er 

Function of Machine: To cast parts from iiquid Fe 

Mass of Machine: 3150 kg 

Physical Dimensions: 4 m x 3 m x 4 m 

Throughput/Machine (ton~/year): 800 

Power Requirements (KW/machine): 23 

Number of Machines: 1 

Number of Operators: .25 

c omoonents: 

Piston and Chamber 

Molds 

Active Cooling System 
-

Radiator 
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7.2.9 Transformer Core Caster: Because the tran5former cores 

are much larger than the other die cast parts, a separate 

facility has been designed for their productfon. This facility 

will be operated in the same fashion as the die caster. 

The mold must measure 1 x 2 x 3 meters. After cooli~g, 

an operator removes the rastfng from the mold and delivers 

it to a storage area. 

Mass estimates for thfs device are based on a scaling up 

of the die caster (see Sec. 7.2.8). 

LIQUID METALS 
p~oELINE 

ELECTROMAGNETIC PUMP 

FIGURE 7.14: TRANSFORMER CORE CASTER 
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SPECIFICATION SHEET 

Machine Name: Transformer Core Caster 

Function of Ma~hine: To cast transformer cores 

Mass of Machine: 11,500 kg 

Physical Dimensions: 1 m x 2 ru x 10 m 

Throughput/Machine (tons/year): 1.1 x 103 
· 

Power Requirements (KW/machine): 110 

Number of Machines: 
, 

Number of Ope:ators: .04 

c t omoonen s: 

Caster 1 
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- ' - -
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7.3: RI~BO~ AND SHEET OPERATIONS 

7.3.1 Overvi~w: Figure 7.15 shows a top view of the ribbon 

and sh~~t operations section of the c~mponents factory. 

Stabs of 6063 Al alloy and pure aluminum are received at 

the rolling mills fro~ the continuous casters (described in 

Sec. 7.2). 

The alloy is rolled to a thickness of 1.77 mm and dis

patched as a .74 m wide ribbnn to the end trimming and welding 

area. Here ends of the ribb~n are trimmed square by electron 

beam cuttert. The successive ribbons ~re welded together to 

form long ribbons, and the long ribbons are wound onto rollers. 

During winding, teflon sheets are placed between successive 

lay~rs of aluminum in order to prevent vacuum welding of the 

ribbon surfaces. The rol Is of 6063 alloy are dispatched to 

the output area to be used as structural member ~ibbon. 

The pure aluminum is rolled to a th~ckness of l mm anu 

dispatched to one of thre~ areos; end trimminc and welding 

(to be disr>atched as busbar strips/, ;::1eet tr1mming 'to be 

cut square by electron beam cutters and use<! in the formation 

of radiator sheets), or to the ribbon 5licer (to be cut into 

strips for the manufacture cf heat pipes). 

Ribbon from the ribbon slicer is theri either: t, 11111\· 1 

in the ribbon trimmer and used as heat p:pe ri~bon in radiator 

assemblies; striated, form rolled and trimme~, dnd used as 

heat pipe segments in radiator assemblies; forme~ rolled and 

trimmed (without striation) for use as radiator pipe ~egments 
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in DC-DC converter radiator assembly; or spooled and used as 

electrical wiring. 

Sheets from the sheet trimmer are laid out and electron 

beam welded together to form radiator sheets for the klystron 

and DC-DC co~verter assemblies. because of the size of the 

DC-DC converter radiators, they cannot be transported through 

the factory and are therefore assembled close to the dispatch 

area to minimize the handling required. 

The outputs of this section are then: structural member 

ribbon, busbar strips, klystron radiators, alu~inum wire, and 

DC-DC converter radiators. The machines used are described 

below. 
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7. 3. 2 Ro 11 in g ,~: To produce sheet for use in str~ctural 

members and ot .~r products, it is desirable to cold-roll the 

stock to give the sheet greater strength. Unfortunately, an 

attempt to cold-roll aluminum stock to greater than 1201 of 

its original length will produce unwanted cracks in the pro

duct. The SMF rolling mill is therefore designed to hot-roll 

aluminum at all stages but the final one. To facilitate hot

roll ing, the mill receives slabs directly from the caster, at 

500°C. In the event of a production stoppage at the caster, 

heating elements at the entry to the rolling mill are put 

into operation. These consist of electrodes which pass large 

currents through slabs arriving from storage (see rig. 7.16). 

Once 1n the mi11, slabs first pass through "roughing rol

lers" ~hich have vertical as well as horizontal rolls designed 

to maintain the shape of the sheet. Horizontal rolls are 45 cm 

in diameter; vertical rolls are 20 cm in diameter. Finfshfng 

rollers then produce s~eets that are close to the desired size. 

Finally, the sheets may be passed through an active cooling de

vice and cold-rolled at 150°C in the final stage. 

The various stages of this rolling mill can be set to 

different roller spacings, thus producing sheet anywhere from 

1 mm to ?.O mm thick. In addition, the cold-rolling steps can 

~e omitted if structural strength is not requirP.d in the ~ro

duct (in this case the product trdvels through the cooling 

jacket and final rolls unchang~d). 
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SPECIFICATION SHEET 

Machine Name: Rolling Mill 

Function of Machine: Production of sheets from slabs 

Mass of Machine: 187 .ooo kg 

Physical Dimensions: 17 m x 2 m x 5 m 

Throughput/Machine (tons/year): 3.65 x 104 

Power Requirements (KW/machine): 410 

Number of Machines: l 

Number of Operators: O 

c t omponen s: 

Preheat System 

Roughing Stand 

Cooling System 

Finishing Stand 

Radi atcr 

Handling & Control System 
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7.3.3 End Trimming, Welding, and Roll Winding: These oper

ations are show fn Fig. 7.17. Aluminum ribbon (1 mm thfck) 

or 6063 Al alloy ribbon (l.77 mm thick) are fed from the 

rolling mill through the end trimmer. The trimmer consists 

of an electron beam gun which cuts the ends of the ribbon 

•square• (perpendicular to the ribbon edges). Subsequent 

ribbons of the same material and gauge are then EB welded 

end to end. The ribbons produced are wound onto spools wfth 

teflon sheets between suc~essfve layers of aluminum to pre

vent vacuum welding. The strf ps prodaced by welding are 

660 m long f n the case of the l mm gauge aluminum destined 

for use as busbars, and of a length suitable for use in a 

beam builder in the case of the 6063 Al alloy structural mem

ber ribbon (1.77 mm thick). 

The teflon used in the rolls is ;eturned to the SMF from 

the SPS assembly site every three ~onths. Howe1er, the quan

tity of structural member strips produced necessitates an 

initial stock of 3000 rolls. 
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SPECIFICATION SHEET 

Machine Name: End Trimming & Welding & Roll Winding 

Function of Machine: Creation of structural members and bus-
bars from sheet 

Mass of Machine: 840,000 kg 

Physical Dimensions: 1 m x 1 m x 2 m 

Throughput/Machine (tons/year): 12,700 

Power Requirements (KW/machine): 70 

Number of Machines: 2 

Number of Operators: 0 

c omponents: 

EB Trimmer 

Focusing Device 

EB Welder 

Roll Winder 

Te fl on Rol 1 s 

Handling Equipment 

Active Cooling System 
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7.3.4 Sheet Trimmer: Ribbons to be used 1n the assembly of 

radiator sheets (see Secs. 7.39 and 7.J.10) are trimmed to 

be precisely rectangular (2.15 x .72 m) by an actively cooled 

electron beam sheet trimmer. The need for p~ec1sion arises 

because the sheet pieces are later welded together edge-to

edge. 

The ribbon, guided by rollers, first passes through two 

edge-trimming EB guns which reduce the strip width to 72 cm. 

The ribbon is then trimmed into 2.15 m long segments by an

other EB gun. This second gun cuts through the 1 mm sheet 

sufficiently rapidly to use electronic rather than a mechan

ical tracking mechanism. 

EB Trimmer Coolant 
Pipes 

Ro 11 ers 

FIGURE 7.18: SHEET TRIM'lER 
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SPECIFICATION SHEET 

Machine Name: Sheet Trimmer 

Function of Machine: Production of sheets for use in klystron 
radiators 

Mass of Machine: 84 kg 

Physical Dimensions: 20: x 1 m x 1 m 

Throughput/Machine (tons/year}: 2. 4 x 1 o3 

Power Requirements (kW/mac~1ne): 41.5 

Number of Machines: 

Number of Operators: 

c t omponen s: 

EB Cutters 

Focusing Device 

Handling Equipment 

Active Cooling System 
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7.3.5 Ribbon Slicer: The ribbon slicing operation slices 

narrow strips of 1 mm gauge aluminum for use as electrical 

wires 9 and wider strips for heat pipe and rad ator manufac

ture. 

The metal 1s sliced by being passed through a pair of 

rollers in a knife-and-siot configuration, which produces 

wires of varying width (and of square or rectangular cross

section}. In order to prevent the cold welding of the alu

minum as it is wound, the wire is wound onto spools which 

allow no contact between successive layers. The square 

cross-section of the wire produced allows a greater coil 

density to be achieved on winding. 

The strips for heat pipe and radiator manufacture pro

duced by the slicing rollers are then sent to the edge-trim 

and welding section described in Sec. 7.3.3. 
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SPECIFICATION SHEET 

Machine Name: Ribbon Slicer 

Function of Machine: Production of wire and of strips for use 
tn heat pipes and radiators 

Mass of Machine: 70,000 kg 

Physical Dimensions: 1 m x 1 m x 1 m 

Throughput/Machine (tons/year): 6.0 x 10 3 

Power Requirements (KW/machine): 231 

Number of Machines: 

Numter of Operators: 

Comoonents: 

Rolling Stand 

Handling Equipment 

Spool Winder 

Spools 
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7.3.6 Ribbon Trimmer: The ribbon trimmer is designed to 

square the enas of the heat pipe ribbor ~fed from the rib

bon sl1cer and used in klystron heat pipe mar~fact~re). A 

'clean' edge cut is required since a ~ealed edge joint must 

be formed between the radiator sheet and the ribbon. 

A passively cooled electron beam gu" is used tl cut the 

ribbon as sh~wn in Fig. 7.20. The ribbon to be trimmed is 

transported along rollers which position the ribb~n so th~t 

the 'cut' is made perpendfc11arly to both edges. Th~ cut 

ribbons are 1.6 m long, .125 m wide, and 1 mm thfc~. The 

power level of the gun is sufficiently high to cut rap" 'ly 

~nough so that a mechnical tracking system is not req~ired. 

A EB Trimmer 

Guide Rollers 
A1 

FIGURE 7.20: RIBBON TRIMMER 
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SPECIFICATION SHEET 

Machine Name: Ribbon Trimmer 

Function of Machine: To cut ribbon into segments sized for 
klystron radiator production 

Mass of Machine: 30 kg 

Physical Oimensions:l m x 1 m x l m 

Throughput/Machine (tons/year): 7.3 x 102 

Power Requirements (KV/machine): 4.1 

Number of Machines: 

Number of Operators: 

c omuonencs: 

EB Cutters 

Focusing Device 

Handling Equipment 
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7.3.7 Striator: The str1ator forms the striations which 

will become the capillary return paths in the heat pipes for 

the klystron cooling system. One-millimeter gauge aluminum 

ts passed through the strfator as shown tn Ffg. 7.21. The 

upper roller 1s configured to produce strtatfons along the 

center section of the 1nc~ming rfbbon. 1n preparation for 

form rolling this ribbon into heat pipe segments (discussed 

fn Sec. 7.3.8). 

The ma~~fnc operates as a rolling mfll and fs conven

tionally used on Earth 1n s1mflar operatfons. One end of the 

rfbbon fs left unstriated. in order to provide a flat closed 

end for th~ pipes fsee Fig. 7.24). 

Al Rf obon 

Stria tor 

FIGURE 7.21: STRIATOR 
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SPECIFICATION SHEET 

Machine Name: Striator 

Function of Machine: Striat~on of heat pipe strips 

Mass of Machine: 20,000 kg 

Physical Dimension:: lmxlmxlm 

Throughput/Machine (tons/year): 3.2 x 103 

Power Requf remer.ts (KW/machine): SO 

lumber of Machines: 

lumber of Operators: 

c t 011ponen s: 

Stria tor 
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7.3.8 Form Roller: The form roller is used to shape both 

plain ribbon and striated ~ibbon into 'hat shaped' heat pipe 

and radiator pipe cross sections (as shown in Ffg. 7.22). 

However, one tip of the striated segments is lest unrolled 

(the unstriated tip) to provic~ a flat 'closed' end for the 

pipes. Plain strips are form rolled alon~their whole length, 

to form radiator pipe segments for the DC-DC converter radi

ators (see Sec. 7.3.10). The form roller assembly also 1~

cludes an electron beam gun. which is used to trim the pipe 

segments after rolling. 

- -4"· 

.03 M 
~=::1+ 

FORM RoLLING 

(--~~-- ~~~-) 
,}If M 

f JNAL CROSS-SECTION 

FIGURE 7.22: FORM ROLLER 
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SPECIFICATION SHEET 

Machine Name: Form Roller 

function of Machine: Rolling of heat pfpe strips fnto hat-
9haped cross section 

Mass of Machine: 3000 kg 

Physical Dimensions: 1 m x l m x 2 m 

Throughput/Machine (tons/year): 3.3 x 10 3 

Power Requirements (KW/machine): 35 

Number of Machines: 

Number of Operators: 

c t omoonen s: 

EB Cutter 

Focus i n g De vi c e 

Form Roll er 

Handling Equipment 
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7.3.9 Klystron Radiator Assembly: Figure 7.23 shows the 

production of klystron radiators. Sheet output from the 

rolling mills (.72 x 2.15 m, 1 mm thick aluminum sheets) are 

stored in magazines (separated to avoid vacuum welding). 

Two sheets are simultaneously fed from the magazines and 

along guide tracks to an EB welding station. Here, the 

two sheets are joined at their inner edges to form a plate 

1.44 x 2.15 m (the klystron radiator sheet). The radiator is 
. 

completed by welding into position six heat pipes, stored in 

magazines alongside the tracks. 

Figure 7.24 shows the three principal steps in the attach

ment of heat pipes to the klystron radiator sheets. The top 

figure shows an overview of the radiator sheet immediately 

after it has been welded together. Six heat pipe segments 

(only one is shown) are moved from the heat pipe segment maga-

zines across the radiator sheets until their form-rolled 'open' 

ends extend beyond the sheEt, and their flat 'closed' ends sit 

on the sheet. EB welders then weld the segment edges to the 

sheet. 

Next, the open ends of the heat pipe se~ments are bent 

over (middle figure). This brings the end of the pipes to the 

expected location of the klystron (relative to the radiator 

sheet). Six heat pipe ribbons are then fed from their maga

zines, and their ends are welded to the radiator-sheet/heat

pipe-segment edge. The ribbons are then bent to fit against 
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the heat pipe segments. and welded to complete the heat pipes 

(bottom figure). 

The purpose of this assembly sequence is to form heat pipes 

with one continuous piece along thei~ entire length -- the heat 

pipe segment. This allows the use of striations along the seg

ment as capillary return paths for the heat pipe fluid, avoiding 

the need to insert a return wick in the pipe. The study group 

could not devise a simple, reliable method to connect stri

ations across pipe joints, and so developed this continuous 

piece design. 

Should the heat pipes be replaced by fluid pipes (as in a 

recent Boeing SPS design iteration), a similar process can pro

duce fluid pipes open at both ends, or a pipe and manifold design 

can be substituted (such as for the DC-DC converter radiators, 

see Fig. 7.25). 

Klystron-radiator-size sheets are also produced without 

attachment of heat pipes, and sent to magazines feeding the 

DC-DC converter radiator assembly (see Fig. ~.25). 

7.60 



SPECIFICATION SHEET 

Machine Name: Klystron Radiator Assembly 

Function of Machine: Automated assembly of klystron radiators 
I• 

Mass of Machine: 636 ,kg 
I 

Physical Dimensions: 15 m x lG m x 3 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 

Number of Machines: 7 

Number of Operators: O 

c t om Don en s: 

EB Gun - ·- -- ' 
... ,. - ---

Focusing Device 
- ' - " ·-

~...-1l;J;.Jj
0

-'tJ,"t;J~.,-J.11:. 

Sheet Track & Transport 

Pipe Segment Magazine & 

Pipe Ribbon Magazine & 

Pipe Segment Bender 

Pf pe Ribbon Bender 

Trans port 

Transport 
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7.3. 10 DC-DC Converter Radiator Assembly: Figure 7.25 shows 

the DC-DC converter radiator assembly system. Sheets of 1 mm 

thick aluminum (from the sheet layout station) are stored in 

a sheet magazine. Seven of these sheets are joined to form 

a strip 10.08 x 2.15 m. Seventeen such strips are joined 

edge-to-edge to form the DC-DC converter radiator sheet. Al

though ommitted from the figure for clarity, a number of rol

lers help the edge clamps to align the edges of the sheets be

fore welding. Also, the EB welders first tack-weld the edges 

in several places, to avoid separation of the pieces due to 

thermal effects during the line-welding. 

As the radiator sheet grows, manifolds and radiator 

pipes are welded onto the surface. The function of the mani

fold (a cast piece) is to spread the hot coolant fluid from 

on main feed pipe to nine pipes running along the back of the 

radiator sheet. A similar manifold at the other end of the 

radiator gathers the cooled fluid from the nine pipes and 

channels it into one output pipe. 

The nine radiator pipes are each made from 10 radiator 

pipe segments (3.45 m long) with the cross-section shown in 

Fig. 7.22 but without striations. The pipe segments are po

sitioned o~ the sheet from nine overhead magazines, and each 

segment is EB welded into position. 

The finished radiator masses 1421 kg, and is too large 

to travel in the SMF internal transport system. Therefore 

this assembly station is located near the docking area, and 
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the long manipulators used for docking and cargo loading and 

unloading move the finished radiators into the output ship

ping containers. 

SPECIFICATION SHEEi 

Machine Name: DC-DC Converter Radiator Assembly 

Function of Machine: Automated assembly of DC-DC 
converter radiators, 

Mass of Machine: 585 kg 

P~ysfcal Dimensions: 45m x 15m x 3m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine}: 50 

Number of Machines: 1 

Number of Operators: 0 

c omponents: 

EB Welder 

Focusing Device 

Sheet Magazine 

Track & Transport 

Pipe Segment Magazine 

Manifold Assembler 
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7.4: INSULATED WIRE PRODUCTION 

7.4.1 Overview: Figure 7.26 shows the 1ns~lated wire pra-

duction section of the componer.ts factory. Insulating fibers 

are produced by drawing mvlten S-glass through a multi-hole 

die. The strands are then wound onto spools which are ~n 

turn loaded onto the winding machinery. Aluminum w1r~ pro-

duced as described in Sec. 7.2 -- is wrapped with the glass 

fibers by eig~t 'weaving' machines. The wire produced is 

disp~tched for use either as DC-DC co~verter transformer 

co.· Ss or as klystron solenoid coils. 
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7.4.2 Glass Fiber Prod~cer: The glass fiber producer draws 

fibers from a molt to produce insulation. The lunar input is 

in the form of a glass rod 6.4 cm ir. diameter and 8 m in 

length. The glass, known as S-glass, is composed of 65i s102 , 

25% A1 2o3 and loi MgO, all of which are available on the moon. 

The fibers produced are 20 microns fn df amefer. 

The fiber producer consists of a platinum-iridium-osmium 

alloy tube (2 cm thick) with a 20-hole die at the end (see 

Fig. 7.27). The tube uses resistance heating coils to heat 

the glass to about 1700 K. A compressed gas riston is used 

to drive a plunger into the tube. The fiber ~roducer was 

sized for output of fibers at bO m/sec. The piston and com

pressor masses were based on those of currently available 

machinery. 

The fibers produced are wound onto spools and transported 

to the insulator winding facility. 
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SPECIFICATION SHEET 

Machine Name: Glass Fiber Producer 

Function of Machine: To produce glass fibers 

Hass of Machine: 400 kg 

Physical Dimensions: 20 m x l m x l m 

Throughput/Machine (tons/year): 25 

Power Requirements (KW/machine): 9.0 

Number of Machines: 

lumber of Operators: 

c t omponen s: 

Platinum Alloy Tube 
. -· . 

Piston & Piston Tube 

Gas Pump 

Gas Cylinder 

Spool 

Spool Motor 

ol 

0 

Automatic Spool Threader 

" 
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7.4.3 Insulation Winder: The wire insulation wrapper draws 

aluminum wire from a spool and glass fibers from other spools. 

It then wraps the wire with fibers in a pattern similar to 

that of the outer wire of a coaxial cable. The insulated 

wire is then spun onto an output spool and stored. 

The cost estimates were based on prices of industrial 

weavers used for making cloth. The process for making tu

bular weave is widely used and most machines that weave 

cloth can weave glass fibers. 

Wire 

Glass Fiber 
.Spools 

/;I 

FIGURE 7.28: INSULATION WINDER 
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SPECIFICATION SHEET 

Machine Name: Insulation Winder 

Function of Machine: To wrap insulation on wires 

Mass of Machine: 500 kg 

Physical Dimensions: 1.5 m x 1.5 m x 1 m 

Throughput/Machine (tons/year): 430 

Power Reqrfrements (K•/machine): 2 

Number of Machines: 

Number of Operators: 

c t omponen s: 

8 
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7.5: DC-DC CONVERTER PRODUCTION 

7.5.l Overview: The DC-DC converter production area 1s indi

cated in Fi9. 7.29. The converter consists of a SENDUST alloy 

transformer core {see Sec. 7.2), insulated wire windings (see 

Sec. 7.4). a radiator (see Sec 7.3), and control circuitry 

tmported from Eart~. 

In this area. the transf~rmer cores are received from the 

caster, and cooling channels are drilled through it to allow 

th~rmal control of the converter. The insulated wire is next 

wound onto the limbs of the transformer, and finally, the con

trol circuitry 1s added. The fitting of the control circuitry 

ts assuMed not to be automated because of the combination of 

the task's complexity and the low output level. 

The transformer/circuitry combination, and the DC-DC 

converter radiator are shipped separately to the SPS construc

tion site because of problems in handling the fully assembled 

converter. 

7.72 



'l D 
0 0 

......., 

" w 

D 0 
0 0 

D 
c 

co 
0 
a 

Cl CJ 

DC-DC Converter 
Production 

FIGURE 7.29: DC-DC CONVERTER PRODUCTION AREA 



7.5.2 DC-DC Converter Producer: A numerically controlled 

"deep" drill (3 m long bit) is used to drill cooling channels 

through the transforiller core. In order to provide one con

tinuous channel, three interconnecting holes must be drilled 

(as shown in fig. 7.30 (a]). The drill features a debris re

moval system, i.e. liquid injected through the center of the 

bit is used to carry away metal particles and prevent 'clog

ging' of the holes. Such machines are in current use in 

industry. 

After drilling, the transformer core is transferred to the 

coil winding machine. This machine -- again of a type currently 

used in industry -- uses manipulator arms to wind insulated wire 

from a spool around the transformer limbs. (See Fig. 7.30 [b]). 

Finally, the transformer, complete with windings, is con

nected manually to the control circuity imported from Earth. 
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SPECIFICATION SHEET 

Machine Name: DC-DC Converter Producer 

Function of ~ach1ne: Manufacture and Assembly of DC-PC converters 

Mass of Machine: 4000 kg 

Physical Dimensions: 8 m x 15 m x 6 m 

Throughput/Machine (tons/year): 2 .1 x 10
3 

Power Requirements (KW/machine): 2.5 

Number of Machines: 

Number of Operators: 

c t omponen s : 
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7.6: KLYSTRON PRODUCTION SYSTEM 

The ~lystron production section is required to b~ a highly 

automated faLility with a high output rate of complex compo~ents. 

The essential tasks which it must perform ar~: 

•Machining and polishing of cast solenoid core 

•Drilling of cooling channels 

•Machining of output cavity/waveguide interface 

•Winding of solenoid cofl 

•Fitting of solenoid pole piece~ 

•Quality control 

• Fi t t i n g o f r a ~ i a to r a s s em b ·, : · 

•Assembly of gun/collector/hous.~gs/control circuitry 

• Bakeout and processir.g 

•Testing 

•Other design dependent operations 

It is anticipated that the aluminum cast solenoid core 

arriving at the klystron facility from the casting section will 

be sized to within 0.8% of its nominal design dimensions. The 

klystron cavities, therefore, ~ust be further machined and 

polished to come wit:iin the tJlerance limits of 1.5 x 10- 4 mm 

to 2.0 x 10- 4 mm RMS for 2.45 GHz operation. At this stage, 

provision for cooling channels, drilled transversely in the 

webs between cavities, should be mad~. In order to prevent 

contamination of the core production area by chips (from the 

machi~ing operations), active dust removal systems should be fn 

operation througho ~ the plant. Completed core units are sub

jected to automatic testing of dimensions and surface finish 
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before being transported to the next stage -- any sub-standard 

units being discarded befor~ fitting of components brought from 

Earth. Further machining of the cavity, in preparation for 

fitting of the window after bakeout, is completed before in

stallation of the magnetic circuit. 

The magnetic circuit consists of two solenoids (one fo

cusing and one re-focusing solenoid) and two soft-iron pole 

pieces (to connect the solenoid core and focusing solenoid). 

The solenoids are wound aluminum wire with a glass wool in

sulator coating, and the pole pieces are soft-iron annuli , 
electron beam welded into position et either end of the fo-

cusing solenoid to compl~te a mag~etic circuit dround the 

cavities. 

The klystron radiators, manufactured elsewhere in the SMF, 

are at this point connected to the cooling channels. Components 

originating from Earth, i.e. collector, electron gun, and con

trol systems, are mounted on the tube together with cast alum

inum collector and solenoid housings (produced in the SMF). 

The now completed tube is dispatched to the testing area for 

bakeout (if necessary) and processing. A final "hot" (cathode 

on) test of the tube is made before dispatch to stores or to 

the SPS assembly site. The wastage rate of tubes at the pre

sent time is approximately 7% during manufacture -- the study 

group feels tiiat similar rat~s (10%) should be achievable using 

more highly automated manufacturing techniques in the SMF. 

Although particular processing stages cannot be listed 
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at the present time, equipment used is experted to includ~; 

milling machines, polishers, drills, EB welders, test station~> 

winding machines dnd robot manjpulators. Since no ~peciffc 

design of the baseline product has been completed, costf~g of 

the klystron plant overall (rather than of indtvidual machi~ ·s) 

has been conducted. This approach does not involve any attempt 

to list individual operations and th~refcre avoids errors 

arising from the ommission of unforeseen production steps. 

The klystron produc~ion facility was sized on the basis of 

a requirement for 204,000 klystro11~/year (rncluding a 103 mar-

gin for breakage d· R ~?S assembly) plus an additional 103 

to account for t 

2~4,400 klystro;•s/yc:tri 

·~e~ :poilage (giving a total of 

was hssumed that the r~sidenL 

time of a workpie ...... ;. cr·e n:achin~ry was two hours, and there-. 

fore that the res jdent wor.cpiece mass in the machinery would 

be two hours worth of production \or ·3053 kg) at a given time. 

Since no other information on the specific machinery mass wa~ 

available, the production machinery mass was estimated to be 

100 times the resider.t mass (i.e. approximately 305 tons). 

The replacement parts are assumed to account for 5% of the 

machine mass per year -- gi\ing a figure o~ aooroximately 

15 tons/year. With an 80% duty cycle, each ·stron p ... :iuction 

unit within the facility has a working time o- 6400 hours/year. 

Therefore, at 2 hours per klystron it has the capacity to pro

duce 3200 units/year. However, sin~e t~e final testing is ex

pected to occupy one hour of production time, 2 workpieces 
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may occupy a machine at a given time (one unit being assem

bled, the other being tested). Therefore, the number of units 

required is 224,400/(3600 x 2) = 32. Assuming that each unit 

occupies a 'floor area• of 40 m2 and a he1ght of 5 m, then the 

area requ~red f"" klystron production is 1280 m2 • This analy

sis assumes that a production ••nit can handle only one work

piece in the production stage and one in the testing stage at 

a gfv~n time. Depending on the klystron desi~n it may be pos

sible to have a higher number of testing units than production 

units and to have simultaneous production of several workpieces 

fn one m~-h1ne, thus reducing t~e facility size. 

-·,,11 power requirements, pr'>curement costs and dut·· 

cycles were based Oh an earth-based facility designed by Varian 

Associates (Ref. 7.2). Repair labor was estimated on the 

b--- is of two crew naen per machine section, and crew require-

ments calc~lated o~ the hasis that the entire pl would be 

automatically contro11ed. 

Fina11y, R&D costs were estimated on the basis of the 

requirement to develop highly ~~~omated close-tolerance ma

chining facilities and to build and test a pilot facility 

(pos~ibly i~volving some tFst1ng in space). 

In the specifi~ations sheet f~llowing, the entire facili

ty is listed as one machine, rather than 32 prod~ction units. 

The factory thus agglomerates production star.ds and common 

h a n d ·1 i 11 g a n d t e s t i n g e q u i pm e n t . 
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SPECIFICA1ION SHEET 

Machine Name: Kly~tron Product;on System 

Function of Machine: To produce klystrons 

Mass of Machine: 305 tons 

Physical Dimensions: floor area approx;mately 1300 m2 

Throughput/Machine (ton~/year): 1.7 x 104 

Power Requirements (KW/machine): 40.000 

Number of Machines: l 

Number of Operators: O 

c omoonents: 

Klystron Factory 
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7.7: WAVEGUIDE PRODUCTION EQUIPMENT 

7.7.1 Overview: Figure 7.31 shows a "top" vfew of the wave

guide factory. This facility is designed so that each piece 

of foamed glass {the material from which the waveguides are 

Formed) progresses linearly through the facility to mfnfmfze 

handling of the delicate sheets. 

Waveguides for the SPS essentially consist of a closely 

dimensioned foamed glass box structure coated internally wfth 

a th1n layer of depos~ted aluminum. In the basel1ne SMF de

dign, foamed glass is produced by mixing lunar anorthosfte and 

chemical foaming agents, and then thermally cycling the mix

ture in a mold, The resultant monolithic block of material 

1s sliced into thin sheets using tungsten blade saws. 

The sheets are then smoothed on their 'interior' faces 

by rew~v1ng surface irregularities wi•~ lasers. A 7-mfcr~n 

thick coating of aluminum is then deposited onto the smoothed 

surface, usfng direct vaporizatio~. The coated sheets are then 

cut by laser into strips which will form the sides of the 

waveguides. Sfmultaneou$ly, those strips which constitute 

the 'front' radiating surface (one in four} are slotted, and 

those strips which constitute the ·~ack' faces of the wave

gufdes ~re holed. 

Fina11y, the wavegu1des are automatically ~ssembled 

around gui~es by automatic manipulators. The purpose of the 

~uides is to erJure th~t t~E inter~al dimensicns of the 
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waveguide meet the tolerance requirements by building the box 

around accurately dimensioned structures. The sides of the 

box are fused together along adjacent edges by laser beams. 

Careful handling of foamed glass throughout the production 

area is required, because of the fragility of the material 

when in the form of thin sheets. 

The completed waveguides are stored in padded racks 

which are carried by internal transport system to the 1nput/ 

output station. 

7.84 



7,7.2 Glass Foami~g Facility: On e1rth, foamed glass can be 

manufactured using volcanic ash; similar materials are avail

able on the lunar surface. lunar anorthosite arrives at the 

SMF in particles of diameter 5 microns -- the size necessary 

for the foaming process. Therefore the usual requirement 

for a ba11m111 to crush the particles is eliminated. 

A flux and chemical foaming agents are added to the 

glass. (A small amount of grog, whicn fs fired batch mate

rial reground to granular form, may also bP added to help 

control the resultant density.) Flux is added to yield more 

cellulation in the glass and to achieve the proper viscosity 

for foaming. The viscosity achieved enables the foaming 

temperature to be lowered to 800 C, which is 750°C less than 

the normal melting temperature of anorthosite. The flux in

cludes NaOH or Na 2sio3 and Na 2o. 
The anorthosite and foaming agents must be blended tho

roughly in a continuous mixer lFig. 7.32) to ~roduce an amal

gam ready for foaming. The mixer consists of a series of 

propeller-like blades -- counter-rotating to providl maximum 

turbulence in the powder -- which are designed to impinge on 

large numbers of particles and to impart a velocity with 

both a tangential and axial r.omponent (thereby creating flow 

through the mixer). During mixing, the particles . ne floating 

free fn vacuum. Each mixing blade has a tip radius of .28 m, 

and the mixing section is estimated to be 5.4 m long, giving a 

volume of 1.32 m3. The residence time of a p~rticle in the 
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mixer is estimated to be roughly 20 minutes, at a particle den

sity of 500 kg/m 3, giving a mass throughput rate of 2000 k9/hr. 

The foaming mixture is charged into stainless steel molds, 

and heated [over a period of about 4 hours) to foaming tem

perature (800°C). Heat is supplied through coils, c~ •,ined 

w1th1n the molds themselves, at a rate of 1000 kW. On foaming, 

thE~fxture expands to •bout twice its volume as a powder. 

The foamed glass fs then slowly cooled ('annealed') over a 

period of 8 hours at a rate controlled by a thermal control 

unit; this unit controls the flow of cGolant through channels 

fn the sf des of the mold. 

The product is a monolithic block of foamed glass {10 x 

.8 x .6 m) of density 800 kg/m 3. Each block represents roughly 

two hours worth of production (at 2000 kg/hr) and 1s sized so 

that the longest waveguide may be formed from a single sheet. 

At the conclusion of the cooling cycle, the glass is removed 

from the mold bya manipulator system. 

The molds are each charged (sequentially from the mixing 

unit) for 2 hours out of every 14. The powder is initially 

compacted by bring the mold sides toward the center. Heat 

is supplied directly from heaters in the walls of the mold, 

a1 the walls move outwards to their full .8 m displacement 

as foaming occurs. This allows more even heating during the 

foaming oper~tfon. Additionally, the walls are moved out

wards again after anneal~ng, to ease the removal of the foamed 

glass blocks after cooling. 
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SPECIFICATION SHEET 

Machine Name: Glass Foaming Facility 

Function of Machine: Production of foamed glass for waveguide 
manufacture. 

Mass of Machine: 228,000 kg 

Physical Dimensions: mixer: blade radius 28 cm, length 5.4 m 
mold (inter~al) lC x.60 x .80 meters 

Throughput/Machine (tons/year): 1.a x 104 

Power Requirements (KW/machine): 7600 

Number of Machines: 1 

Number of Operators: 1 

c t omoonen s : 
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7.7.3 Foamed Glass Cutter: The blocks of foamed glass pro

duced in the glass foaming fa'ility must be cut into sheets 

of Z.5 mm thickness before being coated with the layer of 

conducting aluminum. This slicing operation 1s achieved in 

tw~ stages, by tungsten-blade ~aws. In the first cutting op

eration, the 10 x .8 x .6 m foamed glass block fs sliced int~ 

8 blocks 10 m x .8 m x 7.35 cm. These smaller blocks are then 

fed one by one 1nto a 20 blade saw whose output f s 21 sheets 

10 m x .8 m x 2.5 mm. The sheets produced are dispatched to 

the smoothing area. 

The cutting section must, f n add1t1on to the sawing 

equipment, include conveyors for handling of the foamed glass 

blocks. The delicate foamed glass sheets are handled between 

soft conveyors in order to minimize damage. 

Kerf removal is achieved by 1mpartfng an electrostatic 

charge to the debris via the saw blade. An oppositely charged 

b~lt is run past the cutting area to carry away the particles 

to a disposal area. 
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SPECIFICATION SHEET 

Machine Name: Foamed Glass Cutter 

Function of Machine: To cut foamed glass blocks into sheets 
10 m x .8 m x .0025 m 

Mass of Machine: 5900 kg 

Physical Dimensions:24 m x 2 m x 3 m 

Throughput/Machine (tons/year):l.3 x 104 

Power Requirements (KW/machine): 23 

Number of Machines: 1 

Number of Operators: O 

c t omoonen s: 
Eight Blade Saw 

Twenty Blade Saw 

Handling Equipment 

Kerf Removal System 
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7.7.4 Foamed Glass Smoother: The faces of the foamed glass 

sheets leaving the cutting area have surface irregulJrities 

which must be removed before deposition of aluminum. A good 

finish is required on the surface to be coated in order to 

ensure that the coating itself is s~ooth. (An irregular in

ner surface would lead to a loss in the waveguide efficiency.) 

The waveguide smoothing operation uses two pulsed lasers 

(see Fig. 7.34) to burn off any surface irregularities. One 

laser 1s positioned so that the beam passes across the sur

face of the foamed glass she t which is trave111ng at 0.1 m 

per second. This laser burns off material protruding above 

the plane of the foamed gl~ss surface. A second laser sweeps 

the surface from directly above to fuse any remaining irregu

larities. This laser's beam is focused to a wider spot than 

the f i rs t 1 as e r's , s i n c e i ts fun ct i on i s to f us t~ r a -i:" . than 

vaporize. 

Each of the lasers has a beam power of 1 kW which, ·after 

allowing for an efficiency of 10% 5 require an input power of 

10 kW. r~ ~~sers are used because their operating wavelengths 

are suita ... .! for cutting glasses. 
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SPECIFICATION SHEET 

Machine Name: Foamed Glass Smoother 

Fuhction of Machih~: To smooth rough surface of foamed gla~s 

Mass of Machine: 8250 kg 

Physical .Dimensions: 12 m x 2 m x 3 m 

Throughput!Machine [tons/year): 4.3 x 103 

P~~er Requ1rements (KW/machine): 25 

Nu~ber of Machines: 3 

Number of Operators: O 

c t omponen s: 

laser 

Radiator Pump 

Conveyor System 
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7.7.5 Direct Vaporization of Aluminum Coating: In order to 

operate as waveguides, the internal surfaces of the foamed 

glass assembly must be coated with a 6.7 micron thick layer 

of aluminum. The reference SMF design uses an electron beam 

direct vaporization technique to deposit the aluminum at a 

rate of 50 microns per minute. 

As shown fn F1g. 7.35, the slabs of aluminum are pos1-

t1oned above the deposition surface, and are subjected to 

bombardment by a focused electron beam. The aluminum vapor-

1zes and travels to the depos1t1on surface (the foamed glass 

s~eet). The Al fs deposited at 50 microns/minute. Therefore, 

for a travel speed of .l meters/sec, the deposition section 

must be .8 meters long. 

Thfs process and equipment is similar to the direct va

porization used in solar cell production. Such equipment is 

discussed in greater detail in the solar cell production 

equipment descriptions (see ~ec. 7.8.3). Cost and sizing of 

the waveguide coatins equipffie~t is based on the solar cell 

factory designs. 
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SPECIFICATION SHEET 

Machtne Name: Waveguide DV of Aluminum 

Function of Machtne: To deposit internal conducting surface on 
foamed glass waveguides. 

Mass of Machtne: 1000 kg 

Physical Dimensions: 12 m x 2 m x 3 m 

Throughput/Machine (tons/year): 4.3 x 103 

Powe~ Requirements (KW/machine): 87 

Number of Machines: 3 

Number of Operators: O 

c t omponen s: 

EB Gun 

Gun Cooling System 

Slab Feeders 

Baffles 

Belt and Cooling System 
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7.7.6 Sheet Cutter and Slatter: After the aluminu~ coating 

is applied, waveguide sheets are cut into strips 9.8 cm and 

6.0 cm wide (see Fig. 7.36). ~ight strips, four of each 

width, are cut from each foamed glass sheet by lasers. These 

strips will form the sides of the waveguides. 

Next, holes in the 'back' faces and slots in the 'front' 

faces of the waveguides are cut to allow the microwaves to 

enter and be radiated during waveguide operation. The radf

atfng ;lots must be made to tolerances of + .0127 mm in 

alignment, ~ .058 mm in length, and~ .058 mm in spacing. 

Half of the 9.8-cm-wide strips are slotted lengthwise in two 

parallel rows -- these will form the radiating surface. The 

other half of these strips are holed to form the inlet ports 

for the microwaves. These holes and slots are cut by the 

pulsed l kW lasers. Finally, another laser crosscuts the 

10 m strips to the lengths required for the various waveguides. 
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SPECIFICATION SHEET 

Machine Name: Sheet Cutter and Slotter 

Function of Machine: To cut and slot fo~~ed glass sheets 

Mass of Machine: 56000 kg 

Physical Dimensions: 12 m x 2 m x 3 m 

Throughput/Machine (tons/year): 6.5 x 1 o3 

Power Requirements (KW/machine): 21 -Number of Machines: 2 0 ,. ~ 
L. c -

Number of Operators:O ·-.0.C .,, 
EU .,, 
:::t IG «I 

c omoonents: z:c :c 

Laser 14 4000 

Radiator and Pump 1 20 

Conveyor System 1 170 
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7.7.7 Waveguide Assembler: The waveguide assembly system fs 

shown in F~g. 7.37. Manipulator arms maneuver the strips of 

foamed glass into position around a set of guides whose 

purpose is to ensure the dimensional accuracy of the waveguide 

cross-section. 

Three sides of the 'box' are formed around the internal 

guides (as ~hown in the figure). The fourth side is then 

guided into position with the internal guides removed. Once 

in place, the edges of adjacent sheets are fused together by 

a 1 kW pulsed laser beam. The completed waveguides are re

moved from the mold and dispatched to the waveguide packaging 

area. 

Twelve assembly stat~ons are provided in the reference 

SMF design. The prev~ous production sections produce enough 

completed strips to prod•ice three 10-rneter-long waveguides 

every minute. However, the actual waveguides must be pro

duced in a variety of lengths. ~ssuming that on the average 

each 10-m length is cut to produce two waveguides, and that 

the assembly time for ~ach waveguide is two minutes, twelve 

assembly stations are required. 
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SPECIFICATION SHEET 

Machi~e Mame: Wave~uide Assembler 

Function of Machine: To assemble foamed glass sheets into 
waveguides 

Mass of _Machine: 24100 kg 

Physical Dimensions: 20 m x 2 m x 3 m 

Throughput/Machine (tons/year): 1.1 x 103 

Power Requirements (KW/machine): 9 

Number of Machines: 12 ...... QJ 
r..c 

Number of Operators: G cu-
.0.C 
EU 
~ I'd 

Components· Z:2: . 
Assembly Arms 8 

~ 

Interior Guides 2 

Laser 4 -· ....... ---
Radiator and ~1 ump 1 
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7.7.8 Waveguide Packdger: The packager system is used to 

remove completed waveguides from the assembly station and to 

place them inco containers ready for dispatch to the output 

or storage areas. 

Manipulator arms are used in the physical handling of 

the foamej glass between assembly and packaging. The wave

guides are packaged into racks which connect two transporter 

carts -- as shown in Fig. 7.38. Because of the fragility of 

the waveguides special precautions in th~ir handling -- such 

as 11ned containers are required. 

Each waveguide is subjected to testing, before being dis

patched, as a quality c~i1tr-ol measure. These tests include 

optical geometric tolerance testing to check slot positfontng 

and alignment, and hot tests using a microwave sol1rce to ob

tain a measurement of the radiated output quality. The tes

ting station is situated between the final assembly and out

put stations. 
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SPECIFICATlON SHEET 

Machine Name: Waveguide Packager 

Function of Machine: To package wa t:~uides in preparation for 
transportation to storage 

Mass of Machine: 8650 kg 

Physicd Dim~nsions: 22 m x 2 m x 3 m 

Throughput/Machine (tons/year): 4.3 x 103 

Power ~equirements (KW/machine): O 

Number of Machines: 3 

Number of Operators: O 

c t omoonen s: 

Handling Equipment 1 

Waveguide Box and Racks 850 

Quality Control Equipment l 
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7.8· SOLAR CELL FACTORY 

7.8.l Overview: Figure 7.39 is a "top" view of the solar 

cell factory (repeating Fig. 7.5). The factory consists of 

two major structural sections: one containing the zone re

fining, mask and masking strip cleanup, and f nterconnect de

position sections; and the other, the deposition and assembly 

sections for the production of the cell arrays. Each of 

these structural units is attached to the central mast at 

discrete points, with vibration damping systems built into 

the joints. These joints also carry flexible power feeds 

and internal transport tracks. 

The solar ce11 factory is a planar structure, i.e. its 

thickness {into the paper in Fig. 7.39) is on the order of 

10-20 meters. In addition, there are ~eat-waste radiators 

roughly 30 meters above and below the plane of the factory. 

These radiators are in a plane parallel to that of the fac

tory, and are therefore omitted from the figure, since they 

wouli obscure the prod~ction sequences. These radiators are 

discussed further in the individual equipment descriptions 

and in Sec. 7.8.24. 

The deposition and assembly section of the factory con

sists of parallel production lines ("strips") running per

pendicular to the cen+ral mast {from bottom to top in Fig. 

7.39). Each prcduct~on strip is 1.1 meters wide, the width 

of a solar panel. The strips are clustered in groups of 14 
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("subsections). Therefore one factory subsection produces 

arrays of solar cells 14 panels wide. 

One such suosection is shewn in greater detail in Fig. 

7.40. Each production strip is 104 meters long (from front 

to right rear in the figure). The astronaut figure fs in

cluded next to the near corner for sf ze comparison. The early 

stages of solar cell production are deposition processes onto 

belts. These belts move independently, allowing single-belt 

shutdowns for maintenance and repair. In each 14-strip sub

section, the later array assembly stages are equipped with 

devices to insert spare solar panels into inoperative strips. 

The subsection output is therefore unaffected by single-strip 

failures. The factory output is boxed arrays of connected 

solar cell panels ("packages"), each containing an array 14 

panels wide by 541 panels long (15.5 m x 633 m, unfolded). 

Thus solar cells are progressively built up {layer by 

layer) as they move through the successive processes. The 

study group chose this continuous production line design for 

maximum automation, and for minimum handling of the fragile 

solar cell layers. Equipment for the succes~ive processes 

sits either above or below the moving solar cell strips. The 

deposition and assembly sections of the solar cell factory 

are designed to be entirely free of direct human operationss 

since the factory is unpressurized, the solar cells are ex. 

treme1y fragile, and the production equipment is hot (both 
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FIGURE 7.40: SOLAR CELL uEPOSITION AND ASSEMBLY: PERSPECTIVE VIEW 



in the thermal sense, since many of the radiators are at 

475°K or higher, and in the radiation sense. since electron 

beam guns put out x-rays). Operations within the solar cell 

f~ctory are either automatic, robotic, or remote-controlled. 

Although open to vacuum, the individual processes gen

erate low pressures of deposition vapors, and are therefore 

protected from each other by baffles (thin sheets) to avoid 

t• ntamfnation of product and equipment. Hence the 'box' ap

p\ arance of the deposition sections in Fig. 7.40. 

Also shown in Fig. 7.40 is a "crawler". Such crawlers 

move along guide tracks which run over (or below) each pro

cess, extending across the factory. Crawler tracks are shown 

us horizontal lines across the deposition and assembly sec

tions in Fig. 7.39. The crawlers feed, maintain, and re

place components of individual processes across the strips 

(f~r exampl". crawlers dedicated to the support of the alu

minum rear contact deposition move along one track across 

the width of the factory). The crawlers pick up input mate

rials and replacement parts from the internal transport sys

tem. Interr.al transport tracks cross the crawler tracks at 

several lr~~tions across the factory. Crawlers and internal 

transrort devices are discussed in Chap. 8, "Support Equip

mert Specifications". 

1nsite rep1irs in the deposition and assembly sections 

are perfor~~d by free-flying teleoperators. These are de-
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scribed in Chap. 9, "Maintenance and Repair". 

Figure 7.41 isa side-view schematic of a production 

strip, showing the successive deposition and assembly pro

cesses and the dimensions o~ their secttons. The solar cell 

strips travel through the process secti1ns (from left to 

right in the figure) at .85 m/minute. The individual pro

cesses are discussed in the following sections of this chap

ter. In addition, these sections include descriptions of 

zone refining (Sec. 7.8.4), mask cleanup (7.8.11), inter

connect deposition {7.8.14), and masking strip cleanup (Sec. 

7.8.18). 

The total number of production strips is computed by 

assessing the effect of the duty cycles of deposition and 

assembly sections on the maximum production capability. These 

calculations are discussed i~ Chap. 10, "Line Item Costing". 

The total number of strf ps in the reference SMF is 266, grouped 

in 19 clusters. 
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1.8.2 Thermal Belt: The thermal belt (see Fig. 7.42) serves 

as a deposition surface for the alumi~um rear contact, silicon 

wafer, and alumihum top contact of the solar cell. It also 

carries the solar-cell wafers through recrystallization pro

cesses. The belt runs trhough 33 meters of deposition cham

ber~ and other production equipment, then curves around a 

4.5 meter diameter roller and returns to the start of the 

production line. The belt's length fs therefore 81 meters; 

each belt is 1.1 meters wide, the width of a panel of solar 

cells. Modeling the belt as 5 mm-thick copper yields a belt 

mass of 4000 kg. 

To provide thermal control of the deposition surface 

during the process steps, the belt travels over fixed thermal 

control plates. These cool the belt, as required by the 

processes above. Heat is extracted by liquid sodium passing 

through the plates. To avoid stoppage of several belts by 

single failures, each belt has its own set of thermal plates, 

with their own thermal control systems. (Given present 

knowledge, the precise thermal requirements [e.g. surface 

temperature, thermal gradient, CTE] of the belt surface are 

unknown; an exact belt design is therefore difficult. An 

alternative to the belt-and-plate design in the reference 

SMF is a recently invented rod-and-sprocket belt made of 

stain1ess steel [Refs. 7.3, 7.4]. This belt may prove more 

reliable in space applications.) 
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The belts are grouped in sets ~f 14, with the belts in 

each group 1 mm apart, forming a nearly continuous deposition 

area. (Each group of belts produces 'packages• of solar 

cells, arrays 14 panels wide.) Between groups, the belts 

are separated by an open space 3 meters wide. Since the 

returning belts in a group also form a nearly continuous sur

face, power cables and coolant pipes to the group's thermal 

plates are routed to the gap between groups anrl out of the 

belt system. The coolant pipes carrying sodium at .5 m/sec 

are then rJuted to 1 mm thick aluminum sheet radiators. The 

4.5 meter gap between the upper and lower belt surfaces con

tains the needed thermal plates, power feeds, piping, and 

structural supports. The three-meter gap between groups of 

belts, besides allowing entry and exit of power feeds and 

coolant pipes, also provides access to the inside of the 

thermal belt system for teleoperators. 

Similar thermal belts are also used in the deposition 

of Si02 optical covers and substrates. These belts are 

listed as components of those processes, however. The ther

mal belt in this section is described separately because it 

is shared by several processes. For all the thermal belts 

in a deposition strip, about 2.2 tons of liquid sodium will 

be required, assuming a coolant flow rate of .5 m/sec through 

100-meter-lorg pipes. Individual coolant requirements for 

each machine are listed under thei~ sections. Pipe masses 

were assumed to be 15% of the coolant mass, based on a case 
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example design. For each thermal belt, the mass of thermal 

control equipment is estimated at 200 kg. In addition, 

drive equipment to turn the belt rollers is estimated at 

1000 kg per strfp. 

At the end of the belt, ·when the deposition surface 

curves down around the 4.5-meter-diameter roller, the 1.1 

meter wide strip of deposited material (rear contact, silicon 

wafer, and top contact) is peeled from the thermal belt and 

travels on through more production steps. 

SPECIFICATION SHEET 

Machine r~ame: Thermal Belt 

Function of Machine: To serve as deposition surface for several 
processes. 

Mass of Machine: 5250 kg 

Physical Dimensions: 38 m x 1.1 m x 5 m (not including radiators) 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 45 

Number of Machines: 266 

Number of Operators: O 

c omPonents: 

Belt 

Drive/Motor 

End Rollers 

Thermal Control 
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7.8.3 DV of A1 Rear Conta;t: The solar cell production pro-

cess begins with the direct vaporization of the 2-micron 

thick aluminum rear contact. The process is illustrated in 

Figs. 7.43 and 7.44. As shown in the figures, aluminum atoms 

are boiled off sla~s by electron beams, and the atoms are 

deposited onto the thermal belt. 

The electron beam (EB) guns fire beams of electrons into 

magnetic deflection and tracking coils near the surface of the 

belt. These coils deflect the beams upward and track them 

(2 mm spot) along the underside of the Al slabs, vaporizing 

the material. This geometry allows the positioning of the 

slabs 50 cm ~rom the belt. At the deposition pressure of 

-6 roughly 10 Torr, this distance is the mean free path of the 

atoms, and the Al therefore deposits with a minimum of atomic 

collisions. 

Thi~ geometry also allows the thermal belts to be edge 

to edge, since neither equipment nor electron beams need to 

cross the belt surface. Neighboring belts therefore benefit 

from some of the vaporized material, improving th~ ev~nness 

of the deposition. 

In this reference design, the thErmal belt speed is set 

at .85 meters/minute, and the Al deposition rate at 4 microns 

per minute. The required deposition length is therefore 

.43 meters. 

The aluminum slabs used in the process are produced at 
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the SMF by the ~ont1nuous caster, and are therefore 2 cm 

thick and 70 cm high. Their length 1s set at 1 m, so that 

they fit across the 1.1-m-wide belt, with room at their ends 

for sla~ feeding mechanisms. The slabs are fed from magazines 

sized to hold 4 reserve slabs each. 

Assuming that the deposition is 67% efficient (2/3 of the 

slab ~atcria1 ends up on the belt), slabs are used up at the 

rate of o~e every 165 hours (6.9 days). New and old slabs 

vacuum-~eld themselves together at their edges as their boun

dary approa~hes the vaporization surface. Therefore an old 

slab is completely vaporized as a new one takes its place. 

The remaining 1/3 of the slab material is vaporized and 

lost either to baffies or to open space. Alt~ough the de

position process does ~ot require a pressure vessel (the 

lower the pressure, +he better the deposition}, the vaporized 

Al can ~ontaminate neighboring equipment and processes. There

for·e the d~position section is surrounded by baffles. These 

thin sheets of material serve as line-of-sight barriers to 

the Al va~or, shielding the EB guns, deflection coils, and 

slab feeding mechanisms. 

The baffles are of two types. "Panel" baffles are those 

shielding the slab feeding mechanisms. They are made from 

100-micro~ thick teperature-resistant material, e.g. glass 

cloth. (Although the reference SMF brings baffles from Earth, 

glass c 1 oth baffles could also be manufactured at the SMF by 
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machines similar to the electrical insulation winders.) Each 

strip's rear contact deposition section has a separate panel 

baffle; this baffle has two slits through which the slabs are 

fed into the deposition chamber. Estimating the ~eposf tfon 

rate onto the panel baffles of .35 microns/minute, and al

lowing a 2500-micron layer of aluminum to accumulate before 

baffle replacement, each panel baffle is replaced every five 

days. Panel baffles are held in place by double tracks so 

that new baffles can be inserted before the old ones are re

moved, thus avoiding production stoppages. 

The other type of baffle is the nside" baffle. Side 

baffles are positioned across the ends of the deposition 

section, shielding the EB guns and the next process in the 

production line. These baffles extend down to within a 

millimeter of the deflection coil output port or thermal 

be~t surface. Unlike the panel baffles, side baffles are 

shared by the 'DV of rear contact' sections of all 14 strips 

in a solar cell factory subsection. Each side baffle is a 

100-mfcron thick sheet of material (e.g. glass cloth) which 

is slowly unwound from a 310-meter roll at the edge of the 

14-strip subsection. The baffle is guided across the 14 

strips, it is discarded as process waste. Estimating a .7 

micron/minute deposition on the sfde baffles (higher than 

the panel baffle because of the geometry of the deposition) 

and allowing a 500-micron buildup before discard, one roll 
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of baffle lasts 10 days. Since new rolls can be attached 

directly to old ones, replacement of side baffles does not 

stop production. 

The use of rolls of side baffles is possible because 

the side baffle surface is uninterrupted (i.e. no slfts are 

required, as in the panel baffles). The~e are no baffles 

between strips, since deposition on neighboring strips is 

beneficial to the process. 

Electron beam guns are described in some detail in Sec. 

7.2.7. Unlike the slab cutter, however, for th~ EB guns in 

the solar cell factory, the l00°to 170~bending of the elec~ron 

beam places the filament in the EB gun out of sight of the 

impact point, avoiding filament deterioration problems. Fila

~ents are replaced ~very 40 hours by an automatic reload 

mechanism from a 20-filament magazine mounted on the gun. The 

reloader uses two filament cartridges, thus stopping the gun 

for only a few seconds during reload. This operation there

fore does not stop production. 

The total input power to each EB gun used in the DV of 

the aluminum rear contact is 3.1 kW. Focusing and deflec-

t;on requ;res 20% of this power Of the remainder, 50t is 

wasted as heat in the EB gun, and the other 50% is the beam 

power. Electron scattering and thermal waste in the slab 

wa~~es 30% of this beam power, leaving (.8)( .Sf(.7) = 28% 

of the original input power to vaporize the slab (including 
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the vapor wasted on the baffles). At this efficiency, one 

6.2 kW EB gun is sufficient to deposit the Al at 4 ~1crons 

per minute. However, since the solar cell material cannot 

be routed from one strip to another during the deposition 

processes, failure of the EB gun would halt the entire pro

duction line. Therefore two 6.2 kW guns are used, for re

dundance; these guns operate at 3.1 kW during normal opera

tions. 

The latent heat of vaporization released by the aluminum 

vapor when it deposits onto the belt requires an active cool

ing system to prevent intersolution of solar cell layer$ and 

eventual melting of the belt. Assuming 40~ of the nominal 

input power to the guns [equivalent to the beam power = 
(6.2 kW)(.8)(.5) = 2.5 kW] must be removed through the belt, 

and that the liquid sodium (heat capacity 1340 joules/kg°K 

at 475°K) enters at 400°K and leaves at 600°K, then each 

strip's 'DV of rear contact' section requires .01 kg/sec of 

liquid sodium to keep the thermal belt below 7~0°K. If the 

sodium flows at .5 m/sec through 100 meters of piping (out 

of the thermal belt, to a radiator roughly 30 meters away, 

and back), then l .9 kg of sodium is required for ea.·h sec

tion. The weste heat is radiated away from a l .l m2 sheet 

of aluminum (1 mm thick), located below the returning por

tion of the thermal belt. Althiugh each strip has its own 

thermal plate and pump, piping Jnd ~adiators for the 'DV of 
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rear contact' sections of the 14 strips in a subsection could 

be combined, since the duty cycles of these components is 

virtually 100%. The pump, piping, fittings, radiators, and 

control system for one strip's 'OV of rear contact' thermal 

control are estimated at 20 kg. 

Of the 50% of the input onwer remaining, it is assumed 

th~t lUS is lost in escaping vapor and baffl~ r~diation. -~e 

rc~ainfng 50% must be dealt with in the elect, Jn beam gun. A 

heat pipe conducts waste heat from the gun to a pyrnlytic 

graphite radiator above the deposition section. The radiator 
2 1s rectangular, has an area of .25 m , and operates at 720°K 

when wasting 3.1 kW. The heat pipe is long enough to allow 

handling of input slabs by manipulators without removing the 

radiators. The p;rolitic graphite radiators are modeled on 

those suggested by Raytheon for amplitrons (Ref. 7.5), and 

are estimated to mass 10 kg (inclu~ing heat pipe). 
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SPECIFICATION SHEET 

Machine Name: DV of Al Rear Contact 

Function of Machine; To OV aluminum onto the thermal belt 

Mass of Machine: 164 kg 

Physical Dimensions: 1 m x 1.1 m x 3 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 6.2 

Number of Machines: 

Number of Operators: 

c t omoonen s: 

EB Gun 

Filament Magazine 

Slab Feeder 

Panel Baffles 

Side Baffles 

Side Baffle Guide 

Cooling System 

266 

0 
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7.8.4 Zone Refiner: The reference SMF receives metallurgical 

grale silicon in slabs 1.2 m x .42 m x .04 m. These slabs 

are zone refined in a separate facility to reach semiconduc

tor g~ade purity. The study group assumed that the Si from 

the Moon would be sufficienctly pure that 10 zone refining 

passes would be sufficient to reach the needed 99.999: purity. 

The zone refiner is shown in Fig. 7.45. Slabs travel 

one after another through the machine at a speed of 2.5 cm 

per minute. Each slab passes through ten heating coils 

spaced 40 cm apart; each heating coil uses magnetic induc

tion to create a molten zone in the silicon slab. Behind 

each coil is a gas-jet ring which sprays cooling argon onto 

the slab sufficiently close to the induction coil to create 

a 670°K/cm thermal gradient. Under those conditions the 

silicon at the liquid/solid interface will recrystallize at 

2.5 cm/minute, and each melt zone will therefore be station-

ary relative to the heating coil and gas-jet ring. Each 

zone "travels" down the si11con as the slab moves through the 

machine. The leading and trailing ends of the slab are not 

melted, to preserve the structural integrity of the slab. In 

addition, a separate set of magnetic shaping coils preserves 

the rectangular cross-section of the slab during the process 9 

resisting each melt zone's tendency to assume a circular 

cross-section in zero-g. 

Thus each slJb enters the zone refiner at 2.5 cm/m;nute, 
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supported and moved by a set of clamps. Shortly after the 

leading edge passes through the ffr~t coil, that coil is 

turned on and creates a melt zone. That coil stays on until 

shortly before the trailing end of the slab reaches it (time 

of operation, 46 minutes); its molten zone therefore travels 

through the central 1.15 meters of the 1.2 meter-long slab. 

Successive coils operate in the same fashion. Since the· 

coils are 40 cm apart~ the slab can have as many as three 

molten zones within it at one time. To mainta1n its struc

tural fntegrfty, the slab is passed through the coils by a 

series of clamps which grasp and ungrasp the middle and ends 

of the slab so that sections between melt zones are not left 

freely suspended. The clamps also serve as heat sinks to 

help preserve the gradients near the melt zones. 

Passage of one slab through the ten heating coils takes 

190 minutes. With a 10-cm gap between slabs, the machine 

processes each slab in 194 minutes, After the ten melt zones 

have traveled through the slab, almost all of the impurities 

have been crystallized in the trailing end of the slab. Al

lowing a 10-cm gap between slabs, each zone refiner outputs 

one slab every 52 minutes. Each machine therefore produces 

9500 slabs per year (95~ duty cycle), and 60 machines are 

required to refine the 570,000 slabs of silicon required for 

the production of one 10-GW SPS per year. 

To avoid loss of the argon sprayed by the gas-jet rings, 
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the zone refiners are enclosed in pressur~-tight containers. 

Each 25 m x 10 m x 5 m container hoids six zone refiners 

(each 1.5 m x 8 m x 2 m), as shown in Fig. 7.46. Each con

tainer also includes two airlocks for introduction and re

moval of slabs and entry and exit of repair crews. The con

tainers are sized to allow access space for space-suited re

pair workers around the refiners. Hot argon is pumped from 

the containers to radiators for cooling, and the cool argon 

is returned to the gas jet rings. 

Slabs entering and leaving the container are handled by 

automatic manipulators. After refining, the ~ilicon slabs 

are ff rst placed fnto racks designed tc hold the semicon

ductor grade slabs without contaminating them. Once full, 

a rack of slabs is passed out through the a·ir lock and taken 

to a cutting area. There four 128-kW EB guns cut off 10 cm 

from each end of the slab (the impure ends) and trim 1 cm 

trom each side edge to provide a flat surface for vacuum 

welding during deposition processes. This trim is required 

because the magnetic shaping coils cannot maintain a com

pletely rectangular shape. The final slab dimensions are 

1.0 m x .40 m x .04 m. 

The ten pressurized containers and the EB cutting sec

tions are arranged into a flat shape 120 m x 25 m x 5 m, with 

radiators above and below the equipment. 
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SPECIFICATION SHEET 

Mach f ne Name: Zone Refiner 

Function of Machine: Refines input m~tallurgfcal grade Sf slabs 
to semiconductor grade 

Mass of Machine: 2200 kg 

Physical Dimensions: 8 m x 1.5 m x 2 m (zone refiner only) 

Throughput/Machine (tons/year): 350 

Power Requirements (KW/machine): 300 

Number of Machines: 60 

r~umber of Operators: 0 

c omponents: 
Induction Coil 

Gas Jet Ring & Pump 

Rod Cl amps & Drive! 

Handling E~uipment 

Active Cooling System 

Radiator 

Container and Airlocks 

EB Cutter 

Cooling for EB Guns 

Packing Containers 

for Coils 

Magnetic Containment Coils 

Active Cooling System fo~ Argon 
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'" c cu
.0 .s:: 
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10 

1 

1 

1 

1 

1/6* 
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10 
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7.8.5 DV of Sflicon Wafer and P-Dopant Implan~1tion: The 

next sttp in the buildup of solar cells is ~he deposition of 

50 microns of polycrystalline silicon (see ~;g. 7.47) ont~ 

the aluminum rear contact. The details of this deposition 

equipment are similar to the DV of aluminum rear contact (see 

Sec. 7.8.3). Zone refined slabs of silicon (1.0 m x .4 m x 

.04 m) are vaporized at the rate of one every 3.2 days (maga-· 

zfne holds six extra slabs). The total deposition length is 

10.63 m assuming a 4 mfcron/mf~ute deposition rate. To avoid 

too oblique an angle when the electron beam strikes the slab 

(a shallow incidence angle would result in electrons bouncing 

off the slab), the deposition is divided into two sections 

each 5.3 m long. The shallowest angle of incidence is there

fore 11°. 

The EB guns are mounted vertically in clusters of five 

at the begir.ning and end of each section. Each of the 7.3 kW 

guns is assigned a particular slab. In each 5-gun cluster, 

if one gun g~es off, the other four increase their power levels 

by 25% to compensate for loss of DV power. Pyrolitic graphite 

radiators (14.6 kg each) cool the guns at a temperature of 

640°K. The total input power to the machine is 146 kW based 

on a DV power of 408 kW needed to raise ~i 1 icon from 60°K to 

fts bofltng point at the required rate. 

Side roll baffles (identical tu those d~scribed ;n OV of 

Al rear contact) are used up every 55 hours ~estimating 
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3 microns/minute depositon on the side baffles). Panel baf

fles between the slabs are replaced every 27 hours (1.5. mi

crons/minute deposition). 

The temperature of the deposition surface is a~tively 

controlled to prevent 1ntersolution of the aluminum and si

licon and to control the crystalline structure of the sili

con layer. To cool the thermal plates under the belt, liquid 

sodium is routed through the plates, to a radiator roughly 

30 meters below the thermal t 1t, anrl back to the thermal 

~late (total travel distance is 100 meters). To remove 40% 

of the total input power [( .4)(146 kW)= 58.4 Kw] .22 kg/sec 

of liquid sodium is required for each strip (400°K input, 

600~~ outp~t). Assuming a flow rate of .5 m/sec in the pi

ping, 43.6 kg of liquid sodium are required for each strip. 

The heat is wasted to space by a 25.2 m2 aluminum sheet ra

diator (average temperature is 475°K). Since this area is 

Z.2 tfmes the deposition area, the radiator extends beyond 

the silicon dep~sition section. 

Ion implantation of the p-dopant (boro~) occurs during 

the first 45 microns of silicon deposition. Beginning just 

after the first slab, 18 ion implantation dev~ces are in

terspersed between slab feeders. Each devfce implants 

boron atoms (at 1018 atoms/r.m 3} throughout a depth of 2.5 

microns. There are no ion implantation devices after the 

last two slab feeders to allow a 5 micron layer of undoped 
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silicon which wili later be ;mplanted with phosphorus. Rough

ly 150 kg/year of boron (shaped into 2 kg rods) is needed. 

The ion implantation device is identical (except for lower 

accelerating voltage) to that described in the section ~n 

ion implantation of then-dopant, phosphorus (Sec. 7.8.8). 

SPECIFICATION SHEET 

Machine Name: DV of Si Wafer and P-Dopant Implantation 

Function of Machine: To DV silicon onto the rear Al contact 
and to ion-implant p-dopant in the Sf 

Mass of Machine: 2810 kg 

Physical Dimensions: 13 m x 1.1 m x 2.5 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine}: 178 -en 
....... QJ ~ Number of Machines: 266 
~c -

0 
cu-
.c~ "' eu "' 

Number of Operators: 
::s ta ta 

c t omoor.en s : z:c :c o..o::.-

EB Gun 20 25 7.3 

I 
F.lament Magazine 20 .04 0 

Slab Feeder 20 60 .01 

Panel Baffles 4 25 0 -
Side Baffles 4 .05 0 

Side Baffle Guide 4 2 .01 

Boron I or. _ :il p 1 ante r 18 50 1. 75 

Cooling System 2 50 .o3a 
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7.8.6 Pulse Recrystallizati~. After the 50 micron wafer 

of polycrystalline silicon has been deposited, the grain 

size is increased by a two-step recrystallization process. 

The first ~tep is a pulsed-beam recrystallization (see Fig. 

7.48) which transforms the original silicon crystallites 

into full-film-thickness columnar grains. The process uses 

electron beam guns delivering pulsed streams of high·ener~y 

electrons. 

The beam has an average electron energy of 55 KeV, a 

pulse length of 200 nanoseconds, and a pulsed beam fluence 

of 6.3 J/cm3 (1 kW EB gun output). Pulsing is accomplished 

by a plasma diodP and an energy storage capacitor, and el

ectrons are returned to the gun ~ia a metal brush sweeping 

across the surface of the silicon near the beam impact area. 

The pulsed-beam recrystallization zone in each strip is 

cooled by .007 kq/sec of liquid sodium (400°K input, 600°K 

outp~t) flowing through a thermal plate below the belt. 

Estimating a total pipe length of 100 meters to a radiator 

and back, and a flow velocity of .5 m/sec, l.5 kg of sodium 

fs required for each strip. The radiator is an .~ m2 alu

minum sheet radiating at an average temperature of 475°K. 

In addition, the two 1 .8 kW EB guns are cooled by pyrolitic 

graphite radiators (5.7 kg each) at a temperature of 4~0°K. 
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SPECIFICATION SHEET 

Machine Name: Pulse Recrystallization 

Function of Machine: To rP.crystallize the silicon layer. causing 
the growth of columnar grains in the layer 

Mass of Machine: 40 kg 

Physical Dimensions: 2 ~ x 1.1 m x ~.5 m 

Throughput/Machine (tons/year): 

Power Requirements (KV/machine): 3.6 

. Number of Machines: 266 

lumber of Operators: O 

c t. omoonen s: 

EB Gun 

Filament Magazine 

Cooling System 
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7.8.7 Scan Recrystalliz~tion: The second step in the recry

stallization process is a fast-scan electron beam solid phase 

recrystallization (see Fig. 7.49) to grow the columnar grains 

to a diameter of 100-200 microns. This is done with trfode 

guns which have accelerating voltages of 100 KeY, fast-scan 

velocities of 100 m/sec with a 55 mA current, and an esti

mated beam diameter of .25 mm. 

Since the belt speed fs 1.42 cm/sec, 56.8 scans across 

the strip must be done per second. The gun must therefore 

sweep a total of 62.5 meters in one second ((1.1 meter wide 

strip), well within the scanning capacity oflOOO m/sec. 

The electron beam power required is .35 kW (S.5 kW for 

lOOOm/sec scan speed). Electron current loop return and 

belt cooling are accomplished in the same ways as for pulse 

recrystallization. The scan zone is cooled by .003 kg/sec 

of liquid sodium per strip (400°K input, 600°K output) flow

ing through a thermal plate beneath the belt. Estimating a 

total pf pe length of 100 meters to a radiator and back, and 

a flow velocity of .5 m/sec, .52 kg of liquid sodium i~ re-

quired for each strip. 
2 The radiator is a .31 m aluminum 

sheet (average temperature 475°K). The two .6 kW EB guns 

are also cooled by 2.0-kg pyrolftic graphite radiators at 

340°K. 
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SPECIFICATION SHEET 

Machine Name: Scan Recrystallization 

Function of Machine: To enlarge the diameter of the columnar 
grains in the silicon layer 

Mass of Machine: 15 kg 

Physical Dimensions: 2 m x 1.1 m x 2.5 m 

Throughput/Machine (tons/year): 

Power Requiremer.ts (KW/machine): 1.2 

Rumber of Machines: 266 

Number of Operators: o 
c t. omoonen s: 

I EB Gun 

Filament Magazine 

r-\.1nri...-;.-y-system 
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7.8.8 N-Dopant Implantation: In order to obtain an n-p junc

tion between phosphorus and boron, an electron beam irradiated 

fon implantation device is used ee Fig. 7.50). The device 

consists of an electron beam gun, a 2 kg rod of phospho~us 

which is automatically fed down form a 10 rod magazine, a 

permanent U-magnet for deflecting the electron beam, an ac

celerat fon grid, and electromagnetic coils for defleting the 

f on beam. 

The electron beam is deflected by the magnetic field to 

strike the flat end of the rod. A tenuous phosphorus cloud 

fs produced which is ionized by the incoming electron beam. 

The positively charged ions are accelerated through a grid 

with a high negative potential and scanned across the width 

of the strip by powerful electromagnets. The ions impact 

and penetrate the silicon, implanting themselves into the 

layer. 

Fifty kilograms per year of phosphorus are required for 

the entire factory. There are implanted at a density of 

1018 atoms/cm 3. While ion implantation devices today implant 

to depths of less than 2 microns, a 5 micron depth should be 

possible with a high accelerating voltage implant device, 

given some deve1opment. The power level of such a gun and 

associated systems is esti~ated at l .75 kW, and its mass 

(includ;ng a pyrolitic graphite radiator) at 50 kg. 

7. 143 



+ro PYROLITIC GRAPHITE RAUIATOR 
HEAT PIPE 

D 

1 METER 

ION BEAM 

BELT MOTl~N 

FIGURE 7.50: K-DOPANT IMPL~NTATION 

· HOSPHORUS 

CCELERATION 



SPECIFICATION SHEET 

Machine Name: N-Dopant Implantation 

Function of Machine: To implant phosphorus into the top 5 microns 
of the silicon wafer 

Mass of Machine: 100 kg 

Physical Dimensions: 2 m x 1.1 m x 2.5 rn 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 3.5 

Number of Machines: 266 

Number of Operators: O 

c omponents: 

Phosphorus Ion Implanter 
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1.8.9 Anneal: The ions bombarding the silicon in ion implan

tation produce crystal lattice defects fn the top layers. 

This leads to a more amorphous structure in the bombarded zone, 

requiring repair of the lattice damage to restore the efffci~ncy 

of the cell. 

The implanted silicon is annealed by a series of .1 micro

seconcl electron beam pulses with mean electron energy of 

20 Kev {see Fig. 7.51). Although the energy transferred to 

the silicon is only 1.0 J/cm2 (.2 kW average beam power), the 

pulse duration is short enough to momen~Jrily elevate a 2 mi

cron thickness of the silicon close to its melting temperature 

(1400°C). This penetration is enough to recrystallize and 

anneal the damaged layer. The silicon drops back down to the 

ambient temperature within a few microseconds. 

The anneal zone is cooled by .001 kg/sec of liquid so

dium per strip (400°K inputs 600°K output) flowing through 

a thermal plate beneatrr the belt. Estimating a total pipe 

length of 100 meters to a radiator and back, and a flow velo

city of .5 m/sec, .3 kg of liquid sodium are required for 

each strip. The radiator is a .17 m2 aluminum sheet at a~ 
average temperature of 475°K. The two .4 kW EB guns are 

cooled by .8 kg pyrolitic graphite radiator~ at 310°K. 
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SPECIFICATION SHEET 

Machine Name: Anneal 

Fune.don o.achine: To anneal (•ut the ion implantation dan.~ge 
in the siliLon wafer 

Mass of Machine: 15 kg 
• 

Physical Dimensions: 2 m x 1.1 x 2.5 m 

Th,.oughput/Machine (tons/year): --

>ower Requirements (KW/machine): • 8 

Number of Machines: 266 

Number of Operators: O ~ 

1&onents: 

E9 Guns 

Filament Magazf r.I! 

Cooling System 

~ 
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7.8.10 DY of Front Al Contact: To produce power from a solar 

cell an electrical contact must be placed on top of the silicon 

wafer. This contact must provide conducting paths over the 

surface of a cell, yet not prevent incoming sunlight from 

impinging directly onto the silicon surface. The top contact 

fs th~refore a comb-like pattern, consistin1 of 1 micron thick 

aluminum ~~id fin1ers, each 50 microns wide, altogether cover

ing 5-7% of the cell surface. The fing~rs all lead into a 

collector bar at the edre of the cell which gathers the 

current. 

These patterns are vapor deposited through shadow m~sks 

{each one strip wide) positioned near t~e silicon surface 

and moving with the belt at the saQe speed of .85 m/min {see 

Fig. 7.52). The aluminum is direct vaporized (in the same 

fashion as the aluminum rear contact) to a depth of 1 micron. 

To alleviate structural problems in a single shadow mask for 

the entire pattern, the deposition is done in two steps: 

ffr~~ the grid fingers are deposited through a mask, then the 

collector bars are deposited through another mask. For each 

deposition step, the deposition rate is 2 micrGns/~inute, and 

the deposition length is .43 m. 

The masks are unwound from rolls, travel with the solar 

cell strip during contact deposition, and are rewound on take

up rolls. Alumint.m is deposited on the masks as well as the 

solar cells, so the used rolls are taken to a separate facil

ity for brush cleaning. Assuming the roll will last for two 

7. 149 



...., . _. 
U1 
0 Grid 

.• , F 1 n g e r s 
Mask 

~ 

EB ~un 

Feed Roll 
(ready to start) 

' -- Takeup Rol 1 
·______- (ready to 
~ start) 

Rad 1 a tor 

Al Slab 
Magazfne 

Al Slab 

Depos1t1on 
Chamber 

Feed Rol 1 
(near1¥ 
empty) 

....-c" 11 ec tor 
Bar Mask 

(. 
\ 

FIGURE 7.52: DV OF ALUMINUM FRONT CONTACT 

Takeup Rol 1 
(nearly full) 

Belt 
Motton 



633 meter-long solar cell array segments, the .5 mm-thick mask 

would be 1266 ~ long (with a roll radius of about .5 m) and 

last about one day. The mask material must be strong enough 

to be used and cleaned without deformation. resistant to va

cuum, radiation, and temperature, and inert to aluminum. Mate

rials such as kapton and teflon are possibilit1es 1 but further 

research fs needed to verify their suitability. Assuming a 

material with the density of teflon, each roll would mass 

roughly 300 kg. 

