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CHAPTER 7
PRODUCTION EQUIPMENT SPECIFICATIONS
7.1: GENERAL REMARKS

Figures 7.1, 7.2, and 7.3 show the cverall layout of th=z
reference SAF. The diagrams serve to illustrate the likely
relative positions and dimensions 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 cecver
roughly half of the top and the entire bottom of the solar cell
factory; the active radiators for the waveguide factory, above
and below that factory; the support siructure 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
omitted 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
an array area of 1.4 ka_ The solar cell 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 mast 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 >f
the facility to pass through it.

The SMF production machinery is conceptually divided into
three areas: the components factory (which produces all com-
ponents other than solar celis and waveguides), the soiar cel)
factory, and the waveguide factory. The components factory

produces klystron assemblies, structural member ribbon, busbar
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strips, CC-DC converters, electrical wire and cables, DC-DC
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, excepi for

the wheel-1ike internal storage devices. Omitted from the

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
ths waveguides 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 scal 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 units
is attached to the central mast at several discrete points.

The conﬁections are flexible and include active damping sys-
tems to keep vibrations from propagating into the solar cell
factory, which might damagc the fragile solar cells. 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 internal
transport tracks. The transport tracks bring inputs to the
factory, move scme of tne intermediate products within the
factory, and remove the output solar cell arrays.

Routine feeding and maintenance of the sclar cell deposi-
tion and assembly processes is done by 'crawlars' running along
tracks above the planar factory. More complex repairs are per-
formed by Free-flying Hibrid Teleoperators {FHT's). The craw-
ler tracks are shown as horizontal lincs a Fig. 7.5. The
crawlers take inputs from, and load outpu.s ‘ni0o the SMF's in-
ternal transport carts. The prodvction iines for deposition
and assembly of the solar cells run perpendicu’arly to the
crawler tracks (and thus perpendicularly to the ceniral mast).
No radiators for the so'ar cell factory are shown, but those
for the zone refining and interconnect deposition section
are above and below that section; those for the electran beam
guns in the deposition sections are above those s. ns;
those for the thermal belts in the deposition sections are
below the deposition and assembly section, covering the
underside of that section. The solar cell factor ~ cescribed
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.
These are described in detail in (! ap. 8.

This chapter includes tabulated specifications, physical
descriptions, and diagrams of each machine in the reference

SMF design. Soclions 7.2 through 7.3 discuss equipment,
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grouped by major SMF operations (subsections of components manu-
facture, waveguide manufacture,solar cell manufacture). Each
section begins with a genereal description of the pruduction
processes, followed by data on individual machines.

Associated with each machine are:; a specification sheet
(listing machine mass, physical dimensions, throughtput per
machire, power reguirements, and the contribution of each
component to mass and power requirem-nts), diagram(s), and a
written description of the machine's operation.

Terms used in the specification sheer are defined as

follows:
Mass of machine -- 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 ¢f this type of machine in

the reference SMF.

Number of operators -- number of crew required to operate
the machine {during its duty cycle).

Components -- elements which compose the machine.

Number per machine -- number of this type of component

per machine.

Mass -- mass of each component.
Power required -- power required for operation of each
component. 7 10



The written description explains the function of each
component, the ooeration of the machine, and the rationale

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

7.2.1 Overview: Figure 7.6 is a detailed top view of the

components factory. The shaded areas highlight the machinery
described in this section. Four furnaces -- one producing
6063 aluminum alloy, one producing molten aluminum, one pro-
ducing SENDUST alloy, and one producing molten iron -- are
used. The furnaces are fed with rods imported from the lunar
survace, which are hLeated as they enter. Mixing of the melt
is 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, moiten 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 manner 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 the transformer cores for DC-DOC ccnverters.

Molten aluminum and €.53 alloy are also fed into a con-
tinuous caster, which produces 2 c¢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-

in Sec. 7.3.
bed in 7.12
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7.2.2 Aluminum Alloying Furnace: The aluminumalloying 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 si-
silicon carbide, a refractory material resistant to corrosion
by liquid metals. The A1, 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 104 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 tradeoff exists between increased power
generation (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.
7.14
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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 moiten 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 10t -

Power Requirements (KW/machine): 1160

Number of Machines: 3 ~o N4 -

’ ::E ht sn:
Number of Operators: O 2E w @3~

&S < Q@O X
Components: == = . Qe ~—
Casing ) ‘150 0
Coils 1 60 1150
Radiator & Pipes 1 1000 10
Controller ] 5 B
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7.2.3 1lron Alloying Furnace: The iron clloying 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 furnace. The body is made of graphite to provide
corrosion resistance and the furnace capacity is 31080 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 Machine: 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 o = ®
.
Number of Operators: 0 o= » S~
EO n o=
= [ [- X B4
Components: z= = a. o~
A
lCasing ] ‘150 0
Coils 1 60 1150
Radiator & Pipes 1 1000 10
Controller 1 5 |

7.17
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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
with 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:
4
0= eoTt [J(1-r)]"

where ¢ is emissivity, o is the Stephan-Boltzmann constant,
n is the number of foil layers, r is the reflectivity, and
Q is the power radiated away through *the 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 cooling does occur. The size of the pump was determined

7.19



from current industrial 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.

Silicon Nitride
Pipe

Cobalt Alloy
Magnetic
Circuit

Copper Conductors
with Tungsten
Contacts

Flow

DC Magnet Coils

FIGURE 7.9: LIQUID ALUMINUM PIPELINE
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SPECIFICATION SHEET

Machine Name: Liquid Aluminum Pipeline
Function of Machine: To transport liquid Al within the SMF
Mass of Machine: 115 fg

Physical Dimensions: 30 m x .2 m; 6 mm wall thickness
Throughput/Machine (tons/year): 1.03 x 104
Power Requirements (KW/machine): .01
Number of Machines: 4

Number of Operators: O

Number/
Machine
Mass (Kg)
Power
Required
(KW)

Components:

Pipe Sections

—
(8]
w
o

Pipe Joint

—
D
w
o

EM Pump

~

10

.01
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7.2.5 Liquid Iron Pipeline: The iron pipeline moves liquid

iron or SENDUST alloy from the i-on furnace to the die caster.
The iron pipeline is made of graphite to provide corrosinan re-
sistance. Like the aluminum pipeline, the maximum flow rate |
is .6 kg/sec; however the iron pipeline will only be required
to carry 1900 tons/year in mormal operation.

For costing information and other det.ils see Sec. 7.2.4,

"Liquid Aluminum Pipeline".
Gr. te Pipe

Cobalt Alloy
Magnetic Circuit

| opper Conductors
with Tungsten Contacts

. 1. .-\, = “ \ .
<< -
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FIGURE 7.10: LIOUID IRON PIPELINE
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SPECIFICATION SHTET

Machine Name: Liquia Iron Pipeline

Function of Machine: To transport liquid Fe within tke SHMF
Mass of Machine:.75 k;

Physical Dimensions: 30 m x .2 m (inc\. foil insul.); 2mm wall
Throughput 'Machine (tons/year): 1.7 x 103

Power Requirements (KW/machine):. 0

Number of Machines: 1 ~o =z °
oo =~ s
Number of Operators: 0 o= “w ® 3~
E W (7] o=
- - ) < o @ X
Components: == = Q&
Pipe Segments 5 -10 0
Joints 1.5 0
EM Pump 2 10 .001
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7.2.6 Continuous Caster: The continuous caster is designed to

produce aluminum slabs from liquid aluminum. Continuous cas-
ting is especially suitable for use in space because it can
produce uniform slabs in the absence of troublesome convectioﬁ
currents induced by gravity. The caster consists of a mold
and a heat removal systems which circui.tes a quantity of 1i-
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 1iquid 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 the selection of
graphite as a mold material.

The cooling system is designed to cocl 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 sodium, used on Earth for cooling at high temperatures,
has the advantages of high heat capacity and established pum-
ping and piping 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
275°C.

Cost estimation fcr the continuous caster was aided by con-
sultation with experts on sodium cooling systems presently used
in nuclear reactors. Such systems, the study group was told,

have virtually 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 ~o oz b

.-
Number of Operators: 0 o “ ¥3=

30 ad (- "4
Components: == = - a. 6~
Mold 1 loc 0
Fluid Coolant 1 100 0
Piping System 1 150 0
Pump 4 10 20
Radiator ] 500 0
|
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7.2.7 Aluminum Slab Cutter: AlurSnum emerging from the con-

tinuous caster is cut into slabs with cross-secticas .70 m x
.02 m, and lengths varying according to the needs o later
production processes. The cut is made by a hecavy duty elec-
tron beam gun as shown in Fig. 7.12. The device coerates at
a power level of 128 kg to cut the 2 cm thick casv aluminum
at a rate of 4.2 cm/sec. This assumes typical effiriencies
of 50% in the gun and 50% in the sublimation of the metal.

In an electron beam gun, a tungsten filament is heated
to incandenscence, causing electrons toboil 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 slab.

Vacuum is the t:st condition for EB cutting operations,
since the electron beam is dispersed by collisions with any
gas molecules. Vacuum requirements are the main reason why
lasers are more commonly used for beam cutting on earth: elec-
tron beam guns, however, are more energy-efficient ard pene-

trate deeper.
7.27
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The only consumable ijtem in an EB gun is the tungsten
filament which must be replaced every 8 kours (in a cutting
gun) because of contaminating vapor from the bombarded mate-
rifal. 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 currert 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 sTab cutting, electrons are returned to the gun via a metal
brusﬂsweeping across the slab surface next to the cutting zone.

Above 10KW 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 spead will also in-
crease DY penetration. The distance between the sladb and
gun will also affect the intensity of the focused spot since
the greater the traveling distance, the higher the space-
charge repulsion effect, which 'spreads out' the electron in
the beam. Reference 7.1 discusses numerical control of an

EB gun.

SPECIFICATION SHEET

Machine Name: Ajuyminum Slab Cutter

Function of Machine: To cut Al slabs (outputs of continuous caster)
Mass of Machine: 96 kg

Physical Dimensions: 2 n x 1.5 mx 2 m

Throughput/Machine (tons/year): ---

Power Requirements (KW machine): 130

Number of Machines: 2 se g §
@ - ol
Number of QOperators: O as » 23~
22 2 gex
Components: == _
EB Gun ] 50 128
Gun Tracking ] 25 1
Active Cooling System 1 21 1
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7.2.8 Al and Fe Die Casters: Casting on Earth is accomplished

by 1adling liquid metal into a sleeve, then driving it into a
metal mold with a piston at high pressuce (1.5 x 108 N/mz).

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 cir§u1ates 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-bassd die caster could be reduced in
mass by at 1easd50% when redesigned for space use.

Two such d%e 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
joints and joint clusters,which require approximately 70 hours

of production time per year (assuming one molding every two
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minutes). The remaining 14 molds are used in the manufacture
of aluminum products.

The iron die caster is used to produce the soft iron 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 A1 alloy.

Mass of Machine: 35,500 kg

Physical Dimensions: 6 m x 6 m x 4 m
3
Throughput /Machine (tons/year): 4.1 x 10

Power Requirements (KW/machine): 290

Number of Machines: ! ~o = o
s ~ Rt
Number of Operators: -25 2= » ¢35
2z 2 sex
Components: .
Piston and Chamber 1 15000 75
Molds 19 1000 g
Active Cooling System 1 1000 €9 g
~ R |
]
Radiator 1 500 0 i
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SPECIFICATION SHEET

Machine Name: Fe Die Caster

Function of Machine: To cast parts from iiquid Fe
Mass of Machine: 3150 kg

Physical Dimensions: 4 mx 3 mx 4m
Throughput/Machine (tonc/year): 800

Power Requirements (KW/machine): 23

Number of Machines: ! ~e VA -
.

Number of Operators: .25 - “ 65~

guv 7] o=

3« [ [- X B4

Components: == = oot~
Piston and Chamber 1 2000 10
Molds 1 1000 5
Active Cooling System 1 100 8
Radiator 1 50 0

7.34



7.2.9 Transformer Core Caster: Because the transformer cores

are much larger than the other die cast parts, a separate
facility has been designed for their production. This facility
will be operated in the same fashion as the die caster.

The mold must measure 1 x 2 x 3 meters. After cooling,
an operator removes the casting from the mold and delivers
it to a storage area.

Mass estimates for this device are based on a scaling up

of the die caster (see Sec. 7.2.8).

Liauip METALS
ProgLINE

ELecTROMAGNETIC Pump

777777777777 7777777 /]

FIGURE 7.14: TRANSFORMER CORE CASTER
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SPECIFICATION SHEET

Machine Name: Transformer Core Caster

Function of Machine: To cast transformer cores

Mass of Machine: 11,500 kg
Physical Dimensions: 1 m x 2 m x 10 m
Throughput/Machine (tons/year): 1.1 x 103"

Power Requirements {KW/machine): 110

Number of Machines: e Ny 3
: [ L . |
. [ 4 - -.—\
Number of Opecators: -0 8= “ @5~
-] o« O QX
Components: z= - Q. &~
Caster 1 10000 50
Active Cooling System .. 1000 60
Radiator 1 500
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7.3: RIEBOM AND SHEET CPERATIONS

7.3.1 Overvicw: Figure 7.15 shows a top view of the ribbon

and sheet operations section of che components factory.

Stabs of 6063 Al alloy and pure aluminum are received at
the rolling mills from 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 ribbon to the end trimming and welding
area., Here ends of the ribbon are trimmed square by electron
beam cutter:c. The successive ribbons cre welded together to
form long ribbons, and the long ribbons are wound onto rollers.
During winding, teflon sheets are placed between successive
layers of aluminum in order to prevent vacurtim welding of the
ribbon surfaces. The rolls of 6063 alloy are dispatched to
the output area to be used as structural mamber »iboon.

The pure aluminum i1s rolled to a thickness of 1 mm anu
dispatched to one of three areas; end trimminc and welding
(to be dispatched as busbar strips}, sheet trimming 'to be
cut square by electron beam cutteis and used in the formation
of radiator sheets), or to the ribbon slicer (to be cut into
strips for the manufacture ¢f heat pipes).

Ribbon from the ribbon slicer is then either: tiimr-4d
in the ribbon trimmer and used as heat pipe ribbon in radiator
assemblies; striated, form rolled and trimmed, and used as
heat pipe segments in radiator assemblies; formed rolled and

trimmed (without striation) for use as radiator pipe segments
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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 eleciron
beam welded together to form radiator sheets for the klystron
and DC-DC converter assemblies. because of the size of the
DC-DC converter radiators, they cannot be transported through
the factory and are therefore assembled closc to the dispatch
area to minimize the handling required.

The outputs of this section are then: structural member
ribbon, busbar strips, klystron radiators, alur.inum wire, and
DC-DC converter radiators. The machines used are described

below.
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7.3.2 Rolling ¥ a1 To produce sheet for use in structural

members and ot .¢r products, it is desirable to cold-roll the
stock to give the sheet greater strength. Unfortunately, an
attempt to cold-roil aluminum stock to greater than 120% of
its original length will produce unwanted cracks in the pro-
duct. The SMF rolling miil is therefore designed to hot-roll
aluminum at all stages but the final one. To facilitate hot-
rolling, 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 {n the mill, slabs first pass through "roughing rol-
lers" which have vertical as well as horizontial rolls designed
to maintain the shape of the sheet. Horizontal rolls are 45 cm
in diameter; vertical rolls are 20 cm in diameter. Finishing
rollers then produce sheets 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 mil! can be set fo
different roller spacings, thus producing sheet anywhere from
1 mm to 20 mm thick. In addition, the cold-rolling steps can
be omitted if structural strength is not required in the pro-
duct (in this case the product travels through the cooling

jacket and final rolls unchanged).
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SPECIFICATION SHEET

Machine Name: Rolling Mill

Function of Machine: Production of sheets from slabs

Mass of Machine: 187,000 kg

Physical Dimensions: 17 m x 2 m x 5 m

Throughput/Machine (tons/year): 3.65 x 10?

Power Requirements (KW/machine):

Number of Machines: 1 ~o vy °
55 < .
Number of Operators: O ac » ® S~
EQ "] o=
= @ [ [- N X3
Components: == = 8. o2~
Preheat System 1 -100TF 10
Roughing Stand 1 105000 225
Cooling System 1 10000 5
Finishing Stand 1 70000 150
Radiatcr 1 100 10
Handling & Control System 1 2000 10

7
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7.3.3 End Trimming, Welding, and Roll Winding: These oper-

ations are show in Fig. 7.17. Aluminum ribbon (1 mm thick)
or 6063 Al alloy ribbon (1.77 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 with
teflon sheets between successive layers of aluminum to pre-
vent vacuum welding. The strips produced by welding are
660 m long in the case of the 1 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 ridbbon (1.77 mm thick).

The teflon used in the rolls is returned to the SMF from
the SPS assembly site every three months. However, the quan-
tity of structural member strips produced necessitates an

jnitial stock of 3000 rolils.
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SPECIFICATION SHEET

Machine Hame: 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 mx 1 m x 2 m
Throughput/Machine {(tons/year): 12,700
Power Requirements (KW/machine): 70
Number of Machines: 2 ~a = °
-
Number of Operators: O o< “ @3~
-] «3 [-X 34
Components: z= = O 2~
—
EB Trimmer 1 6 10
Focusing Device 1 2 3
EB Welder 1 2 1
Roll Winder 1 500 50
Tgflon Rolls 3000 280 0
Handling Equipment ' 1 100 5
Active Cooling System 1 14 1
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7.3.4 Sheet Trimmer: Ribbons to be used in the assembly of

radiator sheets (see Secs. 7.39 and 7.3.10) are trimmed to

be precisely rectangular (2.15 x .72 m) by an actively cooled
electron beam sheet trimmer. The need for precision 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 qun cuts through the 1 mm sheet
sufficiently rapidly to use electronic rather than a mechan-

ical tracking mechanism.

E8 Trimmer g?:;:"t

EB.Cutter

Al Sheet

FIGURE 7.18: SHEET TRIMME
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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: 2e x 1 mx 1 m

Throughput/Machine (tons/year): 2.4 x ]03
Power Requirements (kW/machine): 41.5
Number of Machines: ~o > ®
o ~ P
Number of Operators: 0 a=c @ ¢33
S © < (- B4
Components: == £ 6. &~
——
EB Cutters 3 6 10
Focusing Device 3 2 3
Handling Equipment 1 30 1
Active Cooling System 1 30 1.5
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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, and wider strips for heat pipe and rad ator manufac-
ture.

The metal i1s sliced by being passed through a pair of
rollers in a knife-and-siot confiquration, which produces
wires of varying width (and of square or rectangular cross-
section). 1In 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 Tayers. 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 radfators

Mass of Machine: 70,000 kg

Physical Dimensions: Tmx T mx 1m

Throughput/Machine (tons/year): 6.0 x 103
- Power Requirements (KW/machine): 231
Number of Machines: 1 o = ®
= ~ s
Numter of Operators: 0 o= v @3~
E0 » o=
S o o O @ X
Components: == = - o
Rolling Stand 1 70000 225
Handling Equipment 1 3¢ 1
Spool Winder 1 50 5
Spools 100 2 0
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7.3.6 Ribbon Trimmer: The ribbon trimmer is designed to

square the ends of the heat pipe ribbor {fed from the rib-
bon slicer and used in klystron heat pipe maru:factvre). A
‘clean' edge cut is required since a sealed edge joint must
be formed between the radiator sheet and the ribbon.

A passively cooled electron beam gun is used t» cut the
ribbon as sk~wn in Fig. 7.20. The ribbon to be trimmed is
transported along rollers which position the ribbon so that
the 'cut' is made perpendicilarly to both edges. The cut
ribbons are 1.6 m long, .125 m wide, and 1 mm thick. The
power level of the gun is sufficiently high to cut rap’ 'y

enough so that a mechnical tracking system is not required.
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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
ktystron radiator production

Mass of Machine: 30 kg

Physical Dimensions:1 m x 1 m x 1 m

Throughput/Machine (tons/year): 7.3 x 102
Power Requirements (K¥/machine): 4.1
Number of Machines: 1 ~a = ®
@ ~ P
Number of Operators: ] 2= » @3-~
S [d [-X k4
Componencs: == = Q. e~
EB Cutters 1 8 3
Focusing Device 1 2
1 20 .1

Handling Equipment

7.
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7.3.7 Striator: The striator forms the striations which

will become the capillary return paths in the heat pipes for
the klystron cooling system. One-millimeter gauge aluminum
is passed through the striator as shown In Fig. 7.21. The
upper roller is configured to produce striations along the
center section of the incoming ribbon, in preparatiocn for
form rolling this ribbon into heat pipe segments {discussed
in Sec. 7.3.8).

The machine operates as a rolling mill and is conven-
tionally used cen Farth in similar operations. One end of the
ribbon is left unstriated, in order to provide a flat closed

end for the pipes (see Fig. 7.24).

Al Riobon

Striator

FIGURE 7.27: STRIATOR
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SPECIFICATION SHEET

Machine Name: Striator

Function of Machine: Striation of heat pipe strips
Mass of Machine:. 20,060 kg ‘ .

Physical Dimensions: 1 mx 1 mx 1 m
Throughput/Machine (tons/year): 3.2 x 103

Power Requiremerts (KW/machine): 50

Number of Machines: 1 e < ®
; :5 ~ -
Number of Operaters: 0 o= @ e3>
N o O @ X
Components: zE = Q. o~
Striator 1 20000

7.54



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

plain ribbon and striated ribbon into 'hat skaped' heat pipe
and radiator pipe cross sections (as shown in Fig. 7.22).
However, one tip of the striated segments fs lest unrolled
(the unstriated tip) to provic: a flat ‘'closed' end for the
pipes. Plain strips are form rolled alony 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 .-
cludes an electron beam gun, which is used to trim the pipe

segments after rolling.

T~ :
Forn RoLLING ':===‘,ﬂféﬂ”n==§§§§§§§====;93 "

BLE

FinaL Cross-Section
FIGURE 7.22: FORM ROLLER

7.55



SPECIFICATION SHEET

Machine NKame:

Function of Machine:

Mass of Machine: 3000 kg

Physical Dimensions:

Form Roller

Rolling of heat pipe strips into hat-
shaped cross section

I1mx T mx2m

Throughput/Machine (tons/year): 3.3 x 103
Power Requirements (KW/machine): 35
Number of Machines: 1 ~o = .
o< ~ P
Number of Operators: 0 o= “ 23—~
20 [ [-X B4
Components: =X = a0~
EB Cutter 1 7 3
Focusing Device 1 2 1
Form Roller 1 3000 30
Handling Equipment 1 30 1

7.
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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 klysiron 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 secments 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 nipes
(bottom figure).

The purpose of this assembly sequence is to form heat pipes
with one continuous piece along their 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-
atfons 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. 7.25).
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SPECIFICATION SHEET

Machine Name: Klystron Radiator Assembly

Function of Machine: Automated assembly of klystron radiators
. .
Mass of Machine: 636 kg
Physical Dimensions: 15 m x 16 mx 3 m
Throughput/Machine (tons/year): -
Power Requirements (KW/machine):
Number of Machines: 7 ~o = o
..
Number of Operators: O - " ® 5~
EV w o=
& - [- XX 3
Components: == = . @~
—
_EB Gun_ 49 3 1
_Focusing Device 49 1 .5
LSHER L MA N 2 10 .5
Sheet Track & Transport 6 10 .5
Pipe Segment Magazine & Transport 6 10 .5
Pipe Ribbon Magazine & Trarnsport 6 5 .5
Pipe Segment Bender 6 30 1
Pipe Ribbon Bender 6 15 .5
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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 on 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 SHEL

Machine Name: DC-DC Converter Radiator Assembly

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

Mass of Machine: 585 kg
Physical Dimensions: 45m x 15m x'3m
Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 50

Number of Machines: 1 ~o VA o
.-
Number of Operators: 0 oc ) o5~
EQ w o=
S m ] [- X4
Components: z= = Q. &~
I
EB Welder 20 -3 1
Focusing Device 20 1 .5
Sheet Magazine 1 15 1
Track & Transport 1 30 5
Pipe Segment Magazine 9 10 5
Manifold Assembler 10 10 1
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7.4: INSULATED WIRE PRODUCTION

7.4.1 Overview: Figure 7.26 shows the insulated wire pro-

duction section of the componerts factory. Insulating fibers
are produced by drawing multen S-glass through a multi-hole
die. The strands are then wound onto spools which are “n

turn loaded onto the winding machinery. Aluminum wire -- pro-
duced as described in Sec. 7.2 -- is wrapped with the glass
fibers by eight 'weaving' machines. The wire produced is
dispatched for use either as DC-DC converter transformer

co. 5; or as klystron solenoid coils.
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7.4.2 Glass Fiber Producer: The glass fiber producer draws

fibers from a m2it to produce insulation. The lunar input is
in the form of a glass rod 6.4 cm in diameter and 8 m in
length. The glass, known as S-glass, is composed of 65% Sioz,
25% A1,0, and 10% Mg0, all of which are available on the moon.
The fibers produced are 20 microns in diameter.

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 piston is used
to drive a plunger into the tube. The fiber nroducer was
sized for output of fibers at 60 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
Mass of Machine:. 400 'kg

Physical -Dimensions: 20m x T mx 1m
Throughput/Machine (tons/year): '25

Power Requirements (KW/machine): 9.0

Number of Machines: ol ~o v ®
oe ~ -
Rumber of Qperators: 0O oc » @ S~
E W (] 20=
=N © o ®X
Components: == = O 0~
|
Platinum Alloy Tube 1 - 40 8.2
Piston & Piston Tube 3 1 100 0
Gas Pump 1 30 .5
Gas Cylinder 4 45 0
Spool 6 .5 0
Spool Motor 1 10 1
Automatic Spool Threader 4 10 .05
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7.4.3 Insulation Winder: The wire insulation wrapper draws

aluminrum 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 ocuter 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.

Aluminum
Wire

Glass Fiber

Spools
//

Insulated Wire

FIGURE 7.28: INSULATION WINDER
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SPECIFICATION SHEET

Machine Name: 1Insulation Winder

Function of Machine: To wrap insulation on wires

Mass of Machine: 500 kg

Physical Dimensions:

Throughput/Machine (tons/year): 430

Power Requirements (K#/machine): 2

1.5nx1.5mx1Im

Number of Machines: 8 ~e v .
et ~ s
Number of Operators: O 2s o ®>5—~
- -] [ (- N 4
Components: == = o a e~
llnsulation Winder 1 -500 2
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7.5: DC-DC CONVERTER PRODUCTION

7.5.1 Overview: The DC-DC converter production area is indi-

cated in Fia. 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:i.

In this area, the transformer cores are received from the
caster, and cooling chanrels are drilled through it to allow
tharmal <control of the converter. The insulated wire is next
wound onto the 1imbs of the transformer, and finally, the con-
trol circultry ts added. The fitting of the control circuitry
is 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.
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7.5.2 DC-DC Converter Producer: A numerically controlled

"deep" drill (3 m long bit) is used to drill cooling channels
through the transformer 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 Machine: Manufacture and Assembly of DC-DPC converters
Mass of Machine: 4006 kg

Physical Dimensions: 8 m x 15 m x 6 m

Throughput/Machine (tons/year): 2.1 x 10?

Power Requirements (KW/machine): 2.5

Number of Machines: 1 ~o = @
s T ki
Number of Operators: 2 o= v @ 3~
* EQ " o=
b~ - < [- N -4
Components: == = a &~
Coolant Channel Deep Dril} 1 2000 T 2
Winding Machine 1 2000 5
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7,6: KLYSTRON PRODUCTION SYSTEM

The klystron preduction section is required to be a highly
automated facility with a high output rate of complex components.
The essential tasks which it must perform are:

® Machining and polishing of cast solenoid core
®Drilling of cooling channels

® Machining of output cavity/waveguide interface
® Winding of solenoid coil

® Fitting of solenoid pole pieces

® Quality control

® Fitting of radiator assembi-

® Assembly of gun/collector/hous.ags/control circuitry
® Bakeout and processing

® 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, nmust be further machined and

polished to come witain the tolerance limits of 1.5 x 1074 mm

to 2.0 x 10°°

mm RMS for 2.45 GHz operation. At this stage,
provision for cooling channels, drilled transversely in the

webs between cavities, should be mad2. 1In order to prevent
contamination of the core production area by chips (from the
machining operations), active dust removal systems should be in
operation througho t 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 before 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 annu]i,
electron beam welded into position 2t either end of the fo-
cusing solenoid ta compl:te a magrnetic circuit around 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 compieted 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 that similar rates (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 expected to include;
miliing machines, polishers, drills, EB welders, test stations,
winding machines and robot manipulators. Since no specific
design of the baseline product has been completed, costing of
the klystron plant overall (rather than of individual machir 's)
has been conducted. This approach does not involve any attempt
to list individual operations and therefcre avoids errors
arising from the ommission of unforeseen production steps.

The klystron production facility was sized on the basis of
a requirement for 204,000 klystrons/year (including a 10% mar-
gin for breakage d- ~ 59§ assembly) plus an additional 10%
to account for t ‘teu -poilage (giving a total of
224,400 klystross/ycar; was assumed that the residend
time of a workpie.~ i. ¢re machinary was two hours, and there- .
fore that the resident wor«<piece 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 was
available, the production machinery mass was estimated to be
100 times the residert mass (i.e. approximately 305 tons).
The replacement parts are assumed to account for 5% of the
machine mass per year -- giving a figure of aoproximately
15 tons/year. With an 80% duty cycle, each 'stron p. .duction
unit within the facility has a working time of 6400 hours/year.
Therefore, at 2 hours per klystron it has the capacity to pro-
duce 3200 units/year. However, since the final testing 1s 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 arca' of 40 m2 and a height of 5 m, then the
area required f - klystron production is 1280 mz. This analy-
sis assumes that a prcduction "nit can handle only one work-
piece in the production stage and one in the testing stage at
a given time. Depending on the klystron desian it may be pos-
sible to have a higher number of testing units than production
units and to have simultaneous production of several workpieces
in one ma-hine, thus reducing the facility size.

=31l power requirements, procurement costs and dut-
cycles were based on an earth-based facility designed by Varian
Associates (Ref. 7.2). Repair labor was estimated on the
b--is of two crew men per machine section, and crew require-
ments calculated or the basis that the entire pl would be
automatically controlled.

Finally, R&D costs were estimated on fhe basis of the
requirement to develop highly z.*omated close-tolerance ma-
chining facilities and to build and test a pilot facility
(pos->ibly invelving some testing in space).

In the specifications sheet following, the entire facili-
ty is listed as one machine, rather than 32 production units.
The factorv thus agglomerates production stards and common
handiing and testing equipment.
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SPECIFICAYIGN SHEET

Machine Name: Klystron Production System

Function of Machine: To produce klystrons

Mass of Machine: 305 fons

Physical Dimensions: floor area approximately 1300 m2
Throughput/Machine (tons/year): 1.7 «x 104

Power Requirements (KW/machine): 40,000

Number of Machines: 1 o < b4
55 T .f

Number of Operators: O oc " o S~

EOQ " o=

S L) O @

Components: zx = a o~
Klystron Factory 1 305000 40000
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7.7: WAVEGUIDE PRODUCTION EQUIPMENT

7.7.1 Overview: Figure 7.31 shows a "“top" view 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 minimize

handling of the delicate sheets.

Waveguides for the SPS essentially consist of a closely
dimensioned foamed glass box structure coated internally with
a thin layer of depos®ted aluminum. 1In the baseline SMF de-
dign, foamed glass is produced by mixing lunar anorthosite and
chemical foaming agents, and then thermally cycling the mix-
ture in a mold. The resultant monolithic block of matertal
1s sliced into thin sheets using tungsten blade saws.

The sheets are then smoothed on their 'interior' faces
by removing surface irregularities with lasers. A 7-micron
thick ccating of aluminum is then deposited onto the smoothed
surface, using direct vaporization. The coated sheets are then
cut by laser into strips which will form the sides of the
waveqguides. Simultaneously, those strips which constitute
the 'front' radiating surface {(one in four) are slotted, and
those strips which constitute the 'Lack' faces of the wave-
guides are holed.

Finally, the waveguides are automatically assembled
around guiues by automatic manipulators. The purpose of the

guides is to er,ure that the internal 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 {input/

output station,
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7.7.2 Glass Foaming Facility: On earth, 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 ballmill to crush the particles is eliminated.

A flux and chemical foaming agents are added to the
glass. (A small amount of grog, which is fired batch mate-
rial reground to granular form, may also be 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 Towered to 800 C, which is 750°C less than
the normal melting temperature of anorthosite. The flux in-
cludes NaOH or Na,5i0; and Na,0.

The anorthosite and foaming agents must be blended tho-
roughly in a continuous mixer (Fig. 7.32) to oroduce an amal-
gam ready for foaming. The mixer consists of a serjes of
propeller-like blades -- counter-rotating to provide 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 component (thereby creating flow
through the mixer). During mixing, the particles . ~¢ floating
free in 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
velume of 1.32 m3. The residence time of a particle in the
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mixer is estimated to be roughly 20 minutes, at a particle den-
sity of 500 kg/m3, giving a mass throughput rate of 2000 kq/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, cc *3ined
within the molds themselves, at a rate of 1000 k. On foaming,
the mixture expands to about twice its volume as a powder.

The foamed glass fs then slowly cooled ('annealed') over a
peried of 8 hours at a rate controlled by a thermal control
unit; this unit controls the flow of ccclant througk channels
in the sides of the mold.

The product is a monolithic block of foamed glass (10 x
.8 x .6 m) of density 800 kg/m3. Each block represents roughly
two hours worth of production (at 2000 kg/hr) and is 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 by a 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,
at the walls move outwards to their full .8 m displacement
as foaming occurs. This allows more even heating during the
foaming operation. Additionally, the walls are moved out-

wards again after annealing, 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 n
mold (internal) 1C x.60 x .80 meters
Throughput/Machine (tons/year): 1 .g , 144

Power Requirements (KW/machine): 7600

Number of Machines: ! ~o = -
.
Number of Operators: 1 o< “ g3
22 2 ssE
Components:
Mixer 1 75000 35
Thermal Control Unit 7 850 80
Mold 7 21000 1000
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7.7.3 Foamed Giass Cutter: The blocks of foamed glass pro-

duced in the glass fecaming fa~ility must be cut into sheets

of 2.5 mm thickness before being coated with the layer of
conducting aluminum. This slicing operation is achieved in
twce stages, by tungsten-blade saws. In the first cutting op-
eration, the 10 x .8 x .6 m foamed glass block is sliced inte
8 blocks 10 m x .8 m x 7.35 cm. These smaller blocks are then
fed one by one into a 20 blade saw whose output is 21 sheets
10mx .8mx 2.5 mm, The sheets produced are dispatched to
the smoothing area.

The cutting section must, in addition to the sawing
equipment, include conveyors for handling of the foamed glass
blocks, Tho delicate foamed glass sheets are handled between
soft conveyors in order to minimize damage.

Kerf removal is achieved by imparting an electrostatic
charge to the debris via the saw blade. An oppositely charged
belt 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
10mx ,8mx ,0025 m

Mass of Machine: 5900 kg
Physical Dimensions:24 m x 2 m x 3 m
Throughput/Machine (tons/year):1.3 x 10%

Power Requirements (KW/machine): 23

I ©
Number of Machines: 1 ~e » o
g ~ L
Number of Operators: 0 a2 “ g2
22 2 g8
Components: == —
Eight Blade Saw 1 1700 5
Twenty Blade Saw 1 4000 12
Handling Equipment 1 17¢C 5
Kerf Removal System 1 20 .5
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7.7.4 Foamed Glass Smoother: The faces of the fcamed glass

sheets leaving the cutting area have surface irregularities
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 smooth. (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 1rregu1arit1es; One
Taser is positioned so that the beam passes across the sur-
face of the foamed glass she t which is travelling at 0.1 m
per second. This laser burns off material protruding above
the plane of the foamed glass 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 first lasers, since its function is to fuse ratvn. than
vaporize.

Each of the lasers has a beam power of 1 kW which, after
allowing for an efficiency of 10%, require an input power of
10 ki. (® “asers are used because their operating wavelengths

are suita..: for cutting glasses,

7.92



Lasers

Sof* Belt

Foamed Glass /

€67 ¢

e
Rollere

FOAMED GLASS SMOOTHER

FIGURE 7.24:



SPECIFICATION SHEET

Machine Name: Foamed Glass Smoother
Function of Machine: To smcoth rough surface of foamed glass
Mass of Machine: 8250 kg

Physical Dimensions: 12 m x 2 m x 3 m

Throughput.'Machine {tons/year): 4.3 «x 10°

Puwer Requirements (KW/machine): 25

Nuaber of Machines: 3 ~o v °
| SO L =
Number of Operators: O 2= » 5~
umber of Operators: 2= w @3~
S % [ [- X B4
Components: == = o«
Laser 2 4000 10
Radiator Pump 1 40 1
Conveyor System 1 210 5
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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 g 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 in Fig. 7.35, the slabs of aluminum are posi-
tioned above the depositicon surface, and are subjected to
bombardment by a focused electron beam. The aluminum vapor-
1zes and travels to the deposition surface (the foamed glass
sheet). The Al is deposited at 50 microns/minute. Therefore,
for a travel speed of .1 meters/sec, the deposition section
must be .8 meters long.

This 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 Sec. 7.8.3). Cost and sizing of
the waveguide coating equipment is based on the solar cell

factory designs.
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SPECIFICATION SHEET

Machine Name:

Waveguide DV of Aluminum

Function of Machine: To deposit internal conducting surface on

foamed glass waveguides.

Mass of Machine: 1000 kg

Physical Dimensions:

Throughput/Machine (tons/year):

Powe: Requirements (KW/machine):

12mx2mx3m

4.3 x 10°

Number of Machines: 3 ~o = ®
o ~ e
Number of Operators: 0 25 » @3c
S © < [- X 'B"4
Components: z= = Q. o2~
T
EB Gun 5 17 17
Gun Cooling System 5 20 .3
Slab Feeders 5 50 .01
Baffles 4 .25 0
Belt and Cooling System 1 500 2

7
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7.7.6 Sheet Cutter and Slotter: After the aluminum coating

is applied, waveguide sheets are cut into strips 9.8 cm and
6.0 cm wide (see Fig. 7.36). Ctight 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 radi-
ating slots 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 1 kW lasers. Finally, another laser crosscuts the

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

7.98



Slicing Lasers
— Slotting
-rg Lasers
- 'a»
== /./"“ Hole Cutting
' ¢ @ Lasers
-
1Y
|

~Crosscut
Laser

66 L

Foamed Glass

Conveyor

FIGURE 7.36: SHEE CUTTER AND SLOTTER




SPECIFICATION SHEET

Machine Name: Sheet Cutter and Slotter

Function of Machine:; To cut and slot foaired glass sheets
Mass of Machine: 56000 kg

Physical Dimensigns: 12 mx 2 m x 3 m
Throughput/Machine (tons/year): 6.5 x 103

Power Requirements (KW/machine): 21

Number of Machines: 2 o 2 o
55 T .k
Number of Operators:0 8= “ @3~
3 [l [-X ‘B4
Components: == x Q. e
Laser 14 4000 10
Radiator and Pump 1 20 1
Conveyor System 1 170 5
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7.7.7 Havequide Assembler: The waveguide assembly system is

shown in Fig. 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 shown 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 stations are provided in the reference
SMF design. The previous production sections produce enough
completed strips to prodirce three 10-meter-long waveguides
every minute. However, the actual waveguides must be pro-
duced in a variety of lengths. Assuming that on the average
each 10-m length is cut to produce twn waveguides, and that
the assembly time for each waveguide is two minutes, twelve

assembly stations are required.
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SPECIFICATION SHEET

Machiae Name: Waveduide Assembler

Function of Machine: To assemble foamed glass sheets into
waveguides

Mass of Machine: 24700 kg

Physical Dimensions: 20 m x 2 m x 3 m

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

Power Requirements (Ku/machine): 9

Number of Machines: 12 ~w N °
e ~ P
Number of Operators: G 2= w ®3~
S ] Q QX
Components: == = . e~
Assembly Arms 8 10 ]
Interior Guides 2 15 0
Laser - 4 4000
Radiator and “ump 1 80
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7.7.8 Waveguide Packager: 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 foamed 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 wavegquides special precautions in their handling -- such
as lined containers -- are required.

Each waveguide is subjected to testing, before being dis-
patched, as a quality ccitrol measure. These tests include
optical geometric tolerance testing to check slot positioning
and alignment, and hot tests using a microwave souvrce 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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SPECIFICATION SHEET

Machine Name:

Waveguide Packager

Function of Machine: To package wa cjuides in preparation for

transportation to storage

Mass of Machine: 8650 kg

Physiczl Dimensions: 22 m x 2 m x 3 m

Throughput/Machine (tons/year):

Power Tequirements (KW/machine):

4.3 x 10

3

Number of Machines: 3 ~o =z o
| SO 4 S
@ o= S o
Number of Operators: O ac v @ S~
EC » o=
N ] < O QX
Components: == = o o~
Handling Equipment 1 100 5
Waveguide Box and Racks 850 10 0
Quality Control Equipment ] 50 5
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7.8: SOLAR CELL FACTORY

7.8.1 Overview: Fiqure 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 interconnect 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 ceil factory is a planar structure, i.e. its
thickness (into the paper in Fig. 7.39) is on the order of
10-20 meters. 1In addition, there are heat-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
woulil obscure the production 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 central mast (from bottom to top in Fig.
7.39). Each production strip 1is 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 subsection is shcwn 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 is in-
cluded next to the near corner for size 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 succescive 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 operations,
since the factsry is unpressurized, the solar cells are ex-

tremely fragile, and the production equipment is hot (both
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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
fectory are either autematic, robotic, or remote-controlled.

Although open to vacuum, the individual processes gen-
¢rate low pressures of deposition vapors, and are therefore
protected from each other by baffles (thin sheets) to avoid
¢ ntamination 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
meve along guide tracks which run over (or below) each pro-
cess, extending across the factory. Crawler tracks are shown
as 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
{fer 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. Interral transport tracks cross the crawler tracks at
several lc~aitions across the factory. Crawlers and internal
transport devices are discussed in Chap. 8, "Support Equip-
mer? Specifications®.

Insite repiirs in the deposition and assembly sections
are performed 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 of their sections. The solar cell
strips travel through the process sections (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. 1In 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 in Chap. 10, “Line Jtem Costing".
The total number of strips in the reference SMF is 266, grouped

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

as a deposition surface for the aluminum rear contact, silicon
wafer, and aluminum 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

2.5 meter diameter rolier and returns to the start of the
production line. The belt's length is 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
stainless 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 of 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 and out of the
belt system. The coolant pipes carrying sodium at .5 m/sec
are then routed 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 S1‘02 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 their 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 kq. In addition,
drive equipment to turn the belt rollers is estimated at
1000 kg per strip.

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 Name: Thermal Belt

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

Mass of Machine: 5256 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 ov¥ Machines: 266 ~ao < -
ol ~ .-
Number of Op_erators: 0 2 v g3~
22 = SEL
Components: —
Belt 1 4000 0
Drive/Motor 1 1000 20
End Rollers 2 50 5
Thermal Control ] 200 20
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7.8.3 DV of Al 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 slabs 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 from the belt. At the deposition pressure of
roughly 10°8 Torr, this distance is the mean free path of the
atoms, and the Al therefore deposits with a minimum of atomic
collisions.

This 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 the evunness
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 continuous caster, and are therefore 2 cm

thick and 70 cm high. Their length is set at 1 m, so that
they fit across the 1.1-m-wide belt, with room at their ends
for slab 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 material ends up on the belt), slabs are used up at the
rate of one every 165 hours (6.9 days). New and old siabs
vacuum-wveld themselves together at their edges as their boun-
dary apprecaches the vaporization surface. Therefore an old
slab is complietely vaporized as a new one takes its place.

The remaining 1/3 of the slab material is vaporized and
lost either to bafiies or to open space. Although the de-
position process does not require a pressure vessel (the
lower the pressure, *he better the deposition), the vaporized
Al can .ontaminate neighboring equipment and processes. There-
fore the deposition section is surrounded by baffles. These
thin sheets of material serve as line-of-sight barriers to
the Al vapor, 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-micron thick teperature-resistant material, e.g. glass
cloth. (Although the reference SMF brings bafflcs from Earth,

glass c'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 deposition
rate onto tne parel 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 "side" 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 baffie is a
100-micron thick sheet of material (e.g. glass cloth) which
is slowly unwound from a 310-meter reoll 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 side 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 bafflies does not
stop production.

The use of rolls of side baffles is possible because
the side baffle surface is uninterrupted (i.e. no slits are
required, as in the panel baffles). Theve are no baffles
between strips, since deposition on neighboring strips is
beneficial to the process.

£lectron beam guns are described in some detail in Sec.
7.2.7. Unlike the slab cutier, however, for the EB guns in
the solar cell factory, the 100°to 170 bending of the electron
beam places the filament in the EB gqun out of sight of the
impact point, avoiding filament deterioration problems. Fila-
ments are replaced every 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-
tion requires 20% of this power O0f the remainder, 50% is
wasted as heat in the EB gun, and the other 50% is the beam
power. Electron scattering and thermal waste in the slab
wasces 30% of this beam power, leaving (.8)(.5)(.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 qun is sufficient to deposit the A! at 4 microns
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 kil gquns 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 layers and
eventual melting of the belt. Assuming 40% of the nominal
input power to the guns [equivalent to the beam power =
(6.2 kH)(.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 730°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 1.9 kg of sodium is required for eah sec-

2 sheet

tion. The weste heat is radiated away from a 1.1 m
of aluminum (1 mm thick), located below the returning por-
tion of the thermal belt. Althcugh each strip has its own

thermal plate and pump, piping and radiators 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 'DV of rear contact' thermal
control are estimated at 20 kg.

Of the 50% of the input pewer remaining, it is assumed
that 10% is lost in escaping vapor and bafflie rcdiation. The
remaining 50% must be dealt with in the elect.on beam gqun. A
heat pipe conducts waste heat from the gun to a pyrnlytic
graphite radiator above the deposition section. The radiator
is rectangular, has an area of .25 mz, and operates at 720°K
when wasting 3.1 kii. The heat pipe is long enough to allow
handling of input slabs by manipulators without removing the
radiators. The pyrolitic graphite radiators are modeled on
those suggested by Raytheon for amplitrons (Ref. 7.5), and

are estimated to mass 10 kg (including heat pipe).
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SPECIFICATION SHEET

Machine Name: DV of Al Rear Contact

Function of Machine: To DV aluminum onto the thermal belt
Mass of Machine: 164 kg

Physical Dimensions: Tmx 1. Tmx 3 m
Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 6.2

Number of Machines: 266 ™ = p
.
Number of Operators: O ac “» @ S~
E v »n o=
S0 (-] (- B4
Components: == = ao—
EB Gun 2 20 Tr 3.1
Filament Magazine 2 04 0
Slab Feeder 2 50 .01
Panel Baffles 1 .05 0
Side Baffles 2 .05 0
Side Baffle Guide 2 2 .01
Cooling System 1 20 .004
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7.8.4 Zone Refiner: The reference SMF receives metallurgical

graile 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 grade 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 99.993% purity.

The zone refiner is shown in Fig. 7.45. 3labs 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 silicon as the slab moves through the
machine. The lTeading 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,
resisting each melt zone's tendency to assume a circular
cross-section in zero-g.

Thus each slab enters the zone refiner at 2.5 cm/minute,
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supported and moved by a set of clamps. Shortly after the
leading edge passes through the first 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 2one 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 tnree
molten zones within it at orne time. To maintain its struc-
tural integrity, the slab is passed througk 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 wmachine
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 eavery 52 minutes. Each machine therefore produces
9500 slabs per year (959 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 pressure-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.

Siabs entering and leaving the container are handled by
automatic manipulators. After refining, the silicon slabs
are first placed into racks designed tc hold the semicon-
ductor grade slabs without contaminating them. Once full,

a rack of slabs is passed out through the air 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
from 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
1.0mx .40 m x .04 m.