To avoid production ~toppages, the ~asks are switched 

from one roll to another by automatically splicing the lead 

end of the new roll to the tail e~d of the old one. The 

splice is undone at the takeup roll and the lead end is 

threaded onto an empty roller. 

The geometry of each deposition chamber fs the same as 

for the DV of the Al rear contact (see Sec. 7.8.3). Since 

t~e deposition rate is 2 microns/minute, each of the four 

EB guns uses 1.6 kW, and wastes heat through a 5.1 kg pyro-

11t1c graphite radiator at 610°K. Each slab lasts 13.8 days. 

and the panel baffles last 10 days. The 310-meter side baf

fle rolls last 20 days. 

The thermal belt is cooled with liquid sodium {.01 kg/sec. 

400°K input, 600°K output} flowing through thermal plates. 

Estimating a pipe length cf 100 meters to a radiator and back, 

and a flow velocity of .5 m/sec, 1.9 kg of sodium is required 

for each strfp. The radiator is a i.1 m
2 Jluminum sheet. 
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SPECIFICATION SHEET 

Machine Name: DV of Al Front Contact 

Function of Machine: To DV 'grid-fingers' Al patterns onto the 
s il i ccn wafer 

Mass of Machine: 1120 kg 

Physical Dimensions: 5 m x 1.1 m x 5 m 

Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 8.4 

Number of Machines: 266 

Number of Operators: O 

Com onents: 

EB Guns 

Filament Magazine 

Slab Feeder 

Mask 

Mask Guide and Rollup 

Panel Baffles 

Side Baffles 

Side Baffle Guide 

Cooling System 
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7.8.11 Mask Cleanup Device: As shown in Fig. 7.53 cleaning 

of the teflon shadow mask (used in deposition of the solar 

cell top contacts) is performed within a pressurized chamber 

to allow gas suspension and filtration of the aluminum par

ticles brushed from the masks. An aluminum-coated roll of 

mask is loaded into an evacuated outer chamber (the two-cham

be~ design reduces pumping requirements). After the chamber 

is seJled and filled with argon, the mask is aut~matically 

threac•d through cleaning rollers and back to a takeup roller. 

The mask is then wound from one roll to the other at 

28 meters/minute (one roll in 45 minutes) while the brushes 

remove the aluminum. The aluminum flakes are suspended in the 

argon and filtered out by a gas recircualtion system. Once the 

mask is cleaned, the inter-chamber slits are closed and the 

roll chamber is evacuated. The cleaned mask is removed and 

another used mask is inserted. The entire cycle is estimated 

at 1 hour per mask, and therefore 25 mask cleaning machines are 

required for the factory. 
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SPECIFICATION SHEET 

Machine Name: Mask Cleanup Device 

function of Machine: To remove de~~sited Al from teflon 
shadow mask 

Hass of Machine: 200 kg 

Physical Dtmenstons: 6 m x 6 m x 2 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 16 

Number of Machines: 25 

lumber of Operators: O 

Co1aponents· . 
Mask Threader 

I s.~~s.~e~s .and Ori ve 

Gas Circulation Pump 

Filter Sys tern 

Container 
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7.8.12 Sintering of Front Al Contact: After the aluminum top 

contact has been vapor deposited on the silicon, an electron 

pulse sintering step is necessary to produce good mechanical 

and electrical behavior at the aluminum-silicon interface. 

The ~ulse-induced transient temperature is much lower than 

that necessary for implantation damage anneal. If the inter

face temperature is raised above the eutectic temperature of 

aluminum and silicon (851°K), an alloyed interface results 

producing good electrical contact. The brief thermal tran

sient ensures that the intersolution of the contact and the 

silicon is quenched before more than a shallow interface can 

result. 

An electron beam pulse gun (see Fig. 7.54) similar to 

the one used in annealing (Sec. 7.8.9) is used. Its average 

beam power of .1 kW is less than that used for annealing be

cause of the lower energy required to reach the eut~ctic tem-

perature. 

The sintering section is cooled by .0007 kg/sec of liquid 

sodium per strip. Estimating a total pipe length of 100 meters 

to a radiator and back, and a flow velocity of .5 m/sec, .15 kg 

of liquid sodium are required for each strip. The radiator 

is a .09 m2 aluminum sheet at an average temperature of 475°K. 

The two .2 kW EB guns are cooled by .6 kg pyrolitic graphite 

radiators at 260°K. 
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SPECIFICATION !~EET 

Machine Name: Front Contact Sintering 

Function of Machine: To sinter the Al front contact/silicon 
wafer interface 

Mass of Machine: 15 kg 

Physical Dimensions: 2 m x 1.1 m x 2.5 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): .4 

Number of Machines: 

Number of Operators: 

c t omponen s: 

EB Gun 

Filament Magazine 

Cooling System 

266 
0 
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7.8.13 Cell Crosscut: Immediately following contact sintering, 

the solar cell strip is peeled from the thermal belt and trav

els straight on, guided by rollers. The thermal belt curves 

around its end roller and returns to the start of the produc

tion line. The solar cell strip is then cut crosswise by a 

laser, forming 6.4 cm x 110 cm sections (see Fig. 7.55). These 

sections will be interconnectd in groups of 18 to form panels, 

and later cut length-wise (along the strip) to form individual 

solar cells. Each 6.4 cm x 110 cm section will become 14 solar 

cells. 

The cutting speed is 25 cm/sec (110 cm in 4.5 sec), using 

a continuous wave (CW) Nd:YAG laser with a 50-watt beam power 

(2.5 kW input at 2% efficiency). 

A laser was chosen over EB guns for cell cutting because 

of anticipated problems in returning electrons to the gun, 

specifically those electrons which open the kerf and travel 

through the solar cell material. The use of lasers also avoids 

putting electrical surges through the cells, which could de

grade the cell properties. 

A solid state Nd:YAG laser was chosen over the more ef

ficient co2 gas laser (2% vs 15%) for three reasons: a power 

intensity a hundred times greater can be achieved with a YAG 

laser (smaller kerf) because of the small angle of resolution 

that can be achieved with its ten times shorter wavelength 

(1.06 microns); co2 laser radiation is reflected strongly by 
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aluminum, which might cause delamination problems when cuttiflg 

through the~luminum rear contact; and co2 lasers are larger 

(up to 10 times) than YAG lasers and their gaseous l~ser me

dium is more difficult to maintain than solid state laser 

rods. 

YAG lasers are used today in the scribing and breaking 

of solar cells. Solar cells at the SMF, however. will need to 

be cut completel) throug~ requiring mPre power. If vapori

zation is achieved fast enough, little heat is conducted into 

the cells, resulting in a narrow heat affected zone and no 

physical dist~rtion of the cell material. Increasing the cut

ting speed also tends to decrease the degradation of those 

layers in the cutting region for which penetration requires 

relatively more input power to achieve vaporization. The 

waste heat (98% of the input power) will be radiated to space 

at a temperature of 410°K by an 8.0 kg pyrolitic graphite 

radiator connected tothe top of t~e laser. 

Figure 7.55 also depicts the basic laser operation. The 

laser rod, con~isting of the host material, neodymium-doped 

yttrium aluminum garnet (Nd:YAG), i~ placed along one focus 

of an elliptical reflector cavity. A krypton flash lamp 

placed at the other focal axis optically excites the laser 

material (these lamps are replaced every 200 hrs by an auto

matic refill mechanism with a 20 1amp magazine.) The resul

ting coherent beam of radiatin~ emanating from the partially 
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reflecting output mirror is mechanically deflecte<l and focused, 

using mirrors and len~es, onto the cell surface. The posiiion 

of the focus is set by the focal length of the final lens 

(usually 35-50 mm) which must be protected from the metal va

por by a shielding gas. An oxygen canister attached to the 

laser's side provides this modest oxygen requirement. The 

focusing becomes more critical with thickness and melti~g point 

and requires !·1 mm J-0 posi,ioning accuracy for reflective 

metals. A metal shield beneach the cutting zone ob$truct 

the laser beam on~~ it cuts through the cell. 

Some of the system controls needed for the laser are 

position of deflection mirtJrs, focal lens-to-work distance 

for kerf compensation, shielding gas flow, laser head tem

perature, and beam power. Reference 7.6 discusses numerical 

contr·ol of lasers used for cutting in the textile industry. 
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SPECIFICATION SHEET 

Machine Nam'!: Cel 1 Crosscut 

Function of Machine: To crosscut the solar cell material strip 
every 6.4 cm 

Mass of Machine: 22 kg 

Physical Di .1ensions: .5 m x 1.1 m x 2.5 m 

Throughput/Machine (tons/year): 

Power Requirer.tents (KW/machine): 2.5 

Number of Machines: 

Number of Operators: 

c t om Don en s: 

Laser 

266 

0 

Krypton Lamp Magazin~ 

Guide Rollers 

Shield 

7. 16 3 

1 

1 

2 

1 

-en 
~ -
20 

. 1 

• 5 

1 

"'O 
QI 
s. 

L.-
cu ::::1-
3 c:r::z 
0 cu :ii.( 
a.. a::-

2.5 

0 

0 

0 



7.8.14 DV of Interconnects: For cell and panel interconnects, 

the reference SMF requires 1.05 meter-wid~, SO-micron thick 

aluminum strips, with lengths totalling 5.1 x 106 meters per 

year. Each 633-meter-long solar cell array segment produced 

by the factory requires 27.6 m of rell inter~onnects and 1.6 

meters of panel interconnects. The 3 mm x 50 micron x 1.05 

meter interconnects are produced by direct vaporization in a 

separate facility. Eleven hundred tons of aluminum are sup

plied to this process (in 1 m x .7 m x 2 cm slabs from the 

SMF continuous caster) to deposit 740 tons of interconnects, 

enough for one SPS. 

As shown in Fig. 7.56, five deposition belt; moving at 

2 m/minute through 5-meter-long deposition sections are used 

to deposit the 50 micron thick interconnects. Depositing at 

20 microns/minute requires 347 kW per b~lt, or 10 EB guns each 

receiving 34.7 ~~. Geometrically, the equipment is similar 

to the sections for Al rear contact deposition (Sec. 7.8.3) 

and for DV of Si (Sec. 7.8.5). A total of 233 kg of liquid 

sodium per strip is pumped at 1.~ kg/sec through the EB guns 

and thermal cooling plates beneath the belt (4oo•K input, 

600°K output;. A 135 m2 aluminum sheet radiator dissipates 

the heat from the liquid sodium at an average temperature of 

475°K. 

After the l .05m wide layer of deposited aluminum is 

peeled form the belt, it is rolled up, with a 50 micron thick 

teflon film between successive layers to prev~nt vacuum 
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welding of the aluminum. Each 276-meter-long roll is 20 cm 

fn diameters and lasts through 10 array segments for cell in

terconnectors and 170 array segments for panel fnterconnectors. 

SPECIFICATION SHEET 

Machine r~ame: DV of Interconnects 

Function of Machine: To produce aluminum interconnect strips 
for panel and cell interconnection 

Mass of Machine: 2650 kg 

Physical Dimensions: 6 m x 1.05 m x 7 m 

Throughput/Machine (t:>ns/year): 740 

Power Requirements (KW/machine): 358 

Plumber of Machines: 5 

Number of Operators: O 

Components: 

EB Gun 

Filament Magazine 

Slab Feeder 

Panel Baffle 

Side Baffle 

Side Baffle Guide 

Belt 

Cooling System 

Roll Winging Equipment 
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7.8.15 Cell Interconnection: Immediately after crosscutting. 

the cell-to-cell interconnect is attached (see Fig. 7.57). An 

interconnect feeder (see side view) slides al .05m wide inter

connect into the 1 mm-wide slot between sections. The 50 mi

cron thick interconnect is then electrostatically welded to 

t~e rear of the aluminum substrate of the leading section and 

to the collector bars of the following section. The electro

static welder is in two units, which clamp the sections and 

fnterconnects from above and below during welding. An align

ment mechanism on the lower unit ensures a 1 mm gap between 

sections. These two units, together with the interconnect 

feeder, travel with the sections at .85 m/min during this op

eration. They then return to wait for the next gap between 

sections. The final configuration is shown in Fig. 7.58. The 

1-mm 'tail' on the interconnect is the end held by the feeder 

during clamping and welding. Mechanical cutters sever the 

interconnect from the interconnect strip immediately after 

welding. 

The timing on the interconnection is such that no section 

is ever cut entirely loose -- it is either still a part of the 

continuous strip or already connected to the one ahead of it. 

The exception is th~ section leading a panel, whic~ is not con

nected to the trailing section of the preceding panel; the~e

fore the panels are separate after this production step. Each 

panel ~onsists of 18 6.4 cm x 110 cm sections. Therefore 
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every eighteenth gap between sections is left open by the fnter

connecter. All the sections are held between rollers {omitted 

in the figure) during all phases of the operation. 

The interconnects are fed from spools of interconnect 

strips produced by a separate machine {see Sec. 7.8.14). The 

teflon film inserted between 1ayers of aluminum (to avoid va

cuum welding} is wound onto another spool as the interconnect 

~trip is unwound, and the teflon strips are returned to the 

interconnect production equipment. 

St11con Wafer 

S111con Wafer 

(to scale) ""'<;--- · 1 mm 

FIGURE 7.58: SIDE VIEW OF INTERCO~NECT 
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SPECIFICATION SHEET 

Machine Name: Cell Interconnection 

FJnction of Machine: Application of interconnects between cell 
sections 

Mass of Machine: 70 kg 

Physical Dimensions: .5 m x 1.1 m x 1.5 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 4.1 

Number of Machines: 266 

Number of O~erators: O 

Comoonents· . 
Electrostatic Welder 
. 
Interconneci eeder 

Interconnect Roll 
I Sensors 

Vari amble Speed Rollers 

Motor and Tracking 

Gui de Rolers 
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7.8.16 DV of Si02 Optical Cover: After the 6.4 cm x 110 cm 

sections are interconnected into 18-section pannels, the 75 

micron silica glass optical cover is deposited onto the silicon 

wafers. front contacts, and interconnects. The deposition is 

done by dir~ct vaporization, using equipment similar to that 

used for the DV of the Al rear contact (Sec. 7.8.3) and for 

the DV of Si (Sec. 7.8.5). 

As shown in Fig. 7.59, the deposition length of 15.9 

meters is divided into three 5.32 m sections. The solar cell 

material travels at .85 m/min on a soft-surface belt through 

the deposition sections, where the Si02 is direct-vaporized 

at 4 microns/minute. The belt has a soft surface to avoid 

putting bending stresses on the cell material, which now has 

interconnects protruding from its surfaces. 

Each deposition section contains 10 electron beam guns 

and 10 slab feeders. The EB guns (clustered in groups of 

five) each receive 7 kW of input power. Each slab (1.0 m x 

1.0 m x .04 m) lasts 7.9 days; the slab magazines each hold 

6 slabs. The slabs are delivered ready-to-use to the SMF. 

Since the panels have not yet been connected together, 

the collector bars of the leading sections and the rear con

tacts of the trailing sections in the panels must be left un~ 

covered for later interconnection. Therefore, before the 

panels enter the first s;o2 deposition section, a masking de

vice places a magnetic masking strip (4 mm x l m) over the 
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1nter-pane1 gap (see Fig. 7.60). The strip is magnetically 

attracted to the belt and rests across the two panels 9 holding 

them to the belt. The back edges of the strip are shaped to 

overhang the contact surface, thus shielding it without be

coming attached to the panel by the Si02• The masking strips 

are removed by a handling device as the pattels leave the last 

deposition section. Each masking strip picks up 75 microns of 

s102 as it passes t~rough the sections. When that coating ex

ceeds .5 mm (7 passes through the sections) the masking strip 

is taken to a cleaning facility. Cleaned strips are returned 

to the deposition equipment. 

In solid form, Si02 is not sufficiently conductive to re

turn electrons from an electron beam to the gun. During nor

mal operation, however, the molten layer of Si02 at the lower 

edge of the slab can conduct the electrons to pickup brushes 

at the side edges. To start the deposition process (such as 

after maintenance and repair shutdowns), the slab feeder 

heats the slab resistively along its lower edge. The problem 

could also be avoided by using lasers rath~r than EB guns, 

but they are not as energy-efficient (15% vs 50%)~ and lasers 

with wavelengths appropriate for glass (e.g. co2 lasers) tend 

to be heavy and to require more maintenance. Further experi

mental research on DV of sto2 is needed to develop this pro

cess ir. detail. 

When Sio2 is vaporized onto a surfa~e, some chemical dis

sociation tends to take place, leading to a layer of SiO 
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rather than 5102. This can be avoided by operating th~ process 

with excess oxygen. Therefore oxygen (available from the moo1) 

is kept in pressurized cannisters above the slabs and released 

toward the solar cell strip as needed. This oxygen is even

tually lost to space. 

The soft surface belt ~erves both for structural support 

and thermal control of the solar cell material during deposi

tion. Each belt is 53 meters long, with geometry similar to 

the thermal belt used in earlier processes (Sec. 7.8.2). The 

belt is cooled by thermal plate~. For each strip, 40% of the 

input power to the EB guns [(.4)(210 kW) = 84 kW] is removed 

t~rough the thermal plates by .3 kg/sec of liquid sodium (400°K 

input, 600°K output). Estimating a total pipe length of 100 

meters to a radiator and back, and a flew velocity of .5 m/sec, 

each strip requires 62.7 kg of liquid sodium. The radiator 

is a 3i.2 m2 aluminum sheet at 475°K located roughly 30 meters 

below the retur .• ing portion of the soft surface belt. This 

radiator area is 2.2 times the deposition area, and therefore 

extends beyond this deposition section. In addition each 7 kW 

EB gun wastes 50% of that power through a 13.8 kg pyro";tic 

graphite radiator at 630°K. 

Following the deposition and th~ removal of the masking 

strips, the solar cell material is separated from the soft 

surface belt and travels on to the next process. The soft 

s~rface belt curves around a roller and returns to the start 

of the section. 
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SPECIFICATION S~EET 

Machine rfame: DV of Silica Optical Cover 

Function of Machine: To deposit 75 microns of SiO onto the 
silicon wafer, front contact~ and cell 

Mass of Machine: 6660 kg interconnects. 

Physical Dimensions: 19 m x 1.1 m x 3 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 

Number of Machines: 266 

Number of Operators: o 

c t omoonen s: 

EB Gun . 
Filament Magazine 

Slab Feeder 

Masking Strip Handling Device 
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7.8.17: DY of S~0 2 Substrate: Following the deposition of the 

optical cover, the solar cell material mov~s on to the direct 

vaporization of the silica sub~trate. As shown in Fig. 7.61~ 

this secti~i ccns)sts of two Si02 deposition sections 

operating on the underside of t~e solar cell fuaterial. The 

equipment in the section ;s exactly similar to the equipment 

for the depo~ition uf the optical cover (Sec. 7.8.18), except 

that it is upside-down relative to that section, ar.d that this 

section is only two-thirds as long (th~ substrate is 50 microns 

thick~. 

The 10.6 m depo~icion length (deposition rate 4 microns/ 

min) i~ dlvided int sections, each ~ith 10 EB guns and 

10 slab f2~aers. The gLlnS eac~ re~eive 7 kw of power and waste 

50% of that power through 13.8 ~g py~G1itic graphite radiators 

at 6J0°K. The soft surface bP.lt is 41 meters long, and is 

cooled by .2 kg/sec Gf ~iquid sodium through thermal plates 

(40~°K input, 600°K outpu~). Each strip requires 41.& kg of 

sodium circulated to a 24.1 ~2 alum~num sheet radiator at 

475°K, roughly 30 meters "above" the soft surf~te belt's 

returning portion. This radiatcr area is 2.2 times the depo

sition ~rea an.d therefore extends beyor.d this deposition section. 

Similarly to the DV of optical c,ver, masking strips are 

applied to the inter-panel gaps tn shield the trailing ~dges 

cf panel from the si1i~a deposition. This leaves ~art of 

t!ie rear contacts Jf ~1·e trdiling solar ce·11 s~ctions e ,Josed 

for 1 a t e r p ~ n e 1 i n '" ,~ , c on r e c t ~ o n . S i n c e t he s e s t r i p s p 1 ck up 
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50 microns of Sin2 with each pass through the deposition 

sections, they are used ten times before the 0.5 mm of Si02 
are cleaned off in a separate facility. 

The successive applications of the Si02 optical cover 

(Sec. 7.8.16) and Sin2 substrate coat the cell interconnects 

wit~ silica, thus strengthening the connections between 

sect~ons within a panel. The final cross-section of a cell 

interconnect is shown in fiQ. 7.62. 
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SPECIFICATION SHEET 

Machine Name: DV of Si02 Substrate 

Function oi Machine: To deposit 50 microns of SiO onto the 
Al rear contact and cell int~rconnect 

Mass of Machine: 

Physical Dimensions: 13 ~ x 1.1 m x 3 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 155 

Number of Machines: 260 

Number of Operators: 0 

c t omponen s: 

EB Gun 

Filament Magazine 

Slab Feeder 

Masking Strip Handling Device 

Masking Strip Magazine 

Oxygen Dispenser 

Panel Baffles 

Side Baffles 

Side Baffle Guide 

Soft Surface Belt 

Motor/Drive 

End Roller 

CooHng System 
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7.8.18: Masking Strip Cleanup: The silica-coated masking 

strios used in the direct vaporization of optical covers 

(Sec. 7.8.16) and substr~tes (Sec. 7.8. 17) are cleaned in 

an automatic facility. This facility, concrJtually similar 

to the mask cleanup device (Sec. 7.8.11), is shown i~ 

Fig. 7.63. 

A masking strip magazine filled ~ith coated strips and 

an empty magazine are loaded into an evacuated outer chamber 

(the two-chamber design reduces pumping requirements). After 

the chamber is sealed and filled with argon, the strips are 

automatically fed through cleaning rollers and into the 

empty magazine. 

The silica fla~es removed from the strips by the brushes 

are suspended in the argon and filtered o~t by a ~as recir

culation system. Once the strips are cleaned, the inter

chamb1r slits are closed and the outer chamber is evacuated. 

The magazine with the clean strips is removed, and another 

magazine of coJted strips is inserted. Estimnting that each 

magazine holds 200 strips, each strip ta~e~ 15 seconds to 

clean, and the pumpdown and reloaj steps take 10 ~inutes; 

each maga,ine-full requires 1 hour for cleaning. Based on 

an allowable thickn~ss of .5 mm of 3ilica before cleaning 

(7 passes through OV cf optical cover, or 10 passes through 

DV of sub~trate), and a yearly production of 9.5 x 107 panels 

per year (includir.g wastage allocations), roughly 2.3 x 107 

masking strips must be cleaned per year, and thel'efore 15 

masking strip cleaners Jre required (90~ duty cycle). 
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SPECIFICATION SHEET 

Machine Name: Masking Strip Cleaner 

Function of M1chfne: To remove deposited silica from masking strips 

Mass of MachinP.: 180 kg 

Physical Dimensions: 5 m x 4 m x 2 m 

Thr~ughput/Machine (tons/year): 

Po.:er hequfrements (KW/machine): 7 

Number of Machines: 15 

Number of O?erators: 0 

c t omponen s: 

Handling and Feed Systems 
--:--

B ushers anti Drive 

Gas Circulation Pump 

Filter System 
--

Con ta ine1· 
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7.8.19. Panel Alignment and Spare Panel Insertion: After the 

optical covers and substrates have been deposited on the 

110.3 cm x 117 cm panel, each panel is accelerated to lm/minute 

by soft-surface belts (soft-surface to avoid bending stresses, 

since the interconnects protrude), then guided by rollers through 

the panel remcval and insertion zone. The panels then enter 

the panel deceleration zone, where they are decelerated and 

aligned with their predecessors, adding to the backlog of 

panels waiting panel interconnection. The operations are 

shown in Fig. 7.64; although the figure shows this machine in 

two sections~ th~ solar cell panels actually move in a con

tinuous straight line. When the panels are accelerated to 

100 cm/min, the gap between them widens to 20 cm (12 second 

time lag), facilitating removal/insertion operations. The 

ourpose of this arrangement is to quarantee a continuous supply 

cf panels to the panel interconnection, each panel aligned with 

its neighbors. 

The first device in the panel removal and insertion zone 

is the defective D~nel shunt. If quality control devices 

indicate that the now-completed panels are substandard, the 

defective panels are diverted into the defective panel hopper. 

The contents of this t ~~per are discarded as waste during 

maintenance operations. 

Next, satisfactory panels travel through the extra panel 

shunt. If the strio is producing panels faster than its 

neighbors, or if there is a stoppage in the downstream array 
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assembly operations, some or all of the produced panels ~an 

be diverted into the extra panel hopper. These panels then 

become spare panels, to be used in factory production strips 

with insufficient output. 

The next device in the sequence is the spare panel inser

ter. Should one strip be slower than the others, its backlog of 

panels dwindles relative to the other strips. Optical ~ensors 

report this, and a computer sends commands to speed up that 

strip. Should the strip not speed up, or should a strip fail 

entirely, such that its backlog threatens to drop to zero, 

the computer requests spare panels. These are inserted just 

before the deceleration zone. The spare panel hoppers are 

restocked from the panels accumulated in the extra panel 

hoppers. The hoppers are emptied or refilled by a "crawler' 

(similar to the one shown in Fig. 7.40; :~awlers are described 

in Chap. 8). In case of breakdown of a panel insert machine, 

the crawler is also capable of feeding spare panels into the 

production strip until repair of the machin~ is completed. 

After the removal and insertion zone, panels travel 

through the deceleration zone before reaching the backlog 

area, where the panels are moving at .85 m/mi~. The objective 

is to stop the panel within 1-2 mm of the moving trailing edge 

of the backlog. Optical sensors track the leading edge of 

the coasting panel and the trailing edge of the backlog and 
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a microprocessor calcul~~es the intersection time and place. 

Computer-controlled variable-speed rollers then slow down 

the panels and bring them into close alignment, ready to 
• 

enter the panel interconnect machine. 

SPECIFICATION SHEET 

Machine Name: Panel Alignment and Spare Panel Insertion 

Function of Machine: Removal and insr 
panel alignment 

Mass of Machine: 284 ~g 

Physical Dimensions: 18 m x l .1 m x 2 m 

Throughput/Machine (tons/year): --

Power Requirements (J<~l/rnachine): 10 

Number of Machines; 

Number of Operators: 

Components: 
' .. 

Accelerator Belts 

266 

0 

Variable Speed Rollers 

Panel Remover 

Panel Inserter 

Panel Hopper 
-

Sensors 

Guide Rollers 
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7.8.20. Panel Interconnection: As shown in Fig. 7.65, the 

aligned panels (llO cm x 117 cm) are now iotercor.nected in a 

manner similar to the cells (Sec. 7.8.15). An interconnect 

feeder places an aluminum panel-to-panel interconnect (14 

cells wide) between two successive panels in a strip. 

The side view in the figure shows that the interconnect 

is applied between the aluw.inum rear contacts at the trailing 

end of the leading panel Jnd the collector bars on the leadi~g 

end of the following panel. These surfaces were protected 

from the Si02 deposition by masking strips (Sec. 7.8. 16 and 

7.8.17), and are therefore accessible to the interconnect. 

The panel-t~-panel interconnect is electrostatically bonded 

in place. 

The combination of panel alignment (Sec. 7.8. 19) and panel 

interconnection produces 14 oarallel strios of interconnected 

panels (on 14 parallel production strips) in each solar cell 

factory subsection. The parallel panels are lined up with 

each other, in pre~aration for structural interconnection, 

which will form the 14-oanel wide ~rray segments. At this 

stage, however, each panel consists of lo solar-cell-material 

sections, each 6.4 cm x 110 cm; each of these will be cut 

into 14 solar cells. 

Connections between strips of panels can be made in similar 

fashion, by electrostatic welding of crocs-connectors. This 

operation depends on the actual circuits required in the solar 

ce11 errays, which are not entirely clear to the study group 

from the literature studied. 
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SPECIFICATION SHEET 

Machine rhme: Panel Interconnection 

FunctiGn of Machine: Application of interconnect between panels 

Mas: of Machine: 65 kg <> 

Physical Dimensions: .5 m x l.t m x 1.5 m 

Throughput/Machine (tons/year): 

Power ~equirements (KW/machine): 7.1 

Number of Machin~s: 266 

Number of Operators: O 

c omponents: 

Electrostatic Welder 

Inter• ·.ect Feeder 

Interconnect Roll 

s~nsors -
Variable Speed Rollers 

Motor 

Gui de Ro 11 ers 
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7.8.21. Longitudinal Cut: After the panel interconnection, 

the strips of panels are cut lengthwise (along the strip) by 

a laser. This laser, similar to the one used in cell crosscut 

,Sec. ?.8.13), produces 13 parallel lengthwise cuts in the 

panels, at 7.8 cm intervals. With l mm kerf loss, the re

sulting solar cells are 7.7 cm x 6.4 cm, and the panels each 

ho: 252 cells (14 x 18 cells}, as per JSC-Boeing design. 

Figure 7.66 shows the cutting process. The laser cuts 

through the cell ~nterconnects (but not the panel interconnects). 

This separates the cells from their side neighbors~ leaving 

them connected in series along the strip, but cross-connected 

by the panel interconnects. As shown in the top view, the 

longitudinal cuts do not extend all the way through the leading 

panel, leaving intact the l~ading edge of the interconnect. 

Although the trailing row of cells therefore remains cor.nected 

across their rear contacts, this is acceptable since the rear 

contacts of the panel's last 14 cells are connected by the 

panel interconnect; they are therefore electrically equivalent, 

and need not be physically separated. The top contacts of 

those cells are separate, whether or not thP. cells are cut 

apart. 

The leading edge of the following panel is different, how

ever. There the top contacts of the first 14 cells are 

connected by the panel interconnect, and therefore electrically 

equivalent. However, each rear contact has a cell between it 

and the equivalent top contacts, and should therefore be 
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separate. The cuts therefore start ahead of the cells, notching 

the panel interconnect. 

Should it be advantageous to separate the leading panel 

cells as well, the longitudinal cuts can extend into the 

leading edge of the panel interconnect also. In that case 

the study group recommends that the spacing between panels 

be increased to 4 mm, and the panel interconnects widened 

accordingly. Therefore the notches cut into the panel inter

connects would not structurally weaken them too much. 

The laser makes all the longitudinal cuts in a 110.3 x 

6.4 cm section before going on to the next. It must cut a 

total of 83.2 cm in 4.5 sec nr about 20 cm/sec in performing 

13 longitudinal cuts. The laser is moved across the section 

by a tracking system, in 7.8 cm intervals. Including beam 

turn-on and sh11t-off power, the laser requires about the same 

power as the laser crosscutter, and therefore has the same 

parameters. 
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SPECIFICATION SHEET 

Machine Name: Longitudinal Cut 

Function of Machine:To make 13 leng~twise cuts in each panel, 
se=parating the panel sections in solar cells 

Mass of Machine: 48 kg 

Physical Dimensions: .Smxl.1 mx2.5m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 2.6 

Number of Machines: 266 

Number of Operators: 0 

c t omponen s: 
laser 

Krypton Lamp Magazine 

Guide Rollers 

Shield 

laser Tracking System 

l 

1 

2 

1 

1 

--·--· 

7. 194 

-at 
~ -
UI 
UI 
ct 
:E: 

20 

1 

.s 
1 

25 

~ 

• ~ 
L-
4» :1-
3 cr:s 
OCD~ 
a.a:-

2.5 

0 

0 

0 

• 1 



7.8.22. Kapton Tape Application: As shown in Fig. 7.67 (a 

view from "below" the solar panel strips), kapton tape is 

applied both crosswise at1 lengthwise to fasten adjacent 

panels together. Stationary rollers unroll lJ strips of 

tape lengthwise, onto the underside of the solar cell array, 

while soft rollers provide support on the topside. Each 

stationary roller originaliy holds 633 m of kapton tape, the 

length of each solar cell array 'package.' 

After the sheet passes through the stationary rollers, 

cross rollers unroll tape across the strips, onto the inter

section between successive panels; each roller is also 

accompanied by a soft roller for support on the topside. 

These rollers move along with the panel in the lengthwise 

direction, at .85 m/sec, and move back after each tape 

application. There are 8 crossrollers, each of which can 

tape 2 panel widths at a time. The crossrollers tape in a 

staggered manner (as shown in the figure} from row to row 

so that the array is entirely connected together. Each 

individual roller tapes only two panel widths (2.2 m) at a 

time, so that the failure of one crossroller will not cause 

a production shutdown. Spare tape rolls are stored in 

magazines which are periodically refilled by crawlers. The 

crawlers can also temporarily take over the function of a 

roller during repairs. 

The kaptor. tape connects the panels into connected arrays 

1 4 pane 1 s ( 1 5 . 5 m) \Ii de by 5 4 1 pane 1 s ( 6 3 3 m) l on g , as per 
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the Boeing design. At full productions the entire solar cell 

factory could produce 19 ~f these 'packages' at one time, 

from 266 strips grouped into 19 sets of 14. In actuality, 

some of these strips are down for maintenance or repair, and 

some are producing spare panels (see Sec. 7.8.19). 

SPECIFICATION SHEET 

Machine Name: Kapton Tape Application 

Function of Machine: Application of Kapton tape to glass substrate 
in crosswise and lengt! ~ise directions, bridging 

Mass of Machine: 215 kg separate panels 

Physical Dimensions: 5 m x 16 m 3.5 m 

Throughput/Machine (tons/year): 

Power Requirements {KW/machine): 12 

Number of Machines: 19 

Number of Operators: O 

Comoonents: 

Stationary Taper 

Stationary Tape Ref i 11 

Cross Taper 

Cross Tape Refill 

Soft Roller 

Guide Ro11er 

Cross Tape Motor 
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7.8.23. Array Segment Folding and Packaging: The solar cell 

packager accordion-folds the final solar cell product, a 

15.5 m x 663 m array, directly into a cushioned storage box. 

Vertical deflectors buckle the incoming solar array so that 

it folds properly (see Fig. 7.68), and a mechanical arm guides 

the trailing edge into the box. The filled box is pushed down 

below the folding section by mechanical rollers and its top is 

attached. At this time the box is labeled with the production 

strip and time and any other relevant information (e.g. defects, 

expected efficiency). 

A crawler (dedicated to the packaging section) picks up 

the finished box of solar cell array. The crawler also loads 

an empty box into the packaging machine above the following 

section. Box tops are loaded below the folding section. 

The crawler can carry 4 boxes at one time. Finished 

boxes are loaded by the crawler directly into the internal 

transport system for transfe! .l t~e input/output station. 

Since a number of boxes and box tops for the 'finished' 

arrays are in transit and at the SPS assembly site at any tfme, 

each machine has 10 boxes and box tops allocated to it, to 

ensure their availability. Empty boxes and tops are returned 

to the SMF from the SPS assembly site. The boxes are the 

longest item (16 m long) to be handled by the SMF's internal 

transport system (described in Chap. 8). 
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SPECIFICATION SHEET 

Mach i n e Name : Arr a y S e gm en t F o 1 d i n g a n d Pac k a g i n g 

Functi~n of Machine: Accordion-fold and package solar cell arrays 

Mass of Machine: 1460 kg 

Physical Dimensions: 8 m x 16 m 

Throughput/Machine (tons/year): 2200 

Power Requirements (KW/machine): 1.1 

Number of Machines: 

Number of Operators: 

c t omoonen s: 

Gui de Rollers 

Vertical Deflectors 

Box Alignll"~r.~ 
........ _ .. 

19 

0 

Tra"iling Edge Guide 
- -'. 

Box Labeling 
.___ 

Boxes and Tops 

, .. .. .. 
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7.8.24. Note on Radiators: As described in the preceding 

sections, the deposition, recrystallization, annealing, and 

sintering processes dissipate roughly 40% of their input power 

by circulating a fluid through thermal plates below their 

deposition belts and out to 1-mm-thick aluminum sheet rao.~tors. 

Estimating that this cooling is done with liquid sodium with 

inlet temperature 600°K and outlet temperature 400°K, the 

'thermal average' temperature is 475°K, from the formula 

Trad = T inlet 

(
Tinlet \

2 

1 
Toutlet) -

g_ [(Tin 1 et ) 
3 

_ 1] 3 Tout let (Ref. 7.7) 

At this ~ffective temperaturet the radiator sizes required for 

the various production steps along a strip are shown in 

Fig. 7.69, a modification of Fig. 7.41. Each radiator has 

the same width as the strip (l.l m). As the figu1·e shows, 

although some radiators ~xtend beyond their associated de

position section, the total radiator area does not extend 

beyond the factory area. 

The radiators are roughly 30 meters away from the ~roduction 

strips, in a plane parallel to the factory. They therefore 

collectively shiela the equipment from micrometeorites. The 

30-meter distance was chosen to allow free movement of the 

free-flying teleoperators (described in Chap. 9) between the 

radiators and production equipment. The total travel distance 
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ofthe coolant was estimated at 100 meters, including travel 

within thermal plates and pJmping sy~tems, travel along the 

radiators, and the round trip between factory and radiator. 

Those sections requiring coolant-fed radiators (and 

several other processes as well} require thermal waste rystem 

to dissipate the remaining energy input. Estimating that 101 

is lost by direct radiation from the equipment and in depositio~ 

vapors lost to space, roughly 50% of the input pow~: t J ~umber 

of processes must be dissipated. In all of thesv pr~~ ;ses. 

this waste heat must be removed from electron beam guns or 

lasers, and these EB guns dnd lasers are on tn~ opposite si~e 

of the produ~tion strip from the thermal belt radiat~rs. 

Therefore these EB guns and laser~ c~n be cooled by radiators 

on their side of the production strips. 

The EB guns and lasers are cooled passively, by heat pipes 

feeding pyrolitic graphite radiators (except for the DV of 

interconnects, which are cooled by circulated coolant). Since 

~ost of the EB guns used in deposition are clustered in groups 

of five, each gun occupies roughly 20 cm of the 110-cm width 

of the production strip. The py~olitic graphite radiators 

arc therefore rectangular, with width 20 cm and length equal 

to half the length of the deposition chamber (thus sharing 

the a~ea with the EB gun cluster at the other e~d of the 

chamber) such as in the DV of Si02 {Secs. 7.8. 16 and 7.8.17). 

In those cases where only two E8 guns are used, their radiators 

Jre 50 cm wide. 
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Given this sizing. the radiators for the EB guns range 

in operating temperature from 260°K to 720°K. The laser 

radiators operate at 410°K. Collectively, these pyro11t1c 

graphite radiators cover the deposition sections on the sf de 

unprotected by the aluminum radiators, thus completing the 

micrometeorite protection of the equipment. These radiators 

need not be removed to access the EB guns, but at least one 

radiator from a cluster of five must be r~moved to access 

the slab feeders in a deposition section. The radiators are 

therefore desigr.ed with disconnect fittings at the end of 

their heat pipes. Removal of one radiator from a cluster of 

five allows a crawler to slide a slab into the se£ti~n, mail

slot-style. The crawler then rotates the slab 90 degrees and 

loads it into a slab magazine. Since the radiator's EB gun 

can be shut down during the process (the other four take over), 

this does not require a produetion stoppage. Radiators are 

sized to handle the extra load when four guns assume the 

func~ions of five. 
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CHAPTER 8 

SMF SUPPORT EQUtPMENT 

8.1 GENERAL REMARKS 

Fig. 8.1 is a plan view of th~ reference SMF. To the right 

side of the figure is the solar array which provides, along 

with emergency fuel cells, power for the SMF operations. The 

solar array is the only p2rt of the facility requiring close 

pointing to the sun (±1°). The rest of the factory does not 

require close attitude control, but should stay in the shadow 

of the solar array to alleviate heat waste problems and thermal 

deformations. 

To the left of the array is the habitat, providing housing 

for the SMF crew. In the figure, this area is partially visible 

through the cut-away section of the waste heat radiators, 

mounted top and bottom of the habitat. A pressurized tunnel 

connects the living area to the rest of the factory. 

The repair shop is the area in which maintenance and re

pair of components from the factory i~ carried out. This 

section consists of a cluster of shuttle tanks and life support 

equipment. Maintenance and repair are discussed in Chapter 9. 

The do~king facility is close to the components factory 

(to minimize the movement of inputs and output~), yet distant 

from the fragile solar array, solar cell factory, and habitat 

(in case of docking accidents). Input containers are cylinders 

sized to hold three months of lunar inputs each (assuming pro

duction of one lOGW SPS/year). The containers are unloaded 
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by manipulators. Output containers may also be docked to this 

facility and loaded by the same manipulators. The need for 

such containers may not arise if the SMF were at the same 

location as the S~S assembly site. A pressurized docking 

mechanism is provided for the loading and unloading of the 

SMF crew. 

The docking facility and other sections of the SMF are 

connected by a network ~f tracks along which magnetic trans

porters travel. These transporters travel thrcugh the facility 

to supply machines. transport personnel. and place container

ized materials in dedicated storage devices. 

In the solar cell factory, an overhead crawler system 

is used to perform all routine maintenance and support 

operations. The crawler system is described i~ section 8.4. 

More complex repair operations in the solar cell factorv are 

performed by remote free-flying hybrid teleoper~tors which 

are described in Chapter 9. 

Not shown in Figure 8.1 is the factory production control 

network. This three-command-lev~l factory control system 

uses senscrs to check output quality and machine operation 

and is described in section 8.4. The use of automation in 

factory control is discussed in Addendum II. 

This chapter contains descriptions of the SMF support 

equipment. 
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8.2 INPUT/OUTPUT STATION 

The functions of the input/output station are described 

tn sect~:n 6.6.1. The docking area consists of two sections; 

an unpressurized area in which cargo modules are loaded and 

unloaded, and a pressurized personnel docking area. Figure 

8.2 is a rough sketch of the input/output facility. 

The personnel docking area consists of a standard andro

gyne docking mechanism to which personnel modules are docked. 

Personnel then transfer through the docking ring to a 

pressurized tunnel leading to the habitation and repair 

sections of the SMF. A pressurized docking facility is used 

because it removes the need for transiting crew members to 

wear space suits. The habitat is at some distance from the 

docking area so that, in the event of a docking accident, a 

minimum of damage to pressurized areas will result. 

The unpressurized docking areas are the input/output 

stations for SMF materials. Cargo modules--sized to hold 

three ~ nths worth of lunar input (for a production rate of 

; SPS/year)--dock between trusswork piers. Two manipulator 

arms, each with a 40m reach and the ability to move along 

the trusswork piers, are used to load and unload each container. 

A human ~->~rator controls each of the manipulators; however, 

det"~1 1nation of the order in which unloading of goods occurs 

·~ a function of the production management system (described 

in section 8.5). In addition to the loading and unloading ~f 

~he conta:nerss the manipulators are used to transport 

8.4 



. 
U'1 

FIGURE 8.2: INPUT/OUTPUT STATION 

Rettntton 
Latch 

Press u r 1ztd 
Tunnel 



assembled DC-DC converter radiators from their production area 

to the output station. 

The .input-output station is a major terminal for the 

internal transportation system. Goods unloaded from the 

containers are placed aboard magnetic transporters for dis-

patch throughout the facility (see section 8.3). 

8.3 INTERNAL TRANSPORT SYSTEM 

8.3.l Overview: The SMF internal transportation system is 

designed to carry raw materials, personnel, and finished 

pro~ucts within the facility. In the t·eference design a 

containerized, magnetic trdnsporter system is used. It should 

be noted that this system uses passive containers; however, 

p~rsonnel containers can c6rry life-support batteries. 

Table 8.1 presents a list of the items to be moved to, 

from, or within the SMF. All of these items mass less than 

3 tons, and nearly all of them could each fit in a space 

1.5 x 2.5 x 16 meters (some are far small~r). Thus, almost 

all of these items may be packaged in specialized containers 

and moved by the magnetic transport system (described in 

section 8.3.2). Storage areas for the specialized containers 

are provided in the system to prevent backups and guarantee 

supply of transporters along the tracks (see Fig. 8.3). 

Molten metal or alloy cannot easily be packaged for 

transport in this system. Pipelines (described in section 7.2) 

provide the necessary movement for molten mEtal or alloy. 
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TABLE 8.1: ITEMS TO BE MOVED WITHIN THE SMF 

INPUTS 
Aluminum Rods 
Glass Rods & Slabs 
Magnesium Rods 
Silicon ~ods & Slabs 
DC-DC Converter Parts 
Kapton Tape Rolls 
Klystron Parts 
Oxygen Tanks 
Spare Parts 
Iron Rods 
Natural Lunar Glass 

Powder 
Do pants 
Glass Foaming Agents 

INTRA-FACTORY 
Manifo:lds 
Metal Slabs* 
Wire 
Do pants 
Cavities 
Housings 
Kapton Rolls 
Spare Parts 
Pole PiP.ces 
Repair Crew 

Solenoid Cores 

Aluminum Ro~s & Slabs 
Silicon Rods & Slabs 
Transformer Cores 
Interconnects 

Glass Rods & Slabs 
Klystron Electronics 
Insulation -- Glass Cloth 
Klystan Radiators 

OUTPUTS 
Busbar Strips. 
DC-DC Converters 
DC-DC Converter Radiators** 
Electrical Wires & Cables 
End Joints 
Joint Clusters 
Klystron Assemblies 
Structural Members 
Solar Cells 
Waveguides 

All these items can be transpcrted by a magnetic 
transport system, except: 

*These items are too hot 
**These items are too large 
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Metal slabs are also too hot to be easily packaged and there

fore proceed directly from the caster to the rolling mill. 

Finally~ DC-DC converter radiators, which will not fit in 

the transportation system, are produced near the input/output 

station and handled with manipulator arms. 

One of the functions of the transportation system is to 

transfer materials to and frJm storage areas. There are three 

types of storage within the reference SMF. The first is ~ulk 

storage at the input/output station (materials stored in the 

input/output containers). The second type is within the fac

tories. When a machin~ requires small pieces as inputs, an 

internal transport cart can hold many sucn pieces and serve 

as internal storage. The cart is parked on a sidetrack next 

to the input of the machine, w~ich empties the cart as needed. 

When emptied, the cart moves away and a full cart replaces ;t. 

Similarly, machines which produce small outputs can fill a 

cart, which moves away when fu11. 

The third type of internal storage is a dedicated storage 

device; this system is described in section 8.3.3. 

8.3.2 Magnetic Transporter System: The magnetically driven 

transport system shown in Fig. 8.4 carries most SMF inputs 

and outputs as well as repair and maintenance personnel. 

Containers designed to carry particular items (i.e. klystrons, 

solar panel rolls, or repair crews) are supported by a 1.5 

meter cubic framework. Two frameworks may be needed to support 
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containers longer than 1.5 meters, with pivot clafu?S b~tween 

payload and transporters. Such a payload would then behave 

like a two-bogie railroad car (see fig. 8.5). Eight teflon

coated skids keep the framework aligned along a fixed set of 

tracks. 

As shown in Figs. 8.5 and 8.6, the transporter is pro

pel led along the track by magnetic induction. Four high

permeability plugs are attached to each framework as shown. 

The plugs are made of supermalloy, a nickel-based materi~l 

w~th permeability 800,000 at 8000 gauss. Such a materidl pro

duces a higher ~agnetic Tield concentration than a permanent 

magnet. The transporter is driven by toroidal electromagnets 

made of supermalloy cores wound with copper or aluminum. The 

plugs fit loosely into the ga~ between the ends of the elec

tromagnet, which creates a field of 8000 gauss (if the plug 

is fully inserted}, providing ener9y of 25 joules p~r pulse. 

Thus ~0 electromagnets are need£. to accelerate a two-ton 

block from rest to a speed of lm/sec. 

The track ~ontains 2-meter-long acceleration/decelerati..n 

sections near input/output and storage locations Acceleration 

fs produced by a series of closely spaced eleci ·omagnets, each 

of which applies force to t~e plug within it at the command 

of a computer. The computer controls the acceleration by 

varying the current flowing through each elec~romagn~t. After 

acceleration, transporters arc allowed to coast while widely 

spacerl Plectromagnets maintain speed. 
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SPECIFICATION SHEET 

Machi.1e Nana~: Magnetic Transporter Cart 

Function of Machine: Transport of materials within the SMF 

· Mass of Machi n e : 8 7 Jc g 

Physical Dimensi~ns: 1.5 m x 1.5 m x 2.1 m 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 

Number of Machines: (depends on detailed 
design") 

Number of Operators: O 

c t OB' Pon en s: 

Frame 

High Permeability Plug 

Teflon Skid 

Container 

8.14 

1 

4 

8 

6 

-at 
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SPECIFICATION SHEET 

Machine Name: Transporter Track 

Function of Machine: Guide, control and accelerate transporters 

Mass of Machine: 166400 kg 

Physical Dimensions: 1800 m x 3 m x 2.2 m 

Throughput/Machine (tons/year): 

Power Requirements {KW/machine): 22.8 

Number of Machines: 1 

Number of Operators:O 

c omDonents: 

Track (800 m) 4 

Magnetic Drivers 1280 

Busbars 2 

Routing Control 1 
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8.3.3 Internal Storage Device: The internal storage device 

is used to maintain a backlog of materials and parts at key 

points in the facility. 

A magnetic i~ansporter cart stops in front of the machine 

and a ~ush arm unloads a container into the storage tube. The 

container is held in p1ace by a spring and by release clips at 

one end of the tube. The eight tubes hold four containers each 

for a total storage capacity per device of 32 transporter loads. 

The internal storage device rotates to provide multiple loading 

and unloadi~g points. 

The number of machines was .·etermined by pla~nfng for a 

backlog of one day at critical production points. The cost of 

the machine was determined fr~m materials costs and from costs 

of similar industrial equi9ment. 
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SPECIFICATION SHEET 

Machine Name: Internal Storage Device 

Function of Machine: To maintain a backlog of materials crd 
parts at key points in the SMF 

Mass of Machine: 380 kg 

Physical Dimensions: 15 m diameter; 1.6 m thickness 

Throughput/Machine (tons/year): 

Power Requfrem~nts (KW/machine): 2 

RumbP.r of Machines: 

l~mber of Operators: 

c t 011oonen s: 

Circuitry 

Tubes 

Push-Arm 

8 

0 

8.18 

"""'-~ 
~c ·A-.: 
EU 
:I ... 
z:c 

1 

8 

1 

-·aa 
~ -

·200 

30 

150 

.. 

,, 
• ~ 

~-• :::1-
:s cr:s 
o•~ a.a:-

1 

0 

1 



8.4 CRAWLER SYSTEM 

The crawler system performs all routine maintenance and 

support operations for the Solar Cell Factory (SCF). It de

livers slabs, filament magazines, and baffle rolls to the 

deposition machines; interconnect rolls and kapton tape rolls 

to the assembly machines; spare panels to the panel insert 

machines; and it collects the solar array packages at the end 

of the assembly line. The crawler can, in addition, replace 

broken machines 5uch as EB guns. 

Crawlers move back and forth along tracks running per

pendicular to the production strips, and dispense material 

and parts in a predetermined sequence. The crawlers 

Deposition 
Areas 

Panel 
Alignment 

Inter
connection 
and Cutting 

FIGURE 8.8: SOLAR CELL FACTORY SECTIONS 
REQUIRING DIFFERENT CRAWLER TYPES 
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periodically replenish their supplies, and unload broken EB 

guns and filaments, at warehouses located between production 

strips of the SCF. Control of the crawlers is completely 

automatic, requiring no human supervisors. Individual 

crawlers are programmed 1n different ways, depending upon 

which section of the SCF they serve. 

The SCF may be divided into four subsectiohs that have 

essentially independent support requirements and may be served 

by a dedicated crawler system (Fig. 8.8}. The areas are de

position area, panel dlignment area, interconnection and 

cutting area, and packaging area. The main diffences between 

different types of crawlers are the loads they carry, their 

manipulators, their end effectors, and their operating programs. 

Each crawler has the same basic frame end drive mecha

nisms (Figs. 8.9 and 8.10). The frame is triangular in 

cross-section Sm x 3m x 7m long except for the crawler 

serving the packaging section, which is 17m long. Manipulator 

arms are mour.ted on tracks to increase their effective reach. 

Their Sm length all~ws them to cover the widest deposition 

sections. The manipulator end effectors are tailored to the 

sections where they will be used. Deposition section mani

pulators, for example, must have end effectors that are 

capable of handling filament magazine~, baffle rolls, slabs, 

and replacing broken EB guns. The manipulators must, cor

respondingly, have repl~ceablP. end ef~ectors. 
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Crawlers travel between two tracks, one above and one 

below the crawler, and are moved by an electrically driven 

gear {Fig. 8.9). 

8.5 POWER PLANT EQUIPMENT 

Power for the SMF is produced by a solar arri1Y situated 

outside the production facilities and connected by a flexible 

joint. The array is the only part of the facility requiring 

accurate pointing toward the sun (±1°}. The remainder of the 

factory is shaded by the solar-cell array, thus easing waste 

heat and thermal cycling problems. 

Estimates of power consumption, defined from the speci

fication sheets for various SMF processes, are given in 

Table 8.2. The total power requirement for the SMF is 

approximately 240 MW, which, assumi~g an array efficiency of 

12.5%, equates to a solar cell area of 1.37 km 2 (a square 

1200m on a side). 

Al 1 the power provided to the SMF is in DC form, except 

that which operate~ the induction furnaces. The furnaces re-

quire high AC power at 300 Hz. The DC voltage from the array 

must be fed to each process at a specific voltage level. This 

power conditioning may be achieved by either using DC-DC 

converters or by "tapping" currt~nt at appropriate points 

from the solar array by suitably positioned multiple busbars. 

The refer enc c S r1 F d cs ; g n \oJ as DC - 0 C converters po s i t i one d al on g 

the central stru~tural mast to provide power to the various 
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TABLE 8.2 

POWER USE IN REFERENCE SMF 

COMPONENTS FACTORY 

Metals, furnaces, and casters 
Ribbon and sheet operations 
Insulated wire production 
DC-DC converter production 
Klystron production 

WAVEGUIDE FACTORY 

Waveguide production 

SOLAR CELl FACTORY 

Solar cell production 

FACTORY SUPPORT 

LIFE SUPPORT (@9 kw/person) 

8.24 

POWER (KW) 

300 
1600 

550 

3 
40,000 

8,900 

186,000 

300 

4,000 



SMF sections. The AC power for the production furnaces fs 

provided by DC-AC converters. 

In case of solar eclipse, or malfunction of the solar 

array pointing system, power can be produced by emergency fuel 

cells which feed DC power to the pcwer conditioning system. 

During primary power failure, these fuel cells produce enough 

power to avoid damage to equipment and danger to personnel 

while the production equipment shuts down; to keep essential 

support services (docking, internal transport, lift sup~ort, 

repair, and attitude control) working u~til primary po··-r 

returns, and to keep the life support systems of the habitation 

section operating. The fuel cells are designed to supply 

emergen.y power for up to 30 days. From Table 8.2 it can 

be seen that factory ~upport equipm~nt requires 300 KW and 

life support requires 9 KW/person. In the case of a power 

loss the latter figure . ay be cut down to 3 KW/person with 

suitable power conservation measures. The total mass of the 

emergency power source (assuming 440 workers at the SMF) 

is 21T--using a typical fuel cell mass of 16 kg/kw. 

The fuel cells are actually operated at low output at 

all times, to keep them in operating condition, and to produce 

power to handle peak loads (the solar array produces mainly 

baseioad power). The cells are fueled with lunar oxygen and 

Earth hydrogen; their water output makes up the water losses 

in the food and water cycles. 
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8.6 PRODUCTION CONTROL 

8.6.1 Control Structure: As described in section 6.6.4, 

production control within the ref2rence SMF is exercised at 

three levels: factory monitoring, factory resources manage

~~~t, and production management. 

The lowest level is factory monitoring, which continuously 

receives information on machine operation and output quality. 

If p-roduct qua 1 i ty is substandard, the factory monitoring 

sectinn sends commands to the factory to adjust the appropriate 

equipment settings. 

If the substandard output per$ists, or if a machine 

breakdown occurs, the factory monitoring section sends 

commands to the factory to shut down the affected equipment, 

and sen~s commands to the maintenance and repair section to 

fix the problem. Simil~rly, the factory monitoring section 

monitors the need for mainte11ance of the factory equipment, 

and sends commands to the maintenance and repair section to 

do that mai~tenance. 

In order to perform ti1ese tasks, Pquipment monitors 

both the quality of output, and the operation of circuitry 

to initiate corrective commands. For example, in the solar 

cell factory, measurements of deposited film thicknesses, 

grain size of deposited silicon, dopant concentrations, etc. 

are made during production to ensure quality of machine 

outputs. Measurement devices employ a variety of techniques. 

Additionally, the performance of equipment such as electron 
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beam guns, peg w~lders, and contact masks is monitored so ti.at 

a comparison between output quality and machinery status wili 

allow faults to -~ isolated. For maximum effectiveness 

(minimum wastage) quality control is then exercised at each 

stage of production within the reference SMF. 

Fqu ·· 'ment requirements for the factory cannot be eas n y 

evaluated sirce the machinery required for quality ~ontrol is. 

to some extent, dependent upon the final prod~ction machinery 

designs. It is clear. ~ wever, that sensors, communications 

lines, computational facilities, audio and/or video monitoring, 

and, possibly, teleoperator capabil~ties will be requ~red. 

Quality control concepts, applied to the Solar Cell Factory, 

are disc1,ssed in section 7.6.2. 

The next level in SMf production control and management 

is the ~·actory resources managerne'it section. This section re

ceives information from several sources. Fri~ the factory 

monitoring section, it receives continuous info:mation on 

the status of the factory, i.e. which machine~ are working, 

which are shut down, which are approa~hing scheduled main

tenance. From the factory itself, the factory resources 

management section receives information on the contents of 

internal storage systems. From the input/output station, it 

receives information on the input and output inventories in 

the cargo modules. 

From all this infurmation, the factory resources manaQe

ment section builds Jnd continuously updates a picture of the 
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resources available for production: status of machinery, size 

and location of material inventories. Based on this picture, 

this section models and predicts factory throughput. It then 

opt;mizes factory operations in the predictive model. 

The work of the factory resources management is largely 

computational, receiving data from sensing equip~ent located 

around the factory. 

Inventory control equipment is responsible for the iden

tification of and accounting for parts within the facility. 

Additional equipment is required to monitor the contents of 

each of the internal stor~ ,e devices throughout the factory. 

Inventory control {as applied to the Solar Cell Factory) is 

d;scussed in secticn 8.6.3. 

The system employed is comparable to that c~rrently used 

in factories with automated inventory control. In f~ct, th~ 

S~F system is a good deal simpler than that used in, say, 

the automobile industry which keeps account of up to 15,000 

different parts at a given time. The particular case of re

source management of the Solar Cell Factory is the subject of 

current work by the study group. 

The factory resources management s~ction of the SMF in

cludes several personnel to oversee the operations of the 

complex SMF factories. The large volumes of information re

quired are processed by computers. 

The upner level of prod~ction control and management is 

production management. The SMF production manager receives 
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information from within the SMF and from other sectors of the 

space industrialization scenario. From the factory resources 

management s~ction, production management receives updates on 

the resources available to t~e SMF. From the Moon and the SPS 

assembly site, the SHF production manager receives information 

on shipment schedules for bot~ expected input shfpmen:s and 

requirea output shipments. These facts are then evaluated,to

gether with long-range planning goal~ to determine the near

term objectives of SHF production. Production management then 

gives these objectives to the factory resources management 

section for implementation. 

The production manager must receive information about the 

status of all parts of the factory on request, and, therefore, 

equipment is for communications, data lirks, computation, etc. 

The actual equipment required is largely dependent on final 

factcry designs. 

8.6.2 Quality Control Concepts; Quality control equipment 

will be needed in the SCF to monitor thicknesses, temperatures, 

dopant concentrations dnd machinery health. This section of 

the Addendum will address options available for some of the 

quality cont:ol equipr.it?nt. 

Durin9 the initial part of the solar cell deposition the 

cell ,,yers will be deposited on a thermal belt designed to 

provide ternp~rature control for several machine processes. 

Ref. 20 surveys temperature instrumentation, of which only 

thermocouples, resistance versu5 temperature devices (RTD's) 
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and radiation pyrometers operate in the range of temperatures 

encountered by the thermal b, Infrared thermometers operate 

in the temperature range of concern and are described in 

Ref. 21, which provides an excellent comparison of thermo

couplee ~,d infrared thermometers. 

The advantages of an IR thermometer over a thermocouple 

include its quicker response time, virtually infinite life 

and the fact that it is a non-contact sensor. Compared to IR 

thermometers the thermocouples require no cooling services 

and can measure temperatures in inaccessibl~ places. Because 

it is non-contacting, the IR thermometer seems ideal for a 

manufacturing process; however, the vapors in the various 

machines could interfere with the optics of this instrument. 

An attractive technique for the analysis of film thick

ness and in the case of the doped silicon, the composition as 

well, is the use of X-ray emissions (Ref. 3). X-ray emission 

involves exciting a thin film with a high-energy source such 

a~ X-rays or an electron beam. The film produces a charac

teristic radiation, the intensity of which is linearly pro

portional to the thickness for thin films and increases ex

ponentially for thicker films up to a maximum value. The 

procedure hus been demonstrated for multicomponent films. 

This nondestructive technique, which is highly accurate and 

requires a short analysis time, is readily applicable to in

line process (manufacturing) contro1. The literature indicates 

that this technique could be very useful for the aluminum 
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contacts and for the boron doped silicon which is five micro

meters in thickness. Ref. 3 is not clear as to whether this 

method could be used for the entire silicon film which is 50 

micrometers thick, or for the silicon dioxide covers which 

are 50 micrometers and 75 micrometers in thickness. 

8.6.3 Inventory: The Solar Cell factory requires seven dif

ferent outside inputs fer th~ ~anufacture of solar cells, in 

addition to interconnect rolls and zone-refined silicon slabs 

which are internally man~factured. The s~\en inputs are 

aluminum, silicon, dooants (boron and phosphorus), silica, 

oxygen, 2nd kapton taoe. All of these are delivered by 

crawlers 0 1' a routine basis and, with the exception5 of 

oxygen J -:on tape, are in slab f~rm. 

For : .. ~ input materials. the accounting system is required 

to keep tr~ck of the inventories in the SCF machines, crawlers, 

ware~ouses, ~nd also the SMF central warehouse. Specifically, 

the system keeps information on the quantity of each ino~t type 

and where and when it was produced. Thus, if a defect ;n ma

terial inputs to the production process is found to cause in

ferior quality cells, the defective slabs can be traced back 

to the machine that produced them and the problem investigated. 

The slabs are always handled in special racks after being 

formed and before bein~ unloaded from the crawlers to prevent 

vacuum welding and contamination. When the crawlers unload 

slabs into the deposition machine$, the pertinent information 

about the slabs is relayed to a central accounting computer 
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along with the time and the machin~ location. This central 

comput~r also keeµs track of materials delivered to and sent 

from the SCF and SM~ warehouses. Thus the central computer 

is aware at any given time of exactly how m~ch of a given 

input material is in stock or in transit, to or from, the SHF 

warehouse, the local SCF warehouses, the crawlers, or the SCF 

machines. 

The central accounting computer has data concerning ex

pected support requirements for such articles as EB gun fila

ments and ka9ton tape rolls, and unscheduled breakdowns of 

components and is thus able to allocate its resources in the 

most efficient manner possible, ensuring that no warehouse is 

ever understocked. If for some reason a shortage of supplies 

exists, the accounting computer determines which sections of 

the SCF are most capable of absorbing a shortage while main

taining adequate levels of production and distributes supplies 

accordingly. 

The computer's method of gathering information on the 

SCF output (soiar array packages} is necessarily different 

from that of the inp~~ materials beca~se the outputs may not 

be of completely uniform quality like the input materials 

are. A solar array slightly below average cannot be recycled, 

so either an entire array must be thrown away or a package of 

slightly lower efficiency will be accepted and the SPS resized 

accordingly. Information concerning the quality of a solar 

array package tan be relayed to the SPS assembly site prior 
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to its arrival so that approoriate measures, if any, can be 

taken to accommodate the lower quality packages. 

The central computer keeps on file all information 

pertaining to the quality of a solar array package. It re

ceives data from the panel insert zone concerning ho- many 

spare panels were inserted and whether any panels are missing 

from a package. Most importantly, the computer records the 

results of the panel test done prior to the panel insert zone. 

The computer will also be aware of deposition thickness and 

uniformity, dooant concentrations, grain size, interconnect 

weld quality, taping quality, etc. The above information will 

be useful for speeding up repairs to failed panels, and for 

planning array maintenance and renewal strategies. 

The SCF deposition and assembly components that can be 

replaced by the crawler also require an accounting system. 

When these components fail, they are replaced by spares stored 

on the crawler. ~ew and refurbished spares are also stored 

in the SCF warehouses. Comporents are either in operation, 

in the repair shop, or in a warehouse, or crawler. This 

repair/replacement system is discussed in more detail in 

Chapter 9. 

8.7 HABITATION 

The configuration chosen for the SMF habitat is illustrated 

in Fig. 8. 11. As in the JSC-GD study, the habitat consists of 

a number of modules constructed from shuttle external tanks. 

For every seven modules, six are designated ~habitation 
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modules" and one a "core module." The habitation modules are 

the basic residential modules, each having eleven levels and 

supporting twenty-one people. The core modules cJntain dining 

and some recreational areas, and provide support for as many 

as 125 people in case of a severe solar flare. More detailed 

descri~tions of these modules are contained in the JSC/60 

study. 

The ECLSS {Environmental Control and Life Support System) 

modules are nested between the External Tanks. Additionally, 

doorways are cut between habitation modules in several places. 

A small amount of material is used to seal these connections, 

material which may be salvaged from external tank wastage 

{such as parts of the L02 tanks). The two airlock modules are 

affixed to core modules at both end modules. 

The major departure from the General Dynamics' design has 

been switching from a one-g environment, provided by rotation, 

to a zero-g environment. 

A zero-g habitat was chosen for the SMF for three reasons. 

First, the Soviet Salyut 6 missions have demonstrated no limit 

to zero-g flights up to nearly five months, assuming that a 

riqorous exercise program is adhered to. Thus a six month 

tour of duty (set by radiation limits) shoul 1, be possible in a 

zero-g habitat. Second, attempting to cycle between a one-g 

habitat and a zero-g SMF twice daily may cause vestibular 

problems to some of the crew. Third, this design reduces the 

shielding requir€ment by a factor of 2.2. This shielding is 
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provided by a stored backlog of input materials for the SMF. 

The earliest input from the Moon becomes this radiation shielding, 

and a reduced shielding mass means that only 0.33 months of 

solid input are required (based on one 10-Gw SPS/year production). 

One problem that is intensified by the above design ch~nge 

is heat rejection. However, this may only require an increase 

in fluid piping, and not a significant change in radiator mass. 

Table 8.3 shows the habitation specifications for the 

reference SMF with a crew of 600 people. As in the JSC/GD 

study, a crew stay time at the SMF of 6 months total per year 

was assumed--three months in space followed by three months 

on the ground up to a personal maximum of one year in space. 

This was based upon galactic radiation shielding of 210 g/cm2 

of lunar-derived material. The total shielding mass is 3.5 kT. 

(The mass and power estimated for the SMF habitat are adapted 

from the JSC/GD P.R. #4.) The paraphernalia associated with 

rotation of the tanks (hub modules, radial connection assem

blies, etc.) have been eliminated. Also eliminated are the 

"Central Shaft and Conveyor" assemblies of each resid~ntial 

and core module. Finally, flooring mass/area has been set 

equal to that for partitior.s and walls at 2.5 kg/m2 . 

The habitat total mass (not including shielding) comes 

to 1800 T. 
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TABLE 8.3 

HABITAT SPECS 

-------------...-.-...-............. _,....._-.-------··- '' 

Total Earth Launched Mass {Inert) 1. 3 x 103 tons 

Habitat Shielding Mass (Lunar Material) 3.5 x 10 3 tons 

Population 440 

Power Requirement 4.0 MW (9 KW/Person) 

W~ste Heat 3~6 MW 

Total Radiator Area 9.0 x 10 3 M2 

Consumable Requirement 178 tons/year 

Emergency Supply 67 tons 
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8.8 STATION KEEPING EQUIPMENT 

Station-keeping equipment requirements for the SMF are 

dependent upon the orbit in which the facility is placed. 

In the study guidelines, no specific orbit was allocated f0r 

the facility, and selection of an orbit is outside the scope 

of this study. Correspondinglys no specific descriptions of 

the equipment requirements can be given. 

Two altetnative attitude control systems for the reference 

SMF are control moment gyros and thrusters. Because of the 

high moments of inertia of the largely planar SMF, a massive 

control moment gyro would be required. Additionally, in the 

reference design, large moment arms for the action of thrusters 

are available. It would appear then that a thruster system 

would be the more likely candidate for reference SMF use. 

The analysis of the system requirements (number of thrusters, 

fuel requirements, etc.) is, for the reasons given above, 

beyond the scope of this study. 

8.9 SMF STRUCTURE 

The structure of the SMF (not shown in the figures) is 

assumed to account for approximately 10% (2,000,000 kg) of 

the overall mass of the facility. The structure is assumed 

to consist of trusswork, flexible joint for the solar array 

mounting, radiator support.structure, and actively damped 

connectors between each of the factory sections. The main 

structural elemen' is the central mast (see Fig. 8. 1) to which 
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all sections of the facility are attached. In addition, the 

mast carries the main factory power distribution equipment, and 

and provides a clear section through which intra-factory trans

porters can operate. Again, detailed design of the structure 

requires ~ better definition of the design loads which, in 

turn, depend on the orbit of the facility. 
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CHAPTER 9 

MA!NTENANCE AND REPAIR 

9.1: GENERAL REM~RKS 

The maintenance and repair operations for the SMF can be 

approached by a variety of different strategies, depending on 

the complexity, location9 size 9 and number of machines being 

repaired. The SMF has at its disposal human technicians, 

crawlers, and free-flying hybrid teleoperators (FHT's) for on

site machine maintenance, repair, and/or removal to the repair 

shop. In the repair shop itself, the SMF may use either 

repair automatons or human repair crews. 

In general, humans service the components factorh and 

crawlers and FHT's sP.rvice the solar cell factory. The com

ponents factory includes many different machines with little 

or no duplication. The variety and complexity of the factory, 

coupled with the lack of duplication of components prohibits 

servicing by aiy sort of computer-controlled, automated system. 

Human repair crews, however, are highly versatile and could 

ea· :ly perform a wide range of sporadic but complex repair 

tasks. 

The solar cell factory poses e different design problem. 

It consists of hundreds of identical deposition and assembly 

strips, each operating independently from the others. The 

SCF EB guns also produce a high radiation environment which 

makes it desirable to minimise human contact with ft. A com

pletely automated or teleoperated maintenance/repair system is 

ideally suited to tr~se circumstances. A crawler system (de-

9.i 



scribed in Sec. 8.4} performs all routine maintenance and 

support operations. It is complrtely automated and 1~ capable 

of performing only routiie tasks. The free-flying hybrid tele

operator (FHT} does all unscheduled repair work. It ha~ more 

sophisticated manip~lator and sensor systems than the crawlers, 

and is rlesigned to completely substitute for human repair crews. 

it can operate in a completely ~ut~mated mode~ur under limited 

or total human control when excessive complexity or uncer

tainty fs encountered. 

9.2: REPAIR OPTIONS TRADEOFFS 

Simil~r repair option~ are encountered in both the 5CF 

and the compon~~ts factory. Scheduled maintenance is done to 

avoid disrupti~e breakdown and subsequent unscheduled repair. 

The breakdown of ~ vital component, such as the deposition 

belt in the SCF, can cause a major disruption or shutdown ~f 

part of the solar cell produ~tion process. This an be par

tially avoided by preventive Maintenance, which can involve 

complete replacement of a machine componant, use of ratable 

spares, or on-site inspection and refurbishment. 

In some cases, sur.h as the metals furnace~, it is de

sirable to periodically replace a component (the furnace 

casing, in this example) before it breaks or wears out. The 

furnace casings are therefore periodically remo··ed and replaced 

with new ones. The old casings which are worn out can no~ be 

recycled, so they are discarded. 

Preventive maintenance may also be implemented by using 
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a system of rotable spares. In a rotable spares system, a 

number of extra components (such as EB gun filament magazines) 

are kept or. hand and are periodically used tc replace the com

ponents in the machine on a fixed usage ~chedule. The ~ld 

compon· is then refurbished and returned as a spare. 

Some machines {such as the SCF deposition belts) cannot 

be re~oved or replaced. Periodic on-site inspectio, reveals 

worn pa~ts or other potential problems, which are fixed or re

placed, as required. 

Scheduled maintenance cannot prevent all breakdowns. A 

number of combinations of different repair options are pcssible: 

redundant design, rotable spares with refurbishment at the 

repairshop, repair on site, and throwaway components. 

Redundant m~chines (such as EB guns in the deposition 

sectfo~~> allows continued production even after one machine 

~~eaks down; the reMaining ones take over ~ntil the broken 

EB gun is replaced. 

Repair of EB guns is done using a ratable spares system. 

When an EB gun fails, the crawler replaces it with a working 

spare. The failed gun is then taken to the repairshop. After 

repair it is returned to one of the crawlers, to ~e used as a 

spare. 

When a failed ~~chine cannot je removed, it is repaired 

on-site by either human repair crews or FHT's, depending on 

the location. However, when machines are repaired on-site, 
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produrtion halts until the renair is completed, unless redun-

dant machines are available {as with the EB guns). 

Some machines have components that cannot be repaired af-

ter they fail (EB gun filam~nts, for example). When the fila

ments burn out~they are replaced with new ones, which are 

brought up from Earth and the old ones are discarded. 

9.3: REPAIR SHOP 

The repair shor is forme~ from a cluster of 24 Shuttle 

External Tanks in a similar configuration to the Labitat. Un

like the habitat, however, the life-support modules have the 

increased capability to deal with the gaseous prod•!cts of op-

erations in the workshop. The workshop is separate from the 

repair shop be~ause of the different life support requirements, 

and in order to prevent workshop accidents from jeopardizing 

living quarters. Also include~ in the repair shops are active 

damping systems for the machinery, racks for spare parts, in

put/output systems, and emergency systems. 

As discus~ed in Sec. 9.1, the repair o~ machines in the 

waveguide and comporent factories is achieved by on-site human 

labor. In the solar cell factory a certain class of components 

(~uch as EB guns) is capable of being removed for repair and 

replaced by a serviceable unit. There are three clasees of 

these plug-in/plug-out ~odules: 

l) Expendible parts which are thrown away on failure, 

such as bafflesi 
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2) Those simple enough to be repaired by automatons, 
such as EB guns; and 

3) Those requiring complex repair or those small in 
number, requiring human repair, such as sensors. 

Within the repair shop there are two types of machinery: 

1) Repair Automatons -- these are automatic repair 
stations each dedicated to the repair of one type 
of component. Each Automatons has limited diag
nostic capability; any problems outside its 
capabilities are referred to a human repair crew
person. There are 42 different types of automatons 
in the reference SMF design. 

2) Workshop machinery to allow the fabrication of 
parts without having to order them from Earth. 

9.4: FREE-FLYING HYBRID TELEOPERATOR 

Much of the onsite repair work on the solar cell factory 

can be handled by the crawler system, which replaces defec-

tfve components with operational spares. However, some of the 

repair jobs are expected to be either out of the reach or 

beyond the capabilities of the crawler system. Examples of 

such repairs are fixing thermal belts, radiator systems, array 

packagers, or the crawlers themselves. It is not cost-effec

tive to equip the crawlers with the extended ability to do 

these repairs, since they are seldom needed, and that crawler 

equipment wouid not be used very often. On the other hand. the 

use of human labor for repairs on the solar cell factory poses 

a health hazard due to the x-rays emitted by the EB guns. The 

study group therefore proposes a Free-flyi~g Hybrid Teleoperator 
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(FHT), with the mobility and sophistication to handle almost 

any repair job at the SMF. The FHT should be able to: pro

pel itself with thrusters to the repair site; insert itself 

into the structure where it is needed (such as between the 

upper and lower sections of the thermal belts ; attach it

self to a structure, carry tools and spare parts; carry a 

variety of sensors; navigate; diagnose and repair faults; and 

coMmunicate with its human supervisors. 

A preliminary sketch of such a device is shown in Ffg. 9.1. 

The FHT consists of a central container holding the onboard 

computer, propellant tanks, batteries, thrusters, control cir

cuitry, and communications equipment. Attached to this con

tainer are communications a~tennas, tool and end effector 

racks, spares racks, anchor arms. sensor systems and light 

sources, and repair manipulators. The FHT's are dispatched 

from support racks which refuel and recharge the units. 

The FHT can move around the factory in three fashions. 

First, it can use its thrusters to move across open space to 

a general location; once there, the FHT grabs onto the struc

ture. Second, it can "walk" through the structure, using its 

guide arms and man 4 pulators. Third, it can attach itself to 

a crawler; the crawler then takes the FHT to (or near) its 

destination. T~e choice of locomotion depends on the cost of 

fuel, the urgency of the repair, and the availability of the 

crawlers. 
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For navigation, the FHT relies o~ a set of transponder 

beacons in specified locations around the factory, and a •map• 

of the factory in its onboard computer. It locates itself on 

its map by directional fixes on the beacons. For close

quarters navigation (for example, within the factory struc

ture) the FHT uses some form of electromagnetic vision (e.g. 

light and camera, radar). At this time, state-of-the-art 

vision systems can determine the orientation of a two-dimen

sional structure (such as the integrated circuit pattern on 

a silicon chip). Increasing this capability to three-dimen

sional navigation inside a structure would require advancing 

that level of technology. Current experimental sys~ems which 

perform three-dimensional pattern recognition require large 

computer capacity and long computation time to update the in

ternal map of their :mmediate surroundings as they travel 

(Ref. 9.1). This would make such devices much slower in their 

movements than human beings. However, the computer capacity 

is expected to be available by 1990. Also, the computation 

time can be reduced by two factors. First, the use of trans

sponder beacons can be made more accurate and damage tolera r 

ty using many beacons, so that the FHT is always near several, 

and by giving the FHT the ability to selectively ignore de

fective or displaced beacons. Second, the FHT's computer 

can hold in memory detailed blueprints of all the locations in 

the factory. The ability to use comparison techniques in 

pattern recognition, rather than a continuously updated map 

9.8 



of the surroundings, can reduce the necessary computations. 

Even with these simplifications, ~owever, the current ability 

of computers to deal with location in three-dimensional space 

f s insufficient to the FHT's needs. 

Thus the FHT could use several navigation systems, de

pending on its mode of travel. When it is travelling long 

distances, such as •above• and across the factory, ft uses 

the beacon network. To latch onto and walk through the 

structure, the FHT uses vision and pattern recognition by 

comparison of its actual surroundings with its stored factory 

blueprints. When the FHT reaches the area to be repaired. 

where ~omponents can be distorted or broken (and therefore no 

longer match the blueprints), the FHT switches to the con

tinuous updating of an internal ~ap of the surroundings. Any 

of these modes of navigation could ~· ~o be performed by human 

remote control, and in fact the continuous-update mode of 

navigation may be done faster and more accurately by a human 

operator. 

Current computer vision systems can benefit greatly from 

control over the angle of illumination of their surroundings, 

because variations in lighting angles change the perceived 

view of the surroundings, and thus require more sophisticated 

pattern recognition software (Ref. 9. 1). Since the SMF is 

shadowed by its solar array, the solar illumination will not 

be a problem. The SMF could be illuminated by fixed sources 

throughout the structure, but these sources would be seldom 
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used. The preferred system is to mount the illumination 

sources on the FHT, so that the sensors perceive their sur

roundings illuminated "straight on". It should be noted that 

these illumination sources need not be human-visual-range 

lights, but could use any kind of electromagnetic radiation. 

Even when the FHT is under human remote control, the visual 

display provided to th~ operator would be computer-generated 

on a screen; such a system can operate from any sensor input 

(e.g. radar). 

The FHT relies on a variety of sensory feedback mechanisms 

to acquire a complete picture of its environment. These in

clude . force, torque, moment, proximity, touch, and visual 

sensors. 

Force and torque sensors were developed with early adap

tive control systems (Ref. 9.3). These sensors were found 

to be inadequate for all but the most basic assembly operations 

that used adaptive control, because they relied or. tolerances 

greater than most factory machining tolerances. These systems 

c·uld not adapt to slightly off-design parts and small assembly 

misalignment problems. 

Moment sensors and compliant wrists were developed during 

peg-in-hole investigations {Ref. 9.4), and have proved to be 

highly effective. Touch sensors provide pressure, contour, 

and force information associated with manipulator end effec

tors. They are usually smaller and more sensitive than the 

force sensors, but still require futher development. 
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Proximity sensors are non-contact, optical sensors that 

detect the presence or absence of an object within a specified 

range of the sensor surface. Proximity sensors have been found 

extremely useful in controlling large-scale movements of mani

pulato~ arms, and specifically is stopping the arm's movement 

before contacting and possibly damaging the manipulator. In 

this respect they are superior to mechanical limit switches, 

They can also be used for detecting object contours and so can 

be used as an aid in positioning the manipulator hand in a cer

tain orientation with respect to an object, such as above the 

highest point. 

Visual sensors are the most sophisticated and have the 

most versatility of all the FHT sensors. Visual input is 

used as a basis for all repair operations. The FHT requires 

visual analysis to: 

1) provide the human operator with a view of the opera

ting environment 
2) determine its location and attitude within the fac

tory 
:) dPtermine what movements and manipulator motions 

dre required to reac~ a given iocation 
1,: compare its surroundings with blueprints on file in 

the SCF computer in order to determine what, if any, 
repairs 

5} correct 
lision 

6' update 
damage 

should be undertaken 
the motion~ of manipulator arms to avoid col

or contact with obstructions 
its internal map of the ~~F. in case of 
or other discrepancies in its environment 
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Current visual analysis technology is either inexact or 

requires large amounts of computing power (Ref. 9.5). Many 

early vision systems coul~ recognize and manipulate simple 

geometric objects by analyzing their edges and corners. The 

diff!culty of finding mathematical solutions made the analysis 

of more complex objects prohibitive; however, research has 

shown that some prior knowledge of the object and its sur

roundings greatly aids analysis. For example, information 

about an object can be extracted from the shadows it casts 

on walls, floors and other objects. The shading on an ob

ject also gives information about surface properties. In

terestingly, relative depths can be determined more easily 

by analyzing the shading on round or curved objects than by 

using a range finding device or stereoscopic vision. The 

repair procedure can benefit from having several views of the 

operation from different angles. Therefore some sensors 

and illumination sources should be mounted either on the mani

pulator arms or on separate arms of their own. The develop

ment of low-mass sensors (such as the current solid-state 

cameras) can alleviate moment-of-inertia problems in such arms. 

In addition, the system should have sensors and illumination 

sources mounted on the body of the FHT itself, to provide an 

overall, "fixed" view of the situation. 

Machine systems are now able to assemble relatively com

plex items (for example, automotive distributors) both from 
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drawings (Ref. 9.6) or from video images (Ref. 9.7}. This 

type of assembly requires detailed programs, tailored to spe

cific assembly operations. The use of generalized descrip

tions of assembly operations would be desirable to direct 

assembly/disassembly work; however, this is not presently 

possible. Th~ operation must be highly defined because the 

machine has trouble with many small details, e.g. where to 

put a bolt after removing it. 

The st~dy group has identified five useful command 

modes for the FHT. It is the mixture of human and automated 

control in these modes which gives the teleoperator its 

"hybri1" quality. These modes are: remote manual, automated 

robot, single step, remote override, and task learning. 

In remote manual {RM) mode, a human operator has direct 

control of the FHT. The operator must respond personally to 

all sensory feedback {e.g. proximity, force, torque, video, 

etc). However, the commands from the operator are relayed 

through the FHT computer, which verifies that these commands 

will not put unacceptable stresses on the FHT components. Be

cause of the difficulty in handling the manipulator arm's 

numerous degrees of freedom, this mode is not as rapid as the 

automated robot or single step modes for programmed motions. 

However, because the sensory analysis and motion commands are 

handled by a human being, this mode is expected to be the 

fastest in dealing with unexpected situations. 
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In the automa_ted robot (AR) mode, the FHT is entirely 

on internal computer control. The FHT computer analyses the 

sensory input and updates the situation status in its memory 

(including a three-dimensional map of its surroundings). The 

FHT navigates, inspects, diagnoses, and repairs bi using 

either preprogrammed routines, or by assessing the situation 

and deciding on a course of action. The AR mode bases its 

operation on the FHT's ability to do a certain am>unt of in

depen~~nt and abstract thinking. In this completely auto

mated mode of operation, the FHT can deal with unexpected or 

uncertain circumstances without the benefit of a human super

visor. When performing repair operations, it must also be 

able to make many minor judgements, such as what to do with 

its manipulator arms, when to move from one repair step to the 

next, :r where to put a piece after it has been removed from 

the device being repaired. 

The FHT will be required to perform a wide variety of 

repair operations on many different components, where the 

operations have m1ny tasks in common, e.g. bolting, cutting, 

welding. The physical layouts and repair sequences for these 

components, though, are quite different. Most assembly pro

grams involve motion-by-motion types of commands expressed in 

fractions of millimeters that are tailored to the individual 

machines. Writing these programs involves much engineering 

design time and expertise and is practical when an operation 
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must be repeated thousands of times. This is not the case 

with the FHT, where a given repair operation might onl1 be 

used two or three times. The FHT must therefJre be able to 

take an abstract definition of a repair task, a defin:tion 

that has no dimensions, forces, etc., interpret t'1e situation, 

and then execute the task. When the FHT has interpreted a 

task, it stores the resulting program with the learned tasks, 

so that if the same "repair sequence" is encountered again, 

the FHT computer will not have to repeat the interpretation 

process, b11t can immediately execute the repairs. 

"Repair sequences" are sequences of defined repair 

tasks, written in a manner similar to automotive repair man

uals. The FHT computer reads the sequence of operations i i 

then plans a strategy for implementing them. Blueprints of 

the SCF and all of its components are used by the computer in 

relating the command~ in the "repair sequence" to the FHT's 

visual input. These blueprints are also part of the FHT's in

ternal map of the SCF. As mentioned jbove, the repair sequence 

process involves many independent decisions. Systems of this 

complexity do not currently exist. 

Because this mode requires that the FHT be able to respond 

to uncertain conditions, it qualifies as a 'robotic' operations 

mode. The AR mode requires considerable computer capability, 

which may be difficult to include entirely onboard the FHT. 

If this is the case, the FHT can relay its sensory inputs and 

9.15 



preliminary evaluations to a large~, more sophisticated com

puter, via its telemetry link~. The issue of how much onboard 

capability is desirable is difficult to answer at Chis tfme, 

because ft require~ estimates of computer 3nd telemetry capa

bilities ten years from now, and b2cau~e it depends on the re

lative costs of individual computers in th~ FHr 1 s versus fewer 

large, t1me-shared computer~. More generally, there fs a level 

of uncertainty beyond which as~essfng thP. situation ~Y com

puter becomes prohibitively expensive, and it becomes cheaper 

to request human assistance. Thus the AR mode is valuable up 

to a certain le~ ·1 cf complexity; what that level will be in 

1990 is difficult to predict. 

In the single stee (, ) mode, the FHT performs pre-program

med instructions (stored in its memory) one at a time. The 

commands to execute the individual instructions are given by a 

human operator. This allows the human operator to do the si~~

at1on updates and command decisions, which is faster than com

p~ter updates and dec;~ions. And the use of preprogrammed in

structions maximizes the speed of the individual operations and 

frees the operator to do other tasks while the FHT performs 

a task. One operator could even control several FHT's, feeding 

co~mands to each i~ turn. 

The remote overrride (RO) mode is analogous to the auto

mated robot mode, but includes the option of an interrupt order 

from a human operator. Thus the FHT can perform a series of 
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tasks automatically, under the passive supervision of a human 

operator; when the FHT encounters an unexpected problem, or 

when a change in the operations sequence is desired, the human 

can override the FHT 's onbuard control and manually take over 

the teleo~~rator. Both this mode and the single step can be 

used to check the validity of the FHT's onboard programming, by 

watching the results of the automated sequences. 

In the task learning (TL) mode, the functions of the FHT are 

controlled by the human operator, but the sequence of operations 

is stored into the memory of the FHT, for later repetition. T~us 

the human operator teaches the FHT one or more operations, by 

uwalking" the teleo~erator through the required task(s). The 

usefulness of this mode can be consi~erably increased if the 

.sequence being taught can be optimi2ed either by the FHT's on

board computer or by a larger computer, via a telemetry link. 

Such optimization could include eliminating wasted motions, 

maximizing the speed and accuracy of motions, and choosing fuel 

and electricity-efficient methods of operation. In any case. 

the TL mode includes provisions for editing and modification of 

the new sequence by th~ human operator. 

In those modes involving a human operator, a number of 

direct command hardware options are possible Ff rst, the opera-

tor can type in coded 1nstl·:· ons, much as a computer is con-

trolled today. Second, certain often-used sequences could be 

hardwired, anl commanded by pushing buttons. Third, the video 
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display could be on an electronic boar~. and a light pen could 

be used to indicate locations. ~or example, the operator could 

push the •travel to• button and indicate a spot on the visual 

display from the FHT's sensors; or the operator could request 
' 

a listing of function codes on the display, and point the.light 

pen at the desired operation. Fourth, commands to the FHT could 

be given by vofce; the FHT computer could answer by voice also. 

In thf s case, it ts recommended that the computer repeat a given 

command back to the operator (either by video or audio) to veri

fy that the command is properly understood. Talking computer~ 

and voice actuated devices exist today; such ~ system would re

quire increase in the voice-actuation vocabulary, better dis

crim1nation of voices and words by the computer, and the develop

ment of conversational logic software so that the comput~r can 

req~est clari~ication of commands. Fifth, the human operator 

can use one or more joysticks to 'fly'the FHT. These joy-

sticks could control travel under thrust, or (with sophisticated 

computer interpretat~on) could co~trol the FHT's walk through 

the factory structure. Sixtn, the manipulators can be controlled 

by master arms handled by the operator. These could include 

force and tor4ue feedback, and even tactile sense. One draw-

back to conventional master-slave manipulator system~ is that 

during oper~tion the operator's hands are not available to aper-

ate other functions. An integrated control system, using hands, 
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feet, eyes, and voice, could be developed to give the human 

operator a high degree of control over the FHT. 
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CHAPTER 10 

LINE ITEM COSTING 

While the pre~eeding chapters have dealt with the engi

neering aspects of the concept of extraterrestriai m3teria1 

utilization, it is important to also begin to quantify the 

economic impact of such a project. Using the baseline case 

of manufacturing one solar power satellite per year, this 

chapter deals with the cost estimation of the point design 

SMF. 

The necessary products for the manufacture of an SPS 

are listed in detail in Chap. 3. The machines required for 

the production of these components are detailed in Chap.7. 

Each machine is broken down further into its major sub

systems, or components. The SMF can therefore be analyzed 

on three levels: system-wide costs {such as cargo transport 

costs), machine costs (for example, operating expendables 

procurement), and component costs (such as initial trans

portation). By applying the costing procedure selectively on 

all three levels, cost estimations can be ma. ~ore accurately 

with minimum increase )n complexity. 

The system-wide, or global, ~arameters are listed in 

Table 10.1. It is assumed in ths study that a11 of these 

parameters are constant throughout the system, neglectins such 

factors as different wage scales between job classifications. 

The pay scale is assumed to be $100,000 per person year. Since 

it is desirable to keep the SMF operating on an around-the-clock 
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TABLE 10.1: SMF GLOBAL PARAMETERS 

Labor wage 
Cargo tran:port cost 

Personnel transport cost 
Emergency repair fraction 
Crew training cost 

Crew mass 
Rotation rate 
Terrestrial life support usage 
~~F structure mass 
SMF structure power 
SMF structure cost 
SMF structure expendables 
Powerplar.t cost 
Specific power density 
Number of production machine types 
SMF production period 
Support overhead factor 
Assembly productivity 

r Yearly discount rate 
Program lifetime 
Habitat mass 
Habitat power 
Habitat procurement cost 
Habitat R & D cost 
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$/person-hr 
$/kg 

$/kg 

$/person 
kg/person 
times/year 
kg/crew-day 
kg 
kW 
$/kg 
kg/yr 
$/kW 

kg/kW 

hrs/yr 

kg/crew-hr 

yrs 
kg/person 
kW/person 
$/kg 
$M 



basis, three shifts are necessary. This gives a working week 

of 55 hours/person (for example, 6 hours/day, 1 days a week). 

The wage, W, is therefore $34.34 per hour. 

The transportation costs are split between cargo and 

personnel, since cargo will be carried in low-thrust, long 

trip time orbit-to-orbit vehicles, while crews must neces

sarily be transported in faster, high-thrust chemical-powered 

spacecraft. In addition, some high-demand materials (such as 

perishable foodstuffs or repair parts not in the SMF inven

tory} must also travel on the crew transports, at a cost 

penalty. The values of T and T are a function of SMF c p . 

location and vehicle details, and the complete analysis of 

these values are therefore outside the scope of this study. 

These costs are estimated from Ref.10.l. Initial estimates, 

based on 10% of the SPS being of earth origin, indicate a 

yearly mass launched from earth to the SMF on the order of 

15,000 Mg. This yields earth launch costs of $100/kg for 

cargo, and $200/kg for pers0nnel. Cargo is assumed to be 

transported in space by tugs employing electromagnetic pro

pulsion and lunar-derived propellants, and therefore incurs 

no further significant transport cost~. However, personnel 

must be transpartEd in high-thrust, chemically propelled ve-

hicles, in order to keep trip times down to a reasonable 

level. It is assumed that this transporter will use an 

oxygen/hydrogen engine (I = 470 se~). with only hydrogen sp 

brought from earth. The SMF is a~sumed to be in an orbit with 
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a velocity interval from low earth orbit equivalent to geo

stationary, which gives a ~v = 4400 m/sec. The personnel 

tran5port makes a round trip, ~ith crew carried each way. so 

the total Av = 8800 m/sec. The mass ratio (kg of inert mass 

per kg vehicle gross mass) for the interorbital personnel 

shuttle is therefore 

r =exp!- 8800 m/s ] = •1'1-s 
( q,s m/s2

)( ~10 s) 
( 1) 

Assuming a vehicle inert mass fraction of .1, the propellant 

per pay1oad ratio for this vehicle is 17.75. However, with a 

typical o2JH 2 mass mixture ratio of 6, only 1/7 of the pro

pellants mass needs to be brought from earth. This means 

that 2.5 kg of hydrogen is necessary for each kg of personnel 

carried. The total personnel transport costs are therefore 

increased by the cargo costs of the hydrogen to $450/kg. 

As mentioned earlie~. some repair parts will be needed 

in order to maintain production, but will not be in stock in 

the SMF warehouse. Rather than shutting down a critical 

machine until a cargo transport arrives, which could be a 

matter of weeks due to the nature of low-thrust trajectories, 

it will be necessary to ship these critical repair parts on 

personnel transports, thus increasing their costs. Thi~ 
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emergency repair fraction, F, is taken to be .1. 

A typical crew training cost, U, is on the order of 

$100,000/person, and that number was assumed in this study. 

Crew transport mass (including some personal effects) is 

estimated to be 100 kg/person, and the total crew assumed 

to be cycled back to earth every 90 days, or R = 4 rotations 

per year. This rotation rate is based on allowable physical 

degradation in the zero-g environment of the SMF (Ref. 10.2), 

as well as allowable radiation limits in free space in an 

unshielded habitat (Ref. 10.3). Life support con.urnables 

are taken as l ~ .83 kg/person/day, based on lunar oxygen and 

terrestrial nitrogen atmosphere, shipping only hydrogen to 

be mixed wit lunar oxygen to make water, and freeze- dried 

food {Ref. 10.4). 

The structure of the SMF is characterized by its mass (kg)~ 

power (kW), procurement cost ($/kg}, and use of expendables 

from earth (kg/yr). These estinates were~~ o from the 

SMF layouts in the preceeding chapters. The~e values were 

taken to be Ms = 2000 Mg, P
5 

= 1000 kW, Cs = $25/kg, and 

E = O kg/yr, for this case, respectively. 
s 

Space power represents an interesting change from the 

normal earth design environment. Energy intensive activities 

on earth are generally characterized by high recurring costs, 

due mainly to the use of fuels in energy production. In 

space, however, photovoltaics give rise to large initial 
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costs, with no appreciable recurring costs thereafter. Power 

thertfore shows up as a nonrecurring, rather than recurring, 

cost. The elements of this cost are the procurement price 

of the generating capacity (G, $/kW), and the specific power 

density(«, kg/kW), which relates to transport costs. From 

current estimates of future space-rated solar cells (but not 

in SPS-sized quantities), these values might be expected to 

be $2000/kW and 10 kg/kW (Ref. 10.2). Since the (cargo) trans-

port rate is $100/kg, the total power cost for the SMF is 

$2000 + $100 x 10, or $3000/kW. 

K is the number of different types of machines in the 

SMF: in the point design, 60. H is the number of scheduled 
' operating hours per year, or 8766. The support overhead fac-

tor is the total on-site ratio of worker/production workers, 

and e~~imated from typical manufacturing projects to be about 

2 or 100% overhead. The SMF is initially assembled from pre

fabricated components; the productivity of the assembly workers, 

A, is estimated based on MIT Space Systems Lab experience in 

neutral buoyancy simulations of EVA assembly as 300 kg/crew-hr 

(Ref. 10.5}. Discount rate, r, is taken as its standard value 

of .1 (10% yearly), and the pr~gram lifetime Y was set as 

per the statement of work to 20 years. 

With the specification of these global parameters, the 

accounting system must proceed into the machine level of 

costing. Each machine type has five parameters of interest: 

operating labor, earth expendables usage and cost, number of 
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machines of this type~ and number of different types of 

components. Seven parameters are likewise required to specify 

the costs of a component: the number of units of that type, 

the mass and power of an individual unit, duty cycle, !arly 

repair parts, and codes relating the technology level and 

repair technique for the component. These variables are 

summarized in Table 10.2 for machine parameters, and Table 10.3 

for component parameters. 

TABLE 10.2: SMF MACHINE PARAMETERS 

operating labor requirement crew 
eart~ expendables 
procurement of earth expendables 

number of units 
number of component types 

process R & D cost 

TABLE 10.3: SMF COMPONE~T PARAMETERS 

n .. 
lJ 

number of units 
m •• 

1 J 
mass Of individual unit 

P;j power requirement 
c .. 

l J 
procurement cost 

dij duty cycle 
1.. repair labor crew , J 
r .. replacement parts 

lJ 
b .. 

lJ 
R & 0 cost 

hr/op hr 
kg/hr 
$/kg 

$ 

kg 

kW 
$ 

hr/nonop 
kg/yr 
$ 

hr 

Per~aps the greatest problem fn cost estimation is the 

estimation of research and development and procurement costs. 
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The study group attempted to categorize all of these costs as 

closely as possible, by calling manufacturers of similar de

vices wherever possible, and extrapolating present technology 

to the 1990 technology cutoff date. The cost data thus ar-

rived at was felt to be fairly accurate, but many of the com

ponents offered no adequate earth analogue for this technique 

to be applicable. The estimates for these component types was 

based, in typical aerospace fashion, on the technology level 

and component mass. However, it was felt that one single 

costing rationale should be applied equally throughout. Since 

the technology/mass approach proved more conservative, that 

approach was the one chosen. 

Each component was specified as being either low, medium, 

high, or ultra-high technology level. For example, passive 

structure would be low technology, electric motors medium, 

electron beam guns high, and autonomous computer systems 

ultra-high. Table 10.4 shows the assumptions used for esti-

mating research and development and procurement costs for 

each of these levels, in terms of $/kg. 

TABLE 10.4: COSTING BASELINE 

R & D Procurement 
Low 500 50 

Medium 5000 500 

High 20000 2000 

Ultra-high 100000 10000 
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The other factor which was difficult to quantify was 

component and machine reliability. Again, consultations 

with manufacturers and users of earth analogues provided 

much of the data used. Since this seemed to be a critical 

item, however, the costing program developed was designed 

to let the component duty cycles be the independent variable 

in a variation of parameters study. 

Machine duty cycles were calculated on a probabilistic 

basis from the duty cycles of its components. ~he probabi-

lity that component i in m.ichine j will fai1 is 

\. nij 

P <comp-· \ail) == Tf ( 1-d··) = ( 1-d··)n'j 
lj . k:1 l.j LJ (2) 

Using this expression, the probability that the machine 

will be operating is the product of the probabilities that its 

component parts will be operating, or 

( 3) 

This expression assumes that a single failure of any component 

will disable the entire mi hine. It was assumed that in the 

instance of multi~:e units of a single component type, the 

system wJuld he doubly redundant: that is, the failure of 

two units of a sir.gle component would not affect the machine, 
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but three failures would disable it. As implemented in the 

computer algorithm, therefore, nij in equation (3) was either 

3 or the number of units of the component type, whichever was 

least. 

The above analysis assumes the machines are individual 

units, and that the failure of one does not affect the pro

duction of the uostream or downstrea~ units. The design of 

the base1 :ne SMF, particularly in the components factory, was 

based on this approacl1, and parts transport systems were de

signed to enable cross-feeding of products between upstream 

and downstream'machines. However, this is not true fn the 

solar cell factory. since the vapor deposition oroce5ses de

pend on successive depositions on a continuously moving strip. 

If one of the direct vaporization machines fails, for example, 

th~re is no way for the upstream prcducts (correctly deposited} 

tc bypass t~e nonoperating machine on its own 5trip. Rather 

than run through nonfunctional solar cells, the entire strip, 

and all machinery on it, would be shut down until the mal-

functioning machine is repaired. There is a serie~ of 14 

machines which are critical to strip production, and the number 

of strips is sized by the product of the duty cycles of these 

machine~. 

The question of machine reliability brings up the associ

ated problem of machine repair. This impacts on the costing 

in two ways: costs associated with repair devices» and labor 
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costs for human intervention in the repair precess. T~ble 10.5 

11 sts the five levels of repair 1vailable in th~ SMF. 

TABLE 10. 5: REPAIR OPTIONS 

1. Teleoperator repair on-site 
2. CrawlP.r replacement with automated repair 

3. Crawler replacement of expendable parts 
4. Crawler replacement with human repdir 
s. Human repair on-site 

The first four apply only to the solar cell factory, and the 

fifth (direct human repair) is usP 

SMF. This dichotomy is due to t• 

used throughout the solar cell i1cto~v. 

·~hout the rest of the 

·:nsition process 

1rge rumber of 

electron beam guns are continually D,P1dt1ng in th~s area, and 

the region is too hot (both thermally ~nd ~n terms of radiation) 

for a human to approach. For this reason, either teleoperators 

(repair option 1) or crawlers are used to make repairs to the 

operating machinery. The decision breakdown between th~ o~

tions is a function of the individual component. Each com

ponent of each machine design was assumed to be a possible 

failure. If the component was small enough to be unplugge~ and 

replaced as a module, it was assumed that the crawler woold 

~e used for this task. The failed component module would the~ 

either fepaired by an automatic repair device (option 2), 

thrown out (option 3), or repaired by a hu~an bein~ {option 4). 

On the other hand, if the component was too large or entrenched 
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to be replaced by the crawler, the free-flying hybrid t~le

operator (option 1) w~uld be usea to repair it on-site. 

Different levels of human supervision would be required for 

each of these options; the v~lues of these levels (in terms 

of crew hr/repair nr) wa~ left as a program variable. 

As mentioned previously, the entire factory (except 

fof the soidr cell production area) was assumed to be directly 

repaired by humans. This was due to the different levels of 

production i~ t~e different sectirns. The large solar cell 

produ:tior., several or~ers of magnitude beyond current total 

yearl~ pr~duction. ,quires a lar~e number of strips and 

machin s, a~d thertrvre lends itself to automated repair. The 

components factory, on the o~her hand, has an output flow 

sFveral orders -'f magnitude beln~~ that of a comparable plant 

on earth; automatic repair is probably not cost effectivP 

wh~n there are only a few samples of ea~h machine type. 

Although som~ studies indicate that the teleoperator has ~x

cess capability which mi~ht prove useful in +~e comporents 

factory, it was assumed that it would remair1 with~n the solar 

ct:ll factory as . (ledicated unit. 

The entire question of autcmated repair, teleoperator and 

crawler capabilities, and machine interdependence wi~hin the 

solar cell factory led to the creation of a specializ~d pro

gram, SCFCOST, dJ~ailed in the Appendix. This program a11ows 

a more deta1ler! ·nalvsis of the intc.ractions of rel; __ Jility 



and repair in the solar cell factory, at the price of in

creased complexity in program operation. Many of the ~apabil

ities of this program go beyond the scope of this study; its 

use in this report was limited to analysis of necessary charac

teristics of the teleoperator, crawlers, and automated repair 

equipment. 

Ten direct co~ts can be applied to each machine, cal

culated from the quantities already specified. The costs are 

listed in Table 10.6; the expressions for each are listed in 

Table 10.7. The derivation of each is obvious from the de-

finitions of the variables in Tables 10.l - 10.3, and will not 

be further explained here. 

TABLE 10.6: MACH!NE COST C~~PONENTS 

Non-recurring: 
c1 Research and Development 
c2 Procurement 
c3 Transportation 
c4 Power 

Pecurring: 

C5 Operating labor-

c6 Expendables procurement 

C7 Expendables transportation 

Ca Repair lal)or 

L 
Cg Repair part5 procurement 

cl o Repair parts transportation. 
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TAB LE 10. 7 

MACHINE DIRECT COST EQUATIONS 

kj 

ct = l: bij 
j 

t ""1 

kj 
Cz : "JL c1J nij 

j 
1=1 

kj 

C3 = njTc E mij nij 
j 1 cl 

kj 

c4 = n. d . ( G + a:T ) E Fij niJ j J J c 
1 •1 

C5 = R. .d .n .HW 
j J J J 

c = x.e.d.n.H 
6j J J J J 

c.. = ejdjnjHTC 
'j 

kj 
c = n.HW L (1-d1j).t. .n .. 
sj J lJ lJ 

i a 1 
kj 

c C9 :: "JL ri . .:!1°i· 
J "' J J i ~ 1 1j 
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c, = tij TL rij"iJ I 0 ; .., 1=1 
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It should be noted, however, that the po~ar cost (C4) is mul

tiplied by the duty cycle of the machine. This is due to the 

fact that a n~nooerating machine does not consume any power. 

Ther~fur~, although the number of a machine type might have 

to increase if the duty cycle decreases, in order to maintain 

a current level of prniuction, the power demand does not in

crease, as it is tied to output, and not total number of 

machines. The details of the line item costing program, 

SMFCOST, are in the Appendix. 

After the direct costs for each machine are found, the 

program finds the subtotals and totals for mass, power, and 

labor. The indirect costs are then calculated. The indirect 

nonrecurring costs consist of structure procurement, trans

portatior., and power cost~; SMF assembly costs; and habitat 

R & D, procurement, transportation, and power c~sts. The 

indirect r~curring costs include SMF str~~ture expendables 

c~sts, wages of the support crew, ~nd trainin~. transport, and 

consumables ~osts for the entire crew. The a;tual equations 

used in caiculating these quantities are quite straight-for

ward, and can be found in the program listing in the Appendix. 

The line item costing computer program produces a detailed 

listing of inputs, and accounting of costs. The nonrecurring 

costs, broken down into cost r'~~ent and listed on a machine 

by machine basis, are presented in Table 10.8. The recurring 

costs, on the same basis, are detailed in Tabl~ 10.9. The sum

mary table for the baseline case is shown in Tabl~ 1~.10. 
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TABLE 10.8: NO~PECURRING COSTS 

2!$!tl$i NCN~ICUntING CCSTS $S$$$$JS 
R & ~ i~OCU~~~ENT ~RANS~O~T 

39250000, 
118S3i24, 
29413312. 

1006ll011J2, 
1C03tJ01S2. 

105000()1). 
10360199, 
22d 132.H.1. 
103801~9. 
10405000. 
20H548&, 

B27140U1b, 
3~7•10011>. 
218204%. 
101·1o'l CO. 
1 r)ll(}'1 u Q,J. 
2 c 0 lj 1 0 t: 8 • 
10H77!;1), 

1 f?70 C0<:0 1J. 
127750000. 
1J 14 9f> 1 'HPJ , 
1002':1itCJ9.?. 
22125504. 
2CQb74UtJ, 
201071l81l. 
564COCOO, 
581100000. 
:.!30~4S92. 
11000000. 

105250000. 

110 3 5 67 6, 6. 
406630138. 

4835015&8. 
115221491, 
631tU43, 

12 3 50 0 i 7. 
6311 tJIU, 

333 4 57 408. 
f:311843. 
5577191. 

10007 19, 
B450JO 'J 1.2. 
599330 3011. 

34 692 3U4, 
11150 II C:iC • 

':1!1TI JCJ 1, 
131546. 
J75424. 

17 4C'J000, 
130Oll311)4, 
63391J7J(i, 
~%1%. 

1207b095. 
22':i001l. 

37 25C. 
2520000. 

84001.10. 
614000. 
2cccoo. 

17 5245192. 
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43256tt9. 

60171)016. 
1112526, 
640 ~27. 

1329999. 
640527. 

36475872. 
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1606630, 
185912672. 
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7756555. 
17'39630, 

5G'7UCJO. 
40658. 
04455, 

270000, 
2~516000. 
13220331, 

177SCO. 
1377 199. 

45UOO. 
7450. 

364500, 
121 soo. 
176000. 
10000. 

3550:>00. 

POWER 

29431488, 
4~89 564. 

1337 04560. 
2660035. 

886923. 
2582997. 

590546, 
7703553. 

295641. 
18 39'468. 
2270658. 

16990U160, 
114727056. 

105 32290. 
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1 ti3CJ4CiG. 
G214!08, 
2 E>04 "· 
1069~0. 

~:J.;:1nr;1t, 
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1081916. 
5357177, 

8 40. 
6. 

92JSH4, 
3070464. 

446925. 
296911. 
676268. 

TOTALS 

572285440, 
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107696720 .. 
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17400368. 
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34505216, 
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820269624, 

11G 100 ao. 
27910272. 
11 1Jttu064. 
20tJ27b 16. 
10920045. 

2011776912. 
288373760. 
265379584. 
1025501)76. 

417 35936. 
2034J10lf. 
20152176. 
70519689. 
62419952. 
24293904. 
11506911. 

1270012118. 



r 

0 

Pl: DI! CAS'! Ui 
~LANSrOPMf~ COSE CAStEB 
Ii 0 L L:: P.G MI 11. 
E~D TRIM/W~tD/ROLL WIND 
"ll f."'£': T fll:.~i t.~ 
rt I iJ i:C ti : L:. Cl; '.l 
11JD!)C ?I TU ll~EB 
Slhl AT0l1 
PORi1 llOLLEP 
KL~s:rcs ~AO, A3SE~ELY 
DL-DC CCUV. FHO~aCER 

l5SULA7ICN ~I~DE~ 
GLASS FlDER PROCUCER 
tC CCllV. ruo. ASSCl'IBLY 
KL'tS'I'F.ON PLA:u· 
GLAS5 FCA~l~G PACILITY 
POAM!t GLASS CUTT~R 
SllH'r CUT'l'l::R & SLCTTER 
FCA ~HD :;L,\SS s:100'l'll!JI 
WAiEGUIDE DV CP AL 
WAVFGUICF PACKAG~R 
WAVEGUIDC ASS~MULER 
?t~St5NEL DCCKIN~ H!CH. 
?PESSU~IZ~D ~UWN~l 

CAfGO DOCKl~G ~~~H. 

L0,0-U~LOAC ~A~I~OLATOQ 

~IG~CT!~ T~AN5ECRi£B 

T~\NSEOBIEh 1H~CK 

lNT~R~AL STORAGE CEVIC! 
BtPAIB ~UTCl'lh:ONS 

TOTALS 

TABLE 10.8 {Continuedl 

u~u.us llCNRECUJ.BlllG CuSTS (COlir.) uuuss 
n & c 

35524992. 
75~'1Ct;C'O. 
15BO~OOLO. 
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TABLE 10.10: SUMMARY OF BASELINE CASE 

TOTAi. DllUC? NON- RECU BRING COST = S 10732.580900. 
TOTAL DIRECT RECUR~lNG CCST =S 1000278020. 

70TAL DIRIC7 P&ODUCTICN HASS (KG) = 9~Q8325. 
TOTAL DI&ECT PBODUlTlCN POW!l (~W) = 2J2qa9. 
TOTAL UI~ECT P&CDUC71CH CREW= 21'• PECPlE 

TOTAl S!F CREW = 433. 
CREW TR.\HSPOliT 11ASS = 173151. KG, CONSUflAllLE fUSS • 131140. KG 
CREW TRAN?PORT COS7=$ 77919080. CONSUnABLES COST• 13114043. 

CBEW 7RAINI~G COS7S =$ 216~J920. 
SUPECST cntw ~AGES =S 65153SOq. 
SUPPCRT EXPENDABLES TfiANSPCBt CCST =S 0. 

HABITAT HASS (KG) = 1315950. 
HAelTAr POW?R (KW) :r 3896. 
B&C AND PR.OCUoEflf N7 CCS7 OF HABI7AT ($) = 508594688. 
~RANSPORT COST OP HABITAT (SJ = 131594992. 
POWER c<>s·r OF llABI1A'I ($) = 11687717. 
NONRECUP&ING COST OF HONPBODUCTIOB Sfll •S 50000000. 

TOTAL Sflf !ASS (KGJ = 15138126. 
TOTAL SHP PCWER (~WJ m 217385. 

~r.~ SUP~O&T TRANSiORT ~sT =S20100CCOO. 
snr SUPPODT POWED CCST •$ 2000000. 

SITUP COSTS =S 3086410. FOB 8. P!OPLI 

.uuuu DIRECT cos~s: NONRECURRING •$10732580900., BltUBBlBG •$ 1000278020 • 

S'S$S$SS IIDIBECT COS7S: NONaECU8BIHG =$ 907963392 •• llCUllIHG •$ 177829536. 

ssssisss S"l Lll! CICL! COS~S•$ ~1670486000. 

SSSSSSSS DISCOUITfD IVEllGE SPS COS7•S 1093524100. 



The •bottom line" of the baseline case is a nonrecurring 

cost of Sll.6billion, with a recurring cost of $1.2 billion 

per year at a production rate of 1 SPS/year. It should ~e 

emphasized that this cost per SPS is only for operations at 

the SMF, and does not take into account the mining, refining, 

and final assembly stages of production, nor does it include 

the initial costs of the lunar base and transport systeffl. 

With the exception of solar cell manufacture, the cost of 

products from the SMF are of the same order as those estimated 

previously for terrestrially manufactured components. In the 

case of the solar cells, an order of magnitude reduction in 

costs appears possible due to the favorable effects of the 

space environment. These include the ready availability of 

low cost power, the vacuum environment which allows use of 

the low cost vapor deposition techniques, and the integrated 

facility with all processes colocated (thus avoidir1g reheat

in9 the intermediate products between production steps, and 

intermediate packaging and transportation costs}. Possible 

sources of cost variations could be the cost of ground support 

(not included here), possible increases in R & D and procure

ment costs above those listed i11 Tab1e 10.4, and lack of ex

perimental verification of the efficiencies of vapor deposited 

solar cells. The ~aseline cost estimate does, however, demon

strate that a space manufacturing facility could operate com-
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petitively with earth manufacturing. The required crew to 

operate the baseline SMF is 433 people. 

With the results from the basel~-e, ft is interesting to 

do a variation of parameters analysis to find solution sen

sitivity. Figure 10.1 shows the effect of normalized failure 

rate on the crew size of the SMF. The normalized failure or 

duty cycle for each machine or pr- s printed out in the 

program output given fn the App Jr example the base 

case duty cycle for the solar cell factory is 96.2%. The 

abcissa of this graph is the log of the failure rate, nor

malized to the baseline component failure rates. Therefore, 

-1.0 represents a system in which individual components are 

ten times less likely to fail, whereas 1.0 is a system with 

components ten times more likely to malfunction. It can be 

seen that crew size increases rapidly with increasing failure 

rates. The difference in the two curves ("human" vs. "auto

mated" repair) refers to a tradeoff between repair options 

2 and 4 in the s~,ar cell factory; that is, whether the parts 

replaced by t~e crawler are repaired by people or automated 

rr:pair machinery. All on-site work in the solar cell factory 

is still performed remotely; all repair in the components fac

tory is done manually in either case. The results shown here 

indicate that it is b_tter to automate the repair shop, al

though the difference in crew requirements is ~ot large. 

10.22 



:x10 2 
REPAIR: 

SMF CREw Manual 

60 
4utomated 

40 

20 

- .8 - .4 .4 .8 

I ' ::. t f 

.a 

LOG (NORMALIZED FAILURE RATE) 

' • f 

FIGURE l0.1 

x10 3 

60 

40 

20 

COST (SM) 

______ .-- Initial 

Yearly 

:4 ,4 ,8 
LOG (NOqMALIZED FAILURE RATE) 

FIGURE 10.2 

l 0. 2 3 



figure 10.2 shows the same variation in component duty 

cycles, this time plotted against nonrecurring and recurring 

costs. One assumption used in the program implementation can 

be clearly seen in this figure: that there is an inter

relationship between equ1pment reliability Jnd initfa1 (R & O 

and procurement) cost. A scarcity of data exists which f s 

applicable to this problem; and in the final analysis, a log

lfnear relationship between duty cycle and R & D and pro

curement costs was assumed. Thus, for the baseline case of 

high technology, R & D costs was $20000/kg, and procurement 

cost was $2000/kg. If the component duty cycle varied from 

99% to 99.9% (10 times less likely tu fail), the initial 

costs also varied by a factor of 10, to $200,000/kg and 

$20000/kg, respectively. Similarly, a variation in the 

baseline duty cycle down to 90% reduced costs to $2000/kg 

and $200/kg. The effect of a sizable change in the duty cycle 

was therefore equivalent to increasing or decreasing ~~~ esti

mated technology level ~f the component. The effects of this 

assumption are evidenc.-1 .1 the curves in Fig. 10.2. 

Figur~ 10.3 expands the scale of the ordinate, for a 

better view of the trends of nonrecurring costs. At lower 

failure rates, the equipment has higher initial costs. How

ever, as the failure rate increases, the nonrecurring cost per 

machine decreases, but the number of machines mus~ increase 

to keep production levels constant with the now increased down 
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time. Therefore, an optimum failure rate exists: a~ approxi

mat"ly four times t1.c:! baseline component failure rate, the 

tradeoff between initial cost per machine and number of machines 

results in a minimum nonrecurring cost of about $1.2 billion, 

compared to a baseline nonrecurring cost of $11 .6 billion. 

Similarly, Figure 10.4 shews the relationship between 

reliability and number of machines for the recurring costs. 

Increasing failures creates increasing rc~air costs. Decreas-

ing failures should decrease repair costs, but all mJchines 

have a non-zero minimum maint~nance requirement, and dS the 

procurement cost increases, so does the cost of spare parts. 
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A minimum recurring cost coincidentlly occurs at a failure 

rate about that of the baseline assumptions of reliability. 

Although several man-years (and CPU-days) of effort could 

be spent in further variation of parameters studies, two basic 

conclusions come out of ttis costing analysis. The first is 

that the total SMF system costs, derived from the best esti-

mates of machi~e characteristics as presented in the baseline 

SMF design, are $11.6 billion for nonrecurring~ and $1.2 biliion 

per year for r~curring costs. These costs are competitive 

with ground-based production of the same product, one solar 

l 0. 2 6 



power sat~llite. per year. The second fs that~ based on an 

assumed relation between nonrecurring parts costs and re

liability, optimum failure rates exist which result in minimum 

nonrecurring and recurring costs. However. these minima 

generally do not occur at the same failure rate. A further 

tradeoff study between initial and yearly costs is necessary. 

The life cycle costs for the SMF producing one SPS per 

year for twenty years at a discount rate of 10% follows direct

ly from Fig. 10.Z and is shown in Fig. 10.5. Again, it must be 

emphasized that these are SKF incurred costs and do not include 

~ither the lunar base or terrestrial facilities such as the rec

tenna a~d ~istribution systems as well as operating costs for 

these facilities. 

Finally, it must be emphasized thdt 'G~t estimates of 

future. and speculatives space systems must inevitably be basea 

on a high de~ree of uncertainty. In this section the study 

group has attempted to demonstrate the effects of varying one 

of the parameters which has the greatest degree of uncertainty: 

failure rate of equipment and hence machine duty c1cle. It is 

of cours~ pos~ible to conduct similar parameter variatio~ 

analyses with other of the many sensitive parameter~ of the 

system, such as transportation c~~ts, productiv~ty of labor 

in space, and the many fac~ors discussed in Chapters 12 and 13; 

however the abnve example is sufficiently illustrative of the 
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sensitivity of costs to the assumptions used in thf s analysts. 

Another area of uncertainty involves the cost of develop

ing the specializedequipment for the SMF. This cost is cowered 

partly by the R a D costing baseline of Table 10.4 and partly 

by an additional process development and systems integration 

cost assigned to each of the sixty processes which make up the 

SMF. These costs were assigned even to a well established 

process on the assumption that space rating would add new 

operational constraints requiring further development. The 

cost for each process is listed in the Appendix and varies 

from $10 x 106 to $100 x 106 depending on complexity and ma

turity of the process. The lower amount was applied to well 

developed systems, the upper limit to new and novel space 

oriented concepts. 

As mentioned previously the costs presented here are based 

on extensive discussions with lrganizations well acquainted 

with the terrestrial application of most of thP processes used. 

However, in the final analysis~ translation of this collective 

experience to an operatir.g systems in space is a highly sub

jecti~e process. Different experience~ and different view 

pcints will result in different estimates as to the baseline 

costs. It is hoped that the degree of detail used in defining 

the SMF and its many subsystems as well as t~e flexibility 

built in to the costing algorithms wi 1 1 allow readers to arrive 

at their own conclusions as to the system costs. 

The costs pres~nted here should be considered as first 
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estimates only.based on the best available information and on 

as detailed a component breakdown as tfme permitted. As such 

they indicate that the proposed concept is an attractive 

choice for the manufacture of SPS, and probably other space 

hardware, worthy of further investigation. 
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CHAPTER 11 

OPTIMUM BUILO~P SCENARIO 

Having derived a total SMF system in the preceeding chap

ters, and estimated the initial and yearly costs associated 

with it, a sufficient amount of information exists to examine 

various options in SMF deployment. The setup analysis in 

Chap. 10 assumed one year of space operations before SMF ini

tial operational capability. This seems easily achievable, 

from Space Systems lab experience in simulated weightless 

assembly. 

However, this technical feasibility does not automatically 

imply practical feasibiiity. It is necessary to Lonsider the 

SMF in the context of the total system of space industriali

zation. 

It is unlikely, based on the results of the companion 

General Dynamics study (Ref. 11.1) that the point-design SMF 

would be a serious contender for funding until after SPS's 

had been built from terrestrial materials. It is conceivable 

that the SMF might be constructed as a single unit, and a~l 

SPS production suddenly switched over to nonterrestrial mate

rials; it is much more likely that space-manufactured compo

nents would be slowly phased into SPS construction, and a 

gradual change form terrestrial to nonterrestrial materials 

would occur. The MIT study group proposed to study this lunar 

materials phase-in, using a linear ~rogram optimization ter.hnique. 
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Each element of the SMF can be characterized simply by 

three parameters: the non-recurring cost of the element, 

the production cost of one SPS shfp-set of outputs from the 

element, and a fraction of SPS components which the element 

supplies. For example, the SMF can easily be broken down into 

a solar cell factory, a waveguide factory, a klystron factory, 

and a components (largely structural parts) factory. Although 

commonality between these factories is exploited in the MIT 

baseline SHF, minimal machine duplication would ]e necessary 

to separate the fac!ory processes. Each factory would have 

its own initial and recurring costs and would supply a certain 

fraction of the SPS. An optimal build-up of the SMF mig~t 

have an early switch to space-produced solar cells (due to 

the availability of the low-cost vapor deposition process), 

followed by components, waveguides, and finally by high-tech

nology klystron components built in space. The reduction 

in cost of the SMF will be the motive for lead-in of space 

manufacturing; the gradual phasing is due to the advantage of 

delayed expenditures in discounted costs, and the use of early 

SPS power sales to pay for later factory developments. 

The optimization technique used for this study was linear 

progra~ming. This technique is often used for optimization of 

manufacturing systems where output costs can be ~o~sidered to 

scale linearly with plant size. Those not familiJt with linear 

programming are refP.rrec to some of the standard textbooks on 
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systems optimization, such as Ref. 11.2. 

As a means of verifying the implementation of this tech

nique, a simpler problem was first analyzed: to choose between 

ground-based conventional, earth-sourced SPS, and non-terres

trial SPS generating systems, with the objective function to 

maximize discounted net income. 

Each system was characterized by a nonrecurring cost 

{necessary for the use of the system), and an operating cost 

per SPS or per SPS-sized ground equivalent system. One 

hundred primal variables were thus defined: yearly invest

ment in earth and lunar nonrecurring costs, and yearly in

vestment in earth and lunar SPS and ground power plants, for 

a 20-year operational period. (It was assumed that all R & D 

has been returned on ground power systems, such as coal and 

fission). The objective functir.n was to maximize net profits, 

measured as return from power plant~ mi0us investment in 

building and R & 0. The objective functicn included a 10% 

discount rate, thus, there was economic advantage in achiev

ing immediate returns and deferring expenditures. It was 

felt that t!i~ uptimum would prohably involve a progression 

from ground-based to terrestrial SPS to nonterrestrial SPS, 

as income supported further investment. A yearly budget 

limitation on outside capital entering the system was also 

included. 
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The computer program used is listed, together with the 

tab 1 eau matrix 1 f s ted and so 1 ved, ·1 n the Appendix. Because 
! 

of limitations in the standard linear program formulation, 

the program in its present form is not capable of finding an 

optimal solution which includes the constraint that all the 

R g D costs are expended before a system is used. This 

factor, and other non linear effects such as the need to 

include existance variables recognizing when no costs are 

accrued due to non-use of a system, requires additional re

formuiation of the of the problem, which is beyond the scope 

of the present contract. The development of the program f s 

however continuing under separate fundin~ and considerations 

will also be given to the use of the more complex integer or 

1ynamic programing techniques for circumventing the restric-

tions inherent in linear programming. 
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CHAPTER 12 

TECHNOLOGY EVOLUTION PROGRAM 

12.1: GENERAL REMARKS 

This chapter describes the research and development steps 

required to establish the technology for the reference Space 

Manufacturing Facility. Although this program is keyed to the 

proposed reference SMF, it serves as a useful example of the 

scale and scope of R & D required for an SMF, and many of the 

steps described would be shared by other SMf designs. 

The technology evolution program is actually a set of 

parallel programs. As described in Chap. 6, the reference 

SMF can be conceptually separated into the sections presented 

in Fig. 6.2, and repe?~ed here in Fig. 12.1. Each section 

requires its o~n technology evolution program. 

In general, these parallel programs have only minor ef

fects on ~ach other; for example, the development of wave

guide production technology has little e ~ect on research into 

furnaces and casters, and vice-versa. Even those sections 

which receive products from other sections can have separate 

techn~1ogy evolution. For example, the ribbon and sheet oper

ations, which begin with a rolling process, are little affected 

by the production techniques for the input slabs. However, 

if research on metals furnaces and casters indicates that the 

production of slabs is excessively difficult, then the ribbon 

and sheet operations must be modified to use different inputs 
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(e.g. vapor-deposited sheet). Therefore the technology 

evolution programs for the SMF sections can be separate pro

vided that the various inputs can outputs between sections 

remain effectively unchanged (i.e. any changes do not sig

nificantly affect subsequent operations}. 

This separation of technology evolution programs sh~•·ld 

not lead to duplication, however. A number of SMF s~:t~ins 

share processes (though not equioment), and R & Don th~se 

pror.esses should be integrated. For example, electrc;1 beam 

guns are used in a wide variety of applications ~t the refer

ence SMF: welding, cutting, vaporization, recrystallization. 

Basic research on electron beam guns ~an therefore be applied 

to all these operations. This commonality of equipment was 

considered an advantage in the choice of reference SMF pro

cesses (see Chap. 5). 

While the technology evolution programs for the various 

sect•ons of the SHF can proceed simultaneously, this is in 

general not true of the R & 0 steps within each program. For 

most sections of the SMF, the technolo~; evolution for a given 

section is a sequence of research steps, each of which pro

vides information and leads to a decision between 3lternative 

processes or equipment designs or operating procedu, es. Thus 

the information developed in the early steps has a significant 

imract on the later research in the program. Therefore the 

un~ertainty in the definition of the programs increases through 

successive R & D steps. 
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The det 'ls of the technology evolution programs can also 

be affected by research in areas other than the SMF. First in

vestigations in other aspects of s~ace industrialization {e.g. 

lunar refining, transportation, SPS des19n) can change the speci

fications of inputs and outputs of the SMF. 

Second, the SMF technology evolution program can benefit 

from research done on related industrial processes on Earth. For 

example, the study group anticipates th~t the next ten years will 

see intensive research on large-scale production of semiconductor 

materials and solar cells. Although the fundamental differences 

between the design environments in space and on Earth suggest 

that much of this research will not be applicable to space pro

cesses, the SMF tec~nology evolution program can benefit greatly 

from the basic knowledge gained in solar cell perfnrmance, 

crystallography, doping, and array buildup. The technical challenge 

to the SMF desi9r.er will therefore be to apply the results of 

solar-cell production research on fdrth to the development of 

space pr~cesses whenever p~ssible. 

The technology evolut .~programs for the individual sections 

of the SMF a - each separated into three phases: conceptual 

studies, ground experiments, and Shuttle experiments. The re

sear~h and development therefore .-~ogresses from an early general 

rP.search program on the ground, inciuding versatile prototypes, 

to a more specific development effort in the Shuttle using more 

specialized sp:ce hardware. At the conceptual st~ge, various 

options for sr1F processes should be kept open, sin·e the eventual 

success of any one option c~.1not be guarante€d. For example. the 
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development of SMF furnaces could begin with studies of several 

furnace options (centrifugal, induction, gas-suspension) including 

potential designs for mul~ipurpose furnaces (multi-material, or 

multi-input-shape). 

Although there is no sharp transition between general and 

specialized R&D, each step in a technology evolution program aims 

at reducing the number of options to be investigated further, so 

that the complete program will produce find1ized equipment. It 

is difficult to anticipate at what stages decisions between op

tions should be made, because each step can uncover problems 

which may make the preferred options unworkable. The program 

therefore requires the flexibility to return to an earlier st~p 

if difficult problems develop. For example, if the Shuttle pro

totype for an aluminum-~elting furnace demonstrates unforeseen 

problems, the technology evolution program should be flexible 

enough to return to other options studied on the ground, and to 

develop an alternativ~ space prototype. 

fhe example above also suggests that SMF equipment designs 

should not be finalized before testing in space. Unlike earlier 

space hardware development, when the design philosophy aimed at 

seleltion of options, ~onstruction and testing of prototype~, 

and finalization and fabrication of space hardware before launch, 

the SMF development should tJke advantage of the transportat~on 

cost reduction 3vailable from the Shutt1e to do in-space proto

type testing 9 even if the prototype is not guaranteed to be 

successful. This flexibility is particularly important for the 
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R&D on SMF processes which use the zero-g environment to advantage 

or which are seriously affected by the absence of gravity (e.g. 

induction furnaces, zone refining, human operations). For those 

processes, basic questions of feasibility may not be answerable 

without space experiments. 

The technology evolution program is presented in the following 

sectior.s as a series of tables, each detailing the RID steps for 

a section of the reference SMF. The order of the steps is se

quential, i.e., in most cases the early steps develop information 

useful in defining and executing the later ones. In some cases, 

certain R&D steps can benefit from hardware developed in other 

steps. For example, the testing of prototype casters in the 

Shuttle can use a previously developed prototype metal furnace 

to feed molten metal to the test articles. 

Most of the suggested Shuttle experiments and prototypes 

are small enough to fit within a Spacelab payload (in most cases, 

several such experiments could fit in or.e flight). In fact, the 

in-space development articles could be flown as integrated 

multipurpose Spacelab missions. The study group feels that the 

Shuttle experiments in the technology evolution program could 

be performed with a small number of flights, at r@latively little 

cost. At this level of investigation, however, definition of 

such integrated payloads is diffic~lt, since experimental re

quirements and preferred process options are unknown. 

Although the anticipated prototypes can fit within a Shuttle 

p~vload, in some cases the experimental requirements SL)gest a 
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permanent orbital platform. Specifically, some prototypes might 

require si?eable power inputs (such as for furnaces, electron 

beam guns, lasers). These would therefore benefit from power 

sources parked in space, such as 25-kW or 100-kW modules. Simi· 

larly, some of these energy-intensive prototypes may require large 

heat-waste systems, and could therefore benefit from permanent 

cco1ing facilities and radiators. Finally, some of the experi

ments should be run several times with variation of experimental 

parameters. Such experiments c~uld be left at an orbital plat

form between sets of runs, to allow return of output to Earth 

for examination and analysis; examples of such experiments include 

solar cell deposition processes and metal solidification processes. 

The orbital platform parking would avoid repeated Shuttle 

transportation. 

The overall technology evolution Program presented in the 

following sections details the R!O required for the SMF, but 

not for its outputs; the SPS or other satellite components pro

duced by the S~F would require a separate tec~nology evolution 

program. The program described in this chapter produces a set 

of working prototypes of the SMF hardware; in many cases, these 

prototypes are smaller than the SMF design compondnts. The 

technology cutoff date is assumed to be the year 1990. Cost 

estimates for R&D are detailed in Chapter 10. "Line Item Costing." 

The study group again emphasizes that the following descrip

tions are keyed to the reference SMF, and that other SMF designs 

would require different R&D steps. Furthermore, the descriptions 
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als~ assume that the reference SMF processes chosen in Chapter 5 

will be developed into space-rated hardware. However, sho~ 1 d 

the chosen options prove unsatisfactory at any point in the RID 

procedure, other options would be substituted, changing some of 

the steps in the development program. Like the reference SMF 

design, the technology evolution program described below is a 

point design in a very wide field of alternatives. 

12.2: R&D: METALS FURNACES AND CASTERS 

Table 12.l presents a listing of research and development 

steps for reference SMF furnaces and casters. The furnaces are 

space-specific designs, requiring conceptual development. These 

preliminary design efforts should assess the usefulness of ground 

prototypes for furnaces9 i.e. the extent to which such prototypes 

can accurately model the zero-g designs. Zero-g is expected to 

reduce the furnace masses considerably, and very small space 

prototypes (e.g. 1 ton, not including power supplies an~ ~.at 

waste systems) should be possible. Furnaces also require develop

ment of refractory materials adapted to the space environment. 

Similarly, casters should benefit ft·Jm mass reductions in 

zero-g, but requirP. specialized refractories. Tha casters are 

modifications of earth designs. 

The steps are listed in a time sequence from initia1 con

cepts, through design, ground prototype testing to final 

evaluation in a space environment. 
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TABLE 12.1: R & D: MET.·.~~ ruiHtl\l.ES AND CASTEP.S 

RESEARCH ITEM 

--------
Ctnceptual studi.-. 
of furnace option~ 

Refractory material 
tests 

Metal sol1diffcatfon 
experiments 

Continuous caster 
design 

OOJECTIVE 

To produce p e11m1nary designs of magnetic 1nduct1on, solar 
tMugh, sola. '.Jaraboloid, and rotating furnaces. Includes 
geometrfc desi~n and sizing, static and dynamfc load pre-

l dictions, heating systems and tvmperatura profiles, power 
lnd mass requirements, input/output systems design, estfmatfon 
of maintenance, repair, and logistics, evaluation of ·technical 
uncertafnty and required experiments, evaluation of operational 
safety, control requirements and systems, cost estimates, and 
comparisons of furnace options. 

To establish experimentally the tolerance of c1ndidate re· 
fractory materials to molten metals and vacuum, and thef r 
thermal and magnetic properties. These materials are for 
casings and molds fn furnaces, pipelines, continuous casters, 
and larae piece casters. Emphasis on long-life, structural 
materials. 

To fnvestf 9ate the mftterfal microstructure and properties 
resulting from solidification fn zero-9 1 &pPcifically for 
metals and alloys in various casters. Development of re· 
lationshfps between casting parameters (mold shapes, thermal 
~roffles, tnjectton pressures, thermal conduet1vfty of mold 
mold material, alloy composttfon) and properties (structural, 
thermal, magnetic, electrfc) of cast output. Probably requtres 
several sets of experiments, 

To produce a prelfminary design of a space·spectftc conttnuous 
caster for Al and Al alloy, based on earth desfgns, the metal 
solfdfffcatton experiments, and the refractory material tests. 
Includes gecmetrfc design and sizing, structural design, chofce 
of materials, cooling syst~m design, thermal proftles, output 
handlfn9 systems, automatic monftorfng and cor.trol equipment, 
estimation of maintenance, repair, logfsttcs, and costs evalua• 
tfon of operational safety and technical uncertainty. 
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RESEARCH ITEM 

Dfe caster and 
large-pf ece 
caster desfgn 

~rotctype furnaces 

Prototype casters 

Space prototypes of 
furnaces and casters 

Prototype slab 
cutter 

TAO LE 12 .1 (Continued~ 

OBJECTIVE 

To produce preliminary desi9ns of space-spectf1c dfe casters 
and large-piece casters, based on earth da1,gn1, the metal 
solidfffcatfon experiments, and the refractory matP.r1al tests. 
Cast~ ·s receive molten Al, Al alloy, Fe, Fe alloy. D111gn tn• 
eludes structural design, choice of materfa1s, estimation of 
injection pressures, thermal profiles, load hfstor1es, 1nput/ 
output ~ystems, cooling systems, automatic mon1torfng and con
tro1, design of pfpes, valvi::s, and pumps, estfmatfon of power, 
mass (reduced by zero-g), maintenance, repafr, log1stfcs, and 
costs e~aluatfon of technical uncertainty and operational 
safety. 

To develop useful ground prototypes of selected furnace options, 
ff the zero-g effects can be adequately modeled or accounted 
for (otherwise space prototypes are requfred). 

To develop useful ground prototypes of the continuous caster, 
dfe casters, and lar~e-pfece caster, ff the ze~o-g effects can 
be adequately modeled or accounted for (otherwise space 
prototypes are required). 

To develop and integrate space·r-ted furnaces, pfpe11nes pumps, 
continuous casters. d1e casters, and 1arge-p1ece caster {ca~ters 
can be integrated to furnaces and pipes one at a ttme). Th~l 
effort may require stepwise ver1f1cat1on of furnaces, then cas
ters. with furnaces flown severa1 times or parked 1n space. ln
r1udes development of automatic control systems, human main· 
tenance and repa1r techniques 1n space, and long•term exposure 
to space environment. Output returned to Earth for analysis. 

To develop a ground (but space-rated) prototype of a 128 kW 
electron beam cutter, 1nclud1ng automat1c f111m1nt replacement; 
cooling systems, automatfc control, mechanical track1ng. Tests 
on 2-cm-th1ck Al slab. Development of maintenance and repair 
techniques. Emphasis on relfabflfty. 
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12.3: R&D: RIBBON AND SHEET OPERATIO~S 

Table 12.2 presents the technology evolution program for ri_bbon 

and sheet equipment. All of these devices are modifications of 

existing earth equipment, replacing conventional cutting and 

welding equipment with electron beams. The rolling devices 

~rolling mill, ribbon slicer, and striator} are expected to have 

masses close to their earth counterparts, since the principal 

forces in such earth devices are tool-workpiece forces rather 

than gravitational forces. 

However, the lack of a floor to anchor t~e machines (thus 

damping vibrations) requires the development of active damping 

systems; the designs must also be modified for maximum auto

mation, compatibili.ty with vacuum, and ease of in-space repair. 

These considerations also apply to the other ribbon and sheet 

operations devices. 
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RESEARCH ITEM 

Prototype rolling 
mil 1 

TABLE 12.2: R & D: RIBBON AND SHEET OPERATIONS 

OBJECTIVE 

To produce design of space-specific reversing rolling mill for Al 
and Al alloy and to develop a ground prototype (which may be some
what different than the design, due to 1ts large mass). Includes 
structural design, estimation of· power. mass, maintenance. repair. 
1o~ist1cs, and costs, load pred1ct1ons, operational safety, control 
requirements and systems. Prototype includes active vibratfon
damping, automatic control, in-space repair features, input/output 
sys terns • 'If floss i b 1 e , t es ts on space - ca s t s 1 abs • 

Prototype electron To develop ground (but space-rated) prototypes of ribbon-cutting 
beam cutters EB guns (research can benefit from development of slab cutter). 

Prototypes include automatic filament replacement, cooling systems, 
auto~at1c control, tracking systems. Tests on Al and Al alloy 
ribhon. Development of maintenance and repair techniques. Emphasis 
on reliability and accuracy, 

Prototype electron To develop ground (but space-rated) prototypes of sheet•wold1ng 
beam welders guns. Prototypes include same features as EB cutters. Tests in

clude verification of weld properties. Development ~r maintenance 
and repair techniques. Emphasis on reliability, and on accuracy 
of control and tracking systems and techniques. 

Prototype ribbon 
s 1i cer 

ueve1opment or 
striated heat pipes 
and heat pipe 
fluids 

To produce space-specific desfgn of slicing-rollers device for Al 
and Al alloy ribbon, and to develop ground prototype (possibly 
different from design. due to high mass). This is a mod1f1cation 
of the rolling mill design and rolling mill prototype, without re
ver~ing action. Tests of longevity, reliability. Development of 
techniques to vary output specifications. 

To verify the feasibility and assess ~~~-requirements of striated 
heat pipes for klystron radiators, fnc1ud1ng development of a heat 
pipe fluid compatible with aluminum and•with suitable boiling tem
perature. Modifications to the heit pipe design should be made as 
needed. Effects of zero-g on heat ~ipe operation should be assessed 
(t~'s may require space experiments). 
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RESEARCH ITEM 

Prototype striator 

Prototype form 
ro 11 er 

Design of sheet 
layout and k~ystron 
radiator assembly 
station 

Prototype sheet 
layout and klystron 
radiator assembly 
station 

Design of DC-DC 
converter radiator 
assembly device. 

TABLE 12.2 (Continued) 

OBJECTIVE 

To produce space-specific des~gn of striation-rollers device for 
A1 ribbon. and to develop ground prototype (possibly different from 
design. due to high mass). This is a mod1f1cat1on of the rolling 
mill and ribbon slicer prototypes. Tests of longevfty, relfab111ty, 
output quality. 

To develop a ground (b~t space-rated) prototype of the form roller 
to produce heat pipes and radiator pipes from Al ribbon. This de
sign is a modification of the Grumman beam-builder form roller. 
Tests of reliability. output quality, ease of repair. 

To produce a preliminary design of a fully automated sheet 1ayout 
and radiator assembly device. based on the electron beam welder pro
totypes, and the output quality of ribbon slicer and form roller 
prototypes. Includes physical and structural design, estimation of 
mass, power, maintenance. repair, logfsttcs, and <OSts, evaluation 
of technical uncertainty and operational safety, design of handling 
and control systems. Emphasis on maximum automation, minimum com· 
plexity. reliability, ease of repair. 

To develop a ground (but space-rated) prototype of the sheet layout 
and klystron radiator assembly device. Prototype includes automatfc 
control. active vibration dampin~ ;ystems. in-space repair features. 
Tests of equipment reliability ano output quality. 

To produce a preliminary design of a fully automated device to pro
duce large radiators. including radiator pipes and manifolds. De
sign work uses commonality of some features with klystron radiator 
assembly station, and develops similar parameters; structural 
handling of large sheets during welding is more difficult than for 
klystron radiators. 
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RCSEARCH ITEM 

P'.'"ototype DC-DC 
converter radiator 
asse'llbly device 

Integration of 
r;bbon and sheet 
operations ground 
prototypes 

Space prototypes 
of rolling mill, 
ribbon slicer, 
and striator 

Space prototypes 
of integrated 
sheet and ribbon 
devices 

TABLE 12.2 (Continued) 

OBJECTIVE 

To develop ground (but space-rated) prototype of large-radiator 
assembly device, incl-udfng automatic control, active vibration 
damping, in-space repair features. Tests of re11ab11fty and out
put quality. Assessment of accuracy of ground simulation (hfgh 
mass of radiator leads to different structural requirements on 
equipmeni.). 

To integrade the ground prototypes of rolling mill. EB cutters and 
welders, ribbon slicer, striator, form roller, and radiator assembly 
device~ into a working. fully automated prototype of the reference 
SMF sheet and ribbon operations section. Includes development of 
handling systems (space-rated) and automatic contrr.1 devices. Tests 
of system, including ~aintenance and repair • 

To develop and test space prototypes of the related rolling devices. 
Includes tests of active damping systems, reliability, versatility. 
in-space repair. Due to mass of the prototypes ()ess than SMF 
machines, but still si~nificant) these devices are candidates for 
orbital parking. Output returned to Earth for analysis. 

To d~velop space prototypes of the remaining devices fn the sheet 
and ribbon operations section (many·of the ground prototypes are 
already space rated) and to test these together with the space 
prototypes of rolling equipment. Includes tests ~f reliability, 
output quality, in-space maintenance and repair. Despite their 
number, these devices are not expected to mass more than one 
Shuttle payload; they may require additional power, however. 
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12.4: R&O: INSULATED WIRE PRODUCTION 

The technology evolution program for the reference SMF 

insulated wire production section is detailed in Table 12.3. 

The glass fiber producer is an automated space-specific design, 

which therefore requires conceptual and experimental research. 

The wire wrapper is a relatively simple modification of existing 

earth equipment. 
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RESEARCH ITEM 

Design of glass 
fiber producP.r 

Space 0 xperiment 
on fit.~r 
production 

Prototype !}lass 
ffber prodL•cer 

TABLE 12.3: R & 0: INSULATED WIRE PRODUCTION 

OBJECTIVE 

To produce a space-spec1f1c de~ign of an automatic glass fiber pro
ducer. Includes invest1gatfon of suitable glass composftfons 
available from lunar materials, alloys resistant to corrosion by 
molten glass and vacuum, heating systems, temperature and viscosity 
profiles. estimation of piston and tube loads, sizing and struc· 
tural desfgn, estimation of mafntenance, repafr, and costs, evalu
ation of technical uncertainty and operational safety, design of 
automatic spool threaders and control systems. 

To investiQate experimentally the effect of zero-g on the drawing 
of glass fibers through dies. Includes relationships between glass 
composition, molten glass pressure, die geometry, glass fiber 
diameter, drawing speed, and fiber quality. This is a small ex
periment; the output is returned to Earth for analysis. It may be 
advantageous to repeat the experiment after 1n1ttal evaluation. 

To develop ground (but space-rated) prototype of glass-fiber pro
ducer, based on preliminary design and Shuttle exoeriment results. 
Test~ of equipment reliability, and of output quality (provided 
zero-g effects can be accounted for--otherwise in-space testing 
may be necessary). 
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P~ototype insulation To develop a ground (but s~ace-rated) prototypJ of an insulation X 
wir.der winder. This is a modification of an earth wire wrapper, adapted 

to vacuum operations and use of spools cf glass ffbers. Prototype 
includes automatic loading systems for spools. Tests of equipment 
reliability. ease of in-space repair. 



12.5: R&D: DC-DC CONVERTE~ PRODUCTION 

Table 12.4 details the R&D steps for DC-DC converter pro

duction. Because only 461 DC-DC converters are required per year, 

the development ~f sophisticated automatic machinery is not 

warranted. Coolant channel drilling and coil winding are done 

by relatively simple modifications of existing earth equi~~ent. 

The control circuitry for the converters is assembled to the 

cores ~anually. The procedures are simple enough that spar~ 

prototypes should not be required. 
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. . . TABLE 12 4· R & O· DC-DC CONVERTER PRODUCTION 
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Prototy;>e channel To ~ velJP a ground (but space-rated) prototype of a numerfcally I x 
dril 1 controlled deep drill (3m long bit) for drf11fng of coolant 

~hannels through SENDUST cores. This destgn fs based on existing 
earth equipment, modfffed to emphasize tool longevity. Tests on 
equipment reliability. 

-
Prototype coil To develop a ground (but space-rat~d) prototype of an automatic x 
winder winder to wrap insulated wire around the transformer core lfmbs. 

Design is based on existing earth equipment, modfffed for operation 
in vacuum. Tests on equ1pm~nt relfabflfty. 

- -
Definition and To def1 ne · '1uired ma1.ual assembly tasks f~r c:untrol cf rcuitry and x x 
test of assembly to model thes"? tasks fn ground simulations. I I tasks -- -



12.6: R&D: KLYSTROtt PRODUCTION 

In the absence of a detailed klystron design for the SPS, 

specific production equipment designs are not available, and 

therefore the technology evolution program listed in Table 12.5 

is only general. The first item is therefore the detailed 

definition of a klystron design, optimized for SPS operation, 

use of lunar materials, and SMF manufacture. 

Consultation by the study group on the subject of klystron 

manufacture in< .cate that the usual production steps can be per

formed by conventional preci~ion equipment. The technology 

evolution program therefore t·equires the development of integrated, 

fully automated production devices for the klystron assemblies, 

followed by the adaptation of these ground prototypes intJ space 

prototypes. In view of the complexity and precision anticipated, 

the final space prototype should be tested in the Shuttle. 
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N 
0 

RESEARCH ITEM 

Design of klystron 
and ldystr!:>n 
assembly pro-
duct ion sequence 

Prototype klystron 
assembly pro-
ducti~~ equipment 

Space prototypes 
of klystron 
.:issembly pro-
duction equipment 

TABLE 12. 5: R & D: KLYSTRON PRODUCTION 

OBJECTIVE 

To produce a klystron assembly design optfm1zed for SPS operation, 
use of lunar matet'ials, and SMF manufacture, and to define 1n de-
ta 11 the s~quence of production steps, including allowable ~anu-
facturing tradeoffs and tolerances. Includes determination of 
components manufactured at SHF vs. produced on Earth. 

To develop an integrated, fully automated set of ground prototypes 
for production machinery. Emphasis on maximum automatfon and re-
liability, ease of repair. Tests of output quality. 

To develop s~ace-rated vers1ons of the ground prototypes, 1ncludfng 
quality control systems and space-specific devices (e.g. EB 
welders). Shuttle tests to ver1fy opP.ratfon, relfabflfty, in-space 
maintenance and repair, and output qual1ty. Due to mass and com-
~lexity of equipment, integrated prototypes may beneff t from 
in-space parking. 
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12.7: R&O: SOLAR CELL PRODUCTION 

Table 12.6 details the steps in the R&D of the reference SMF 

~olar cell production processes. As a first step, the study group 

recommends the establishment of a permanent task force to review 

the very considerable amounc of new developments in solar cell 

production techni~ues. During this contract the study group 

received and reviewed published reports ft·om a large number of 

research outfits in many countries; sources of information include 

many journals s~ldom found on aerospace shelves. Much of this 

information is not applicable to space operations; however, 

many concepts could be adapted to space use--in most cases, this 

is an option never considered by the concep s• authors. 

The study group again emphasizes that this technology 

evolution progrdn1 is keyed to the refere~ce SMF, and therefore 

conceptual studies should kP.ep alternative production options 

open. At this level of design, a final decision on a solar 

cell production scheme would be pre~ature. 

The suggested R&D steps include conceptual studies for those 

processes {zone refining, direct vaporization, recrystallization, 

laser cuttin9, glass layer production) which have not been 

applied in space before, and which carry some uncertainty about 

their feasibility or basic requirements. In fuOSt cases, these 

conceptual studies lead to ground protoLyoes, then to space pro

totypes. In a number of cases, however, the study group recommends 

followinq the conceptual study with a sma11-scale Shuttle experi

ment to assess the effect of zero-g on the process. This then 
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leads to design of ground or space prototypes, as needed. 

In some cases~ the suggested processes have been suffic1~ntly 

researched and applied on Earth that development of prototypes 

can begin without extensive conceptual research. 
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N 
w 

RESEARCH ITEM 

Continuo~s revfew 
of developments in 
solar cell pro
duction techniques 

TABLE 12.6: R & D: SOLAR CELL PRODUCTION 

OBJECTIVE 

To review the large number ~f current resear'h findings on solar 
cell production alternatives (Dub11shed by mAny research teams), 
and to assess the applicabf11t> of these developments to space 
operations. 

~~~~-+-~~~~~~~~~~--~~~~~~~~----~------

Con c~ptual studies 
of solar cell 
production systems 

Conceptual study 
and space exp!rf
"1ents 011 zone 
refining 

Prototype zone 
refiner 

To investf gl\te alternative processes and production sequence for 
the manufacture of solar cells at the SMF. Includes greltmfnary 
operations layouts and designs, estimation of mass, power, main
tenance. repair, logistics, and costs, evaluation of technical un• 
cert~inty and operational safety, ease of automation dnd repair, 
<'·tput quality. and compl\rfson of options, Defin1tfo,, of tech
n,.Jogy evolution programs for alternatives. 

To investigate, theoretically and experimentally, the effect of 
zero-g on the zone refining process. Includes deteimtnatfon of 
optimum zone refining parameters to maxtmtze zqne t.·avel rate and 
mfni1nize number of passes required for purf f1catfor a~d study of 
effects vf types and concentratfons of fmpurftfe' on refining 
requirements. Output returned to Earth for analyst&. Equipment 
is expected to be small. 

To develop a prototype zone refiner for th~ reference SMF, to 
purify metallurgical grade Sf from the Moon to semiconductor 
grade. Thf~ fs a ground devf~e. ff the zero-g effects can be 
accurately modeled or account!d for (otherw1st, a space prototype 
is required}. Prototype includes feed and handlfn~ systems, 
heating and cooling s~stems, quality control !tn~ors an~ automattc 
control systems. Tests of effects of oper,.tf:.g ;~arameters on out
put quality. Emphasis on ma11mum automation, ea6e of in-space 
repair. 
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To develop and test a space-rated protot.:pe of ttie ref&rence SMF 
zone refiner. T~1s devfce may require a power source beyond the 
Shuttle's, and may bene•f t from in-orbit parking between test runs. 

Space proto':ype 
of zone refiner 

o~tput ts returned to Earth for analysts. 

x 



_, 
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RESEARCH ITEM 

Conceptual study 
and space experi
ments on direct 
vaporization 

Prototype direct 
vaporization 
devices 

Prototype ion 
implantation 
dev1ces 

Conceptual studies 
and experiments on 
recrysta111zatfon 

Space experf ments 
on recrystal-
l 1zat1on 

Prototype recrys
ta 11fzat1on 
devices 

TABLE 12.6 (Continued) 

OBJECTIVE 

To investigate, theoretically and experimentally, tht affects of 
zero-g on direct vaporization of Al, S1, S10 , and to produce pre
liminary designs of direct vaporization dev1!es. Includes evalu· 
ation of effects of deposftfon parameters (e.g. pressure of vapor, 
deposition surface temperature and morphology, thermal profiles) 
on properties of depostted output. 