The ten pressurized containers and the EB cutt%ng 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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SPECIFICATICN SHEET

Machine Name: Zone Refiner

Function of Machine: Refines input metallurgical grade Si 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 (tens/year): 350

Power Requirements (KW/machine): 300

Number of Machines: 60 o A P
-
Number of Operators: 0 0= v @ 3~
E OV v - N - e
S m < [~ B4
Components: == = - a o ~—
Induction Coi} 10 35 co
Gas Jet Ring & Pump 10 10 1
Rod Clamps & Drive 1 150 .2
Handling Equipment 1 50 .5
Active Cooling System for Coils i 200 .3
Radiator i 33 0
Container and Airlocks 1/6* ] 6000 0
EB Cutter 17159 40 128
Cooling for EB Guns 1/15% 100 |
Packing Containers 2 2 0
Magnetic Containment Coils 10 30 3
Active Cooling System for Argon 1/6% 30 1

(*number of compenents/number of refiners)
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7.8.5 DV of Silicon Wafer and P-Dopant Implan‘ation: The

next step in the buildup of solar cells is *he deposition of
50 microns of polycrystalline silicon (see ~ig. 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). 1Zone 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-"
zine holds six extra slabs). The total deposition length is
10.63 m assuming a 4 micron/minute 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 begirning 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 goes 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 ciicon from 60°K to
its boiling point at the required rate.

side roll baffles (identical tu those described in DV 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 actively
controlled to prevent intersolution 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 bt 1t, and back to the thermal
tlate (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 (406°K input,
600-x output). 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
2.2 times the deposition area, the radiator extends beyond
the silicon deposition section.

Ion implantation of the p-dopant (boroa) occurs during
the first 45 microns of silicon deposition. Beginning just
after the first slab, 18 ion implantation devices are in-
terspersed between slab feeders. Each device implants

18 atoms/cm3) throughout a depth of 2.5

boron atoms (at 10
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 implanted with phosphorus. Rough-

ly 150 ky/year of boron (shaped into 2 kg rods) is needed.
The ion implantation device is jdentical (except for lower

e¢ in the section on

7.8.8).

accelerating voltage) to that describ

jon implantation of the n-dopant, nhosphorus (Sec.

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 Si

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

Number of Machines: 7266 ™ < o
| SO S LL
Q o
Number of Operators: O o w o
EV "] o=
=) [ [- K Y4
Components: == = a o~
EB Gun 20 25 7.3
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 Iorn _.aplanter 18 50 1.75
Cooling System 2 50 .033
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7.8.6 Pulse Recrystallization. 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-energy
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 diode and an energy storage capacitor, and el-
ectrons are returned to the gun via 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 kg/sec of liquid sodium {400°K input, 600°K
output) flowing through a thermal plate below the belt.
Estimating a total pipe length of 100 mecters to a radiator
and back, and a flow veloclity of .5 m/sec, 1.5 kg of sodium
is required for each strip. The radiator is an .9 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 450°K.
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SPECIFICATION SHEET

Machine Name: Pulse Recrystallization

Function of Machine: To recrystallize the silicon layer, causing
the growth of columnar grains in the layer

Mass of Machine: 40 kg

Physical Dimensions: 2 mx 1.1 mx 2.5 m

Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 3.6

. Number of Machines: 266 ~o = ®
o ~ P
NMumber of Operators: O oc - ® 5~
Ev “ 2o
. 30 [ [- X &4
Components: =x = o &~
EB Gun 2 10 1.8
Filament Magazine 2 .04 0
Cooling System 1 20 .004
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7.8.7 Scan Recrystallization: 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 triode
guns which have accelerating voltages of 100 KeV¥, 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 is 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 of 1000 m/sec.

The electron beam power required is .35 kW (5.5 kW for
1000 m/sec scan speed). Electron current loop return and
belt cooling are accomplished in the same ways as for pulse
recrvstallization. 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 pipe length of 100 meters to a radiator and back, and
a flow velocity of .5 m/sec, .52 kg of liquid sodium is re-
quired for each strip. The radiator is a .31 m2 aluminum
sheet (average temperature 475°K). The two .6 kW EB guns
are also cooled by 2.0-kg pyrolitic graphite radiators at
340°K.

7.140



TO PYROLITIC

GRAPHITE

T

RADIATOR

HEAT PIPE

LARGE COLUMNAR-

GRAIN SILICON

7.141

BELT MOTION

COLUMNAR{QZ:IN

SILICON

SCAN RECRYSTALLIZATION

FIGURE 7.49



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/Hachine (tons/year):

Power Requiremernts (KW/machine): 1-2

Number of Machines: 266 ~a = ®
.
Number of Operators: 0 2 n [ R
2 © ad [- N
Components: z= = o ~—
—
EB Gun 2 5 .6
Filament Magazine 2 .04 0
~Coo g system 1 5 .002
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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 phosphorus
which is automatically fed down form a 10 rod magazine, a
permanent U-magnet for deflecting the electron beam, an ac-
celeration grid, and electromagnetic coils for defleting the
fon beam.

The electron beam is deflected by the magnetic field to
strike the flat end of the rod. A tenuous phosphorus cloud
s 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

atoms/cmB. While ion implantation devices today implant
todepths of less than 2 microns, a 5 micron depth should be
possiblie with a high accelerating voltage implant device,
given some development. The power level of such a gun and
associated systems is estimated at 1.75 kW, and its mass

(including a pyrolitic graphite radiator) at 50 kg.
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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 mx 1.1 mx 2.5 m

Throughput/Machine (tons/year): ---

Power Requirements (KH/machine): 3.5

Number of Machines: 266 ~o =z °
@ - ~ s
Number of Operators: O o= » ® 5~
; == = X
Components: .
Phosphorus Ion Implanter 2 50 1.75
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7.8.9 Anneal: The ions bombarding the silicon in ion implan-

tation produce crystal lattice defects in the top layers.
This leads to a more amorphous structure in the bombarded zone,
requiring repair of the lattice damage to restore the efficiency
of the cell.

The implanted silicon is annealed by a series of .1 micro-
second 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 momeniarily 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 input, 600°K output) flowing through
a thermal plate beneatn 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 an
average temperature of 475°K. The two .4 kW EB guns are

cooled by .8 kg pyrolitic graphite radiators at 310°K.
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SPECIFICATION SHEET

Machine Name: Anreal

Funccion offlachine: To anneal out the ion implantation danage
in the silicon wafer

Mass of Machine: .15 kg

Physical Dimensions: 2 m x 1.1 x 2.5 m

Throughput/Machine (tons/year): ---

dower Requirements (KW/machine): .8

Number of Machines: 266 Ny N ®
55 T ok
Number of Operators: 0 @ as w P~
> o o~ [ B4
Cﬂponenté: == = ok~
—T
EB Guns 2 5 .4
Filament Magazine 2 04 0
Cooting System 1 5 .001
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7.8.10 DV 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
tmpinging directly onto the silicon surface. The top contact
is therefore a comb-l1ike pattern, consistiny of 1 micron thick
aluminum y-id finjers, each 50 microns wide, altogether cover-
ing 5-7% of the cell surface. The fingars all lead into a
collector bar at the edre of the cell which gathers the
current.

These patterns are vapor deposited through shadow masks
(each one strip wide) positioned near the silicon surface
and moving with the belt at the same 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:
first 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 microns/minute, 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 roils. Aluminum 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 lTast for two

7.149



05t°¢

Feed Roll
{ready to start)

3 q —— Takeup Rol1

/ (ready to
&° o ° 0 start)

4]

& ®
Automatic
ask Slfcer @ Feed Rol1 Takeup Rol1
o [ (nearl o (nearly full)
/ / seey \
“

CP 1 + |
. Radiator
Grid Collector
r’:" Fingers ’/Bﬂl" Mask
Mask A
cF . i .3 $
‘s Al Slab
EB %qun T Magazine
> £
¢ Al Slab &
— 1 t
Deposition
Belt
Motion

FIGURE 7.52: DV OF ALUMINUM FRONT CONTACT




633 meter-long solar cell array segments, the .5 mm-thick mask
would be 1266 m long (with a roll radius of about .5 m) and
last about one day. The mask material must be strang 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 possibilities, but further
research is needed to verify their suitability. Assuming a
material with the density of teflon, each roll would mass
roughly 300 kg.

To avoid production stoppages, the masks are switched
from one roll to another by automatically splicing the lead
end of the new roll te the tail end of the old one. The
splice is undone at the takeup roll and the lTead end is
threaded onto an empty roller.

The geometry of each deposition chamber is the same as
for the DV of the Al rear contact (see Sec. 7.8.3). Since
the 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-
litic 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 of 100 meters to a radiator and back,
and a flow velocity of .5 m/sec, 1.9 kg of sodium is required

for each strip. The radiator is a 1.1 m2 aluminum 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
siliccn wafer

Mass of Machine: 1120 kg

Physical Dimensions: S m x 1.1 m x 5 m

Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 8.4

Number of Machines: 45 ~o v -
§5 T .k
Number of Operators: 0 ac “ ® D~
EV " o=
So © o oX
Components: =x = Q. o~
EB Guns 4 10 rf‘ 1.6
Filament Magazine n 0
Slab Feeder 4 50 01
Mask 2 300 0
Mask Guide and Rollup 1 250 2
Panel Baffles 2 .05 0
Side Baffles 4 .05 0
Side Baffle Guide 4 2 .01
Cooling System 2 10 .002
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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-

bei: design reduces pumping requirements). After the chamber

is se3led and filled with argon, the mask is automatically

threacd>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 deposited Al from teflon
shadow mask

Mass of Machine: 200 kg

Physical Dimensions: 6 mx 6mx 2 m

Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 16

Rumber of Machines: 25 ~o Ny °
@ ~ .-
Number of Operators: 0 o v @3~
EQ L o=
. -~ -] [ O @
Conponents: =x = o e~
~¥
Mask Threader 1 20
|Brushers and ODrive 10 5
Gas Circulation Pump ] 10 5
Filter System 1 1 0
Container 1 130 0
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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 pulse-induced transient temperature is much lower than
that necessary for implantation damage anneal. 1If 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 eutectic 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 mz 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 SHEET

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 mx 1.1 mx 2.5m

Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): -4

Number of Machines: 26 N o 3z °
. n d S
Number of Operators: O b " 5~
_Number o perators: o= v 233
. 25 £ 22
Components: -
EB Gun 2 5 .2
Filament Magazine 2 .04 0
Cooling System ? 5 .001
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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 alsc 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 C02 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); co, laser radiation is reflected strongly by
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aluminum, which might cause delamination problems when cutting
through the aluminum rear contact; and CO2 lasers are larger
(up to 10 times) than YAG lasers and their gaseous laser 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 completely through, requiring more 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 distortion of the cell material. Increasing the cut-
ting speed also tends to decrease the degradation of those
lTayers 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 the laser.

Figure 7.55 also depicts the basic laser operation. The
laser rod, consisting of the host material, neodymium-doped
yttrium aluminum garnet (Nd:YAG), is placed along one focus
of an elliptical reflector cavity. A krypton flash Tamp
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 Yamp magazine.) The resul-
ting coherent beam of radiatinn emanating from the partially
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reflecting output mirrer is mechanically deflected and focused,
using mirrors and lenses, 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 melting point
and requires +.1 mm .-D posiiioning accuracy for reflective
metals. A metal shield beneach the cutting zone obstruct
the laser beam oncc it cuts through the cell.

Some of the system controls needed for the laser are
position of deflection miri.rs, focal lens-to-work distance
for kerf compensation, shielding gas flow, laser head tem-
perature, and beam power. Reference 7.6 discusses numerical

control of lasers used for cutting in the textile industry.
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SPECIFICATION SHEET

Hachine Name: Cell Crosscut

Function of Machine: To crosscut the solar cell material stiip
every 6.4 cm

Mass of Machine: 22 kg

Physical Di iensions: Smx 1.1mx 2.5m

Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 2.5

Number of Machines: 266 ~ao = °
®c ~ e
Number of Operators: O 2= » @3~
3™ ) [~ X4
Components: == = a &~
Laser 1 20 2.5
Krypton Lamp Magazine 1 .1 V]
Guide Rollers 2 .5 0
Shield 1 1 0
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7.8.14 DV of Interconnects: For cell aad panel interconnects,

the reference SMF requires 1.05 meter-wide, 50-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 cell interconnects and 1.6
meters of panel interconnects. The 3 mm x 50 micron x 1_¢5
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 belts 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 b21t, or 10 EB guns each
receiving 34.7 \4. 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 (400°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 1.05m 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 prevant vacuum
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welding of the aluminum. Each 276-meter-long roll is 20 cm
in diameter, and lasts through 10 array segments for cell in-

terconnectors and 170 array segmenis for panel interconnectors.

SPECIFICATION SHEET

Machine HName: DV of Interconnects

Function of Machine: To produce aluminum interconnect strips
for panel and cell interconnection

Mass of Machine: 2650 kg

Physical Dimensions: 6 mx 1.05 m x 7 m

Throughput/Machine {tons/year): 740

Power Requirements (KW/machine): 358

Number of Machines: 5 ~w <z ®
o ~ P
Number of Operators: 0 ac » @S5~
E v v o=
2] < Qo O
Components: zZx = . Q. &~
EB Gun ! 10 25 34.7
Filament Magazine 10 .04 0
Slab Feeder 10 LU 01
Panel Baffle 2 5 0
Side Baffle 2 .7 0
Side Baffle Guide 2 25 .0?
Belt 1 1400 10
e
Cooling System l 1 500 1
Roll Winging Equipment l 1 50 .1
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7.8.15 Cell Interconnection: Immediately after crosscutting,

the cell-to-cell interconnect is attached (see Fig. 7.57). An
irnterconnect feeder (see side view) slides a1.05m wide inter-
connect into the 1 mm-wide slot between sections. The 50 mi-
cron thick interconnect is then electrostatically welded to
the rear of the aluminum substrate of the leading sectior and
to the collector bars of the foliowing section. The electro-
static welder is in two units, which clamp the sections and
interconnects 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 thoe section leading a panel, whick is not con-
nected to the trailing section of the preceding panel; there-
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 inter-
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 layers of aluminum (to avoid va-
cuum welding) is wound onto another spool as the interconnect
ctrip is unwound, and the teflon strips are returned to the

interconnect production equipment.
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SPECIFICATION SHEET

Machine Name: (Cell Interconnection

Function of Machine: Application of interconnects between cell
sections

Mass of Machine: 70 kg

Physical Dimensions: .5 mx 1.1l mx 1.5m

Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 4.1

Number of Machines: 266

Number of Operators: O

' Number/
Machine
Mass (Kg)
Required

| 9
Q@ Do~
2 o=
[- X "4
Components: h Q. &~
Electrostatic Welder 1 10 .5 '
Interconnec: eeder 1 20 1
Interconnect Rol]_ 1 15 0
' sensors 2 1 |
Variamble Speed Rollers 4 .8 .1
Motor and Tracking 2 o v 1
Guide Rolers 4 5 0
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7.8.16 DV of Si0, 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 direct 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 cel]l
material travels at .85 m/min on a soft-surface belt through
the deposition sections, where the 51'02 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
1.0m 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=z
covered for later interconnection. Therefore, before the
panels enter the first 51'02 deposition section, a masking de-

vice places a magnetic masking strip (4 mm x 1 m) over the
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inter-panel gap (see Fig. 7.60). The strip is magnetically
attracted to the belt and rests across the two panels, 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 Sioz. The masking strips
are removed by a handling device as the panels leave the last
deposition section. Each masking strip picks up 75 microns of
5102 as it passes through 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, SiO2 is not sufficiently conductive to re-
turn electrons from an electron beam to the gun. During nor-
mal operation, however, the molten layer of Sio2 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 rather than EB guns,
but they are not as energy-efficient (15% vs 50%), and lasers
with wavelengths appropriate for glass (e.g. co, lasers) tend
to be heavy and to require more maintenance. Further experi-
mental research on DV of SiO2 is needed to develop this pro-
cess in detail,

When 5102 is vaporized onto a surface, some chemical dis-

sociation tends to take place, leading to a layer of Si0
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rather than 5102. This can be avoided by operating the process
with excess oxygen. Therefore oxygen (available from the mooq)
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 serves 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 plates. For each strip, 40% of the
input power to the EB guns [(.4)(210 kW) = 84 kW] is removed
tarough 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 flcw velocity of .5 m/sec,
each strip requires 62.7 kg of liquid sodium. The radiator
is a 37.2 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. 1In addition each 7 kW
EB gun wastes 50% of that power through a 13.8 kg pyro vtic

graphite radiator at 630°K.
Following the deposition and the 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
surface belt curves around a roller and returns to the start

of the section.
7.175



SPECIFICATION SHEET

Machine Name: DV of Silica Optical Cover

Functioﬁ of Machine: To deposit 75 microns of SiO2 onto the
silicon wafer, front contact’, and cell

Mass of Machine: 6660 kg interconnects.

Physical Dimensions: 19 mx 1.1 mx 3m

Throughput/Machine (tons/year): =

Power Requirements (KW/machine); 231

Number of Machines: 266 Te g‘” E
Q o o
Number of Operators: 0 as » @3~
Components: 22 = 2=l
—
EB Gun ) .25 7
Filament Magazine jﬂl,! .04 0
Slab Feeder 36 ; 60 .01
Masking Strip Handling Device 2 50 1
Masking Strip Magaz ne 2 5 0
Oxygen Dispenser - 3 10 . .001
Panel Baffles 6 .25 0
Side Baffles 6 .05 0
Side Baffle Guide 6 2 .01
Soft Surface Belt 1 3090 0
Motor/Drive 1 700 15
S Roller 2 50 0
: Conli: ) System 3 50 2037
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7.8.17: DV of 5602 Substrate: Following the deposition of the

optical cover, the solar cell materiai moves on to the direct
vaporization of the silica substrate. As shown in Fig. 7.61,
this secti.n ccnsists of two SiO2 deposition sections
operating on the underside of the solar cell material. The
equipment in the section s exactly similar to the equipment
for the depocition of the optical cover (Sec. 7.8.18), except
that it is upside-down relative to that section, anrd that this
section is only two-thirds as long (the substrate is 50 microns
thick?}.

The 10.6 m deposicion length (depos:tion rate 4 microns/
min) is divided int sections, each with 10 EB gquns and
10 stab fzegers. The quns each re:eive 7 kw of rower and-waste
50% of that power through 13.8 kg pvrolitic graphite radiators
at 630°K. The soft surface belt is 41 meters long, and is
cooled by .2 kg/sec cf i1iquid sodium throuagh thermai plates
(409°K input, 600°K output). Each strip requires 41.6 kg of
sodium circulated to a 24.1 m2 aluminum sheet rediator at
475°K, roughly 30 meters "above” the soft surface belt's
returning portion. This radiatcr avea is 2.2 times the depo-
sition area and therefore extends beyonrd this deposition section.

Similarly to the DV of optical c-ver, masking strips are
applied to the inter-panel gaps to shield the trailing edges
c¢f panel from the sili.a deposition. This leaves gpart of
the rear contacts 5f tre trailing solar ceit sections e .osed
for later panel ince.conrection. Since these strips pick up

-
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50 microns of Siﬂz with each.pass through the deposition
sections, they are used ten times before the 0.5 mm of SiO2
are cleaned off in a separate facility.

The successive applications of the 51'02 optical cover
(Sec. 7.8.16) and Sin2 substrate coat the cell interconnects
with silica, thus strencthening the connections between
sect*ons within a panel. The final cross-section of a cell

interconnect is shown in Fiq. 7.62.

Silicon Nafer Optical Cover

Stlicon Pafer

Interconnect

Substrate

“ 1mm - 4

{T0 SCALE)

FIG.RE 7.62: CROSS-SECTION OF CELL

INTERCONNECT
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SPECIFICATION SHEET

Machine Name: DV of Sio2 Substrate

To deposit 50 microns of Si0, onto the

Function ot iachine:
Al rear contact and cell intérconnect

Mass of Machine:
Physical Dimensions: 13 r x 1.1 m x 3 m
Throughput/Machine (tons/year): ---

Power Requirements (KW/machine): 155

Number of Machines: 266 ~a 2 >
55 T .k
Number of Operators: O - » ® S5~
EoQ "] k- N - g
20 -] O O
Components: == = Q. 6~
—
EB Gun 20 25 7
Filament Magazine 20 .04 0
Slab Feeder 20 60 .0
Masking Strip Handling Device 2 50 1
Masking Strip Magazine 2 5 0
Oxygen Dispenser 2 10 .00}
Panel Baffles 4 .25 0
Side Baffles 4 .05 0
Side Baffle Guide 4 2 .0l
Soft Surface Belt 1 2000 0
Motor/Drive 1 500 10
End Roller 2 50 0
Cooling System 2 50 .037
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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 substrates (Sec. 7.8.17) are cleaned in
an automatic facility. This facility, conceHtually similar
to the mask cleanup device (Sec. 7.8.11), is shown in

Fig. 7.63.

A masking strip magazine filled with 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 flakes remnoved from the strips by the brushes
are suspended in the argon and filtered out by a gas recir-
cuiation system. Once the strips are cleaned, the inter-
chamb2r slits are closed and the outer chamber is evacuated.
The magazine with the clean strips is removed, and another
magazine of couted strips is inserted. Estimating that each
magazine holds 200 strips, each strip takes 15 secends to
clean, and the pumpdown and reloa. steps take 10 winutes;
each magacine-full requires 1 hour for cleaning. Based on
an allowabie thicknass of .5 mm of silica before cleaning
(7 passes through DV cf optical cover, or 10 passes through

DV of substrate), and a yearly production of 9.5 x 107 panels

per year (includirg wastage allocations), roughly 2.3 x 107
masking strips must be cieaned per year, and therefore 15

masking strip cleaners are required (90% duty cycle].
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SPECIFICATION SHEET
Machine Name: Masking Strip Cleéner
Function of Michine: To remove deposited silica from masking strips
Mass of Machine: 180 kg
Physical Dimensions: S m x 4 m x 2 m
Thr.ughput/Machine (tons/year): ...

Pover Requirements (KW/machine): 7

Number of Machines: 15 ~a < °
i ~ -
Number of QOperators: 0 o= “ @3~
o m © O VX
Components: == = Q. &2~
———
Handling and Feed Systems 1 20 1
B ushers and Drive 10 5 1
Gas Circulation Pump 1 10 5
Filter System 1 1 0
Container 1 100 0
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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 c¢m panel, each panel is accelerated to Im/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 zcne, 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, the 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
purpose of this arrangement is to quarantee a continuous supply
cf panels to the panel interconnection, each panel aligned with
1ts neighbors.

The first device in the panel removal and insertion zone
is the defective panel shunt. If quality control devices
indicate that the now-completed panels are substandard, the
defective panels are diverted into the defective panei hopper.
The contents of thic F~~per are discarded as waste during
maintenance operations.

Hext, satisfactory panels travel through the extra panel
shunt. If the strip 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 zan
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 sensors
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; crawlers 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 machine 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/mian. 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 calculaces 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 inse
panel alignment

Mass of Machine: 234 kg

Physical Dimensions: 18 m x 1.1 m x 2 m
Throughput/Machine (tons/year):

Power Requirements [(KW/machine):

spare panels and

Number of Machines:; 266 ~o < -
= ~ e
Number of Operators: O 2% « @3~
= -] ~ Q @ M
Components: _ == = oo~
Accelerator Belts 1 70 .5
‘Variable Speed Rollers 32 .8 .2
Panel Remover 2 22.5 .7
Panel Inserter ] 22.5 .7
Panel Hopper 3 30 0
Sensors 10 | |
Guide Rollers 60 .5 0
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7.8.20. Panel Interconnection: As shown in Fig. 7.65, the

aligned panels (110 cm x 117 cm) are now intercornnected in a
manner similar to the cells (Sec. 7.8.15). An interconnect
feeder places an aluminum panel-to-;anel 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 aluminum rear contacts at the trailing
end of the leading panel ind the collector bars on the leadiang
end of the following panel. These surfaces were protected
from the SiO2 deposition by masking strips (Sec. 7.8.16 and
7.8.17), and are therefore accessible to the interconnect.

The panel-tn-panel interconnect is electrostatically bonded
in place.