To deYelop ground prototypes of OV devices for Al, St, SfO ff 
zero-g effects can be accurately modeled or accounted for 2lother· 
wise space prototypes are requir~d). Includes development of 
thermal belt, EB tracking control, slab feeu1ng mechanisms, quality 
control systems, maintenance and repair techn1ques, cooling sys· 
tems. Tests of equipment relfabilfty and output properties. 

To develop a ground (but space-rated) ion 1mplantatton dtvtce for 
boron and phosphorus, from exfstfng equipment. Emphasis on deeper 
penetration (2·5 microns), full automation, longevity of equipment. 

·Tests of equipment reliability, doping profiles, implantation 
damage. Assessment of compatibility with DV of st11con. 

To investigate, theoretically and exper1mentaily on the ground, 
the feasibility and requirements for recrysta111zat1on of direct• 
vaporized layers of silicon. Includes studies of pulse and scan 
recryst6llization, effects of silicon morphology, pulsing/scanning 
parameter~. and environmental factors on recrystallized output. 
Production of prelfmfnary designs for racrysta111zatfon devices, 
and of designs for space experiments. 

To investigate the effects of zero-g on recrysta111zatton of 
silicon layers. Equipment is expected to be small. Output re· 
turned to Earth for analysis. 

To develop ground prototypes of recrystallfzers for the r1fer1nc1 
SMF, 1f zero-g e:fects can be accurately modeled or accounted for 
(otherwise space prototypes are required). Emphasis on automatfon, 
reliability, ease of repair. Tests of output quality. 
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RESEARCH ITEM 

Space experiments 
on ion implantation 
damage anneal 

Pre to type ion im-
plantation damage 
an11caler 

Prototype of direct 
vap0rfzer w1th mask 
and mask cleanup 
device 

Space experiment 
Oil front contact 
'.iintering 

Prototype front 
1 contact sintering 
device 

Integrated space 
prototypes of 
solar cell 
de po~ 1t ion 

TABLE 12. 6 (Continued} 

OBJECTIVE 

To assess the effect of ze1·0-g on pulsed-beam anneal 1ng of ion 
implantation damage. Equipment is expected to be small. Output 
f s returned to Earth for analysis. 

To develop a ground prototype of an 1 on implantation damage 
annealer, based on existing designs, if the zero-9 effects can be 
accurately modeled or accounted for (otherwise a space prototype 
is required). Emphasis on automation. rel1ab111ty, ease of repafr. 
Tests of output quality. 

To modf~y ground prototype of direct vaporizer for Al to operate 
through a sh~dow mask (to deposit top contact pattern). Includes 
development of space-rated mask with long lffe, and of device to 
l>rush de~osited Al from mask a~tomatically. Tests of output 
qJality, equipment re11ab11fty. 

- - . 
To investigate the effect of zero-g on pulsed-beam stntering of 
solar cell front contacts. Equipment fs expected to be smdll. 
Output is returned to Earth for analysis. Includes variation of 
sintering pdrameters. 

To develop ground (or space, ff needed) prototype of top contact 
sintcrin9 device, including tracking systems, in-space repair 
features, quality control systems, automatic control. Tests of 
equipment reliab111ty and output quality. 

To develop integrated, space-rated prototypes of thermal belt, 
direct vaporizers for A 1 and Sf, ion fmplanters for boron and 
phosphorus, masking of front contact, recry~tallizers and ion 
implantation damage anneal, and front contact sintering. Incl udu 
automated control. quality control, input/output and handling 
systems, tests of in-space maintenance and repair techn~ques. 
Output (operational solar cells, without glass layers) ts returned 
to Earth for analysis. Equipment estimated at less than one 
Shuttle payload, not including power and heat waste systems. 
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RESEARCH ITEM 

Conceptual study 
and experiments 
on laser cutting 
of solar cells 

Prototype solar 
cell crosscutter 
and longitudinal 
cutter 

Prototype direct 
vaporizer for 
interconnects 

Prototype solar 
cell inter
connect ion device 

TABLE 12.6 (Continued) 

OBJECTIVE 

To investigate, theoretically and experimentally on the ground, 
the use of lasers to cut solar cell material. Includes effects 
of cutting parameters (wavelength, focusing, tra~k1ny speed, 
power) on resulting degradation of cell near cut. 

To develop ground prototypes of laser cutting systems for solar 
cells, including automatic con~~ol, tracking systems, qualfty 
control. Tests on space-produced solar cell material or equiva
lent. Emphasis on equipment accuracy and reliability. 

To develop a ground (but space-rated) prototype of a direct 
vaporizer to produce 50-micron thick Al sheet, inr.luding systems to 
roll up the output, automatic controls, cooling systems for EB 
guns. This device is a modification of other DV prototypes. 
Emphasis on reliability, ease of repair, automation • . 

·To develop ground prototype of solar cell interconnection device 
(same as panel interconnection device). This fs a sophfstfcated 
mechanical device, with tight tolerances. Emphasis on automation,. 
reliability. Includes interconnect feed systems, sensor and 
alignment systems, electrostatic bonders. Tests on simulated solar 
cells and panels. Possible applications on Earth. 

1--~~-----~---~~~---+----~------~----------
Conceptual studies 
of optical cover 
and substrate 
production options 

T o review existing literature and to prod~ce preliminary designs 
of production options for SiO layers, including direct vapor
ization (reference SMF) and s~parate sheet production followed by 
electrostatic or laser bonding. Includes assessment of feasibility 
and operational requirements. Preliminary designs include thermal 
profiles, load histories, power and mass requirements, estimates 
of maintenance. repair, logistics, and costs, assessment of 
reliability and output quality. 
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RESEARCH ITEM 

Prot.ltype panel 
al i gnmer.t and 
insertion device 

Prototype kapton 
tape applicator 

Prototype array 
segment packager 

TABLE 12.6 (Continued) 

OBJECTIVE 

To develop a ground (b~t space-rated) prototype of the panel 
alignment and spare panel insertion device. Includes full auto
mation including sens1ng and control, in-space maintenance and 
repair fP.atures, maintenance and repair estimates. Tests of 
accuracy and reliability of equipment, and assessment of 
modifications required for zero-g use. 

To develop a ground prototype of a kapton tape applicator to 
produce structurally connected solar array segments. Includes 
automatic sensing and control, tracking and loading systems, 
in-space repair features. Tests of reliability of equipment, 
using simulated solar cell panels. Assessment of mod1f1r.atfons 
required for zero-g use. 

To develop a ground prototype of the array segment packager. 
Includes full automation (sensing, control, tracking), in-space 
repa~r features. Tests on simulated arrays, assessing equipment 
reliability. output quality, mod1f1cat1ons required for zero-g • 

.--~--~~~~~~~~-+~~~~~~~~~~~~ 

Integration of 
cell interconnec
tion and panel/ 
array buildup 
prototypes 

Integrated space 
prototypes of cell 
intercorinection 
and pa.1el /array 
buildup devices 

To i:1tegrate the ground prototypes of devices to produce complete 
array segments from deposited solar cell material. Includes con
tinuo~s processes, automated control, qual1ty· control, input/ 
output and handling systems, maintenance and repair features. 
Tests on simulated or actual deposfted solar cell material. 
Emphasis on relfabi?ity, ease of repair, integrated control. 
Possible applications on earth. 

To s~ace-rate and test the integrated prototypes for production 
of array segments. Equipment is expected to fill less than a 
Shut~le payload, not including power and heat waste systems. 
Outr. 11t returned to Earth for analysis. 
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Space prototype of 
complete solar 
cell production 
strip 

TABLE 12.6 (Continued) 

OBJECTIVE 

To develop an~ test full-scale prototype of 104 m-long solar 
cell production strip. Includes structural 1ntegrat1on of 
components, full automation, tests of in-space repafr and main-
tenance, return of output to Eart~ for analysis. Equipment 
requ~res ·more tnan one Shuttle payload, in-space assembly and 
checkout. Can be used to produce solar arrays for space use. 
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12.8: R&D: WAVEGUIDE PRODUCTION 

The R&D steps for waveguide production in the reference SMF 

are detailed in Table 12.7. The study group recommends ~on

ceptual studies of the applicability of foamed glass to space 

components, and of the necessary properties of the material. 

Due to the proprietary nature of glass foaming processes, R&D 

requirements for a foaming facility are uncertain, as are the 

achievable foamed glass structural properties. There is also 

uncertainty on the feasibility of laser smoothing or fusing 

of the material. These uncertainties can probably be resolved 

only by experimental research. 
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TABLE 12.7: R & D: WAVEGUIDE PRODUCTION 
---'-'-----------~-----------

RESEARCH ITEM 

Conceptual studies 
and development of 
foamed glass for 
waveguides 

OBJECTIVE 

To investigate alternative .methods and to produce prelfmfnary 
designs for foamed glass production options. Includes assess
ment of uses, properties, and production requirements for 
foamed glass for space applications. Emphasis on lunar material 
use. 
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Design of space 
powder mixer 

To produce a preliminary design of a mixing device to blend X 
<5 micron powders suspend~d 1n vacuum. Emphasf~ on component 
longevity, dutomatfon, in-space maintenance and repair. 
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Srace prototype of 
powder mixer 

Soace experiments 
on glass foaming 

Design of glass 
foaming fac 111 ty 

Prototype glass 
foaming fac il 1 ty 

Prototype foamed 
glass sawcutters 

To develop and test a space powder mixer. Equipment is expected X 
to be small. Device and output are returned to Earth for analysis. 

To investigate experimentally the effect of zero-g on glass 
foaming processes. Variation of operating parameters to study 
relationships aff_;ting output properties. 

To produce preliminary design of a foaming/1nnealing furnace to 
produce foamed glass. Includes geometric design and sizing, 
static and dynamic load predictions, heating and cooling systems. 
temperature profiles, power and mass requirements, input/output 
systerus, estimation of maintenance. repair, and logistics, evalu
ation of technical uncertainty, required exper1ments, operational 
safety. control requirements, cost estimates. 

To develop a ground (but space-rated) prototype of the g?a$S 
foaming facility (if the earlier space erper1ments indicate th&t 
zero-g effects cannot be accounted for, a space prototype is re
quired). Emphasis on equipment longevity, automatton. Develop
ment of relationships between operating parameters and output 
~haracteristics. 

To develop ground (but space-rated) prototyp,s of multi-bladed· 
band saws for slicing blocks of foamed glass. Includes chip re
moval systems, input/output and handling systems, maintenance 
and re~air techniques, automatic control. quality control. Tests 
of blade longevity and output quality. 
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RESEARCH ITEM 

E>'periments on 
foamed glass 
smoothing 

Prototype foamed 
glass smoother 

Prototype waveguide 
Al r'irect vaporizer 

Prototype laser 
cutters for foam~d 
glass 

Design of waveguide 
assembler and wave-
guide packager 

Prototype wa· eguide 
a~semu1er and wave-
guide packager 

Integration of wave-
guide production 
prototypes 

TABLE 12. 7 (Continued) 

OBJECTIVE 
--

To investigate, experimentally on the ground, options for 
smoothing foamed-glass surfaces, includfng the use of lasers. 
Development of relationships between operating p~ ·ameters and 
output quality. Tests are performed on space-produced foamed 
glass sheets or equivalent. 

To develop a ground prototype of the foamed gl a.ss smoother. 
Includes sheet handling and tracking systems, quality control. 
Emphasis on automation, accuracy of ~utput, ease of repair. 

-
To develop a ground (but space-rated) prototype of a DV device 
to apply Al inte~ior coatings to waveguides. This is a modi-
fication of DV of Al devices foi· other SMF processes. Tests 
on smoothed foamed glass sheets, and evaluation of output 
qual'ty. 

To deve10~ ground prototypes of laser cutting systems for foamed 
glass she1~:. including automatic con~rol, tracking systems. 
quality control. Tests ~n Al-coated foamed g1ass sheets, using 
lasers to make straight cuts, slots. and holes. Emphasis on 
equipment accuracy and reliability. 

To produce preliminary designs of waveguide assembler and wave-
guide packager, includfng automatic manipulator syst~ms. guide 
systems, laser fus1ng devices, quality control. packaging manfp-
ulators, and storage racks. Emphasis on full automation. 
accuracy of output, ea~e of repair. 

To develop ground prototypes of wavegu1de assemb1er and packager. 1 
including full automation, handling systems, quality control de-
vices, laser fuse"'S. Tests of equipment accuracy and reliability, 
using Al-coated foamed glass strips as Inputs, evaluation of out-
put quality, and development of maintenance and rep~~r tec~~fques. 

To integrate the ground prototypes into a fully automated glass 
foa~ing and waveguide production 1 i ne, including automatic 
handling and control, in-space maintenance and repair features. 
Emphasis on reliability, ease of repair, integrated control, 
accuracy of output. 
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Space prototype 
of waveguide pro
duct ion system 

TABLE 12.7 (Continued) 

OBJECTIVE 

To space-rate and test the 1nt~G~ated ground prototypes. 
Includes str~ctural integration of components, full automattcn 1 

tests of in-space maintenance and repair, return of output to 
Earth for analysis. Equip~ent requires roughly one Shuttle 
payload (not including powe~ and heat waste systems) and in
space assernbiy. 
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12. 9: R&D: SUPPORT EQUIPMENT 

Table 12.8 describe~ the major steps in the technology 

evolution for reference SM~ support equipment. In general, 

the development of the SMF support equipment shares a number 

of steps with SPS development and the development of likely 

near-term space hardware (e.g. orbital antenna farms, Sh~ttle 

s~rvice station~, space stations). Therefore some of the 

R&D may be shared with other programs. 

For a number of support equipment sections, ground and 

space prototypes are useful for component verification, but 

the final verification requires tr full-scale structure. 

Exampies are the input/output station, power plant, production 

control systems, stationkeeping and attitude control, a~d 

structure. In these cases the technology evolution program 

aims at d~veloping sufficient knowledge and experience with 

the prototypes to produce final designs for the sections, 

with confidence in their proper function after construction. 

The study group feels that the most demanding technology 

evolution tasks for support equipment are the development of 

repair automata, the develop~er.t of free-flying hybrid tele

operators, and the develop~ent and integration of the computer 

hardware and software for production control. 
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TABLE 12.8: R & D: SUPf-ORT ECUIPMENT 

RESEARCH ITEM 

Design & gr~und tests 
of input/01 ':J:'Jt 
station 

Design & ground tests 
of internal trans
port & storage 
devices 

Design & ground tests 
of crawlers 

Design & ground tests 
of power plant 
components 

OBJECTIVE 

to produce a des1gn of the cargo a~d personqel docking fac111· 
ties, 1ncludtng structural·desfgn of damped fmpact-res1stant 
structure, docking latches, manfpulator cranes (with 11fe
support pJds, control computers, end effectors), androgyne 
docking r1ngs, afrlocks, and pressurized tunnel. Also ground 
tests on equipment components, stresstn9 relfabtitty, 
1ongev1ty, ease of repafr. 

To produce ~ de~ign for the ma~netic cart internal transport 
syste~ and for the internal storage device. Internal transport 
includes track, carts, ma9netic drive components, control 
actuators, sensors, routing control hardware & software, 6 
cart/cargo interfaces. Internal storage device tncludes holding 
racks, drtve systems, input/output devices. 1abelfng systems, 
control hardware & software. Design work f ncludes load pre
dict 1on$, ge~metric design ~ sfz1ng, estfmates of mafntenance & 
repair, evaluation of operattonal safety. Tests of component 
longevity, reliab111ty, ease of repafr. Evaluation of 
modifications required for zero-g use. ' 

To produce & ground test des1g~s for solar cell factory crawlers, 
including structural design, drive systems, tracks & support 
structure, sensors, computer hardware and software, communica
tions, manipulators, end effectors. Crawlers are specialized to 
the sections they service, & therefore require varfatfons on a 
basfc design. Tests of co~ponent accuracy and re11ab111ty, & 
development of ground prototypes. Design of control software, 
crawler/internal transport interface, maintenance & repair tech· 
niques. Evaluation of modff1cat1ons needed for zero-g use. 

To produce a design for the reference SMF power plant, includf"9 
solar array, OC-OC and DC-AC converters, power feed systems, 
emergency fuel eel~~. switching systems, & control hardware & . 
software (much of this design matches components of the SPS). 
Includes mass, maintenance, repair, logistics, & cost est1m1t1s. 
structural design of solar array & busbars (desfgn work fnter• 
face1 with SMF structure development), sfzfng of fuel cells & 
converters. Tests on components, stressing relfabflfty, ease of 
assembly (some of these tests probably done during SPS ~evelop
ment). lnvestfgation of boot$trapp1ng pocstb111ttes. 
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RESEARCH ITEM 

Design & gro•Jnd 
tests of pro
duct ion control 
syste'lls 

Design ·& :]round 
tests cf habitation 
r.omponent-; 

:Jesign & ground 
tests of stati~n
keeping and atti" 
tu:l'? control 
equip.,ent 

TAGLE 12.8 {Continued) 

OBJECTIVE 

To 1nvest1gate production control optfons and to produce pre-
1 im1nary designs of space-rated computers, monitorfng sensors, 
datd transm1ss1cn systems, status display systems, routing 
control software, inve~tory control s~ftware, maintenance & 
repair scheduling software, computer hierarchies, damage-
toleranc~ techniques (e,g. redundancy, clfstrfbuted controls 
with self-raconfi9uration), management structures. Simulations 
of various software options & ground test~ of hardware, leading 
to full-scale simulation of SHF operations, fncludfng failures 
& changes in production objectives. 

To produce a design for a modular zero-g habitat made from 
converted Shuttle external tanks, including interior struc
tures, life-support systems (closed water cycle), airlo~ks, 
structural attachments, thermal control, shielding require-
ments, emerg~ncy systems. Design wcrk includes load predic-
tions, structural design, estimates of mass, power, main-
tendnce, repai~, logistics, g costs, 1n-spac~ maintenance & 
repair features, evaluation of tecnnicat uncettainty & 
op~rational safety, development of space workers' nutritional, 
recreational, l physicul requirements g work schedules. TPsts 
of habitation ccmponents, with emphasis on reliability, & 
simulations of 11vinq condftfons. MuLh of this research may 
be shared with near-term space station development. 
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To produce designs of stationk~epfng equipment. Includes com
putation of orbital requirements, ~stfmatfon of attitude con
trol requ1r~m~nts, design of navigat1o~ ~ attitude sensors, 
guidance computers, oxygen thrusters (e.g. resfstojets, ion). 
Ground tests of hardware, & computer simulations of orbital & 
att1tu6e perturbations & software response. Some des1gn work 
& tests co~mon with SPS development. 

x x 

L----------·-----'-----------------------------------1--·t---+----l 
Design & ground 
tests of SMF 
structure component 

'-----·----· 

To produce a design for the SMF structure, in,lud1ng central 
mast, solar array supports, factory equipment support struc
ture, flexible jofnts with active damping systems. This desfgn 
is interfaced with the desiqn of internal transport tracks & 
power feed systems, which may be structural. Oes:gn includes 
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Oesfgn & ground 
tests of repair 
shop components 

development of pos1t1on and deformation sensors, ma1ntenance 
g repair techn1qup,s, m~ss ·g cost Pst1mate,, evaluat1on of 
operational safety. Em~ha~1s on ease of 1n-space as3embly & 
repair. Test.s of position s;nsors, active damping systems, 
assembly & repair te~hoi~ • & compu:er simulations to pre-
ct1ct load histories & c· ~r-qu1reme11ts. 

To produce designs for ·e shops made fro~ converted X 
Shuttle external Un .• ~n-;. ud1n9 h1.ll'.an work areas, 11fe· 
support r.ystems, afrlncks, 1nter1or structures. emergency 
~ystems, structural attachments, r!pa1r automata, spare parts 
racks, input/output systems. Design work shares common 6fforts 
wfth habftat development; includes load predtct1or,, struc-
tural dr.sfqn, lStimates of mass, powP.r, maintenance, repafr, 
logi~tics, ~cost~. evdluat1on of operational safety. ~h1e 1 d1n9 
requirements, development of versatile zero-g work)hop m•chfnes, 
development of automated repafr machinery (several types). de· 
velopment of thermal control systems & toxfc-gas scrubbers. 
Tests of r.omponJnts, with empha~is on relfab11fty?. ea~e of 
repair in space. t simulati~ns of work condf tfons. Assessment 
of mod1f1catiGns for use tn zero-g. 

x 

~--------~----~--1-------------------------~--~-~------------------~-----------+---·-+----f---..... 0Ps1gn & ground 
tl!sts of free
flying 
teleoperators 

To produce a design for d versatile free-flyfng hybrid tele· X 
oper~tor for repair ~ ma1nt~nance operations in the solar-
cell factory. Based on the Stiutt1 e TeleoJ:ierator Retrieval 
System, this design include~ multipurpose manipulators & end 
effcctors,navfgatfon systim~. t~rusters, communications hard· 
ware, sensors, computers, 'o~er supplies, propellant tanks, a 
a remote control station Ocs·;gn wor~ fncll'des def1nftfon of 
specific tasks & reoufr~m~~~5, component desfgn, system fn· 
tegration, development d :om,lex software structures (in-
cluding te~err.etry links to remote computers). Tuts of components 
(emphasis on relfabtlity) & ~~mulations of ~ntegrated functions. 
Development of multf-medfd control station & com~unfcatfons 
l~nk~ (video, audfo, tactile}. AssessMent of modff1r.at1ons ra· 
quire1 for SMF use. ~ay have some earth appl1catfons. 
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RESEARCH HPE 

Integrated space 
pro~e>t1;;es of 
ha~it3tion, input/ 
out;:>u~ ~tation, & 
repair !>t:ops 

Jnte1rated space 
::irototy;:>es of 
in:erna~ ~ransport 
& ~tor~9e cevices, 
c r a I' i e ~ s , s t a t i o n -
~e~~f~g & attftude 
~0~~r0l eq~ip~ent, 

~ stru:.ture 

TABLE 12.8 (Continu..!!!)_ 

OBJECTIVE 

To develop and test a ~odif1ed external tank (ht1f hab1tat1on. 
half re~a1r shop) with attached docking systems (1ncl. ma~fpu-
1ator crane). Tests of component rel1ab1i1t), safety, worker 
projucti~tty, repair auto~ata requirements, emergency systems. 
Th1s equip~ent ccu)d fit into one Shuttle flight, & has potentfal 
nea~-ter~ space use (such as a Shuttle repafr sta~ion). Thfs can 
also serve as a pilrk1ng facility for experiments. 

To develop ~ te~t an integrated space-rated ~rototype structure 
fncludi119 crawlers. transport & storege systems, and SMF struc
tur·e component~ {sensors, flcxfble joints, damping), Thfs equ1p
ment ..;ar. possfbly fit 1n one Shuttle paylcad, but requires fn
space assembly. Tests include In-space assembly, maintenance, & 
repafr techniques, verification of dynamic behavior predictions, 
accuracy of component operation (including control hardware ! 
software}. 
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s~ac~ prototype of 
free-f11ing hybrid 
~ele0perator 

To develop & test a space-rated prototype of the free-flytng 
hybrid teleoperator. Tests of all six command modes, device 
versatility and accuracy, operating range (time, distance, 
physical environment). operator 1enrn1ng curves. Tests can 
irclude teleoperator operations on structure/traniport syste~s/ 
etc. prototypes developed earlier. & should include tests 1n 
simulated thermal t radiation environment. of the solar cell 
factory. Teleoperator has potential uses 1n near-term space 
operations, 
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CHAPTER 13 

POSSIBLE SYSTEMS TRADEOFFS 

13.1: INTRODUCTION 

The SMF design which has evolved from this study is a 

reference design and only the obvious tradeoffs have been con

sidered tn its evolution. Final optimization of an SMF would 

require much ~eeper analysis of the various alternate candidate 

systems than was possible within the time and cost constraints 

of this study. It ts the purpose of this chapter to discuss 

briefly some of these tradeoffs. 

13.2: OPTIMIZATION OF PRODUCT FOR USE OF LUNAR MATERIALS 

One of the contractural guidelines of this study was that 

there would be no redesign of the SPS ~hosen as an example pro

duct of the SMF) beyond lunar-material substitutions. This 

assumption forces unnecessary complexity on the SMF processes, 

and may lead to unrealistically high program costs. Signifi

cant reductions in SMF complexity can he obtained by designing 

the output specifically for lunar-material use and ease of 

space manufacture. Therefore a ful comparison of earth base

line and lunar material scenarios should include the option 

to optimize product designs within each scenari~. 

More generally, the study should assess the physical and 

economic characteristics of the space production environment 

which drive the optimum design of SMF outputs. Examples of 

such characteristics are the availability of raw materials, 

the relative difficulties in refining ~arious minerals, the 
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unsuitability of many traditional Earth processes. the advan

tages of processes unsuitable on Earth. the different cost 

patterns of energy. the availability of cheap vacuum. the 

effects of zero-g. and the relatively high cost oi human labor. 

All of these factors tend to rewrite the list of do's and 

don't's used in product design on Earth. and a systematic 

assessment of the optimum trends in product design for lunar 

•aterial ~pace manufacture would be a useful tool. 

One possible approach could be an inyersfon of the desf gn 

philosophy used in studies to date. Rather than starting with 

a product design and asking nhow can this be made in space 

from lunar materials?n, a study could begin with a list of 

available materials and a list of processes suitable for lunar 

and space use, (the processes graded according to simplicity 

and adaptation to the physical and economic conditions), and 

ask •what useful products can be produced, and which are the 

simplest and least expensive to produce?". 

13.3: EFFECT OF SPS MASS INCREASE 

A likely result of tailoring the SPS design for ease of 

space manufacture from lunar materials is an increase in the 

SPS size and mass. For example, some of the complexity of the 

reference SMF presented in this study results from the require

ment for production of solar cells with 12.5% efficiency. An 

a~ternative SPS design, using thin film cells or thermionic 

devices with 6% efficiency, might simplify the SMF aesign and 

therefore reduce the SMF costs. However, a 10-GW SPS would 

13.2 



then require a collection area of 200 km 2 (rather than the 
2 baseline 100 km). and would therefore be more massive than 

the baseline. 

The ~radeoff to be evaluated is the cost reduction in the 

SMF design (due to the use of simpler solar cell manufacturing 

techniques) versus cost increases due to: possible increases 

in attitude control requirements (propellant) for the SPS; a 

required increase in the production of raw materials from the 

lunar base; increased transportation costs for these raw mate

rials; a required increase in the production capacity of the 

SMF; an increase in the assembly required per SPS. While the 

SMF related cost reductions and increases can be estimated 

from the SMF design, the other contributors to the tradeJff 

require further study. What is the cost of increments in 

lunar mining, transportation, assembly? 

13.4: TRADEOFFS IN LUNAR REFINING 

There are many possible lunar refining options, and these 

candidates vary in the range of output minerals and the puri

ties of the outputs. In general, the larger the number of 

different outputs and the higher the output purities, the more 

complex and costly the refining equipment. On the other 

hand, a raduction in the available list of matPrials can force 

substitutions which complicate the manufacturing processes and 

degrade the performance of the final product. Similarly, a 

reduction in available purities can also increase the complex

ity of manufacture and decrease the final output quality. 
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Therefore there are tradeoffs between lunar equipment com

plexity and SMF equipment complexity and final product per

formance. As an example, if the production of S-glass on 

the Moon were difficult or impossible, the reference S~F 

might have to be modified to produce S-glass from lunar Sio2 
and Earth inputs, thus increasing SMF complexity and ~arth 

material requirements. Or the system could be modified to 

avoid the need for S-glass, producting electrical insulation 

from other materials; this could degrade the performance of 

the SPS. 

As another example, if semiconductor grade silicon were 

available from the Moon (rather than metallurgical grade) the 

reference SMF would not require a zone refining section. 

This example introduces another tradeoff: the location of re

fining processes. In the reference design, the refining of 

silicon is split between the Moon and the SMF, while the re

fining of other materials is done on the Moon. Each location 

offers different advantages in refining, however: th~ Moon 

benefits from gravity, which allows many Earth processes un

suitabl~ for zero-g, such as separations by liquid or solid 

density variations, column excha~ge processes, solubility pro

cesses; and there are benefits fn launching only pure materials 

from the Moor.. HowcvQr, labor may be more expensive on the 

Moon than in space, and the SMF benefits from continuous solar 

energy. Another consideration is the likelihood of c ntamfna-
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tfon of purified materials during transportation from the Moon 

to the SMF. All of these issues require further study. 

Another tradeoff in lunar refining is scaling, or the 

buildup sequence for lunar operations. Should a full-scale, 

full-capab;lity lunar base be established early in the pro-

gram, or should a limited lunar facility be s~t up and pro

gressively uprated? If a small scale base is set up to 

refine oxygen for fnterorbital propellant, at what time 

should the facility be expanded to produce raw materials? 

For the early SMF outputs, which materials should come from 

the Moon, and which from Earth? 

13.5: TRANSPORTATION FROM THE MOON 

Several options have been suggested for transportation of 

raw materials from the Moon: liquid chemical rocket, mass

driver, nuclear rncket, aluminum powder/oxygen rocket, tethered 

satelli~e elevutor. Besides the uncertainties in the R & D 

cost estimates for the~e options,seve~al other issues also re-

quire study. The costs of several of these options are strongly 

dependent on the source of their propellant and/or energy. 

For example, the aluminum powder/oxygen rocket is a competitive 

option only if both Al p~wder and oxygen are available in 

large quantities frow. the lunar refining processes. Therefore 

the lunar base capabil1ties can affect the relative merits of 

transportation systems. 

Another issue affecting the choice of transportation 

methods are the constraints they impose on their cargo. The 
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mass-driver operates on blocks or pellets, while the other 

options allow other cargo shapes (such as rods, slabs, powder) 

which may simplify the SMF input systems. 

Finally, as mentioned earlier, the necessity to avoid 

contamination of purified materials may significantly com

plicate some transportation options. All of these transpor

tation-related issues should be further investigated. 

13.6: SMF PRODUCTION CONTROL TRADEOFFS 

Within the SMF, several production control tradeoffs can 

have significant effects on SMF program costs. These trade

offs affect the design of support equipment and the methods 

of allocation of available resources. 

One tradeoff currently under assessment but requiring 

further st~dy is automation versus human labor. For the 

supervision and operation of machinery, automated systems 

appear adequate and cost-effective. However, automation in 

maintenance and repair needs further research. Repair functions 

require evaluation of uncertainty; therefore automated repair 

systems are sophisticated and expensive devices, and human 

labor may well be competitive. There also exists the com

promise of remote-controlled teleoperators, with the operators 

on Earth. Evaluation of this tradeoff requires better esti

mates of costs and reliability of the basic equipment, of the 

automated repair systems, productivity of maintenance and 

repair labor in space, and productivity and costs of tele

operator systems. 
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From the systems point of view, below a certain range of 

population at the SMF, the human labor costs ar~ low enough 

that they are not significant contributors to the SMF program 

costs. Therefore, if automation is used to the extent that 

the SMF personnel total is below this range, then further use 

of automation u;es not yield significant returns, while in

creasing technical uncertainty. Based on the work in this 

SMF design study, and other in-house studies in the Space 

Systems laboratory, the study group has located this "knee" 

in the program cost versus SMF populatio~ curve at an SMF 

population of roughly 2500, well above the population of the 

reference SMF (Ref. 13.1). Since this finding involves a 

number of assumptions on transportation (which is the prin

cipal cost of SMF personnel} further research should refine 

the accuracy of these findings. 

A reiated trad~off is the choice of maintenance and 

repair strategies. Opt~ons include repair after breakdown, 

preventive maintenance, rotable spares, the use of throwaway 

components. Factors affecting the choice of options ir.clude 

costs of modular designs, reliability of the SMF equipment, 

tolerance of the SMF production layout to machine outages, 

response time of the repair system, cost of procurement and 

transportation of throwaway equipment spares. Further study 

of these issues is needed to determine the impact of each 

repair option or SMF program costs. 
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A'nother production control tradeoff is the location of 

the spares inventory. If the spares are warehou_ed in space, 

their procurement and transportation costs occur earlier fn 

the program, adding to discounted costs, and the SMF requires 

warehousing facilities. But production outages are cut down, 

since spares are readily available. If the spares are 

bought and shipped from Earth as needed, production outages 

from troken'equipment are lengthened, and the SMF therefore 

must have a larger production capacity. This brings in the 

issue of machine redundancy: if the system is sufficiently 

redundant, machine outages may be tolerable, and in-space 

spares inventory may be unnecessary. 

All of the production control tradeoffs are ir.terrelated, 

and should therefore be studied together. The challengr is 

to develop a production control philosophy well adapted to the 

economic and physical environment of the SMF. 

~3.7: WASTE REPROCESSING AT THE SMF 

The reference SMF presrnted in this study wastes 50 1 000 tons 

of every 1 0,000 tons of material input. The solar cell factory 

wastes 36,000 of those tons. Therefore waste rep~ocessing op

tions and low-waste design options should ~e considered for 

the SMF. The tradeoff to be studied is between the costs of 

the waste reprocessing equipment (or the incremental costs of 

substituting low-wasted designs in the reference SMF) and the 

costs associated with the input mdterials which will be wasted. 
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The latter costs consist of incre~~ntal costs of higher mining 

and refining output :ates, larger transportation requirements 

from Moon to SMF, and higher material throughputs at the input 

end of the SMF. 

On the other hand, if ~he waste is in a form suitable for 

radiation or micrometeorite shielding for space facilities 

(or more exotic uses such as large masses for inertial anchors), 

the product waste may be beneficial. The effect of this option 

is to reclassify the ~uitable waste as a useful product, and 

to assign J ;~lue to that waste. The tradeoff is then between 

using process waste versus unrefined lunar material fo~ bulk 

shiP.lding or ot~er applications 

13.8: SMF BilILOUP S[QUENCE 

As discussed earlier for the lunar mining and refining, 

there may be cost advantages in setting up the SMF 1n in

cremental sections. In such a buildup sce~ario~ the early 

SPS's would include significantfractionsof Earth materials, 

which would be reduced in later outputs as the SMf becomes 

able to produce more cornronents from lunar materials. This 

scenario has the disadvantage that it requires setting up 

earth manufacturing systems (fo~ SPS components) which may 

be difficult to convert to production of earth outputs as the 

SMF is upgraded. However, the scenario a 1 so spreads the u~

front costs of t~e program over a largP.r pEr1od, provides 

ear1ier economic returns, and rtduces technical uncertainty 

by learning from the initial setup. Evaluation 
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of these tradeoffs sho~ld include study of transportation 

and lunar base systems also , since a stepwise buildup of 

SMF capability suggests stepwise buildups of those 

system elemants as well. 

13.9: LOCATION OF FACILITIES 

There are several possible orbital locations for the SMf, 

e.g. low-lunar, qeosynchronous, Lagrange-point, resonant, high-

earth. Choice of location for the SMF should be done by an 

overall systems analysis of ~he tradeoffs involved. For ex

ample, a low-lunar orbit reduces the velocity increment ~e

quired between lunar surface and SMF. This is an advantage 

because the materia1 wasted by the SMF does not nave to travel 

to a higher orbit; however, the amount of this savings de

pends on the choice of transportation systems. On the other 

hand, locating the SMF in low-lunar orbft stretches the lo

gistics and personnel routes between Earth and SMF; that cost 

increment also depends on the choice of transportat~on system, 

and the s~urce of propellant (earth or lunar). 

The SMF location tradeoffs also involve the eventual de

stination of the SMF products. For example, l~cating t~e 

facility in geosynchronous ~rbit could reduce the output 

transportation requirements, ff the satellite assembly stations 

are also in GSO. Sfnce this transportati~n requires more ex

pensive packaging than the lunar-SMF transportation, this option 

can reducP costs. 
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In general, many of the facilities in the lun~r-material 

scen~rfo (lunar base, transportation transition points, SMF, 

assembly stations) have alternative locations. and the associ

ated tradeoffs involve transportation costs, equipment design, 

availibility of energy, stationkeeping, worker safety, propel

ldnt and material sources. An overall systems analysis, in

cluding computer modeling and preliminary desf~n of options, 

is needed to optimize the scenario. 

A related set of tradeoffs is the location of fndfvfdual 

processes. For example, material refinfng could be done fn 

space rather than on the Moon. This tradeoff involves relative 

costs of equ1pment, transportation costs between the two lo

cations, and the relative costs o~ maintaining and transporting 

personnel. Since logistics and personnel transportation to an 

orbital SMr is cheaper than to the Moor., this suggests that 

the lunar base should be kept as simple as possible; however, 

refining at the SMF requires transportation of larger quantities 

of lunar materials to the SMF. Furthermore, zero-g refining 

equipment is likely to be different than lunar equipment (in

cluding differences in power supply or power storage require

ments), and wfll therefore have different costs. Similarly, 

some processes could ~e done on the Moon (slab or ribbon pro

ductfon) or at the ~atell~te assembly sites (co~ronent sub

assembly) rather than at the S~F. These tradeoffs i~volve or

bita1 locations, transportation capabilities, earth-material 

requirements, alternative equipment designs. 
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CHAPTER 14 

CONCLUSIONS AND RECO~MENDATIONS 

14.1: CONCLUSIONS 

1. The space manufacturing facility is technically 

feasible, in that a facility can be built which can turn 

lunar materials into the required outputs. Such a facility 

can be operated in space on a continuous basis. 

2. The production operations of the SttF appear versatile, 

in that the facility can prorluce a wide v3riety of products, 

from structural members to solar cells to klystron assemblies. 

The study group concludes that a wide range of sate11ite com

ponents can be manufactured in space, without extensive modi

fications to the reference SMF. 

3. The SMF conc~pt is also flexible, meaning that space 

manufacutring facilities can be designed for a wide range of 

production rates. Fur example, a small solar-cell production 

operatiun can be set up by using a small number of production 

strips. Most of the reference SMF can be scaled up or down, 

and operated over a range of regimes. Thus commitment to the 

use of an SMF does not entail commitment to a large output 

rate; small SMF's are possible. 

4. The reference SMF also appears productive, in that ft 

produces a yearly output with roughly ten times the mass of 

the production equipment. It should be noted that roughly 

45% of that output is solar cells, which currently have a far 

lower (output rate)/{production equipment mass) ratio. 
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5. The space environment can improve industrial opera

tions, provided that the SMF processes are chosen and de

signed to take advantage of the ~haracteristics of space, 

specifically the readily available vacuum and energj, and 

the low-stress environment of zero-g. The SMF environment, 

both physically and economically, fs different than Earth's 

and in ma~y cases beneficial. 

6. Evaluation of the lunar-material option requires more 

fn-depth systems studies, trading off the various scenario 

parameters (e.g. characteristics of lunar base, transporta

tion systems, SMF, assembly station, and output SPS). 

7. Technology demonstration programs are needed to veri

fy suggested processes. In-space prototypes need not be 

large, but can benefit from a permanent orbital platform. 

8. Based on 1 SPS/year the SMF will require non-recur

ring costs of $11.6 billion including R & D, procurement, 

transportation and power supply. Annual recurring costs of 

$1.2 billion will be required and an operating crew of 440. 

14.2:RECOMMENDATIONS 

1. Conduct systems tradeoffs outlined in Chapter 13 

leading to an optimized space manufacturing scenario using 

lunar materials. 

2. Design a smaller, near-term, technology demonstration 

space manufacturing facility using terrestrial material inputs, 

possibly located in LEO, including appropriate elements of 

the technology evaluation program outlined in Chapter 12. 
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3. Examine the possibilities of using space specific 

processes to manufacture products competitively for terres

trial consumption. Several such candidate processes have 

been identified by this study. 
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ADDENDUM I 

DIRECT VAPORIZATION EXPERIMENTS 

1.1: INTRODUCTION 

The reference SMF design used Physital Vapor Deposition 

(PVD) as a key process in the fabrication of solar cells. In 

this process, atoms "boil~J off" from source material (such 

as slabs of silicon) are deposited onto an exsisting surface, 

forming a "top" layer of new material. It is this layer by 

layer build up of materials which forms the solar cell (see 

Chap. 6). 

PVO, or OV (direct vaporization), was selected for the 

SMF for the reasons discussed in full in Chap. 5. When con

sidering the DV options, it was found that literature search 

and consultations with experts were insufficient to obtain 

the information required for detailed equipment designs. This 

was because the literature is very scant, expert opinions are 

limited by proprietary restrictions, and those expert opinions 

avai~able contradict each other on significant factors, such 

as the relative effects of deposition rate and surface tem

perature, and the required annealing times and temperatures. 

Thus, the study group decided to perform experimental work 

on the DV of silicon and silica (Si02). This work had three 

purposes: l) to investiaate the feasibility of using DV for 

the various SMF processes, 2) to study the specific conditions 

necessary for the operation of the DV processes, and 3) to 
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indicate the directions for future research, appropriate to 

the SMF DY processes. 

The requirements for silicon deposition in the reference 

SMF are high deposition rates ( 4 microns/min) and columnar 

grains of 100-200 microns diameter (after processing). The 

technique used in the reference design involves deposition of 

a polycrystalline or amorphous silicon layer followed by a re

crystallization process. As discussed in Chap. 5, direct 

vaporization cannot alone produce a monocrystalline silicon 

wafer. Some sources in the literature suggested estimated 

maximum practical deposition rates of .5 microns/min and 

suggested that a deposition surface temperature of 1200°C was 

necessary to get a crystalline deposit. If these estimates 

were accurate, the deposition section would require con~ 

siderable lengthening, and the deposition temperature would 

destroy the rear aluminum contact. More specifically, the 

deposition process should be limited to a temperature low 

enou~~ ~o a~oid any significant diffusion of aluminum into 

the ~1 ;ic~o {the Si-Al eutectic temperature is 578°C). The 

study~·~~;. t~erefore needed to obtain quantitative infor

matio11 abc~~ the relationships between deposition rates, sub

strate temperature and the morphology of the deposited layer 

(particularly the grain size). 

In th~se experiments, silicon and silica were vapor 

deposited onto 6061 alumir.um alloy in a vacuum chamber. The 
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power source fer the experiments was a 6 kW Electron Beam gun. 

The tests investigated the effects of beam power on deposition 

rate, deposition rate on grain size, and substrate temperature 

on grain size when depositing silicon onto aluminum, and at

tempted to deposit silica onto an unheated. aluminum substrate. 

I.2: APARATUS 

I.2.1 Deposition Equipment: A schematic representation of the 

equipment used in the vapor deposition experiment~ is shown in 

Fig. 1.1. The apparatus may be divided into three sections: 

the vacuum system, the evaporator, and the substrate assembly; 

each of these is described below. 

The vacuum system consists of a stainless steel chamber 

(with 2 lead glass viewing ports), a mechanical roughing pump, 

two oil diffusion pumps, and bourdon and ion pressure gauges. 

For these experiments, typical working pressures were in the 

, -6 ow 10 Torr range. 

The evaporator system consists of an electron beam gun, 

a magnetic deflection system, a power supply, and a lined 

hearth containing the source material (see Fig. I.2). 

The electron beam gun consists of a tungsten filament 

cathode and a ground p1ate (which serves as an anode) which 

produces a stream of electrons directed vertica~ly from the 

gun. An electromagnet is then used to "turn" the beam through 

180° and direct the electrons towards the source material in 

the hearth. The gun is connected to a 10 kV/6kW power supply 
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FI GURE 1.2: APPARATUS FOR 

"'.l\P OR DEPOSITION EXPERI MENTS 

outsi de the vacuum chamber v i a high vo ltage vac uum fe~d thro a ghs. 

The power supply al lows some cont r ol over ~ he way in which 

t he sou r ce material is ev aporated . Fi r s t, a " pos it i on" cont r ol 

adj usts the el ectromagnet i c f ie l d which deflec ts the e l ectrons , 

all owi ng any po in t i n the s ou rce mate r i al to be placed i n the 

"foc us" of t he beam. Second, t he i npu t cur r ent i nto the gun 

may be varied, allowin g variation o f th e the l ev el of energy 

inpu t into the source material. Th i rd , a sweep control al l ows 

t he beam lo be swept across differe n t proport i ons o f t he s ource 

mate rial surface, giving a distributed ene rgy in put dC " ? SS 

t he sili con ~orface. 
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The high energies involved mean that both the electron 

beam gun and the hearth containing the source mat~rial must 

be actively cooled by a water system. As can be seen fror. the 

figure, the gun and hearth are incorporated into a si~gle unit 

requiring one inlet and one outlet pipe for the coolant. 

The material to be deposited is placed inside a machined 

·graphite crucible w~ich acts as a liner for the hearth. Semi

conductor grade silicon and quartz crystal, crushed into small 

pieces, degrea~ed and cleaned, were used in the deposition 

experiments. 

As shown in Fig. 1.2 a nickel "guard" was built around 

the power lines and feed throughs in order to stop vaporized 

silicon from depositing itself onto the high voltage leads 

and causing a dangerous short circuit. Mounted on the guard 

was a mirror, angled to ~ 1 1ow an observer at one of the windows 

to see the source material. 

The substrate assembly system consists of a substrate 

holder, substrate heater, and thermor.ouple, all mounted on a 

spindle (see Fig. I.2). The spindle allowed the substrate 

assembly to be rotated in the horizontal plane so that the 

substrate was only positioned above the source material during 

the actual deposition. 

The substrate holder was a mica sheet with a 2 cm x 2 cm 

square cut out of the center. The aluminum substrate (a 

polished disc 46 mm in diameter) was positioned over the hole 
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and fastened to t~e mica by a steel strip. The mica was, in 

turn, fastened to the bottom of a steel frame which held a 

radiative heater directly above the substrate-

The substrate heater, used to control substrate temperat~re, 

consisted of thin tungsten wire wrapped around two alumin"m 

rods. Two steel foil s~ields were positioned above the wir~ 

in order to deflect more energy onto t~e substrate. Power was 

supplied to the heater by a DC Varfac unit outside the vacuum 

system. 

A thermocouple, with one junction clipped to the sub

strate, was used to monitor substrate temperature. 

I.2.2 Sample Analysis Equipm~nt: In the silicon wafer of a 

solar cell, grain boundaries tend to inhibit the motion of 

charge carriers, and thus reduce cell efficiency. Therefore, 

an important measure of the quality of a silicon wafer is 

the average grain diamete~. The d~posited silicon films were 

analyzed to determine fil1" thickness and average grain diameter. 

Film thickness was measured using a De~tak; this machine 

measures the displacement cf a di amend stylus which rides over 

the edge of ~he deposited film. Deformations in the subs:rate 

can lead to false rea~ings, and so this method is limited to 

use on flat substrates (those showing less th~n .5 micron fluc

tuation across the substrate). 

Average grain size was determined from micrographs taken 

using a scanning electron microscope (SEM). Average grain 

I • 7 



diam~ters were calculated by averaging several observed and ·· 

measured grains -- films with no observable grains were con

sidered amorphous. The SEM was also used in determining the 

thickness of de.osits made onto substra~es too deformed to 

use the Dektak. In this process, the sample was sliced, and 

a phltograph of the cross-section taken through the SEN. The 

approximate film thickness could then be determined from the 

photograph. 

1.3: EXPERIMENTAL PROCEDURE 

In producing samples of deposited material, the study 

group followed the procedur~ outlineG below. 

The vacuum system was pumped down to the operating pres

sure -- in the low 10-6 Torr ra~ge -- and the EB gun switched 

on and adjusted to ne~t the material to be deposited (silicon 

er silica}. Once the material was melted, power to the elec-

tr~n gun was adjusted to ~egin the vaporization ~rocess. 

o~ce vaporization ~ad begun, the substrate (pre-heated to the 

desired temperature) was swung into position over the hearth. 

Deposition was allowed to continue for a measJred time 

~ypically 30 minutes), after which the cystem was shut down, 

and the sample removed for analysis. 

1.4: RESULTS 

The ~ests were explordtor . 1 neture and conducted for 

the purpose of very preliminary investigations of the vapor 
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deposition process. The time and equipment available pre

cluded the production of a large number of measurable samples 

in this series of expariments. The results presented are, 

therefore, very rough estimates of p~s~ible performance, 

mainly cor.f1ned to the effects of deposition rate on the grain 

structure of deposited silicon. 

Table I.1 lists the measurable samples produced and their 

associated properties. A few of the samples prod~ced were 

sufficiently deformed by thermal stresses (having been allowed 

to cool too rapidly after completion of the deposition pro

cess) so that they could not be analyzed; these s~~ples are 

not listed. 

TABLE I. i: SAMPLE MEASURMENTS 

Sample Deposition Substrate Average Grain 
Number Rate \u/min) Teme. ( o C) Diameter (µ} 

3 0.29 510 0.4 
5 0.25 505 0.44 
8 0.04 500 1.04 

9 0.83 500 amorphous 
11 l. l 500 amorphous 
1 f 0.15 450 0.22 

Figure I.3 is a micrograph of sample number 3 at 3000x 

magnification. This is a polycrystalline sample, with each 

01 the grains appearing as the small circles on the photograph. 
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FIGURE I.3: POLYCRYSTALLINE SILICON DEPOSI T 

Figure ! . 4 is a mi crograph of sawpl e number 11 at SOOOx 

magnification. T'11s is an amorphous sample with no visible 

grain struc ture. 

FIGURE I.4 ; AMOR PHOUS SILICON DE POSIT 
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Figure I.5 1s a plot of grain size vs deposition rate for 

samples 3-11. 
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FIGURE 1.5: AVERAGE GRP.I~ 

DIAMETER VS DEPOSITION RATES 

A single attempt was fflade to deposit silica onto an un

heated substrate by direct vaporization. After melting, the 

s1lica began to vaporize and a coating was deposited onto the 

aluminum. During the deposition process (a period of 15 min.) 

the substrate temperature rose through 215°C. With any 

thermal control 9 the stresses set up during cooling were suf-

ficient to make the silica depo~it separate from the substrate. 

I.5: DISCUSSION or RESULTS 

From Table I.1 and Figs. 1.3 and 1.4 it can be seen that 

two types of depo5it were made -- polycrystalline and amor

p~ous. The amorphous deposit is in a higher potential energy 

configuration than the lattice structure of the polycrystalline 
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deposit. Thus. 1~ a recrystallization process. such as that 

used in the reference solar cell factory design. an initially 

amorphous deposit of silicon may be a better starting point 

than a polycrystalline one. This is an area in need of fur

ther research. 

Figure I.S shows that. for silicon deposited onto Al. 

the average grain diameter decreases with an increase in de

position rate. As the silicon atoms are initially deposited 

onto the substrate~ a series of randomly oriented nucleation 

sftes are formed. If there is sufficient time, the nucleation 

sites coalesce into a few large nucleation sites. The rate 

at which atoms are arriving at the surface initially deter

mines the number of nucleation sit~s formed. Subsequently, 

as atoms arrive at the deposition surface they require a 

finite amount of time to find a vacancy in the developing 

lattice structure. As the rate at whi~h the atoms are ar

riving is increased, there is less time for each atom to lo

cate a vacancy, and some of the vacancies remain unfilled. 

Therefore, if the deposition rate is low, the atoms initially 

have time to coalesce and form a few large nucleation sites. 

Subsequent atoms fill most available lattice points at these 

nucleatio11 sites and the grains grow outwards until they 

meet grains of different orientation -- thus determining the 

grain sizr. If the deposition rate is higher, initially many 
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nucleation sites are formed leading to the growth of smaller 

grains. If the deposition race becomes sufficiently hfgh. 

the atoms have insufficient time to assume a crystalline 

structure before subsequent atoms arrive and bury them -- this 

is an amorphous deposit. 

The test to deposit silica by direct vaporization gave 

two results. F1rst. it showed that silica may be deposited 

by direct vaporization. Seconds it showed that there is a 

need to exercise thermal control over the substrate (to pre

vent the development of thermal stresses such as the ones 

~ncountered in the experiment). 

1.6: CONCLUSIONS AND RECOMMENDATIONS 

I.6.1 Conclusions: 

1) Direct vapor deposition of either polycrystalline 
or amorphous silicon is feasible. 

2) For silicon, an increased deposition rate tends to 
give a redured average grain diameter. 

3) Direct vaporization of silica is feasible. 

I.6.2 Recommendations for further study: 

1) Investigation of the requirements for optimum recrys
tallization (see Chap. 12). 

2) Further investigation of the conditions for deposition 
of silicon 0nto aluminum. Of interest are the effects 
of sut,strate temperat•1re, substrate morphology. and 
vapor pressure on the grain structure of the deposited 

silicon. 
3) An investigation of the optimum conditions ~or the 

direct vaporization of silica. 
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ADDEHDUM II 

AUTOMATiaN AT THE SMF 

11.1 INTRODUCTION 

This automation addendum provides an explanation of 

how the designer should approach the configuration of the 

computer resource, using the solar cell factory (SCF) as an 

example. The philosophy presented is applicable to most of 

the other sections of the SMF. 

A description of the free-flying hubrid teleopP.rator 

(FHT) remote repair system appears in Chapter 9, "Maintenance 

and Repair", because this is one of the principal repair 

devices used in the solar cell factory. Quality control 

sensors and the strategy for keeping inventory of factory 

materials and components is presented in Charter 8, "Support 

fquipment Specifications". These items are therefore not 

covered in this addendum, although they ir.volve issues of 

automation. 

II.2: '1ENERAL co:~CEPTS CF AUTOP?ATIC~~ 

Because technology is moving so fast, one cannot 

accurately ~redict what computer capabilities will be just 

one decade into the future (Ref. 1,2); however, were advances 

in computer technology to halt today, the current state of 

the art is cause enough to make the computer resource a 

major consideratio~ in space system design. 
'"" ' 

Re c: e n t a d v a n c e s _ i J!'-1 ~ r g e s c a 1 e i n t e g r a t i o n ( L S I) 

technology have changed the econamics of computer system 
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design and have led increasingly to the use of extremely small, 

inexpensive, yet powerful processing elements (PE's). 

Computers in the 1990's resulting from the certain 

advances in integrated ci•cuit (IC) technology will be avail

able to the SMF designer for information storage, quality 

control, diagnosis of plant equipment, component control and 

coordination, and for the operation of teleoperators and 

crawlers. Decisions concerninQ the role of computers in 

components of a space system should not be relegated to the 

detailed design phase of the project, because such an approach 

would lead to lack of commonality between computer subsystems, 

reduced maintainability, and an inab~lity to attain needed 

levels of fault tolerance (Ref. 3). 

The computer resource for the Solar Cell Factory 

(SCF) is to be targeted for use in two areas of industrial 

automation: manufacturing control and robotics (Ref.3). 

Manufacturing control applies automation to the ti~·~-

sequenced manipulation of the geometries of ra~ . .rials 

under computer supervision to form parts that ar~ then 

assembled. A robot can be defined as a mobile manipulator 

not requiring the constant direction of an operator. Clearly, 

the SCF crawlers and teleoperators fall under this latter 

category. A description of the solar cell factory robots and 

the automated functions of the teleoperators is presented fn 

Chapter 9. 
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Standardization of the hardware and software of the 

computer resource will help reduce system complexity and cost. 

This commonality would have obvious benefits if the computer 

resource were geographically distributed in the SCF. Taki"g 

an even wider view, on the scale of the SMF itself, Matelan 

(Ref. 4) suggests that the computer resource of the SCF and 

the habitat be designed as if they were joined so that if for 

some reason the connection is needed, such a task could be 

accomplished with ease. 

All computers, whether fixed or mobile, are designed 

from the beginning to make them function as integrai members 

of the resource. The computer resource should be thought of 

as a major system component itself, rather than as a group 

of elements in other components. This coordinated integration 

of computing power, cutting across subsystem boundaries, could 

be a unifying force in the overall design of a space manu

facturing and habitation facility. 

This addendum suggests the adoption of a distributed 

computer control scheme for the SCF. Ramamoorthy and 

Krishnanao (Ref. 5) define a distributed computer system 

as "an interc0nnection of digital systems called Processing 

Elements (PEs), each having certai~ processing capabilities, 

which are spatially either close or far apart, communicating 

with each other through a common memory, a bus or a communi

cation line, and having either apparent or hidden hierarchical 

levels of control." 
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The adoption of a distributed control strategy must 

be justified for the application under design, the SCF. 

Ref. 6 suggests the following criteria which the application 

environment must satisfy to justify a distributed computer 

configuration: 

(1) The application is amenable to logical division 

into autonomous units. 

(2) The data collection and reduction functions are 

distributed in space. 

(3) The resources required for a subset of functions 

can be predicted. 

The first criterion can be seen to be satisfied upon examining 

Figure 6.8 illustrating the manufacturing process of the SCF. 

In this case the various machines could be considered the 

autonomous units. Data collection and reduction will occur 

locally at the component/machine level and the information 

will be made available periodically to the higher levels of 

control. The system is defined well enough so that the 

necessary means for control can be estimated. 

The designer may be tempted to adopt a central 

computer to control all aspects of the facility; however, a 

comparison betwee~ a distributed computer resource and a 

central computer shows that the distributed approJch has 

distinct advantages making it the more attractive choice. 

The use of one computer would require a complete backup in 

case of a computer failure--an expensive arrangement. 
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With a distP.ibuted configuration the failure of one PE will 

not shut down the entire system, and in addition, the computer 

resource can be designed to reconfigure itself around a 

failed processor. 

This dispersed system makes early subsyste~ checkout 

and fault tracing easier to accomplish. The modular nature 

of the distributed system simplifies the hardware and soft

ware by dividing the system into units of manageable com

plexity and allows for easy tailoring of the computer resource 

to the application. A system with distributed PE 1 s can be 

easily expanded without modifying the entire facility, while 

expansion of capabilities 3nd modification of programs can 

be quite cumbersome in a central computer. Interestingly, 

the direct costs of a single, powerful central processing 

unit and its software are higher than the combined costs of 

multiple, lower-power central processing units and associated 

software that together provide equivalent performance (Ref. 7), 

The most imoortant step in the design of a distri

buted computer ar~hitecture that matches the application is 

the definition of the process and the possible failure modes 

of that process, i.e. one must know what is to be controlled 

before deciding on a control scheme (Ref. 8. 9~ 10). This 

definition must include the normal functions of a component, 

as~orted monitoring functions, the coordination of the com

ponents of a machine, the coordination of the machines of a 

strip and the coordination of 14 ~trips to form a package. 
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What needs to be coordinated will become obvious when the 

objectives of the facility are examined. Further, the modes 

of failure at all levels should be predicted, as well as the 

amount of time between the occurrence of a failurP and when 

it is corrected. One should examine how long a process can 

continue within tolerable limits while it is not being con

trolled and what the "regret" is to the facility of com

pletely losing a particular component/machine. How the pro

cess will be safely started and stopped is a very impor~ant 

matter :o address. From this ana)ysis tte designer should be 

able to detect decision points in the control strur.~ure, e.g., 

when part of a strip should be stopped o~ when a crawler/ 

teleoperator should be alerted for a ·epla rment or repair 

job. Here the designer should real ii· .t ~unctions which 

inherently lend themselves to centralizej ~- ~ision, like 

those mentioned above, should not be distributed (Ref. 11). 

This careful analysis of the application will ~uide the de

signer to the correct architecture and thus lead to the 

design of a iuccessful distributed system. 

The designer is now confronted with the question 

of processor interconnection schemes, and thus with one of 

the most difficult issues in configuring the computer re

source. Interconnection strate_ies will have to be dealt 

with at all levels of the hierarchy. Ref. 12, which dis

cusses thP.se issues at length, presents this important facet 

of the design under three broad categories: 
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(1) Physical aspects of the configuration 

(2) Control and communication issues 

(3) Reliability issues 

The distributed systems research indicates clearly, though, 

that the three categories listed above cannot be considered 

alone; they impact each other. Here, again, the careful 

analysis of the requirements of the facility mentioned earlier 

will be the best guide tc the designer on how these three 

issues should be resolved. 

This addendum presumes that each component within a 

machine will be controlled by i~s own processing element, 

e.g., a microprocessor with sufficient memory and processing 

power to adeq~ately regulate the component and also interact 

with the higher levels of control. The designer has the 

option of either physically imbedding a microprocessor into 

a component, which would simplify the intet•faces between the 

processing element and the com~onent instrumentation (Ref. 

10, 13), or of putting all the microprocessors of a particular 

machine on a common board near the machine, which would 

faci 1 i tc.te re pl a cement and repair of the proce~ so rs (Ref. 11). 

Ref. i4, the classic study of the taxonomy or inter

connected computer networks, lists the advantages and di~

advantages of several computer networks. How well a n1icro

processor is programmed and interfaced as part of an integral 

control system determines whgther a particular microprocessor's 

advantages will be realized (Ref. 15). further, maintaining 
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microprocessor homogeneity throughout the system will enhance 

the design of an integrated computer resource that is fault 

recoverable. 

The designer should be aware of the special con

ditions in earth crbit and in the SCF itself so that appropriate 

processing elements and bus lines can be chosen that will not 

degrade in such an environment. 

11.3 COMPUTER CONTROL SYSTEM REQUIREMENTS 

The kind of coordinJtion and communication necessary 

for the SCF may become obvious with the following example. 

Tables 1 and 2 show J simple breakdown o~ 

of the direct vaporization of aluminum ~ 

: ... "'cl functions 

Intercommunication needs bet~t?en ·-l)r.:· ~· · • processing 

elements are minimal; however, the comp0~~nt~ u. a mach:ne 

will need to be coordinated to meet the objectiv~s of that 
I 

particular machine. fhis could be accomplished by a m~~nine 

processing element dedicated to overseeing the shutdown and 

startup of the components, alerting the level of control 

above it, the strip controller, that an intolerable condition 

in that machine has been encountered, and transferring data. 

The application clearly reveals the requirement for 

a strip control {see Figure 6.8). The strip controller will 

~e need~d to halt all the machines prior to the panel align

me.i-:- .. , ..... insert machine if any one of these ceases to operate 

because of an intolerable condition. Further, with thes~ 

machines shut down, the panel insert machine must be alerted 
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TABLE II. 1 

D~ OF AL MACHINE COMPONENT 
CONTROL FU"CTIONS 

EB Gun 

power, current9 vo1tag~ levels 
filament feed mechanism. filament use 
oeam direction 
machin~ry heal th 

Slab Feed 

rate of f ~eu 

slab cc- -:ti on 
need fo. w~re stock 
machinery health 

Thick -~s Mon1tor 

data gatheri;ig 
movement ~cross width of belt 
machinery health 
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TABLE II.2 

DV OF AL MACHINE CONTROL 

Messages Received 

from component control 

• need for replacement or 
non-urgent repair 

• notice of intolerable 
condition 

• data 

Messages Given 

to component control 

· coMponent(s) start-u~ 

• componeit(s) shutdown 
• confirmati~n of messages 

received 
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from strip control 

• notice for start-up 
• notice for shutdown 

to strip control 

• need for replacement or 
non-urgent repair 
(teleoperator/crawler) 

· notice of intoler, ble 
condition 

• data 



to start providing spare panels. The appropriate teleoperator 

would then be alerted to redress the anomalous cor.dition. A 

similar situation would occu~ with machines past the panel 

insert zone except that the panel insert machine would start 

collecting good pan~l~ from the previous machines. This in

stance also revea·~ the need f~r a higher ,evel of control, 

~a~ely a package St~tion control, because when one of the 

pr~duction strips past the panel alignment and insert zone is 

stopped, this will require all fourteen strips past the insert 

zone to halt, unless a missing strip in a package can be 

tolerated. The above illustrates why central processors 

could be important at vario~s levels within the computer 

resource hierarchy. 

With respect to communitation in a distributed com

puter resource, Ref. 16 gives the f0llowing explanation: 

"The key to di~tributed systems is the establishment J~ 

communications. In general, the s~r.ding of a message is 

equivalent to transmitting energy, and it is desirable to 

minimize the systPm e~ergy. To put it another way, it is 

desirab1e to transmit a minimum amou~t of information, con-

sistent with function, within and between systems. The 

distributed system is funda~entally inten1ed to minimize 

transmission of info~mation." 

When unschedul~d events like malfunLtions occur 

requiring the ' 1ng of machine(s), an intPrrupt in the 

programs car ~e employed t~at itores the state Jf tne task 

I I . l 1 



in progress until the problem is rectified. Further, Ref. 18 

suggests the use of an interrupt in all processors every few 

milliseconds to coordinate the timing of all functions in 

the system. 

The designer will eventually need to decide. how often 

local information, whether it. be quality control data, e.g. 

thickness, composition and temperature, or a rundown on the 

state of a machine, should be provided to the higher levels 

of control. In general, the designer should move those 

functions that are done most frequently down the hierarchy, 

and those done less frequently up the hierarchy. 

The communication paths in the SCF will most likely 

be exposed to a hostile environment that could garble messages. 

Use of optical communication paths may be attractive for this 

type of environment. Ref. 17 notes procedures for adding 

redundant bits to a message so that the receiver can detect 

an error in the message on its arrival. Some sc~emes not 

only d~tect errors at a receiver, but also correct them. 

The analysis performed on the application should 

also examine the "regret" of losing a particular component/ 

machine so the designer will hJve some idea about those 

functions reouiring the greate~t reliability. 

One approach to making the uistributed computer 

sy9tem more reliable is by simply ~uplicating the micro

prccessors wherever they occur, whet~er at the compcnent 

level or at onP of the control levels (Ref. 4, 17). Tnis 
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philosophy could extend to sensors and communication buses 

as well. One of the two processors would operate in a 

standby mode, ready to take ov~r in the event of a failure. 

To decide when a processing element has failed, though, is 

not easy, and generally one cannot rely vn the module itself 

to announce that it is failing (Ref. 12). 

Another approach to making the system more reliable 

1~ to reconfigure the computer resource when a failure of a 

processor occurs. Reconfiguration is characterized by the 

ab111t~ of a system to adapt itself to changes in its status 

and to provide a variable organization. This could be 

accomplished with spare micr processors strategically located 

throughout the computer hierarchy, e.g. one spa~e procP.ssor 

for each machine (Ref. 2, 18). When a processor has been 

dete~mined to fail, the appropriate spare would then assume 

its load until the necessary replacements had been made. 

A reconfiguration strategy can be determined prior 

to the execution cf a job based on predicted failure modes-

this is known as static reconfiguration. Dynamic recon

figuration strategies could also ~espond to predefined 

situatior~, but would take into account the current status 

of the system. This latter reconf~guration scheme can com

plicate the software and the amount of processing needed, 

or as Ref. 12 explains, " ... dynamic reconfiguration involves 

high overhead and may be restricted to the cases where re

configuration is a must (e.g. failure modes), or to the 
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cases where the overhead to determine a reconfiguration 

strategy is tolerable." 

Some combination of duplicating processors and using 

spares at various levels may turn out to be the ideal con

figuration. A preliminary analysi~ of t~e SCF indicates 

t~at the greatest reliability will be needed at the panel 

insert machine, a hbuffer" which can store good and defective 

panels and also provide spare panels when needed. 

Even if the designer adheres to a simple and consistent 

design of the computer resource for the SCF, in all probability 

the software will be the most unreliabl~ part of the configu

ration (Ref. 4). Bishop (Ref. 20) suggests the use of a 

sfmulation program to model the communication links between 

processors. If the model is realistic, t~e program should 

be able to detect and diagnose real-time SQftware errors in 

the network. 

11.4 ElCAMPLES 

11.4.l Example of An AutomateJ Control Computer Structure: 

As is clear from the discussion of section 11.2, it is extremely 

difficult to predict advances in computer technology a decade 

ahead. However, the current state of the art and the promise 

of improv~d capabilities (e.g. hig~-density integrat~d cir

cuits, hologramic storage, vision, voice actuation) make com

puters a major systew. element ;n space hardware design. A 

computer struct11""C at the space manufacturi,19 facility can be 
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used for automated control of machinery, inventory, routing, 

maintenance and repair scheduling, monitoring, quality control. 

Computers could also be useo in robots, defined here as 

machines capable of de~ling with some uncertainty in their 

environment. 

11.4.2 Example of An Automated Control System: The basic re

quirements of computer s~ructures at the SMF can be summarized 

as follows, based on the discussions of sections 11.2 and II.3. 

The system must provide lo~alizcd functions (monitoring, con

trol, quality control) to a large number of machines spread 

throughout a large volume of space. The system must also 

prov 2 intermediate functions (~aintenance and repair 

sched~ling, routing) to machines and groups of machines. The 

syst0m ~ust provide centralized functions to the entire SMF 

or ~o major sections of the SMF {inventory control, resource 

allocation, factory status monitoring and display}. Finally, 

the entire system should be reprogrammab1~, to adjust for 

variations in production requirements. A single computer, 

tied to all sensory and control systen1s in the factory, has 

several disadvantaJeS. First, most sensor systems and many 

control systems send out or receive analog signals, which 

are less reliable than digital signals. Therefore the 

ma~hines should include analog/digitdl conversion devices 

and use digital commu~itations with the master computer. 

~~~ond, there is a critical need for damage t~lerance in the 

.: 1" .y~tern, since a failure in the master comµuter could 
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lead to extensive damage in the suddenly uncontrolled factory. 

This argues for a fully redundant computer system or a set of 

decentralized emergency control units. ihe transition from 

primary master computer to a backup master computer can be a 

very delicate operation, especially if it requires the trans

fer of large amounts of information; it also requires a sophis

ticated arbitration system to decide when the primary computer 

is malfunctioning and to order the switch. Third, such a 

master computer would be very difficult to reprogram, due to 

the complexity of its algorithms. Thus even a minor change 

in production requirements could require a complex reworking 

of the control system. Fourth, the input/output systems of 

the master computer would have to handle very large amounts 

of data. 

These criteria suggest a distributed computer structure 

consisting of several levels of centralization (localized, 

intermediate, centralized) with increasing levels of sophis

tication. The system should be connected br a network of 

communications paths, along which can travel sensor data, 

control commands, status information, emergency requests, 

reprogramming comn.ands, and blocks of memory. 

An example of such a computer structure for the solar 

eel 1 factory appears ,:ig. II .1. At the local machine leve!, 

microprocessors (labeled Al, A2, A3, ... Bl, R2, B3, ... ) handle 

the functions necessary to the machine's operations (e.g. 

monitoring and diagnosis, control, quality assurance). The 
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A series watches over one production strip, the B series over 

another, etc. 

Each SE~ of microprocessors on a strip is tied to 

each other and to a "strip host." The strip host contains in 

memory all the software used by the strip microprocessors, as 

well as diagnostic programs. It can therefore monitor the 

proper function of the microprocessors, and correct software 

malfunctions. In addition, the strip host arbitrates hetween 

the requests for assistance of the microprocessors, and assigns 

the computer resources available, The strip host also regu

lates communications between the strip microprocessors and 

the other computers in the network. 

The 14 strip hosts in a section of 14 production 

strips are tied to each other and to a section control computer. 

Based on information from the strip hosts, the section control 

schedules maintenance and repair. It also monitors the strip 

hosts and reprograms them as needed. 

The 19 section control ccmputers (for the solar cell 

factory's 19 production sections) are tied to each other ar.d 

to the main solar cell factory control facility, which includes 

computers and human supervisors. This facility monitors and 

reprograms the section control units, and takes over problems 

which the )ocalized computers hav~ found too difficult. 

Although Figure II. l shows the separation between 

software sections of the computer structurP, it does not in

dicate the location of the computers the~selves. It is 
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possible to group the C~illputers into clusters ta simplify 

support services. However, this stretches the data trans

mission lines and increases the risk of a single physical 

accident damaging a substantial fractior. 1f the computer 

capability. Although difficult to assess at this stage, some 

physical distribution of equipment seems desirable. 

The most critical fJctor in the design of a computer 

system for the solar cell fdctory is ility and damage 

tolerance. Since loss of conta·ol .- can damage sections 

of the factory, or at least stop produ~tion in the affected 

section, the design of a fail-safe or, better yet, fail

operational computer system becomes a very worthwhile effort. 

By comparison, the mass and power consumption of the system 

are not significant criteria, since they are expected to be 

very small percentages of SMF mass and power. 

Part of the solution to the problem of reliability 

is the development cf long-life space-rated computer hardware. 

In addition the equipment should be modular and repairable 

by replacement of mu 'ules. This repair will probably be 

done by automatic equipment in the solar cell factory. 

However, computer units will fail, and there are 

several operations to make the syst~m tolerant to such 

failures, as disr.ussed in section II.3. The first option is 

simple redundancy, in wh.ch each unit is backed by its twin, 
l 

ready to ta~~ over when a malfunction is diagnosed. T~e 

diagnosis and switch command can be done Pither by a comp· _er 
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elsewhere in the hierarchy, or the unit itself and its redun

dant twin can keep track of each other, comparing functions to 

determine malfunctions. However, the possibility of conflict 

between the two may require another redundant unit and majority 

rule on malfunctions. Such systems are in development today. 

One disadvantage of this option is that it requires .many com

puters, many of which do not operate very often; 

Another optior is backing up a local computer wit~ a 

more centralized one. This requires that the centralized com

puter have all the functions of the 1ocal device in memory 

and sufficient data lines to take over the monitoring and 

control functions of the local computer. One disadvantage 

of this system is that several failures of local computers 

can overload a centralized com~uter; however, the centralized 

computer can be backed up by a more centralized computer, etc. 

A more serious drawback is that the failure of a centralized 

computer leaves the local computers without backup. 

Section II.3 has discussed the concept of distributed, 

self-reconfiguratin4 computer systems. T~ese can provide 

"grace~ul degradation" and continuity in unaffect~d areas 

when malfu~cti~ns do occur. The key concept is a priority 

structure which allows the system to reassign computer re

sources to take over the functions of malfunctioning units. 

The significant advance over the state-of-the-drt is that 

.!!!l. computer in the network can be reprogrammed to take over 

at least some of the functions of any other computer. 
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This can be done by assigning each computer unit two 

types cf functions. The first are "kernel functions," those 

functions required for the normal operation of the unit. for 

example, microprocessor A2 in Fig.II.l has kernel functions 

which handle the monitoring and control of the OV of silicon 

in produ~tion strip A. These kernel functions are performed 

under any circumstances, provided that microprocessor A2 is 

not defective (however, the kernel functions can be reprogrammed 

to adjust production requirements). The second types of func

tions in the unit are those occasionally inserted to operate 

on other sections of the factory; in other words, the unit has 

extra capacity and capability beyond that required for its 

kernel functions, and that extra computation power can be 

loaded with other functions used to fill in for malfunctioning 

units. 

Several examples from Fig· 11.1 can illustrate the 

possibilit~es of such a system. Example 1: Microprocessor 

A 3 ma 1 functions ; st r i p host A di a g noses ma 1 fun cl ion , ta' ·:" 

A3 off-line, takes the proper functions of A3 from its memory, 

loads half of those func+· _ ... into Al and half into A2, and 

commands both of these ur ... s to time-share the run~ing of 

A3 1 s machine with their own kernel functions. After these 

steps, the strip host sends a request for repair either to 

the section control or to the repair systems, and return5 to 

normal operations. The microprocessors A) &nd A2 do their 

kernel functions and A3's functions as well. 
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Example 2: Here again, microprocessor A3 malfunctions. 

Strip host A takes AJ off-line. Rather than reprogr~mming Al 

and A2 as in Example l, st.·ip host A requests assistance from 

section control. Section control commands strip host 8 to 

program microprocessor BJ to time-share its kernel functi~ns 

between its own machine and AJ's machine. Since BJ's and 

Al's kernel functions are the same, BJ's capability is suf

ficient to run both machines. After these commands, the 

section control schedules a rep~ir on A3 ~nd returr to ~ormal 

operations. Strip hosts A and B return to normal operations 

also, except t~~t they route information between ~J's machine 

and B3. 

Example J: Here a~ain, microprocessor A3 malfunctions. 

Strip host A takes AJ off-line and requests assistance directly 

from strip host B. Strip host B then reprograms 83 as ir. 

EAample 2. If strip host B or microprocessor BJ is toe b~sy, 

strip host A switches Js request to strip Lost C, etc. Simul

taneous requests from several strip hosts (though unlikely) 

are arbitered by ~ection control. 

Example 4: Strip host B malfunctions. Section Control 

diagnoses ~.his and takes strip host B off-line. Section con

trol car. then either: program microprocessors Bl, 82, ... to 

take over their strip host's functions; or program strip 

hosts A and C to time-share their strip host kernel functions 

to fill in for strip host B; or program other computers 
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(microprocessors, strip hosts, section control computers) in 

some combination to take over the functions of strip host B. 

Section control then schedules rP~air for the damaged unit. 

As thest ex~mples show, the distributed ccntrol system 

has the ability to reassign the functions of any damaged unit 

or units to other computers in the hierarchy. The system is 

therefore very damage-tolerant. How~ver, this requires the 

-~ility ~J route data and commands from any unit to any other. 

:ne traditional method to do this is to provide a communication 

line between each ~air of devices. On the scale of the solar 

cell factory system, this would require an enormous number of 

data lines. A more advanced approach is to provide a smaller 

number of trunk lines and switchboard systems to route the 

information. The trunk lines need not be wires, but can use 

microwaves or lasers instead. This option is currently used 

by the telephone company for long-distance calls. A disad

vantage of this option is that switchboards are slow and can 

be overloaded. One optio~ to eliminate some switchboard 

systems is to attach an identification code to each trans

mission and send it over common data lines to all units {or 

a large group of units). The code cues the destination unit 

to absorb the transmission. The other units ignore the data. 

This concept requires m1ltiplexing the data lines to keep 

units from sending simultaneous messages. This in turn re

quires a common clock for all the units, and a set order of 

time increments allocated for sending. The number of messages 
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sent by all the units then sizes how many units can be on 

the same trunk line. Also, centralized computers can allocate 

extra sending time to local computers requiring assistance. 

Systems of this type are currently in development (Ref. 19). 

Another advantage of the distributed control concept 

is that test functions on computers can be applied by any 

other computer or group of computers. Therefore even the 

sophisticated factory control computers can be monitored by 

the less centralized devices. 
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APPENDIX 

COMPUTER PPOGRAM LISTINGS AND 

OUTPUTS 
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A.l: PROGRAM SMFCOST 

(LINE ITEM COSTING OF SMF) 
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DATA 

OUTPUT 
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IUD 18: 
B&IDD(l) 

HOC CI) 

'1) 
C2) 
(3) 
14) 
'1) 
•2> 
Cl) ,,., 

a&o COST FOB LOii TECBIOLOGI (S/lCG) 
BEDIDft TECUBOtCGt 
H.IGU TECBHOLOGI 
ULtil•HIGH TECHHOLOGI 
P&OCOBE!EHT cost FOB LOW tBCBHOLOGI CS/KG) 
IEDIUft TECBNOLOGI 
HIGH U:CHHOLOGt 
OLTBA•HIGB TECBBOLOGI 

SllP00660 
SIP00670 
SllP00680 
sar00690 
S8P00700 
SllP01)710 
SllP00120 
SIPOOllO 
saroono 
SBP00750 

BElD (5. 104) (Bl llDD (I) • 1=1 .11) • (PBOC (I) .I=1,4) S!POIJ760 
c••••••••••••••••••••••*•*•••••••••••••••••••••• .. ••••• .. •••••••••••••••sa10~110 
c• IBltE out IllTilL PABAIET£BS S8P00780 
c• SIF00790 1Ut't!(6.4011 (HTLE(I) .I .. 1.20) SllFOOBOO 

VBitE(6.402)TCARGO.TPEBS SllF00810 
WRIT f ( 6. 40 ~) fli AC!'. UTB AIM sarooe 20 
WilTE(6.404)QtiAN"•XCBGll SIFOOBJO 
VUT E ( 6. 4U 5) V •I.CC NSlt SIPCOB It@ 
VRIIE(E.406)S.1~AiS SSF00850 
VR1TE(6.407)!S8r.PSllF SIP00860 
~BltE(6.408)C~HP.EXSftP Sftf00870 
11RITf(6.409)AlfA.GCOST sarooaao 
VDitE(6.41C)K.B Sftf00890 
W&l~f(6.411)Af&CD.B SftP09900 
W&ItE(E.417)HAea.HADP SIP00910 
WB1TE(6.418)HA8RAD,MABPBC SIP00920 
DO 1 I•1,4 sar009lO 

1 VkIT£(6.~19)I.FAND~(I),1,PROC(I) S~P00940 
W&lTE(6,QiO)SOEEB(1).SUPEB(2) SftP00950 
VBI'U (6, 44 1) SOPER ( l) ,SOPEa (4) SBP00960 
WRITi(6,42~5UEEB(~ SftP00970 
U£1TE(6.416)ALPHA SBP00980 
l!'IACffclflX (K) SllF00990 

c••••~••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••snro1000 
c• lNITlAllZI SC~AR CILL FACTORY DOTY CYCLB (DCtOT), lHD C&LCULATB saro1010 
C• THE. AVERAGE LAO~CH COSTS FOB BEPLlCUE!IT l'lRT~ SftP01020 
,. saro 10 JO IBUN .. C>. SIP01040 

DCTOT• 1. 511101050 
T•tPEBS*FBAC1+TCABG0•(1.-FBACT) SIP010EO 
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C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••SftP01070 
C• BEAD IH llACHINf fARA!ETf&S SftP01080 
C• ii:XPLAUTICN OP llAClllNE PAR!~ETE&S: SllP011l90 
c• on ~ACHI~E THBUPUT (MOT USEu) SdP01100 
c• Lft - OPERATlN~ LADO& aiuoIFE~E5T (CBII RB/OPBB&TIRG BR) SllF01110 
C• Ell EAf'IH :t:XPENDADl.ES (KG/riR) SftF01120 
C• Dft PBCCESS B&D COST IHD SiSTEftS ln'EGBlTlCI ($11) SftF01130 
C• Ill CCST OP EARTH EXPENDABLES {S/KG) SllP01140 
c• Hft NUHl!d OF TUIS TYPE OF !&CH.IU SllF0115D 
C• Kil NUIU!ER OP CCllPCHEllT TYPES SftP01160 
c• SllPO 1170 

IRITE(6,412) SftP01180 
U!ITE(6,2J4) ~ftP01190 
DO G J•1 1 IftlC6 ~ftP01200 
BEAD(5.l02)(NAHE(I,J),I=1,7),Qft,Lll.Ell,Bft,Xll,Hft,IS SllF012~0 
IBUB=IRUN•Kll+J SllP01220 

C• KEEP ~FACK CF ~AGINA'IION S~F01230 
IP (l&ON.G'I.~C} WRITE(6,233) SllP01240 
IP (IRON.GT.SO) IBUN=O S~P01250 

C• PRINT OUT ftACHINf INPUT VARIABLES SllP01260 

c• 
c• 

IU!lTE (6•IJ13) (NAltE (l.J) ,I-=2. 7) ,Lfl,E!l, 11!, B!, lUI SllP01270 
Bft=BH*lOOCOCO. SllP01280 

EIPLANA'IICN OP ARRAY 'COSTS': 
FOR THE J(THJ ftACHI~E TYPE -

NONHCUfiliHG 
COS1S(1,J) 
COS'IS (2,J) 
COS'IS (3,J) 
COSTS (IJ,J) 

CCSTS: 

RECUP.R ING COSTS: 

RESfAFCH AN& ~~VELOPl1!NT 
PBOCUREl1ENT 
'IRANSPOliTATIOli 
PCllERPLANT 

CCS'IS(5,J) - OPERATING LA2CE 
COSTS(~,J) EXPENDAELZS PEGCUREllENT 
COStS(7,J) EXPENDABLES TE1!iSP06TITION 
COS'IS(S,J} B£PAIR LABCF 
CCSTS(9,J) REPAI6 fARtS EEOCUBEftENT 
C0S'IS(10,J) - REPAIR PARTS '::iANSPORTATIOli 

S!IP01290 
SllP01JOO 
SllF01310 
S!U'01J20 
SftF013JO 
SftF0131&0 
SftPOllSO 
SftF01360 
SftF01l70 
SllPO 1380 
SllP01J90 
SltF011100 
SllF01410 
SllP01420 
S!\F01430 
SllF01440 
SftP014SO 
SllP01460 
SllP011170 

ICOftP=IFll(Ktti SllP011180 
PRCC=1. SftP01490 
PROD1=1. SftPOtSOO 

C•--------------------------------------~~--~----~-----~-----------SHP01510 
C• BEAD IN CtPIPCNEN1 PABA~ETEBS FOB EACH ~ACHINI SKP01520 
c• EXPLANATICN CF CC~PuNEHT PA&AHETE~S: SftF01S30 
C• NC NiJ~HB OP THIS TYPE OF COllPONfN1' SflF01540 
C• PIC H.~SS OP INDIVIDUAL CO!'l?J!iENT (KG) SPIF01SSO 
c• PC PulHB OF lNl:IVIDUAL CC~i'ONENT (Kii) Sr1P01560 
c• CCC - CCHPCNE~r CG!'IPLEXITY cooi (1-~ SftP01570 
c• DC DI.JU CYCLE ({.) SftP01580 
c• LR~ - REPAIR CODE (1-5) SBF01590 

AS 



BC BEPlACEHENt PA6lS (KG/!B) 

DO J I=1.ICOl!E 
BEAD (5, 102) ( HA!tl:C (I 1) , Ila 1e7) 1tlC 1 flC, PC,CCC 1 DC 1 LkC ,BC 

S!IF01600 
Sllt01610 
SllF01620 
511?01630 

c• PIHD NCNDECUR&ING CCST~ AND &EPAIR PAaAftETEBS FBOfl CODES 
cc=aC•P&OC(IFIX(CCC)) 

(CCC & LBC) SllFO 16 QO 

LC=SUPEB(IFil(l&C)) 
l!' (LBC. NE. s.) BC= .os•11c 

ICT= TOTAL HU"BEB CF COllfONERT TYPE IR ALL OF THIS !ACRllE TIPE 
ICt=IC•N" 

APPLY 901 LIAB5IHG CO&V! IP "OBE"7HAR 100 UIITS ABE USED 
IP (HCT.GE.100.) cc=cc•Nct••(-.15)/(.85) 

C• ADJUST PBCCU&EftEHT COSTS FOR ftlCUINE BELIAEillTt 
CC:CC/ALPllA 

c• 
c• 0

BODIPICATIOR QP DOTI CJCLE FOB VABIA~IOH or PlBABETEBS 
c• 

DC1=DC 
DC=l00.•(1.-(1.-DC/100.)*ALPRA) 

PBINt ODT CO"POufNT PARAllETERS 180 COSTS 
llPITf (6, ca 111) (U. ftEC (11) ,11=2, 7). RC ,nc,pc,cc,oc,LC, BC,CCC,J.BC 
oc::&:c•. o 1 
l:C1=DC1/100. 

BEGIN SU~llATION OF COllPONENT COST FACTORS 

COS'IS(l,J)=MC•RANDC(IP:x,ccc))+CCSTS(1,J) 
costs12,J1=cc•rc+cost~(?,J) 
COS1S(J,J)=~r~~r•~0Si5t3,J) 
COSTS (8,J)= i' .-DC) •LC•NC+COS1S(8,J) 
COS'IS(~ 1 J)=liC•CCfNC/ftC+COSTS(9,J) 
cos~s ~ 10,J)=liC•NC+C(lS'rS (10.J) 
COStS(~,J)=PC•NC+COSTS(4,J) 

ftlii.'IIrLY C.:ltlP'JNEN'I FAILURE PBOBABILIIIES TO PIHD ftACHIRB DOTI etc. 

SllP01650 
SllP01660 
S!IP01670 
SllP016SO 
SllP01690 
SllP01100 
SllP01710 
SftFOll 20 
SllP017JO 
SllF01740 
St1F017SO 
SflPO 1760 
SltP01770 
SltF01780 
SllP01790 
Sl!FOldOO 
SllP01810 
SllF01820 
suo 18 30 
SllP01S40 
SllF01850 
Sl!P01860 
SllFO 1870 
S!lP01880 
SPIP01890 
SftF01900 
Sl!P01910 
SPIP01920 
SftP01930 
SllFO 1940 
SPIP01950 

l'P (NC.LT. 1.) GO TO 3 SllF01960 
PP.0Dl=PP.001•(1a-(1.-DC1)••(AllIN1(3 •• NC))) SllP01970 
PllCD=PllC.D·•(1.-(1.-DC) U(AllIN1 (3.,liC))) SPIF01980 

J CON!lSuE SllP01990 
C• SllF02000 
C• tliD CC~PONENT 6EAD-IN LOOP SllF02010 
C•---------------------------------~-~-----~-~-----~---------~~--SllF02020 

D~=PBOD SllP02030 
c• ADJUSI CCllPCNENT ~&D CO~TS POf. RELIABILTY BEQUIREllEHTS, AHD ADD SllP02040 
C• PROCfSS ANt SYSTEM~ INTEGRATION R&D COSTS SllPO~OSO 

COS'rS ( 1,J) =COS'IS (1,J)/ALPHHBll SllP020ti0 
c• ASSOl'lt NO llACHHIE WOULD HAVE l DUTY ciCLE LESS THU SOI SHF02070 

IP' (Dl'l.LT •• 5) D:S=. 5 SllP02081) 

CALCULA~E COS': HEl!ENTS 

llORKLOl\D INCREASE FACTOR DUE TO IUCllIHE DOWHTiftE 
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fACTOfl:PFO D 1/ t ft 
B~VISE ~U,eER CP llAClilNlS 10 llAINTAIN TH&UPOT 

N lf:q; .,•I' ACTCll 
KEEP Ti~CK CF TCTAL DOTI CYCLE CP SOLAR CELL FACTORY 

NSCFll (J)-=lHt 
llBITf. (6,230) lll!,.Ul,COSTS( 1,J) 
IP (J.LE. 14) tCTOI:DCTOT•C~ 
IF (J. u;.. 18) GC TC 8 

ADJUST hUllilEfl 01' SOLAR CELL STFIPS TO llEET TOTAL SCP DOTI CYCLE 
SEQUIPEllE~!S, AND TO PO&~ AN INTEGER NOllB~i OP SECTO&S 
(14 S1hlPS/SECTO~) 

Ill ft: 14. •FLO A• (IF IX (246 •I (DCTOT• 10. t +. 965l) 
W&lT£(6,423)N",CCTOT 
llilII.E (6,233) 
I~IJ~=O 

ADJUST SCLAR C~LL COSTS FOB BEVISED NUllBER or STBIPS 
DO 2 J ~== 1, 17 
COSTS(2,J2)aCCS'IS(2,J2)•N!t/NSCFll(J~ 
CCS'IS (3,J2)"CCS'IS (J,J 2) •!i~/NSCFft (J2l 
COSTS(S,J2)=CCS'IS(5,J2)•~ft/NSCFll(J2) 
COS'IS(6,J2)=C0$'IS(6,J2)•Nll/PSCFll(J2) 
CCSTS(,,J2)=CCSTS(7,J2)*nll/NSCFll(J2) 
CO~TS(6,J2)=COSTS(O,J2)•Ull/NSC111(J2) 
C0~!5(9,J7)~cos:$(9,J2)•N!t/NSCPll(J2) 
CuSTS(1C,J~)~cosrs(10,J2)•Nll/NSCPrt(J2) 

PERfCH, r:~AL cos: ACCCUl\TIN~ FOR THIS llACHIHB 
CCS'IS ( 5,,J) =:>it•Ll'!•N.1•11• ii 
C0S~S(6,J)=X,•E,•D,•~ll•ll 

COS'!S (7,J) :1:.!'•C~•:1~.,H•'!CAFGJ 
CO~TS(2,JJ=CCS7S(2,J)•b, 

COS'!S (3, _) =cOS'lS (3,J) • ~!1•TCARGO 
CCS':S (tl ,J) =COS'IS (tl,J) •N!1•1i•iil 
C0S'IS (9,J) =CCS'IS (9,J) •~II 
COSTS(10,J)=CCS1S(10,J)•911•T 
CCS'lS (4,J) =CuS'IS 14 ,J) •l\IUD!I• (GCOST+ALPA*F 'RGO) 

SU~ f.fCUr~I~G ANC NCNF~CUFSI~G COSlS FOS EACH tlACHIHE 

Sllf'02130 
S!:F02l40 
St.Fl)?.1 v 
S!IFO, 
Sll P~ J 
SPIF( 80 
S!tFO.C: :'.>O 
SrtF'02:ll)0 
S~f02211) 
S!H"02220 
Sl!P02230 
Sllf02240 
SllF02250 
S.:!!'02260 
SU02170 
SHF02280 
SllF02290 
St1F02JOO 
S!lf02310 
SllF02320 
SHP02JJO 
SllF02J40 
SU02350 
S!'!P02360 
SllF02370 
Sl'IF02.)80 
Sllf<'2390 
SllF02400 
SllFO 2410 
SllF02U7.0 
SllF02430 
SP!F024110 
St!F02450 
SllF02460 
Slff02470 
SP!F02480 
SllP02490 
SllF02500 

SUM.'I ( 1 ,J) =COSTS ( 1,J) +cos rs (.l, J) +COS:'S ( 3, J) +COS"'S (Q,J) S!1P02510 
SlJ !1:"Ii2, J) :t;OS'l S (5, J) +CCS'l S (6 .J) +CC S'I S (7 ,J) +COSTS (0 ,J) +COSTS (9 ,J) + SIHO 2520 

~c0STS(10,J) SllF025JI) 
C• S!lf025QO 
c• END llACllIN.E .IH.AC-lil LOOr SllP0.:.?550 
c••••••••~••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••s!1Y02560 
C• P~1N1 OU1 H~N~ECUhRIHG COS! T~BLE S~P02570 

c• S!1P02580 
WH'H Ct>. 201) S~f'02590 
CO 5 J=1,1MACH S8P02b00 
WFI'I~(6,202) (NAl\E(I,J) ,I=2,7), (COSTS (I,J) ,Ia1,4) ,S:Jtltl(1,J) Sl\r02610 

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••~•••••••••••••Sl\POZ620 
C• FIND 101Al COS1S B~OKEN DO•N BY COST ELB8E~T Sllf026JO 
c• s!U'02640 

TOTAL~(11)~roTALS(11)+Suna(1,J) snf02650 
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TOTALSC12)=TOTALS(12)+SUftft(2,J) S:tP02i60 
IP (J.IC.JOJ llliIT.E(6,2J1J SltF02670 
DO 5 1=1, 10 S~P026~0 

5 TOIALS(l)=TOTAlS(I) +CCSTS(I,J) SftF026?0 
VPI'IE (6. 205) CTCTALS (1) ,I=1 ,II) ,TOTALS (11 i 5"!:02700 

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••·~~?o2110 
C• PBIH1 OU~ RECD~llIHG COST TABLE S3FJJ~2C 

C• SftF027 30 
llRITE(6.20~ SftF027110 
DO 6 J:s1,ll\ACH Sftl'02750 
llBI TE (6, 20 II) (N Alt E ( I,J) ,I=2, 7) , (COSTS (1,J) , 1=5, 10) , StJ!IH (2 ,.J) SftF027 60 
IF (J. EQ. 30) llllITE (6, 232) snP0217t' 

6 CCHTI!IUi. ;l"/0'760 
llRI'I! C6. 206) (TOTALS (I) ,I=~, 10) ,TOTALS(12) S:tF02790 

C• BEGIN TYEING SUP.P.ABY PAGE SftF02Btq 
llRITi(6.209)1C1ALS(11) ~V02Rr0 
llBIT£(6,210)1C'IA1S(12) Sftfll~l20 

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••~•••••s~o'-qJo 
c• FIND TOTAL lABCB fORCS (LTOT), YEA5LY LABOR tRANSPOaT ftASS (f~ABO&) SMFQ4~qo 

C• AND COST (TliANSL), AND YEARLY ftASS AND CCST OP CREll ~ON~OftABLES SMF02150 
c• CftCSNSn AND lRANSC) snP02f~Q 
C• SftF028 lQ 
C• FIND TOTAL PEODOCTIOU SASS (lPBODT), POWEi (PPBODT). AND SftP028~0 
C• lADCR (lPHt1) S!P02890 

BPDODT:1QTALSC3J/TCADGO SftP02900 
WP.IT£(6,211) HfCCl' SftF02910 
ppaoDT=TOlALS(Q);(GCuST•AlPl•TCARGO) SftP02920 
WRl!Z(6,212)fPfCDT SftP029JO 
L2 F cc::= ('::en LS (5) • TOTALS (8)) I (il*W) •J. 5!1 P029 QO 
Wf.I!E(6.21~) LPROtT SftF029SO 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• SMF02960 
Ll0l=S•LPF.C&1 SftF02970 
ftLABOF=LTO~*O~RAN~*XCBG! SftP02~80 
TFANS1:!1AECR•1~EP.S SftP02990 
BCCNS~~LCCNSr.•JtS.•LTOT SftFOJOOO 
TRAHSC=MCC~SM•1CARGO SKF0JC10 
W~I1l(&.214)11CT snFOJ02~ 
WRitE(6,215)PLAliCE,MCCNSft snrOJOJO 
WRITEl6.21t)1RANSL,TRANSC Sft!030110 

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••s~FOJoso 
c• flND YEAPLY Tf\Al.NING COSTS (CTRAIN), V&GES or SUPPOBT CBEll (WSUP), S~F03061) 
C• AND EXP~NDABLES TRANSPOBT COST POR TliE SBP STRUC?UBE (CEISBF) SMF03070 
c• SH PO JC er 

C!RAitt=U!RAIN•lTOT SftF0309 
WlllTE(6.217)C1EA1N snrOJ1G 
WSUP=L?RODT• (S-1.)•H•W Sftf0311~ 
ll~IT~(b.21f)WSUP S~P0312G 
cixsMF=EXS~F•1CAf.GO Sft?03130 
~f.ITE(6.22G)CEXS"F S~P03140 

c•••••6•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••snroJ1so 
c• PI~D HABI!AT MASS (~HAS), 7BANSP0f.1 cosr (THAD), INITIAL COST SftfOJ,60 
C• (CHAD)• POllER (PllAB), AND POllEB COST (PCBAB) SaFOJ110 
c• SftP03180 

AB 
~iGlrw. Nm. 
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M"AE="Af M•ITCT SftF03190 
IUAD=TCAl\GC•~HAB SllFOJ200 
CHAf:HAP5At•~RAB•"ADPBC SllP03210 
PHAB=llA!:!!'•LTCl SllFOJ220 
PCUA~=(GCOS?+AlFA*TCARGO)•PHAB S~F032JO 
UBill(6,22E)MHAD,PUAB SMFOJ2qQ 
VRiTl(6,229)CHAB,THAB,PCHAB SMP03250 
PTOT=PPfODl•ESMf•PHAB sr~03260 

c•••••••••••••••••••••••••••••••·~··•••••••••••••••••••••••••••••••••••·-~~'03270 
C• FI!lO 'IO'IAL SMF fOER (PTOT) ANC llASS (llTOT), AND PBCCOB.EftENT COST S~.f03280 
C• FOi\ TliE /iONHCDUCTICN S/IF (STRUCTURE, ATTITUDE CONTROLS, ETC.) :511FOJ290 
C• S~fOJJOO 

~T0!2 MPilCDT•MS~P+PTOT•ALPA+/IHA8 S~P03310 

CISllf=CSMt•~S~F SllF03320 
•hITE(6,,19)ClSllF SllFOJ:JO 
VRilf(6,2~1)/llOT,PTOT SHFr.3340 

c•••••••••*****••*••••••••••••••••••••••••••••••••••••••••••••••••••••••SMF03350 
C* UNO llONPWi:;UCIICN SllF TRANSPORT COST (SZIPSTC) AND POUEB COST S!1i'03360 
C* (Plll\CST) SHF03370 
C• St!POJ.380 

SllFSTC~(llSMF•ESHF•ALFA)•TCABGO S~F03J90 
WP.ITf(6,2221SPFSTC SllF0l400 
Pw~csr:P~Mf•GCCST SllFOJ410 
WRITE(6,2l31 fWFCST SMF03420 

c•••,••••••·••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••s~F~34JO 
C* FlN -_ ~'I!' S!T-Ui' CREW SIZE IPSETUP) AND COST (DSETUP) SIH'Ollf40 
C* SllF03450 

PSETO?=MTCT/(6000,•APnCD) S11P0)46n 
DSETU?=FSE'IUF•(W•6COu,+UISAlN+1250.•LCONSll•TCA8GOAXCHGll•TPERS•4.) S~FOJ4i; 
ilPl'IE (6, 2211) tSETUL' ,:?S ETll i? S!'H'G3480 

c•••••••••••••*••••••••••••••••••••••••••••••••*******•$+•••••••••••••• S~F0)410 
C• FIND CGS'I 'IC'IALS: DHl::<.'J: NONHCURRHG (CCIBR) 5'1!'03500 
C* DI BECT RECU6RI 11G (CDURC) S!H'03510 
C* INClRECT tlC':'iRECURF.lNG (CINCNB) S11P03520 
c• lNDIHCT SECURRI!lG :cINDI!C) S~F03530 
C• SllP'035qO 

CDIFNR='IOTALS 111) SllP'035~0 
CtlfRC='ICTALS(1?) SllF0356~ 
ClNDN~=C1SMf•S~FS~C+PWRCST+DSETUP+CeAD+THAB+PCH~D S~F03570 
CI~D~C=CtXS~F+WSU~ ~T~AIN+IRANSL•TPANSC S~F035S0 

ilil!'II:. (6, 225) cr:Hsr .. T)T'lHC,ClNDSil,::I:i;J!iC S:'IP03590 
c•••••••••••••••••••••I• ·•••••••••••••••••••ll••••••o•e•••••••••••••• S~F03600 
c• FINI: •oTAL F.ECU2P.lN<. AND NCNR£CUP.1UNG CCSTS (CBC ANC CNR). ;.No SMF03610 
c• ~SE CCST DISCOUNTING TO FIND Siil LIFE CYCLE COSTS (LIFCTC) SMf03620 
c• ~ND DISCOUN~ED AVERAGE SPS COSTS 'S?SCST) S"Fr16]0 
C• S!'\FOJ640 

CNR"'CiJJ.i-.!1f\+CrnDNR s;-iFOJ650 
C~C=CDifiRC+Cl~tf<C S~P~3660 
UISC~1=0. SMFOJ670 
lYRS=iPlX(~EARS) Sl!P03680 
JO I I=1,IYRS sn20J690 

7 OISCIVi.'=DlSCN'I• (1. •Ell•• (-1) SllPOJ700 
~IFCfC:CNF+CFC•CISCNT S~P03710 
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~PSCSl=LlfCIC/lEABS SRP0l720 
ValTl(6.226)llfCYC S~F037JO 
VP.ITE(6,227)SPSCST S~!Ol740 

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••SftFOJ750 
S~OP snFOJ760 

C*••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••**••••••••snrOJ770 
C• IOB~AT S1A1EttEH1S S~F03780 

C• SftP03790 
101 Ft&3AT(1Cf8.J) SftPOl600 
102 FCB!AT(A1,~A4,&3,7P8.J) SftF03810 
103 fOBl!AT (Sf8.1) SftF03820 
104 fCBMAT!8f8.0) SnFOl830 
105 FO&&AT(2CA4) SftF03840 
201 FCE~AT(1U1///3CX.'$S$$liSI NONliECUBSIBG COSTS SSSSSSSS 1 / SSFOJBSO 

+T32,'B & D 1 ,T44, 1 PiOCUl\InENT',T60,•TRAHSPO~T·.r78,'POVEB'.l92. S~F03860 
+'T07ALS 1 /) SftFOl870 

202 F01inAil1X,SA4,Al,7F15.0) SnF03880 
203 FO!illAT (1H 1///4Cl, •ssusus liECUF.PiliG COSTS JSUSSSS 1 // SftF.03890 

+TJl,'OPERA1ING 1 ,TSJ,~EXPENDABLES 1 ,T92, 1 1iEPAIB',f122,'TOTALS'/ S~F03900 
+713.'LABOR',14~.'P1iOCUPE5INT 1 ,T61, 1 T&AHSPCRT 1 ,T79,'LABOB 1 • SftF03910 
+T90.'PFCCU~E~E5T'.T105,'TBANSPORT 1 /) SftFOJ920 

20' FCliltA'I11X,~A4,A3,7F15.0i SftPOl9l0 
205 FORllA!(/10l, 1 'IC1ALS1 ,8X,Sf1S.O) SftP0391&0 
2Cl6 fOPrlAT{11Cl, ''I07ALS',8X,7F1S.0) Sl'IP03950 
209 FOiH'!A! (1H1,'TCTAL DIRECT NC.N-RECUl\RIHG COS'I =S',P12.0) SftP03960 
l10 fORllAT(' 'ICTAL &IP.ECT R~CURRI~G COST =$ 1 ,F12.C) SftF03970 
211 fO&:'IAT (1 1 ':OTAL DIRECT PRODUCTICtl llASS (ltG) =1 ,FlC.0) SIH'OJ980 
~12 fOhllAT (' 'IOTAL Diil.E.CT PilOtlJCTION FO•Eil (Ka) = ',F10.0) Sftf'OJSoa 
213 PORltAT (' 'IOT .AL Dil\i::CT PRODUCTION CP.£.W = '• 16.0r' E!OPLE') S!'lFOllOOO 
214 fCn~AT(/ 1 'IO'IAL S~f CFEW = 1

1 P6.C) Sl'IF01&010 
215 f0f.,AT( 1 CHEW TRANSPORT llASS = •,ra.o,• ltG, COHSUllABLB llASS = '• Sl'll04020 

+I a .o. • KG•) sruo"o 10 
216 rO?.~A~c· CREW TRANSPORT COST=S1 ,P11.o,• CCBSUllABLES COST=•.r11.0) Sttl~4Q40 
217 fOR~ATl/ 1 CREW 'IilAI~lN~ COSTS :S 1 ,F11.C) SllFCl&OSO 
~18 FOF.~AT(' SUPfCRT CRE~ WAGES =$ 1 ,Fll.0) Slll~1&060 
219 fO .. ~AT ,. r.C?lIIECUlil\IliG CuST OF NON?i'IOtUCTIOH S!!ll :$• ,P10.0) snFOl6070 
220 FOE~A:(' SUPfCRT EXPLNDADLES TBANS?C~T COS'! :S',P10.0) SftF04080 
l21 fCf.l\A'I (/' 'IO'IAL SllP MASS (KG) =' ,F11).0 SllF016090 

+/ 1 rc:AL seF EC•ER (KW) = 1 ,F8.0) SllPOQ100 
222 fOP~AT(/' S~f su~.OhT TPANS?ORT COST =S 1 ,FlO.O) SftF04110 
2,3 fG~ttA: ,. S~f ~UPPCnT PO~EF CCST =s•,110.01 SMF01&120 
224 F~aMRI(/ 1 S~TUP COSTS ~s 1 ,P9.0, 1 ro:. 1 ,PS.0, 1 ~EOPLE') S~FOQ1)0 
225 FOL~A?l///10X, 1 l!!!f£S$ DIBtCT COSTS: NONRECURRING =S',112.0, SMFOQ140 

+•, ?.~CUl\RING =S',f12.C//10X, SllP01&150 
+•SHHSU INDIRECT COSTS: NCNl\ECUf.~IllG =S 1 ,r12.o,•, RECOBRIBG •S•sr.P04160 

• +,F12.0) SftPOl&170 
226 FOFMA7 (//10t,'!!!i$J$$ SHF LIF~ CiCLE COSTS=S',P14.0) S~f0Q180 
227 lCP.~AT(/lCX, 1 1$$iii$$ DISCOUNTEt AVIRAGE SPS COST=S',Pl2.0) saP016190 
2ia F'Cf~AT(/ 1 HAOITA4 111\::;s (KG) : •.110.01 SMPC4200 

+• HA8l'IA'I 1-0WEii (KW) = 1 ,flQ.0) SllF04210 
229 FOh~AT(' h&D AND PROCURE~ENr COST CF HABIT~T ($) • •,r12.01 SMP01&220 

+ 1 Tl\AN!:POQl COST OF HAEITAT ($) = 1 ,P12.0/ SKP04230 
+ 1 :':-' 'Z:ll C<1.5T OP llABITAT ($) = 1 ,P12. 0) SBP011240 
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230 

2l1 

2J2 

23J 

2311 

110 1 

1102 

403 

404 

405 

406 

lf07 

1108 

409 

411 

"1 s 
"16 
1117 

"11) 

"19 

420 

FO~H~~(~5K.'&U!Y CYCLE~ '.Ff.~.' R~CUIBING '.F6.0.' MACHINES'• SllFOQ250 
•5X,'R&l:: S'.112.0) Sllf04~60 
FC~~ATi1H1///30X,'$$iSSJSS NCH~ECUERlllG COSTS (CONT.) SlSSSSSS•// s~ro~~70 

+T.:2, 'F & D','Illll.'Pli0CUrt.l'l~llr 1 .T60,'TEAllSPOHT'•T78.'POWER'.T92• SHF0'4280 
•''IOTALS'/) S~F04290 

f011PIATl1111///!!0X.'SUSSUS HCUl\llING COSlS (CONT.) SSSSUSS'// SPIF04JOO 
•431, 1 0PERAIING'.T5J,'tXPEllJAOLES',~92,'HiPAIR'.T122.'TOTALS 1 / 511!"04310 
•1JJ.'LADtR',14~.'PEOCUR~lliNf',T61,'TRANSPCRT',T79•'LABOB'• SllF04J20 
+T90,'PRCCUFE~ENT 1 ,T105.'TRAnSPORT'/) SllFOQJJO 

FChllAT ( 1111,T ]I), 'llUl!BER 1 ,T50, 'ltASS' ,Tb2, •rov~R· ,T70.• PBOCOREltEllT'. S:\P'OllJlfO 
·~84,'DU~Y ClC 1 ,T97.'f~r. IADCR~.T110.'PAR'IS 1 ,T117,'CCC'.~123,'LBC1 SHFClfJSO 
+/) SllF04)60 

FC!i:1AT (138 •' t>UlleEP '.':SO. ' .. ,::;5 '• T6 2, 1 POW!!\', T70, 1 PFOCORE5 ENT'• SllF Oitj 10 
+T84, 1 DUTY CTC',197.'hEP. Ll\llOR 1 ,T110, 1 PlRTS'.T117,•ccc•.T123,'LRC 1 SllrC113eO 
+/) S"FOllJ90 

P'CF:'IAT(1111,51X. 'SPilC[ 111\NUFAC'lURING FACILlTl 1 SllFOClllOO 
+/531,'LlNE IT[ll COSTlllG PilCGRAa' SttF01llf10 
+/SrJX,'Pl.I.l. SPAC~ SlS'IE:'S LAEORATORY' Sl\F041.120 
+///51X,' ll:rli':" Vr\Rl1\0l E SPc.CIFICA'IlCN'//20X,20All SllF0111f30 
+//1Cx,·s~F GLGlAL PA}A~~1c~3: 1 /) 51\FOQqqo 

fCh :'I i\T (' ( .\F CO TRAN:>POh1' COST ($/ICG) =' • F6.0, SllF01l1150 
+TSO, 'PERSCN~H Tli.~Nsro5T COST ($/Kl>) ,.. ,Fb.0) SllF0114b0 

FOl.'IAd' E'HLOAD HAC7ICN CN P:FSC!INEL SHIPS =1 ,F6.2. SllFOU470 
•Tc0,'1~A1Nl~G CUST (S/PEhSON) •',FS.0) S~FOQU80 

l'Oi\:1AT I' l'.}i::li 'l"RANSPCRT llASS (KG/!'ERSOll) :::',Fo.O, S'lf04490 
+150, 1 CbfW £01A'Il0N r AH (llMES/YUh} :::• ,Fb.1) SllFOU50J 
F'Cf~,\7(' lLlt WAGE (S/il!:I) = 1 ,t·1.~. S'lf')4510 

•1' ·,•ccr::.;ur.Hi.c:i Hull i;;ATE (ICG/l?cFSON-DAr) =•,F6.2) S:'IF011520 
t"C!~!ITI' :,d;fCRI ;'v'dltlf.H: f~C1CR ;•,rs.1, SMFOllSJO 

+1'50, 1 S.'IF C~:c.FA1.i:lN~.C. E'EiilOD (YRS) =•,ft>.0) SHf045110 
fO'IA:'(' ::,~~ !i(s,-.,'~UCTlCll llAS!> (1'u) =',FB.o. St!P'045SO 

•T'iC, 'SIU i.orFc~uc·10N PlHiER (Kw) :• ,ftl.0) SllF011560 
rcn1AT ,. SMf NCNi'l\CLlllCTICN .;oST ($) =•.ra.o. SllF01t570 

+lSJ, 'Sllf NOt'hO[;UCrION EXPE!ltABLES (ICG/Yli) "' ,F8.0) S:'lf04StH> 
t'JH1A7(' PC•:IPL.\:17 SHClFIC llASS (P:G/Kil) 2 '.P6.0, Stlf01t590 

+:so. 'PuWEi,i'LA\1 r:~CCUl:<E.'IENT COS! ($/(1;;1) =· .F6.0) Sllfull600 
fC:·.:'l;\: ,. NU:lt•H. GF r.ACl!lNES IN S:IF' =•,t>s.o. SllF04b10 

+T50, 'i'BCCIJCilCN tll'!lrS/'ffAR =',Fb.0) S!IFO&t620 
FN :iA:' (' ,\S_>UHi.Y Pt-.C'DUCTIVl'lY (l\u/P"ERSCN-llR) :• ,F6.1, SllF046JO 

•T'JJ, 1 cc .... 1 Cl!:C0UN1I~h; ll!.1E ;•,P's.ii S:'IFCt161lO 
:'t':·"!A7(1Hi//10X, 1 :iAUllN:O Pl'.l (C'l'IFCN:NT i'llllAllETEBS: 1 ) S:'IFQ!.1650 
h .~ M .' ; (ill , c .~ :+, .~ J, 7 F 1 ~. :::. , }. ( 2 X, !'). C) ) Sii f 0 4b 61} 

Fl·f-:i:,: (/1X,"iA~.AJ,7X, 1 L.\POH = ',l'A.J,7S:,'tXPfMD •• •.ra.3, SllF'Olt670 
•• ~u/11!' .n i',t5 .. l, 1 /KG COllFOIH'-1S .. •.rS.1) SllfOl.lb80 

t"C'l 'l A':" (H:l. ]) SPIF0tlb90 
tch:"IH(' DUH l.YCLE llUtTli'LHR = ',F6.J) SllF0tt700 
.:·cr.11,\7 I' H~t11TA7 :'\,\~·s (KG/E'El\SCN) = •.r1.o. SllFO&t710 

+i'~G. '"AfllT.\" E'l'wi::! (Klo/PH'.>ON) = ',Fb.1) SP1f0ij720 
F0:'\11:'(' o!,,:JlTA7 !i!;l> (.S~)-" '•F12.2, S:'IF047~0 

• ·n c , • 11 "1111 "1 Pr "I.'. :;r, :n N 'I < .£ / KG l = • • F 1. , l s 11Fo"1 "o 
t'Cl·:'\1\71' [d~ll, lt:V::L ',11, 1 = S',f7,0,'/KG 1 , S!!P'OQ750 

+lSO,'PhOCUR~::'IC.NT, LEYH 1 ,11,' = S 1 ,l'b.0,•;1CG') SllF04760 
t•o1nuT (' tiU:'IAN ::>UPERVISlOll (llll/Hll DOWN):., Sl!P'Oll770 
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+T20.'TllECPEBAtC8 BEfAIR a '•Pl.l. 
•t6o.•ca&VLEB/AUTOftATIC B!P&IB • •.r~.l) 

'21 FCillATlt20.'CiAWLEB/SCHECULED BEPLAC~"EHT • 1 ,Pl.J. 
+t60.•C&IVL!B/H011ll BEPlIB • '•Fl.J) 

'22 F08ftATCt20.•!AIOAL REPAIR·· 1 ,Pl.JJ 
•23 fOBllU V.1.1~1. 'ALL &BOU lllCllllllES Hlfl BUR COB&ECTED TO PORll '• 

+P6.0.• STBIPS BE!DED PCB SOLAB CEl.J. F&C?GBI DOTI CICLB OP 1 ,P6.4) 
ERC 

A12 

SllP011780 
SllP04790 
SllFOll&OO 
SllP048 10 
SllP011820 
SllP0118l0 
Sll701l81l0 
SBP01l850 



BASELINE S!lf CASE: l SPS i'llODUCEt/Y UB, AU't<lftlTlC RE.PUB OF SCP nACBIBEBY 
1. Joqo. 9. 377. 100. .25 • 1 .os .s 1. 
100. qSO. • 1 50000. 100. 4. 316 .34 • 03 2 • 20. 
2CCOCCO. 1000. 25. o. 10. 2000. 60. 8766. JOO. • 1 
500. scoo. .zoooo. 100000. ~o. 500. 2000. 10000. 
ftTHERllAl. BELT o. o. .005 1 o. 20. 21l6. ... 
CCOPPrn BHT , . 4000. o. 2. 99.9 1. 200. 
CflOTOB AND CR IVE 1. 1000. 20. 2. 99.9 1. so. 
CUD ROLL!:RS 2. ~o. o. 2. 99.9 1. 2.5 
C'IH!RllAL CC liTROL 1 • 200. 20. J. 99.9 1. 10. 
flDV CF AL REAR CON'IAC'f o. o. • oos 10 • 10. 246. 1. 
CEB GlJ!I 2. 20. J. 1 l. 99. 9 2. 1 • 
CPI LA MEN r 11 Au A ZIN E 2. • Oq o. 2. 99.9 J. . " csua nm ER 2. so. .o 1 J. 9'i. 9 

.., 
2. 5 ... 

CPANEL f Affl.ES 1 • . os o. 1. 99.9 .. ... J. 
CSHE BHP.LE • 1q 1. o. 1. 99. 9 J • 400 
CS IDE J;,\?fli GUIDE • 1tl 2.~ .01 2. 99.9 1. • 1 
CCCOI!NG SYSTZll 1. '2. .01 J. 99.9 2. 1. 
flDV OF SI A!IC l?-DCPAllT o. o. • oos 20. 10 • 2116. a. 
CES GUN 20. 2 s. 7.3 J. 99. r. 2. 1.25 
CFIL,\MENT ~~G.'.ZINE 20. .04 o. 2. 59.9 J. •II 
CSL AB f ElDEH LO. 60. • o 1 3 • 99.9 2. J • 
CPAHL BHFU.S 4, • 25 o. 1. 99,9 3. eo. 
CSIDE 8.\ffLE • 29 1 • I.. 1 • 99.9 3 • 160. 
CS IDE OAFl'LE 1,;UlDE .29 2.5 .o 1 2. 99.9 1. .is 
ceoac i. lC:l IHiAtl:Ui ~ f). 25. 1.75 3. 99.9 2. 1. 3 
CCOCLH:; SYS'::::!:! 1. 360. • 15 3 • 99.9 2. 18. 
!!PULSE 6EC6YS7ALLIZATICN0. o. • cos 1 oo • 1 o. 246. l. 
CEB GU to ., 10. 1. 8 ]. 99.9 2 • .5 
CPILA~E~C 11;\GAZINI! 2. • 011 o. 2. 99. 9 J • .2 
CCOOLl!IG :>Y5TE:I 1. 211. .oce ) . 99.9 2. 1. 
PISC AN 6:::CSY51aLlIZA'IICN o. o. • oos 1 oo. 1 c • 2116. J. 
CfB GUS 2. ~. • 6 3 • 99.9 ;> .25 
l.:PILA?IENT l!AG.\ZIN~ ... • 011 o. 2. 99.9 2 .12 ". 
CCOCLI~'.; SYS'a:'I 1. 14. ,OOJ ) . 99.9 2 .1 
IHf-DOfBT I~PLi\NTATICN 0. o. • co 1 10. 200 • 24uo 1. 
CPHOSPH. iGN IMPLANTER 2. 25. 1. 7 5 J. 99. 9 2. 1. J 
!UN Ill: ~L o. o. • oos 1 o. 10 • 2116. 3. 
CEB G!JS 2. s. . " J. 99.9 2. • 25 
Cr'lLAMES7 ~A'.;AZINE 2. .04 o. }. . 99.9 J. • 12 
CC.:OCI.H; SYS':...:~ 1. 14. • 001 J • 99,9 2. .1 
II D V 01' AL filCN! CC NT ACT o. o. • o 5 10. 10 • 2116. 9. 
cm GllS ... 10. 1, 6 3. 99. 9 2. • 5 
CFlL'~~~T ~ \GAZlSE 4, • 04 o. 2. :.9.9 3 • .16 
CSL AO ftL:)EP. 4, so. • 01 J • 99.9 2. }. • 5 
C!I.\ sr: 2. 300. o. ]. 99.9 J. 15. 
CllA:.>K l;IJ l :1 f. f, RCLLOI? 2. 250. 2. J. 99.9 1. 12.s 
CPA1i£\. llAFF L!S 2. .0:5 o. ' . 99.9 3. 2. 
CSID!: UHf I.E • 29 1 • o. 1. 99.9 J. 20. 
CSI OE IJH'l'L I: uUIDE • 29 2.5 • o 1 2 • 99.9 1. • 13 
CCOuLlN ,; SYS:..:~ 1 • 30. • 006 3 • 99.9 2. 1. 5 
ftPl'CNT CCNT1\rT 5l llH:J;ING0, o. ,005 1 o. 10. 246. .1. 
c !ll GUN 2. s. • 2 J • 99.9 2. .25 
CFILAr.ENT llAGAZ.INC: 2. • 04 o. 2. 99,9 J • .12 
CCOOLlSu Sl'STE!! 1. 14. • 001 J • 99.~ 2. .7 
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. •CELL CiOSSC\IT o • o. • oos 10 • 25. 2116. •• ·.USER 1. 20. 2. 5 l. 99.9 2. 1. 
;11. LA:tP IUGA:&IH! 1. • 1 o • l~ 9q.9 3. .2 

.:GUID!: llOLUIS 2. • s o • 2. 99.9 2. .01 
CSBllLD 1. 1. o. 1. 99.9 1. o • 
eCELL IITEBCCINECTICI o. o. • 001 20. 1s. 2116 • 7. 
CILECT~ C STA TIC llElD~ll 1. 10. .. 5 l. 99.9 2. .s 
\':IllTEBCOlfN £CT FEEr.li 1. 20. 1. l. 99.9 2. 1. 
CIBTE!CCNHECT BOLL 1. 15. o. 2. 99.9 l. • 75 
C:SllSOES 2. .1 • 1 l • 99.9 ... .01 
'VllIABLE SPUD I Cl UBS Cl. .8 • 1 l • 99.9 2. .2 
' llOTO& UD 'IUCKUG 1. 10. 1. 2. 99.9 2. .s 

.;uioE l\OLLE.SS ... • 5 o • 2. 99.9 2. .01 
'DV 5102 OPTICAL CCVE8 o. o. • o 1 100 • 10. 2•6. u. 
· fB GOS JO. 25. 7. J. ~9.9 2. 1.25 
1'.FILlftE Nt l!At>UUE JO. • 011 o. 2. 99.9 3. .... 
CSLA9 FHD.Eii JO. 60. • 01 l • 99.9 2. ). 
C!ASU!Hi DEVICE 1. 'so. 1. l. 99.9 2. 2.s 
CT-S'IF.IP !!ASK PACUGB ·1. 5. o. 2. 99.9 J. • 25 
C JlfliU DISP!:hSEB f). 5. .01 1. 99.9 1. .25 
crun BAHHS 6. • 25 o • 1. 99.9 J. 80 • 
CS I CI BUF'L?: • •13 1.0 o. 1 • 99.9 J. 160. 
CS IDE 8.\l'Fl.E GUIDE • 113 2. 5 .01 2. 99.9 1. .13 
CSOF'I SU~FACE BIL1 1 • 3000. o. 2. 99.9 1. 150. 
C!h:'TOR DHV:: 1. 1CC. 15. 2. 99.9 1. JS. 
CEl!ID !lOtLI:RS 1. 100. s. 2. 99. 9 1. s. 
CCOOLlNG SYSTElt 1. 550. .25 l. 99.9 2. 28. 
!DY OF SI02 SUBST&A'lE o. o. • 01 10 • 10. 206. 1 l. 
CEB GUN 20. 25. 7. J. 99.9 2. 1.l 
CPILAllE!IT llAGAZIHE 20. • Ott o. 2. 99.9 3 • . "" c~ue F uo;:e 20. 60. .01 3. 99.9 2. J. 
cu:icn.; Di.HCP. 1. so. 1. l. 99.9 2. 2.s 
C'I•S:BIP 11ASf' l!ACKAGE 1 • 5. o. 2. 99. 9 J. .25 
conr;u o:s ... aS.Eil 4. s. .01 1. 99.9 1. .25 
CP .. tlf.L DAHL.ES 4. • 2s o. 1 • 99.9 J. 80. 
csroi: B~Fl'LE .29 1. 0 o. 1 • 99.9 J. 160. 
CSlDf DAHLE GUIDE .29 2. 5 • 01 2 • 99.9 1. • 13 
CS•1F'I sui;f ACE BEL'I l. 2000. o. ... 99.9 1. 100 • '• crw·:o P. Dll:;;Vt: 1. ~oo. 10. 2. 99.9 1. 25. 
CE ti) !\OLLER 1 • 100. s. 2. 99.9 1. s. 
CCOlll lNl.i !iYST~1' , . 111)0. .15 J. 99.9 2. 20. 
flPA ;t;l AL.IGN ~ INSf'.i'I o. o. • 001 20. 15. 246. 7 • 
CACCH ERATO(; REIT 1. 70. s. l. 99.9 1. 3.5 
CYAR!AllLE Si?H"· 1CUEBS 32. .8 • 1 l • 99.9 2. • 011 
Cl'ANl:L !!E!'1o:•u 2. 25. .1 2. 99. 9 2. 1.25 
CPA NH I:ViL .:R 1 • 25 • • 7 2 • 99.9 2. ! .25 
CHNEL II• ~1-.ii J. JO. 1. 2. 99.9 2. 1. 5 
CSENSO!iS 10. • 1 • 1 l • 99.9 ". .01 
CGtJlD. llCLL:;liS 60. • s o. 2. 99.9 2 • .OJ 
lll'U :. I NT EltCON N EC'IION o. o. • 001 1 o. 15. 246 • 7. 
Cf' t'C rli GS TAT IC WE.LDEB 1. 10. .5 l. 99.9 2. .s 
C~r.TE~CCNNECT FEfD?S 1. 20. 1. J. 99.9 2. 1. 
INT£.lC~HNECT RCLL 1 • 1 s. o.· 2. 9q.9 J. .75 

.S!:NS.lllS 2. • 1 • 1 l • 99.9 q. .01 
CVABl1BL2 SPEEP hOlL!BS ". .e .1 J. 99.9 2. .oo 
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CllOTOR 1. 15. !. 2. 99.CJ 2 • .75 
CG!llCE ROLi.iRS "· • 5 o. 2. 99.9 2. .Ol 
ltlONGlTUDUfAl COT o. o. .CO'i 10. 25. 2116. ". CLASE£ 1. 20. 2.5 3. 99.9 2. 1. 
CIR. LA~P !UGAZillE 1. .1 o. 3. 99.9 3. .2 
CCU IDE f"1LL:.:BS 2. .s o. 2. 99. 9 2. .03 
CSHIHD 1. 1. o. 1. 99.9 1. o • 
llKAPTON TA Pf AP PL IC UlCHO. o. • 001 20. 15. 246c 1. 
CSTA'!'IOSARY TAPfB .93 .s ·.5 2. 99.9 2 • .OJ 
CSTATIO.HRY TAPE RH Ill • 9.3 • Co o. 2. 99.9 J. ti]. 
CCROSS T.\PEB .01 2.S .s 2. 99.9 2. .1l 
CCPCISS TA?E O.EFILL .07 .06 o. 2. 99.9 J. tiJ. 
cson ROHER 1. 57 .os o. 2. 99.9 2. .01 
CGUIO~ fiCLLt:liS a. • 05 o. 2. 99.9 2. .o 1 
CCPOSS TA?i: llOTCl! • iJ 1 s. 5. 2. 99.9 2. .2s 
l!ARllU StG. FOLD & PACK o. o. .oo 1 10. 15. 2116. s. 
CCOID! f.Oll!:RS 11. .os o. 2. 99.9 2. .01 
CYEtnlC.U tf!"LECTORS • 01 2 • 1. 2. 99.9 1. • 1 
CBOl AL I liN r.F.NT .01 JO. 4. 2. 99.9 1. 1.5 
CBOX UB:.Ll l!IG .01 .5 .01 2. 99.9 4. •OJ 
CTFAILlNu HGE GU IDE .01 5. .o 1 2. 99.9 1. .2s 
l!T EU C? E F' 7 0 o. o. o. 100. o. 2. 2. 
CT!L.EO? ~ti \TOI\ 1. 750. 10. 4. 90. 5. 75. 
CCONT!.'!OL STATICN 1. 600. 10. J. 99. 5. 60. 
!IC RAWL:; E Sl S°:El'I o. o. .01 so. 20. 1. 6. 
CS'I'f;')CTUf.Z: .\NO DB IVE 51.l. 1500. 20. 2. 95. s. 150. 
C'I f.AC KS 142. 2500. \). '· 100. 2. o. 
CCOK': fO L :J~llrS & SENS01iS54. J IJ. 5. 4. 99. s. 1.5 
CCC:'IPUTEr HHl:WABE s~. 10. . ' 4. 99. s. 1. 
c1u:; I ~li L .\7C RS 216. 250. 3. 3. 99. s. 12.5 
CCC!IT RO l C~ tiTER 1. 3000. 20. J. 99. s. JOO. 
ftZONE ~t::rs::s o. o. .01 100. 20. 60. 12. 
CINOUCT :c;i; COIL lQ. JS. 25. J. 99.9 s. .s 
CGAS Jt7 iU SG & POl!P 11). , 0. 1. 3. 99. 9 s. • 2S 
CSlA!J ClA~PS & On IVE 1. 150. .2 2. 99.9 s. .s 
CH.\~JLIUG EOUI&>:'IENT 1 • so. .s 2. 99.9 s. 2.5 
CACTlVE CCC. t. FOR CCilS 1 • 20C. • J 2. 99.9 5 • 1.5 
CRA l:lATCf 1. JJ. o. 1. 100. s. o. 
CPl\ESS. COi> :r. s AIRLCCK • 16 7 ~ooo. o. 2 • 99.9 s. 2.S 
UD CU7TE~ • 067 iio. 128. J • 99.9 s. o. 
CCOCLJi1,; :or. i::J GUNS .067 100. .1 2. 99. s. o. 
CPACKl~~ CCSTAIGEHS 2. 2. o. 1 0 99.9 s. o. 
Cll~G!li7:::t: C• !li"AIN,E!II 10. JO. J. J. 99. 9 s. o. 
c .. cr iv:: COOL FOR A •. GCN • 167 3 0. 1 • 2. 99.9 s. o • 
3!':.\Sll ClU~UP DEVICE o. o. o. 100. o. 25. 4. 
C~ASK T d\ !:A DEF.. 1. 10. 1. J. 95. s. • 5 
CCLEAtO:.Jt' i.JI-0.'illl;S .:; DB1YE10. s. 1 • 2. 99.9 s. s. 
CGAS CIEC:JLATtCN l'llllP 1 • 10. !i. 2. 99.9 s. .s 
ce&RT Icl.:: Flii"C:R St STEii 1 • , . o. J. 9'1. s. 300. 
II CV CF l ti i: HCONNEC'IS o. a. .oo 1 10. 20. s. 8. 
CE8 GUSS 10. ;; 5. 314.1 J. 99.9 s. .411 
Cf ILA IE NT llAGA<.INf 10. • 04 o. 1. 100. s • o. 
CSLAI! FHCHS 10. 51). • o 1 J • 99.9 s. so. 
CBAPF LE:i 4. 1. o. 1. 100. s. 970. 
Cl!OLL llINOiliG EQUIP It ENT 1. so. • 1 J. 99.9 s. o. 
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CSlDE BAFFLE GOIDE 2. 25. .01 2. 99.9 5. o. 
CBELT '· 11100. 10. 2. 99.9 s. o. 
CCOOLillG SYSTZ:t 1. soo. 1. 2. 99.9 s. o. 
BLIOUID AL PIP!llB! o. o. o. 20. o. ... l. 
CPIP! SEC'IICNS 13. l. o. 2. 99. s. l. 
CPIPE JOINTS 11. • 5 o • 2. 99. s. .s 
CEii PU:SPS 7. 10. .01 2. 99. 5. 1. 
BlBOll PlPELillE o. o. o. 20. o. 1. l. 
CPIPE St.CTIOR s. 10. o. 2. 99. s. 10. 
CPIPE JOJH'!S J. 1.s .o. 2. 99. 5. 1.s 
CEii PU:S? 2. 10. .001 2. 99. s. 1. 
BlL ALLOtllG POBRlCB o. o. o. so. o. l. '· CCASillG 1. 1so. o. J. 9S. s. 150. 
CCOILS 1. 60. 1150. 2. 95. s. o. 
CB1DI1T08 & PIPING 1. 1000. 10. 2. 99. s •. 10. 
CCOMTBOLLEB 1. c .1 3. 99. s. o. -· 1111\0N ALLOIING lUBNACE o. o. o. so. o. 1. '· CCASlNG 1. 150. o. 3. 95. 5. 1so. 
CCOilS 1. EO. 11SO. 2. 95. 5. o. 
CBADllTOB & PIPIHG 1. 1000. 10. 2. 99. s. 10. 
CCOHTBOLLt:B 1. 5. • 1 l. 99. s. o. 
llCOBTillUOUS CAS'IEB o. o. o. 20. o. 2. s. 
CllOLD 1. 1Cll. o. 3. 95. s. s. 
CPLOID 1. 100. o. 1. 99. s. s. 
CPIP IllG StS'IEl'I 1. 150. o. 2. 'J 'l. s. 7. 
CPU!tP II. 10. 20. 1. 99. s. 1. 
CBAD.IATOa 1. 500. o. 1. 100. s. o. 
llAL SlAB CU'ITER o. o. o. 1 o. o. 2. 3. 
CEB GUN 1. 10. 20. l. 99. s. 2.s 
CFOCUSING 1. 15. JO. l. 99. s. o. 
CIB GUN TC.ACKING 1. 25. 1. 3. q9. s. 1.l 
UL D It CAS'IEB o. • 2s o • 20. o. 1. "· CPI ST ON &:ID CHUDEB 1. 15000. 7!:. 2. 99. 5. 750. 
CflOLD:i 19. 1000. s. 2. 99. s. so. 
CACTIVE COOLING SYSTEll 1. 1000. 60. 2. 99. s. so. 
CBA.CIATOl.S 1. soo. o. 1. 100. s. o. 
llFE DH CASIC:R o. • 2s o. 20. o. 1 • '· CPISTC!f AND CUA:SDEF 1. 2000. 10. 2. 99. s. o. 
CltOLDS 1 • 1000. s. ,. 99. s. o. 
CACT IVE cco1rnG srsus 1. 100. a. 2. 99. s. o. 
CRADIATO& 1. so. o. 1. 100. s. o. 
llTFAN~FO~llER CORE ClSTEBO. • oq o. 20. o. 1 • J. 
CCAStfR 1. 1coco. so. 2. 99. s. soc. 
CACTI VE COOlING St STU 1. 1000. 60. 2. 99. s. so. 
CllADlATCR 1. 500. o. 1. 100. s. o. 
ft&OLL I:lG llil L o. o. • 01 1 o. 20. 1. 6 • 
CBOUGHING s::A:io 1. 105000. 225. 1. 95. s. 1000. 
CSLAD CCCLING SYSTEM 1. 11)000. 5. 2. 95. s. soo. 
CRADIATOR AND PUllP 1 • 1Ci0. 10. 1 • 99. s. s. 
CHANCLING & CC:lTRCL 1. 2000. 10. 2. 95. s. 100. 
CFINISHING STAND 1. 10000. 150. 1 • SS. 5. 1000. 
CPBEltUT SYSTElt 1. 100. 10. 2. 100. s. s. 
SEND TRI~/WELD/&OLL WIND2. o. o. 10. o. 2. 7. 
CEB END TBir.l!~li 1. E. 10. l. 99. 5. . .... 
CPOCUSING & &E.f'LECTIOlll 1. 2. l. l. 99. s. .s 
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CES Hl.DER 1. 2. 1. J. 99. s. ..... 
ClCTIV!: CCOUNG SY STEii 1. 111. 1. 2. 99. s. o. 
CBOLL III R!:!R 1. 500. so. 2. S9. s. 25. 
CTEPLCI FILI! BOLLS 3000. 280. o. 1. 100. 5. 5. 
CBllDUNG EQOIPURT 1. 100. s. 2. 99. s •. 10. 
BSHEC:": TliI!lllEB o. o. o. 1 o. o. 1. r;. 
C!B CUTTr:ES 3. 6. 10. J. 99. s. ·"' C!'OCUSING & CEPlECtlOB 3. 2. 3. l. 99. 5. .s 
CBl!DLING IOOIPllElt 1. JO. .1. 2. 99. 5. 3. 
ClC~IVE COOLIIG StSTEft 1. JO. 1.5 2. 99. 5. o. 
llUDrOM SLICER o. c. o. 10. o. 1. '· CBOlll?IG STUD 1. 70000. 22~ 1. 9~. 5. 1000. 
CHAHDLIHG EOUIPB!IT 1. JO. 1. 2. 99. s. l. 
CSPOOL WINDER 1. ~o. s. 2. 99. 5. 5. 
CSPOOLS 100. 2. o. 1. 99. s •. o. 
8BI ODON TB Ift!IEB o. o. o. 10. o. 1. 3. 
CED cur•~& 1. 8. l. l. 99. s. . ,,. 
ClOCUSING & DEPlECTICH 1. 2. 1. 3. 99. 5. . .s 
CRANCLING EOOIPllENt 1. 20. • 1 2. 99. 5 • 2. 
!lSTBIATOli o. o. o. 10. o. 1~ 1. 
CSTBIATCR 1. 20000. so. 1. 99. s. 1000. 
llFCBl't BOLLER o. o. o. 20. o. 1. • .. 