The combination of panel alignment (Sec. 7.8.19) and panel
interconnection produces 14 parallel strips of interconnected
panels (on 14 parallel production strips) in each solar cell
factory subsection. The parallel panels are lined up with
each other, in preparation for structural interconnection,
which will form the 14-vanel wide array segments. At this
stage, however, each panel consists of 15 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 cro<s-connectors. This
operation depends on the actual circuits required in the solar
cell 2rrays, which are not entirely clear to the study group

from the literature studied.
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SPECIFICATION SHEET

Machine Name: Panel Interconnection

Function of Machine: Application of interconnect between panels
Masz of Machine: 65 kg ¢

Physical Dimensions: .5 m x 1.7 m x 1.5 m

Throughput/Machine (tons/year): ---

Power kequirements (KW/machine): 7.1

Number of Machines: 266 ~o < -
:: L ‘.l-
. 0 by ol '!-A
Number of Operators: 25 v 3
o < - X ‘B4
Components: == = o o ~—
——
F]ectrostatic Welder 1 !!197 .5
Interr -ect Feeder 1 20 1
Interconnect Rol1l 1 15 0
S~nsors 2 1 .1
Variable Speed Rollers 4 8 1
Motor 1 15 5
Guide Rollers 4. .5 0
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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
vSec. 7.8.13), produces 13 parallel lengthwise cuts in the
panels, at 7.8 c¢m intervals. With 1 mm kerf loss, the re-
sulting solar cells are 7.7 ¢cm x 6.4 cm, and the panels each
ﬁoi 252 cells (14 x 18 cells), as per JSC-Boeing design.

Figure 7.66 shows the cutting process. The laser cuts
through the cell interconnects (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 12ading edge of the interconnect.
Although the trailing row of cells therefore remains cornected
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 the 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
7.191

S 3



261" L

A\ Laser Tracking
System

Cutting Laser

Perspective
View:
Strip Motion
Panel
Solar Cell
Panel Interconnect
Cell i
Interconnect it
Top View: : %

(Interconnects,
cuts, and gaps Longitudinal
not to scale) Cuts

[ -

11
Panel Panel

FIGURE 7.66: LONGITUDINAL CUT




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
Teading 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 c¢cm in 4.5 sec or 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 shut-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 lenghtwise cuts in each panel,
separating the panel sections in solar cells

Mass of Machine: 48 kg
Physical Dimensions: S mx 1.1 mx 2.5m
Throughput/Machine (tons/year): ...

Power Requirements (KW/machine): 2.6

Number of Machines: 266 ~o = P
..
Number of Operators: 0 as w ¢ 3~
S ® [ [- B4
Components: == = — Q. o~
Laser 1 20 2.5
Krypton Lamp Magazine 1 1 0
Guide Rollers 2 .5 0
Shield ] 1 0
Laser Tracking System 1 25 1
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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 ar lengthwise to fasten adjacent
panels together., Stationary rollers unroll 13 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 unrell 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 witn 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
rolier during repairs.

The kapton tape connects the panels into connected arrays
14 panels (15.5 m) wide by 541 panels (633 m) long, as per
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the Boeing design. At full production, the entire solar cell
factory could produce 19 of 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 lengti wise 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 ~o N ®
o= ~ .
Number of Operators: © o= » @3~
.-} L] O @
Components: == = . o2~
Stationary Taper 13 5 ﬂT_ .5
Stationary Tape Refill 13 .6 0
Cross Taper 1 25 .5
Cross Tape Refill 1 .6 0
Soft Roller 22 .5 0
Guide Roller 112 5 0
Cross Tape Motor i 50 5
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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 gquides
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: .> the 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 time,
each machine has 10 boxes and box teps 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

Machine Name: Array Segment Folding and Packaging

Functinn 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: 19 ~ae = '2
P ~ .

Number of Operators: O o= " © 3~

E O v o=

2m © o @V

Components: == = o &~

-

Guide Rollers 154 5 0
Vertical Deflectors 3 10 .1
Box Alignmarni 1 300 1

Trailing Edge Guide 1 50 .01

L Box Labeling 1 5 .01
Boxes and Tops 10 100 0
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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 rac.2tors.
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

(Tinlet \* o

T =T Toutlet}

rad inlet T 3
2 ( inlet -1
3 Toutlet (Ref. 7.7)

At this offective temperature, 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 (1.1 m). As the figure shows,
although some radiators extend 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 production
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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of the coolant was estimated at 100 meters, including travel
within thermal plates and pumping systems, travel along the
radiators, and tne round trip between factory and radiator.

Those sections requiring coolant-fed radiators {(and
several other processes as well) require thermal waste cystem
to dissipate the remaining energy input. Estimating that 10%
is lost by direct radiation from the equipment and in deposition
vapors lost to space, roughly 50% of the input pows. t % number
of processes must be dissipated. In all of these proc -ses.
this waste heat must be removed from electron beam guns or
lasers, and these EB guns and lasers are on tne opposite side
of the production strip from the tnhermal belt radiators.
Therefore these EB guns and laser: can 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
rost 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 pyrolitic graphite radiators
are therefore rectangular, with width 20 ¢m and length equal
to helf the length of the deposition chamber (thus sharing
the a~ea with the EB gun cluster at the other enrd of the
chamber) such as in the DV of SiO2 (Secs. 7.8.16 and 7.8.17).
In those cases where only two EB guns are used, their radiators

are 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 pyrolitic
graphite radiators cover the deposition sections on the side
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 removed to access
the slab feeders in a deposition section. The radiators are
therefore desigred 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 sectiun, 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 production stoppage. Radiators are
sized to handle the extra load when four guns assume the

funccions of five.
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CHAPTER 8
SMF SUPPORT EQUIPMENT

8.1 GENERAL REMARKS

Fig. 8.1 is a plan view of the 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 part of the facility requiring close
pointing to the sun (i]o). 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 housiﬁg
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 is carried out. This
section consists of a cluster of shuttle tanks and life support
equipment. Maintenance and repair are discussed in Chapter 9.

The doiking facility is close to the components factory
(to minimize the movement of inputs and outputs), 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 10GW SPS/year). The containers are unloaded

8.1



2’8

INPUT/0UTPUT ' WAVEGUIDE
STATION .

COMPONENTS FACTORY
FACTORY

REPAIR
SHOPS

il
S

. .o e l fl;.f:f:

-' '.1.\ .0 e D:-'o'g'

T

=
ey
e —— !

e —— —]

e
e e e ———
e
e —————

FACTORY 100m

FIGURE 8.1: “TOP" VIEW OF REFERENCE SMF

HABITAT

CENTRAL
MAST

SQLAR
ARRAY




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 SPS assembly site. A pressuri;ed 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 of 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 in 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-levnl factory control system
uses senscrs to check output quality and machine operaticn
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
in secticn 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/cutput facility.

The personnel docking area consists of a standard andro-
gyne dockfng 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 wi]l.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
T 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 coerator controls each of the manipulators; however,
det~~i ination of the order in which unloading of goods occurs
v> a function of the production management system (described
in section 8.5). In addition to the loading and unloading of

vhe conta.ners, the manipulators are used to transport
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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 INTERHAL TRANSPORT SYSTEM

8.3.1 Overview: The SMF internal transportation system is

designed to carry raw materials, personnel, and finished
products within the facility. In the reference design a
containerized, magnetic transporter system is used. It should
be noted that this system uses passive containers; however,
personnel containers can carry life-support batteries.

Table 8.1 presents a 1ist of the items to be moved to,
from, or within the SMF. A1l of these items mass less than
3 tons, and nearly all of them could each fit in a space
1.5x 2.5 x 16 meters (some are far smaller). Thus, almost
all of these items may be packaged in specialized containers
and moved by the magretic 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

L3

INPUTS INTRA-FACTORY QUTPUTS
Aluminum Rods Manifolds Solenoid Cores Busbar Strips.
Glass Rods & Slabs Metal Slabs* Aluminum Rods & Slabs DC-DC Converters
Magnesium Rods Wire Silicon Rods & Slabs DC-DC Converter Radiators**
Silicon Rods & Slabs Dopants Transformer Cores Electrical Wires & Cables
DC-DC Converter Parts Cavities - Interconnects End Joints
Kapton Tape Rolls Housings Glass Rods & Slabs Joint Clusters
Klystron Parts Kapton Rol1ls Klystron Electronics Klystron Assemblies
Oxygen Tanks Spare Parts Insulation -- Glass Cloth Structural Members
Spare Parts Pole Pieces Klystan Radiators Solar Cells
Iron Rods Repair Crew Waveguides
Natural Lunar Glass
Powder
Dopants
Glass Foaming Agents

A1l these items can be transpecrted 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 functians of the transportation system is to
transfer materials to and from storage areas. There are three
types of storage within the reference SMF. The first is bulk
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 such pieces and serve
as internal storage. The cart is parked on a sidetrack next
to the input of the machine, which empties the cart as needed.
When emptied, the cart moves away and a full cart replaces it.
Similarily, machines which produce small outputs can fill a
cart, which moves away when full.

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 clamps between
payload and transporters. Such a payload would then behave
like a two-bogie railroad car (see fig. 8.5). Efight 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-
pelled along the track by magnetic induction. Ffour high-
permeability plugs are attached to each framework as shown.
The plugs are made of supermalloy, a nickel-based materi»1
with permeability 800,000 at 8000 gauss. Such a material pro-
duces a higher magnetic field concentration than a permanent
magnet. The transporter is driven by toroidal! electromagnets
made of supermalloy coires wound with copper or aluminum. The
plugs fit loosely into the gay between the ends of the elec~
tromagnet, which creates a field of 8000 gauss (if the plug
is fully inserted), providing enerqy of 25 joules per pulse.
Thus Z(G electromagnets are neede . to accelerate a two-ton
block from rest to a speed of Im/sec.

The track .ontains 2-meter-long acceleration/decelerati.n
sections near input/output and storage locations Acceleration
is produced bty a series of closely spaced elec' -omagnets, each
of which applies force to the plug within it at the command
of a computer. The computer controls the acceleration by
varying the current flowing through each eleccromagn2t. After
acceleration, transporters are allowed to coast while widely
spaced electromagnets maintain speed.
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SPECIFICATION SHEET

Machine Name: Magnetic Transporter Cart

Function of Machine: Transport of materials within the SMF

" Mass of Machine: 87 kg
Physical Dimensions: 1.5 m x 1.5 m x 2.1 m
Throughput/Mackine (tons/year): ...

Power Requirements (XW/machine): ...

Number of Machines: {depends on detailed <o <. -
design) bl ~ L E

Number of Operators: 0 as w ®3—~

) < [- N B

Corponents: == = a. o~
Frame 1 - 50 0
High Permeability Plug 4 6 0
Teflon Skid 8 1 0
Container 6 30 0
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SPECIFICATION SHEET

Machine Name: Transporter Track

Funciion of Machfne: Guide, control and accelerate transporters
Mass of Machine:156400'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 - v ®
S v ~ re
Number of Operators:0 £ b $237
- [ Q VX
Components: zx = r__ oo~
Track (800 m) 4 4000 0
Magnetic Drivers 1280 30 .01
Busbars 2 45000 0
Routing Control 1 2000 10
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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 transporter cart stops in front of the machine
and a push arm unloads a container into the storage tube. The
container is held in place 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 multinle loading
and unloading points.

The number of machines was -‘etermined by plarning for a
backlog of one day at critical production points. The cost of
the machine was determined from materials costs and from costs

of similar industrial equioment.

8.16



‘8

Lt

o]

HyprauLic CONTAINERS
PusH-ArM

®

TRANSPORTER

FIGURE 8.7:

\VA

BrusH Convevor

T
RYITTCTIITITN. 2. ) PROZ:SSI”G
ReLease Ciips

INTERNAL STORAGE DEVICE




SPECIFICATION SHEET

Machine Name: Internal Storage Device

Function of Machine: To maintain a backlog of materials a-d

. 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 Requirements (K¥W/machine): 2

Rumber of Machines: 8 - % =z °
e ~ e
Number of Operators: O a4 “ $3=
30 < (- B4
Components: == = 6. a2~
Circuitry 1 200 1
Tubes 8 30 0
Push-Arm 1 150 1
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8.4 CRAWLER SYSTEM

The crawler system performs all routine maintenance and
support operations for the Solar Cell Factory (SCF). It de-
Tivers 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 such as EB guns.

Crawlers move back and forth along tracks running per-
pendicular to the production strips, and dispense material

and parts in s predetermined sequence. The crawlers

{Deposition

1 Areas
Inter-
connection
and Cutting

....... Panel

........
-------

sy Al ignment

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 in different ways, depending upon
which section of the SCF they serve.

The SCF may be divided into four subsections that have
essentially independent support requirements and may be served
by a dedicated crawler system (Fig. 8.8). The areas are de-
pesition area, panel alignment 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 frameand drive mecha-
nisms (Figs. 8.9 and 8.10). The frame is triangular in
cross-section 5m x 3m x 7m long except for the crawler
serving the packaging section, which is 17m long. Manipulator
arms are mournted on tracks to increase their effective reach.
Their 5m length allows taem 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 magazines, baffle rolls, slabs,
and replacing broken EB guns. The manipulators must, cor-
respondingly, have replaceable end effectors.
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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 array situated
outside the production facilities and connected ty 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
hea; 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, assuming an array efficiency of
12.5%, equates to a solar cell area of 1.37 km2 (a square
1200m on a side).

A17 the power provided to the SMF is in DC form, except
that which operates 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" current at appropriate points
from the solar array by suitably positioned multiple busbars.
The vreference SMF design was DC-DC converters positioned along
the central structural mast to provide power to the various
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TABLE 8.2
POWER USE IN REFERENCE SMF

COMPONENTS FACTOQRY POWER (KW)
Metals, furnaces, and casters 300
Ribbon and sheet operations 1600
Insulated wire production 550
DC-DC converter production 3
Klystron production 40,000

WAVEGUIDE FACTORY

Waveguide production 8,900
SOLAR CELL FACTORY

Solar cell production 186,000
FACTORY SUPPORT 300
LIFE SUPPORT (@9 kw/person) 4,000

8.24




SMF sections. The AC power for the production furnaces fis
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, 1ift support,
repair, and attitude control) working until 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 support equipment requires 300 KW and
1ife 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 refarence SMF is exercised at
three levels: factory monitoring, factory resources manage-
reat, and production management.

The lowest level is factory monitoring, which continuously
receives information on machine operation and output quality.
If product quality is substandard, the factory monitoring
sectinn sends commands to the factory to adjust the appropriate
equipment settings. |

If the substandard output persists, or if a machine
breakdown occurs, the factory monitoring section sends
commands to the factory to shut down the affected equipment,
and sends commands to the maintenance and repair section to
fix the problem. Similarly, the factory monitoring section
monitors the need for mainteunance of the factory equipment,
and sends commands to the maintenance and repair section to
do that maintenance.

In order to perform tiiese tasks, equipment 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
8.26



beam guns, peg welders, and contact masks is monitored so tiat
@ 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 easily
evaluated since the machinery required for quality control 1s.
to some extent, dependent upon the final production machinery
designs. It is clear. . wever, that sensors, communications
lines, computational facilities, audio and/or video monitoring,
and, possibly, teleoperator capabilities will be required .
Quality control concepts, applied to the Solar Cell Factory,
are discussed in section 7.6.2.

The next level in SMf production control and management
is the “actory resources management section. This section re-
ceives information from several sources. Frim the factory
monitoring section, it receives continuous information on
the status of the factory, i.e. which machines are working,
which are shut down, which are approaching 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 and continuously updates a picture of the
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resources available for procduction: status of machinery, size
and location of material inventories. Based on this picture,

this section models and predicts factory throughput. It then

optimizes factory operations in the predictive model.

The work of the factory resources management is largely
computational, receiving data from sensing equipient 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 throuahout the factory.
Inventory control {as applied to the Solar Cell Factory) is
discussed in secticn 8.6.3.

The system employed is comparable to that currently used
in factories with automated inventory control. In fact, the
SMF 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 section 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 production control and management is

procuction management. The SMF production manager receives

8.28



information from within the SMF and from other sectors of the
space industrialization scenario. From the factory resources
management section, production management receives updates on
the resources available to the SMF. From the Moon and the SPS
assembly site, the SMF production manager receives information
on shipment schedules for both expected input shipments and
requirea output shipments. These facts are then evaluated, to-
gether with long-ranae planning goals, to determine the near-
term objectives of SMF production. Production management then
gives these objectives to the factory rescurces 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

factory desians.

8.6.2 Quality Control Concepts: Quality control equipment

viill be needed in the SCF to monitor thicknesses, temperatures,
dopant concentrations and machinery health. This section of
the Addendum will address options available for some of the
quality cont.ol equipment.

Durinrag the initial part of the solar cell deposition the
cell Y~yers will be deposited on a thermal belt designed to
provide temporature control for several machine processes.

Ref. 20 surveys temperature instrumentation, of which only

thermocouples, resistance versus 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-
couplec -72d 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 inaccessible places. Because
it is non-contactina, 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
as 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 has 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) contro!. 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 fcr the manufacture of solar cells, in
addition to interconrect rolls and zone-refined silicen slabs
which are internally manufactured. The seven inputs are
aluminum, silicon, dopants (boron and phosphorus), silica,
oxygen, and kapton tape. All of these are delivered by
crawlers o» a routine basis and, with the exceptions of
oxygen 2 “zon tape, are in slab form.

For ... input materials, the accounting system is required
to keep truck of the inventories in the SCF machines, crawlers,
warehouses, and alsoc the SHMF central warehouse. Specifically,
the system keeps information on the quantity of each input type
and where and whern it was produced. Thus, if a defect in ma-
terial inputs to the nroduction 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 being unloaded from the crawlers to prevent
vacuum welding and contamination. When the crawlers unload
slabs into the deposition machines, the pertinent information

about the slabs is relayed to a central accounting computer
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along with the time and the machine location. This central
computer also keeps track of materials delivered to and sent
from the SCF and SMF warehouses. Thus the central computer
is aware at any given time of exactly how much of a given
input material is in stock or in transit, to or from, the SMF
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 kaoton 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 diffarent
from that of the input materials because 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 can be relayed to the SPS assembly site prior
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to its arrival so that appropriate 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 how 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, dopant concentrations, grain size, interconnect
weld quality, taning 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.
“nen these components fail, they are replaced by spares stored
on the crawler. New 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 HABITATIONM

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 cantain dining
and some recreational areas, and provide support for as many
as 125 people in case of a severe solar flare. More detailed
descriotions of these modules are contained in the JSC/6D
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 LO2 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 envirorment, 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
rigorous exercise program is adhered to. Thus a six month
tour of duty (set by radiation limits) shoul«. 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 requirement 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 change
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 créw of 600 peopte. 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 residential
and core module. Finally, flooring mass/area has been set
equal to that for partitions and walls at 2.5 kg/mz.
The habitat total mass (not including shielding) comes

to 1800 T.

8.36



TABLE 8.3
HABITAT SPECS

Total Earth Launched Mass (Inert) 1.3 x 103 tons

Habitat Shielding Mass (Lunar Material) 3.5 x 103 tons

Population 440

Power Requirement 4.0 MW (9 KW/Person)
Waste Heat 3.6 MW

Total Radiator Area 9.0 x 103 M2
Consumable Requirement 178 tons/year
Emergency Supply 67 tons

8.37




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 for
the facility, and selection of an orbit is outsfde the scope
of this study. Correspondingly, no specific descriptions of
the equipment requirements can be given.

Two alternative attitude controlsystems for the reference
SMF are control moment éyros and thrusters. Because of the
high moments of inertia of the largely planar SMF, a massive
control moment gyro would be required. Additionélly, 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.j 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
MAINTENANCE AND REPAIR
9.1: GENERAL REMARKS

The maintenance ard repair operations for the SMF can be
approached by a variety of different strategies, depending on
the complexity, location, size, 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 factory, and
crawlers and FHT's service the solar cell factory. The com-
ponents factory includes many different machines with Tittle
or no duplication. The variety and complexity of the factory,
coupled with the lack of duplication of components prohibits
servicing by any sort of computer-controlled, automated system.
Human repair crews, however, are highly versatile and could
ea’ iy perform a wide range of sporadic but complex repair
tasks.

The solar cell factory poses ¢ 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 it. A com-
pletely automated or teleoperated maintenance/repair system is
ideally suited to thoce circumstances. A crawler system (de-
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scribed in Sec. 8.4) performs all routine maintenance and
support operations. It is completely automated and iy capable
of performing only routine tasks. The free-flying hybrid tele-
operator {(FHT) does all unscheduled repair work. It has more
sophisticated manipulator and sensor systems than the crawlers,
and is designed to completely substitute for human repair crews.
1t can operate in a completely wuiumated mode,or under limited
or total human control when excessive complexity or uncer-
tainty i1s encountered.

9.2: REPAIR OPTIONS TRADEOFFS

Simil=r repair options are encountered in both the SCF
and the componeants factory. Scheduled maintenance is done to
avoid disruptive bhreakdown and subsequent unscheduled repair.
The breakdown of a vita: component, such as the deposition
belt in the SCF, can cause a major disruption or shutdown of
part of the solar cell production process. This an be par-
tially avoided by preventive maintenance, which can involve
complete replacement of a machine component, use of rotable
spares, or on-site inspection and refurbishment.

In some cases, surh as the metals furnacec, 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 remv-ed and replaced
with new ones. The o0ld casings which are worn out can nc¢ be
recycled, so they are discarded.

Preventive maintenance may also he 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 te replace the com-
ponents in the machine on a fixed usage schedule. The nld
compon- is then refurbished and returned as a spare.

Some machines {such as the SCF deposition belts) cannot
be removed or replaced. Periodic on-site inspection 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 machines (such as EB guns in the deposition
sectioas) allows continued production even after one machine
k~eaks downs the remaining ones take over until the broken
EB gun is replaced.

Repair of EB guns is done using a rotable 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 ve used as a
spare.

When 2 failed rachine cannot Le 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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production halts until the rerair 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 gqun filamenis, 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 shop is formed from a cluster of 24 Shuttle
External Tanks in a similar configuration to the habitat. Un-
Tike the habitat, however, the life-support modules have the
increased capability to deal with the gaseous products of op-
erations in the workshop. The workshop is separate from the
repair shop because of the different life support requirements,
and in order to prevent workshop accidents from jeopardizing
1iving quarters. Also included in the repair shops are active
damping systems for the machinery, racks for spare parts, in-
put/output systems, and emergency systems,

As discussed in Sec. 9.1, the repair of machines in the
waveguide and comporent factories is achieved by on-site human
labor. In the solar ceil factory a certain class of components
(such as EB guns) is capable of being rcmoved for repair and
replaced by a serviceable unit. There are three clasees of
these plug-in/plug-out modules:

1) Expendible parts which are thrown away on failure,
such as baffles;
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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 fin
number, requiring human repair, such as sensors.

HWithin 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-
tive components with operational spares, However, some of the
repair jobs are cxpected 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
thece 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-flyirg 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 Fig. 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 antennas, 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‘pulators. Third, it can attach itself to
a crawler; the crawler then takes the FHT to (or near) its
destination. Tre 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 on 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 systems which
perform three-dimensional pattern recognition require large
computer capacity and long computation time to update the in-
te;nal map of their immediate 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
Ly 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 updatedmap
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of the surroundings, can reduce the necessary computations.
Even with these simplifications, however, the current ability
of computers to deal with location in three-dimensional space
is 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, it uses
the beacon network. ITo 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 components can be distorted or broken (and therefore no
longer match the blueprints), the FHT switches to the con-
tinuous updating of an internal map of the surroundings. Any
of these modes of navigation could . 50 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 the operator would be computer-generated
on a screen; such a system can operate from any sensor input
(e.qg. 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 compljant 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

ranmge of the sensor surface. Proximity sensors have been found

extremely useful in controlling large-scale movements of mani-

pulator arms, and specifically is stopping the arm's movement

before contacting and possibly damaging the manipulator. In

this respect they are superior to mechanical 1imit 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)

2)

-
-

6)

provide the human operator with a view of the opera-
ting environment

determine its location and attitude within the fac-
tory

determine what movements and manipulator motions

dre required to reach a given location

compare its surroundings with blueprints on file in
the SCF computer in order to determine what, if any,
repairs should be undertaken

correct the motions of manipulator arms to avoid col-
lision or contact with obstructions

update its internal map of the SCF, in case of
damage 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 could recognize and manipulate simple
geometric objects by analyzing their edges and corners. The
difficulty 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 jillumination
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. The 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 study 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
“hybrid" 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 singie 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 automated 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 by 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“ent and abstract thinking. 1In 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 wili be required to perform a wide variety of
repair operations onmany different components, where the
operations have miny 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 only be

used two or three times. The FHT must theref.re be able to
take an abstract definition of a repair task, a definition

that has no dimensions, forces, etc., interpret t'ie situation,
and then execute the task. When the FHT has interpreted a
task, it stores the resulting program with the 1learned tasks,
so that if the same "repair sequence" is encountered again,

the FHT computer will not have to repeat the interpretation
process, but can immediately execute the répairs.