CEB cur-::c.n 1. 7. l. 3. 99. s. ·'" CPOCUSING & DEFLECTION 1. 2. 1. l. 99. s. .5 
CFOR!! RCLLER 1. JOO. 30. 2. 99. s. 150. 
CH&NtLIN~ EOUIP~E~T 1. JO. 1. 2. 99. s. 1. s 
111usrac N F. AD. ASSEl!El.I o. o. o. 20. o. 7. a. 
CED II ELDEf. li9. J. 1. l. 99. 5. • 411 
CFOCUSISG & tEPI.EC'IIOli li9. 1. • s J. 99 • s. • 15 
CSH:EET l!AGAZINE 2. 10. • s 2. 99. s • .s 
CSHfET TRACK & TBA,SPOBT6. 10. • s 2. 99. s • .5 
CPIPE !'!Al>. & TBAllSfCBT 6. 10. • s 2. 99. s • .s 
Cl!IBBCN :SAG. & T&ANS. 6. s. • s 2. 99. s • .3 
CPIPE SEGl!ENT 8£110£5 6. 30. 1. 2. 99 .. s. 1.5 
CPIPE flBIJCN DENDEB 6. 15. • s 2. 99. 5 • .75 
llDC-DC CCNV. P&ODUCER o. .2 80.8 1 o. 100. 1. 2. 
CCOOlANT CHA NNEl D6Il.L 1. 2000. 2. i. 99. s. 200. 
CllINt1NG MACHitt~ 1 • .2000. • s 2. 99. s. 100 • 
8lUSUlATICN WIN~E& c. o. o. 1 o. o. a. 1. 
CIN5UL~!IC~ WINLEfi 1. 500. 2. 2. 95. s. 25. 
!IGUSS FI iJE.tf. PhCiCOCEB o. o. o. 10. o. 61. 7. 
CPlATINUH &LLCY TUBE 1. liO. 8. 2 3. 9S. s. o. 
CPIS'ION & CYLINDER 1. 100. o. l. 99. s. 5. 
CCA.5 ;>rJ llP 1. JO. • s 2. 99. 5 • 1.s 
CGAS CY LI SD EH 1. 45. o. 1 • 99.9 s. 2. 
CSPCCl 6. • 5 o. 1. 99.9 s. .OJ 
CSPOCL :'!O':OR 1. 10. • 1 2. 99. s • • 75 
CSPOOL THfifADZR ". 10. • os J. 99. s • 1. 
eoc CCNV. RAt. ASSE"BLY o. o. o. 2(1. o. 1. 6. 
CEB 11 HDl'.11 20. 2. 1. 3. 99. 5. .44 
CFOCUSING & &EFIEC'IICN 20. 1. • s J. 99 • 5. .15 
CSHU i. :1AGAZIN1:: 1 • 15. 1. 2. 99. s. .75 
c;TBACK & TEANSPCRT 1. JOO. s. 2. 99. s. 1. 5 
CPIPE S[G~EN! l!AGAZI~E 9. 10. • s 2. 99 • s. .s 
CllA~IPOlD ASSEl!BLEB 10. ~o. 1. 2. 99. 5. .5 
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llLISUCR PUNT o. o. 500. 100. 25. 1. 1. 
CIL!STSC N PLA!I! 1. 305000. 40000. 2. 80. s. 15300. 
IGtlSS lCllSIN:> FACT".·.'!'! o. 1. 17. so. 1. 1. ]. 
CfOlltf'R IUU9 1. 75000. 35. 2. 90. 5. 7500. 
C'fH!!llAL CCMTBOL OHIT 1. 850. 80. 2. 99. 5. 17. 
CllOlD 1. 21000. 1000. 2. 90. 5. 1000. 
llFOlftED GLASS CUTTER o. o. o. 10. o. 1. ... 
CEIGBT eUDE SAV 1. 1700. s. 2. 99. s. o. 
C~WERTY BLAD? SAW 1. 4000. ·12 •. 2. 99. s. o. 
CHlBDLlHG EOUIPftEHT 1. no. s. 1. 99. 5. o. 
CIE&f Bl~UY1L StSIBll 1. 20. .s 2. 99. s. o. 
BSHEET CUtTIB & SlCTT!B o. o. o. 20. o. 2. J. 
C1lSEB 111. 11000. 10. l. 99. 5. 75. 
CBlOil:OR AND PUftP 1. 20. 1. 2. 99. 3. 1. 
CCOBVEYCB BELT SYST~ft 1. 170. 5. 1. 99. 5. 5. 
BPCAftED GLASS S:tOCTHEB o. o. o. 20. o. l. J. 
CSllOOTHING l\SEB 2. 4000. 10. l. 99. 5. 75. 
CBlDllTOP. 130 EUftP 1. 110. 1. 2. 100. s. 2. 
CCONVEYOk BELT SISTEft 1. 210. s. 2. 99. 5. s. 
ftVlVEGUIDE DY Cf ll o. o. o. 10. o. J. 5. 
CIB GUM s. 17. n. l. 99.9 s. ..... 
CGUH COOLING SYSTEft s. 20. • l 2. 99.9 s. o. 
CSLAD PHOEii5 s. so. .01 l. 99.9 s. so. 
CBlFPlE3 If. .25 o. 1. 99. s. 15. 
CBEL~ & COOLT~G SISTEft l. ~ou. 2. 2. 99. ~ s. o. 
!!UV£GUIO~ ~ • Kl\GEB o. o. o. 10 o. J. J • 
CHlllllLIN\i EOUlP:tEllT 1. 100. s. 3. 99. s. s. 
CVAVEGUI~L RAC~S 850. 10. o. 1. 99.9 s. 250. 
COOALITY CCNI501 1 • 50. s. l. 99. 5. o. 
ll'llVEGUIOE JSSEnBLU o. o. o. 20. o. 12. ... 
ClSSEllBLY Ai!lS 8. 10. 1. l. 99. 5. 25. 
CIH!HlIOR GUIDE 2. 15. o. 2. 100. s. o. 
CLASE ii ... 4000. 10. 3. 99. s. 75. 
CBlDIATOh AND PU~P 1. 80. ... 2. 99. 5. ... 
ISPE&SCt;NEL DO<.:Kllhi l!ICB.O. o. o. 10. o. ". 1. 
CDOCKING ~ECKAN!Sll 1. 1000. 1. 2. 99. s. so. 
ftPBISSUEIZED TUNNEL o. o. o. 10. o. 2. 2. 
CTHE TUN?i~l 1. 5000. • 1 2. 99. s. 250. 
CAIHCC&\S s. 5000. • s 2. 99. s • o. 
ftCll\GO :>CCK:rNG IHCH. o. c. o. 20. o. 2. 2. 
C~ElEH!ICN LlrCHES "· 100. • 1 J. 99. s. s. 
CSTP.Ul:TURC: & DAllPING . 11Hl0. o. 2. 99.9 s. o • •• 
!!LOAD-UNLOAD ~l\HIPULATOBO. 1. o. so. o. 11. 2. 
CIUN HULATOR AIHI 1. ~coo. 10. l. 95. s. 250 .. · 
CCliEW OPERATING StATICN 1. :tooo. 1. l. 99. s. 100. 
ft3AGNETIC TRANSPORTER o. o. o. so. o. 130. ... 
Cf'R AiH; 1. so. o. 1. 9q.9 5. 2.5 
CHIGh PER~EAalLIT1 PLOG 4. 6. o. 2. 100. s. o. 
(.'rt;FLCN SICIDS a. 1. o. 2. 99.9 s. .2 
r.conu NER 6. JO. o. 2. 99.5 s. 1. 5 
ftTRANSPORTEB TRACK o. o. 0. 10. o. 1. ... 
CT RACK If. 9000. o. 1. 99.9 s. 90. 
CftAGNL~lC O~IVERS 1280. JO. .O\ '1. 99.9 s. 1.s 
Cl!OSSCl'.nS 2. 115000. o. 1. 1000 s. o. 
CBOUtING CONrBOL 1. 2000. 10. l. 99. s. 100. 
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IIITERIAL SlORAb~ DIVICEO. o. o. 10. o. a. l. 
CBODf & CCNtBOL CI.6CUIT 1. 200. 1. 2. 99. s. 10. 
CCOlllTUUR TOHES s. JO. o. 2. 99. s. 1. 5 
CPUSB ARIS 1. 150. 1. 2. 99. 5. 7.5 
!BEPlIB 1UT0511CHS o. o. .001 100. 20. 42. 1. 
ClOtoftATlC REPAIR D!VICE1. ao. ·s. 4. 80. s. o. 
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N 
0 

SPACE !ANUIACTUtING IACILITY 
LJNE ITEK C051ING PROGBAN 

11.I.T. SPACE SYSTE!S LABCHATOBY 

INPUT VARIABLE SP£CIFICATlON 

HAStLIN! ~ftP CASE; 1 SPS PBODUClD/YEAP., AUTOllATI~ REPAIR Of scr !ACHIHEBr 

S~f GlOtaL PAIA~E1i6S: 

CAbGC ,~A~ScC.~7 CO~T 1$/Ki.l) = 100. 
PAYLOA~ fn,LTICN O~ PL~SCNHLL S"lfS s C,10 
C~EW ~P\ll!i[(.,.: ll~SS (r.G11'tl !jClfl " too. 
C&l;.11 •l'.il (l/lln " Jll. lli 
:;oeFCrT \.OVEfhi:AC Fac:oh = .LO 
Sl!F !IC hi, l::JtJC.TlCil !lflSS 11;1;1 =lCCOCOO. 
S~f' t.ctlrA.LU;IILN C.LS~ (i) " ;!S, 
P<iol!.l·?L\ '•l sr-::1:1 ~IC 11ASS IKG/Kll) • 1c. 
~U~D~& Cf ~'CllI~£S IN s11r = 60. 
ASS~~flLY "" CJU.:TlVlTY (KG/HRSCN·Hfs) • 300,0 
tuur:i.:- :1\SS (l'.;/?filS'JH) = 30140. 
lllBl'L\T [,.;o lilll = l7b'J':l'J'Jlb, 
S&D, LEV:L 1 i SJll,/Ki.l 
~ & 0, l l ~. L 2 = $ SIJ 00, /K~ 
1'&0, LEhL l = i lCl)CO,/K~ 
f&D, lLV!L ~ ~ JlCOJull.1~~ 
uu"A:. su1:1.u:uc:1 (111•/llh cc.~11: 

T L~L~thATOk BlPilk • 0.250 
L AWLlt/SCttlCUlfD RtPLACE~~lf 
" ~UAl ~EPAin • 1.tco 

CUT1 CY~LE ~ULtlPLl ti • 1,000 

P~65UNN~L 7~ANSPOHT cost (S/KG) • 450. 
Tl! UtllHG C05T (;/['[[15CN) "' 50000, 
C lit>/ l1vl'AT1011 ~AU (Tll!LS/YfAll) "' 11,0 
COMSUKABLIS flOW RAT& (KJ/PE~SON•tAt) • 0,83 
!iPlf Ol't:IUUCJHAL Pl.lllOD (YRS) c 20, 
Sl1F tlCNrro:JUcTICN PClltR (KW) " 1000. 
S!!f HlHPl<O.iUC'llON l::XPLtlOAUU..S (KG/YR) ,. 0, 
PO~~•PLAhT P•OCU&lPlkHT CCST ($/KW) a 2000, 
PROOULTlOH hDUHS/Y~Ah • ij76b, 
COST tl~C.OUHTIHG &ATE• 0,10 
llADlTAr l'OW~P. (Kfl/P!f<Sl.)11) • 9,0 
lffllll1'AT r;.c.cu1·11U:T ($/KG) .. 100.0 
~hLCUGf~!NT, LEVEL 1 • S 50,/KG 
PkCCU~lPl~MT, L£Vtl 2 • S 500,/KG 
P~CCU~~~iNt, L'VtL J • t 2000,/KJ 
Pr.LCUklPIL~T. LEVEL 4 D S13C00,/KG 

CH\WLtU/AUTCPIATlC UEPAIR • 0,100 
O,JS~ CkAllL~h/llU~AN H~l'AJR • 0,500 



~ACHllE A•D CCIPCIEllT HUU:'UBS: 
MUllE !8 1115! POUR PIOCORHElf DllH ere lll'o LIBOI PIHS CCC LIC 

THERll.U erLT 1.APC& c o.o £1l'£ND. • 0 ,005 Kr./lfF lT I 20./llG COllPOUUS • 10.0 

COPP!:B JELT 1-00 qacc.oo o.o 1030316,&l 99,90 0.25 200.00 2. 1. 
110..-ot lND EllIVl 1.00 1000. 00 20. 00 257579,12 59090 o.2s so.oo 2. 1. 
UD &OLLUS 2.00 50.00 o.o 11607.11 99.90 o.2s 2.so 2. 1. 
'S'il2P.ll~L Ct ITl'OL 1, 00 200.00 20.00 20606J,J7 99,90 0.25 10.00 l. 1. 

DUTf CICll • 0 .'.i'JlO llEQUl Bl NG 21f6. IUCll111£S &&D • I 39250000. 

°' or AL RUH CONTACT UBOB • o.o EXPEND• "' o.oa5 KG/1111 AT I 10./KG COIPOll!ITS • 10.0 

£11 GIJll 2.00 20.00 J.10 18511. ,., 99.90 o. 10 1.00 3. 2. 
Pili!~N~ ,lGAZillE ;.oo o.oq o. 0 9,29 9':1.90 0.05 o.oo 2. J. 
SUB fEEDE~ 2.co 50.1)0 0.01 116 .. 28,(,8 99, !.10 o. 10 2. 50 l. 2. 
?1!1£1. BAHi.ES 1.00 o.os o. 0 ,, 29 99.90 o.os o.oo 1. J. 
Sli.1£ BAFfLE. 0, 1q 1.00 o.o so.co 99,99 o.os o.os 1. J 
SID[ 81f1L! GUIDI o. , " 2. so 0.01 U'l0.00 99,90 0.25 o. u 2. '· QOLl!IG SYST!ll 1.GO 22.00 0.o1 22666,97 99,90 o. 10• 1.10 J. 2. 

DU'U CfCl! "' O. '.i'.illO litOUlRIHG 2116. llACllXNES ll&D • I , 11i5l22•. 

DY or Sl Ull P-CCl'AllT LU08 • o.o !IPl:llD. • 0.005 KG/HR U' • 10./KG COlll'ONHfS • 20.0 

):a 
N en GU!! 20.00 25.00 l.30 1&4311.SO 99,90 o. 10 1. 2S J. 2. 

flU!!!::P'T :UGUlN! 40.00 O,Olf o.o 6.57 99,90 o.os o.oo 2. J • 
.iUB iLt.D!':u 20.00 60.00 o.o 1 3914•'2.llO 99 •• o o. \Q 3.00 l. 2. 
PAK EL OU ~Ll S 41.uo o.2s o. 0 s. 2 l !19.90 o.os 0.01 1. 3. 
SID! UffLf 0.29 1.00 11.0 50.00 9'J.90 0.05 0.05 1. 3. 
SltE CAffLE GUTD& 0,29 2. 50 o. 01 1250.00 9'J, 90 0.25 o. u 2. 1. 
001-.0- IO!I IllPIAllTt:l 211.00 2s.oo 1.15 16q)ll, 50 99,90 o. 10 '· 25 3. 2. 
CC.CLING :iYSTf.11 1.00 360.110 0.15 370~14.00 99.90 0.10 18.00 3. 2. 

DU!f CfClE • 0.9S90 U:QUI RI NG ;zq6, llACllINES ll&D • s 291113312. 

PU l.Sl RtClllS!ALLli~tlCll LHOB • o.o UPEllO. • 0,005 KG/UR U' I 10,/KG COllPOllEITS •100.0 

EB GUii 2.00 10.00 1.eo 9285. 7J 99,90 0.10 o.so lo 2. 
FILA~E11.- SAGAZI•E 4.00 0.1111 o.o '3,19 99.90 o.os o.oo 2. l. 
c~o1n; sr:>TEll 1.co zq,OO 0.01 21f727.&0 ~9.90 0.10 1. 20 3. 2. 

DUTI C!CLE • o,gr,90 REQUUIJNI> 2q6. llACHillES i&ll • I 10116801920 

SCH BEC~JSTALLIZAtlON UB08 • o.o UPEND. a O,OOS llG/118 AT I 10,/ICG COii POllBllfS • 100. 0 

i!B GUii 2.oc 5.00 0.60 11642,8'1 99.90 0.10 0.25 J. lo 
PllA!fllT lllGAZINI ,.o~ 0.011 o. 0 9,29 99.90 o.os o.oo 2. J. 
COOlUG sr:>TEll 1.co 14.00 o.oo 1111f21f.lfl 99.90 0.10 0.10 J. 2. 

nuu C1Cl! • O.S990 HOUliill.J 2116. llACHilllS R&D • • 100JIOl92. 



1-DOP&I? lftPLllTATIOI r aeo1 • o.o llPllDe • 0.001 110/111 AT • 2000/llG COIPOllHTS . , ... 
l'lhlSPH. 101 111PU111~ 2.00 25.00 1.75 212111.3' 99.90 0.10 '· 25 3, 2. 

OllTJ CICL!! • 1.0000 HOUlllJllO 206. llAC:lf.UIS HD• • 10500000 • 

AllU.L LUOB • o.o UPEND.• 0.005 110/HI H • , 0.110 COIPOHITS • to. o 

&8 GUM 2.~o 5.IJO 0.110 lfh2.U7 99.90 0,10 
"· 25 

l. 2. 
PlL&ft!•T l!AGlll•E • • o n.o,. o.o 9.29 99.90 o.os o.oo z • J. 
COOLUJ SJSTEll 1. (.I) 111.110 o.oo 1416211.4l 99.90 0.10 0.10 3. 2. 

!:UTJ CJCLB • 0.9!190 REUUlRJ~G 2Q6. lllClfINiS i'&D • I 10380199. 
DY OP A!. PF.a llT CONTACT tlfCB • o.o UPEllD. • 0,050 KG/llR AT I 10./ICG COllPON!N'l'S • 10.0 

ZO G'JN q.co 10.llO 1.60 8368, 77 9'J.90 0.10 o.so J. 2. 
PILA~f NT llAGAZIN~ q,co 0,l)q o.o 8,J7 9'.I. 90 o.os o.oo 2. 3. 
SUS PHlltll lj. co so.oo 0.01 111643.90 99.90 0.10 2. so J. 2. 
!'!>. '.;K ~.oo JOO, IJO o.o 279572. 00 59.90 0.05 15.00 3. J. 
~~3K GUIDE & ROllUP 2.to 2 50 ,1)0 2.00 232143.37 9'.I, 90 o. 25 12.so J. '· ;>ANH UULfS 2.(10 0,1)5 o.o 1., 6 59.!IO o.os o.oo 1. J. 
SIDE flftLE o.29 1 .oo o.o 50.00 99.90 o.os o. 05 1. J. 
SI Dl iUPFLE GUIDE o.~9 2.50 0.01 1250.00 99,'.IO 0,25 o. u 2. '· COOLING SY::;Tfll 1.GO J0.00 0.01 30909.50 99.90 0.10 '· 50 3. 2. 

):a 
DUU CYCU • o. '.l'.190 RIQUllUNG 21f6. ,llACllINIS li&D • I 22813216. 

N HOIT CCJNTlCT Sl:iTERINli LlllOll • o.o £IP !llD. • 0.005 KG/II~ AT • 10,/KG COllPOllEllTS • 10.0 N 

£P GU:t 2.co s.oo 0.20 116112.07 91J.90 0.10 o. 25 J. 2. 
PlLl~EllT ftAGAZlllE ;. ,OI) 0.011 o.o '), 29 91J,90 o.os o.oo 2. J. 
COOlllhi SJSTEll 1. 00 111.00 o. 00 . 0 1fll21f. uJ 9S.90 0.10 0.10 l. 2. 

oun CICLI • o.~1190 l:IOUlll lNJ 246. llACllilll.S f;lilJ • I 1OJllO199. 

CELL CPOSSCUT LlBOll • o.o .EXP !llD. • 0,005 KG/llR AT I 25,/KG COllPOllEll'U • 10.0 

USf.d 1.00 20.ao 2,50 20606, Jq 99.90 0.10 1.00 J, 2. 
Kil. LAllP llAGA?.1111: 1.co 0.10 u.o 103.0J 99.90 o.os o.oo l. 3. 
r-·oE bOLLEBS 2.00 o. so o.o , 16. 0 7 99. 90 0.10 0.02 2. 2. 

HD 1.co 1.00 o.o ;5.16 91J.90 0.25 o.os '· ~. 
oun CICll! • O. S'.170 REQOlBlll.i 2116. llACUllllS r.&D • s 1c11osooo. 

CELL lMTERCC H IHCT lC !I L&BOB • o.o EXPEND. • o.oo 1 KG/UR At s 15. /KG COllPOllBl'rS • 20.0 

ELECTFOSTATIC WELDER 1.co 10.00 o.so 10101, 16 'JO 0.10 o.so J. 2. 
t~rE~CCNNECt PffDi~ 1.00 20. (i, 1, 00 20(1 06, 311 ~~. '.!C 0.10 1.01) J. 2. 
J!lt!~.cc1n~ct J.ClL 1.co 15,\)Q o.o jt)6 :i.11'3 99.IJO o.o5 0.75 2. J. 
;;!N~CRS 2.00 o. 10 o. 10 s2. 06 ~9.90 o.so o.oo 3. q, 
fAhl~llLL SP!fC RCLLiaS q.oo Q,ijQ 0. 10 669.50 99.90 J. 10 0.011 l. 2. 
llCTCfi \:ID HACKING 1. co 10.00 , • 00 2575,79 !i9, 90 u. '0 o.50 2. 2. 
GUICE l<lllfll:i ~.oo a.so o.o 1011. 61 99,90 0.10 0.02 2. 2. 

DUTY CIC:L ! :a 0.5960 J;£\)llIP llf; 21'6, llAClllN!S l'&D • • 2071151188. 



D' 5102 OPTICAL COV!R lUOI • o.o UP£1u. • 00010 KG/Ill H I 10./IG COIP'>lllfS •100.0 

!B GIJ'I 30.00 25.00 1.00 1511611.75 99.90 0.10 '· 25 3. 2. 
PILA~ZIT "AGlZlf! Jo.oo 0.011 o.o 6.19 99.90 0.05 o.oo :z. 3. 
SUB HEDE!i JC.,O 61),00 o.o 1 J711 s.111 99.9, 0.10 J.00 J. 2. 
IUSY.~'·C C!VlC! 1.00 so.oo 1. 00 51515.811 99.90 0.10 2.50 l. 2. 
T-ST"JP "ASK P\CKl~f 1.00 S.ilO o.o 12117.90 119.IJO 0.05 0.25 2. 3. 
~XfC!N ClSfE6SE~ E.00 s. 00 0.01 98.till 99.90 0.25 0.25 1. '· PU!;. fAPfUS 6.c.o 0.25 o.o 11.92 99.90 o.os 0.01 '· 3. 
S~I>£ B&PJ'U. o. oJ 1.00 o.o 29.23 99.90 0.05 o.os '· 3. 
Slt! BA~PL' GUIDE o. ru 2. 50 0.01 7JO. IJ5 99090 0.25 o.u 2. '· sorT SUAtlCE BELT 1.CiO JOOll.00 o.o 772737.62 99.90 0.25 150.00 2. 1. 
ftOTOj; OliIVf 1.00 700.00 15. 00 180)05.37 99.90 0.25 35.00 2. '· t:llD iOLLfliS 1.0G , 00 .oo s.oo 25757.92 99.90 G.25 5.00 2. 1. 
COOLJlhi SlSTEft 1.00 5 ~o. oo 0.25 5666111.19 99.90 6.10 27.50 J. 2. 

l>UTI CICL! • 0.99110 R!OUI Bl •G 2•'6. IUCHIU!S &ti> • • 1327160816. 

Df Of SIC2 SJUS'HA't! LUCI • o.o UP&ID. • 0.010 KG/HI H I 10./lltJ COHO UHi • 10.0 

'ED GU!; 2c.co 25.CO 1.00 16011.50 99.90 0.10 1. 25 3. 2. 
PILl3EN~ "AGAZllE :iO.UO 0.1111 o.o 6.57 99.IJO o.05 o.oo 2. 3. 
SUB tlZOH 20.00 60.00 0.01 )911112.llO 99.90 0.10 lo 00 3. 2. 
"l S!C~ 1.; lE VIC! 1.00 SG,00 1. 00 51515.811 99.90 0.10 2.50 J. 2. 

):a T-STaJr llASI PACIAGI '.f. s.oo o.o 1287,\10 99,IJO o.os o.2s 2. 3. 
N CXIGE~ CISl£11SLh ... .., ~ s. 00 0.01 1011. 6' c;;.~o 0.25 0.25 '· 1. 
w PAN!L PAPFIES 11,tJO 0.2., o.u ~.2l 911.~·o 0.05 0.01 1. J. 

SIDE BAHL!: c.29 1.00 o.o so.oo 99.90 o.os o. 05 1. J. 
SltE !&ffLE GUIDE 0.2!1 2. so o. 01 12511, 00 !19,90 0.2'i o. 1· 2. 1. 
SuFT suntACL n;LT '·co 2000.00 . o. 0 s1s1se.11ii 99.90 (,.25 100.0~ 2. '· :\O":"on &;UH 1.00 soo.oo 10.00 121l789. 50 99.~0 o.2s lS.00 2. 1. 
no ACLLEh 1.co 100 .oc 5.00 25757.92 99.90 o. 25 s.oo 2. 1. 
<:COlU!a SYSTEll 1.00 1100.00 0.15 1112126. 75 H.90 0.10 20.~0 J. 2. 

DOU CICL • O,t;9110 UQUI lllfG 2116. 8ACllIMES R&ll .. . 337110816. 

PUU ILlGI & lllSi:FT LlllOI • o.o i.IPEID, • 0,001 IG/UB AT • 15./IG COllPOl!HI • 20.0 

ICCE LE ac,\ TU & . !:. 1. 00 70.00 5.co 12122.12 99.90 o.:zs 3,50 l. 1. 
Yl~IlaLl S?!!D 5C ...... l4.00 o.eo 0.10 1190.10 ~9.90 0.10 0.011 J. 2. 
PANEL &tllOVU 2.00 25.00 0.10 560l.5A 99. 90 o. 1<, 1. 25 2. 2. 
PUH IllSE6Tl8 1.00 2s.oo 0.10 6U)9,ft8 99,90 0.1\l 1,l5 2. 2. 
PAllH liOPP1P J.00 JI'.! .oo '· 00 6·.Sl.JS 99,90 0.10 1. 50 2. 1. 
s1.11scr:s 10.00 u.10 0.10 72.911 99.90 o.o;o o.oo l. ... 
GUIDf &.OLLERS 60.00 o.so o.o 69.69 99,90 0.111 0.02 lo .a. 

CUTI CICL! • 0 .UIJO UQDlRUG 2116. UCllill!S 11&0 • • 218101196 • 



PAHL Ili1UCCll."EC?l011 UBOll • o.o UtlllDo • 0,001 llG/H8 A'f S 15,/KC: COIPOllHI • to.o 
tLtCT~CSTATIC MELDER 

'· 00 10.00 0.50 10JOJ, 16 99. 90 0,10 o.so J. 2. 
IN:LP~CHHICT 1ltDlR 1.00 20.co 1. 00 20G 06, )fl 99,QO o. 10 '· 00 J, 2. 
l~TfRCCH~ECT ~CLL 1.00 15,00 o.o Jur.1.0 99,90 0,05 0.7<; 2. J, 
SL!ISOSS 2.00 0.10 o. 10 92,86 99.90 o.so o.oo 3. ". VA?IAJLI 5Pi:£D fOLLEilS q. 01) o.~o 0.10 669,50 99,90 0.10 0.011 J, 2. 
l\O!IJH 1.00 1'.>, UO s.oo 3S6J,69 q9,90 o. 10 o.75 2. 2. 
C.UlDE RO lLC:kS 11. co 0,50 o. 0 1011.61 '• 90 0.10 0.02 2. 2. 

:i~t r C~CL! • 0,9!160 REQUIRlNu 2116, llACHill!S F&I> • • , 0770500 • 

J.Cll(;JTUDl NA l CUT LA80ll • o.o UPtllll, • o.oos KG/HR AT • 25,/KQ COIU'CIUl~S • 10.0 

Ll;iE~ 1. Cll 20 'C i.so 20f.i01..lll 99,90 o.io 1. 00 J, 2. 
KR. LA~F HAGAZINE 1.00 o. 10 o.o 103,0J 99,90 o.os o.oo J, J, 
GJlD£ L!OllfP!i 2.C~ 0,50 o.o 116 o\17 99.90 o. 10 0 02 2. 2. 
SH!HD 1. (i0 1, 00 u. 0 25,76 99,SO 0,25 0105 ,, 1, 

DUTY ClCLI • 0.9970 lil!CUl !il NG 2q6, "AClllllES &&D • • 101105000. 

UPTON TAPE A?PLICAT10H LltOfi • o.o EXPEllD, • 0.001 KG/Ill! t.: s 1 S./KG COii PO NUTS • 20.0 
):::. 
N 
~ S!ATl:NA~Y TAE[~ c. 'Jl o.so o.so 130.lO 99,CJO o. 10 o.oz 2. 2. 

~T1:1c~A~Y !APE ~EPlLL Q,93 0.06 o.o 1s.62 99,!IO o.os o.oo 2. 3. 
CPOS.> 'Ui'H. C.Q7 2.50 O.!>O uso. oo 99, !10 0.10 o. u 2. 2. 
CfOSS 1A?E REflLL 0,01 0.06 o.o l0.00 99.90 o.os o.oo 2. J. 
SOFT dOLlER 1. !\ 1 o.os o.o 12.011 99.90 o. 10 o. 00 2. 2. 
GUlC! RCLLEfiS a,oo o. 05 o. 0 9,4'3 99,90 0.10 o.oo 2. 2. 
CfOSS T-'P&. l!CTOli 0.111 !'>.l)IJ s.oo 2'\00.00 99.!IO 0.10 0.25 2. 2. 

Dun CYtLI! • 1,CUOO BIQUlRlMU 211~. l'JACHUES FliD • • 2ooq 1oae. 

ARIA! St:\>, fvLD & PACK usr.a • o.o E.XP!llD, • 0.001 KU/llR H • 15,/IV.O COl'il?Cll!ll'fS • \Q,O 

GUIDE fOLLtFS 11. co o.os o.o e.99 99,90 0.10 o.oo 2. 2. 
VtRTICAL D£fL!CTO~S 0,07 2.00 '. 00 1000. oo 99.90 0,25 0.10 2. , . 
eox ALl.aN!IIhT 0.01 JO.oo 11.00 15000.01) H.90 o. 25 '· 50 l. '· OCI LAl:tHLHG 0,01 o. 50 o. 0' 2 so. 00 99.90 0.50 o.oz 2, 11, 
Tr.UllllG .tcU! GUIC! 0,07 s.oo o.o, 2500.00 99.90 0.25 o. 25 . 2. '· DU'U C:ICLB • 1, cooo AlQUillUG 246. l'IACllIHU li&O • • 10187750. 

UL ACOV! llAClllNES lllVB aan COUIC'f10 TO POUi 266. STBlPS •11DlP roa SOLAJ CILL IACTOBI ourr CICLI 01 0.9685 



IUllDU oss POlll PIOCUa!ll!IT DV2f CIC •••• LllOI PUTI cce LIC 

tlllCPIUTCI LUOI • o.o t:uur:. • o.o IG/111 H • 0 • .1111 COUOlllfH •too.e 

r. LLCP!UrC.f , • 0,) 150.00 '11.(10 750COOO.OO 90,00 1.00 75.00 •• s. 
<:C.•HC.I. ~Ti\llO• 1. 00 600.00 11), 00 1.!00•>00, 00 99.oo 1.00 60.00 l. s. 

llU'H CTCll ., c.e~•o llE(iUt uw..; 2. lllCUlUS 11&0 • • 161000000 • 

CIULU STSl'l:'I UIC.f . o.o llPUD, • Q.O 10 IG/HI At I 20 • .110 COIPOllllH • 50,L 

SlP.UCTCJ41l. .UD Of.IH s-.oc 15 oo. 00 20.co 750000.00 95,00 1.00 150,00 2. s. 
";HCK~ q;,oo 2500.00 o. 0 125000,00 100.00 0.10 US.GO 1. 2. 
CC.~Ti.Cl. UllITS r. su.scas !4.~G lC.OC:: 5,00 ~'lOllG0.00 'j'J. 00 1.00 1. so •• s. 
c:,~~·J:fj llHC' .. ~l 5•.00 10.00 o. 20 1001JOO, 00 99, 00 1 .oo 1.00 ... s. 
llAlllDJU?OfS 216 .oo 2'!10.00 J,00 26265J,J1 99.00 1.00 12.so 3. 5. 
CCM?f:ll CL •TEI 1. 00 J000.00 20.00 uorooo.oo n.oo 1.00 J00.00 l. s. 

DU tr crc111 • 0.9899 ti QUI III llG 1. llAClllUS e&11 .. I 12'17SOOOO, 

ZOU IHir f? LABOil • o.o UUID, • Q,010 KC/HI H • 20.;110 C'OUOJHTS •100,0 

l ~~IJC<ICll t:CIL 10. CJ 35.00 2s.oo J1SU.88 99.90 , • O'O o.so 3. !. 
~-l.S Ji:: fIN'; & PO!'ll' 10 ,QI) 1Q,OQ 

'· 00 'Htl,l9 99,90 1.00 o.n 3. s. 
:>Lib l:LA~P.i £ DiIV! 1. co 150 .oo I), 20 75000.00 99. 90 1.00 o. 50 2. s. 
II J~Llj~ E~Jl~ft~I~ ?,00 Si>,00 o. 50 2'!101)0, 00 !i'J. 90 1,00 2.so 2. s. 
AC7lll CC.Ol FC6 CCllS 1.CO 2 00 .oo O.JO 100000.QI) 99.90 '· 00 1.50 2. 5. 
H)I n;;i 1, 00 l ), 00 o.o 16'!1C,OO 100.00 1.00 o.o '· s. 

> i' :~ :.s ~. cc.q. & UHCCI 0.17 6000 .1.10 o.o 1000000.00 'J'),90 1.00 2. so 2. s. 
N Ul C•J71':r O, U7 "ll.00 120,(10 B0000,00 9'L90 1,00 o.o l, s. 
V' 

LLDLl~~ IC~ Ee ~~h3 0,0l 101),00 I), 10 50000,00 99,00 1.00 o.o 2. s. 
PAC~I~~ CC~7•I~fc5 2. ~I) l.00 o.o ~7.)7 99.~0 f,OG o.o '· s. 
9A~hf71C tc1:AI~ft!UT 10 .O::J J0,00 J,00 2701110, 19 99,90 1 .oo o.o l. s. 
AC?Hl CCltl re~ U1,;C1 o.n J0.00 1. 00 uooo.oo H.90 1.00 o.o 2. s. 

ta Tl CTCLI • 0.9'i70 Ht,\11 Ill "4 60, llAClllU:s 8£D • • 1l119671181. 

BUI CLUlllJP DHICP. LAIOI • o.o UPllll. • o.o KG/111 H I 0,/IG C:OI POI Hts •100.0 

!\ASK 'IriilEUllP 1.oc 10.00 1 .oo 20000.00 95,0'> 1.00 o.so J. s. 
CL<.l~l'li' BfU5111S & tllU 10 .oo 5.00 1, 00 128111, '11 99.90 1.00 s.oo 2. s. 
GAS cir..:uuuc1 PU1\P 1.co 10.00 s.oo sooo.oo 9'J, 90 1.00 o.so 2. s. 
PARTilU FIL'!'U srsua , • 00 1. 00 o.o 2000.00 ss.oo t.oo Jl>0.00 J, s. 

tuTr c1-:11 • a.sou 11001 UIG 25. IUC:HllllS l&O • • 100U,9U. 

1>Y or I !I: HCC:U£C'IS I.AIOI• o.o r.u110. • 0,001 IG/llL ,., • 20,/IG COIPOlllTI • 10.0 

L8 GUllS 10,CO ~5.0C 3', 70 50000,00 99.90 1.00 o .... l. 5. 
'11.l~l•T ftACAZlll 10.00 o.o. o. 0 2.00 100.00 1.00 o.o '· s. 
SLAO fttOLRS 10.co so.oo Q.01 100000.00 99.'JO 1.H 50.00 '· s. 
DUELi:. 11.00 '· 00 o.o so.oo too.oo 1.00 910.00 l, s. 
&OLL WJIDIIG tQUIPlllT 1.00 50.00 0.10 100000.00 99.90 1.00 o.o l. s. 
~10£ 8Af PL£ GUlD& .;.oo 25. 00 0.01 12;00.00 99.90 1.00 o.o 2. s. 
llLT , .oo 1•00.00 10.no 100000.00 99.90 1.00 o.o 2. ;. 
COOUllO STS'IE!l 1.00 soo.oo 1. DO 2SDOOO.OO 9'.90 1.00 o.o 2. s. 

Dtlfl CYCJ.I • 0.9910 91QUUJIO s. IACIUllS HD• • .z.zusso•. 



IUllHI UH POllll PIOCUUllUT DUH C:IC: llf, Z.llOI UHi CCC &.IC 

UOOIO •L PH!LlWE UICI • o.o EIPJ:llD. • o.o llG/UI IT I O./KG COHOUltl • ~o.o 

PlP! S&C'UOllS 1l.OO l.00 o.o 1500.0li 99.00 1.00 J. 00 z. 5. 
PIP! JOU'lli 11.00 o.so o.o 2so.oo 99.oo 1.00 o.so 2. 5. 
Ell PUllPS 1.00 10.00 0.01 sooo.oo 99. 00 1.00 '· 00 2. s. 

DOU CICLI • 1.cooo ll!OUI k 111!0 "· llACU1US ll'D • • 200'71t88. 

11011 PIPELlU LABOR • o.o BlP 11N D. • (,,0 KG/lllt H • o.111n COllPOllUH • 20.0 

PIPt sr::ctitll s.co 10.00 o.o 5000.00 99.00 1.00 10.00 2. s. 
PlPE J01111S 1.00 1. Sli o.o 750.00 99.00 '· 00 1.so 2. s. 
1::11 PUPIP i.oo 10,00 u.oo ;ooo.oo 99.00 t.oo 1. DO 2. 5. 

DU'U CfCL& • o. ~'J'ICJ REOUllllN,. '· llACllUU llGD • I 20107481. 

&L &iLO?J~~ fUPHAC& LUOI • o.o £¥PEND, • o.o KG/1111 At • 01/KG COii l:'OUllTS • 50.0 

CA5IN.O 1.00 150.00 o.o 300000.00 95.00 1.00 150.DO J, 5. 
COILS , .oo 60,0U n50,oo l0000.00 9S.oo 1.op o.o 2. 5. 

> 11.\DlA tOP & PlPJllG 1 .oo 10 co. 00 10.00 500000.00 9¥.00 1.00 10.oc 2. s. 
N CCN:~OLLEB 1.00 ':I.Oil o. 10 1'000, 00 'i9. 00 1 .oo o.o J. 5. 
O"I ourr crca.1 • 0,80115 nou1u1a J. UCllllC!S ll&D • • 5811000~0. 

11011 ILLOUll!l PUllUCI uooa • o.o llP&ND, • o.o kG/UA AT • 0,/llG C'Oll PO 11 lllH • so.a 

C•Sl!IG 1.0J 150.00 o.o JOO•J00,00 95.00 1.00 150.00 l. s. 
COI.L S 1,00 f>0.00 ,, so. 00 3000.J.OO 95.00 1.00 o.o 2. 'j. 
RJD.lHO!I c; Pl PUG 1.00 1oc:o.oo 10.c.o sooooo.oo 119.00 1. 00 10.00 2. s. 
CvN. llOLLfll 1.00 5. 00 o. 10 10000.00 99.00 , .oo o.o l. s. 

oun C!CLI • o.re11s l!!;UI&lllG 1. llACH1111S &'D • • 58110~000. 

CCMTJIUOUS C'S1lA U808 • o.o EIPlllD. • o.o KG/1111 AT • O,/KG COllPOllUTI • 2n.o 

/IOU> 1.00 100.00 o.o 200000.00 95.00 1.00 5.00 J, 5. 
PLUl C '· 01) 100. 00 o.o sooo.oo cn.oo 1.00 5.00 1. 5. 
l'Il'IllG SISTlll 1.00 150.00 o.o 75000.00 99.00 1. 00 7.00 2. s. 
PU.1P Q,OO 10.00 20.00 500,00 99.00 1,00 1.00 1. 5. 
UDIU05 1, Oil soo.oo o.o 25000.00 100.00 1.00 o.o '· 5. 

oun crcL 1 • 0.9J'1 UQUUUU 2. llACHJlllS ac;o • • 2l051t992. 

AL sun cu1:uc LAllCli • o.o £1PlllD • • O.(' KG/Hf\ AT • 0,/KG COllPOllUTS • 10.0 

C:D GUN 1. 00 10.00 20.00 20000.00 99.oo 1.00 2. 50 l. 5. 
PUCUSJllG 1.00 15, 00 JI), 00 JO 000 .oo u.oo , .oo o.o 3. s. 
~D GUii 1UCUIG 1.uo 25.00 1.00 50000.00 99.00 t.oo 1, JP l. s. 

ourr CfCLI • 0.11703 IEOUIRING 2. nACHIHS HD• • 11000000. 



l1. DU! ClST&;8 ueoa • o.2so UPUD. • o.o 10/1111 H • 0.11<0 co1ro111n1 • 20.0 

PISTtll UID ClilllDtB '· 00 1SOOO.OO 75.00 1sooooo.oo 99.00 1.00 no.oo 2. s. 
llC.LtS 19.00 1000. 00 s.oo 500000. 00 u.oo t.oo so.oo 2. s. 
JCTlH CCCtlllG STS'U." 1. 00 10Ci0.00 60.00 sooooo.oo u.oo t.oo so.oo 2. s. 
84ClA~OllS 1,00 soo.oo o.o 2~000.00 uo.oo t.oo o.o t. 5. 

oun CYCU • G .c; 80 1 lllQUl llllG 1. UC Ill US ll'D • • t05250000 • 

Pl DI! CAS: f& u11ca • 0.250 UPllr. • o.o KG/1111 "' I O./KQ COIPOHllTS • 20.0 

2LStC.:I UD tlU:'IBtl 1. co 2ccc.oo 10.co 1000000.00 99.00 1.00 o.o 2. s. 
•rntts 1.00 1uuo. oo s.oo 500.>00. 00 99,00 1 .oo o.o 2. s. 
ACTIH COOlJIUi SYS1U 1.00 , oo.oo tt.00 SOOOQ.00 911.00 1. 00 o.o 2. s. 
RAOIUOB 1.00 ~o.oo o.o 2500.00 100.00 , .oo o.o '· s. 

DUTI CYCL! • c. 5 701 51:QUI RUG ,, IUCIUUS UD• • 355211992. 

'UU'SPO!l"i.I• coat ClS'ltl Lt.11011 • 0.0110 UPllO. • o.o KG/1111 I.! I 0./KQ COIPOHHS • 20.0 

ccr:r t. uo 1-:uoi.. oo 50 .GO ';000')00.00 99,00 , .oo 500.00 2. s. 
A.:IY!: i.;coLillC SI s• (II 1. OU 10 oo. 00 60.00 SIJOOOO.OO 9'J,OO 1.00 51;.00 2. s. 
R A01 AtOk 1.00 sco.oo 0.1) isooc.oo 100.0(1 1.00 o.o '· s. 

D:J'lt crcu. • O.'i<I01 llOUlllUG '· ftlCKllllS llliO • • 75250000. 

iOLLIIG 'IIl.l Ll8011 • o.o !IPU:>. • 0.010 KC/Hi AT I 20./ICG C:OISPOlllfS • 10.0 
)::io 
~ 

" FC.:1.;111"G STAND 1.00 10.,oco.oo 22~.oo !>l~C000.00 95.00 '· 00 1000.00 1. 5. 
SLAB CCOLIHr. SJSTZll 1 .01J 1000·'), 00 s.oo 5000000.00 ss.oo 1.00 soo.oo 2. 5 .. 
P A,)J ATO~ Ht l'UP.P 1.CO 1 Cll .Oil "). 00 sooc.oo 99.00 '· 00 5.00 1. 5. 
P~~ll;JG ' CCkt~CL 1. 00 2'l00, uO 111. o~ tQIJMll0,00 ss.oo 1.00 100.00 2. s. 
fl~ L.o.II~i.; !;TA Hll , .oo 71luOo.oo 1~0.00 ;~oo~oo.oo '.15.00 1.co 1000. 00 '· s. 
;>;.~11t.!IT SYSTUI 1.00 100.00 10,00 scooo.oo 100.00 1.00 s.oo 2. s. 

CU?! ~1CL! • C),llOtilf UQDl klllli 1, l\AClllll !:. HD • • 158050003. 

UD TFI~/-ll~/?OLL VI~D Ll8Clt • o.o Ul'IUI, • o.o KO/Ill! H • 0,/KG COIPOUlfS • 10.0 

lB t"L !Vil!.,U 1.00 6.00 , o.oo 12000.00 99,00 1.00 o ••• J. 5. 
fLCUjl~G & OEPLlC:lCI 1,0\) 2.00 J. 00 11000.00 S9,00 , .':lo o.so l. 5. 
f:b ll~l!iH 1. 00 2.00 1. 00 4JOO.OO n.oo 1.00 o •• , 3. s. 
~C7lVE C0CLlhG SYST!ft ~. 00 111, 00 1, uo 1aoo.oo s~.oo 1.00 o.o z. s. 
~LLL ~l "OI.:i< 1.00 soo.oo so.:-.o 2scooo.oo 99.00 ,.oo 2s.oo 2. 5. 
; ~Il.C 'l f IL~ FOi.LS JOOO,OQ 2110.00 o.o .... c.6. 70 t00.06 1.00 s.oo 1. 
ttA~OLJ~r. £VUl?SfMT 1.00 1oc.oo c .oo soooo.oo 99. 00 1. 00 10.00 2. :i • 

DUt'f C1CLI • o.s111s IEQUiiJHC 1. I "ACHUIS HD • • 1J1110000. 

Slil?l.T Tli 11111!& Ll801 • o.o Ul'llD. • o.o l<G/lll H • 0./10 COUOllltS • 10.0 

EB CUTTE:tS J.oo •• oo 'D.OO •2000.00 H.oo 1.00 0.11. J. s. 
PtCUSIM~ & tEFLICTICI J.Oo 2.00 J,00 11000.00 99.00 1.00 o.so J. s. 
HAUOllUG ECUif8ENT 1.00 )Q,00 1.00 150110.00 91i.OO 1.00 J.oo 2. 5. 
lCtlVt COCILI•G SISTlS , .oo J0,00 1. 50 15000.00 n.oo 1.00 o.o z. '· DU?l CfCll • 0.91101 BIQUIIIllG 1. llACllIIH HO• • 10•u;oooo. 



IJ8BCI SLlCH I.AIOI • o.o llHWDo • o.o 110/HI At I Oo/llG COHOllftl • 10.0 

BOLLlllG STANO 1.co 10000.00 225. 00 JS00000.00 n.oo 1.00 1000.00 '· 5. 
HA~CLIRG fUUlPftlN'l' 1.00 J0,00 1. 00 15000.00 ~ •• 00 1 .oo 3.00 2. 5. 
SP001. llJllDU 1.00 ~o.oo s.oo 251>00.00 99.00 1.00 s.oo 2. 5. 
SPCC15 100. 00 2.0tJ o.o SB,96 99,CO 1.00 o.o 1. 5. 

DUTI CICLI •0."311 RlQUl lllNG ,, ftACHillES UD • • IJ51fOO'l'J2o 

1181CI tllllUb LUOI • o.o UPlllDo • o.o KG/118 IT ' 0,/ltG COlfOUlfl • 10.0 

ta C:ITT£8 1.00 8.00 J.oo 16000.00 99. 00 1.oo o.u 3. 5. 
POCUSING & CIPUCUOll 1.00 2.00 , • 00 4000.00 99.00 , .oo o.so J. 5. 
H&NDLlNY tcu:&n!NT 1. 00 20.00 0.10 10000. 00 99.00 1.00 2.00 2. 5. 

DUU ClCJ.J • 0.9703 BIOOlllUG 1. IUCttIUS 8£0 • • 10J00000o 

ST&U'l'OB J.UOB • o.o UP lff D, • o.o KG/HI IT I 0.110 COIPOHHI • 10.0 

StftUNll 1, Ou 2caco. ~c 511.00 1000000.00 99.00 1.00 1000.00 1. s. 
00~, CYCLB • 0.99UO BEQOUlHG 1. lfACUillU llCD • s 200001>00. 

1'0811 flOLLElt LAi!OJI • o.o UPUD, • J.O Kl.I/HR H • Oo/KC COllPOllBHS • 20. 0 

:=-
"' t:8 CUTTER 1.00 1.00 J,oo 111000.00 99.00 1.00 o ••• J. 5, CX> 

POCUSI~C & O!PLfCttca 1 .ou 2.00 ,, co 11\)00,00 99.00 1.00 O.'iO 3, s. 
FOl<ll RCllU. 1. 00 l C0.1>0 Jo.oo 1soooo.oo 99.00 1.00 1so.oo 2. 5. 
H&NCLING tCUiillEll'l' 1.00 J0.00 1, 1)0 15000.00 99,00 1.00 ,.so 2. 5. 

UIJl'f crcu • a. Sc.06 BE'U-' UIW 1. l'IAC.1llU::S fl&O • s .218JOOOO. 

11.Ut8011 uo. ASSEnDLY 1.&DOI • o.a lUlllD. • o.o KG/llR A'r • O./KG COllPOUllH • 20.0 

!:8 11£LOEI! 119.CO J,OC 1.00 2!1110,62 99.00 1.00 o.u 3. 5. 
fOCUSI~G & ClfLlCtlOll 119,00 1.00 o. 50 980.20 n.oo 1.00 0.15 ], 5. 
S 111: CT l!o\ GA ZJ NE 2.co 10.00 o. 'iO 51)00.00 99.CO 1.00 o.so 2. s. 
SHtft 6~ACK t. •RAHSFOIT f 10 10.00 o.so sooo.oo S9. 00 1.00 o.so 2. s. 
PirE. PIAG, & trusion 6, C'l 1ll.00 o.so 5.)00.00 99.00 1.00 o.so 2. s. 
UllllCH IHG, t. 'tPAH S, t),()0 s.oo o.so 2500.00 •a.oo 1.00 O,JO 2. 5. 
PIP~ S~GlltNT UE50L~ t.oo J0.00 , • 00 1 s~oo.oo ~9.uO 1.00 1. 50 2. 5. 
PlP! !llDWll llOCli 6.00 15,00 o. ~o 1SOO, 00 99 .. ~0 1.00 o.1s 2 • 5. 

IJUTY CYCLI • 0 ,c;999 llQllI llJ NG 7. nAClllNES iCD • I • Olfo:tuOOO. 

DC•oc con. fl!OOUCU lABCll • 0.200 !XPEllD, • 110, 800 K G/Hli AT • 100. 1 .. a COllPOlllllTI • 10.0 

COOU~T CHA!IHEL Ul<Ill 1.00 2000.1)0 2.00 1000000.''l 99.00 1.00 200.00 2. 5. 
VUOillG llACfllHf 1.00 2000.00 o. so 1cooooo.oo 99.00 , .oo 100.00 2. s. 

DUTY crcu • 0 .c;1.101 U!;UXBIUG '· UClllNH Jito • • 30000000. 

llSUlATION VlNDll LABOI • o.o UPIHDo • o.o KO/llR Ar • Oo/ICO COllPOllllfl • 10.0 . 
lNSUUTlON VI ND£8 1.00 soo.oo 2.00 250000.00 95. 0 t.00 25.00 2. 5. 

DUTY CYCLE • 0.9500 llEQUl Ill 11\i e. llAf'ltUES ll&D • • 12SUIOOO • 



CLlS~ PlOEI! HCDUctl! LAPOll • o.o ElPlllO, • o.o KG/HR AT ' O./ltG COf!POUITS • 10.0 

C'UT!~lJ~ ALLOY 1UH~ 1.co 110.00 e.20 O<itlOC.00 99,00 '. 00 o.o 3, s. 
Pl S':O ~ & Cll.l ~OH 1, QI) 100.00 o.o 21)(11)00.00 99.00 1.00 s.uo J, s. 
\.i,\5 PU!I P 1. 00 J0.00 r.. 50 15000.00 9'1.00 t,00 

'· 50 2. s. 
GAS C tLLh:Jdl 1,00 115.00 o.o 2250,00 !19, 'JO '· 00 2.00 t. s. 
~i'C.O L £.00 a.so o.o ii. 13 99.90 1. 00 O.Ol t. s. 
SPtC.l llCT';I> 1, 00 10. 00 o. 10 5000.00 99,00 , .oo 0.75 2. 5. 
S~OCi. TllHAtfP q .01) 10.00 0.05 10315.79 99.00 1.00 I .OO 3. s. 

DUTY CYCLE • 0.9596 UQOlkI.iu 61, l!AC tl I!IES fCO • s 1322275Q, 

DC co~w. hA ::i. A-''.:>lll!lLY LABOB • o.o EXP!lfD, • o.o l(t;/HR \f I 0,/KG COllPONEUS • 20.0 

Ell WlLOt.R 20.co 2.00 1 .co 4000.00 99.00 1.00 o,,, 3. 5. 
i'GCv:Ihc. & CHLlC!IOM 20.uo !, 1)0 r.. so 2000. 00 S9.00 1.00 0.15 3. s. 
:..UL~'r 11AG\Uhl. 1. 00 15.00 1. co 7500.00 99.00 1.00 0.75 2. 5. 
";:?ACK & TPA~S~CPT 1.00 300.00 5,00 150000,00 99.00 1.00 1,50 2. s. 
i'l?t: SLG~t.H'l 11.\GA2I!IE s.co 10.oJO 0.50 5000.00 99.00 1.00 0.50 2. s. 
!l>.~r fOL[; .\SSo:'l!JLC:n 1c.oo 10. 00 1. 00 5000,IJO !.9.0oJ 1.00 o.so 2. s. 

DU Tr crcu • 0 .HQ1 Bl~UI Biii-' 1 • "7'CHIN15 EICO • I 217 3q992. 

ltLJSTfC!l PUNT LABO& • o.o Ul'EllD, • 5011,000 KG/Hit "' . 25./KG COllPOllU'lS •100.0 

::t> l<LTSTRCN Pl& lit 1.00 ,j05000.00 qQ~00.00152500000. 80.00 1.00 15)00.00 2. 5. 
N DUTl CYCL! • o.auoo RlQUlR lN'.f 1, llAClll llf.S 5&D • $ 1621199991t0, 
l.O 

GUSS P'CA!I IN.; FACILITY LU!Oi • 1. coo !'IP!ND, • t7 ,000 KG/llR us 1,/KG COaPOMBHS • 50, 0 

POllD!:R l!IHP 1,00 75000.00 35.00 37500000.0 90,00 1.00 7500,00 2. 5. 
TUHi~lL CONT5GL UNIT 7,(10 8 50, OD ao.oo 1425000.00 n.oo 1.00 11.00 2. 5. 
llvLD 1.00 210Cll.OO 1000.oc 10500000.0 'J0.00 1. 00 1000.00 2. s. 

DU'U CYCt.! • o. 8'.;91 UQUlR lNli 1. llACHill!S 5&0 • I !i]q:Z4911'12, 

POA!lf!D GUSS C<JT::'c.li Lr.Celi • o.o f.IP EHD. . o.o KG/HR r.T s 0./KG COllPCI• !l'l5 • 10.0 

&1.:;u1 BlAOl SAW 1.00 17CO.OC s.co esoooo.oo 99,00 1.00 o.o 2. 5. 
'lHli!l BLH! SAii 1, 00 QOOll,00 12, 00 2oo<iooo.oo u.oo 1 .oo o.o 2. s. 
UA!OLlNG EQUJP~f NT 1.CO 1lll.00 s.oo esoo.oo 99.00 1.00 o.o '· s. 
~E~1 BwftCYAL Sf!~E~ 1.00 20.00 o.so 1cooo.oo 99.00 1.00 o.o 2. s. 

OUT! crct.1 • 0,St.06 HQUl BU.O 1. ftACUlll!S a&o • s 3868,.U:Z, 



llOUER USS POll88 HOC:IJIElllH DUH C1C: llPe LUOI PAHi CCC LIC 

SBIBT CutTEI & SLCt'Ui LUOB • o.o EUlllO. • o.o 110/ltl H' • Oo/ICG COllPOllHI • zo.o 

U!lt:P 1'1. 00 11000.00 10.00 eaooooo.oo 99.00 1.00 7S.OO J. s. 
RADUTOB UD PllllP 1.00 21), 1)0 1, 00 10000.00 99.00 1.00 1.00 z. s. 
CONVEYOR Ult SJSt£11 1.00 110. 00 s.oo 8SOo.oo 99.00 1.00 s.oo 1. s. 

DUTt CYCLE • 0.9001 1lEQU1 Ill NG 2. ftACHltllS ll&D • • 1001811992. 

POl!IED l.iLASS SllCOTH?i LABO.B • o.o EXPEllD, • o.o llG/llR U • Q,/KG C:OllPOllHTS • 20.0 

SllCOTllUG USf;R 2.00 11001).00 10.00 8000000.00 99.00 1.00 15.00 3. s. 
8ADlAlC8 ~Nr. PU~P 1,0() 110.00 1, 00 20000.00 100.00 1.00 2.00 2. s. 
CCNV~YOR BllT STSTE" 1.co 210.00 s.oo 1osooo.oo 99.00 1. 00 s.oo 2. 5. 

DUTt CYCLll • O.HU UQUlBillU J, l'IAC III llES UD• • 101250000. 

Uf&GUIDE DV CP AL LAPOB • o.o UPUD. • o.o ICG/HB H I 0.1110 COllPOlllHI • 10.0 

Eil GU~ s.oo 11.00 17.oo 311000.00 99.90 1.00 o.u 3. s. 
~UH CLCLING SYStE! s.oo 20.00 o. 30 100.)0,00 99.90 1.00 o.o 2. s. 
su:i FHCEBS s.oo 50.00 0.01 100000.00 99.90 1, O'O so.co lo s. 
IJ\ffLES 11.00 o.zs o.o 12.so S9,00 1.00 ~s.oo 1. s. 

):> Bl.LT & CCIO l IllG SYSTUI 1'00 soo.oo 2.00 250000.00 99. so 1.00 o.o 2. 5. 
w DU'IT CYCLE• o. ~'l50 BEQUlUllG 3, llACHI 11!5 ll&D • I 139110135. 
0 

WAVEGUIDE PlCK&GE~ l.ADOll • o.o EXPEllD. • o.o llG/1111 AT • 0,/KG COllPOUHI • 10.0 

llANOLJNG E~DIFllENT 1. co 1 co.oo 5.00 200000.00 99.00 1.00 s.oo J. s. 
llAV!:GUIOE l\ACICS 8~0.(10 10.00 o. 0 18 1. J7 99,90 1.00 250.00 1. s. 
oJU&LITY CCM'l'llCL 1.00 so.oo s.oo 100000.00 99.00 1. 00 o.o J. s. 

DOTY CYCl.I • c:.9ao1 uou111111.; l. "'c1111o:s ll&D • I 1 JOOSOOO. 

lli9ECUIDE ASS~"DL~~ LUOll • o.o 1 lP I.ND, • o.o Kl.I/UR AT • 0,/KO COllPOll!HS • 20.0 

&SSE,DLJ UllS a.co 10.00 1.00 20000.00 99.00 1.00 25.00 J. s. 
IMTEliIOll GD ICE 2.00 15, 00 o.o 7500.00 100.00 1.00 o.o 2. s. 
LAS!D 11.00 11000.00 10.00 eoocooo.oo 99.oo 1.00 75.00 3. s. 
UDIAtOB UD PDllP 1.00 80,1)0 4.00 110000.00 99,00 1.00 11.00 2. 5. 

DOTI CYCLE • 0.9900 BlQUl lllllG . 12. ftAClllNES fl&IJ • I 1006711992. 



llUlteER IU!iS l'Ollt.P PIOCUU!\£11? DOU CTC llfo LUOI Hl'fl CCC I.IC 

PlBSClllfL tOCllllG ~!CH, Lll!Oll • o.o EU&ID, • o.o KG/tit A? • O,/lG COlltOIUTS • 10.0 

DOCKING ftECHllllSft 1. 00 1000.00 1. 00 500000.00 99.00 1.00 so.oo 2. s. 
DOTI CYCLE • 0,9900 atQOlllUG •• llACHl NU D&D • • 15000000 • 

PIESSUBlZ~D tUdllEL LUOll • o.o lllPEllO. • o.o KG/Hll H • O,/flG COllPOlllTS • 10. o 

TllE TU!ltlEL 1.00 5000.0C 0.10 2500000.00 99.00 1.00 250.ot 2. s. 
AIRLOCKS 5,00 so oo. 00 O, 'iO 2500000.00 99.00 1 .oo o.o 2. 5. 

tun CYCLE • 0.9900 BIQOlllllllO ... IUCHIN£S li&D • • '0000000. 

Cl!IGO DOCKING ll!CH, 11808. o.o !IPllll>o • o.o KG/HR AT • O./KG CO" POI !ITS • 20.0 

HT211TIOll UTCH!:S 11.00 100.00 o. 10 200000.00 99,00 1.00 s.oo 3. s. 
SUUCt~bE & DAllPlN.; 1,00 moo. oo o. ,, 900000.00 99,90 1.00 o.o 2. s. 

OIJT'f C'fCL!: • c.g~jo P lQOH lNG 2. !\1'C .. ~N£S f&D • $ 31000000. 

LOlD•UNLOAD !\ANIPULA!OP LABOR • 1 .ooo EllPOD. . o.o KU/UR AT I O./KG COllPOIUTS • so.o 

)::a llAN1PUl.AT(1& lR!\ 1.co 5000.00 10.00 10000000.0 95,00 1.00 250. 00 :i. 5. w Ci~Y CPl&ATiliG STA!ION 1. 00 woo.oo ,, 00 11000000.00 99. 00 1.00 100.00 '· s. 
DUTI crcu: .. o.'i•C~ 11E001RIMC ... tUC:lllNES loliD • $ 190000000. 

l&GllTIC T8AISPCBTE& L&BCR • o. 0 llPlllD. • o.o KG/1111 U' • 0,/ICG COllPOlllHI • 'SO,O 

P~Al!C. 1. 00 50.UO o.o hi7,1\I !l'l,90 1.00 2.so ,, s. 
Ul"tt PER,ElDlLlT! PLUG 11.00 (,, 00 I.), 0 1301,Jll 100.00 1.00 o.o 2. s. 
THLCh S"ICS 8 .oo 1, Gil Q,I.) l07.119 9'1.90 1.00 0.20 2. s. 
CC.htUMH (,,Oil JO, llO o.o lill 'l'J. 17 99,50 1,00 1.so 2. 5. 

DOT'f CYCLf. • 0.9 .. ~0 Ill QUI f<l NU 130. ltAl.lllHES l<&D • • 50:.110000 • 

TJllSPOBTf S 111ACK LABOR • o.o EllPBID, • o.o r.G/llR If • 0,/KG CGllPOllEIH • 10.0 

TRACK 11.00 ~ooo.oo • o. 0 115001)0,00 99,90 1.00 90.00 ,, s. 
!1.1.(;llf'aC DPIVErS 1280,00 ::o.oo 0.01 110 )), 80 99,90 1.00 1.so 2. 5. 
fUSSUllS 2.00 llSOC0,00 o.o 22soooo.oc; 100.00 1.00 o.o 1. 5. 
iiOUTihli CCUPCL 1.00 <000.00 n.oo llOOCi000.00 99,00 , .oo 100.00 J • 5. 

OUT!' crcu • 0.9900 Jl!Q!1l Ill Nil 1. IUClllli ES fi&D • • 77150000. 

lllTElllllL STCllAC! DlVIC! Ll808 • o.o UP!ID, • o.o KG/Hll U' • O./KG COllPOl!llH • tQ,O 

DO~Y & CONTROL CIBCOIT 1. 00 2 oo. 00 1.00 100000.00 99.00 1.00 ,o.oo 2. s. 
CONTllNf~ TUBIS a.co J0,00 o.o 15000.00 99.00 , .oo , .)0 2. 5. 
P!JSH "1i~ 1.00 150,00 1. 00 75000.00 99.00 , • 00 7.50 :z. !I. 

DU1Y CfCLE • o.seG1 RlOOllllHG 8. llAC H Ill IS &GD • I 11900000. 

IUUB AOTCl!ATOI~ LABC9 • o.o EJll'f!ID, • Oo001 ICG/HR H • 20./llG COIPONllTI •100.0 

lUTOftATIC IEP&IR DU ICE 1.CO 200.00 s.oo 2000000.00 eo.oo 1.00 o.o .. is. 
11uu crcn • 0.1000 llQUJIUO u. UCH1111 Ht•• UOHOOOO, 



uuuu ICHR!CU86ING ccsts suuus 
R & D P BOC UR lH1.I! Hr 'l'iAHSPOliT POWEi '!OTALS 

TH Eu 11 AL BtLT 3925001)0. lt0J!i67616. 11f0979981f. 291f311t88. 57 221:1514i,O. 
OV OF AL liEAR CCN7ACT 118~.:i22"· 4<;66Joea. 43256U9e 4569564, 58048941&. 
DY OF SI AND P-tOPAHT 29413J12. 483501561). 68170816. 1337 04560. 67 33i0976. 
PULSE RECPYSfALLilATION 100ouO 1<J.2. 11522491. 1172526. 2660035. 1150t!0704. 
SCAN RECRYSTALLIZATION 1'J036C192 • 6311043. 64us21. 8tHi923. 1076CJb7201 
N-DOPANT I~FLANTAT1CN 10500000. 12350027. 1329999. 2582997. 25734432. 
ANNt:~L 10380199. 6311043. 640527. 590546. 17«tuOJ&s, 
DV OF AL FRCNT CONTh:T 22013216. 33345H00. 36475072. 770 355 J. 3726356"8· 
PROh7 CCNTAC1 S!NlERING 10J8019\I, td1161t3, 640527. 2956it1. 17105456, 
CELL CROSSCUT 1CllC5COO. 5577291. 5U7860. 18391468. 17946064. 
CCLt lN![RCCNNLCTICN 2074511tl0, 10 !l07 879. 1606638. 2270658. 311505216. 
OV SIU2 O?TIC~L COVER 132740!:16. 84~030912. 1es9126n. 1E990d160. 1256077020. 
DV Of SI02 SU !JST~ATE 33740816. 599 J 3\J 3011. 127089696. 1116727056. 820269024, 

~ PANEL ALIGN & INSH'I 210204%. J4692 3d4. 7756555. 10532290, 71610li20. w PANEL INTERCCNNECTION 1C1705CO. 11 1 50 4 6 0. 1739638. 5218864, 27910272. N 
LONGITUDINAL cu~ 10405001). 5577291. 587660. 1039468. 179460614. 
KAf''l'CHI TUE APi?lICATICM 2fJ041CU~. 131546. 110656. 627288. 20027616. 
ARhAY 5EG. FOL t & PACK 101U17~0. 3754211. 04455. 20011 q. 10928045. 
TEL~OPHATun 1flCOOCOO. 174C'l000. 270000. 10&920. 204776912. 
Cf!AW 1 Ef. SYSUl'I 1~7750000. 130003 104. 211516000, 60247611. 2tltl37 37fi0. 
ZC!lt fiEF rnH 1 :.111 •J<Jl 4 tJ rJ • OJ J<JO 731.>. 1J 2.i!Q 3 3 1. 53793072. 2053l95tlit. 
l'IASK CLEANUP DLVICE 1UO.l<i•1SY.?. <j%1%. 177!>CC. 10011J16. H2550576. 
CV OF lNTtfiCCNNtC1S 221i:,504, 12U7LOIJ5, 1 3711 ~CJ. 5J57177. 41735936. 
LIOU IO AL PIPE.LINE 20Cb74UO. 229CCO. 45000. 8 40. 20343104. 
IRON PIPELINE 201t)7 40U. 37 250. 7450. 6. 20152176. 
AL ALLOYIUG FU~NACE 5tl400COO. 2520000. 364500. 92353911, 70S19d88, 
IRON ALLOYING PliRNACE 5dttCOCOO. 840000. 121500.· 3079461&. 624J9952. 
CONTINUCUS CAST~R 23054992. 614000. 1700CO. 446925. 242SJ904e 
AL SLAB CUTT!R 11ocoooo. 200000. 10000. 296911. 11506911. 
AL DIE CASTER 105250000. 17 5 24 992. 3550000. 676268. 127001248. 



Pf DIE CASTETt 
TRAttSPOHMLn coat CAS1EB 
l\Cill ~G MILL 
!ND TEiIM/WELO/ROLL WIND 
SUEE'r THil1!'!ER 
R ID BO N S L IC r::R 
IlIU[JCN "i'Hil1~f;!l 

STf1 I Al'OR 
FOHM f.CLLEF 
KLYS!f.ON BAI:. ASSUltllr 
DC-DC CCNV. e~coucEa 

INSULATION WlNUE~ 

GLA~S PIU~R ~hOtuceR 

CC CONV. Ei~D. ASSEMDLY 
K L 'C STE. 0 U PL A llT 
GLASS PCil~l~~ FACILITY 
FUA~fC GLA~S CUTTkE 
SllEJ.:T CUT1'I:l ~ !iLCTTER 
f01\!HD GLl\SS S'1CU'IllER 
Wl\Vl.:!jUIOr; nv Of AL 
WilHGlllDl: Pi\Cl<i\GEI! 
WAVLGUlDE ASStNUL~R 

PER~GUN~L UOCKl~G MECH. 
PEiESSUhIZ.i::D 1'UNN~l 
CARGO DOCKING r.~CH. 

LOAt-UNLOAC MANIPULATOR 
~AGNET1r. TRAhSfCRlE6 
TRANSFO~T~H TllACK 
INTERNAL ~TORAGE D!VIC! 
BEPAI& AUTOMArCNS 

TOTALS 

U f • UU NCNRECUldlING COSTS (COHT.) US$$$$$ 

R & [) 

3 55211992. 
7 ') 2 'j/).) 00. 

l~Uo')~IJOOIJ. 

1J"1COCO. 
1 0 4 6 0 0 IJ \J • 
4540C992. 
10.lCOOOO. 
2C~COOCO. 
;: 1tiJ01)1)0. 
i c11uo coo. 
JCOCOCt:O. 
12500000. 
13 2 227 50. 
21734~Y2. 

1624959940. 
53424911}2. 

3 8 b ll 4 'i '.:12 • 
, 0 I) HJ lj 'J ') 2 • 
101250001). 

lJ') lj I.) ll'J. 
1 ) (j') 5 u 0 I) • 

1U06"M'JY..!. 
1SOCl)OCO. 
6CCCOGCO. 
310l'OOvO. 

19CCCOOOO. 
SG:f 1GOOO. 
77150COO. 
11900000. 

120000000. 

5045J1J540o 

PROCUl<J:.l'IENT 

1!i525UO. 
5 ',; 2 ,, () 0 i) • 

1400'.;000. 
2711511161). 

70000. 
3~ 45 U9b. 

30 l)CJ\). 

100.:ll)OO. 
1UJC(I). 

2 uu11t.J40. 
2000000. 
2 OCO 1JOl.l. 

2 " y ~IJ 7 3 lJ. 
372 ')01). 

15.!SCl)OOI). 
11J<;-J11':I9 2. 

2HIJ8 500. 
22llo Ju ·in. 

4 0 1"1 ,, " <J 2. 
~ <J 1 (J lfl 'J • 
1 )o2 4'J fl. 

3Ut51'>'112. 
2 0 ()Q I)\) I) • 

JC c:i> LOO. 
340JOOO. 

56000 001). 
t 107610. 

180 23 2 'HJ. 
2 3GtlOOO. 

84COOOOO. 

4300 349 440. 

Ti!ANSPORT 

315000. 
1150000. 

10720000. 
166124800. 

81JOO. 
7 0200 00. 

JOOO. 
2000000. 

JHCO. 
445200. 
400000. 
40JOOO. 

1634UOO. 
56500. 

3050•)000. 
22794992. 

589COO. 
11230000. 

2•l75000. 
2uouoo. 

?5~5JOO. 

1942tlOOO. 
400000. 

6000COOv 
4400CO. 

2800000. 
3" 060() 0. 

16640000. 
4 72000. 
81.00110. 

944832512. 

POWER 

66951. 
323433. 
99Hl24. 
39'>422. 
1220 22. 
6452~f.J. 

11S3'i. 
14ti500. 
100&63. 

19 422'J 2. 
7351. 

4561)0. 
1580516. 

148485. 
95999968. 
204 85968. 

64840. 
858566: 
231637. 
7929&3. 

88209. 
18 53276. 

11600. 
154 4 4. 
2398. 

124146. 
(•. 

Fi 7., , lt • 

470 45. 
504000. 

697467904. 

TOTALS 

37459 424. 
622110416. 

1925U.dl00. 
2093b43bd. 

106od'-22. 
5662C 1-'.B. 
10H4S3ll. 
23148496. 
22l47720. 
251~L.;<:O. 
32407 3114. 
14945600. 
373'1C.7&4. 
2231l464. 

1903'199490. 
6915040%. 

11220731.!. 
336318208. 
152331616. 

17924016. 
17050704. 

508535552. 
174,, 072. 
960 151440. 
346~2364. 

248S4!14144. 
59803664. 

, , 101J0960. 
1477~044. 

205343984. 

10732580900. 



UUIUI UC U lllUO CO STS UUUH 

OHllUlNt" EllPlllDllDLBS RIPlll TOTALS 
LABCll FllCJ c u et: llE N'I 'ERAllSPOU LADOl HOCUBUHt 'IHl3POH 

TUEB~U BEl't o. ,::2111(,, 1162Jl9, 1001()1, 201711J68. 95161'8. 288UllOO, 
0¥ OP AL REA9 CO~TACT 0. 11(,J'jll, 1 hl5111. 5~1116. 20JJ 155. 29198'. 3385229. 
DV Cf SI AUC &'-o.:>EAUT I). 1161111. 11611709, 591557. 211175088. 11601531. 2831111896. 
PULS! HECnY~lALLlZATIOI o. 1161171. 1lull101. 32032. 5761211. 191115, 18201172. 
SCAN P.EChf ST,LLiiATICll I). 11111171, 11611,07, l20l2. 315592. 11l236. 15116319, 
·-~Of ~Nr InFLANTATIOll o. 111.f> JSI), 2ll175, 160 16. 617501. 89775. . 1J158JB, 
UNBL o. 11bll11, 111;11707. 32032. 315592. IU236, 15116319. 
CT Or &L lfCN; ~UHTAC~ o. 11(,q 707. U6117082, 151113. 166729211. 21162121. 29Ci811560. 
?~CNT CONT,CT SI~TERJNG o. 11c.1111. 11bll707. 3.2(,J2. 315592. llJ236. U116l19, 
CELI. C~CS~CUl o. 29~5'.IS, 11ra2J79, 1180119. 2788616. 39680. H8l7'i7, 
CELL l?oiCf.Cl.~HCTICll o. J~ l!J7, 23221111, 1721711, 511U 3911. 1081fll8. 100b21i5. 
~V ~IC2 ~?TI~Al CCV'~ o. 2 l17t10. <D177S6, 8351611, 112251552. 125119110. 5J8 10 ~()0, 
DV CF 5102 5UU5TRATE u. 2;11uo. 2317796. 58 35119. 29966560. 8578561. llfSllllSoO. 

)::> PAll!:l ALl-'N & IHSHT o. 34'JOCi, 2J2 7C9, 1205217. 17311618, 52l568, 311501192. 
w PANEL INTESCCNNECTION o. 3110l1. 232211Q, 1721711. 5S7S23. 1171125. 10JOll.ld. 
.i::. LONGIT~DIHAl cqr o. 291')~'1';. t 162379. llU0119, 278064. 39680. 1682757. 

KAPTC~ TA~£ APFLICA!ION o. ]ll'J76, 2ll171, 8921 o. 6577. 27Qll, J39,09. 
Ai,[ Al;;-..;. fOlD & PACK 0 J .. 'J71i. 2J 3 11 ... 950'J6. 18771. 5701. ld77 20. 
Tll~CPl.:HTCr. o. o. o. 66llS, 17lH9!fe 361f50. 11142(,7), 
ChA9Lfi< S¥5Tc.lt o. 173~. 11677. 1791093. 90\llJ 153. 2225117". 13'261 J2. 
::01<l :.rr•~H o. 1011877, 5211303. 651563. 55l127. 100582. 193115)0, 
~ASK CL~A~UP DEVICE o. o. o. 83SJ51. 1535211115. , 18116211. 11:a12~ 16. 
DY 01' INitRCCNK~C1S o. 871f. IU70, 37632. 601l995, 29591f68. 9016l J8. 
LJOUlt Al PlPitINE o. o. o. 37 3270. 103000. 27U10, 50110110. 
Il<C N rI f E !!It: o. o. o. J0102. 28250. 7627. 65!.80. 
AL ALLOll~G FUF~\CE o. o. o. 108369, 915000. 611800. 10d8168, 
l~ON ALL0¥15" FUaNACB o. o. c. 36123. 305000. 21600. 362723. 
CCNTlNUUUS CASTER o. o. c. 66225. 27900. 5670, 99795. 
-'L SLAB CUTTtR o. o. o. 18061. 15200. 1026. l•281. 
ll DIE CA.;1l6 ll7~ll. o. o. 61215. 815000. 2l62SO. 121t8223. 



as1SSSll ktCUBBINQ co~~, (CONT.J uuuss 
OPEllAUNG tllP!llDULes llEPU8 TC.'Ulll 

UBCIC UOCUllElll!ll'I TRAllSPOl't LA DOB PIOCUBU!IT UUHCllT 

Pf CIEC.ASTEB 1::o;;1. o. o. 90) 1. o. o. 820')2. 
Tl! ''N;, PO !di tli COit! CA:iTEB 111101. I), o. 6020. 275000. 7'250. J67C72. 
&OllHG /!Ill o. 'ifl 1 "· 7069. 6J2'5, 1102 750. J5n5o. 826797. 
E•u !b!1/N[L~l~OLL WIND o. I), D. J612J. 5190911, 11059821. 116150Jd. 
SHH< THl!!'E~ I). IJ. u. 211062, 11110. 786, J2008, 
RIBuC !I .iLICf.3 o. I), o. l220~G. 54000, 136080. 512176. 
RIBllC N U.I,!!L'( 0. o. o. 90J 1. 2880. J97. i~loa. 
SH IAlC~ o. o. o. 301 o. 50000, 135000. 1680 10. 
PCP~ ICLLl.1 o. o. o. 120111. 17630. 20579. 110250. 
KlYST~C~ !f.;:I. A SSE 118 Lt o. I). o. 27l'JJ111, 27611111. ll!ilCJ ), 30611121. 
cc - cc c ( ·; '. F:·c DoJCH1 590111. 69. 9161), 6911197f'O. 11020. 150000. 11~500. 1390950211. 
I~SUL•TI..,:1 •h~H- 0. ll. o. 1n410. 100000. 270~C. 21f74 10. 
;;u:;:; S".,' ..- .. . ... "'_, HCDJCE i o. o. o. 1597548, 9l&&%o 110~96, 2&1111il110. 
DC <_(. ~ V. ~Au, 'SS t:IHY o. o. o. 18Jb25. 291175. J179. 216279. 
KLY:.TiO'I ?l..~T o. 87659 952. l50bJCJbto, 602'15. 76119997. 2065499. 1111110711752. 

):::> ';L-'~S pc,nr~~ FACILITY 270651. 1JJ91111. 1llCJ8550. 261U91, 730911911. 197JS611. 2JJ48112. 

w f'OA~tt '41. \5'.:i CUTrH o. o. o. 120141, o. o. 12C"1· 
I.Tl ~ 11 t • 1 c-1 r 1 a & SLC'tt!:.11 o. o. o. %32fl. 112011190. 2es120. 115112<,""· 

POA~tt ~LASS S,00:11£• ll. o. o. 271)'12. '111)500. 6J!ill5. 101)1177. 
•.\W«-1U:iJ, ov l.f \l o. o. o. ~''•106. 152219'>. 12614•11. 1102u211. 
~AH•;'JICl r:.t.IOGL!t o. I), o. 7857'\5, 115'J2116'.), 860611512. 9111111.2120. 
•AV~~UI~l A~~E~ULE~ 0. o. o. 1169598. 120;111000. a1611ec. Ul1007b, 
Pf PJC : ... Ei. CCCK1 Ii.; l\ECH, o. o. o. 120111. 100000. 27<.00. 1J'.i041. 
?filS~UFlllD TUNNEL o. o. o. 36 121. 250000. 67!>00. JSJbZJ. 
t:AF~C ., ....... Kt~-; ~!.::u. I), o. o. ..! 14(184 • eoooo. 54CO, 1 Hl0811, 
LOAC-U~LOAC "~hlPULATOR 113245.1. ll. o. 7224£. 2806000. 189000. 111')Jb91, 
nAGhLTlC TP\N3fCR1EB o. o. o. 152&22 'J, 3058)7. 229905. 20fo 1<,70, 
T~Ah~~OP~~p !~AC~ o. o. o. 309566, 6Ulll&l. 321300. 131!>02'), 
INTH NA L StO! A<.;E ttvlCl (). o. o. 21100 19. 118000. 31860. 1906 l'il. 
BlPU ~ ~u:;o.U'!ONS o. 5891. 2911!:4. 252t16011. o. o. 2Sf>JS1'8, 

TOTlLS 1&20690. 1611099811. 1162185216. 20097152. 228210608. 1'328211118. 1000278020. 



TCTAL DllcECT YCN-RICU~RINU CC~T •110732580900. 
TOTAL DIRECT kECU~~IMG CCSt =S 1oooneoa. 

TOT~L l>I11 l::CT PllOl>UCTICI 1'AS:i l KG) • Slllf8J25. 
TOTAL Dlh;i;CT PIWDUC1IC H EOllEB (KV) .. 2~ 2qe9. 
'tOTU DIR~Ct PliOCUCt lCN CR 1:11 :: 2 16. Ptc\11! 

TOTAL SllP caEW • 433. 
CREW 1RANSECRT llAS5 = 1731~1. KG, CCNSOl!ABLE "ASS• 131140. KG 
CREW TRANSEOaT COST•S 7791~080. CCNSUftlELJS COST• 1l111l04J. 

CREW TRAINING COSTS =S 21643920. 
SUEECFT CPEV VAG3S =S 6515J50ij. 
SUPPOR~ EIPfNUAULF~ TRANSFCuT COST =S 

HABITAT ~ASS (KG) = 1:159~0. 
HAeITAT POWER (K1q = ~89ti. 

o. 

RtD /IND r-noCUilEllC:hT ccs·: Ci 11Ar.I'IA1 (S) • 5085911688. 
TRA~SP0RT COST Of' HABITAT (SJ = 131! ~992. 
EOllE.1' CCST Cf' HABl'rAT ($) = 11667717. 
NONRECUR~ING COST Cf NCHPRCCUC11Cfi Sftf •I 50000000. 

TOTAL Sllf l!A55 (KG) = 151JU12b, 
TOTAL SllP PO~~tt (KW) = 2l7J85. 

S1'P SUPEC5T TLANSPORt cos~ =l,01000000. 
SftP SUPPORT POll~R COST =$ 'CCCCOG. 

SETUP COSTS cJ 3086410. FOR 6. PEO!'ll 

SSS USU DIRECT COS1S: HON~BCUBBING wS107325~0900., BBCORBIIG •$ 1000278020. 

SISSiSSi INDIBEC~ cos1s: NON6ECUBBING =S 901963392 •• BICOBBIIG •S "177829536. 

ss~sssss Sftl LifE CfCLE COS1S•S 21670~d6Uu~. 

SSSSSSSJ DISCOU•TlC AVERAGE SfS CCSt•S 10835211100. 



A.2: PROGRAM SPSLP 

(LINEAR PROGRAMMING OPTIMIZATION 

OF SMF BUILDUP SCENAqIQ) 

LISTING 
DATA 

OUTPUT 

A37 



C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••SPS00010 
C• LP 0f1IftlZATION OP SPS PBODUCtICB OPTIONS SPS0092C 
C• IS.I .'I. SPACE SYS'IEftS LAB SPSOOOJO 
C• APRIL 11, 1979 SPSOQOllO 
C* PBOCOCID UNDER CCHTBACT 'IO 'IH! NASA ftARSHlLL SPACE PLIGHT C!ITEB SPS00050 
C._-~----~----~--~-~------~---------------------~---------------SPS00060 
C• THIS PiCGRAn SfTS UP A 64 I 100 SinPLSl tlB~EAU FOB TBB!E SPS00070 
C• COttPITlRG IUBGY CFTIOllS: SPS001l80 
C• 1) SOLAR PCVE£ SA!ELLlTES PREFABBICA~ED ca ElBTH SPS90090 
C• 2) SCLlB PCWER SlTELLI!ES PECDOCED IN SPACE FBOIS LOIAB ftATBRIAL SPS00100 
C• l) G60UllD-eASlD POiEB PRODlfCTIOB II TH! SUE TlllE PRUE lS SPS WS00110 
C• TBI TVO SES CPTICHS HAVE AS~OCIATED RESEARCH AID DEVELCPISEHT COSTS. SPS00120 
C• veice !HE GBCOND-EASED OPTION DOES HOT HAVE. THE LP OPTlftlZlTIOI 5?500130 
ca CBCOSES BOtGETABJ ALLOCATICHS POR A .20-YBAB EHEBGt PBOGllft SPS001~0 
C• DIDEB THE FOLLOWING ASSUHPTIOXS: SPS00150 
C• 1) J!ARlt lBVISTftEliTS ABE LittlTED SPS00160 
C• 2) lHVES1ftEHT CAPITAL IH l GIVEN IEAR Ill EE &OGftEHTED PBOI SPS00170 
,. PBOPI'IS or THE PREVIOUS l!AB SPS00180 
C• 3) THE OBJICTIVE PUHCtlDH IS TO ftlllftlZE TB! BET PBESEBT VALUE SPS00190 
C• OP TB! NET PBOFltS SPS00200 C9------------------··------------------------• •••• SPS00210 
C• llBllBLE DEflNltlOtiS: SPS00220 
C• IE B&D CCST OP EHTH-SUPPLI SPS SPS00230 
C• BL B&D CCST OP LUNAR-SUPPLY ~ ": SPS00240 
C• CE PBCDUC11CH COST OP AN EAB: 1-SUPPLI SPS SPS00250 
C• CL PRO~UC'IIOH COST OP l LUNAR-SOPPLI SPS SPS00260 
C• CG PECOUC'IICH COST FOR 10,000 Bi GBOUBD-BASED POIEB STATIOR SPS00270 
c• BB lEAF~l KO~ETABY RETuRH PROK ONE SPS OB BQUIVALEIT SPS00280 
c• a tlSCCUliT BATE SPS00290 
:• SPSISAI ftl~KET Ll~IT OH PO~EB STATIONS SPSOOJOO 
c• y (l) nu tGE 'I Ill I .\LLOCA "!' 1Cb POR YEAR 1 SPS00310 
c• l 'IABLEAO n1ta1x SPS00320 
C• B CCNSIBIINTS SPS00l30 
C• C CCHUCIENTS OP OBJEC'J:IVE. fOHCTIOll SPSOOJQO 
c•----------------------------------------------------------------------SPSOOJSO 
C• DAVIIi 1. UIB APRIL 11• 1979 S•·S00360 
c••••••••••••••••••••••••••••••••••••••••~•••••••••• .. ••••••••••••••••••SFS00370 

c• 

Dlft'EliS ION " (65, 100) ,B ,..,5) ,c ( l!>O) • PSOL (100) .osoL (65) ,Bl (Q418) • 
+Ii ( 193), Y lLO) 

BEAt'5.101)BE,BL,CE,CL,CG,BB.B.SPS!Al.CB&CI 
BUD (5, 102) (Y (I) .I,.1,.10) 
BUD (5, 102) IY Cl) ,!=11.20) 
VRITE(6,201)~E,BL 
VBitE(6,202)CE,CL,CG 
VUU(6,203)BB 

c• iHITIAlIZt tABLEAO ABBAl 
c• 

DO 1 1=1,65 
DO 1 J=1,100 

1 l (I ,J) .. o. 
c• 
c• CONSTBlINT TO PAY B&D ON EABT8-SOPPLI SYSTE! 

A38 

SPSOOJ80 
SPS00390 
SPS00400 
SPS001110 
SPS00420 
SPS0043G 
SPS00440 
SPS001450 
SPS001460 
SPS001470 
SPS00480 
SPS00490 
SPSOOSOO 
SPSOOS10 
SPS00520 
SPS00530 



c• 
DO 16 1•1.20 
00 2 Jc1,l 

2 All,JJ•-1./BB 
lll.1+160)•1. 
11 CI.£0.1J GO TO 4 
Kl•I-1 
00 l K• 1.1( 1 

l lCI,Kt40)s-1. 
ca 811) •O. 

c• 
C• CONS1BIIRT TC Ell B&D 01 LUKlB-SUPPLI SISTI! 
c• 

PO 1 l,. i, 20 
CO S J•1,I 

5 1CI•20.J•2C)•-1./BL 
A II+20,J+60) .. 1. 
IP 11.EQ.1) GO to 1 
11•1-1 
DO 6 Kst,11 

6 lfl+20,l+60)u-1. 
1 e U•20Ja0. 

c• 
C• COPSTRAINT FCR JEABLI BUDG!T 
c• 

DO 9 I=l,20 
l U•llO,l) • 1. 
A Cl• II 0 • I+ 2 0) '"' 1. 
l (T•ctO.I•llQ) scf 
1(~tlh),I+tC)=-CL 
l(l•llO,h80)s:CG 
l1 (1. E~. 1) GO TO 9 
1(1.::1-t 
DO 8 11•1,Kl 
llI•llO.K+llOJc-BR 
A(I+40,K+bO)t-8B 

C• TlKE OUT 1H~ FCLLOVINC LINE TO DECOUPLB GBOUID-DASBt PROFITS 
l(l+llO,i•SO)=-BR 

8 CCll'il!IOf 
9 Bal•llO)=ICI) 

c• 
C• CONS18AIN1S c~ NOBBEH OF SPS•s IND B&D SPENDING 
c• 

DO 10 J=l,20 
I C~t,J+ll0)-=1. 
A(61,J•6C)"'-1. 
A (61,J•!lO; •1. 
llb2,J~::1. 

10 AHJ,J•.20)•1. 

C• 

8(ti1) -=SPSllU 
Bl62)=Bf 
8 (63) •BL 

A39 

SPSOOSIJO 
St'SllOSSO 
SPS00560 
SPSOOSlO 
SPS00580 
SPS00S90 
SPS00600 
SPSO'l610 
SPS\JOC>20 
SPSOOt> 30 
SPS006110 
S~S006SO 
SPS00660 
SPS00670 
srs00680 
SPS00b90 
SPS00700 
SPS00710 
S!"S00720 
SPS007JO 
SPS007110 
SPS007SO 
SPSOQ160 
SPS00170 
SPS00780 
S?S007'.i0 
SPS\l0t3CO 
SPS00810 
SPS00!l20 
srsoog 30 
SPS00tl4'0 
SPS0Qt3SO 
SPS00d60 
SPS00870 
SPS008110 
SPSOOS90 
SPS00900 
SPS0091'i 
SPS00920 
SP SOO-J _l(' 

SPS00940 
SPS00950 
SPS<l0960 
SPS00970 
SPS009 t>O 
SPSIJ0990 
SPSO 1000 
SPS01J10 
SPSO 1020 
SPS010JO 
SPS010 .. 0 
SPS010SO 
SPS010f>O 



C• SI'? UP OfJICtlll PUICTlCI 

DO 11 I• 1.2i> 
c UJ •- C 1. U) •• C-1) 
cc1•20>•-c1.•aa••c-11 
c U••O> •ea• 111. ••> .. t-U -( 1. •BJ•• (-•OU 11-cz• ( 1. •Bl•• c-1> 
C (U60J 2 llR• ( C 1. •B) •• (-l)- (1. •I)•• (·•OJ UB-C&.• (1. •B) •• (•IJ 

11 CU+8CJJ 'l(1.•B) .. (-1)-&1.•B)••(-40))/B-CG•(1.•B)••C-IJ 
c• 
C• If CKECI a 1 •• Fill! OUT Tl8LllU FOB PBOGllB YIBllICltlOI 
c• 

IP (CBICK.JE.1.J GO %0 15 
DO 12 l•1,5 
.J1•20•~-19 
J2•.ZO•l 
1161TE(6,J01>J1,.J2 
DO 12 1•1.6l 

12 llBIT£(6, JO~) (l (l,.J),.J•,:J1,.J2) 
PO 1J la i,J 
J la2C•!l-19 
.J2• 2il•K 
PBltl(6,30]lJ1,J2 

1l llllIU (b, :!O;) (8 (J) ,J•.J1,J2) 
DO 14 !l:al, 10 
J 1• 10•K-Q 
J2•1J•lt 
llS1T!(t,JO~)J1,J2 

H IB.l:H (6, 1CC>) (..: (J) ,J-..J 1,.12) 
c• 
C• suesour:Nl! 01.L TO IllSL SUDBOOTill PlClllGE PCB B£VIS£D SlftrLU 
C• LP OPTl~lZATlCI SCUTI~E 
c• 

15 ~AIL :xltP1,,65,B,C,100,6l,O,S,PSOL.PSOL.Bl,Jl,IEB) 
c• 
c• IBITE OU! LP SUBBCuTIN! ERROR CODI: S~P 11 ABIOBftlL 
c• 

liBlTE (6, ~01.1) 1111 
l1 (llR.J!.0) GC TO 18 

c• VBITS cJr OPTISU! JA1UI OP 08.JICTl'E lDICTIOI 
c• 

c• 
c• IJI!E 0UT PHl~AL ~u~UTIOI 

c• 
!)C 16 1" 1, lJ 
I 1• 1C'• I-'J 
I .i. • 1J• I 
WR1Tt io.2C5) 11.u 

16 iil8l'IE10 • .'ilt>l IPS,)L(J).J:aI1.I2) 
c• 
C• 1.8.l IE 011 i CO lL .iOLDrIOI 
c• 

A40 

srso 1016 
SPSO 1~80 
SPSOt090 
SPSO 1100 
SPS01110 
St>SO 1120 
SPS01tl0 
SPS01140 
SPS011SO 
SPS01160 
Sl'SO 1110 
SPS01UO 
SPSO 1190 
SPSOUOO 
SPSO 1210 
Sl'StH220 
SPSO 1.ZlO 
SPS01Z40 
SPS012SO 
SPSO llbO 
srso1210 
Sl'SQ1280 
SPS01290• 
SPSO 13"0 
SPS01l10 
SPS01320 
SPS013JO 
srso n•o 
SPSOllSO 
Si.>S01J60 
Si'!iO 1Jl0 
SPS!l1J80 
srso U90 
SPS01~00 
SPS011110 
Sl'S01"20 
Sl'SOtqJ(J 
SPS01U0 
SPS0116S;J 
SPSOUftO 
SPS01UO 
SPS011180 
SPS() 1'.;0 
SPS01SOO 
SPSO 1S 10 
SPSJ1';l0 
SPS01')JQ 
SPSOlS•O 
Si>S01";50 
'>PS01Sb0 
SPS01Sl0 
SPS01S80 
SPS01591) 



18 
c• 

EO 11 1•1e6 
l 1•10•1-9 
U•10•J 
l!'ITECE. 201U 1el2 
l&ITI C6e206) CCSOI. C.aa e.J•l 1.12) 
11•61 
U•6l 
IBITI C6e201) J 1 el2 
HID (6e 209• (DSOJ. C.aa e .Jal61.6ll 
net 

c- roaaat S'lat1111ns 
c• 

101 POBBITC9f8.l) 
102 ICBllA'l' C1U8.l) 
201 rc1111c201.••······· IR OPTilllZITlOI or ses BOil.D-U• ......... , 

•• UITli SDHtl HD ccn uaa • ··"·" . 
•• LDHlB SOP111 BGD COST CHI • '.r6. 1) 

202 PCBlllT V' COIS18UCUCI COS1'S: SB Pll 10.000 Ill'' 
•61,'llltl SPS CPl'ICI • •,r6.1/ 
+61,'LOlll SI'S OPTIOI • •,r6.1/ 
•61. 1 GICOID-!IS!D Ol'TlOI • •.rS.1) 

201 l'GiftlTC/' IE15Lr Bl'l'UBI FBOB SPS (SB) • •.ra.21 
20• POB!IAT VI/' OITillIIED IET P80PI'1' (S81 • •,r&.l///) 
205 fOISAT v• e&Ul&L SOLO'rlOI roa COLU:IHS •• u.• 'HSOOGB •• u1 
206 fOF!SAT 111.10112.SJ 
207 FC&!llT V' DUAL SOLO'l'IOB FOB BOWS t ,IJ, 1 TJillOUGB '• tll 
208 !'OBIUT V/.'• naoa CODE PBOll LP SUBBOOTUX • •.u) 
209 fCBlllT I 11 . 51 
301 FOBSIT', ~O BATRIX, COLUBIS •,JJ,• TBJlODbff '•Il) 
102 FC!Ul&T(l. 2) 
lOl FO£!l?(/' STilIIT COIS1'11TS, BOVS 'elle 1 'l'BBOC~I '•Il) 
JO• POBUT V' t.jtJi -:UYI 7DBCTIOI, COJ.DIH 1 .n,• 'l'BBOUGB 'ell) 

Iii: 

SPS01600 
SPS01610 
SPS01620 
SPS016JO 
SPS01UO 
SPS016SO 
SH01660 
SPS01670 
SP501680 
SPS01690 
SPS01700 
SP501710 
SPS01720 
SPS017l0 
SPS017«&0 
SPS01750 
SPS01760 
SPS011JG 
SPS01780 
SPS01790 
SPS01800 
SPS01810 
SPS01820 
5PS01830 
5PS01&c.0 
SPS01850 
SPS01860 
SPS01870 
SPS01880 
sr;o1no 
Sl'S01900 
SPS01910 
SPSOU20 
SPS019l0 

rIUI SPSLP · DArA A CCIVEBSITIORAL BOBlTOB S!St'Bft 

JO. 
10. 
10. 

70. 
10. 
10. 

6. 
10. 
10. 

2. 
10. 
10. 

15. 
10. 
10. 

A41 

1. 752 • 1 
10. 10. 
10. 10. 

n2. 
10. 
10. 

1. 
10. 
10. 

10. 
10. 



•••••••• LP OPTlll&HlCI or ••• 8U1LD•DP •••••••• 
HHll SIJPPU HD COST CUI • JO.O 
LUU! SUPPLr au COST CJll • 10.0 

CONSThUCTICN COSTS; $8 PER 10,000 1111 
~ABTtt SPS OPTICH • 6.0 
LUWAP SPS OPT10H 2,0 
GROUM~-!ASEn orTICN • l!i. 0 

UllLt UTIJllll PllOll SPS 1181 • 1. 75 

'UllLUO lll'llUI I COLU/!NS 1 TllROUGU 20 
-o. c J o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
-0.0l -0.0l o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.1) o.o 
-0.0l -0.0.J -o. 0 J Q,Q I). 0 o.o o.c o.o 0,0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
-0.0J -c. 0 J -o. O.J -c. OJ (), 0 c.c o. 0 o.o o.o o.o o.o o. (. o.o o.o o.c o.o o.o n.o o.o o.o 
-0. OJ -o. OJ -o. 03 -0.0l -o. 0) o.o o.o IJ. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

"· 0 -0.0J -0.0l -'l, OJ -0.0J -0.0J -U.OJ o.o 0.0 o.o o.o o.o o.o o.o o.o 0.(1 o.o o.o o. 0 o.o o.o 
-o. OJ -0.03 -J. (Jj -.... cJ ·Cl.OJ -0.Cl -0.0l o.o o. 0 o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.c. 
·O.Ol -0.0J ·0. OJ -o. O.l -0.01 -0.01 -0,0.l -0.01 l),IJ o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
-0.QJ -0.01 -O.OJ -Ci.OJ -0. l'lj -0. OJ -0.0J -o. Qj -o. Ql o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
• O, C3 •\l. Ol -o. ~) -0.0J -0,JJ -0, OJ ·O,OJ •0, 0 I ·O. Ol -o.oJ o.o o. 0 o.o o.o o.o o.o o:o o.o o.o (l, 0 
-o. r,) -0,0J ·O.OJ •O,Ol -o. 'Jj -0, OJ -0,0l •O .OJ -0.0J -0.0) •O,OJ :),O Q,I) o.u o.o o.o c.o o.o o.o o.o 
-0.03 -v.OJ -O.OJ -C.Ol -0.0l -0.CJ -o.oJ -c.cl •O, Ol •O. 03 -o.ol -0.0l o.o o.o o.o o.o o.o o.o o.o o. 0 
-o. OJ -0, Oj -o, OJ •IJ, OJ -0.0J •0,0J -O.OJ •0,0l •O, OJ •O, OJ •O. O.l •I), OJ •O, OJ o.o o. 0 o.o o.o o.o o.o o.o -0.0J -v.~j -o.oJ -0.01 -G,Ol -0,0J ·O,Ol -o .Ol -0.0J •O,OJ •O,Ol •0,03 •O.Ol •O,OJ o.o c.o o. 0 o. 0 o.o o.o 
-0.0) -o.;J -O.Ol -0,03 •O, Ol -0.0l ·O, OJ •O, OJ ·0, OJ •O, OJ •O,Ol •O,Ol •O,Ol •O,Ol •0,0l o.o o.o o.o 11.0 o.o 

)> -o. 03 ·O. OJ •O, OJ •O,Ol -o. Cl ·O. OJ -0.01 ·0, OJ -0.0l -fl.Ol -0,0J •O.Ol •O,Ol •O,OJ •O,Ol •O,OJ o.o o.o o.o o.o 
~· -0.03 -a.OJ -0.03 •0,QJ -0. Ol -o. OJ -0.01 -0.0) -0. Ol -o. Ol -0.0l -0.01 -O.Ol -o.OJ -a.OJ -O.Ol -o.OJ o.o o.o o. 0 r-v -o. Q, -0.0l -O.O.l -0,0J •O. OJ -o. OJ -0,QJ -0.01 -0,0l -Q.nl -0.0l -O.Ol •O,OJ •O,OJ •0,03 •O,QJ •O,Ol •Q,Ol o.o o.o 

-0,!)l -0,11 -O.OJ -O.OJ -0. UJ •O ,OJ •0,0J •0,01 -0.0l -0.0l -0.01 -O.Ol -O.Ol -o.oJ -O.Ol -0.01 -O,OJ ·O.Ol ·O.OJ o.o 
-C.Cl -o .. .H -0.0l -0.UJ •!'l,OJ -0.0l ·C.Ol -0 .Ol -0,0l -0.0J •O.Ol •0,03 •0,0l •O,Ol •O,Ol •O,Ol •O,Ol •O,OJ •O.OJ •O,OJ 
o.o O, D o.o o.o o.o o.o o,o o.o o.o o.o o.o o.o o. 0 o.o o,o o.o o.o o.o o.o· o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o,o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o I). 0 O. I) o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o 11. 0 o,o o.o o.o 
'l. 0 o.o o. 0 o.o o.o o.o o.o o.o o.u o.o o.o o.o o.o O.CI o.o g·o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o .o o.o o.o o.o o. 0 
o.o o. 0 o.o o.o o.o 0,0 o.o o.o o.o o.o o.o o. 0 o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.G o.o o.o o. 0 o. 0 o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o. 0 o.o o.o o.o o.o o.o o,o o.o o.o 
o.o o. 0 o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o. c o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.a o.o o.o o.o o.o IJ.Q o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
0. \) o.o o.o o.o o.o o.o a.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o 
o. 0 o.o o. 0 o.o o.o o.o Q,Q o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.v o.o 
,, 00 o.o o.o o,o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.o 1. 00 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.o o.o 1. 00 o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 



o.o o.o o.o 1.00 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o ••• o.o 
o.o o.o a.a o.o 1.00 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o 1. CIO o.o a.a o.a o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o. 0 o.o o.o o.o a.a o.o 1.00 a.o o.o o.o o.o o. 0 o. 0 o. 0 o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.o '.oo o.o o.o o.o O,I) o.o o.o o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o c. 0 o.o o.o o.o ,, 00 o.o u.O o.o o.o o.o o.o o.o o.o o.o o. 0 o. 0 
o.o o.o o.o o.o o.o o.o o.o o.o o.o 1, 00 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o a.o o~o o.a o.o o.o , .oo a.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.a o.a o.a o.o a.a o.o a.o o.o o.o o.o o.o ,, 00 O. D o.o o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o.a a.a o.o o.o 1.00 o.o o.o o.o o. 0 o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o 1.00 o.o o.o o.o o.o o.o o.o 
o.o o.o c.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 1. 00 o.o o.o o.o o.o o.o 
o.o a.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 1.ao o.o o.o a.o o.o 
o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o a.o o.o o.o o.o o.o 1.00 o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.e o.o o.o o.o o.o o.o , ... o.o o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o . 1.00 o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 1.00 
o.o o.o o.o o.o o.o o.o o.o o.o a.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o 
1. 00 1. OD 1,00 1.00 1.00 '· ao 1.00 1. 00 1. 00 1. 00 1. 00 1. 00 1.00 '.oo t.oo 1.00 1.00 ,,00 , . .,. 1.00 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

TA8Lfl0 Nl18JI. COLONNS 21 TlllOUGll '° o.o o.o o.o o.o a.a o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
o.o o.o O, ll o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

> o.o o.o o. 0 o.o o.o o.o o.o o.o o.o o.o o.o o,o o.o o.o o.o o.o o.o o.o o.o o.o 
.ii. o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 
w o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 o.o o.o o.o o.o o.o o.o I). 0 

o.o o.o 0,0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
"· 0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o a.o o.o o.o o.o o.o. o.o o.o o.o 

o.o o.o o.o o.o o.o o.o o.o a.a o.o o.o o.o o.o o. 0 o. 0 o.o o.o o.o o.o o.o o.o 
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-1.7S -1.75 -1.75 •1.75 •1,75 •1.75 •1.75 •1.7S •1.75 ·1.7S -1.75 •1.7~ •1.75 15.00 o.o o.o o.o o.o o.o o.o 
-1.1s -1.15 -t.75 -1.15 -1.75 -1.1s -1.15 -1.15 -1.15 -1.15 •1.75 -1.15 •1.75 -1.75 1s.oo o.o o.o o.o o.o o.o 
-1.75 -1.7S -1.75 -1.75 -1.75 •1.75 •1.75 •1.75 •1.7S •1.75 •1.75 •1.75 •1.75 •1.75 •1.75 15.00 o.o o.o o.o o.o 
-1.1s -1.15 -1.1s •t.7j -1.15 -1.1s -1.1s -1.15 -1.15 -l.75 -1.15 -1.15 -1.1s -1.11 -1.15 -1.'IS ts.oo o.o o.o ••• -1.7S -1.1s -1.1s -1.1s -1.1s -1.1s -1.15 -1.1s -1.1s -1.15 -1.15 -1.15 -1.15 -1.11 -t.75 •t.75 -1.11 IS.Of ••• ••• 



)::o 
~ 
00 

-1.15 -1-1s -1.15 -1.1s -1.15 -1.15 -1.15 -1.15 -1.15 -1.15 -1.1s -1.1s -1.15 -1.15 .,o75 •1o75 •1o7S .,.'1S 1s.oo OoO 
-1.15 -1.1s -1.15 -1.15 -1.1s -1.15 -1.15 -1.15 -1.15 -1075 •1o75 •1o75 •1o75 •1o75 •1.75 -1.15 -1.15 -1.15 •t.75 15.00 

1.00 
o.o 
o.o 

1.00 1.00 1.00 1.00 1.00 1.00 t.oo 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o OoO o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o OoO o.o OoO o.o o.o 

COllSTRAJllT COISTllTS, BOIS 1 2880UGll 20 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

COllS'tRlillT COISTAll'l:S, llO'ilS 21 'tlll'OUGB ltO 
o.o o.o o.o o.o o.o o.o OoO o.o o.o o.o o.o o.o o.o ••• o.o o.o o.o o.o o.o ••• 

COIStilllT COHSTAH'l:S, aovs lt1 THBOUGB 60 
10.00 10.00 10.00 10.00 10.oc 10.co 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10000 10-00 100 00 10.00 10.00 11.00 

OBJ!CTIVE PUICTICH, COLUHHS 1 THIOOGB 10 
-0.90909 -0.826115 -0. 75132 -0.68302 -0.62092 -0.5611'8 •0.51316 -o ... 6651 •O.U•10 •0038555 

OBJ!CTI¥! PUICTICI, COLOSIS 11 THROUGB 20 
-0. JS050 -o. 3186l -0.28967 -0.263ll •0.239•0 -0.21763 -o.n185 •Oo 1'1986 -o. 16351 •0.11l86S 

• 011.J!CTlH !'OHCTIOH. COLU!llS 21 TH&OUGI 30 
-0.90909 -0.826115 -0.15132 •0.68302 -0.62092 •0.5611118 -o.5n'6. •00116651 -0.1121110 -o. 38555 

0~1 £CT1VE fUNCTlCN, COlUIHS J 1 T HllOUGll 110 
-0.35050 -o. 31863 •0.28967 -o. 26333 •0.239110 •0.21763 •0.19785 •0.17986 •Oo 16351 -o. 111865 

OBJECTIVE POHCTtCll. CCLUll11S 161 TUliOUGH 50 
:o,0~;61 9,1JJSS 8.268011 7 ... 8122 6.16592 6011565 5o52uo 11098708 .... 9852 11.osue 

OBJECTiYE PUHCTIC8, C01U!l8S 51 'IHliOOGU 60 
l.65061 J.28355 2.!.11985 2.6116119 2. 37072 2012000 1089209 1.68'89 1o'9652 1.32'S28 

OBJtCTlY! PUNCTlC~. CCLU!IHS 61 111ROUGH 10 
IJ. 72198 12. llJ9Jlf 11.27331 10.21328 9o 21f962 8,J7J56 7057714 6.85312 6.191193 5.59656 

OBJECTIY! fUHCTICN. cc1n111s 71 1UOUG8 BO 
S.05260 11.55808 11.109sz J.69983 J.32829 2.9t05l 2.68347 2.40UJ 2015057 t.91987 

OBJECT!W! PUICTIOI, COLUllNS 81 'I HliOOGB 90 
1. 90379 1. 69552 1.50619 1.33•07 , o 17760 1.0lS36 0.90605 o.ne" 0.68161 o. 51!;116 

ODJ!CTIY! POICTIOI, COLIJSIS 91 'l'fllOIJGI 100 
0. lt9613 o ... tse .. 0. Jll26" 0 .276U 0.21616 0.16111 o. 111116 0.066U 0.02,,, -o.o,:Hl 

!1808 CODI raoe lP SOBIOU'rlll • 0 

OrTillI&ID l!T llCfI! (SI) • 7S0.526 



HJUL SOLUTIOI rca co ta 1111s 1 THOOGI 10 
o.o o.o 2. 25015 o.o o.o o.o o.o o.o o.o ••• 

PllIIUL SOLU'UOI roll COLUlllS 11 'UllOUGll 20 
o.o o.o o.o o.o o.o o.o o.o o.o ••• o.o 

PBilllL SOLUUOI rca COLUlllS 21 'lllBOUGll lO 
9. 72~22 9,Qt8U 2.39050 o.o o.o o.o o.o o.o o.o o.o 

PIUlL SOLOTICI fCB COtUlllS 31 TBIOOGI 40 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

Hlll&L SOLUTIOI ftl COLOlllS II 1 'IHJIOOI'' 50 
o.o o.o 0.07501 0.15001 0.10002 0.6000• 1.20008 o.o o.o ••• 

PJJlllt SOtoTICI rca COLUlllS 51 'JUOOG6 60 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

PlllllL SOLUTIOI fCB COLUlllS 61 UBOUGB 10 
o. 13889 O.lt12ll 0.8~88' t. 71762 3.11352' 6.870'7 U.711096 27.•8187 5•.91.'73 ••• 

HIUL SOLU?IOI POP COLDlllS 71 TRBOOGI 80 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

> PIIUL SOLOTlOI PO& COtalllS 81 tllBOUGll 90 
-I:» o.o o.o o.o o.o o.o o.o 0.05493 o.o o.o o.o 
IO 

PBillAJ. SOLU'UOll rca COLUlllS 91 'lllBOOGll 100 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

ODAL SOLUTIOI roa ROWS THliCUGll 10 
lfl.11511 20. 51935 12.04770 S.6ltlltt 2.•5757 o.90165 10'99'8 o.o o.o ••• 

l'l UAL SOLDTJOI FOii ROllS 11 THBCUGll 20 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

DUAL SOLUTIOI 1011 &OllS 21 THJICUCll 30 
11l. 19lt92 56.84\92 211. 57U6 u. 758111 6.39729 2. 76060 t.63221 0.1075'1 o.uu• o.o 

DOU. SOLOTIOI rca aovs l1 THBCUGll 110 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

DUil SOLDTIOI 1C8 80119 " fllBCUC:B 50 
2. 271 l6 0. 71692 o.o o.o o.o o.o 0.3'655 o.o 0.19505 ••• 

DOU. SOLOTIOI rca aovs 51 'IHBOUC:B 60 
o.o o.o o.o o.o o.o o.o o.o o.o o.o ••• 

DQU. SOLUTIOI roa aou 61 HIODGI u 
6.•41606 o.o o.o 



A.3: PROGRAM SCFCOST 

(PROBABILITY ANALYSIS OF SOLAR CELL 

FACTOR: BREAKDOWN AND REPAIR REQUIREMENTS) 

LISTING 
DATA 

OUTPUT 

ASO 



c•••••••••••••••••••••••••••••••••••••~•••••••••••••••••••••••••••••~•••sc100010 
C SCt00020 
C UPI •TIOH OF PAllAlltTEBS STRATEGr SCFOl?~JO 
C 108 l SOLAR CElL F&C70RY lHD ITS SUPPORT IQOlPllH! SCPOOC40 
C Ill A SPACE IUll'Jf'ICTUBIHG FAClLI'U SCFOOC~O 
C SCF00060 
C CBVILOP!D UrtDU COU'DACT to THE USl SCF00070 
C lllRSUILL SPACE FLIGHT C!Nt!B SCFOOOeO 
C SCP00090 
C USSJCHOSETTS INSTITUTE OF TECHNOLOGY SCF00100 
C SPAC? SYSTEltS LABOBATO&'I SCP00110 
C SCFOC120 
c-----·----·--------------------··-----.. · '------------------------------scF001lO 
C SCf00140 
C CllAIG a. C&BIGBAN SCF00150 
C ~UGOST 14 1 1979 SCF00160 
C SCP00170 
c••••••••••••••••••••••••*••••••••••••••••••••••••••••••••••••••••••••••s~roo1eo 

Ylf.I&BLE t!fINITlONS: 
EUOP~P NUHO~E CF LAST PRODUCTION llACIINE 
HO!IACH - NUHEER OF ftACHINES 
llC'!' (l) NUHl!Ell CF CCllPONEllT TYPES Ill UClllNE I 
llCCL<IS UJ NUHBEll Of COHPOH£NT <.:LUSTEli.S IN nACUINE I 
DELl~ - TIHE D£TWEEN ClF.~O TiANSPORr DELIVr~I!S (YRS) 
ATT EA~TH 1BANSIT Tit.Z FCR EftERGiHCY COKPON3NT (DRS) 
TiA~T - 1tllO~EBATOR ;RANSIT TIME P!R REPAIB (URS) 
TRAllC - Cfl4i1I EJ;. 1iiANSlt TUE PEii !1ISSION (1185) 
DtLAr - teL&r T!ME FOR CRAWLER IN iESPONSE TO PRIORITY 

Mi.SSlCl\S (H i.51 (DCES NOT In CL UDE TUHSIT TinE) 
'IPU P.ER~C1n.n SHUTTLE TRANSPCfT COST (l/:<G) 
:cAaGO - rAf,G~ TP.AN~P0lir CCSTS ($/KG) 
SOila - STOC~ ON BCARt RATION {~ATIO OP STOCK KE~Z TO 

fX~~CtfD ~unat~ CF 6EP•IRS) 
ANSTii - APrROXI~1TE ~U~Di~ or sraIPS 
UP CRAWLER A5D T~LEOPERATOR UTILIZATION FACTOR 
DfT U1ILIZA1IGN FACTCR TOLEtiNC~ 
LP PBAC!ICH OP !IftZ CRAWLER SPE~DS LOADING AND UNLOADING 
AH RATIO Cf AOtD~A~IC TO HU~AN ~EPAIB TI8ES 
U.i.E!!D • hAl:lr.\T !i~D COST ($) 
HA:JKG? HAl?ITAT '1A.SS/PERSO!I (KG/i.'El!SCN) 
HAUJK~ UAtl'IAT c~sr ($/K~) 
HABKfi? llADITAT PC II E.'- (Kil/P El\SOli) 
srADKW - SCLAP. PCWtR AFr.Ar COS! (S/KWJ 
SPAGW - SOI AS POWER ARRAY HASS (KG/Kil) 
WAGE - .PHSONr:L WAGE ($/11&) 
'IRAlli Tt:AINlNI> COSTS (i/P£RSON) 
consu~ - CCNSU~ABLLS (KG/~rf.SON-HP.) 
CCNCST - 'tNSU~AEL'~ COST (~/KG) 
As::us - Cf.Eli ltASS (Kli/P.C:RSON) 
liO'IU - liOTA'IIONS O!' dEW .Pfl( fEAR 
DAY~O? DAYJ REJaIREO TO SET UP THE SCP 
SUPROD StT·UP P~ODUC11Vll~ (KG/PERSON-HR) 
SC& SUPPORT CliEW RA:lo (TOTAL CatW/PRODDCTION CREW) 

A5 l 

SCF00190 
SCP0020U 
SCF00210 
SCF00l20 
SCF002JO 
SCP002CJO 
SCF00~.50 
SCP00260 
SCF00270 
SCF0028C 
SCF0029" 
S~FOOJOO 
SCPOOJ10 
SCFOOJ20 
~ F00330 
SCPOOJ40 
SCFOOJSO 
SCFC0l60 

STOCKSCF00370 
SCP00380 
SC£00390 
SCFOO~OO 
SCPl>~41!> 
SCF004-Z'.l 
SCFOli;; ~·t. 
SCFOCI ·!•(.a 

SCFOOi&~~ 
SCf'004b0 
SCPl)01'70 
SCPOOCJdO 
SCP00490 
SCFOOSOO 
SCP00510 
SCF00520 
SCPOOSJC 



SESUP - SUPFCilT I•JUIPllEfil: BEPAIB STAIP 011 DOTI 
ILCT - Blll~UN POYER FLUCTOlTICI FiOft lYIBlGB (PBlC'flOI) 
LIFE - SCP LlfE'!' Jlti. (US) 
~· - DISCCUli &11~ 
STCDKG - SCP srtUCI08E B&D uo PBOCUllBEBT (S.11.GJ 
~CIGV - SCf STBUCTOllL D!BSITI (IG./l••J) 
SiCVS - SCF S~BUC~UBE cn••J/SEctIOB) 
STCIWS - SCf S1SUCTU'I (KV/SE~"TIOB) 
S~CEIP - SCf STBUCTUB& tlPEUDlDtt:S (IG/&i•SECTIOI) 
STC!IC - SCf S16UCTO&E EXP£HDlDLES COST (i,llG) 
VOUll • llUlllU:t VOLlillS'UIC LOAD FACTOB Ill IABIBOUSB 
llBOKG - IUUOUSE. COST (S/IG) 
181GV • IABEUCUS£ DtliSITI (IG/B••l) 
HID • V . OUSl fi&D (S) • 
IHIVV • \ ~-HCU~E POI!~ fOLOHE (KV.fll•*l) 
VBtll • ll£tD<>USE 11P~HtAELES (K~K••l/HP) 
IHllC - l&&IiOUSE EXPSIDABLES cosr (I/KG) 
CCSillS - C~NttOL CEHTiB staUCT05lL BISS (KG) 
CCUIU.S - CC liTRCL CUTER HA&DliliI: llASS (KG) 
CCBD - COB1h0L CENTEt £&t (VITU SOFTYAlE D&VSLOeBEl'll ($) 
CCUCST - CCBTROL C~NTEB D~l WARE CO~T ($) 
CCSPOW - ·oaTaOL CENTf.B STBOCTUDlL POI!& (!I) 
CC~I - ClHTaOl Cl6TEB HA&DiARE lOIEB (la) 
CC.t.XP - COll1liOL CEH'UB UPHOU!LES (!CG/BB) 
CCilC - COH!ROL CEBTEB El?EIDlBLES COST (S/KG) 
CCSTAF - COllTBOL CEBTf.R ST U'F 01 D:t'U (DOES BOT HCLODI 

T!lICPEBaTCli STAPF 
BSSKGP - REPAIR SHOP STRUCtUElL BISS (IG/PEBSOI) 
BSHKGP - RE.PUB SHOP HAttDilARE llASS (ltG/PtRSOI) 
BSHDKG - BIPAIB S~OP UAED~ASE PfiOCUBB~E!T COST (S/KG) 
RSSiOIP - lUPAili SHOP StnUCiURAL POWSB {KW/EEliSOI) 
liSllKllP - B:EPAIB SHOP liAliCilAhE POlit:li (Kli/PEl\SCH) 
BSLD - BEPAlP SHOP P&D (S) 
BS£XP - fi£PALB SHOP UPUDAIJLES (KG/PEliSON-ftli) 
as~lC - H:PAIB SllO? EAP flit A !!LES COST ($/KG1 
ftSliD - BlCtCPbOCESS065 & SBNSO&S B&D (i) 
~~DST - ftlCfO~BOCESSOQS & SENSO&S PBOCUiEftENT (S/STBlP) 
~S!\GST - HICliCPRCCE:SSORS & SENSORS USS (KG/STRIP) 
!SKVST - ftlCao?oOCESSOBS b SfNSORS PO•IB (KW/STBIP) 
!SEIP • tlICl.C!.>hOctSSChS & S&NSOhS UPUDABLES (KG/S'Bll'/BR) 
!lSf.lC - l!lChCPRCCESSCiiS & S~NSORS UP. COST (S/IG) 
cn~n; C~AWI£R R&D (1) 
( ACST - CSAWLEli ?f.OCURI~!NT (S) 
Cli otUS - Ch AW Ltr! !IA SS (KG) 
CEWPOi - CBAWlCR POWkli (KW) 
Ci~EXP - CDA~tEr. EXP~NDAaLiS KASS (KG/HB) 
CF•~XC - C~~WLER EXPEHD~DLES COST ($/KG) 
TELaD - tEllCPIRATCB nbD ($) 
TE.LCS? - TillvPlBATOB PROCUBE!IENT ($) 
TiLnAS - TILfCPfFATOli HASS (KG) 
tELPOW - TELIOPEliATOB PO~Et (KV) 
TELEXP - TEl!OPEBATOB EXPEUDABlES (KG/BR) 
TELElC - TE~EOPEBATOB El?ENCABLES COST (S/KG) 

A52 

scroosqo 
scroosso 
SCFOOS60 
SCFOOS70 
SCF00580 
SCP00590 
SCF00600 
SCFC0610 
SCP00620 
SCF006l0 
SCi'00640 
SCF00650 
SCF0066') 
SCF00610 
SCF01l680 
SCf00690 
scroo100· 
SCF00710 
scroouo 
SCFC0730 
5':P007"0 
SCP00750 
SCP00760 
SCi'00770 
SCP007ij0 
SCF00790 
SCPQ0800 
SCF008l0 
SCF00820 
SCF00830 
SCF008110 
SCFOOSSO 
SCF00860 
SCP00870 
scrooeso 
SCP00890 
SCF0090\l 
SCP00910 
SCF00920 
SCP009JO 
SCFC0940 
SCF009SO 
SCP00960 
SCP00970 
SCP'00980 
SCF00990 
SCF01000 
SCF01010 
SCF01020 
SCF01030 
scro10110 
SCF01050 
SCl"01060 



C• PAKCRV liU3£1' CP C8AWL1-S 8££U!D POB ABBIY SEG8EIT PICKIGlllG SCF010l0 
C• B~ltS - COST t~ A8&Af SEGlElt STORAGE BOIES/SICTIOI (S) SCP01080 
C• OUTPUT 108EER OP CILLS P&ODOCEIVIB SCF01090 
C• IA~!~(l.K) IACUlft ~All~S SCP01100 
c• ·•~EC(l.J.K) COllEOl~HT ~l8ES scro1110 
c• itCI.J) - CCBPCl~lr fSO COST scro1120 
C• COST(l.J) COllFOlh.1'11: PBOCUllUUT (S) (VITil 801 LE&BIIIG) SCF011l0 
c• PO,EBCI.Jl CCfti.'Ci~•r p~~EB (IV) scro11•0 
C• llS.>(I • .J) - COUONUT USS (KG) SCf01150 
c• vo1:•11£ (I • .J) CClPCliElt VOLUllt (8 .. l) SCF01160 
c• IOCCllP(I.J) 1Uft8E8 OF COllPOlflTS or THIS TfPE II I llACBIIE 1r SCF011l0 
C• IT lS THE TIPE Of C08PCl£1t TBlT SERVES OILI OIE SCF01180 
c• STII P; HO!IHi OF CO!ll'ONEaTS OF THIS HPE II I scro 1190 
C• lllCllIRE t!PE PEI SECTIOI If THE C08POIEIT SEBYICISSCF01200 
t• 14 St&:a.PS SCF01210 
c• surDW,(l.J) llllldUll OPAalTlCI IUftBEi er COll~OIEl'l'S/C1DSTEI SCF01220 
c• tli'i(I.J) IUnDU C.f STiIPS suvza Bl C;:JllPOIUT (1 oa HJ SCF01ll0 
c• llAIITCI.J) - COftPCNi~r lf[RAG! n&IITEIA•CE TIK£ 81 CBIVLEB/18 SCF012'0 
c• Ila'tllD &I.J) - CCl!PCIDIT tIPUDUL;:s USS (KG/DR) scrouso 
c• !:IPCST(l.J) COfti>Ql~NTS Ui'EllUMf3 COST (S/IG) SCP01260 
c• BBCOla:(l.J) - CO:SPCNUT lit:r.UC/l.tPUCt CODE: SCF012l0 
C• 1 T ELEOL'l&UTOB ii EFlll\ OK LllE SCF01280 
C• 21 CUNL.::il 1-EPUCi::ltt::.r. ll!tCZl~TlD BEPAIB SCF01290 
c• 22 - c"ai.ua B t:Pt1c:::H11t. uunu REFllB scrouoo 
c• l PERIODIC CUlilEa i£PUCE:tUT lBECICLi/DlSCABD) SCF01l10 
c• liOfAIL{l.J) - Cf.!IFCltENT ""lILURES/la SCF01l20 
c• HUriaZ(I.J) UU~lM TI~E P!B FlILUB~ CH&S) SCF01JJO 
c• TcriaE(I.J) TtllOrEF.ATOR/Cl~liLfa Tl~£ FEB BEPAii/REPLACE SCF01l•O 
c• FCa(I.J) f&AClIOS Or 3l~S LEPl~:ic ?Eli IEAB SCF01JSO 
c• CCt~ J ~Dfta~r. OF 'Il~ES ~~ftP01£dT IS RECYCLZD SCF01l60 
c• cts(J.J) CCST Cf H&>UR si:~CK (~/K(;) SCF01J70 
C• liiC:I,CI.J) 'Yf~~~E R6CICLIN~ fl~~ ~HGOBGH CLEAl!BS (BB) SCF01J80 
C• AOUl>(.:.J) Rf?c\~B AU'IG,1TOll RSD ($) SCF01J90 
c• AU:csrcI.J) REFA!N AUTC~ATON ~l\~CURCltLIT cs, SCF011100 
c• AUil'.:.S U.J) lnP1ll\ AUTO.H!ufl ~:.::;s (!\CJ SCF011110 
c• AU:'?OW (l.J) nErAI p AUIC:tA!C1' Nil.:.h , .... , SCF011120 
C• AU-:'Y'-'L (I .J! HC'.U? AUN 1A71.JN VC t.iJ:!? (:t .. J) SCF01•JO 
c• lU-:'EX~(I.J) Rl?.\lii ~OTCjArCN tX~~~DAeLIS (KG/HBJ sc1011100 
c• AUHXC 11.JJ GEr;\11\ AUlO:urc:I tx?=.liD. cost (l/KGJ SCf'C14SO 
c• CL:•i.D (I.J) cL:::ASl!IG 1u::uai:: ~&D (SJ SCP011160 
C • <: L:IC$T II ,J) CLE A!H H.; rt Al.: HU.; r f 01.:liii EH t.NT (S) SC P'll 11170 
c• CLh.1.\S (I,J) CLZUlNu llA("IH:n: ~A:>S '"") SCP'011180 
C• CL~i'Oll (I,J) CL~.;:il!ili l'UCH11;c: POil!:!! ll\lt) SCF011190 
c• CLSV~L(l.J) CL~\~:NG 11\,Hl~E rc1u~t (~··~ SCF01SOO 
<:• ("l!l,.Xt'(l,J) CL:AU!li.> 11.\ClllN[ HH~CAELES (Pi\O/llR) SCP'01S10 
C• CLS~XC(l,J) CLE\~lNi.> :tACHlNt ~~?iNC. cosr ($/K~) SCF01S20 
c• !::Ai!TU (l.J) P'R.\C!'lO er 1.:Cll?CHENO:S SHIPt>tD ON tltERIOEICJ BASIS SCFO 1SJO 
c• us.:i-v (I.JI HI. :-.u~Otri ct• S'If.li?S sav fD BY TUEO?EJllTOB SCF01S40 
C• TIJF (I.J) THECPEriA'IOll UTlLl.:ATIJN fUClION Bl COllPOliEllT Cl.J) SCP01S50 
c• CES~liC(l) ftAX. hUMfZi ~f STRii>S S~iYED a1 C~AULEB SCP01560 
c• cur (I) - C2ULEil UTILl:n•ICN FACTOR Bl llACHillE 'I) SC101570 
C• ROSTBP ~U11£Ei OF STRIPS IN SCF lllUttlPiE OP lQ) SCF01580 
C• Bii>C RfCUfliU~ l!AClll NA REPLACEllEllT PAB'IS COST ($) SCP01590 
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C• llBPC - ICIBEC,B5IIG ftAClllB ••• (E'rC.J 
C• Hit - lfCUUllG UPUCE.'IUT HUS ftllSIOIT&TIC. ($) 
C- lllPT - llOl.ECUi5llG ••• 
C• fOLH - 901DllE Ot llHEIOUSE Cfl .. J) 
c• 181£1£ - TCIAL JU~SZB or TlLEUPElltoBS 
c• HCBH - TOUJ. • U.H EB or G &11Ll6S 
C- lllUBI - CHI 01 Dlrl SllFEltVlSllG 1'£1.lOHUtoBS 
C• IUHll2 - UPllB CIEll ti DUTY 
c• %Cfl~ CI • .JJ - TOTAL CCllPCIEST FllLUIES 11 DiLlfEU eEBIOD roa 
c• CO:S101D1S or TIP! (l • .J) 
c- •O&BtOCl.J) IUJ8II GP 81(118 &ITOl&?GIS llf.EDED POI cr • .q 
P IOCtl(l • .J) 18HEa CF CUUIIG ll&CUHS 11£818 P08 (l..JJ 
c• 101!LB(l.J) IU!aEI or ?£LE11PEl&:oas llflfD roa c1 • .11 
c• IOC8lll CI • .J) 181818 or CIAiLSBS H£DBD roa Cl • .n 
c- IOBIU'1 Cl.JI ID:ID£1 er suaus SIPl811Slm. TiLEOP. l'08 11 • .q 
c• IOlfUll2 Cl .J) IOl!St.8 or &HUS l!PAIB11G Cl • .JJ 
C• •&CICCCll BICl!ll CUTI CICLI 
c- srttCCCl.JJ STATl(I OU~I CYCLE 
c• PIC:>C - DU'U ~ICU. or PBODUC'tIOI SEQHICI (HDS IT ll&CBHB 1') 
C- &SIDC CO'!l CIClE OF ASSEllBLI SEQGEICE (BlGUS &'! llACUIB 15) 
c• SPSCAP IUBIIB or SPS PiOEOCED PER llll 
C• DECU!ll:ICJS 

IllPUClT &fU (l.,11.lli) 
c• DECL&ii ll/OU1 LOGICAL DEVICE IUllBE6S &•Ol-lBPLICIT) 

lUtGt• cut 
C• DECLAH i.OU flllL IllPUT UUHLES (101-l!IPLICIT) 

. Il~l~iB lltPiC. IC"1CB.ICT(20).8CTI 
ClllUSlt I it'CLOS (li;~ 

c• tlfttJ~l~• a&CKllf Al~ conPO•tllT •ABE 'IBAIS 
liT!G~I llB?B(20.,1~J.,S~1fC(2C.15.,6) 

C• DECLli=: C03PCa.C:ll! PH&rl!:!EBS 
llTfG[i R~C0tf(23.,15) 
Dl8£1Sl01 SOCO"?(Z0.15),IOPIILl20.,15),IC~TPP12C.15).BD(20.1SJ. 

• ~os1:za,15),f~WEi(20.,1S).3ASS(20.15).VOLUftE(20.1s1. 
• SHti>llN (20, 15) • Tll>t: (20., 15) • !SAi n (20 .15) • UPEID (20., 15) • • 
• UPC Sl' 1;0 .. 15}, ttur11u. (20. 15). TCTUIC:: (20, 1SJ .ra (20.15). 
• Cf.SC40.,1S),R~Till(.!0.1S) 

C• Dlft!JSION iEPAli lUTCdlTIOJ &MC CLEA~l~G MACHlSE P&BlftEtEBS 
DUEllS 101 &U i'P.D (:?J • 1 ~) • U'rCST (lO, 15) •AU 'i'ftlS (20. 1SJ ,AOTPOI (20• 15) • 

• lUtH1'..::J.1 :.) • ,\Ut~IP (20, 15) .,.tun:xc (20., lSJ .cL18DC20. 15). 
+ CLllC:il' 12l., 15), CU:US ( i\>., 15) .,C UPCV (20, 1!:), 
• CUVC l (Z I), 1 5) • C&.li:IP (2ii., h) .Cl!liJC (20, 15) 

c• Dll!~liSIO!i A&r.HS JS c~~riCM ArtU 
tl"ENSlC~ fA~:H(ill,1~l.l'BSE8V(2~,15).CB~!BV(20) 
DI~i~SICS MOAU10(20. 15).,!0CLl(20,1S).,•O~ELf(20.,1S).,IOCB&11(20J• 

• MCNUn1(20,1S),NCH~ft2(20,15J,tCFIDP(20.,15)• 
• t1n(2u,1s,.curpu) 

C- DIB£•SlCI DU&I CICL~ A~RAIS 
DI:tUiSION ~ACKCC(2C) ,STATtC(20., 15) ,IOSPU (20,15) 

c• G:Vl Cu~~CM Al~A 
CCftl!Oll ~occ.1 i'. Tli' £,IU!!'fT .nco DE. llOPAIL .. TCT ll'CE, ICSTR P, llOllACH, 

• ICT .uu H ,£";?. Tli.\llT., TUKC., DELA1.sou, .USTRP. Ul' ,urt. LP. 
• £&8lM.Tts1at,CBSiBl,TDF,cor, 

AS4 

SCH1600 
SCP01610 
SCF01620 
SCf016lO 
scro1uo 
scr016SO 
SCPOl660 
SCf01610 
SCP'Ol680 
S:f01690 
saonoo 
scron 10 
scro1120 
SCH17l0 
SC1'017'0 
scronso 
SCP01760 
SCF01ll0 
SCP01180 
SCP01790 
SCF0180'1 
SCP01810 
$CPO 1820 
SCP018l0 
SCl0181aO 
SCF018SO 
SCP01860 
SCF018l0 
SCF01880 
SCF01890 
SCF01900 
SCFO 1910 
SCF01920 
SCF019JO 
SCF019110 
SCF01950 
SCF01960 
SCF01970 
SC1"01980 
SCFO 1''90 
SCF02000 
sctcna 10 
scro2020 
SCf020 JO 
scro~O'IO 
SCF020SO 
SCF02060 
SC1'02070 
SCF020:JO 
SCF02090 
SCF02100 
SCF021iO 
SCF0l120 



• cost.a1ss.vo1ua1.aLr1a1.rc•.c1S.1a:T1a.Te11.TCAIGO.&a. scro2110 
• •osT•l.r:aPC.•IJIC.lBrT.5ilPT.YOL98.•UTEL£.IVCBA•.•••ua1. SCF021•0 
• •uau:s2.1oaOT0.10CLl.IOTILE.1oc11•.1caua1.1caall2.TCPJDI SCF02150 

C• PIOtJO~ l•/GUT lCGlCAL DiYlCI BUBB!IS SCF02160 
Dlt& Il.00'1/~.E/ SCf02110 

C• &!AD \ihlllAJ. llPOT HBU&LES SCf02180 
EICPSD:10 SCF02190 
1Kl~ACH=18 scro2200 

c••••••••••••••• .. ••• scro2211 
C• BODIFICltlOI 1: scre2221 
C• llSEHlCI OP AtDIT:OHL llP.\15 PAIAIBTBBS SCF022JO 
c:e ocauTO - ootr acu or HT011&Tn: auua ucauar craac~101) scro22cao 
C• UEeSll FLAG TO CBAIGB AJ.I. C&AllLEI 1£fll8 TO BOUI HPAD SCF02250 
c• uams - n&G to ca&1Gl uo ua. eaocou111n or &HOa&"tIC scro2260 
c:• ueua dACBlHlf to DIPIULT UL0£S SCF02270 
C9 25 &UG lt SCF02280 

8EAD(ll.9000JOCAUTO.I&EPSV.IA8f0 SCl'02290 
9Chl8 P01ft&T(f6.l.I1.71.I1) SC:P02l00 c.................... SC1'02l10 
. a.uocn. 5) CIC'I (l) .1•1.201. (IGC.DS (I) .1-1.201 SCP02l20 
S P083ATl20l«a/2~f•.1) SCP02ll0 

BE&DPI. 10) DELI¥. ETT. 'IHl'l .. UlllC.Di-.L&T,'l'PEE.TCUGO.S08Be SCf02l«a0 
+ &IS'ISP.UF.UFT,L~.&U,Hl5aD.HA!IGE.BIBDKG.Bl8llP, SCF02J50 
• SP1ciu.sP1~u.u1Gc.Ta11a.a>1su1.co1csr.1ST11s.aorra. scr02360 
• 011~ue.sueaco.~ca.sts~1r.rLCT.LlP£.ts.s-rct1G.sTc1Gt. scro2l10 
• STC¥S,sn:1ws.sTC~le,sTc~1c.YoLB8,UHDIG.VHIGl.IHBD. 5':F02J80 
• 1s1~v.1uE1P.aHE1c.ccs~As.ccan1s.ccat.cc1csr.ccseo1. ~:r02J90 
• CCHfOV.ccrx~.cc!XC.=csrAr.ass1GP.BSHIGP,8SUDKG.iSSllP. SCP02•00 
• BStl&li> .asa D,f. SEl:.».asuc.:ssa c.asts'l' .asKGST .:sslllST, BSEXP, SCF021a 10 
• ftSfIC.c&WaD,CBUCST.cBa:As,cau~•.cawEIP,CIUEIC.'l'ELBD, SCF02420 
• Tt.LCSt.'t~IUS.TELPOil.rELEU.TEJ.UC.HICBil.BOIES.oUTPUt SCF021al0 

10 FCfi!AT(16(5Fl6.5/).lr20.s1 SCP02440 
c• auo 31c1t1u U!lfs scro2caso 

DO 12 Ia1.M:8JCB SCl'02060 
12 B~IC(ll.15)(~6rta(I.l),l•1,10) SCPC2070 
15 PO&!IAT (10111) SCFG2080 
c• llAO COBPC•t•T •ArES SCf02•90 

DO 23 I:1.•v~3CU SCF02500 
1cTisacr UI SCF02510 
DC 22 J=1.ICTl scro2s20 

5EAt (Il.20) (MftEC (l.J,I) .s•l.61 SCF02Sl0 
20 FO~lllT (6AllJ SC102540 
22 COITUUE SCF02SSO 
23 CC!iTI:tUE SC102560 
C• DlC~Aii COftfC~~MT iABABZTEBS SCF025l0 
C• BEID CCSPON!M'I PUAllUUS SCPC2S80 

DO 28 I:1,50ftlCH SCP02590 
ICll•IC'l (IJ SCF02600 
DO 27 J=1,•CTI SCF02610 

BEA~(l&,2S)BC(I.JJ,COST(l,J),POVIB(I.J,,ft&SS(l,J)• SCF02620 
• f<JL UBE (I ... , .1oco11e (1,JJ .sHTOUI (I,J). SCF026JO 
• 'UPE CI.J) ,ftl:Ltrr (I,.J) ,HPEID (I,J) • SCl'026ta0 
• EIPCST CI • .J) ,ancooE CI • .J) .11ol'AILCI.JJ. SC1'02650 

ASS 



• an111 c1 • .r1. KTlll.E CJ • .JJ .rca c1..,i1. 
• as 11..i1 .a 1cr1a c1.o11 .1CStae c1 • .JJ 

JS f011Af12 (SF16. 5~ .r1 •• s.12.u16.5/•P16.5J 
c••••••••••••••• .. ••• 
C• llOI 1 

If lllEPSl.11.1) GO TO ll 
IP CBICOD.E U • .J) .EQ.211 BBCODE(I • .1)•22 

c•••••••••••••••••••• 
2l C:OBTlllOE 
28 CCITIIUl 
ce IUD IEHI& lO'tC:llltOI PHlllDDS 

DO .18 1•1e ICHCB 
1n1•1C1U) 
DO ll .J•1.ICT1 

JPCIBC:OCUI • .J) .... 211 ao ro ll 
lEAD (11.15) Autl!DCl.-1) .aaxn&1.JJ.lftllAS(l.J). 

+ lftPOU CI • ..Q • &UTYOL 11 • .JJ .&ITllP (.leJI elD'HIC&l.4'1 
35 POU IT C5P16. 5/ 2116. 5) 
c·••••••••••••••••••• 
C• IOD 1 

II (IlbtOS.11.1) GO TO Jl 
11uo u • .., =&&tau c1 • .1> •2oaea. 
AU%CSTll.d):A0111ASCie.J)•1GOO. 

c ................... . 
l1 CCHI~I 
38 CGHIH.E 
~· BElD CLEllllG !ICBllB PABAIETBBS 

DO QJ I•1ell031CH 
ICTI•ICt 11) 
DO ea2 J=-1.IC'U 

lF(BlCTU(l • .J) .LT •• 0001) GO re '2 
liEAO(IR.-0) CL&iO(l,J)eCLSCST(l.J)eCt&a&SCied)e 

• CLIPOV 11. J) .ctHOL CI • .J) ,c.uue Cle.JI .c1.aucc1.J) 
QO f01ilL\'I(5l16 .5/2F1ft.5) 
Q2 COITIIOE 
U CCIUIQi 
c• IllTIAtll~ JOttaEB or ST&IPS SERVED Bt CB&~LEB &ID TltBOPSRl~B 
C• AID THlli OTlliZAIItl FACTORS 

00 ,., I= 1.uv:UCH 
IC'r I=llCT II) 
casHV(U =O. 
CUP(l)=O. 
DC 06 J: 1, ICTI 

TESU 9 (l ,.J) •O. 
'lUF (I.J) =O. 

•6 CC~11NUE 
111 CCllTllUE 
c• CALL rt~ERG !O CILCULATt TUI PRACTICN OP BEPLACEft2RTS 
C• COiHliG OM .\N E!!El\GEllCY BASIS PllOll EABTll 

CALL PEnUG 
c• CALL ncscr -ro PIND s-.uoc.ucuoc.scroc . 

CALL DCSCf (fiOftACll. EllDPBD,ICT. llOCOllP.SHTDlll,llOCLOS,BBCODE, '.'l'OPAlte 
• ll&CHDC,S!'UDC,PBODC,lSIDC) 
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SCF02660 
SCf02610 
SCF02680 
SCf02690 
SCl'02100 
SCF02110 
SCP02120 
SC:f027JO 
SCP021'0 
SCP02750 
SCP02160 
SCP02110 
SCPG2780 
SC102790 
SCP02800 
SC102910 
SCF028ZD 
scroa10 
SCP028fa0 
SCP028SO 
SCFG2860 
SCP02810 
SCF0288'1 
SCF02890 
SCF02900 
SCF02910 
SCF02920 
SCPO:MJO 
SCF029110 
SCF02950 
SCF02960 
SCF02970 
SCF02980 
SCf02990 
SCFOJOOO 
SCF0l010 
SCF03020 
SCFOJOJO 
:CFOJOllO 
SCP03050 
SCFG3060 
SCFOJ070 
SCfOJ080 
SCPOJ090 
SCfOJ100 
SCPOJ110 
SCFOJ120 
SCF0l130 
SCP0l1110 
SCPOJ150 
SCPOJ160 
SCl'Oll70 
SCPOJ180 



SCFDC•PBCtC SCP0l190 
c• CALL SIZSCf to FIID THE BO. or STR:Ps llEDID !O GET SPEClPIED OUTtllT SCF0l200 

ClLL SIZSCf(SCPDC.CUTPUt.lllOSTBP.SfSCAP) SCFOJ210 
C• CILl SUBBCOlllt UABEUOU~I. PlPLIC£818T PAITS• SUPPOBT EQUIPllEllT SCPOJ220 
ce (WllEPSEI to ccaeDtE Vl&l&DL£S PB08 iBPC CR ti COllOI &Bl& ~uacsr SCFOJ2l0 

CAU. lll8PS£(VC15B.SCFDC.DCAU10) SCfOJ2QO 
C• ClLCULHi COICNKt:llT llTEBllEE.llU DlTl 1110 PBlllT 1'f SCFOJ2SO 

DO S8 1•1.KOBACH SCP0l260 
ICTJ•IC1(1) SCF0l270 
DO 57 .J•1,ICTI SCP0l280 

1F CICfAlL(l • .J) .ti •• 00~)1) GO !O 56 SClOl290 
IP(l8CODi(I • .J) •IO• l) GC TO Sl SCPOllOO 
llOSfABCie.J)•tcflDP(Ied)•SODB SCP0ll10 
GO 10 ~7 • SCPOll20 

Sl IF IRECTill Cl.JJ e lT. • 0001) GC to 55 SCPOlllO 
10 SEU (I,.J) • ~CFIDP (Ie.JJ •B EC%II CI.JU SCPOllllO 

• Cl6S.0•211.0•0£llV))•SOBB 5Cl'Oll50 
GO 1C 57 SC:P0ll60 

55 IO!PIBCI • .J)•TCPIDPCI • .J) SCP9ll10 
GO 1C 57 SCf0ll80 

56 IOSPIBCI • .JJ•O. SCP0ll90 
57 CCl11BUE SCPOJ•OO 

58 CORUIUE SCPOl• 10 
iPlTE(OUT.70) SCPOJQ20 

70 FOillllT(111.'tlELi or STATIOI DDT! CICLE(STITDC), PB&C'IIOI or •• SCPOJoJO 
' 'f.EPL&Clfti5tS oEilllED ''AB lft1PGE5CY eASIS(lABTBJ.'/ SCPOJ,QO 
' 111.·c~ftl'OIEBT AV!&Ab[ FAILUiE &EPLACift£NTS IB l&BEHOUSI •.scrOJ•SO 
& 'AT O~ClNHIIG or DELIVE~f P!RIOC(IOSPA~). IUftBEB or•1 SCPOJ060 
6 111 • 'CHl:L !:.E.S ( ~CCli AW) • Ci'. Ail ~E. tJTil.lZAT ION FACTO Ii (CDP)• '• SCPOllllO 
' 'HU~BL~ CP •El£0PE&ArCF~(50TElE). TELECPZBATOl'/ SCFOJ•eo 
& 111,'UlILIZATlON FACTOR(TUFJ. NU3DES or REPAIR AUTCn&to1s•.scPOJ490 
6 ' (ICAU'IC) • KU !ll!~R OF CL:ABINt> ftACHINES (NOCLllJ •'I SCFOJSOO 
6 111.'RU~Dth CP HUftAJS PO~ T!LIOPEalTOB SUPiBVISOBt C08TBOL'SCPOJ510 
& •' IKCHUll1) • AND 5Ull8il\ CF UUl!US FOB BEPAIB 1081 1 / SCP0l520 
& 111.,• (llCHUl!21. fOB J:UIYICUAL ccnPOllEITS OP l lllCHlllE '• • SCPOJSJO 
' '<TtTALED CVEB ALl THE sr&IPS> ---------------'////) SCFOJSQO 

V&ITE(CUT.75) SCPOJ550 
75 f0dl!A~(l11.,'STATac•,•1.•e&BTH'.~I.'NOSPAB'.•I.•11oca11•.•x.•cur•. SCFOJ560 

& QJ,'SOllLE 1 .•1.•rur•.41.·~c•OTO'•''•'ROCLB'•''·'•CBUft1'. SCPOJS70 
& U., 'NCl!tJ!2 1//) SCP03580 

80 

' ' • 85 
& 

DO 88 1-1.soruc11 SCPOJS90 
HIT I (JU l • i;O) ( MUE II (I .,It) • i<• 1 r 10) ,:t ACU:>C (11 SCP03600 
10allA7 (//11. 1 l)A4 .1s1. 'llACHU E DOTI CYCLE [ HCBDC J ••• F7 .S.I) SCPOl610 
llC'Il=NCl (I) SCFOJ620 
DC 87 Ja1.~CT1 SCP0l630 

llRIU (OUT.85) (IM!C (I.J,KJ rK•1.6), SCPOl6Cif) 
STATDC(l.J),EAR~liCI.J)elCSfAB(I.J),IOCRAl(I), SCP03650 
CUF(I) 1 !0TfLE(I.J)eTUP(I,.J)elOAOTO(I.Jl.ROCLR(I,J),SCFOJ660 
IOUU~1 (I,JJ,ICHOB2(I.,J) SCPC 1~70 

fOB6AT(5X.bA4.11rP7.5.,ll.F6.4,ll.F9.1.,4X,rca.O,Ql,PS.3, scro~ •O 

87 COITINU.E 
IU.,15. J ,.u. PS. J., 21, Fii. 0, 61. PJ.O, 61. P6. ll,61.r6. 4) SC10J(t '10 

SCPOJ700 
SCP0l710 88 CO ll'I II 0 .E 
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c• CALCULATE AHb PBJIT HCH-llCUBBlHG DlBICT costs 
llACUIH•O. 
anoo-o. 
llACIAS•O. 
llCltCHl-0 • 
DO 9l 1•1.50!ACH 

ICU•NC'I (1) 
CC 92 J•1.ICTl 

11&c11u•ucu111• 110co1P u • .i)rttPE c1 • .J) •conc1 • .n •BOnae 
6llDC•RASDD+iDfI.J) 
l&CBIS•lllCllAS•IOO.ftP(I • .J)/TIPl(I,J)•lllSS(l,.J)*IOSTlt 
IACPCW•:IACPCU+BOCO!P(I • .J)/'IIP!(l.J)•P0811(1,.J)*IOS%BP 

92 CCBtllOE 
93 COH'UHOI 

8&CH1J•ft&CHIH+NPRPC 
SlC~F.H•e&ca1s•rcaBGO•l6SPT 
81CPCW•!ACfCl•!CFDC•(1.0+FLC!) 
SPA•llACPO••SPADli 
ICECD=ftACHlH+fAiCD+llACTRH+SPl 
YBltEICU1,9S)H~lCC.nACHIH,il80D•llC'IiH,SPl 

95 l'C611lT('1'.111 1
1 SOLl8 CELL llC'IOBI COST UEHDOll--1 • .11'/ 

• 11.•TOtlL HCliECURRllG DIRECT COST IS s•.r1l.O/ 
• 61.·~ACHINES: s•.112.cv 
• 6l.'!ACH1HE BESEABCB AHG D!VBLOPftEIT: s•.r12.01 
• 61.'llACBlRB t81BSP08TITIOB: s•.r12.01 
+ 61.'SOlAB PCIEB ABBA! (POB PiODUCTIOB): S1 .F12.0) 

C• CALCULATE AID PBllt BOY-BECOBRIHG IRDillCT COSTS 
~oua .. o. 
POil lB•O. 
:11318:0. 
!IPAB•O. 
EIC&BaO. 
DO 98 1•1.•0!ACH 

llC'Il=IC'l (1) 
DO 97 J•1.HCT1 

YCLAR.::fOLi\t+!IO &oro Cl.J) •&UTVOL ';. 'J •IOCU U • .J) *CtDOt CI • .J) 
PO~lR•PCWAh+YCAUTO&I.J)•AOT~O•(I,J)•HCCLl(l•.J)•CLRPOV(l,J) 
MASAR:::~ ,\SU. •NO AUTO (I. J) •AOT!llS (l.JJ +HOCLH (I.J) *CtBftlS (l.J) 
EX"An:tl~AR+NGAUTO(l.JJ•AUTEIP(l.J)•HOCLl(I • .J)•CLIBXP(l.J) 
ui;c&e•UPCARuo1u10 c1.JJ •AUTEIP (l.JJ •AOTEIC c1 • .J)• 

.. llOCU U.J) -CUUP(l.JJ *CU!IC(l.J) 
Sl CCttI8UE 
98 cei n rim£ 

SSCFC=HCSTliP/li' .O•STCVS• SlC'(GV•S'ICDKG 
SACC=VCl \F•YCLEM•STCKGV•StCCKG 
SCfSlC=SSCFCtSACC 
Wft='YOLWH•lltiKGV•WU[;KG+llHl\ C 
CC=CC 5 MAS• HA Bi> llG +CCllC ST+CC BD 
Pll•NUUU"4•(RSSKG?•HAetKG•P.SHKGP•BSBDKG)+BS8D 
ftScNCST&P•~StST+HSRD 
BOICSt•60lIS•NOSTSP/14.0 
CiAWLR=(NUCRAW+PAKCRW)-CBllC~T+CRVBO 
T!lEOP•HUTlLI•lltCST•tIL&D 

ASS 

SCF03720 
SCPOJ7l0 
SCPOlltaO 
SCfOJlSO 
SCFOJ760 
SCFOlllO 
SCP03180 
SCFOJ190 
SCFOJBOO 
SCFal810 
SCF03820 
SCP0l8l0 
SCFOJUO 
SCP038SO 
scrOl860 
SCP0l8l0 
SCP03880 
SCFOJ890 
SCFOJ900 
SCF0l910 
SCf03920 
SCP0l9JO 
SCP0l9't0 
SCP0l9SO 
SCP03960 
SCF03970 
SCF03980 
SCP03990 
SCFOllOOO 
SCF04010 
SCF04020 
SCFOllOlO 
SCFOilOl&O 
SCP040SO 
SCP04060 
SCF04070 
SCF04000 
SClC4090 
SC1"04100 
SCF04110 
SCF04120 
SCF0111 JO 
SCP04140 
SCF041SO 
SCF04160 
SCF01'170 
SCF04180 
SCPOllHO 
SCF011200 
SCF04210 
SC?04221) 
SCP042l0 
SCl'042110 



8Et&Ul•O. SCF04250 
CLMBAC•O. S'F04260 
DO 103 I•1.H~KACU SCF04270 

HCII•NCT(l) SCl04280 
DO 102 J•1.HC~l SCF04290 

IPCBCAUTO(l,J) .LT •• 0001J &UTBD(I,J)•O. SCF04l00 
lF(llCCUCI.J) .LT •• ooc11 CLUBD(J,J)•O. SCFUU10 
U:PAOT•R EPAUT+ DC AUTO CI.J) •AUTCST CI.J) +&UTID(I,J) SCF04l20 
ct•nAC-ClHftAC+BCCLH(I.J)•CtHCSl(J,J)•CLBBD(l,J) SCFOflllO 

101 CCB115UE SCF0fll40 
103 CCITIIUE SCP04l50 

SCfCiV• ((HUil Ull 1•CCSTAP) + (HUHUft2+S!STlF)) •SCB•l.0 SCP0"360 
HAB!AS•HABKGE•scrcav SCP04ll0 
Ul8•HAEBD+HADISAS•llABCKG . SCP04380 
IPSCFP•(NOSTEP/14.U•STCKWS)+(VOLVU•WUKVV)+(CCSPOl+CCBPOI) SCF04l90 

• +HUHU~2•(RSSKVP+ISUt(UP)+(HOSTBP•as&IST)+(HOCB&V+P&KCBV)*CBIPOISCP04400 
+ +(HUTELt•TllfOV)+PCWAB SCF04410 
H&BPO~•HA2£WP•SCFCBV SCF04020 
llPSPA• (llPSCPi'+F.Al!ECH) *SPADKW SCP0fl4l0 
llPSCfft=(SSCFCJStCtKG+SACCJSTCDKG)+(VOLVB•WUKGV)+(CCSBlS+CCBB&S)+ SCPC4440 

+ RUllUft'' (RSSKGP+6.SBKGP)• (lllOSTBP•!SKGST) + SCP04450 
+ (NO CRAW +FAKCRW) *Clilf HAS+ (HO'IUE*TILUS) + (lllS&B) SCF011460 

HPSCF1=NPSCFft•1CARGO SCF04470 
BABT=HABllAS•~CAC.GO SCF04480 
?OWTOT~HACPOW+HPSCFP+BABPOW SCP04490 
SPABAS•PCW'IC~•SPAGW SCF04500 
SPllaSEAftAS•'ICAhGC SCF04510 
TOTllAS•3ACft\S+HPSCfft+HAUftAS+SPAHAS SCP04S20 
PS~TUP:'IC'I~AS/(JAYSUP•24.C•SUPPOC)•3.0 SCP045JO 
S£~UPaPSlTUP•((-A~E*DAYSUP*24.0)+(TBAIH•BC'IYB)+(COHSUS•DAYSUP SCF04540 

' •24.C•ccr;cst)+(COdSUd•tAISUP•2~.0•TCA~GO)+(&OTIB•DAYSOP SCF04550 
6 ,/J6S.O•AS'ritas•:L>ER)) SCl'04560 

IPSCf=SC fS'IC+ iill •CC+l' W +~S +l!OlCST+CP A .. LB +TE:I.EOP+REP&DT+CLIUJAC SC104570 
liEC~N•NPSCF+HAB+NPSEA+NESCf!+H~B~+~PAT+SEiUP SCF04580 
1111 Tt: (OU'I', 11) 5) llil I:CIN. NPSCF ,SCFSTC, liH,CC ,BW ,Its, BOICST .ce&vta. SCF04590 

& TELECP, RIPAUT .CL51'1AC, llAb• ff ?SPA• NPSCFl. HAST, SPAT, S!TCP SCF04fiU0 
1015 POE.UT (//1X, ''IOI.i.L llONliECU91'1NG INDI&ECT COST IS s•.r12.0/ SCf'C4610 

+ 61,'NONP~ODUCTION SCP EQUIPll~N: P&OCUBE3ENT/B&D COST: S 1 ,P12.0/SCF04620 
• 111.•scr ST&UCTU~E: s•.P1l.C/ SCPOQ6JO 
+ 111.'WARillOUSf: s•.P12.0/ SCF04bQO 
+ 11X.'CCKTRUL CHlTCF: s•.F12.0/ SCF04650 
+ 1U.'IHPAI!l liOnKSllOP: i'.F12o0/ SCF04660 
+ 11X, 1 &UC~OPRCUSS0f.S/Sl:.NSQI.S: $ 1 ,F12.0/ SCF04670 
+ 1 u.• AHAY SEGll~NI .STCEt.AGe acu:s: s•,112.0.1 SCF04680 

11x.·c~AliL~3S: s•.£12.0/ SCP04690 
+ 11X. 1 TELECPE~ATO&S: ! 1 ,F12.0/ SCFOQ700 
• 111.'FEPAiu AU!C~ATONS: s•,112.01 SCPOQ710 
• 111.'CLlAhING ~ACHlH£S: s•.r12.01 SCP04720 
+ 61.'HADITAT PROCUR£t!EHT CJST: $ 1 ,P12.0/ SCP04730 
• 61.'NCNPBODUCTIO~ SOLAR PO~£B ARRAY PBOCO&EftENT: s•.r12.01 SCP04740 
• 61,'NCNPBODUC'IlON SCP TRANSPORTATION: s•.r12.01 ~CP04750 
+ 61.'HABITAT 'IUNSPOBTATIC:.I: $ 1 eP12o0/ SC!'04760 
• 61. 1 SCLAR POUU ABliU TBIHSPOBT&TlOH: s• .r12.0/ SCPll4770 
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• 61,'CCSt T~ SET UP SCF: $•.r12.0J SCP04780 
C• CALCULATt AHO P6IKT ANNUAL iECU&BlHG DlB£CT COSTS SCF04190 

UUlSSC= (511ttUa hCCS'UF) •3. 0 sc·roqaoo 
UUlSCL=HUase·~~G&•J6S.0•24.0 SCF04810 
HU!R•(UQ90n2+SESTAF)•l.O SCF04820 
UUdiL•BU~E•WIGE•l6S.0*24.0 SCP048JO 
SC&V•(SCS-1.C)•(HUftSC+HOBR) SCP~4840 
scawL•S~~1•,AGE•l65.0•24.0 SCP04850 
llCBPC=BiPt./tfllV SCP04860 
6lCBPT•!BPT/D111¥ SCP04870 
BACiXP•O, SCP04880 
SACBIT•O. SCP04890 
DO 108 1•1.NCftlCB SCF04900 

ICTl•ICt(l) SCF04910 
DC 107 J•1.SC11 SCF04920 

ftiC!IP..ftlCEIP+HOST£P•(BCC06P(l.J)/'ftPl(I.J)• ~CF049l0 
' EIPUD(l • .J) •UPCSt (I .J) •scroc•l6S.0•24.0) SCF0119 40 

BlCilt•B&CElt+NOS?lP•(HOC06P(I.J)/'lYP£(1.~)· SCP0119SO 
& IIHllD (l ,J) •sCl'DC•J6S.0•24.0•1CABGO) SCF04960 

107 CCNtlNUi SCF04970 
·108 C<iB'UNU! SCF04980 

B£.CDsltUltSCL•llU5BL+SCl\ Wt•tlACllPC+lUCBPt•lllCEIP•IUCBIT SCP01&990 
!if.It E (CU~• 110) P.~CD ,HU llSCL• HilllBL.SCRii L. HCBeC. llAC&PT. llACBIP.lllCBlt SCPOSOOO 

110 FCBftAT(//ll.'lCtlt ANSUAL 6£CUBSING DIRECt COST IS . s•.r12.01 SCl05010 
&61.' HU1AN SUPUVISOh.Y CCtlTaOL LA DCB: s• .r12.0/ SCFUS020 
&61, 1 HUllAN £~?Ali LADCR: $',P12.0/ SCF050l0 
&61.'SUP?ORt CREW LABOR: s•.r12.01 SCPOS~QO 
&6X, 1 ttACUlhf lilPLACEt\INt PAti.TS: s• ,P12.0/ SCFOSOSO 
&61, 1 11~CUI~E fiEPlACEft~NT PA~TS TPANSPORTAtION: s•.r12.01 SCFOS060 
$6X,'ttACHlNE EX?E~CABLES: s•.r12.01 SCFOS070 
&6l, 1 tt\CHINE CXPENO~SlES TBAHSPOR!ATICX: s•.r12.0) SCF05080 

C• CALCiJLl\":.c. At;C t'Bl:OT ANNUAL aECUti!UlG :»tUECT COSTS SCF05090 
COHS=SCfCkW•CtNSU~*3&S.0•24.0•cc~csT SCF05100 
CCNTN=SCfC&~•CCNSUK•36S.0•2~.C•tCABGO SCFOS110 
CBEW~GsSCFCa~•IF.AIN SCP05120 
C££NT~=SCECLN•ASTftAS•liCTtS•tP£R SCF05133 
HPSU?=l6 5 .o• 211.0• ( (~.os1 l=:?/14. o•STCE.U•STCUC) +(YOLWll•VllEIP•HEIC) SCFCSll&IJ 

+ +(CC~~P•C~EXC)t(NUUU~1•&SEXP•SS~XC)•(ROStBP•ftSEIP•HSEXC)+ SCF05150 
• (NUCFA~+PA1Cu•)•CBW&lP•Cu~£XC+(HUTELI•TILEXP•TELEIC)•EXPCIB) SCF05160 
NPSiXT:TCANG0•3bS.O•l~.O•(l90ST~P/1~.0•S'IC~IP)+(VOLVH•WUEXP) SCFOS170 

+ •(CC~~?)t(~UHU~1•RSEXPlt(NOSTBP*~SEXP)+(ROCIAW+PAKC&Y)*CRiEIPSCFDS18~ 
+ •(ROTtL~•TtLEXP)+(EXHAR)) SCF05190 