“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 : 1
then plans a strategy for implementing them. Blueprints of
the SCF and all of its components are used by the computer in
relating the commands 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 above, 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,

I1f this is the case, the FHT can relay its sensory inputs and
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preliminary evaluations to a larger, more sophisticated com-
puter, via its telemetry links. The issue of how much onboard
capability is desirable is difficult to answer at (his time,
because it requires estimates of computer and telemetry capa-
bilities ten years from now, and because it depends on the re-
lative costs of individual computers in th. FHI's versus fewer
large, time-shared computers. More generally, there is a level
of uncertainty beyond which assessing the situation by com-
puter becomes prohibitively expensive, and i* becomes cheaper
to request human assistance. Thus the AR mode is valuable up
to a certain le. 1 c¢f complexity; what that level will be in

1990 is difficult to predict.

In the single step (- ) 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 situ-.
ation updates and command decisions, which is faster than com-
puter updates and decisions. 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 in 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 onbouard control and manually take over
the teleop 2rator. Both this mode and the single step can be
used to check the validity of the FHT's onboard programming, b}
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. Thus
the human operator teaches the FHT one or more operations, by
“walking™ the teleoperator through the required task{s). The

usefulness of this mode can be consiuerably increased if the

sequence being taught can be optimized 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 the human operator.

In those modes involving a human operator, a number of
direct command hardware options are possible First, the opera-
tor can type in coded insty: ‘ons, much as a computer is con-
trolied today. Second, certain often-used sequences could be

hardwired, an” commanded by pushing buttons. Third, the video
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display could be on an electronic board, and a 1ight pen could
be used to indicate locations. For 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 theﬂight
pen at the desired operation. Fourth, commands to the FHT could
be given by voice; the FHT computer could answer by voice also.
In this case, it is 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 a system would re-
quire increase in the voice-actuation vocabulary, better dis-
crimination of voices and words by the computer, and the develop-
ment of conversational logic software so that the computar can
redﬁest clarification 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 control 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 toryue feedback, and even tactile sense. One draw-
back to conventional master-slave manipulator system~ is that
during operation the operator's hands are not available to oper-
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

Hhile the preceeding chapters have dealt with the engi-
neering aspects of the concept of extraterrestriai material
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. more accurately
with minimum increase in complexity.

The system-wide, or global, parameters are listed in
Table 10.1. It is assumed in ths study that all of these
parameters are constant throughout the system, neglecting 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

10.1



TABLE 10.1: SMF GLOBAL PARAMETERS

- O

(2]

G MO T R r X B CmMm - —X
w o o»w own

R

O O vV X < 5 PP O T X
r

x xr

Labor wage

Cargo trancport cost

Personnel transport cost
Emergency repair fraction

Crew training cost

Crew mass

Rotation rate

Terrestrial life support usage
SMF structure mass

SMF structure power
SMF structure cost
SMF structure expendables
Powerplant cost

Specific power density

Number of production machine types
SMF production period

Support overhead factor

Assembly productivity

Yearly discount rate

Program lifetime

Habitat mass

Habitat power

Habitat procurement cost

Habitat R & D cost

$/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
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basis, three shifts are necessary. This gives a working week
of 55 hours/person (for example, 8 hours/day, 7 days a week).
The wage, ¥, is therefore $34.34 per hour.

The transporiation 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 foodsiuffs or repair parts not in the SMF inven-

tory) must also travel on the crew transports, at a cost

penalty. The values of Tc and T_ are a function of SMF

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.1g.1. 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 personnel, Cargo is assumed to be
transpcrted in space by tugs employing electromagnetic pro-
pulsion and lunar-derived propellants, and therefore incurs

no further significant transport cost:e. However, personnel
must be transported 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 (Isp= 470 sez), with oniy hydrogen
brought from earth. The SMF is assumed to be in an orbit with
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a velocity interval from low earth orbit equivalent to geo-
stationary, which gives a Av = 4400 m/sec. The personnel
transport makes a round trip, with 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

- ___8800m/s =.148
r e"p[ (9.8 m/s*)(470 s)]

(1)

Assuming a vehicle inert mass fraction of .1, the propellant
per payload ratio for this vehicle is 17.75. However, with a
typical OZ/HZ 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 earlier, 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 tn the nature of low-thrust trajectories,
it will be necessary to ship these critical repair parts on
personnel transports, thus increasing their costs. This
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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_umables
are taken as L = .83 kg/person/day, based on lunar oxygen and
terrestrial nitrogen atmosphere, shipping only hydrogen to
be mixed wit Tlunar 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 (5/kg), and use of expendables
from earth (kg/yr). These estimates were cde¢ u from the

SMF layouts in the preceeding chapters. These values were

taken to be MS 2000 Mg, Ps = 1000 kW, CS = $25/kg, and

Es = 0 kg/yr,for this case, respectively,

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
thercfore shows up as a nonrecurring, rather than recurring,
cost. The elements of this cost are the procurement price
of the generating capacity (6, $/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‘8756. The support overhead fac-
tor is the total on-site ratio of worker/production workers,
and e<*timated 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 (?0% yearly), and the prcgram 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, 2arly
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 parametiers.

TABLE 10.2: SMF MACHINE PARAMETERS

‘j operating labor requirement <crew hr/op hr
ej earth expendabies kg/hr

X5 procurement of earth expendables $/kg

nj number of units -

kj number of component types .-

bj process R & D cost $

TABLE 10.3: SMF COMPONENT PARAMETERS

nij number of units -

M 5 mass of individual unit kg

pij power requirement kW

Cjj Procurement cost $

d‘.j duty cycle -

]ij repair labor crew hr/nonop hr
rij replacement parts kg/yr

bij R &0 cost $

Perhaps the greatest problem in 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 variablie
in a variation of parameters study.

Machine duty cycles were calculated on a probabilistic
basis from the duty cycles of its components. The probabi-

lity that component i in machine j will fail is

n;

. j
P(compij kqil) = TE (1"dij) = (1_dij)nzi

K= (2)

Using this expression, the probability that the machine
will be operating is the product of the protabilities that its

component parts will be operating, or

K .
dj = P(machJ Op) = T|1 {1" (1"dij)n“']
] (3)

This expression assumes that a single failure of any component
will disable the entire ma hine. It was assumed that in the
instance of multipie units of a single component type, the
system would be doubly redundant: that is, the failure of

two units of a sirgle component would not affect the machine,
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but three failures would disable it. As implemented in the
computer algorithm, therefore, "ij 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 upstream or downstream units. The design of
the basei.ne SMF, particularly in the components factory, was
based on this approach, and parts transport systems were de-
signed to enable creoss-feeding of products between upstream
and downstream machines., However, this is not true in the
solar cell factory, since the vapor deposition processes de-
pend on successive depositions on a continuously moving strip.
If one of the direct vaporization machines fails, for example,
there is no way for the upstream prcducts (correctly deposited)
tc bypass *t™e nonoperating machine on its own strip. 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 seriec 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
machines.

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 prccess. Table 10.5

lists the five levels of repair available in the SMF.

TABLE 10.5: REPAIR OPTIONS

Teleoperator repair on-site

Crawler replacement with automated repair

Crawler replacement of expendable parts
Crawler replacement with human repair

N H W N =
L ]

Human repair on-site

The first four apply only to the solar cell factory, and the

fifth (direct human repair) is use’ ‘zhout the rest of the
SMF. This dichotomy is due to t: s0stLion process
used throughout the solar cell ricto-y. irge rumber of

electron beam guns are continually soerating in this area, and
the region is too hot (both thermally and :n terms of radiation)
for a human to approach. For this reason, either teieoperators
(repair option 1) or crawlers are used to make repairs to the
operating machinery. The decision breakdown between the of-
tions is a function of the individual component. Each com-
ponent of each machine design was assumed to be a possible
failure. 1If the component was small enough to be unplugged and
replaced as a module, it was assumed that the crawler would
ie used for this task. The failed component module would then
either repaired by an automatic repair device (option 2),
thrown out (option 3), or repaired by a human being {option 4).
On the other hand, if the component was too large or entrenched
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to be repiaced by the crawler, the free-flying hybrid tele-
operator (option 1) weuld be usea to repair it on-site.
Different levels of human supervision would be required for
each of these options; the values of these levels (in terms
of crew hr/repair nr) was left as a program variable.

As mentioned previously, the entire factory (except
for the soiar cell production area) was assumed to be directly
repaired by humans. This was due to the different levels of
preduction in the different secticas. The large solar cell
productiorn, several orders of magnitude beyond current total
yearly production. ~quires a large number of strips and
machin s, and thererore lends itsclf to automated repair. The
components factory, on the o*her hand, has an output flow
several orders - f magnitude belny that of 3 comparable plant
on earth; automatic repair is probably not cost effective
when there are only a few samples of each machine type.
Although some studies indicate that the teleoperator has ex-
cess capability which micht prove useful in *the comporents
factory, it was assumed that it would remain within the solar
cell factory as . dedicated unit.

The entire question of autcmated repair, teleoperator and
crawler capabilities, and machine interdependence within the
solar cell factory led to the creation of a specialized pro-
gram, SCFCOST, dxtailed in the Appendix. This program aliows

a more detailed -nalvsis of the intcractions of rel . oility
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and repair in the solar cell factory, at the price of in-
creased complexity in program operation. Many of the capabil-
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 10.1 - 10.3, and will not

be further explained here,

TABLE 10.6: MACHINE COST CO™PONENTS

Non-recurring:
C] Research and Development
C2 Procurement
C3 Transportation
C4 Power

Recurring:
CS Operating labor
C6 Expendables procurement
C7 Expendables transportation
C8 Repair labhor
C9 Repair parts procurement

C]0 Repair parts transportation.
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TABLE 10.7
MACHINE DIRECT COST EQUATIOQNS
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It should be noted, however, that the porar cost (C4) is mul-
tiplied by the duty cycle of the machine. This is due to the
fact that a nonooerating machine does not consume any power.
Thereisreé, although the number of a machine type might have
to increase if the duty cycle decreases, in order to maintain
a current level of pr~duction, 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 costs; SMF assembly costs; and habitat
R & D, procurement, transportation, and power costs. The
indirect recurring costs include SMF stru-ture expendables
costs, wages of the support crew, and training, transport, and
consumables costs 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 e'~—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 Tablc 10.9. The sum-
mary table for the baseline case is shown in Tablce 0.10.
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TABLE 10.8:

NONRECURRING COSTS

THERYAL BELT

DV OFP AL REAR CCNTACT
DV OP ST AND P-DOFANT
PULSE RECSYSTALLIZATICN
SCAN RECRYSTALLIZATICN
N-DOPANT IMELANTATICN
ANNEAL

DV OF AL PRCNT CONTACT
PECMT CCHNTACT SIMTERING
CELL CROSSCUT

CELL INTERCCHNECTICN

DV S102 OPTICAL CGVER
DV OF S102 SUBSTHATE
FANEL ALIGN & INS:.T
PANEL INTFLCCUHNECTICN
LONGITUULINAL CUT

KAPTON TAPE APPLICATICN
ARRAY SEG. FOLD & PACK
TELEGPERATUR

CRAWLER SYSTEMN

ZONE REFINER

MASK CLEALUWUP DEVICE

CV OF INTERCCNNECTS
LIQUID Al PIPELINE

IRCN PIFELINE

AL ALLOYING PURNACE
IRCN ALLCYING PURNACE
CCNTINUODS CASTER

AL SIAY CUTTER

AL DIE CASTER

1$$3%18s
RE L

39250000,
11853224,
29413312,
100680192,
i003yots2.
10500000,
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10380199,
10405000.
20745486,
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1870¢0C0n,
127750000,
134967441,
100294592,
22125504,
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20107488,
58400600,
58400000,
23054592,
11000000,
105250000,

EFOCUREMENT

403567616,
406630088,
483501568,
11522491,
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€311843,
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10¢07 /9,
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€99330 3C4,
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1115046¢C,
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TRANSPORT
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4325689,
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121800,
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POWER

29431488,
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446925,
296911,
676268,

TOTALS
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34505216,
1256077820,
820269824,
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27910272,
17946064,
20827016,
10928045,
204776912,
288373760,
285379584,
102550576,
41735936,
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20152176,
70519888,
62439952,
24293904,
11506911,
127001248,
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TABLE 10.8 (Continued)

PE DIE CASTER
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6C0C00CO,
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50210000,
77150000,
11900000.
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PROCUKEMENT
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26430990,
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2475000,
26080C.
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#00000.
6000000,
4409C0.
2800006,
3406C4GQ.,
166400600,
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840000,

944832512,

POMER

66951,
323433,
991824,
395422,
122022,
6u5z44,
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148500,
100863,
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959999638,
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0
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504000,
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25752320,
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171880960,
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205343884,

10732580900,




gL 0L

TABLE 10.9:

RECURRIN.

COSTS

THWERMAL DELT

DV OF AL HEAR CCONTACT
LY OF SI A C P-CO2ANT
PULSE KeCEYSTALLIZATICN
SCAN BELCYSTALLILATICN
HeDOPANMT LADPLANTATION
AUNEAL

JY LP AL PLONT CONTACT
PHCHT CCLTACT SEINIEFING
CELL CROSSCUT

CELL IMTZECCHNECTICR

DV SIC? CPYICAL CCVEZR
OV CGF 5102 SLUSTIATE
CAMLL ALICH & INWLLET
PANLL INTOFCOCHNEBUTION
LessiTuninal CuUl

KAPTLY THPE APFLICATICON
ARFAY SLG, YOLD & PACK
TELLCEEHATCR

CRNALLR LYSTLY

CUNE FAFIM:E

NASK CLEANUP? DEVICE

DV LF INT_RCCNMNICTS
LIZUIL AL PLECLINE

IRCh PIELLIN.

AL ALLOYING TUMNACE
IRCN AILOYING PURNACE
CONTINMICUS CASTER

AL SLAB CUTTER

Al DIl CAsTEs

OPERAITING
IABCH

737%4q,

$3293358 RECURRING COST3 $385853888

EXPENDADLLS
PPUCUNERENT TLANIQURT
212476, 1162179,
116 354, 116154,
196471, 116473%.
16421, 11642617,
I RIT AR 11¢4107,
Yo 350, 233135,
1671, 1164107,
1164707, 11647082,
1tou?, 11647307,
290595, 11621379,
34 i, 232244,
2317413, 2317796,
211700, 21177196,
IuuQu, 232709,
4ns7, 212244,
29999%. 1162379,
34974, 2331,
Juylo, 233176,
0. 0.
17335, 8677,
JOuET T, 524383,
9. .
874, 4370,
0. 0.
o‘ OQ
0l o'
0. 0.
o. °l
0. 0.
ol 0'

LABOR

100191,
55416,
$91%91,
3.0
3202,
Tuuté,
Jeul2,
151113,
Jz2032.
40045,
172174,
835164,
563949,
1205217,
172174,
40049,
089210,
95016.
66225,
1791991,
651561,
015351,
37632,
373270,
30102,
103369,
361213,
66225,
19061,
L1215,

REFAIN

PHOCUREMENT

20118168,
2031585,
241/5068,
516124,
119%92,
617501,
315592,
16672924,
315592,
278864,
540394,
922515852,
25966560,
1734618,
557523,
2700064,
6577,
187171,
1739999,
9099153,
593127,
15352445,
6013995,
103000,
28250,
915000,
305000,
27900,
15200.
875000,

TRANSPORT

957,148,
291944,
4691511,
191148,
4346,
8977S.
412136,
2462121,
43236,
39680,
1084u4n,
12549110,
857056,
521568,
117428,
39660,
2744,
5701,
J6450.
2225474,
100582,
1184624,
295%uc8,
27010,
7627,
64800,
21600,
56100
1026.
216250,

TCTALS

28854800
1.0 505,
2=
PR
¥, 430,
1315413,
15u6319,
29L8u560,
1546319,
1682757,
1CC62685,
538195¢0.
38544560,
Iu%50092,
1030429,
1682157,
33910,
Jgr7240.
1942673,
13126132,
1934530,
17372414,
40163138,
504C80,
65990,
1084168,
362723,
99795,
w287,
3?“’2‘\.J
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TABLE 10.9 (Continued)

PE DIE CASTER
TRANSFORJER CORE CAS. "~
SOLLING MILL

END THIN/YRLID/FCLL WIND
SHELT TRIMNED

BIBBCH SLICER

RIBBCN ThINAZR

STEJIATOR

FGEM FCLLER

KLYSTEON BAD. ASSENBLY
0C-0C CCNV, FFODUCED
INSULATION WINLER

GLASS FlBih FHCDUCES

DC CCNV, AAD. 3SSEABLY
RLYSTRON PLANT

GLASS PCANING PACILITY
PCAYLD 3LASS CUTTER
SHELT CUTTER & SLCTTER
POAMEL GLA3S 500 IHER
WAL LGUIDE DV C(F AL
RAYLGUTIIE PACKAGLE
EAVEGUILE ASIEABLED
PEPSCHNMEL L[OCKING MECH.
PFECSUPIZLED TUMLL
CAPCC DOCKING MECH.
LOAD-UNLOAD M HIPJLATCE
BAGNETIC TRANSFORTER
TEAMSPORTeE ThACK
LUTEFMAL STCLAGE DEVICE
REPAIR AUTCHATONS

TOTALS

455585838 LECURRING COSTS (CCNT,.) $3533833S

CPEBATINGL EXPENDABLES

LABCR EROCUREWENT TRAMSPCRT LABOR
73CaN. 0. 0. 9031,
1180, O, 0. 6020,
0. 1414, 7069, 63215,

0. 0. Q. 36123,

9. 0. 0. 24002,

0. 0. 0. 322096,

0. Q. 0. 9011,

0. 0. 0. 3010.

0. 0. 0. 12041,

0. 0. 0. 27391314,
59007, 69419760, 69419760, 6020,
Q. 0. 0. 120410,

0. 0. 9, 1597548,

0. 0, 0, 183625,

9. 87659952, 350639616, 60205,
2710681, 13394¢€. 132985%0, 261899,
0. 0, 0. 12041,

' 0. 0, 96328,

0. 0. 0, 27092,

0. 0. O 54186,

0. 0. 0. 785755.

0, 0. 0. 46395908,

0. 0, 0. 12049,

0. 0O, 0, 36123,

O, [+ 18 0. 24084,
1132453, g. a. T2246,
0. 0. 0. 1526229,

0. . 0. 309566,

0. Q. 0. 240819,

0. 5891, 29454, 25248604,
1620690. 161109964, 462185216, 20097152,

BEPALR
PROCUREBAENT

0.
275000,
402750.
519094,

7140,
50000,
2880,
50000,
77630,
2764149,
150000,
100000,
936696,
294175,
7649997,
7309494,

0.
4201498,
910500,
1522199,
11592465,
12024000,
100000,
250000,
80000.
2800000,
305817,
604163,
116000,
o.

220210608,

TRANSPOST

0.
74250,
352350.
4059821,

3179,
2065499,
1973564,

0

265120,
63565,
126041,
86064512,
816400,
27000.

14832682448,

T0TALS

82052,
367072,
Y2€797.

9615C 38,

320498,
512176,

12378,
188G 19,
110250,

3C6u129,
1350550 24,
287410,
2644840,
216279,
488C74752.
23343112,
12¢41,
4582944,
1031477,
1702628,
98432720,
13310176,
139C41,
3531621,
110084,
41997,
20.1.70,
1315029,
390679,
2563948,

1000276020,




TABLE 10.10: SUMMARY OF BASELINE CASE

02°0l

TOTAL DIRECT NON-RECURRING COST =8510732580900.
TOTAL DIRECT RECURRING CCST =$§ 1000278020,

TOTAL DIRECT PHODUCTICN MASS (KG) = 9448325,
TOTAL DIRECT PRODUCTICN POWER (kW) = 232489,
TOTAL ODIRECT PRCDUCTICN CREW = 216, PECPLE

TOTAI SMP CREW = 433,
CREW TRANSPOET MASS = 173151, KG, CONSUMABLE MASS = 131140, XG
CREW TRANSPORT (OST=$ 77918080. CONSUMWABLES COST= 13114043,

CREW TRAINING COS1IS =35 21643920,

SUBECBT CRLW WAGES =$ 65153504,

SUPFCRT EXPENDABLES TEANSPCRT CCST =$ 0.
HABITAT MASS (KG) = 1315950,

HABITAT POWER (KW) = 3896, .

REC AND PROCUBEMENT CCST OF HABITIAT ($) = 508594688,
TRANSPORT CCST OP HABITAT (§) = 131594992,

POWER COST OF HABITAT (3) = 11687717,

NONRECURKFING COST OF NONPRODUCTION SME =3 50000000,

TOTAL SHF 8ASS (KG) = 15138126,
TOTAL SHMP PCWER (kW) = 237385,

<87 SUPPOET TRANSPORT .ST =$20100(000,
SMF SUPPODT POWER CCST =% 2000000,

SETUP COSTS =$ 3086410. FOR 8. PEQOPLE
38233333 DIRECT COS1TS: NONRECURRING =$10732580900., RECURRING =$§ 1000278020,
$353583% INDIRECT COSTS: NONRECURRING =$ 907963392., RECURRING =$ 1778295236.

$33338$S SMF LIFE CYCLZ COSTS=$§ 21670486000,
$3533583% DISCOUNTED AVEBAGE SPS COSI=$ 1083524100.




The "bottom line" of the baseline case is a nonrecurring
cost of $11.6billion, with a recurring cost of $1.2 billion
per year at a production rate of 1 SPS/year. It should h»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 system.

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. 1In 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 avoiding reheat-
ing 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 in Table 10.4, and lack of ex-
perimental verification of the efficiencies of vapor deposited
solar cells. The baseline cost estimate does, however, demon-
strate that a space manufacturing facility could operate com-
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petjtively with earth manufacturing. The required crew to
operate the baseline SMF is 433 people.

With the results from the basel " ~e, it 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 in the App )r example the base
case duty cycle for the solar cell ractory 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 so'ar cell factory; that is, whether the parts
replaced by the crawler are repaired by people or automated
repair machinery. A1l 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 not large.
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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 equipment reliability and initial (R & D
and procurement) cost. A scarcity of data exists which is
applicable to this problem; and in the final analysis, a log-
linear 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 to fail), the initial
costs also varied by a factor of 10, to $200,000/kg and
$20000/kg, respectively. Similarly, a variation in the
baselins 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 *h2 esti-
mated technology level of the component. The effects of this
assumption are evidenc. . o the curves in Fig. 10.2.

Figure 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: at approxi-
mat~ly four times tie baseline component failure rate, the
tradeoff between initial cost per machine and number of machines
results in a minimum nonrecurring cost of about $7.2 billion,
compared to a baseline nonrecurring cost of $11.6 billion.
Similarly, Figure 10.4 shcws the relationship between
reliability and number of machines for the recurring costs.
Increasing failures creates increasing rcpair costs. Decreas-
ing failures should decrease repair costs, but all machines
have a non-Zero minimum maintenance reguirement, and as lhe
procurement cost increases, so does the cosf of spare parts.
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A minimum recurring cost coincidentlly occurs at a failure
rate about that of the baseline assumptions of reliabitity,
Although several man-years (and CPU-days) of effort could
be spent in further variation of parameters studies, two basic
conclusions come out of tris costing analysis. The first is
that the total SMF system costs, derived from the best esti-
mates of machirne characteristics as presented in the baseline
SMF design, are $11.6 billion for nonrecurring, and $1.2 biliion
per year for racurring costs. These costs are competitive

with ground-based production of the same product, one solar
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power satellite per year. The second is that, based on an
assumed relation between nonrecurring parts costs and re-
l1iability, 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 SKF producing one SPS per
year for twenty years at a discount rate of 10% follows direct-
ly from Fig. 10.2 and is shown in Fig. 10.5. Again, it must be
emphasized that these are SMF incurred costs and do not include
sither the lunar base or terrestrial facilities such as the rec-
tenna aad Aistribution system, as well as operating costs for
these facilities.

Finally, it must be emphasized that cc:t estimates of
future, and speculative, space systems must inevitably be basea
on a high deyree 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 cycle. It is
of course possihle to conduct similar parameter variatien
analyses with other of the many sensitive parameters of the
system, such as transportation costs, productiviiy of labor
in space, and the many factors discussed in Chapters 12 and 13;

however the above example is sufficiently illustrative of the
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sensitivity of costs to the assumptions used in this analysis.

Another area of uncertainty involves the cost of develop-
ing the specializedequipment for the SMF. This cost is cevered
partly by the R & 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
SNF. These costs were assigned evea 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 6

to $100 x 10" depending on complexity and ma-
turity of the process. The lower amount was applied to well
developed systems, the upper 1imit to new and novel space
oriented concepts.

As mentioned previously the costs presented here are based
on extensive discussions with arganizations well acquainted
with the terrestrial application of most of the processes used.
However, in the final analysis., translation of this collective
experience to an operating systems in space is a highly sub-
jective process. Different experiences 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 the flexibility
built in to the costing algorithms wil! allow readers to arrive
at their own conclusions as to the system costs.

The costs presznted 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 time 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 investfgation.
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CHAPTER 11
OPTIMUM BUILDUP STENARIO

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 consider 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 a1l
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 program optimization technique.
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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 ship-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 wavequide factory, a klystron factory,
and a components (largely structural parts) factory. Although
commonality between these factories is exploited in the MIT
baseline SMF, minimal machine duplication would :e necessary
to separate the factory 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 might
have an early switch to space-produced solar cells (due to
the availability of the low-cost vapor deposition process),
followed by components, wavequides, 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
programming. This technique is often used for optimization of
manufacturing systems where output costs can be -o2sidered to
scale linearly with plant size. Those not familiur with linear
programming are referrec 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 oparating 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 functien was to maximize net profits,
measured as return from pewer plants minus investment in
building and R & D. 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 tho optimum would probably 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
tableau matrix listed and solvedﬂﬂn the Appendix. Because
of limitations in the standard lfnear program formulation,
the program in its present form is not capable of finding an
optimal solution which includes the constraiﬁt that all the
R & D costs are expended before a system 1is used. This
factor, and other non linear effects such as the need to
include existance variables recognizing when no costs are
accrued due to nron-use of a system, requires additional re-
formu,ation of the of the problem,which is beyond the scope
of the present contract. The development of the program is
however continuing under separate funding, and considerations
will also be given to the use of the more complex integer or
dynamic 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 repea*ed here in Fig. 12.1. Each section
requires its own technology evolution program.

In general, these parallel programs have only minor ef-
fects on ecach 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
technciogy 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 aifficult, 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 shorid
not lead to duplication, however. A number of SMF sz:tisns
share processes (though not equipment), and R & D on thase
processes should be integrated. For example, electrecn beam
guns are used in a wide variety of applications at the refer-
ence SMF: welding, cutting, vaporization, recrystallization.
Basic research on electron beam guns can therefore be applied
to all these operations. This commonality of eguipment was
considered an advantage in the choice of reference SMF pro-
cesses (see Chap. 5).

While the technology evolution programs for the various
sections of the SMF can proceed simultaneously, this is in
general not true of the R & D steps within each program. For
most sections of the SMF, the technolog,y evolution for a given
section is a sequence of research steps, each of which pro-
vides information and leads to a decision between alternative
processes or equipment designs or operating procedu.es. Thus
the information developed in the early steps has a significant
impact on the later research in the program. Therefore the
urcertainty in the definition cf the programs increases through

successive R & D steps.



The det '1s of the technology evolution programs can also
be affected by research in areas other than the SMF. First in-
vestioations in other aspects of space industrialization (e.qg.
lunar refining, transportation, SPS des:an) 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 technology evolution program can benefit greatly
from the basic knowledge gained in solar cell performance,
crystallography, doping, and array buildup. The technical challenge
to the SMF desianer will therefore be to apply the results of
solar-cell production research on Edrth to the development of
space processes whenever possible.

The technology evolut .rn proygrams for the individual sections
of the SMF a -~ each separated into three phases: conceptual
studies, ground experiments, and Shuttle experiments. The re-
search and development therefore ., ~ogresses from an early general
research 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 stage, various
options for SMF processes should be kept open, sin-e ivhe eventual

success of any one option ceanot be cuaranteec. 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 finalized equibment. 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 step
if difficult problems develop. For example, if the Shuttle pro-
totype for an aluminum-melting 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 alternative space prototype.

Ihe example above also suggests that SHF equipment designs
should not be finalized hefore testing in space. Unlike earlier
space hardware development, when the design philosopnhy aimed at
selection of options, construction and testing of prototypes,
and finalization and fabrication of space hardware before launch,
the SMF development should take advantage of the transportation
cost reduction available from the Shuttle to do in-space proto-
type testing, 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.q.
induction furnaces, zone refining, human operations). For those
processes, basic questions of feasibility may not be answerable

w ithout space experiments.

The technology evolution program is presented in the following
sections as a series of tables, each detailing the R&D 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 ore flight). In fact, the
in-space development articles could be flown as intearated
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 relatively little
cost. At this level of investigation, however, definition of
such integrated payloads is difficult, 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 sujgest a
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permanent orbital platform. Specifically, some prototypes might
require sizezble power inputs (such as for furnaces, electron
beam guns, lasers). These would therefore benefit from power
sources parked in space, such as 25-kHW or 160-kW modules. Simi-~
larly, some of these energy-intensive protetypes may require large
heat-waste systems, and could therefore benefit from permanent
ccoling facilities and radiators. Finally, some of the experi-
ments should be run several times with variation of experimental
parameters. Such experiments could 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 cvarall technology evolution program presented in the
following sections details the R&D required for the SHMF, but
not for its outputs; the SPS or other satellite components pro-
duced by the SMF would require a separate technoloay 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 SHF design componeénts. The
technolcgy 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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alsc assume that the reference SMF processes chosen in Chapter §
will be developed into space-rated hardware. However, shov'd
the chosen options prove unsatisfactory at any point in the R&D
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 FURRACES AND CASTERS

Table 12.1 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 furnaces, i.e. the extent to which such prototypes
can accurately model the zero-q 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 from mass reductions in
zero-G, but require specialized refractories. Tha casters are
modifications of earth designs.

The steps are listed in a time sequence from initial con-
cepts, through design, ground prototype testing to final

evaluation in a space environment.
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TABLE 12.1:

R & D: MET'.S rURMACLES AND CASTEPRS

RESEARCH ITEM

OBJECTIVE

Concept
Definition
Ground

Experiment
Shuttte

Experiment

o~

Ccnceptual studi. -
of furnace options

To produce p eliminary designs of magnetic induction, solar
trough, sola. »araboloid, and rotating furnaces. IJIncludes
geometric desiyn and sizing, static and dynamic load pre-
dictions, heating systems and temperature profiles, power

and mass requirements, input/output systems design, estimation
of maintenance, repair, and Jogistics, evaluation of tachnical
uncertainty and required expaeriments, evaluation of operational
safety, control requirements and systems, cost estimates, and
comparisons of furnace options.

>

Refractory material
tests

To establish experimentally the tolerance of candidate re-
fractory materials to molten metals and vacuum, and their
thermal and magnetic properties. These materials are for
casings and molds in furnaces, pipelines, continuous casters,
and l:r?e piece castaers. Emphasis on long-life, structural
materials,

Metal solidification
experiments

To investigate the material microstructure and properties
resulting from solidification in zero-g, specifically for
metals and alloys in various casters. Developmant of re-
lationships between casting parameters (mold shapes, thermal
grofiles, injection pressures, thermal conductivity of mold
mold material, alloy composition) and properties (structuraf.
thermal, magnetic, electric) of cast output. Probably requires
several sets of experiments,

Continuous caster
design

To produce a preliminary design of a space-specific continuous
caster for Al and Al alloy, based on earth designs, the metal
solidification experiments, and the refractory material tests.
Includes gecmetric design and sizing, structural design, choice
of materials, cooling systcm design, thermal profiles, output
handling systems, automatic monitoring and cortrol equipment,
estimation of maintenance, repair, logistics, and costs evalua-
tion of operational safety and technical uncertainty.
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TABLE 12.1 (Continued)

OBJECTIVE

Definition
Ground

Experinent
Shuttle

Experiment

Die caster and
large-piece
caster design

To produce preliminary designs of space-specific die casters
and large-piece casters, based on earth designs, the metal
solidification experiments, and the refrector{ material tests.
Castc °s receive molten Al, Al alloy, Fe, Fe alloy. Design in-
cludes structural design, choice of materials, estimation of
injection pressures, thermal profiles, load histories, input/
output systems, cooling systems, automatic monitoring and con-
trol, design of pipes, valvcs, and pumps, estimation of power,
mass (reduced by zero~g), maintenance, repair, logistics, and
cozts evaluation of technical uncartainiy and operational
safety.

> JConcept

Protctype furnaces

To develop useful ground prototypes of selected furnace options,
if the zero-g effects can be adequately modeled or accounted
for (otherwise space prototypes are required).

Prototype casters

To develop useful ground prototypes of the continuous caster,
die casters, and large-pjece caster, if the zeto-g effects can
be adequately modeled or accounted for (otherwise space
prototypes are required).

Space prototypes of
furnaces and casters

To develop and integrate space-rated furnaces, pipelines, pumps,
continuous casters, die casters, and large-piece caster (casters
can be integrated to furnaces and pipes one at a time). Th's
effort may require stepwise verification of furnaces, then cas-
ters, with furnaces flown several times or parked in space. In-
ciudes development of automatic control systems, human main-
tenance and repalir techniques in space, and long-term exposure
to space environment. Output returned to Earth for analysis.

Prototype slab
cutter

To develop a ground (but space-rated) prototype of a 128 kW
electron beam cutter, including automatic filament replacement,
cooling systems, automatic control, mechanical tracking. Tests
on 2-cm-thick Al slab. Development of maintenance and repair
techniques., Emphasis on reliability,




12.3: R&D: RIBBON AND SHEET OPERATIONS

Table 12.2 presents the technology evolution program for ribbon
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 the machines (thus
damping vibrations) requires the development of active damping
systems; the designs must also be modified.for maximum auto-
mation, compatibility with vacuum, and ease of in-space repair.
These considerations also apply to the other ribbon and sheet

operations devices.
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TABLE 12.2; R & D: RIBBON AND SHEET OPERATIONS

0BJECTIVE

Definition
Ground

Experiment
Shuttpe

Experiment

Prototype rolling
mill

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 its large mass). Includes
structural design, estimation of power, mass, maintenance, repair,
loagistics, and costs, load predictions, operational safety, control
requirements and systems, Prototype includes active vibratjon-
damping, automatic control, in-space repair features, input/output
systems. °'If possible, tests on space-cast slabs.

> {Concept

>

Prototype electron
beam cutters

To develop ground (but space-rated) prototypes of ribbon-cutting

EB guns {research can benefit from development of slab cutter).
Prototypes include automatic filament replacement, cooling systems,
autoratic control, tracking systems. Tests on Al and Al alloy
ribhon. Development of maintenance and repair techniques. Emphasis
on reliability and accuracy,

Prototype electron
beam welders

To develop ground (but space-rated) prototypes of sheet-welding
guns. Prototypes incliude same features as EB cutters. Tests in-
clude verification of weld properties, Development of maintenance
and repair techniques. Emphasis on reliability, and on accuracy
of control and tracking systems and techniques.

Prototype ribbon
slicer

To produce space-specific design of slicing-rollers device for A}
and Al alloy ribbon, and to develop ground prototype (possibly
different from design, due to high mass). This is a modification
of the rolling mill design and rolling mill prototype, without re-
versing action, Tests of longevity, reliability. Development of
techniques to vary output specifications.

Uevelopment of
striated heat pipes
and heat pipe
fluids

To verify the feasibility and assess :he. requirements of striated
heat pipes for klystron radiators, inciuding development of a heat
pipe fluid compatible with aluminum and'with suitable boiling tem-
perature., Modifications to the hest pipe design should be made as
needed. Effects of zero-g on heat pipe operation should be assessed
(th's may require space experimentsg.
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Prototype striator To produce space-specific design of striation-rollers device for X X
1 ribbon, and to develop ground prototype (possibly different from
design, due to high mass). This is a modification of the rolling
mill and ribbon slicer prototypes. Tests of longevity, reljability,
output quality.
Prototype form To develop a ground (but space-rated) prototype of the form roller X
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 reljability, output quality, ease of repair.
Design of sheet To produce a preliminary design of a fully automated sheet layout X
layout and klystron {and radiator assembly device, based on the electron beam welder pro-
radiator assembly totypes, and the output quality of ribbon slicer and form roller
station prototypes. Includes physical and structural design, estimation of
mass, power, maintenance, repair, logistics, and costs, evaluation
of technical uncertainty and operational safety, design of handling
and control systems. Emphasis on maximum automation, minimum com-
plexity, reliability, ease of repair.
FPrototype sheet To develop a ground (but space-rated) prototype of the sheet layout X
layout and klystron }and klystron radiator assembly device. Prototype includes automatic
radiator assembly control, active vibration dampinc :ystems, in-space repair features.
station Tests of equipment reliability anu output quality.
Design of DC-DC Te produce 2 preliminary design of a fully automated device to pro- X

converter radiator
assembly device.

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 foy
klystron radiators.
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Prototype DC-DC To develop ground (but space-rated) prototype of large-radiator X

converter radiator |assembly device, including automatic control, active vibration

assembly device damping, in-space repair features. Tests of relfability and out-

put quality. Assessment of accuracy of ground simulation (high
mass of radiator Jeads to different structural requirements on

equipmenti),
Integration of To integrade the ground prototypes of relling mill, EB cutters and
ribbon and sheet welders, ribbon slicer, striator, form roller, and radiator assembly
operations ground devices into a working, fully automated prototype of the reference
prototypes SMF sheet and ribbon operations section. Includes development of

handling systems (space-rated) and automatic contre!l devices. Tests
of system, including maintenance and repair.

Space prototypes To develop and test space prototypes of the related rolling devices.
of rolling mill, Includes tests of active damping systems, reliability, versatility,
ribbon slicer, ih-space repair., Due to mass of the prototypes (Yess than SMF

and striator machines, but still sianificant) these devices are candidates for

orbital parking. Output returned to Earth for analysis.

Space prototypes To develop space prototypes of the remaining devices in the sheet
of integrated and ribbon operations sectfon (many of the ground prototypes are
sheet and ribbon already space rated) and to test these together with the space
devices prototypes of rolling equipment. Includes tests of rel{ability,

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.




12.4: R&D: INSULATED WIRE PRODUCTION

The technology evolution program for the reference SHF
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.

12.15



91° ¢l

TABLE 12.3: R & D: INSULATED WIRE PRODUCTION
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Design of glass To produce a space-specific deiign of an automatic glass fiber pro- X
fiber producer ducer. Includes investigation of suitable glass compositions
available from lunar materials, alloys resistant to corrosion by
molten glass and vacuum, heating systems, temperature and viscosity
prafiles, estimation of piston and tube loads, sizing and struc-
tural design, estimation of maintenance, repair, and costs, evalu-
ation of technical uncertainty and operational safety, design of
automatic spool threaders and control systems.
Space experiment To investiqate experimentally the effect of zero-g on the drawing X
on fiber of glass fibers through dies. Includes relationships between glass
production 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 initial evaluation.
Prototype nlass To develop ground (but space-rated) prototype of glass-fiber pro- X ?
fiber producer ducer, based on preliminary design and Shuttle exberiment results.
Tests of equipment reliability, and of output quality (provided
zero-g effects can be accounted for--otherwise in-space testing
may be necessary).
Prototype insulation|{To develop a ground {but space-rated) prototyp> of an insulation X

winder

winder. This is a modification of an earth wire wrapper, adapted
to vacuum operations and use of spooils c¢f glass fibers. Prototype
includes automatic loading systems for spools. Tests of equipment
reliability, ease of in-space repair.




12.5: R&D: DC-DC CONVERTER PRODUCTIGN

Table 12.4 details the RZD steps for DC-DC converter pro-
duction. Because only 461 DC-DC converters are required per year,
the development of sﬁphisticated automatic machinery is not
warranted. <cCoolant 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 ranually. The procedures are simple enough that space

prototypes should not be required.
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TABLE 12.4: R & D: DC-CC CONVERTER PRODUCTION
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Prototype channel To ¢« velup a ground (but space-ratecd) prototype of a numerfcally X
drill controlled deep drill (3m Jong bit) for drilling of coolant
channels through SENDUST cores. This design is based on existing
earth equipment, modified 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 limbs.
Design is based on existing earth equipment, modified for operation
in vacuum, Tests on equipmant reljability.
Definition and To define - ,uired mawnual assembly tasks for cuntrol circuitry and X X

test of assembly
tasks

to model these tasks in ground simulations.




12.6: R&D: KLYSTRON 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 inc.cate that the usual producticn steps can be per-
formed by conventional preci-ion equipment. The technology
evolution program therefore requires the development of integrated,
fully automated production devices for the klystron assemblies,
followed by the adaptation of these ground prototypes inty space
prototypes. In view of the complexity and precision anticipated,

the final space prototype should be tested in the Shuttle.
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Design of klystron | To produce a klystron assembly design optimized for SPS operation, X X
and klystron use of lunar materials, and SMF manufacture, and to define 1in de-
assembly pro- tail the sequence of production steps, including 2llowable manu-
duction sequence facturing tradeoffs and tolerances. Includes determination of
components manufactured at SMF vs. produced on Earth.
Prototype klystron | To develop an integrated, fully automated set of ground protatypes X

assenbly pro-
duction equipment

Emphasis on maximum automation and re-
Tests of output quality.

for production machinery.
lTiability, ease of repair,

3pace prototypes
of klystron
assembly pro-
duction equipment

To develop space-rated versions of the ground prototypes, including
gquality control systems and space-specific devices (e.g. EB
welders). Shuttle tests to verify operation, reliability, in-space
maintenance and repair, and output quality. ODue to mass and com-
plexity of equipment, i1ntegrated prototypes may benefit from
in-space parking,




12.7: R&D: SOLAR CELL PRODUCTION

Table 12.6 details the steps in the R&D of the reference SMF
solar cell production processes. As a first step, the study group
recommends the establishment of a permanent task force to review
the very considerable amount of new developments in solar cell
production technijues. During this contract the study group
received and reviewed published reports from a large number of
research outfits in many countries; sources of information include
many journals seldom 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 -ases, this
is an option never considered by the concep s' authors.

The study group ayain emphasizes that this technology
evolution program is keyed to the reference SMF, and therefore
conceptual studies should keep alternative production options
opeh. At this level of design, a final decision on a solar
cell production scheme would be premature.

The suggested R&D steps include conceptual studies for those
processes (zone refining, direct vaporization, recrystallization,
laser cutting, glass layer production) which have not been
applied in space before, and which carry some uncertainty about
their feasibility or basic requirements. In most cases, these
conceptual studies lead to ground proto.ypes, then to space pro-
totypes. In a number of cases, however, the study group recommends
following the conceptual study with a small-scale Shuttle experi-

ment to assess the effect of zero-q 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 sufficiently
researched and applied on Earth that developuent of prototypes

can begin without extensive conceptual research.
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Continuots review To review the large number of current research findings on solar X
of developments in |cell production alternatives (published by many research teams),
solar cell pro- and to assess the applicability of these developments to space
duction techniques operations,
ggngg?ggale?gudies To investigate alternative processes and production sequence for X
roduction systems the manufacture of solar cells at the SMF, Includes greliminary
P ¢ 8y operations layouts and designs, estimation of mass, power, main-
tenance, repafr, logistics, and costs, evaluation of technical un-
certainty and operational safety, ease of automation and repair,
cotput quality, and comparison of options, Definitfon of tech-
n.logy evolution programs for alternatives.
Conceptual study To investigate, theoretically and experimentally, the effect of X X
and space experi- zero-q on the zone refining process. Includes deteimination of
ments on zone optimum zone refining parameters to maximize z2gne t.avel rate and
refining minimize number of passes required for purificatior and study of
effects of types and concentrations of impurities on refining
requirements. Output returned to Earth for analysis. Equipment
is expected to he small,
Prototype zone To develop a prototype zone refiner for the reference SMF, to X ?
refiner purify metallurgical grade S1 from the Moon to semiconductor
grade. This §s a ground device, 1f the zero~-9 aeffects can be
accurately modeled or accountzad for (otherwise, & space prototype
is required). Prototype includes feed and hardlfny systems,
heating and cooling systems, quality contro) tentors an~ automatic
control systems. Tests of effects of operati.g parameters on oute
put quality. Emphasis on marimum automation, ease of in-space
repair.
Space proto“iype To develop and test a space-rated protot_rpe of the reference SMF X

of zone refiner

zone refiner. This device may require a power source beyond the
Shuttle's, and may bene“it from in-orbit parking betwaan taest runs.
OQutput 1s returned to Earth for analysfis,
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TABLE 12.6 (Continued)

0BJECTIVE

Conceptual study
and space experi-
ments on direct
vaporization

To investigate, theoretically and experimentally, the affects of
zero-g on direct vaporization of Al, Si, S40,, and to produce pre-
liminary designs of direct vaporization deviées. Includes evalu-
ation of effects of deposition parameters (e.g. pressure of vapor,
deposition surface temperature and morphology, thermal) profilas)
on properties of deposited output.

Prototype direct
vaporization
devices

To develop ground prototypes of DV devices for A, Si, Sioz if
zero-g effects can be accurately modaled or accounted for lothor-
wise space prototypes are requirad)., Includes davelopment of
thermal belt, EB tracking control, slab feeuing mechanisms, quality
control systems, maintenance and repair techniques, cooling sys-
tems., Tests of equipment reliability and output properties.

1 224 |

Prototype ion
implantation
devices

To develop a ground (but space-rated) ifon implantation device for
boron and phosphorus, from existing equipment. Emphasis on deeper
penetration (2-5 microns), full automation, longevity of equipment.

‘Tests of equipment relfability, doping profiles, implantation

damage, Assessment of compatibility with DV of silicon.

Conceptual studies
and experiments on
recrystallization

To investigate, theoretically and experimentaily on the ground,
the feasibility and requirements for recrystallization of direct-
vaporized layers of silicon. Includes studies of pulse and scan
recrystallization, effects of silicon morphology, pulsing/scanning
parameters, and environmental factors on recrystallized output.
Production of preliminary designs for recrystallization devices,
and of designs for space expariments.

Space experiments
on recrystal-
lization

To investigate the effects of zero-g on recrystallization of
silicon layers, Equipment 1s expected to be small. Output re-
turned to Earth for analysis.

Prototype recrys-
tallization
devices

To develop ground prototypes of recrysteallizers for the reference
SMF, if zero-g e’fects can be accurately modeled or accounted for
(otherwise space prototypes are required). Emphasis on automation,
reliability, ease of repair. Tests of output quality.

Experiment

> ] Shuttle
Experiment

Definition

Conc:pt
Ground

b3
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TABLE 12.6 (Continued)

0BJECTIVE

Space experiments
on ion implantation
damage anneal

To assess the effect of zero-g on pulsed-beam annealing of ion
implantation damage. Equipment is expected to be small., Output
is returned to Earth for analysis.

Prctotype ion im-
plantation damage
anncaler

To develop a ground prototype of an jon implantation damage

annealer, based on existing designs, if the zero-g effects can be
accurately modeled or accounted for {(otherwise a space prototype
is required). Emphasis on automation, reliability, ease of repair.
Tests of output quality.

prototype of direct
vaporizer with mask
and mask cleanup
device

To modify ground prototype of direct vaporizer for Al to operate
through a shadow mask (to deposit top contact pattern). Includes
development of space-rated mask with long 1ife, and of device to
brush deposited AV from mask avtomatically. Tests of output
quality, equipment reljability.

Ge'el

Space experiment
oin front contact
sintering

To investiygate the effect of zero-g on pulsed-beam sintering of
solar cell front contacts. Equipment is expected to be small.
Qutput is returned to Earth for analysis. 1ncludes variation of
sintering pdarameters.

Prototype front
contact sintering
device

To develop ground (or space, {f needed) prototype of top contact
sintering device, including tracking systems, in-space repair
features, quality control systems, automatic control. Tests of
equipment reliability and output quality,

Integrated space
prototypes of
solar cell
deposition

To develop integrated, space-rated prototypes of thermal belt,
direct vaporizers for Al and Si, ion implanters for boron and
phosphorus, masking of front contact, recrystallizers and ion
implantation damage anneal, and front contact sintering. Includes
automated control, quality control, input/output and handling
systems, tests of in-space maintenance and repair techniques.
Output (operational solar cells, without glass layers) is returned
to Earth for analysis. Equipment estimated at less than one
Shuttle payload, not including power and heat waste systems.