RECI i;:co IJS +~(Jr; TN •Cf ?:ll'IG+C6. Eit'IU +NPS ElP•NPSUT SC!"05200 
WB UE (OU•., 15) ucrn.cc N3 .ccNt N,CBEWTG. CBEWTR •• PSEIP. BPS!l'r SCF05210 

tt') PC.BHAT l//1X, 1 'IOUL At:NU.\L R>:CUi1i!lHG INDIUCt COST IS s• .r12.01 SCPC5220 
e.€~ .. •ccr;s11!'1:Aau:s: s•, ft2.01 scros2Jo 
&~::. ·.:ONSU~l1AE!LES TRAhSPOBTATIOI~: £• ,F12.0/ scros2iio 
'i~:'C!EW T•AINING: s•.r12.01 SCP05250 
t.Gr, •c.,:t:W UANSPOB'IATION: St ,F12.0/ SCPOS260 
ti"· r, ·~\ll;Pl:ODUC'IION SCP EXPEHDABLES: S1 ,.P12.0/ SCPOS270 
c,~:., 'Jf0NP6.0IJUCTIC·N SCF EXPUDAEL!'S TtANSPOBTATlON: S' .P12.0) SCPCS2tl0 

C* :.~~ . ..:OU':! DISCOUNTED Lil'ECiC1£ CCS!.YEABI.t HfQliDISHilEH'f PAB'fS HSS SCPOS290 
r:• (B~t"LACi:ftEl>'IS + UPENDA£LES), HD PBINT O'fREB RELEVlllT PABAllE'HBS SCPOSJO~ 
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llBPDaNBFP'I/'ICA&GO , SCF05310 
J.IPCST• (Ni\£CD+NR£C1B) + (BECD+BECIR) •(1.0• (1e0+DB) .. (-LIFE)J/DB SCFOSJ20 

+ -NB~EC•(1.C+DRl••(-1IF!I SCFOSllO 

5001 

2001 
122 
123 

125 

130 

SPSCST•LIFCST/(SPSCAP•llfB) SCF05J40 
BlfOP6•0. SCF05l50 
DO lil 1=1,NC8ACH SCF05l60 

RCTI•~CT(I) 5Cf05310 
Hiri (6., 5001) (NHH (l.,K) ,K• 1., 10J SCP05l80 
fCBftAT(///1I.10AQ/) SCF05390 

DC 122 J•1,NC1I SCFOSQOO 
6tfUBB•BEFUB~+TCPIDP(leJ)*FCB(led)*ftASS(l1d./DILIY SCFOSG10 

IIPLlC•tcnoe (l,J) •PCP (I ,.J) •uss (I,.J)/DEJ.IV SCP05420 
VBitE(6,2001) (IADEC(l,d,K)•K•1.6) 1 BBPtAC SCP054JO 
FCiilJA'I (~J.Ult, !:X.,P10. 0) SCtOSIUIO 

cc1T11u1 scrosaso 
CORTI ND! scros•&O 
1ElUBe•fEFDBE+(8ACBIP+RPSEIP)/TCABGO SCFOSG70 
1&1TE(OUT.,1l5) LIFCS'I.,SPSCST.,SPSCAP,scroc.1sroc,RCSTBP,PSETUP., SCFOSQ80 

+ S!TUP,f.EPURB.,TO'IBAS 1 ftACDAS 1 HPSCfd,HABBAS,SPAftAS1 POV70'I,ftlCPOW, SCFOSQ90 
+ !!ESCH 5Cf05500 
lil~E(OUT,1JO)HABPOW,VOLUH,N&BPft,BBRPC,BUTE.J.B,BUCBAV,SCPCBW,BOasc,scF05510 

• HUlt&,scn . SCFOSS20 
fC8ftA1( 1 11 ,21x,•soLAR C£LL FAC'l'ODY ftAJOR COST DBIYIRG PlCTOBS1/// SCF055JO 

• 11,'tif!CYClE CCST: $",112.0/ SCf05540 
+ 1.1. 'COST OF SCf/SllF PEB SPS PBCDOC!J>: s•,r12.0/ SCF05550 
+ 11,'NUIJUli Cf SPS PllODUC!C P!li !UR: 1 ,FQ.2// SCF05560 
+ 11.•scf tUrY CYCLE: •.,15.4/ SCF05570 
• 11,'ASSrHeLY OPERATION CUT! CYCLE: •,rS.4/ SCF05580 
+ 1X,'NOllBEB Of PRODUC~lON ST&IPS 1 .,F4.0// SCP05590 
• 11.·~EOPLE 10 Ser UP SCf/S~F: •,F4.0/ SCP05600 
+ 1X, 1 COST TO StT UP SCf/S3F: S1 ,F9.0// SCP05610 
+ 1X. 'Yi:ARLY BEfUP.BISHUNT PUTS (liEPLACEnEHTS+EXP!HDABLIS,IG): 1 , SCF05620 
+ t10.0/ SCP056l0 
• 1I, 1T~TAL SCf/SHF ~ASS(KG): '• P10.0/ SCPOS640 
+ 6X,'PfODUCTICN ftACHINl~Y ftASS(KC): 1

1 F10.0/ .SCPC~650 
• 6X, 'tiCll Pii0£UCTION EQUINIENT USS {KC): I ,F10.0/ SCF05660 
+ 6l, 1 UAEITAT ~ASS(KG): 1

1 f10.0/ SCF05670 
+ 61 1 'SC..Ult POWH Ahl\A Y 11ASS (KG): 1 , P10.0// SCF05680 
+ 1X, 1 TO~lL SCf/SHP PCWZR(fiW): 1 ,F10.0/ SCF05690 
+ u.•&>1occucnos :tACHltiE!iY I>01tEB(KWJ: •,no.01 scros100 
+ u:.•NCN PftC..DUC.rION EQUIPllUT POWl.R(Kll) 1 ,P10.0) S<:FOS710 

fOl\.'tAT (6Xe 'UABITAT ?OWCI! (KW): 1 .F10.0// SCF05720 
• n.•sc.F WAi\J::llOUSE V010i1! (Clll: •,P7.0/ SCFOS7JO 
• 1x,•aAss Of DOfFEP F.E?LACtP.£hT PABTS IN WAR!ROaSE(KG ): •,r7.0/ SCPOS740 
+ 1X,'CCST OP eUfffn F.f~L~CEHENT PARTS II YIBEHOUSB S1 ,P12.0// SCFOS750 
+ 1X,'NUllBEB OF TE1EOP£BATCBS: 1 ,F4.0/ SCF05760 
+ 1X,'NUllF£R OE CRAWLERS: 1 .,P~.0/ SCF05770 
• 11,•TOTAl SCf/SllF cntw: •.rs.01 SCF05780 
+ 6X, 1 SUPE~YlSORf CONTROL CB!U:•, FS.0/ SCP05790 
• 61,'RIPAlS CREW: •, FS.0/ scrosaoo 
• 6X, 'SUPfOliT CB!W: •• PS. 0) scross 10 

STOP SCF05820 
UC SC PO SB JO 
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c 
c 
c 
c 
c 

SUBBCUTI&E PEEERG 
lftPLlClt BEAl (t,n,N) 
llTEGEB NCTI,•CnACH,&6CODE(20,15),RCT(20),CNHNDL 
DllS!BSICN rtOCCftP (20, 15) • i!Pt. (20 a 15) ,HAINT (20, 15) aROFAIL (20, 15) • 

+ TCT18f(20,1S),HCST~P(20,15),EARTU(20,15),T£SEBV(20,15), 
+ CBSEf.V(20),COST(20,15),UASS(20,15),VC10ftE(20,15)• 
+ HU'IUlf (20, 15) ,FC R (20, 15) ,~BS (20, 15), BECTllt (20, 15) • 
+ BOH'IO ( 20, 15) .NL CU (211, 1 S) , HOTElE (20, 15), RCCBA., (20) • 
+ IOHUft1(20,15),NOHUft2(20,15) 1TCP.1D~(20,15),TUP(20,15),CUP(20) 

COftftOR NOCCftP,TYPE,ftAIRT,RBCODE,NOFlIL,TCTltl£1 RCSTRP,BOftACR, 
+ ICT ,DE.LIV ,ET':, TBA NT,TBA flC,DELAlaSCBB,ABS?Sf,UP,UPT, LP, 
+ Elk'IU,tESERV,CBSE.BV,TUP,CUF, 
e COST,MASS,VOLDftI,UUTiftE,PCB,CBS,BECTlft,TPEB,TCABGO,AH, 
+ NCST&f,&5PC,B&fEC,BBP'I,RBBPT,VOLVH,NUTElE,BOCBli,BOHU81, 
• NUHU~2,NOlOTO,BOC1N,NOTELB,BOCBAV~HCBU11,HOaOe2,TCPIDP 

AVF.\11=20. 
CNUNDL=SCE~•AVPAIL 
BFEP=O. 
lDU~ftY=INT(CNUNDL+1.0) 
CC 2 K=l,HUl'.P.Y 

lt=K- 1 
zaflOAT (K) 
RHf :NPU+POISSB (Z, IVPUL)• (1.0) 
KaK+1 

2 Ct'NTlNUl 
DO l K=IDUHllY,33 

ZzHCAT(I() 
NPEP•NPEf+POISSN(Z,AVPllL)*(CNHNDL/Z) 

l CCtlTIHUl 
DO 7 J:a1.NCllACH 

NCTl= t>CT (I) 
DO 6 J= 1, NCTI 

IP' (BRCCliE(I,J) .EQ.J) .oa. (tiOFAI:L (I,J). LT •• 0001)) 
+ GO 'IO II 

£A&tH~,JJ=1.0-HPEt 
GO 'IO 6 

4 IA&TH(I,J)=O. 
6 COH'UNUl 
7 CONTlNOI 

BI'IDBH 
BND 
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SCP058110 
SCP05850 
SCP05860 
SCPG5870 
SCF05880 
SCF05890 
SCF05900 
SCP05910 
SCP05920 
SCE059JO 
SCPOS9110 
SCP05950 
SCP0596D 
SCPOS970 
SCFOS980 
SCP05990 
SCP06000 
SCP06010 
SCf060410 
5'106030 
SCf060110 
SCP06050 
SCP060 60 
SCP06070 
SCF06080 
SCF06090 
SCf'06100 
SCF06110 
SCP'06120 
SClii6130 
SCP061fi0 
SCF06150 
SCP06160 
SCF06170 
SCP06180 
SCP06190 
SCF06200 
SCF06210 
SCP06220 
SCF062JO. 
SCP06240 
SCF06250 
SCP06260 
SCP06270 
SCP06280 
SCP06290 



c 

c 

SOBBODTISE CCSCP(ICftACH,~~DP&D.NCr.1ocoaP.sBrDNlelOCtUs.aacooa. 
• NCIPlIL,ltACHDC,ST\TtC,PltOCC,Asltc) 

lftPLICl'l UU (L,lt,N) 
11TIG£8 !HtP£t,NO!ACH,HCT(20),BBCODB(20,1S) 
Dl~ENSION ftACHDC(20J,STATDC(20,15) 1 HCCOBP(20,15),SBTDVR(20e15)e 

+ NOCLUS(20),HOFAIL(20,15) 
PIODC•1.0 
to 8 I•1, UDPSt 

CltL CCftACH(I,ftACHDC(lleSTltte.BCf,HOCOBP.S8TOil,IOCLUS, 
• raccu,111cr111J . 

PBODC•PBODC•&ACHDC(l) 
8 CClitlHUE 

ISlDCa!llCHtC (HJ:PBC) 
lDUllftf=UCPRDf1 
DO 11 l•IOWlft!,NOBACB 

CALL DCftACB(IeftACHDC(IJ.STATDc.1cr,1ocoap,saiov1.1ocLus. 
+ liRCOtt,HOU.It) 

lSJDC=asroc•aACHDC(l) 
11 CCITUD! 

&UUBR 
lliC 

SUOQOUlINE DCftACU(l,ftACHCC,STlTDC,NCT,BCCOftP,SBTDWl,BOCLOS, 
+ BliCCU. liC.fAilJ 
l!fLlCJT !EAL (L,11,1) 
IITEG~& NCTl,5CT(20J,NIUC,SHOt,BRCODE(20,15) 
Dlft~NSICN NOPAIL(20,15),STATDC(20,15J,HOCOBP(20e15),10CLUS(20), 

• SlJT. •II (20, 15) 
lllCHDC=1.0 
ICU•NCT (l) 
DO 8 ·J•1,NCTI 

IP(N0fA11(I,J) .1T •• ooo~ GO TO 1 
Cllt tCSTA?(I,J,ST~IDC(I,J),BBCODE(I,J),BOPAIL(I,J)) 
IF(lNT(STArDC(!,JJJ .E~. 1) GO TO S 
If.(lNT(NCCCl!P (l,Jat .IQ. 1) GO .'lO 6 
IF(deS(NCCC~P(l,J)/llOCLUS(I)-SHTDWB(I,J)) .LT •• 001) GO to .. 
ClUStC•O. 
SilUl=lN'I (SllTD~N (I,J)) 
NI~C•INllllCCC~P(I,~)/HOCLUS(I)) 
DC 2 K:S"UI, NlJC 

CLUSDC=cll'; o::+ DIH!>IS (K, URC, STATtC (I,JJ) 
2 CCN'IINIH 

GO TO 5 
4 CLUSDC:S1A'IDC(I,J)••(NQCOftP(I,J)/IOCLUS(I)) 
5 ftACHDCaflACHDC•CLUSDCt • (NOCJ.US (I)) 

GC TC 8 
6 IUCHDC=n.ACHDC•STATDC (I,J) 

GC TC 8 
1 STl'ItC(l,J)•1.0 
8 CC&'Illltl 

anou 
Ifft 
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SCF06JOG 
SCF06J10 
SCP06J20 
5Cl'06JJG 
SCF06J40 
SCFObJSO 
SCF06J60 
SCF06l70 
SCP06l80 
SCP06J90 
SCP06fh10 
SCF06410 
SCP06'20 
SCP0611l0 
SCP06440 
SCP06450 
SCP06460 
SCP06fl70 
SC.l'06480 
SCf06490 
SCl06500 
SCl06510 

SCP06520 
SCP06Sl0 
SCF06540 
scro6sso 
SCF06560 
S(;F06570 
SCP06580 
SCP06S90 
5CP06600 
SCF06610 
SC1'06620 
SCP06630 
SCF06640 
SCP0&650 
SCPll6660 
SCF06670 
!~P06680 
SCF06690 
SCP06700 
SCi"06710 
SCP06720 
SCF06730 
SCF06740 
SCP06750 
SCP06760 
SCF06770 
SCP06780 
SCP06790 
SCf06800 
SCP06810 
SCP06820 



c 

c 

SUBROU'IINf DCS'llT(I,J,STATDC,88CODE.NOPAI£) 
I!PlICit RfAl CI.R,5) 
UUG-Ei SBCOU 
IFCRkCOC! .EQ. J) GO TO 3 
IF((ERCCCE ofC. 21) .Ci. (iBCODE .EQ. 22JJ GO TO 5 
CALL aac1c1.J.BOlTlft) 
STATCC•1.0-HCfAIL•60LTllt/(J65.0•2•.0) 
H'IUBH 

l S'IATDC•1.0 
IE'IUH 

5 CILL BRC2 (l • .t.BAHTIB) 
S7lTDC=1.0-MOFIIL•BAITlB/(365.0•2-.0) 
BE'IUH 
HD 

SUB&OOIIUE HC1 (I.J,liC17Ilt) 
IllPLICI'I HAL (L, O, II) 
IHTfGU lil!CCl:E fl0.15) .r;cT (10) ,N0'1ACif 
DUENSIC :1 tlOCC!'IP '2C, 1 5) IT Y? E (2(1, 15, I IUlfiT (~0, 15) , HOF AIL (20, 15). 

+ 'ICTlft.E (20 .15), ffCSTfiP (:?0, 15) • t:A!l:'ll (20, 15), ItSEU (20, 15), 
+ c&snv (20) ,COST (2C, 15) ,llASS (2C, 15) .VClUllE (20,15). 
+ HU'IIIH (:it:O, 15) ,FCR (20, 15) ,cr~s (20.15) .UC'Il:1(20, 15), 
+ NOAUT~(20,15),NC~!U(2C,15),~0TELE(i0,15),NOC~AW(20), 
+ NGHUIS 1(20,15). t:CllU:12 (2'), 15), !C?IOP '20. 15), l'UF (20, 15). cur (20) 

CCltllCN r.ccc ltF, 'IYPE, l!AI !IT. RRCCDI:, flOFA u, 'IC11H£, NCSTBP ,NOllACU, 
• NCT,OE1IV,.ET~.rRANT,I£ANC.C.ELAr,scna,ANSTRP,OP,UFT,LF, 
+ .EA5'IH,'I.ESEFV,caSEPV,IUP.crr, 
+ COS7,MASS,VOLU~E,HUTiftE.FCu,CRS,BECTift,TPEB,TCARGO,AR, 
+ N057RP,Sf.PC 1 N~FPC,~5PT.NP.BPT,VOLWH,NUTELi,HUCBli,NDROB1, 
+ NUllLI! 2, NOAU'IO, llCC LN, NOT lLE, KOC it;\ ll, NCHUll 1, NOBOll2 1 TCPIDP 

TlHE14:NOfAIL(l,J)•(NOtOMP(I,J)/7YPB(!,J))*14.0• 
+ ('IC'Iltli:: (I,J) •1'f1ANT) 

TtLE111=7 l:'ll:.1CJ/ (36S.0•211, O•iJF) 
l£5£5V(l,J)=P.NtOff(111.G/TELi14,.S) 
lF(T.ES.ERV(I,J) .GT. ANSHP) TESt:liY(I,J)=ANSTBP 
TUF(I,J)=(lESEfiV(I 1 J)/14.0)*'IIH£14/(365.C•24.0J 
AVE;T:sl'CTllll:: (l,J)+TI1AU 
LAl11ltA=Uf/AV fBl 
BCL7IM=OOEU£(AVEET,LAttB~~)+ETT•EABTK(l,J) 
B.ETURU 
END 

1\64 

SCF06830 
SCFU68110 
SCF06850 
SCF06860 
SCF06870 
SCP06880 
SCP06890 
SCP06900 
SCP06910 
SCP06920 
SCP069JO 
SCF069110 
SCF"6950 
SCF06960 
SCF06970 

SCP" ·180 
SCi'•.t 90 
scrc,.ooo 
SCP07010 
SCF07020 
SCF071)J0 
SCP07040 
SCP070SO 
SCF07i>60 
SCP07070 
SCP07080 
SCF07090 
SCP07100 
SCF07110 
SCP07120 
SCF07130 
SCF07140 
SCF07150 
SCP07160 
SCF07170 
SCF07180 
SCF07190 
SCF07200 
SCF07210 
SCP07220 
SCF072JO 
SCF07240 



c 

c 

SUDBOUflPI fBC2(leJe8llTlftJ 
lftfLlCit Mill fLefteH) 
lll'l&GEB IClACB,ifCCDt(20e15),NCf(20J,1CtJ 
HlllSlOlll IOCOllf (20, 15) 1 TIPI (20, 15J,!'tllft (2:), 15) 1 IOPAU. (20, 1S), 

+ fCTlfti(20,1S),ICSTtftl0,15),EA8tU120,1S),TISERY(20e15)1 
+ CBS!BY(20),CuS'1'(20,15) 1 1&SS(20,15),V01UIB(20,15), 
• 1uu111120. 15) ,re a czo, 15) ,cas 120, 15) .ncuas t20. IS), 
+ IOAUI0(2C,15),IOCLIC2~,1S),IOTELl(20,15),IOC!lT(20) 1 
+ IOHUft1(20,1S),WOB0!2(20,15),tCPlOP(20,1SJ,fUP(20,15),CUP(20) 
coaao• POCO.,P,TIPB,lll11'l',aacoc1,HOPllL,TCTI8E,11CSTiP,I08&CH, 

+ IC'.l",DElll,lft',llllT,TBAIC,DILAT,SCBl,AIStlr,n~.urt,LP. 
+ Hlflf,USl'Jf,CBSIBf.,1'DF,CUF., 
• COST,llSS,fOLUll,80?la1,rca,cas,a.ECTift,fPll,~ClBGO,lll, 
• ICST&l,5BfC,JJfEC,ll~t.a11Pt,YOLl&,1ur£tB.1uc111,1uau11. 
+ IUBDl2,BOID'.l'O,RDCLl•IOflLl,JOC&ll,ICBDl1,IC8U82,ICIIDI 
'l'lllU• .O 
SPlllt• .O 
Plltll• .o 
ICSI•ICl(l) 
DO 5 1•1,ICTI 

lfC&kCOtl(I,KJ .EQ.1J GO TG] 
Tl8!14-TI8£14+1CFAit(I.KJ•ICCOltP(I,IJ/TtPl(I,kJ•1•.0• 

• (TCUH c.t.lt) +1'8 HCJ •BOCOaP(l.IJ,IHPB(I,l) •1•.o• 
+ lllll'l Cl, Kl 

tf(BBCCU (1... .EQ. 3J GO fO S 
TPFIU.•TPIAl! ···onu (l,KJ•IOCOJIP(l,IJ l'frl'l(%,q •111. 0 
cc 'l'C 5 

l Tll! 1Qc~IIE1G+BOCOBPCl~K).l'l'fll(I,1)•1Q.O•llll!ll,I) 
5 CCltl,Dl . 

CBIV14•1Ifti14/(JES.0•24.U•Uf) 
CBSZBY U) •BUCOH l14.0/CBUH,.'-
Il (CBSU9 (I) .Gt. HST!IP) CBSl.llf(l)•ANSTBP 
CUP(l)•(ClSElYl1)/14.0)*1'l~E14/(3o5.0•24.0) 
lV!81=tCtlfti(I,JJ+TBllC 
£&HDl•TPPUL• fCISf!BV CI) /14. 0)/(365. 0•24.0) 
8AITil•,UEUICAVElt,Llll2DIJ+(COl(l)-Ll!BDl•&V!lf+tP)•D£tll+ 

+ ITt•IABtl(l,~J 
llTURI .. ., 

A6S 

sc:ro12so 
SCf07260 
scro1210 
SCP07280 
SCPP7290 
SCP07l00 
scrou10 
SCFC7l20 
SCP07Uft 
SCF07llt0 
SCF073SO 
SCP07360 
SCI07J70 
SC.P07380 
SCP07l90 
SCP07tt00 
scron10 
SCP071l20 
scro1uo 
scron110 
SCf0145C 
SCF071160 
scro11110 
scro so 
SCP07"90 
SCF07500 
SCF07S10 
scro1s20 
SCP07SJO 
SCP07Sli0 
SCP07SSO 
SCP07S60 
SCP07570 
SCP07S8t 
SCF07590 
SCP07600 
SCF07610 
SCl'07620 
SCP076JO 
SCl07'40 

SCP07650 
scr.>7660 
SCF07670 
SCF07680 
SCF07690 
SCP01700 
SCP07110 
SCP0l12tl 
SCP07130 
SC10'17~0 
scronso 



c 
SU810UTIU liHUH (VOUll. SCPDC.DCAU"ro) 
l!PLIC11 PEll (L,ft,8) 
iltlGEI ICtl.lCT(20),88CODB(20,1SJ.nOaACH 
DllllSICI COSt(20,15).BASS(lG,15),V0108£(2G,15),•CCOBP(20,15). 

• TfPEC20.15),BOfAlL(20,1~),HUtIHE(2~,1S),!CTlft~(20,15), 
• rce c20. H> .casc2c.1s, .uaH c2.>, 1s1 ,iure clo.1s1. 
• tlSEhf(40,15),~iS~V(20J.IO'U'%0(2~,15),IOCLl(20,1Sl 1 
+ 10T£~1(20,15) 1HOC8Al(2~),108U61(20,15),80HDB2(20,15), 
• 1:Ct ... De (20' 15) ,SAlllT (2tl, 15). BCStnuo. 15). 'rUF (20, 15) ,cur (20). 
• ~t?i£1(20,15),CODE2l(20,15),~"0D!ZK(20,15),COD£l(20•15) 
coaaou BOCOSP,TfiE,R~IH?,BBCOD£.10PlIL,TCtISE,lllCSTBP,IOBAC8, 

+ IC!,DELIV,E'IT,16A•7,tBllC,D!LlY,SOBi,lNS%Bf,UP,UIT•lP. 
• lll'tU, :ESEB f,CBS.EBV .-ror ,co1, . 
• cost.BASS,YOLUBE,UDTin!,FCR,CBS,8ECTI3.TPBl,TCABGO,AB, 
+ ICS1&f,BfEC,IRBPC,88Pt.BBIPt,VOLIU,BUtiLB,IUCBAlelUBUB1, 
+ IDBUN2,BGAUTO,IOC"Ll,IOT2LB,BOCBAl•50HUa1.ROB0ft2,TCFIDP 

DO 2 1•1,1.tCIUCll 
IC'II•llC'I CI> 
DO 1 .J• 1,lllCTI 

COl:E 1 (I,J) •O. 
COCE21 (I,.J) =O. 
CODZ28 (I,J) •O. 
COUJ(l,J)=O. 
IF(iRCODE(I,J) .EQ. 1) CCCE1(I1 .J)•1.0 
11 (UCCDE(I.J) .ro. 21) CODE2l (I,J)="1.0 
lF(BBCODE(I,J) .E\J. 22) COC£2H(I,.J)==1.0 
lF(BllCO:>E(I,J) .EQ. J) CODEJ (I,.J)=1.0 
101EU (I,J) ... g. 
iOC&All(I)=O. 
1080111 (I,.J) =O. 

1 CCll'UHOE 
2 CCITillUI 

HPC•O. 
l.fliPC•O. 
5U'I•O. 
lf.RPT•O. 
VCJ.UH=O. 
IUBl.lll 1•0. 
BUU1ill2•0. 
lllJ'IllE•O. 
BOCBH-0. 
DO 15 1•1,iC~ACB 

llCTt•llC'l al) 
DO 1G .J•l,ICTl . 

TCfitP(l,J)=DELIV•NOFAIJ.(I,J)•~OCOllP(I,J)/TfPE(I,.J)• 
+ NOSTFP•SCFDC 

VOLllH=VOLVH+ (CODE1 (1,J) +CODE2A (I.J) +COD£2ff (I,J) I• 
+ SOBR* (FCR (l,J) •VOLO!I~ (I,J) •TCPIDP (I,J)) 
+ +CODEJ (l,•1) • ( (TCFIDP (I,J1 •&£CTI3 (I,.J)/ 
+ (365. 0•24.0•DELIY) •YOLOfl.E ('t,J) •SOBR) 
• +(FCF(I,JJ•VCLUaE(l,J)•TCFIDP(I,J))) 

llPC•1BPC+TCPIDP(l,J)•FCB(l,J)•llASS(I,J)*CBS(I,J) 

A66 

scr07760 
scr01110 
SCF07780 
scro1190 
SCP07!JOQ 
SCP0l810 
SCP07820 
SCPOlaJO 
SCF076110 
SC10l8SO 
SCfOlUEO 
5CF07810 
SCP01880 
SCI01890 
SCP07900 
r.:P01910 
SCF07920 
SCf019l0 
SCP0791l0 
5Cf07950 
SC1'07960 
SCP07970 
SCP07980 
SCP07990 
SCFO&OOO 
SC1'08010 
SCl'08020 
SCF080JO 
scroacio 
5Cf08050 
SC1'08060 
SC1'08070 
SCP08080 
SCF080CJO 
SCP08100 
scroa110 
SCf08120 
SCf081JO 
scros 11:" 
SCf(18t51J 
SCf081£0 
scroano 
scroauo 
5Cf08190 
S<."P08200 
SCF08210 
SC1'08220 
SCl'082JO 
SCl082"0 
SCf08250 
SCl08260 
SC108270 
SCP08280 



• • • 
• • • 
• • • 

&IPC•lllPC• f:OD£1 (I,.Jt +cODE2l Cl,,.J) •CODl28 (l, .. t) • SCP08299 
csoaa-~.C)•CTCfIDP Cl,.J) •re• (l,,.JJ •ussu • .11 • SCFC8l00 

CIS Cl ,,.Q) • CODU (I,.J) • CTCfll:P (l • .J) •HCla (l.,.JU SCFG8l IO 
CltS.G•l• • .:•tuna •cost CJ,.IJ •scaa1 scroaJJO 

BIPT•S5et•(CODl1(1,,.ll.CODE2ACI • .JltCODl2B(l•.Jlt• SCF08ll~ 
(TCFIDP(l,.Q•FCltl • .J)•BASS(l~•••c1&aT1111.•1-rtaa SCF08l'8 
• C1.l-EABTll (le.IU •tc&IGO) SCf08l51 
tCCDElCI • .J)•TCl'lDP(I • .JJ•ICICI • .J)•ll&SSl1 • .Jlefc&a80 SCF08l68 

DH'l•lllft• tcOHI (l,.J) .C:ODIJA Cl • .,, .CODl2B ci.•J.. scroene 
csca1-1.01•ctcFIDPCl • .J)•ICICI.dt•11ASS(l • .J)l-s'C18COSCroa1ao 
.COD! 1 CI_.,,. CTCPIDP 11 • .1) .. ICTIBCI .... , scroa:na 
tloS.o~•.O•DELIYJ•SOBB .. ASSCle.IJJ~GO scrO&ltOI 

c••••••••• ........ ••• 
c• llOD 1 

SCF88•18 
saoa.20 
SCFOS.30 
SCl'08HO 
SCH8ti8 
ac1'08'60 
SCPOM18 
saoa.ao 
scne•90 
SCJ'OISOO 
SCF08510 
SCP08520 
SCP08Sl0 
SCPG&S•O 
scroasso 
SCF08560 
saoas10 
SCF08580 
SCF08590 
SCF08600 
SCF08610 
SC!'08620 
SC108630 
SCP086•0 
SCP08650 
SCP08660 
SCF086l0 
SC'1'()8680 
SCF08"'90 
SCF087'10 
SCF08710 
scroa120 
SC'F087l0 
SCF081110 
SCF08750 
~P08760 
SCP08770 
SCP08780 
scroano 
scroaeoo 
SCPG8110 

• 
ce-•••········ .. ····· 

l 

-• 
5 

55 
555 

• 
6 

1 

15 
16 
a 
• 

Ir &HCOOE(l.-1) .H. a1i 60 TO • 
lf(IUU'IOCl • .JJ .L'I. 1.0) 60 10 l 
IOl8TO(l,,d)•llDOPPCIOl81'0(I • .J) •• G1J 
GC 1C • 
llOH10 fl e.JJ • 1. 0 
IOUUll2 u .... <ODUB CI .... ~n•• (l • .J) •mntu Cl • .1), 

CJ6S.o•z• .... £Ellf) 
IUBD1!2s IDBU e i.1cau1z11 • .a) 
.lF(USHl(le.1) .Gt •• 0001) GO TO S 
GO 10 6 
l!'(ABSCUSlBICle.11-HStal'I .L'I •• 0001) CO TO 55 
IOUl.I U.J) •BIL'OFP llOSTBP/1'1Sl8Y a .....• una 
&O 1C SSS 
BD11Lill.J)z'IUFII,.JJ/UP 
IU1ItEzlUTEL£•1Cl~L£(Ie.J) 
lf(CBBCOCf(l.J).(IJ.1).&•C.(HU'tiaE(l,,J).GT •• 0001)) 

ICilU!ll CI • .J)=ilUTI:t£ (I,J) ;'ttTUE Cle.JJ •IOTELE(I •. l) 
IUBOS 1•H UllOll hlOHUll 1 (I ,J) 
IFCCc.BSEBV(l) .G'I •• 0001) .no. (J .IQ. 1U co to '1 
GO 10 8 
IP1IOSTBP/CBSERl(I) .LT. OFT) GO TO lS 
llOCiAV(I,•ifiDOFP(llCSt&P/CBSERV(I).OF't) 
GO TC 16 
&OC&Alf(I)•1.0 
I UC It &II• Ill UCE. llit llOCB U (l) 
IOC I. tt (I e.J) •COD£J (1,.1) •'ICPlttP (I • .J) •BECTill (I • .J), 

(l6S.0•2Q.O•CtlIY) 
I?t•CCLlll,,J) .LT •• 001) GO TO 1Q 
lf(IOCLHCI.J) .LT. 1.0) GO TO 10 
IOCLlll Cl eJJ .s:BNDOFf 'BOCL II (I.J) • • 01) 
GO ~on 

10 IOCLl(I.J)•1.0 
1' CCHUOI 
15 COl'IIllUE 

l&HUB1•&ROCFP(IUHU111e•~1) 
JOHUll2•Ull0lf (llUHUft2, .01) 
VC1VR•VC11H•VCL&8 
BETOBN 
HJ: 

A67 

SCP08810 
SCF088l0 
SCfC88l!O 



c 
c 
c 
( 

. c 

c 

c 

c 

8!&1. PHC'rlOI QlllE Clll.LlllEDA) 
IHI. 18. llHH 
Ql£Ute1.8/(1.8181-l.lllEC&J 
1nu1 ... 
&Ill FBICTJtl ICISSll(Z.I) 
uu. 1.1.a 
l:ltA 1/2.71821/ 
IPOISSJ•Cl••z1•ci-.•1-1)J/FIC'f(ll 
llHU 
au 

BElL FUllCTlOI PIC'ICZJ 
lJIEGH 1.1 
IUL I 
FIC'l•t.O 
lfl(Z-1.0J .LS •• 0001) lllTIBI 
&•:n CZI 
DC 10 1•2.1 

FICt•flCt•PLO&l'(l) 
10 CCITllUE 

HtDBI 
Eal: 

HAL FOICTIOI EllDlS (1.1.P) 
.llT!G~B H.I 
l!IL p 
BUDlS•fACT(PlCIT(IQ J /CF lCT(PLOl'l(B-lt) J•HCT(FlO&T(lt))J • 

• ,, ... , •• , 1.0-11 .. 111-1)) 
BETUBI 
EID 

flUL FUIC'IlCI BllDOFF (R.llA.X) 
BEAL a. flll 
JP (11-HOIT(IRT(ll)).GE.llll) GO TO Q 
aatCfF•JlOl'I(l•tCR)) 
llEIUBR 

II BlnC1F•llOA1(llT(l)+1) 
&l'IUBll 
llt 

/I.Ge 

SCP08150 
SCI08HO 
SCF08810 
scroaaao 
SCPG8890 
SCP08900 
SCf08910 
SCfl8920 
SCd89lO 

SCPH9118 
scroetso 
SCN8960 
scron10 
SCF08980 
SCP08990 
scrotaoo 

SCP89010 
SC:P09020 
SCP090.JO 
SC:P090110 
SCP09050 
scr09060 
SCP09070 
scro90ao 
scr09oto 
SCP09100 
SCP09110 
SCP09120 

SCF091l0 
SCP091110 
SCF09150 
SCP09160 
SCF09170 
SCP09180 
SCl09190 
SCF09200 

SCP09210 
SCF09220 
SCP092JO 
SCP09240 
SCP09250 
SCF09260 
SCF09270 
SCF09280 
SCF09290 



PILE: Ylll&tt ·DU& 

1.0 .. 0 
7 

1 • 
• 5 
JOO. 
.15 
ll'O. 
100. 
l65. 
20. 

1. '· 

10. 
2.5 
o. 
20. 
2500. 
• 1 
1. 
2000. 
QCOOOO. 

0 
l J 

1. 1. 
12. 
100. 
.os 
9. 
. us 
JOO. 
• 10 
o. 
o. 
lOOO. 
o. 
100. 
20 • 
o. 
25. 
750. 

1 
1. 

l 

J 
1. 

9 J 
2. '· 1. 

.17 
1.fl 
• 5 
2000. 
10. 
1.5 
1100. 
o. 
• 801 
600COCOO. 
o. 
'· 5000000. 
o. 
.001 
1. 

CO•YIBSITX~l&L llOIITCI SISTll 

, 13 1l 7 
1. E. fl. 1. 

.os 
280. 

•• 10 • 
100. 
o. 
2.5 
2. •• 2cocooo. 
10. 
2. 
7500. 
7000000. 
20. 
o. 

7 
1. 

' 7 5 
'· 1. 1. .e2 

.1 
lOflO • 
JS. 

'· .1 
25000 • 
100. 
o • 
•• 10•0. 
10000000. 
15.· 
150000. 
15880000. 
o. 

1. 1100. 2'800000000. 
TDEBllll BELT 
DY OP lL 8Ell COITlC~ 
DY OF SI WAf~i AID E-DCP&IT I8Pl&IT&TICI 
PULSZ BEC~tSTALllZATIOI 
SCAB £ECBISTAL1IZATICJ 
B-DOiABT IftPLlltltICH 
AllllUL 
DV Of ll F&CIT CCITlCT 
PBOJT CCITACT 51BTI611G 
CELl caosscur 
CELL Il~ERCCIBECTIOB 
DV OF SILICA OPTICAL CCVEB 
DV Ct SILICA SUBS16AtE 
PA3EL ALIGBftEBT & SPAB1 PA•E~ IIS!&tICI 
illfL IIT!8CC8BECtIC5 
LCJGITODIBAL CUT 
IAPTCH TAPE APPllCATICB 
ABBAY S£GftE8T FCLOIIG IBD PAC&IGIBG 
BlL'I 
lluTCB/DBI'IE 
EllD FCLLEBS 
TBEF.~AL CCBTBOL 
EB GUii 
FlLJ~fBT ~AG&ZIIE 
SUB FUDE8 
PlllfL BAPELE 
SIDt: EAFFU 
SIDE BAfFLf GUI~S 
COOLING stsun 
EB GUN 
PILA!EM~ BAGAZIHE 
SUB PEED!:B 
PA tfEL BA Ff LE 
SIDE UFFLE 
SIDi BAFFLi GOICE 

A69 



rlLZ: flBllTE .DATA 

BOBCI IC! lltLAITEI 
COOUIG Sts'lill 
EB Gii 
FlLAftEIT IAGAZlllE 
COOLUG StStH 
EB GUI 
PlLAl~I~ ll&GAZ11£ 
COOLHG SISTlll 
PIOSHOBOS ICI lllH&l'tEB 
!8 GUI 
flLABEIT SAGAZllE 
COOLUG Sf.StH 
18 GUI 
flLl!EIT llG&ZIIE 
SLAB IHDEI 
HSI 
a&SK GUIDE A8D 801.1.0• 
UllEL l!lfPLI 
SIDE BlffLE 
SIDE EAPPLE GUIDE 
COOllllG SIS'IU 
18 GUM 
PILASEIT !AGAZlll 
COOU IG SIStU 
LASH 
l&lfTOI LA3E llGl1llE 
GUI tE BCJ.L!BS 
SHIELD 
ELECtBOSTltlC WELDEB 
lllTERC051itT P!EDEJI 
llTtiCC&IECt BCLt 
SU SC BS 
YA&ll!LE SPEED 8011EBS 
llOTCB 
GOlDE ROLLERS 
EB G!J!I 
PILAfttNt HlGIZllE 
SLAB PEU::'.B 
llSUIG D4VIC~ 
t-S~BIP llASI PlCllGE 
OJIGEI ~!SPEISER 
PllEL BUPLE 
SIDE EAFFt! 
SIDE BlfFL& GUIDE 
sort SUBFACE BELT 
llOTOB/DRIVE 
UD liCLLEB 
COOLING SISTE!I 
EB GUI 
PILAH!HT "AGAZIIE 
SUB PLID:C:£ 
HSKUG CiVICE 
!-STRIP SASK PAC!~Gl 
OtlGEH DISPEISZB 
PlSEJ. Bll'l' Ll 

l COIYllSATD>l&L llOIITOI SISTBB 
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FIL!: 918l&TE D&t& 

SIDE UfPLI 
SIDE !&PILE GUIDE 
SOfT SUaPACE BflT 
llOTCB.ID&IIE 
EID ioCLLEB 
COOLllG SISUll 
ICCltERITOB BELT 
V&Bil!LE SPEID lOLLEBS 
PHEl REZIOIEB 
P&l!L IllSH'I!B 
PHIL BOPPEB 
SUSOBS . 
GUIDE BCU.!BS 
ELECTiOSTATIC IELGIB 
IITEBCCBBECT f£EDE8 
IIT£&C011£Ct BOLL 
SEISCBS 
YIBilBL! SPE!D IGLL!BS 
IOTCB 
GUIDE IOUEBS 
USEB 
IBIPTOI LABP SAGAZIIE 
GUIDE IClURS 
SBUtD 
STATIORABI TAPER 
STlTICBA2Y tlP! BEPilL 
CliOSS ~,\PEB 
CBOSS ~APE &SfILt 
SOf~ &OLLfB 
GUIDE B;)LLEl'\S 
CliOSS ~IP~ !CTCB 
GUIDE &CLLEBS 
IEitICAL DEflECTOBS 
801 lUGfiUllT 
BOX LABELUG 
TBAitIHY EDGE GUIDE 
1000000. 25000. 
1. 1. 
10. oo. 
o. o. 
sooooo. 10000. 
1. 1. 
10. 1 1. 
• 025 20 • 
25000. 500. 
2. 2. 
10. 11. 
• 05 15 • 
50COOOO. 25000. 
1. 1 • 
so. 12. 
• 01 200 • 
1COOOOO. 120. 
2. 1. 
o. 215. 

& con1u1r10•&1. aomnoa nn11 

o. ltOOO. 2. 
1. s. .0001 

o. o. 
o. 1. 
40. 1000. s. 
1. s. .001 

• s 2 • 
o. 1. 
s. so. 20. 
1. 2. .001 

• 45 '· o. 6. 
:iO. 200. s. 
1. s. .001 

• l 1 • 
o. '· l. 1 20. ·' 1. 1. o. 

o.s .os 
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.oos so. o. 2. 
5000. 10. •• .04 .003 
2. o. 1. o. o. 
o. .: 11. o. .02 
1. 2su. •• o • 
500000. soo. .01 50. .s 
2. '· 1. .5 o. o. 212. .2s .os 
.01 10. o. '· 25000. .os o. .os .00005 
1. o. 1. o. o. o. llJ.6 o. .OJ .-
'· 1.s o. l. 
25000. 15.5 o. 10. .025 
2. o. 14. o. o. 
o. ll6.8 o. .02 
1. 1.s o. 20. 
250000. so. .01 25. '· 2. 2. , ... '· .0001 
5. 11. .01 .1 
.02 s. o. 20. 
5000000. 89. .on 22. .2 
1. 1. '· s. .ooos 
10. :ns. 1 • .os 
• 02 15. o. 2. o. 920. 7.l 25. .1 
20. "· '· 1. o. o. 215. c ·- .05 .oos so. o. 10. 
o. 10. o. .04 .003 
20. o. 1. o. o. 
o. 311. o. .02 
1. 250. o. o. 
o. 60'1. .01 60. -~ 20. ". 1. .6 o. 
o. 212. • 25 .os 
• 01 10. o • 20 • 
o. • JS o. .2s .OOOJS 

'· o. 1. o. o. o. 3319.6 c. .OJ 
1. 1.5 c. 111. 
o. 15.5 o. 10. .02s 

"· o. 14. o. o. 
o. ::159.8 c. .02 
1. 1.5 o. 20. 
o. so. .01 25. '· ... 1 • 111. ... .0001 
s. 11. .01 .1 
• 02 s • o. 20. 
100000\l. 2500. 1. 7! 25. .s 
20. ... 1. 2 • .00002 
200. 215. .25 .05 
• 01 100 • o. 20 • 
o. 1330. • 152 360. 2. 
1. 1. '· 20. .002 
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10. 2110. 2. .os 
• 01 15 • o. 2. o. flJO. 1.e 10. .os 
2. 1. '· 1. o. o. 215. .s .as • oos so. o • 6. o. 10. o. . ... .OOJ 
2. o. 1. o. o. o. JS. o. .02 

'· 250. o. o. o. 95. .ooa 2•· .2 
1. '· '· s. .ooos 
10. 215. '· .05 
• 02 15. o • 2. o. 270. .6 s. .os 
2. 1. 1. 1. o.· o. 215. .s .os 
• cos 50. o • 6. 
o. 10. c. .a• .003 
2. o •. 1. o. o. o. JJ. o. .02 
1. 250. o. o. 
o. 62. .003 , ... ·' 1. '· 1. 5. .aoos 
10. ?15. 1. .os 
• 02 15. a. l • 
2COOOOO. 25CO. 1.15 25. .s 
2. 2. 1. 2. .00003 
200. 215. ..as .as 
• 01 100. o • 20. 
o. 2110. ·' s. .05 
2. 1. 1. 1. o. 
o. 215. .s .os 
• oos so. o • 6. 
o. 10. o. .011 .003 
2. o. 1. o. o. 
o. 33. o. .ai 
1. 250. a. o. 
o. 62. • 001 111 • .1 
1. 1. 1. 5. .ooos 
10. 215. 1. .os 
• 02 15. o • l. 
o. It 10. 1.6 10. .as 
It. 1. '· 1. o. 
o. 215. .s .os 
• 005 50. o • 6. 
o. 1 c. o. • 011 .OOl 
II. o. 1. o. o. 
o. Jll. o. .02 

'· 250. c. o. 
o. sco. • 01 so • .s 
"· 1 • 1. • 2 o • 
o. 212. .2s .os 
• o l 10 • o. 6. 
100000. 12000. o. JOO. 1. 
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2. o. 1. o. o. o. 3353. a. .1 
.01 20. 1. 2. 
250000. 2500. 2. 250. .J. 
2. 1. '· s. .001 
10. 15. .a! .25 
.os 10. o. 2. o. .GS •• .os .oooos 
2. o. 1. o. o. 
o. ll6.8 o. .01 

'· 1.s c. l. o. 15. 5 o. 10. .025 ... o. , ... o. ,,. 
o. 118., o. .02 
1. 1.5 o. 20. o. so. • 01 25. 1 • 

'· 2. ''· •• .0001 s. 11. .01 ·' • 02 5. o • 20 • o. 190. • 006 10. ··2 
1. '· 1. 10. .0001 
10. 2110. 1. .os 
• 01 15. o. 1 • 
o. 220. 0.2 5. .os 
2. 1. 1. 1. o. o. 21 5. .s .os • oos 50 • o. '· o. 10. a. .04 .003 
2. o. 1. o. o. o. l l. o. .02 
1. 250. o. o. 
o. 62. .\)0' 1aa. .1 
1. 1. '· s. .0005 
10. 21 5. 1. .O! 
• 02 15. o • J. 
750000. 3250. 2.s 20. .25 
1. 1. '· 5. .001 
25. 21 10. '· .os 
• os 25 • c. 2. 
1000. 100. o. .1 .005 
1. o. 1. o. o. o. l 2. o. .OJ 
1. 1000. o. 2. 
1000. 10. o. .s .003 
2. o. 1. o. o. o. 3 .os o. .os 
1. 20. o. o. 
soo. 20. o. 1. .01 
1. o. 1. .1 o. 
o. 0 o: o. o. 
o. o. o. o. 
80000. 11l0. o.s 10. .1 
1. 1. 1. .01 .00001 
15. 21 e. .25 .o.J 
• oca 35. o • 2. 
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PILB: fAB'IAH DATA A CCIYl&SlfIOllL 801lf08 S1SfBB 

4COOOO. 500. 1.a 20. .1 
1. 1. 1. .01 .00001 
15. Z1 •• .25 .Ol 
• 1 1l0. o. 2 • 
20000. 120. o. 15. .os 
1. 1. 1. o. o. o. l 10.2 o. .Ol 
o. o. a. o. 
20000. soo. .1 .1 .oos 
2. 2. 1. o. o. u. 22 • 1 1 • .ol 
• 2 5000 • o. •• 5000. so. ..1 .a .007 ... 2. 1. o. a • o. 21 .2 • 15 .01 
• 06 75 • o. 110. 
lCOOCO. 150. 1. 10. .02s 
1. ·1. 1. .01 .OOOH 
15. 21 1. 2.! .Ol 
• 011 tl5. o. 2 • 
o. 10. o. .s .OOl ... o. 1. o • •• o. l .os o. .as 
1. 20. o. o. 
o. 870. 7.0 25. ·' 30. ... 1. 1 • o. 
o. 215. .5 .os 
• oos so • o. 70. 
o. 10. o. .011 .OOl 
30. o. 1. o • o. 
o. 311. o. • 02 
1. 250. o. o. 
o. 6CO. .01 60. o.s 
lO. ... 1. .l o. 
o. 212 .. .~s .os 
• 01 10. o. so • 
100000. 500. 1. so. 1. 
1. 1. 1. 10. .aoos 
15. 215. .2s .os 
• o 1 20 • o. 2. 
25000. 1CO. o. 5. .oc.: 
1. o. 1. 15. o. 
o. J71. o. .03 
• 001 20. .7! 2 • 
5000. 25. .ooos 5. .s 
6. 1. 1. s. o. 
o. "· o. .OJ 
• 01 1 o. (j. s • 
o. • 35 .o • 25 .00035 
6. o. 1. o. o. 
o. JJ 19. fl o • .OJ 
-:.o 1.s • o , ... 
o. 15. 5 • o 10 • .025 

'· o. 14. o. o. 
o. ~159.8 o. .02 
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1.0 1.s .o 20. o. so. .01 25. 1. 
6. 1. n. ... .0001 s. 11. .01 .1 
.02 s. o. 20. 
1000000. 20000. o. lGGO. 2. 
1. 1. 1. s. .oo' 
10 •. oo. o. o. 
o. o. o. 1. 
o. 1000. 15. 100. ... 
'· 1. 1. s. .0001 
10. 11 • .s 2. 
• 025 1a. '· o. 1.:00. s. 100. •o • 
1. 1. '· 2. • 001 
10. 12. .25 1. 
• os 15. c. 6 • o. 1S17. .219 5J1. 3. 
1. 1. '· JO. .OOl 
10 • 2115. 2. .os 
• OOll 15. o. 1. o. 870. 1.Q '5· ·' 20. ... 1. 1 • o. 
o. 215. .5 .os .oos so. o. 10. o. 10. o. .Oct .OOl 
20. o. 1. o. o. o. 311. o. .02 

'· 250. o. o. 
o. 600. .01 60. .s 
20. (f. '· • 3 a. o. 212. .2s .os 
• 01 10. o. so • 
o. 500. 1. so. 1. 
1. 1. 1. 10. .0005 
15. 215. .25 .os 
• 01 20. o • 2. 
o. 100. o. s. .oos 
1.0 o. 1. 15. o. o. J47. o. .01 
• 001 20 • • '15 2. 
o. 25. .ooos s. .s 
"· 1. 1. s. o. 
o. 11. o. o. 
• 01 , o. o. s • 
o. • 35 o. .25 .00035 ... o. 1 • o. o. 
o. JJ19.6 o. .OJ 
1. 1. 5 o. 1 ... 
o. 15.5 .o 10. .ois ... o. 111 • .o .o 
.o 3159.8 o • .02 
1.0 1.5 • o 20. 
o. so. • 01 25. 1 • ... 1 • 111. ... .0001 
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5. 11. .01 .1 
.02 s. o. 20. o. 15000. o. 2000. 2. 
1. 1. 1. 5. .0001 
10. oo. o. o • 
. o. o. o. 1. o. 5000. 10. 500. l. 

'· 1. 1. 5. .001 
10. 11. .5 2 • 
• 025 20. o. 1. o. 1000. 5. 100. •o. 1. 1. 1. 2. .001 
10. 12. .25 1 • • os 15. o. '· o. U18. .1116 354. 2. 
1. 1. 1. 20. .002 
10. 2110. 2. .05 
.005 15. o. 2. 
100000. 1100. s. 7J. .15 
1. 1. 1. .2 .0001 
15. 1 1. •• 1 • 
• 1 15. o. 1 • 
o. ~o. .1 .a .010 
32. 25. 1. o. o. o. 21 .2 .15 .03 
• 06 75. o • QO. 
IJ50000. 250. . ., 22.s .J 
2. 2. 1. .1 .00001 
15. 21 ... .ls .OJ 
• 1 ~s. o. 2 • 
450000. 250. .7 22.s .J 
1. '· '· .1 .00001 
15. 21 "· .35 .OJ 
.1 25. o. '· 6COOOO. 100. 1. JO. 1. 
3. J. 1. o. o. o. 0 o. o. o. 
o. o. o. J. 
o. 250. • 1 .1 .oos 
10. 7. 1. o. o. o •. 22 .1 1. .OJ 
• 2 5000. o. 10 • 
o. 10. o. .s .ou 
60. o. 1 • o. o. 
o. J • os o. .05 
1. 20. o. o. 
o. 140. .5 10. .1 
1. 1. 1. .01 .00001 
15. 21 e. .25 .OJ 
• 011 35. o. 2 • 
o. 500. 1, 20. • 1 
1. 1. l • .01 .00001 
15. 21 11. ..5 .OJ 
• 1 130. o. 2 • 
o. 120. o. 15. .os 
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PJl.BI flllUI nu A C05V!BSAflOIAL BONltOI SISTEll 

1. 1. 1. o. o. o. l ... 1 o. .oJ o. o. o. o. o. 500. ·' • 1 .oos 
2. 2. 1. o. o. o. 22 .7 '· .03 
• 2 sooo. o • ... 
o. so. .1 .. 8 .007 ... 2. 1. o • o. o. 21 .2 .75 .Ol 
• 06 75 • o. 110. o. 250. 5. 15. .021t 
1. 1. 1. .01 • 00000 
15. 21 1. 2.! .OJ 
• o• 135. . o. 2 • o. 10. o. .s .oo• ... o • 1. o. o. o. 3 .os o. .os 
'· 20. o. o. o. 3500. 2.s 20. .25 
1. 1. 1. s. .001 
25. 215. 1. .os • os 25. o • 2. o. 100. o. • 1 .oos 
1. o. 1. o. o. o. 32. o. .Ol 
1. 1000. o. 2. o. 10. c. .5 .001 
2. o. 1. o. o. o. J.05 o. .os 
1. 20. o. o. o. 20. o. 1. .01 
1. o. 1. .1 o. o. oo. o. o. 
o. o. o. 2. 
25.•uo. so. • t; 5. .25 
13. 13. 14. • 1 .00001 
15. 211. . .. .Ol • os 10 • o. 13. o. 60. o. .6 .01s 
13. o. 14. o. o. o. 3705. a. .02 
1. 100. o. 6. 
75COO. 500. • 5 25. 1 • 
1. 1. 14. • 1 .00001 
15. 212. .3 .OJ • os 20 • o. 1. o. 60. o. .6 • - 15 
1. o. n. o. o. 
o. 3705. o. .02 
1. 100. o. o. 
25000. 10. o. r . ... .005 
22. o. 14. o. o. o. CiO. o. o. o. o. o. o. 
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FILI: UIIU:B .UTA A COMVE~SA~tOIAt 8011708 ST~SS 

o. 1 o. o. .s .003 
112. o. 111. o. o. o. l.05 o. .os 
1. 20. o. o. 
5000. 1000. c so. .5 .. 
1. 1. 111. '· .0001 
15. 211. 2.5 .Ol 
• os ltO. o. 1 • 
o. 1 o. o. .s .OOl 
151l. o. 11&. o. o. o. J.05 o. .os 
1. 20. o. o. 
5000. 1500. 1. 20. .oos 
1. 1. 14. • 1 .00001 
15. 15. .os .z 
• 05 2(). o. 1 • 
10000. 1000. ... JOO. 2 • 
1. 1. 14. .1 .00005 
15. 11. o. .25 
• 05 o • o. 1. 
1000. ::Cio. .01 - .002 
1. 1. . ... o. 
o. 2 2.1 1. n 
• os Sil • o. 
~ooo. 2000. .01 .., .. 2. 5 
1. 1. 1 It. .... .00001 
15. 1. 5 .01 
• 1 150 • o. 
JOOOOOO. 75000. 75. 1. 
• 001 20 • 
500000. 5COCO. 500. 2. 5. 
• oo 1 20 • 
2cooooo. 1r.oooo. 100. lo. . .. 
.001 ~ ' - . o • 1000CO. 100. 2. 2. 
• 001 20. 
o. 60000. 6Ci0. ... s • ~-
• 001 20 • 
5000000. 250000. 250. 2. 5. 
• oo 1 21) • 
o. 500000. sco. 2. o;. 
• oo 1 20 • 
o. 50000. so. 2. 2. 
• oo 1 20 • 
o. 1coooo. 100. 2. 2. 
• 001 20 • 
o. 25000. 25. 2. 2. 
• 001 20 • 
o • 50000. so. 2. 2. 
• 001 20. 
o. 2 soooo. 250. 2. 5. 
• 001 20 • 
1. 25000. 25. 2. 1. 

001 20. 
' . 50000. ~o. 2. 2. 
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rILEs YABU'l'E .U':A A CCJVEBSATIOHAL IOHI'IOB SIS'lB8 

.001 20. 
o. 50000. so. 2 • 2. 
• 001 :&o. 
o. 50000. soo. 2 • 5. 
• 001 20. 
o. 5000(;. !O. 2 • 2. 
• 001 20. 
o. 25000. 25. 2 • 1. 
• 001 2d. 
o. 50000. so. 2. 2 • 
• 001 20. 
2400000. 120000. 120. 2 • 2. 
• 001 20. 
2000000. 1QOCOO. 1:0. 2 • 2. 
• 001 20. 
2GCOOOO. 2coooc. 200. 2 • 2. 
• 001 20. 
160000. 8000. a • 1. '· • 001 20. 
lOCOOOO. 1 !iOOOO. 15C. 2 • 1. 
• 001 2c;. 
o. 1coooo. 1co. 2. 2 • 
• 001 20. 
o. 60000. 600. i • 5. 
• 001 ''· scoooc. 50000. soo. 2 • s. 
• 001 20. 
o. 500000. soo. 2. s. 
• 001 20 • 
o. 1(!0000. 100. .. 2. ~ . 
• ('01 20. 
o. 6(1'.:'.'0. EOO. 2. 5 • 
• 001 :i~ 
o. 50000. 500. 2. s. 
• 001 20 • 
o. 5GOOOO. soo. 2. s. 
• oc ~ 20 • 
o. ecoo. a. 1. 1 • 
• oc1 20. 
225000. 22500. 225. 2. 2 • 
• 001 20. 
o. 22500. 225. 2. 2 • 
• 001 20. 
o. 1coooo. 100. 2. 2. 
• 001 20 • 
o. 2C<iOOG. 200. 2. 2. 
• 001 20 • 
o. 8(l00. a. 1. 1. 
• 001 20 • 
o. 150000. 150. 2. ... .oc1 20. 
o • 120000. 120. 2. 2. 
• 001 20. 
50000. sooo. so. 2. 2 • 
• 001 20. 
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PILE: flBllTE tAtl 

250000. 
• 001 
1)(000'1. 
• 001 
216000. 
• 001 
100000. 
• 001 
o. 
o. 
o. 
o. 
o. 
o. 
o • 
•• 

25000. 
20. 
5COOO. 
20 • 
uoo~ 
20. 
2000. 
20 • 

I 

250 • 

500. 

200 • 

100. 
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s. 
2. 

16. ••• 
5. J. 



> 
c.o 
N 

'UBl.l:i or STAUCN llUU CfCl.!IS1HCCJ, rilCTLO• or UPUCUlllTI OITAlllD OI .. 11111011c:r. lllll(llHIJ. 
CCll~ONBNT &V!BAUE FAILUFI RlPlACEllEITS 1• VAABHCUS¥ AT BEGINIJIG or CILlVIRI PlaJODCIOStA•>· 101811 or 
C~&VLtnStlCC~AWJ. CMAVL!I U111JZATI~• racto•ccur1, IUftDEA GP T£LIOPIRATOll(ICTILll1 flLIOtl•&fOI 
U':ILIU'UC.N uc:c11 (':UP). llUllLU OP liEFllR AUTOllATOllS I •CAll'fC)' •11111!1 or CLIHllG ucanu CIOCLIJ. 
1u11~::1i 01 HU:SAllS fCll 1'1UCl'; :nc• suuaVJSOliY COll'lf.(11.(llOlllJll1J, UD rUJnan Of NOllUS JO• HfUI 11011 
f:.OUUll21 1 fOI! IlltlVlDUlL COUCNUTS Of A llACllllt <TOTAUD OVEI ALI. 1111 HIUI> ••••••••••••••• 

STUtC !AHif ICSl'H llOCUll cur IO'llLI TUf lt"QfO IOCLI 

!lllllllU 8!1.'l IUCH1U DU'l'I CYCLI (lllCKOC.) •0199112 

DlLt ,.00000 o.o o.o o. o. 0 o.o o.o o. o. 
lllJTO R/Df. 1V L 0, >SCJ 12 0.0066 172,5 o. o.o 0.099 0.069 o. a. 
Ellb tultt:llS o. 9'19!0 o.oou l16!!. 1 o. o.o o.' 07 0.015 o. o. 
~ Liit ftAL CO llTBOl o.~9900 0.0066 HS.1 o. o.o o. t01 0.075 o. o. .. or AL RIA~ COITACT llACRlll ouir CICLI (l&CUDCJ -0099935 

fa GU!I o. !19!16fl 0 .0066 17 25. 3 ,, o. 5811 o.o o.o ,, o. 
Pll.ARfVT nAGAZIMI 1.00000 a.o 2711 .2 1. o. 581f o.o o.o o. o. 
sue PUDEii O,'H!JU6 o.oou fl90, 1 1. 0.584 o.o o.o '· o. 
euu ~AFPL! 1.ocooo o.o 9070,J '. o. 5016 o.o o.o o. o. 
SIDE Bl FFL;; 1.cacco c.o 6q7.9 1. 0,58" o.o o.o o. o. 
~ID• 8APFL~ GUIDE o. ~991111 0,0066 216. 6 '· o. 58/f 0.002 o.oot o. o. 
COOLINC: STSU:ll O. S991>6 C.CC66 d62. 7 1. 0,584 w•O o.o ,, o. 

,, or 51 W,V[R ANO P·DCP&IT lllPLAHTltlCll ll&CHllll DUTI C!Cl~ (ll&CHDC) •0.99868 

15 C. Ill 0,99'Jf16 Q .0066 1HSJ.J 10. 0.11)'1 o.o o.o ,, o. 
flLA~~"~ nA~&iIIE 1. cooc;c; c.o H112, J 10. 0.109 o.o o. (> o. o. 
SLAB fHIJFI! o.~<J!lt16 0.0066 6!101,] 10. 0.709 o.o o.o 1, o. 
r ~ '1.L B,\ffLt 1. cor..Jo c.o 157Sq7.J 10. 0.709 o.o o.o o, o. 
SIDE oun£ 1,COOOO o.o 51i26. 7 10. o. 70" o.o o.o o. o. 
SID£ DAtfLE GUIDE o.~a~·1 C.C066 119.l 1 o. 0.109 o.on 0.002 o. o. 
BC~C• re• 4"ft~l!EI o. 999t6 O, COH. 112!1,J 10. 0,709 o.o o.o '· o. 
COOl IllG SYSf!:ll 0.99932 0.0066 172~.3 10. 0.709 o.o o.o '· o. 

PULSl REChfS?ALLiiATJCI llAClllll DUH CICLt: ( HCllDC J -0.99966 

Efl GUM o.~'1966 0.0066 '7 25. l 1. o. 29' o.o o.o '· o. 
fILAll,•T 5AGAZlll 1.ccoco o.o Ul2.11 1. 0.29, o.o o.o o. o. 
CCOLillG STSTU 0.99966 0.0066 862. 7 ,, 0.29' o.o o.o 1. o. 

IOHlt 1'980112 

o.o o.o 
0.02 .. o.o 
0.0261 o.o 
O.OJ21 o.o 

o.o o.o 
o.o o.o 
o.o o.o 
o.o o.o 
o.o o.o 
0.0002 o.o 
o.o o.o 

o.o o.o 
o.o o.o 
o.o a.a 
o.o o.o 
o.o o.o 
o.ooo• o.o 
o.o o.o 
o.o o.o 

o.o o.o 
o.o o.o 
o.o o.o 



SCll HCllTSt.\LLIU'UOll llltHlU DUTI CJCLB ( llltHDC J •0.99966 
ED GUN o. 9C,,966 0.0066 17 2S, l 1, o. 2115 o.o o.o 1. o. o.o o.o 
flLAftEN? ftAGAZl•! 1.caooo c .o 7J9,4 1. o.2n o.o o.o o. o. o.o o.o 
COOLING srst!!ll 0,99966 o. 0066 862,7 1. o.2os o.o o.o '· o. o.o o.o 

1-DOfAI? lBtLA11l11CI lllCHlll DOU CYCJ.I ( llACBDC J •0 ,999U 
P!tOSPllOll'JS IOll !SHUT£k 0,S9961 0,('066 17 2S, l ,, o. 160 o.o o.o '. o. o.o o.o 

lllllfll. llACHillZ DUTJ CYCLe (llACHDCJ •0,99966 
fB GUN o. 9'J966 O,C066 17 25, J 1, O, 2tjS o.o o.o , . o. o.o o.o 
PIL~~ENT lACAZtU! 1.CCCOO o.o 739,4 , . o. 285 o.o o.o o. o. o.o o.o 
COOLHG srs~::ll 0,9996' Q,(1066 116:?. 1 , . o. 21l!i o.o o.o 1. o. o.o o.o 

DY or " FBCIT CONTAC" IUCHlU DUT1 CYCL! [ llltHDC J •0199656 
!D GUN o. !.':1966 0 .0066 3450, 7 6, 0.102 o.o o.o 1. o. o.o o.o 

~ FlLAKEHr r~GAZtl! 1.ccoco c.o 1971. 8. 6, o. 702 o.o o.o o. o. o.o o.o 
co StAU HEDi ~ 0, <;'J?U6 0.0066 1 lOO, l 6, 0,70l o.o o.o , . o. O.IJ o.o 
w "ASK 1,CCliOO Q,D 27.0 (i, o. 702 o.o o.o o. 20. o.o o.o 

~·~~ ~UtDE AHO ~OLLUP 0. CJ~U~J c. c 066 1"25, l 6, 0.102 0.1'J2 o. u. o. o. O.GJU o.o 
FULL EUfLl 1,COOOO c.o ':1070,) 6, o. 702 o.o o.o o. o. o.o o.o 
SlDI. DAPfLe 1. cccco c.o 6147.9 6, 0.102 o.o o.o o. o. o.o o.o 
S!Of iJAFDL! GUI!>!: o, o;.,~011 O.OOhb 119, 3 6. o. 702 O, OOlf 0.002 o. o. 0.00011 o.o 
CCCILJ!lli srsrt:11 0. C,,'J9J2 O.C066 JU'),J 6. 0.102 o.o o.o 1. o. o.o o.o 

FIOliT COHACT Sllll'UUIG IUCUIN! DU1'1 CYCL£ LUCHDCJ •0.99966 
f9 GU'.4 0.999116 0 .C0<.6 n2s.J 1. O. 2BS o.o o.o 1. o. o.o o.o 
FTLA!eNr ~lGAZINE 1.toocc c.o 7J9.,. 1, O, 2dS o.o o.o o. o. o.o o.o 
... COL Ul\.i sr s: 1!11 r. "1'1b6 o.~06t. 8!»2.? 1, o. 28 o.o o.o 1. o. o.o o.o 

Cl!LL c:icssc~t lllCHl11£ DU'f'C CYCLE ( KACllDC J •0 • 999lJ 

LASEii o. !llJ9JJ 0.0066 n2s. J 1, I), 21)0 o.o o.o , . o. o.o o.o 
K~JPTOM LA"P !AGAZlNI 1.caooo c.o 2116,5 1. 0.2?0 o.o o.o o. o. o.o o.o 
GUIDE BC1t~&:l 1, 00000 o.o 12. J 1, (I, 200 o.o o,o o. o. o.o o.o 
SllHLD 1.coooo a.o u.o 1. o. 2110 o.o o.o o. o. o.o o.o 



CILL 111T£8CCl~ECtlCI HCllll DOH CICLI (IACIUICJ -OoH907 

&LECtROStATIC W£LD!I O.H91t8 0.0066 U80.3 ,. 0.220 o.o o.o ,. o. o.o o.o 
I•TE~CClllCT fllD£R O. t;S'illl 0.0066 690.1 1. 0.2l0 o.o o.o 1. o. o.o o.o 
llTtQCCtlLCl &tLL 1. 00000 o.o 8651. J ,, 0.220 o.o o.o o. o. ••• o.o 
:OLllS.,l!S o. 'i'J9'J!I C.0066 2111.s 1. 0.220 o.o o.o o. o. o.o o.o.Jt• 
UllUDLE Sl'UD llOlUBS 0.9'J'J'ICJ 0,(1066 uo.o '· o.uo o.o o.e '· o. o.o o.o 
!IOTCll o. !.!l'J!lfl o.oou 112,s ,, o. 220 o.o o.o ,, o. o.o o.o 
t;UIDt: BOllERS 1.cocco o.o 211.6 1. o. 220 o.o o.o o. o. o.o o.o 

DI OP SILICA CPTIClL ccna UCHJIB Dutl CICLB [llCHDCJ -009950• 

U GU' o. 999c.6 0.0066 2S879o9 114. o. 7111 o.o o.o 2. o. o.o o.o 
flLAfttNT ftAGAZJll 1.COOCO c.o fl06fi8. 5 111, o. 7111 o.o o.o o. o. o.o o.o 
SLAll Pf u;;r. o. 9!1!18f. 0,0066 10JSZ,O 111. 0.1111 o.o o.o '· o. o.o o.o 
USKl!IG Ot:YlCI!! o. 999116 0.0066 ... 2. 7 ,,. . 0.1111 o.o o.o '· o. o.o o.o 
T•S?ill' ftAS• 1ACIAGI 1.00'lOO c.o 2.' ,,. . 0.1111 o.o o.o o. 2. o.o o.o 
CU«.i!ll tlS&'USU O,S'i9el C,0066 1015.2 1fl. o. 71" 0.055 0.038 o. o. o.o o.o 
PAUL fAHLE 1.ccoco c.o 236120.9 111 • o. 7111 o.o o.o o. o. o.o o.o 
SlOl BAHLE 1, 00000 o.o 8•1110. 0 111. o. 7111 o.o o.o o. o. o.o o.o 
51D3 eAiPL~ GUIDI o. 'i99dll 0.0066 7 l.9 111. o. 7111 o.oos O,OOlf o. o. o.ooos o.o 
SCP? SU~lAC! BlLt 1.00000 o.o o.o ,,. . o. 7111 o.o o.o o. o. 0-~ o.o 
ftCTCll/llPIH O.!l'J912 0.0066 112.5 111. o. 7111 o.ott 0.069 o. o. 0.02.a o.o 
EID BOLLf.11 o. S'i900 a.oou 3115.1 111. 0.11. 0.107 0.07S o. o. 0.0267 o.o 

> COOLUG sr.a:u O.SU98 0.0066 2588.0 111. o. 1111 o.o o.o '· o. o.o o.o 
co 

°' or SILICA SUOS'IUT~ llAClflllE l>Utl CYCL: [RICHDCJ •0,99600 .c:. 
EB uU:: o.~!196b f),OOG6 172Sl,l 10. o. 697 o.o o.o 1. •• o.o o.o 
FJLl~£NT llAGAZJN! 1.ccocc c.o 27112 .l 10. 0.697 o.o o.o o. o. o.o o.o 
SUB FUD£11 0,9'j98b 0.001,6 b'J01. 3 1 o. 0.6 1J7 o.o o.o , . ". o.o o.o 
!9'SKlllG l:EVIC! O,'i'iH6 0,00(,6 062. 7 10. o. 6)7 o.o o.o '· ~ o.o o.o 
'l·STRIV ftASK PACKAGE 1,CCOOC c.c 1 ... 10. 0,697 o.o o.o o. l. o.o o.o 
ClY~~H CISVEff ~l• 0.!199d8 0.0066 6\llJ, 1 10, Q,1;97 o. 031 0,022 o. o. o.o o.o 
l'UH carru: 1.coc.oc c.c 1575117.l 10. 0.6'.17 o.o o.o o. o. o.o o.o 
SIDE DUfLt: 1.·ocoo o.o 5626.7 10. 0,697 o.o o.o o. o. o.o o.o 
SI~t £ Af~Lt GUIDE D. S~91111 0.00(,6 II?. 3 10. 0,697 0.0016 0.002 o. o. o.ooo• o.o 
scrr SU~!ACZ e&Ll 1.coooo o.o o. 0 1 o. 0,697 o.o o.o o. o. o.o o.o 
llC?Cli/DFIU: o.99912 O,OOG6 112.5 10. o. C.'J7 0.099 0.069 o. o. 0.02'8 o.o 
UD BOlL!ll O.S99CO c.cou Jll!i.1 10. 0.697 o., 07 0.075 o. o. o.02n o.o 
COOLING SJSTtll o. 999 l2 0.0066 17 25. 3 10. o. 697 o. 0 o.o , . o. o.o o.o 

PllfL ~LIGMlllNT & SPIBE un .. INSUTICI llACH11.1 l>UTI CICLE (llCHDCJ •Oo9987J 

ACCtLt~l:oa 6~Lt 0,99!1SO O,OU66 172. 5 ,, 0,091 0.053 o.on o. o. 0.021• o.o 
9An1ABL~ ~PltD RCLL~iS O.SS9S'J c.0066 11011.2 ., . 0.09, o.o o.o '· o. o.o a.a 
PU EL H ,uVfll O, S9~ 711 O, C066 1JOO.l 1, o. 091 o.o o.o ,, o. o.o o.o 
PU&L INSt.loTER o.sss111 C.COl.6 b90, 1 1. 0.09, o.o o.o '· o. o.o o.o 
FUEL HCHEll 1. 00000 o.o o.o ,, o. 091 o.o o.o o. o. o.o o.o 
SUSGllS 0.99!195 0,0066 1207.7 1. o. 09' o.o o.o o. o. o.o 0.1970 
GUlD£ f'CIU.115 1. COCCO c.o J69, 7 1. 0.091 o.o o.o o. o. o.o o.o 



Pl• •";£PCC NN!:CTlC Ii "ACHIN& DUTI CICLE ("lCHDCJ •0.99908 

!L ..... :to~·uTlC ilt:LllEli o. 99911'1 0.006b 1100.3 1. Ii. OS 1 o.o o.o 1. o. o.o o.o 
In.::H.:C H~i.C:T H!O~f! o,9997q 0.0046 690,, 1, a. os 1 a.a a.a 1. o. o.o o.o 
I~:'! Ei' :ct. HCl l\CLl 1.00000 o.o SOS,3 1. o.os1 o.o o.o o. o. o.o o.o 
SEHSv~s 0. 9'.i'J'l6 C.GOE6 2111. s 1. O.O'i 1 o.o o.o o. o. o.o Q, OJ9' 
VAE<lA!lLi ~?HD &OLL!.BS 0, S'J9'J" Ci.0066 1 JO, 0 1. 0.0;1 o.o o.o 1. o. o.o o.o 
l!u!OR 0. 9'i9'J" C-0066 172.!> 1 • 0.os1 o.o o.o '· o. o.o o.o 
cu1n i.:ueli;; 1, 0£1000 o.o 2•1. 6 '· O, OS1 o.o o. 0 o. o. o.o o.o 

101Cl~ULl~AL CU7 !!ACHIN I llUTJ' CYCL! (ftACUOC) •Q,99967 

LASf:li o. !1!>967 0.0066 662. 7 '. o. 1tJq o.o o.o '· o. o.o o.o 
KilYPTOH L\~P 1!.\GAZINE 1,tcooo c.o 211b.5 1. 0, 1d II o.o o.o o. o. o.o o.o 
GUlDl. fCLLt~S 1, 00000 o.o 12. 3 1. o. 11111 o.o a.o o. o. o.o o.o 
!'U.L iLD 1.00000 o.o o.o 1. o. 181t o.o o.o o. o. o.o o.o 

UPTC ~ THE APPl.IOTICli ll~CHINI! DUT'f CfCL~ (ftA:UDCJ •0199896 

S"'!'.1.TlOHA:i'l ;~i'H o. 9\o'J~ J o.0066 160, 2 2. o. 697 o.o o,o '. o. o.o o.o 
.5TA".'E•N\fiY :'APE fil:Plll 1. CCC CO c.o A0611.o,7 ,l, 0 .1.19·; o.o o.o o. o. o.o o.o 
cr·:,:is T\.,r.R o. <;'19tl 7 O.OO!.i6 2q, G 2. 0. 6'J7 0.1) o.o 1. o. o.o o.o 

~ •_:.J~'.l 1~;-,_ P::FILL 1, C JOCO c.o 6205,') 2. 0.1.>'17 o.o o.o o. o. o.o o.o 
r....:i SC.I':" PCl r._k 1. 01)000 o.c o. 0 ;.!, O, G•J7 o.o o.o o. o. o.o o.o 
\Jl GUI;;t f•CLLH:i 1,000<.0 o.o 11 'I, l 2. o. 6'.17 o.o o.o o. o. o.o o.o 

Cf.G'iS T4?!:. l!OTC.i< U,H99J C.CQ66 12.) 2. 0.'1'H o.o o.o '· o. o.o o.o 

lnBH ~E·;~tN': fOLClNG AND PACKAGl!IG llACHOE DUTY CYCLE ( ucur;c l •0.99873 

r; Ul 0 E rOLl.EnS 1.00000 o.o 67, 8 1, 0.002 o.o o.o o. o. o.o o.o 
H· i'IC Al u'H.!CTCl!S 0,SS9C2 o.ooc.6 6 \. 6 1 • 0.002 0.006 o.oo• o. o. o.0111s o.o 
!!Cl ~LIGi.~~ht o. 9!19 79 0.0066 12, l 1. 0.002 0.001 o.oot o. o. o.o o.o 
BOX l.AB~~l~<. O.S~99'.I 0.0066 1, 2 , . o.ou2 o.o o.o o. o. o.o 0.0002 
Ti1lLI~~ laG~ GUJD~ o. 9999 3 0.0066 6, 2 1. 0.002 o.ooo o.ooo o. o. 0.0001 o.o 



SGl'B CElL fACtOf.! ccst B&EAKDCia-~ ...... 

IOTAJ. ac•l!CUCHljG Dl~lC~ CtS~ IS I 1025776640. 
llCHI•!S: S 84944,56. 
llCIJ1£ BESElfCR AIC tllfLCt!l•:: S 4113~•00. 
l&CBll! TLll!FOitltit•: S !5~1E!02•. 
SOL11 iOHIB A&BA! (FOB PBOCUCtlCt): S 366631168. 

!Ot&L ICllECUi!lHG IHDiif~t cost IS ' 17•1•91250. 
ICIPiClUCTIOS SCf £OUif113t i•t'CUf!llHt/B&t COST: S 13830•97~0. 

scr st&uc:oa1: s 12•1soo4so. 
IABE!CUS!: S 49CC25~. 
rcsreOL C!ltfa: s ~2COOOOO. 
BEPlIB ICBKSHOF: $ 1Cl!•cco. 
IICBOP3CCESSC2S/SfHSOBS: S 6890000. 
aaa11 StG5~HT Sl~&•GE POXES: s 15800. 
C5lMLESS: : 1s2sc~oo. 
TEl~Gf~iATCtS: S 1!9~2-~1. 
1£PAia AClCftATO~S: S 26301~68. 
ct!;s11~ ~•ca1a~s: s •cccco. 

8AliiA: P&CCOB!3£1: COST: I 1E•1600~. 
101180DOCTIOI ~LAB EC~£i lB&I! f 5CCOBlftEBt: I 5SOJJ6l. 
ICJPBCCOCTIC3 SCF Ii,:seoatATlCJ: s 12SQOQS92. 
81~1Tlt iBl~!fC5T11lC~. S 1tQ1ECCQ. 
SOLAR ecw~• AS&Af iEANSPORTATlCI: s 186067230. 
COST TC SET OF SCf: S Q6~EQCS. 

TOTAL l•l3lt RtCU55131\: tl9£CT COS1 IS S 197•16912. 
BUllll !UP£&~ISO&Y C09IP.Gl lABCP: S 10117800. 
!rail~ a!illi lABCF: S 91SECC. 
SUiF081 C6EV 1Aetl6: S 5518800. 
BlCU!5~ 6EiLACEll£RI PAi~S: S 479Q!600. 
9ICHI9£ 6£PLAC!l!ER~ PARIS TFA9SiC61lTICY: S 1Q6916256. 
l&CBII~ LXE~$t&El£S: S E6!ltS. 
BAC615£ EXFZ~CA!LES :tA6SiCfTATICi: S S1Jl307. 

TOTAL AllUAL a:co&&ING IMDI&fCT COST :s s 8538916. 
CCRSGl!ll&DlES: S tt!!fQ. 
COllSUllllABLES t&llltSPOBTA'UCI: I 16SS639. 
CBEV TSAIKIBG: J !QGO. 
CB!M 15~HS?OBIAAICR: S 6Q90CGO. 
1caeacouct1c• scf 11ei1c1e11s: s Jd719. 
ICIPBODUCiIOR scr ElPINtABLfS tBANSPCRTATICH: s 

111111111 eur 
BEL: 
llOTOB/Dt'IYe 
UD BOllEi:S 
U!PUL CONi30l 

Of OP AL REAR CONTACT 

18 GUii 
fILlBEI• ftlGl1•dE 
sua ruoi::a 
PAIUL UfFLE 
SIU !AHLE 
SJDZ EAF!L~ GUIDE 
coctu:; sirsnn 

o. 
E162. 
1•.:2. 
S&6. 

~·6. •17. 
,, .. J. 
S07. 

1'S'i8. 
18. 

~"'· 

A86 

193596. 



If Of SI ~Af!i AUC P-DOPAllt llPLlltl:JCI 

EB IOUI 
lILAftfl: !tAGlZIIE 
SUB PHDt.i: 
fUEL UflLE 
SJDE Uff'L£ 
SIDE B~f~LE G~IDE 
2CRCI ICB ll?lAIIfl 
C•;OUllG SJSU:! 

PO'l.S! PiC6YSo&LLIZATIOI 

£1! Gilli 
fltADillI ftlG1ZlNE 
COOLlSG SYSU!t 

SCll 6!C8fSt\L1IZATlCI 

E.8 GUll 
fILlREIT a&G&LIIE 
cootiKG srsn:n 

11-DOPlHi IftPLA~TATICH 

PllOSPHOBUS 1011 IllPlAll'?H 

HltAL 

u .;;att 
fILA~E8t ,lGAZIBE 
CCOLaG SYSU::I 

DV CF AL FRCU: cc~tlCT 

Ill GUN 
flLA~~Nt :IAGAZINE 
sne FUJZR 
IUSI\ 
t~SK ~UIOS ANO 9CLLUP 
B!liL Ell'i'U 
S!Jt BAHLr 
!: 1 'H B&fl'Lf GUIDE 
C.COLliiG SYS>Ell 

PRCNT CCHTACt ~TNtEBlRG 

El! .;U!I 
nuie 
CCOL 

CUL Cl!OSSCUT 

USE; 
K&YP:CN LA~? n~GAZ:~r 
GO[ Cf llClLEFS 
:iHHLD 

JC81. 
'169. 
! 4H5. 

111111. 
112534. 

?:;. 
6162. 
EE7l. 

62. 
59. 

3115. 

616. 

62. 
511. 

~ .. 5. 

~fib. 
15tl. 
'iE6. 

522C35. 
~CE09. 

907. 
u~ce. 

JS. 
739. 

A87 



Clll lJTEiCCll~CtlCft 

IL1~30S?lTlt Vl1Dl8 
llT!~Ct11ect fllOlf 
ll~!JCCl»:Ct iCll 
S!ISCIS 
fllll8LI SPE£C IOLL£8$ 
ltGtOI 
GUlt! ICU.E&S 

Cf Of SILlCl OPtIClL COf!B 

EB GUI 
PILlBtBt ~lGlZill 
sua Pnui:• 
llSll!IG t£flC! 
t•StllP SlSI f lCll~l 
Ol!Gi!I tISPEISl& 
unL urru 
510£ 8lfFLE 
510£ SlPl"Li: GOXDi 
SCft S03f lti BEL? 
IC':Oi/ti!Vt 
UD &OllU 
CCCU!IG StSUS 

Ll Of SILICA SUDSl\Al! 

£0 GOii 
fllA!~lt ~lGAZ18! 
SUB fUl.l"'li 
alSKlllG UYICE 
1-ST&IP lASI P-CllGI 
01luE!I tISillS!a 
'l\lt'L E \\'Fl.I 
sior: ea.nu: 
SIDE BAFFL! GUIDE 
scrr so&rAcE e11t 
llOTQB/tr.t VE 
UD 11011.ta 
COOtl!IG S'IS'tU 

189. 
1912. 

o. 
1. 

'· S9. .5. 

u; '· 
l'Sl. 
Ull. 
£16. 
e1. 
lll, 

11E160. 
11eeo1. 

53. 
o. 

•lU. 
2Clt5. 
078. 

3(81. 
;; 169. 
~91~. 
616. 
~8. 
119. 

1l1'111. 
112 ! lit. 

JS. 
o. 

3081. 
211l5. 
ll:!til. 

Pll!L lLIGN~E6T & SPlliE PiB!L INS!BTICI 

lCtllEUTCll OElt 
9Ai!IABL' SPlft bCllE~S 
UllEl U!!CV!B 
UlltL HSt.iitE& 
Utn.L UOP,.>Eft 
SUSCPS 
GUID! liCt.LiliS 

fAIEL INTE&COHUECTICN 

IL!CT&OS~ATIC VELOlB 
INTEBCCMHECt f tltlli 
1NT2FCCRNECT 6CLL 
SEllSO!IS 
YtRllBlE SPEED &Ct.LEIS 
110':'08 
GUII>! liC LlEBS 

'1l'5. 
16. 

1111.:1. 
., 18, 

o. 
.:s. 

::1.,. 

7119. 
H72, 

o. 
l. 
9. 

1!18. 
25. 

A88 



lCIGU'OOUU COi 

USER 
llYPtCS 1Uf UGIUllE 
GOIU £01LHS 
SBIUD 

l&PTCI TIPE IPPLICl110K 

Sfl;Itllll tiff & 
Stl?IOIASI tlPf BfFILL 
CBOSS t&PER 
caoss tlPi &EflLL 
son a1J1ua 
GOil:E &ClLEJS 
CiOSll UL"E BOTCB 

IRJIY S!GS£5: FCLOll~ AID PICllG:•G 

GDIOI &ClU:BS 
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