Experiment

Shuttle
Experiment

Definition

Concept
Ground

>
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Conceptual study To investigate, theoretically and experimentally on the ground, x| X
and]e:pgrlmgggs the use ofglasers to cut solar cell material, Includes effects
82 s§1§r 2”115“9 of cutting parameters (wavelength, focusing, trackiny speed,
& power) on resulting degradation of cell near cut.
Prototype solar To develop ground prototypes of laser cutting systems for solar X
cell crosscutter cells, including automatic con*~0l1, tracking systems, quality
and iongitudinal control. Tests on space-produced solar cell material or equiva-
cutter lent. Emphasis on equipment accuracy and reliability.
Prototype direct To develop a ground (but space-rated) prototype of a direct X
vaporizer for vaporizer to produce 50-micron thick Al sheet, including systems to
interconnects roll up the output, automatic controls, cooling systems for EB
guns. This device is a modification of other DV prototypes.
Emphasis on reliabjlity, ease of repair, automation.
Prototype solar *To develop ground prototype of solar cell interconnection device X
cell inter- (same as panel interconnection device). This is a sophisticated
connection device 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,
Conceptual studies To review existing literature and to produce preliminary designs X

of optical cover
and substrate
production options

of production options for Si0, layers, including direct vapor-
ization (reference SMF) and sgparate sheet production followed by
electrostatic or laser boanding. Includes assessment of feasibjlity
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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TABLE 12.6 (Continued)

OBJECTIVE

Prototype panel
alignmernt and
insertion device

To develop a ground (but space-rated) prototype of the panel
alignment and spare panel insertion device. Includes full auto-
mation including sensing and control, in-space maintenance and
repair features, maintenance and repair estimates. Tests of
accuracy and reliability of equipment, and assessment of
modiiications required for zero-g use.

(e 2l

Prototype kapton
tape applicator

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 modifications
required for zero-g use.

r;rototype array
segment packager

To develop a ground prototype of the array segment packager,
Includes full automation (sensing, control, tracking), in-space
renair features. Tests on simulated arrays, assessing equipment
reliability, output quality, modifications required for zero-g.

Integration of
cell interconnec-
tion and panel/
array buildup
prototypes

Tc integrate the ground prototypes of devices to produce complete
array segments from deposited solar cell material. Includes con-
tinuous processes, automated control, quality control, fnput/
output and handling systems, maintenance and repair features,
Tests on simulated or actual deposited solar cell material.
Emphasis on reliability, ease of repair, integrated control.
Possible applications on earth.

Integrated space
nrototypes of cell
interconnection
and panel/array
buildup devices

To snace-rate and test the integrated prototypes for production
of array segments. Equipment is expected to fil11l less than 2
Shut:le payload, not including power and heat waste systems,.
Qutput returned to Earth for analysis.

Definition
Experiment
Shuttle

Experiment

Concept
Ground

>
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TABLE 12.6 (Continued)

OBJECTIVE

Space prototype of
complete solar
cell production
strip

To develop ans test full-scale prototype of 104 m-long solar
cell production strip. Includes structural integration of
components, full automation, tests of in-space repair and main-
tenance, return of output to Earth for analysis. Equipment
requires ‘more tnan one Shuttle payload, in-space assembly and
checkout., Can be used to produce solar arrays for space use.

gz el

Experiment

Shuttle
Experiment

Concept
Definition
Ground

>




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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RESEARCH ITEM 0BJECTIVE S&|sI|5
Conceptual studies To investigate alternative methods and to produce preliminary X X
and deveilopment of designs for foamed glass production optfons. Includes assess-
foamed glass for ment of uses, properties, and production requirements for
waveguides foamed glass for space applications. Emphasis on lunar material
use.
Design of space To produce a preliminary design of a mixing device to blend X
pawder mixer <5 micron powders suspended in vacuum. Emphasis on component
longevity, automation, in-space maintenance and repair.
Snace prototype of To develop and test a space powder mixer. Equipment is expected X
powder mixer to be small, Device and output are returned to Earth for analysis.
Space experiments To investigate experimentally the effect of zero-g on glass X
on glass foaming foaming processes. Variation of operating parameters to study
relationships aff_:ting output properties.
Design of glass To produce preliminary design of a foaming/annealing furnace to X
foaming facility 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
systems, estimation of maintenance, repair, and logistics, evalu-
ation of technical uncertainty, required experiments, operational
safety, contrcl requirements, cost estimates,
Prototype glass To develop a ground (but space-rated) prototype of the glass X ?
foaming facility foaming facility (if the earlier space e:periments indicate that
zero-g effects cannot be accounted for, a space prototype is re-
quired). Emphasis on equipment longevity, automation. Develop-
ment of relationships between operating parameters and output
zharacteristics.
Prototype foamed To develop ground (but space-rated) prototypes of multi-bladed X

glass sawcutters

band saws for slicing blocks of foamed glass. Includes chip re-
moval systems, input/output and handling systems, maintenance
and repair techniques, automatic control, quality control, Tests
of blade longevity and output quality.
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TABLE 12.7 (Continued)

OBJECTIVE

Experiments on
foamed glass
smoothing

To investigate, experimentdlly on the ground, options for
smoothing foamed-glass surfaces, including the use of lasers.
Development of relationships between operating pe ‘ameters and
output quality. Tests are performed on space-produced foamed
glass sheets or equivalent.

Prototype foamed
glass smoother

To develop a ground prototype of the foamed glass smoother.
Inciudes sheet handling and tracking systems, quality control.
Emphasis on automation, accuracy of rutput, ease of repair.

Prototype waveguide
Al Airect vaporizer

To develop a ground (but space-rated) prototype of a DV device
to apply Al interior coatings to waveguides, This is a modi-
fication of DV of Al devices fo: other SMF processes. Tests
on smoothed foamed glass sheets, and evaluation of output
qual‘ty.

te'et

Prototype laser
cutters for foamed
glass

To develo~ ground prototypes of laser cutting systems for foamed
glass sheuv.2, including automatic control, tracking systems,
quality control. Tests ~n Al-coated foamed glass sheets, using
lasers to make straight cuts, slots, and holes. Emphasis on
equipment accuracy and reljability.

Design of waveguide
assembler and wave-
guide packager

To produce preliminary designs of waveguide assembler and wave-
guide packager, including automatic manipulator syst-ms, guide
systems, laser fusing devices, quality control, packaging manip-
ulators, and storage racks. Emphasis on full automation,
accuracy of output, ease of repair,

Prototype wa' eguide
assembrer and wave-
guide packager

To develop ground prototypes of wavequide assembler and packager,
including full automation, handling systems, quality control de-

vices, laser fusers. Tests of equipment accuracy and reliability,
using Al-coated foamed glass strips as inputs, evaluation of out-
put quality, and development of maintenance and repiir techaiques.

Integration of wave-
guide production
prototypes

To integrate the ground prototypes into a fully automated glass
foaming and waveguide production line, including automatic
handling and control, in-space maintenance and repair features.
Emphasis on reliability, ease of repair, integrated contral,
accuracy of output.

Concept
Definition
Ground
Experiment
Shuttle
Experiment

>
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RESEARCH ITEM 0BJECTIVE valowlnw
Space prototype To space-rate and test the integrated ground prototypes. X
of waveguide pro- Includes structural integration of components, full automaticn,
duction system tests of in-space maintenance and repair, return of output to
Earth for analysis. Equipment requires roughly one Shuttle
payload (not including power and heat waste systems) and in-
space assembiy. .




12. 9: R&D: SUPPORT EQUIPMENT

Table 12.8 describes the major steps in the technology
evolution for reference SME 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, Shuttle
service stations, 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 combponent verification, but
the final verification requires t* full-scale structure.
Exampies are the input/output station, power plant, production
control systems, stationkeeping and attitude control, and
structure. In these cases the technology evolution program
aims at d~oveloping 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 development of free-flying hybrid tele-
operators, and the developrent and integration of the computer

hardware and software for production control.
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TABLE 12.8: R & D: SUPFORT ECUIPMENT

RESEARCH ITEM

DBJECTIVE

Definition

Concept
Ground

Experiment
Shuttle

fxperiment

Design & grrund tests
of input/or “put
station

Vo produce a design of the cargo ard personnel docking facil{-
ties, including structural -design of damped impact-resistant
structure, docking latches, manipulator cranes (with l{fe-
support pads, control computers, end effectors), androgyne
docking rings, airlocks, and pressurized tunnel, Also ground
tests on equipment components, stressing relfability,
longevity, ease of repair.

>

»

Design & ground tests
of internal trans-
port & storage
devices

To produce a design for the magnetic cart internal transport
system and for the internal storage device, Internal transport
includes track, carts, magnetic drive components, control
actuators, sensars, routing control hardware & software, &
cart/cargo interfaces. Internal storage device includes holding
racks, drive systems, input/output devices, 1abeling systems,
control hardware & software. Design work includes load pre-
dictions, geumetric design & sizing, estimates of maintenance &
repair, evaluation of operational safety. Tests of component
longevity, reliahility, ease of repair. Evaluation of
modifications required for zero-g use,

Design & ground tests
of crawlers

To produce & ground test desigrs 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 specfalized to
the sections they service, & therefore require varfations on a
basic desfign, Tests of component accuracy and relfabhility, &
development of ground prototypes. Design of control software,
crawler/internal transport interface, maintenance & repair tech-
niques. Evaluation of modifications needed for 2ero-g use.

Design & ground tests
of power plant
components

To produce a design for the reference SMF power plant, including
solar array, 0C-0C and DC-AC converters, power feed systems,
emergency fuel cells, switching systems, & control hardware &
software {(much of this design matches components of the SPS).
Includes mass, maintenance, repair, logfstics, & cost estimates,
structural design of solar array & busbhars (desfgn work inter-
faces with SMF structure development), sfzfng of fuel cells &
converters. Tests on components, stressing relfabflfity, ease of
assembly {(some of these tests probably done during SPS develop-
ment). Investigation of bootstrapping possibilities,

>
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RESEARCH ITEM

TABLE 12.8 (Continued)

OBJECTIVE

Definition

Concept
Ground

Experiment
Shuttle

Experiment

Design & ground
tests of pro-
duction control
systems

To investigate production control options and to produce pre-
1iminary designs of space-rated computers, monftoring sensors,
data transmission systems, status display systems, routing
control software, inventory control software, maintenance &
repair scheduling software, computer hierarchies, damage-
tolerance techniques (e,g. redundancy, distributed controls
with self-raconfiguration), management structures. Simulations
of various software options & ground tests of hardware, leading
to fuli-scale simulation of SMF operations, including faflures
& changes in production objectives.

>

>

Design & 2round
tests ¢f hahitation
romponents

To produvce a design for a modular zero-g habitat made from
converted Shuttle external tanks, including interior struc-
tures, life-support systems (closed water cycle), airlosks,
structural attachments, thermal control, shielding require-
ments, emerqgency systems. Design wcrk fncludes load predic-
tions, structural design, estimates of mass, power, main-
tenance, repaivr, logistics, & costs, in-space maintenance &
repair features, evaluation of technical uncertainty &
operational safety, development of space workers' nutritional,
recreational, & physicol requirements & work schedules. Tests
of habitation ccmponents, with emphasis on reliabflity, &
simulations of living conditions. Much of this research may
be shared with near-term space station development.

Jesign & ground
tests of statinne
keeping and atti-
tud2 control
equipment

To produce designs of stationkeeping equipment, Includes com-
putation of orbital requirements, estimation of attitude con-
trol requirements, design of navigation & attitude sensors,
guidance computers, oxygen thrusters (e.g. resistojets, fon).
Ground tests of hardware, & computer simulations of orbftal &
attitude perturbations 8 software response. Some design work
& tests common with SPS development.

Design & ground
tests of SMF
structure componant

To produce a desiqgn for the SMF structure, including central
mast, solar array supports, factory equipment support struc-
ture, flexible joints with active damping systems. This design
is interfaced with the desian of internal transport tracks &
power feed systems, which may be structural. Design includes

(continued)




TABLE 12.8 (Continued)

RESEARCH 1TEM (continued) OBJECTIVE

Definiticn
Experiment
Shuttle

Experiment

Concept
Ground

development of position and deformation sensors, maintenance
& repair techniques, mass ‘& cost estimates, evaluation of
operational safety, Emphasis on ease of in-gspace asszemdly &
repalir. Tests of position s:nsors, active damping systems,
assenmbly & repair techniqg: & computer simulations to pre-
dict load historijes & c- ~equirements.

Design & ground 1o produce designs for ‘e shops made from converted

tests of repair Shuttle external ten ., “n-.uding human work areas, 11fe-

shop components support systems, airlncks, interior structures, emergency
systems, structural attachments, repair automata, spare parts
- racks, input/output systems. Design wark shares common efforts
with habitat development; includes load predictiors, struc-
tural design, astimates of mass, power, maintenance, repair,
logistics, & costs, evaluation of operational safety, shie'ding
requirements, development of versatile zero-g workshop machines,
development of automated repafir machinery (several types), de-
velopment of thermal control systems & toxfc-gas scrubbers,
Tests of componants, with emphasis on reliability % 2ase of
repafr in space, & simulations of work conditions. Assessment
of modifications for use in zero-g.

3¢t

I ———
Design & ground To produce a design for a versatile free-flying hybrid tele-
tests of free- operator for repair % maintenance operations in the solar-
flying cell factory, Based on the Shuttle Teleoperator Retrieval
teleoperators Syctem, this design includes multipyrpose manipulators & end

effectors, navigation systems, tarusters, communications hard-
ware, sensors, computers, nover sypplies, propellant tanks, &
a remote control station QDecsign work fncludes definition of
specific tasks & requiremernts, component design, system in-
tegration, development f zomplex software structures (in-
cluding telemetry links to remote computers). Tests of components
{emphasis on reljability} % simulations of ‘ntegrated functions.
Development of multi-media control station & communications
1¢nke (video, audio, tactile). Assessment of modifications ra-
quired for SMF use. May have some earth applications.
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RESEARCH TYPE

TABLE 12,8 (Continued)

OBJECTIVE

Integrated space
protatypes of
habitation, input/
output station, &
regair shops

To develop and test a modified external tank (half habitation,
half repafr shop) with attached docking systems (fincl, manipu-
lator crane). Tests of component relfabfitity, safety, worker
productivity, repalr autormata requirements, emergency systems.
This equipment coutd fit into one Shuttle flight, & has potential
near-term space usa {such as & Shuttle repafr staztion). This can
also serve as a parking facility for experiments.

Integrated space
orototypes of
interna! lransport
4 storage cevices,
cravsie-s, station-
reaping A attitude
control equinment,
S struiture

Tc develop & test an integrated space-rated prototype structure
including crawlers, transport & storzge systems, and SMF struc-
ture components {sensors, flexible joints, damping), This equip-
ment cat. possibly fit in one Shuttle paylcad, but requires in-
space assembly. Tests include fn-space assembhly, maintenance, &
repair techniques, verification of dynamic behavior predfictfons,
accuracy of component operation (including control hardware &
software),

Snace prototype of
free-f1,ing hybrid
telesperatar

To develop & test a space-rated prototype of the free-flying
hybrid teleoperator. Tests of all six command modes, device
versatility and accuracy, operating range (time, distance,
physical environment), operator learning curves. Tests can
include teleoperator operations on structure/transport systems/
etc. prototypes developed earlier, & should include tests in
simulated thermal & radiation environment of the solar cell
factory. Teleoperator has potential uses in near-term space
operations,

Definition
Experiment
Shuttle

Experiment

Concept
Ground

>




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 in its evolution. Final optimization of an SMF would
require much deeper analysis of the various alternate candidate
systems than was possible within the time and cost constraints
of this study. It is 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 centractural guidelines of this study was that
there would be no redesign of the SPS {chosen 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 be 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 scenaric.

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 various 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.
A1l 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
material space manufacture would be a useful tool.

One possible approach could be an inversion of the design
philosophy used in studies to date. Rather than starting with
a product design and asking "how can this be made in space
from lunar materials?”, a study could begin with a 1ist 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-
nent for production of solar cells with 12.5% efficiency. An
aiternative 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
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then require a collection area of 200 km2 (rather than the
baseline 100 kmz), and would therefore be more massive than
the baseline.

The tradeoff 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
lTunar 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 tradeoff
require further study. MWhat is the co§t of increments in
lunar mining, transportation, assembly?

13.4: TRADEQFFS 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 materials 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 SMF
might have to be modified to produce S-glass from lunar SiO2
and carth inputs, thus increasing SMF complexity and earth
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: the Moon
benefits from gravity, which allows many Earth processes un-
suitable for zero-g, such as separations by liquid or solid
density variations, column exchange processes, solubility pro-
cesses; and there are benefits in launching only pure materials
from the Mccn., However, 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 ¢ ntamina-
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tion of purified materials during transportation from the Moon
to the SMF. Al1l 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-capability lunar base be established early in the pro-
gram, or should a limited lunar facility be set up and pro-
gressively uprated? If a small scale base is set up to
refine oxygen for interorbital 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: 1liquid chemical rocket, mass-
driver, nuclear rncket, aluminum powder/oxygen rocket, tethered
satelli.e elevetor. Besides the uncertainties in the R & D
cost estimates for these options,several 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 powder and oxygen are available in

large quantities from the lunar refining processes. Therefore
the lunrar base capabilities 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 TRADEOQOFFS

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 study 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 uncertaint}; therefore automated repair
systems are sophisticated and expensive devices, and human
labor may well be competitive. There also exists the com-
promise of remote-controiled 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 are 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 dJdies 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 population 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 tradeoff is the choice of maintenance and
repair strategies. Options include repair after breakdown,
preventive maintenance, rotable spares, the use of throwaway
components. Factors affecting the choice of options irclude
costs of modular designs, reliability of the SMF equipment,
tolerance of the SMF production jayout 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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Another 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 in
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 brokenequipment are lengthened, and the SMF therefore
must have a larger production capacity. This brings in the
issue of machine redundancy: 1if the system is sufficiently
redundant, machine outages may be tolerable, and in-space
spares inventory may be unnecessary.

A1l of the production control tradeoffs are interrelated,
and should therefore be studied together. The challengc is
to develop a production control philosophy well adapted to the
economic and physical environment of the SMF.

13.7: WASTE REPROCESSING AT THE SMF

The reference SMF presented in this study wastes 50,000 tons
of every 1 0,000 tons of material input. The solar cell factory
wastes 36,000 of those tons. Therefore waste reprocessing op-
tions and low-waste design options should ve 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 materials which will be wasted.
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The latter costs consist of increm2ntal costs of higher mining
and refining output rates, 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 L,uitable waste as a useful product, and
to assign 2 value to that waste. The tradeoff is then between
using process waste versus unrefined lunar material for bulk

shielding or other applications

13.8: SMF BUILDUP SEQUENCE

As discussed earlier for the lunar mining and refining,
there may be cost advantages in setting up the SMF in in-
cremental sections. In such a buildup scenario, the early
SPS's wculd include significant fractions'of Earth materials,
which would be reduced in later outputs as the SMF becomes
able to produce more comnonents from lunar materrals. This
scenario has the disadvantage that it requires setting up
earth manufacturing systems (for SPS components) which may
be difficult to convert to production of earth outputs as the
SMF is upgraded. However, the scenario a'so spreads the ujp-
front costs of the program over a larger period, provides
earlier economic returns, and reduces technical uncertainty
by learning from the initial setup. Evaluation
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of these tradeoffs should include study of transportation
and lunar base systems also , since a stepwise buildup of
SMF capabilitv suggests stepwise buildups of those

system elements 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-1unar orbit reduces the velocity increment re-
quired between lunar surface and SMF. This is an advantage
because the materia! wasted by the SMF does not have to travel
to a higher orbit; however, the amount of this savings de-
pends on the choice of transportation systems. Cn the other
hand, locating the SMF in low-lunar orbit stretches the lo-
gistics and personnel routes between Earth and SMF; that cost
increment also depends on the choice of transportation system,
and the svurce of propelTant (earth or lunar).

The SMF location tradeoffs alsc involve the eventual de-
stination of the SMF products. For example, leccating tte
facility 1in geosynchronous crbit could reduce the output
transportation requirements, if the satellite assembly stations
are also in GSO. Since this transportaticen requires more ex-
pensive packaging than the lunar-SMF transportation, this option

can reduce costs.
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In general, many of the facilities in the Yunar-material
scenario (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-
lant and material sources. An overall systems analysis, in-
cluding computer modeling and preliminary desiyn of options,

is neaded to optimize the scenario.
A related set of tradeoffs is the location of individual

processes. For example, material refining could be done in
space rather than on the Moon. This tradeoff involves relative
costs of equipment, transportation costs between the two lo-
cations, and the relative costs o° maintaining and transporting
personnel. Since logistics and personnel transportation to an
orbital SMF 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 will therefore have different costs. Similarly,
some processes could be done on the Moon (slab or ribbon pro-
duction) or at the catell*te assembly sites (component sub-
assembly) rather than at the SMF, These tradeoffs irvolve or-
bital! locations, transportation capabilities, earth-material
requirements, alternative equipment designs.
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CHAPTER 14
CONCLUSIONS AND RECOMMENDATIONS
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 SMF appear versatile,
in that the facility can produce a wide variety of products,
from structural members to solar cells to klystron assemblies.
The study group concludes that a wide range of satellite com-
ponents can be manufactured in space, without extensive modi-
fications to the reference SMF.

3. The SMF conczpt is also flexible, meaning that space
manufacutring facilities can be designed for a wide range of
production rates. For example, a small solar-cell production
operation 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 it
produces & 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 fTar
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 characteristics of space,
specifically the readily available vacuum and energy. and
the low-stress environment of zero-g. The SMF environment,
both physically and economically, is different than Earth's
and in many 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

Tunar 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
I.1: INTRODUCTION

The reference SMF design used Physical Vapor Deposition
(PVD) as a key process in the fabrication of solar cells. In
this process, atoms "boiled 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).

PVD, or DV (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 (5102). This work had three
purposes: 1) to investigate 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 DV 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 Tow
enoul: 50 avoid any significant diffusion of aluminum into
the si.icon (the Si-Al eutectic temperature is 578°C). The
study 4 vv7 therefore needed to obtain quantitative infor-
mation abeuvr the relationships between deposition rates, sub-
strate temperature and the morphology of the deposited layer
(particularly the grain size).

In th2se experiments, silicon and silica were vapor
deposited onto 6061 alumirum alloy in a vacuum chamber. The
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power source fcr 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.

1.2: APARATUS

1.2.1 Deposition Equipment:A schematic representation of the

equipment used in the vapor deposition experiments 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
Tow 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. I1.2).

The electron beam gun consists of a tungsten filament
cathode and 2 ground plate (which serves as an anode) which
produces a stream of electrons directed verticaily 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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FIGURE 1.2: APPARATUS FOR

“4pOR DEPOSITION EXPERIMENTS

outside the vacuum chamber via high voltage vacuum feed throughs.
The power supply allows some control over Lhe way in which
the source material is evaporated. First, a "position" control
adjusts the electromagnetic field which deflects the electrons,
allowing any point in the source material to be placedin the
"focus" o7 the beam. Second, the input current into the gun
may be varied, allowing variation of the the level of energy
input into the source material. Third, a sweep control allows
the beam to be swept across different proportions of the source
material surface, giving a distributed energy input ac:oss

the silicon surface.



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 single unit
requiring one inlet and one outlet pipe for the coolant.

The material to be deposited is placed inside a machined
-graphite crucible which acts as a liner for the hearth. Semi-
conductor grade silicon and quartz crystal, crushed into small
pieces, degreased 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 «'low an observer at one of the windows
to see the source material.

The substrate assembly system consists of a substrate

holder, substrate heater, and thermocouple, all mounted on a
spindle (see Fig. 1.2). 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 the 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 temperature,
consisted of thin tungsten wire wrapped around two aluminum
rods. Two steel foil shields were positioned above the wire
in order to deflect more energy onto the substrate. Power was
supplied to the heater by a DC Variac unit outside the vacuum
system.

A thermocouple, with one junction clipped to the sub-
strate, was used to monitor substrate temperature.

1.2.2 Sample Analysis Equipment: 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 diameter. The dxposited silicon films were
analyzed to determine filw thickness and average grain diameter.

Film thickness was measured using a Dektak; this machine
measures the displacement ¢of a diamend styluswhich rides over
the edge of :he deposited film. Deformations in the substirate
can lead to false readings, and so this method is limited to
use on flat substrates (those showing less than .5 micron fluc-
tuation across the substrate).

Average grain size was determined from micrographs taken
using a scanning electron microscope (SEM). Average grain
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diamaters 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 substrates too deformed to
use the Dektak. 1In this process, the sample was sliced, and
a photograph of the cross-section taken through the SEM. 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 procedure outlined below.

The vacuum system was pumped down to the operating pres-
sure -- in the low 10'6 Torr range -- and the EB gun switched
on and adjusted to nelt the material to be deposited (silicon
or silica). Once the material was melted, power to the elec-
tr~n gun was adjusted to begin the vaporization process.

Oace vaporization nad begun, the substrate {pre-heated to the
desired temperature) was swung into position over the hearth.
Deposition was allowed to continue for a measured time
Eypically 30 minutes), after which the cystem was shut down,
and the sample removed for analysis.

I1.4: RESULTS

The tests were explorator . 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 experiments. The results presented are,
therefore, very rough estimates of passible performance,
mainly confined 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 produced 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 saanples are

not listed.

TABLE I.1: SAMPLE MEASURMENTS

Sample Deposition Substrate Average Grain
Number Rate \u/min) Temp. (°C) Diameter (u)

3 .29 510 0.4

5 0.25 505 0.44

8 0.04 500 1.04

9 0.83 500 amorphous

11 1.1 500 amorphous

1€ 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 DEPOSIT

Figure 1.4 is a micrograph of sample number 11 at 5000x
magnification. This is an amorphous sample with no visible

grain structure.

FIGURE I.4: AMORPHOUS SILICON DEPOSIT
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Figure I.5 is a plot of grain size vs deposition rate for

samples 3-11.
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FIGURE I.5: AVERAGE GRAIM
DIAMETER VS DEPOSITICN RATES

A single attempt was made to deposit silica onto an un-
heated substrate by direct vaporization. After melting, the
silica 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, the stresses set up during cooling were suf-
ficient to make the silica deposit separate from the substrate.

1.5: DISCUSSION OF RESULTS
From Table I.1 and Figs. 1.3 and I.4 it can be seen that

two types of deposit were made -- polycrystalline and amor-
phous. The amorphous deposit is in a higher potential energy
configuration than the lattice structure of the polycrystalline
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deposit. Thus, in a recrystallization process, such as that
used in the reference solar cell factory design, an initially
amorpnous 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.5 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
sites 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 sites formed. Subsequently,
as atoms arrive at the deposition surface they reguire a
finite amount of time to find a vacancy in the developirg
lattice structure. As the rate at which 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
nucleation sites and the grains grow outwards until they
meet grains of different orientation -- thus determining the
grain size. 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 high,

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. First, it showed that silica may be deposited
by direct vaporization. Second, 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
encountered in the experiment).

I1.6: CONCLUSIONS AND RECOMMENDATIONS

1.6.1 Conclusions:

1) Direct vapor deposition of either polycrystalline
or amorphous silicon is feasible.

2) For silicon, an increased deposition rate tends to
give a reduced average grain diameter.

3) Direct vaporization of silica is feasible.

1.6.2 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 unio aluminum. Of interest are the effects
of substrate temperature, substrate morphology, and
vapor pressure on the grain structure of the deposited
silicon.

3) An investigation of the optimum concitions Tor the
direct vaporization of silica.
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ADDENDUM 11
AUTOMATION AT THE SMF
II.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 teleoperator

(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 caontrol
seﬁsors 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 irnvolve issues of

automation.

I1.2: GEMERAL CONCEPTS COF AUTOMATICN

Because technology is moving so fast, one cannot
accurately nredict 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 consideration in space sxstem design.

Recent advances,iﬁﬁﬁé}ge scale integration (LSI)

technology have changed the economics 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 ciicuit (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 concerning 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 inability 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 raw . .rials
under computer supervision to form parts that are then
assembled. A robot can be defined as a mobile manipulator
not requiring the constant direction of an operator. C(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 in

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. Taking
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.

A1l 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 interconnection of digital systems called Processing
Elements (PEs), each having certain 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 hidder 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 between a distributed computer resource and a
central computer shows that the distributed approach 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 distributed confiaquration 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 subsystem 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's can be
easily expanded without modifying the entire facility, while
expansion of capabilities and 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 imoportant step in the design of a distri-
buted computer architecture 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, ¢, 10). This
definition must include the normal functions of a component,
assorted monitoring functions, the coordination of the com-
ponents of a machine, the coordination of the machines of a
strip and the coordination of 14 strips 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 failure 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 analysis the designer shcould be
able to detect decision points in the control struc.ure, e.g.,
when part of a strip should be stopped or when a crawler/
teleoperator should be alerted for a -epia rment or repair
Job. Here the designer should realiz- .t Tunctions which
inherently lend themselves to centralized s cision, like
thosé mentioned above, should not be distributed (Ref. 11).
This careful analysis of the application will juide the de-
signer to the correct architecture and thus lead to the
design of a successful distributed system.

The designer is now corfronted 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 these 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 resoalved.

This addendum presumes that each component within a
machine will be controlled by i*s own processing element,
e.g., a8 microprocessor with sufficient memory and processing
power to adequately regulate the component and also interact
with the higher levels of control. The designer has the
option of either physically imbedding & microprocessor into
a coﬁponent, which would simplify the interfaces between the
processing element and the component instrumentation (Ref.

10, 13), or of putting all the microprocessors of a particular
machine on a common board near the machine, which would
facilitate replacement and repair of the processors (Ref. 11).

Ref. 14, the classic study of the taxonomy o0: inter-
connected computer networks, 1ists the advantages and di.-
advantages of several computer networks. How well a micro-
processor is programmed and interfaced as part of an integral
control system determines whather a particular microprocessor's

advantages will be realized (Ref. 15). Further, maintaining
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microprocessor homngeneity throughout the system will enhance
the design of an integrated coimputer 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 Tines can be chosen that will not

degrade in such an environment.

I1.3 COMPUTER CONTROL SYSTEM REQUIREMENTS

The kind of coordination and communication necessary
for the SCF may become obvious with the following example.
Tables 1 and 2 show i1 simple breakdown of . :*~¢c1 functions
of the direct vaporization of aluminum -

Intercommunication needs betwzen -~or’ >~ - <{ processing
elements are minimal; however, the compc-snt. ¢, a machine
will need to be coordinated to meet the objectives of that
part%cu]ar machine. [(his could be accomplished by a mc.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 wil}
»e need¢~d to halt all the machines prior to the panel align-
mesT . insert machine if any one of these ceases to operate
because of an intolerable condition. Further, with these

machines shut down, the panel insert machine must be alerted
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JABLE I1.1

DV OF AL_MACHINE COMPONENT
COMTROL FUNCTIONS

EB Gun
power, current,voltage levels
filament feed mechanism. filament use
peam direction
machinery health

Slab Feed

rate of freu

slab cc ~tion
need fo. w.ure stock
machinery health

Thick -s5s Monitor

data gathering
movement across width of belt
machinery health
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TABLE 1.2

DV_OF AL MACHINE CONTROL

Messages Received

from component control from strip control

- need for replacement or * notice for start-up

non-urgent repair - notice for shutdown
- notice of intolerable

condition
- data
Messages Given
to component control to strip contro?
- component(s) start-up * need for replacement or

non-urgent repair
(teleoperator/crawler)

notice of intoler.ble
condition

« data

« componer.t(s) shutdown

- confirmatinn of messages
received
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to start providing spare parels. The appropriate teleoperator
would then be alerted to redress the anomalous corndition. A
similar situation would occur with machines past the panel
insert zone except that the panel insert machine would start
collecting good panels from the previous machines. This in-
stance also revea s the need T<or a higher “evel of control,
narely a package se.tion control, because when one of the
production 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 various levels within the computer
resource hierarchy.

Hith respect to communication in a distributed com-
puter resource, Ref. 16 gives the following explanation:
"The key to distributed systems is the establishment of
communications. In general, the sending of a message is
equivalent to transmitting energy, and it is desirable to
minimize the system eaergy. To put it another way, it is
desirable to transmit a minimum amount of information, con-
sistent with function, within and between systems. The
distributed system is fundamentally intended to minimize
transmission of information."

When unscheduled events like malfunctions occur
requiring the ' ing of machine(s), an interrupt in the

programs car he employed that stures the state 27 tne task
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fn 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
redu;dant bits to a message so that the receivcr can detect
an error in the message on its arrival. Some schemes not
only detect 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 desiagner will have some idea about those
functions requiring the greatest reliability.

One approach to making the u.,stributed computer
system more reliable is by simply ‘uplicating the micro-
prccessors wherever they occur, whether at the compcnent

level or at one 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 over in the event of a failure.
To decide when a processing element has failed, though, is
not easy, and generally one cannot rely c¢n the module itself
to announce that it is failing (Ref. 12).

Another approach to making the system more reliable
s to reconfigure the computer resource when a failure of a
processor occurs. Reconfiguration is characterized by the
ability 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 spare processor
for each machine (Ref. 2, 18). When a processor has been
determined 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 c¢f a job based on predicted failure modes--
this is known as static reconfiguration. Dynamic recon-
figuration strategies could also respond to predefined
situatiors, but would take into account the current status
of the system. This latter reconfiguration 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 ic 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 analysis of the SCF indicates
that the greatest reliability will be needed at the panel
insert machine, a "buffer"” 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 unreliable part of the configu-
ration (Ref. 4). Bishop (Ref. 20) suggests the use of a
simulation program to model the communication links between
processors. If the model is realistic, the program should
be able to detect and diagnose real-time software errors in

the network.

I1.4 EXAMPLES

I11.4.1 Example of An Automated 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 improved capabilities (e.g. high-density integrated cir-
cuits, hologramic storage, vision, voice actuation) make com-
puters a major system element in space hardware design. A

computer structure at the space manufacturiog 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 used in robots, defined here as
machines capable of decling 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 I1.2 and II.3.
The system must provide localized 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 (maintenance and repair
scheduling, routing) to machines and groups of machines. The
syst-m must provide centralized functions to the entire SMF
or .0 major sections of the SMF (inventory control, resource
allocation, factory status monitoring and display). Finally,
the entire system should be reprogrammabl:, to adjust for
variations in production requirements. A single computer,
tied to all sensory and control systems 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
machines should include analog/digital conversion devices
and use digital commuanications with the master computer.
Resond, there is a critical need for damave tolerance in the
»ystem, since a failure in the master computer 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. 7The transitizn 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 reaquires a sophis-
ticated arbitration system to decide when the primary computer
is malfunctioning and to order the switch. Third, such a
master ccmputer 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 by a network of
communications paths, along which can travel! sensor data,
control commands, status information, emergency requests,
reprogramming commands, and blocks of memory.

An example of such a computer structure for the solar
cell factory appears rig, II.1. At the local machine level?,
microprocessors (labeled Al, A2, A3,...B1, B2, B3,...) handle
the functions necessary to the machine's operations (e.g.
monitoring and diagnosis, ccntrol, 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 te 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 avaitltable. 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 anrd
to the main solar cell factory contrcl facility, which includes
computers and human supervisors. This facility monitors and
reprograms the section control units, and takes over problems
which the 1ocalized computers have found too difficult.

Although Figure II.1 shows the separation between
software sections of the computer structure, it does not in-

dicate the location of the computers themselves. It is
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FIGURE I1.1: EXAMPLE OF SCF COMPUTER CONTROL HIERARCHY




possible to group the ccmputers into clusters to simplify
support services. However, this stretches the data trans-
mission lines and increases the risk of a single physical
accident damaging a substantial fractior »f the computer
capability. Although difficult to assess at this stage, some
physical distribution of equipment seems desirable.

The most critical factor in the design of a computer
system for the solar cell factory is ility and damage
tolerance. Since loss of contiol ~ can damage sections
of the factory, or at least stop production 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 prohlem of reliability
is the development cf long-life space-rated computer hardware.
In addition the equipment should be modular and repairable
by replacement ot 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 system tole:rant to such
failures, as discussed in section I[.3. The first option is
simple redundancy, in wh.ch each unit is backed by its twin,
ready to ta&g over when a malfunction is diagnosed. The

diagnosis and switch command can be done either 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 with a
more centraiized one. This requires that the centralized com-
puter have all the functions of the local 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 comnuter; 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 I11.3 has discussed the concept of distributed,
self-reconfigurating computer systems. These can provide
"graceful degradation" and continuity in unaffected areas
when malfuncticns 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-art is that
any 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.1 has kernel functions
which handle the monitoring and control of the DV of silicon
in production 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 i1l in for malfunctioning
units.

Several examples from Fig. II.1 can illustrate the
possibilities of such a system. Example 1: Microprocessor
A3 malfunctions; strip host A diagnoses malfunction, ta':=
A3 coff-line, takes the proper functions of A3 from its memory,
Yoads half of those func* .~ . into Al and half into A2, and
commands both of these un..s to time-share the running of
A3'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 returns to
normal operations. The microprocessors A1 and 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 A3 off-line. Rather than reprogramming Al
and A2 as in Example 1, st.,ip host A requests assistance from
section centrol. Section control commands strip host B to
program microprocessor B3 to time-share its kernel functions
between its own machine and A3's machine. Since B3's and
A3's kernel functions are the same, B3's capability is suf-
ficient to run both machines. After these commands, the
section control schedules a repair on A3 end returr to rormal
operations. Strip hosts A and B return to normal operations
also, except that they route information between A3's machine
and B3.

Example 3: Here acain, microprocessor A3 malfunctions.
Strip host A takes A3 off-line and requests assistance directly
from strip host B. Strip host B then reprograms B3 as in
Erample 2. If strip host B or microprocessor B3 is toc busy,
strip host A switches ".s request to strip Lost C, etc. Simul-
taneous requests from several strip hosts (though unlikely)
are arbitered by section control.

Example 4: Strip host B malfunctions. Section Control
diagnoses this and takes strip host B off-line. Section con-
trol car then either: program microprocessors 81, B2,... 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 repair for the damaged unit.

As these examples 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
tnerefore very damage-tolerant. However, this requires the
«0ility w0 route data and commands from any unit to any other.
“he traditional method to do this is to provide a communication
line between each pair 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 option to eliminate some switchboard
systems is to attach an identification code to each trans-
mission and send it over commen 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 miltiplexing 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 tine. 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 PROGRAM LISTINGS AND
OUTPUTS
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A.1: PROGRAM SMFCOST

(LINE ITEM COSTING OF SMF)

LISTING
DATA
ouTPUT
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CRERPE30 2800000032008 0E PR S U RORL KRS ET ESECRET I ESRFPEERGE OO Ch S¢S SSSNFOCO 10

C® LISE ITER COSTING PRGGEAN POE A SPACE MANUFACTUKING FACILITY SEF00020
C*# CEVELOFZID UBLER CCNTEACT TO THE NASA BARSHALL SPACE PLIGET CEKTER  SEF00030
C* 2.I.T. SPACE SYSTENS LAB Sar00040
e T SEP00050
C* PAYID L. AKIE BARCH 13, 1979 SRP00060
CREBERRSBELL VPR30 032 03282200220 PSRLSESERB LS LELEECRERER R LS P0E 2L S0 2ESAP 00070
Ce PERFORA INITIAL HOUSEKEEPING SHFC0080
Cce SNP00090
INPLICIT REAL(K,L,0P.N) SNF0G 100
DINZHSICH COSTS(1),60),S08M(2,60),TOTALS (12) ,BANDD(8),2BOC(3),  SMPOO110
+1XITLE (20) ,SUEEE (5) ,NSCEH (60) SHF00120
DIBCASION BAAE (7,60) . HAMEC (?) SHF00130

DATA COSTS/600%0./,TOTALS/12#0,/ SHP00140

COEP 040000300480 NFE NNV ELRCRERE PRSP EREPEEPLEDO DL VL PEE LV IES RO L PSSR EBUSSESNFO0 150
C* READ 1§ SYSTES PARANETERS : SKF00160
ce SHEQQ 170
c* —memmemmeceaan SX700180
C* READ IS TITLE FCE PRINICOT HEADING SnPC0 190
ce SHP00200
READ (5,105) (TITLE (1) ,I=1,20) S1P00210

Cce - cemmmmomaceceeceecomaoa- S1F00220
C*® BEAL In: SRF00230
Cs ALPHA - DUTY CYCLE MULTIPLIER SAF00240
C®  HiABM - HMEITAT NASS (KG/FERSOR) SEF00250
ce Hyapp - HABITAT POWER (KW/PERSON) SMF00260
Cs HAEFAD - HABITAT PESEARCH AND DEVZLGPAENT COST (5u4) SKPQ0270
Cs HAB2RC =~ HABITAT PFOCUREMENT COST (3/XG) SMF00280
ce SPPEE(1) - HOBAN SOUPERVISICN OF TELECPERATOR (HR/REPAIR HR) 58F00290
Cc* SUPER (2}~ lHONAN SUPERVISION OF AUTOMATELC REPAIR S8F07300
(of J SUPER (3}~ HUMAN SUPZRVISICN CF EXFPECNDABLES REPLACENENT SKF00310
Cs SOUPER(4) - HOUMAN REPAIR OF RzPLACED COMPONENTS SHF00320
Ce SUPER {5)~ DIRECT HUMAX CON-SITE REPAIR (HE/REPAIR HR) SEF00330
ce SaF00340
READ5,101)ALPHA,RABY,HABP, HABRAD, #AB2RC, (SUPER(I) ,1>1,5) SHF 00350
HABBAL=HABFAL*16C0000. SNF0C369
CPemmmmncmacnan ————————— cmem—m - ————-- Rl e L LA L EX D]
C* BEAL IN: SNF00380
Ccs TCAKGO =~ CARGO TRANSPORT COST (3/KG) SNP00390
Cc* TPERS ~ PELESCNNZL TFANSPORT COST (5/KG) SHNF00400
C» FRPACT ~ EMEFGENCY SPARES FRACTICN SEP00410
cs UTEAIN <~ CREW TRAININS COST ($/PEERSON) SarQou20
cs QTRANN = CKEW TR ANSPORT JMASS (KG/PERSCN) SHF00430
Ce ICHBGY - CREW KOTATION RATE (TINZS/YIEAR) SHPO0k40
(of L] - LABOR WAGE (3/HR) SHr004850
cs LCONSH - LIFE SUPPORT EARTH CONSUMABLES (KG/CREW-DAY) Srr,0460
Cce s - SUPPORT OVERHEAC FACTOR SHP00173
C* YBAES - OPEBATIONAL LIFCTIME OF SBAP (YEARS) SHFO00480
Cce SNFO0u90
BREAD(S,101) TCARGO ,TPERS, PFACT,UTRAIX,QTRANM,XCHGY, W, LCONSH,S,YEARSSNFQ0%500
S -—- SHPO0S 10
C* EEAD IN: S8P00520
c* nsup - S&F SILUCTURE BASS (XG) 58P00530
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Ce PSA?

ce csap -
c*  ExsaF -
ce amA -
c*  GCosT -
ce K -
ce 8 -
C*  APEROD -
Ce R -
ce

BEAD (5, 101

SAF STROUCTUGE FOUWER (KWw)

SAF STEUCTUSE PSOCUGRENENT COST ($/KG)

SNE STRUCTUEE ZXPESDABLES (KG/IR)

SEECIFPIC POWER OF POUERPLAMT (KG/KW)

CCS1 GF PGVERPLANT (S$/KV)

BONEEE OF MACHIRE TIPES IR Sl

SUEBER CF HOUBS IN YEARLY SHF OPERATIONS (HRS/YR)
PECDUCTIVITY OF ASSEADLY CHRW (BG/CREU-HB)
INTEREST KRATE POR COST DISCOUNTING

)BSHE ,PSHP,CSHP,EXSHF,ALPA,GCOST,K,8,APROD,B

SBF00540
Sar0C550
sarg0560
SuF00570
S8F00580
S8P00590
SBr00600
SurQo06 10
sSaro006 20
sargo6 30
SBr00640

C® BEAD IN:
Ce RANDD (I)

Cce PROC (1)

READ (5, 104

(1) RED COST FOR LOW TECBHOLOGY ($/KG)

§{2) MEDION TECUNOLCGY

{3) HIGH TECHNOLOGY

(4) ULTRA-HIGH TECHNOLOGY

(1) PBOCUREEEHNT COSI FOR LOW TECHNOLOGY ($/KG)
{2) MEDIUM TECHNOLOGY

(3) AIGH TECHEOLOGY

¢4) OLTRA-HIGH TECHNOLOGY

) (RANDD (I}, I=1,%), (PROC (I) ,I=1,4)

SuF00650
Sur00660
Sur00670
sarg0680
SHF00690
saro0700
S8F0U7 10
SHF00720
Sared?730
Sur00740
SBr00750
S1P09760

CIFOPRE 22420032 0002 040V ERRR AL RREF VR RS EEREECREEEREESCR SR LS SRV SOSE2OSAF 09770

C¢ GRITE OUT 1IN
ce

WBLTE(6,8C
WRITE(6,40
¥BITE (6,40
BEITE (6,40
WRITE(6,40
WRITE(€,40
WRITE (6,40
WRITE(6, 40
WRITE (6,40
UBITE(6,41
WGITE(6,41
WEITE(€, 41
WRITE (6,41

DO 1 I=1,4

1 WKITE (6,81
WEITE(6,42
WRITE(6,02
WRITZ(6,42
WRITE (6,41
INACH=IFIX

ITIAL PARARETERS

) (TITLE(I) .I=1,20)
2) TCARGO,TPERS
3) FEACC, UTR AIN
3) QTEANZ,XCHGH
S) ¥ LCCNSY

6) S, YEAKS

7) S NE, PSHF

8) CSHP,EXSHP

9) ALEA,GCOST
0)K.B

1) AEBCD,B

7) HABY, HADP

8) HAERAD,HABPRC

9) I,EANDN(I) I ,PROC(I)
0) SUEER( 1) o SUPER(2)

1) SOPER (3) ,SOPER (4)

2) SUEER(S)

6) ALPHA

(K)

sar00780
SBF00790
S8F00800
sard0810
Sur008 20
sSar00830
SBFC0849D
SAF00850
sSarQ08 60
Suro0s870
saF00880
snr00890
SarQ0%00
SAF009 10
S&r00920
S8r009 30
SAF00940
S8r00950
sar00960
SAF00970
S8r00980
snroo990

CEOPOC 24000982980 0RR20SRPARIRRNRREEREAPEBERISICERERR SRR R RS20 GEREEESeSHP( 1000

C* INITIALIZE SCLAR CELL FACTORY DUTY CICLE (DCTIOT), AHD CALCULATE

Ce THE AVERAGE LAUNCH COSTS FOR REPLACEBENT PARTS

ce
IpUN=0.
BCTOT=1,
TaTPE3S*PR

ACTI+ICABGO® { 1. -FRACT)

Ad

sar0 1010
S8F01020
S3P0 1030
saro1040
SaP0 1050
SaP010€0



COSBEPSRER 0220204 00IBL4 R 2V EESIPSS SRV INL0IPPEREIEELROSEREERGEREISNP( 1070
READ IN MACHINE FARAXETEERS
EXPLANATICN OF MACHINE PARAMETEERS:

C»
Ce
Ce
Cce
[ o ]
ce
cs
Cce
Ce
Ccs

C*

0t - NACHIBE THRUPUT (¥CT USED)
LA - OPERATING LADOE REQUIFEYENT (CREV HB/OPERATING HR)
EM - BEBAFTH EXPENDABLES (KG/HR)
B4 - PRCCESS E&6D COST ASD SYSTEMS IXTEGRATICHN ($n)
I - CCST OP EARTH EXPENDABLZS ($/KG)
¥4 - NUMBzR OF TUIS TYPE OF MACHINE
KM - NUMEER OF CCMPCNENT TYPES
WRITE(6,412)
WRITE(6,234)

DO 8 J=1,INACEH
READ (5,102) (NASE (I,J) ,I=1,7),Qu,LH,EH, B8, X8, N8 KN
IRUN=IRUNeKY+3

KEEP TPACK CF EAGINATION
IF (IRUN.GT.S5C) WRITE(6,233)
IP (IRUN.GT.50) IKUN=0

PRINT OUT MACHINE INPUT VARIABLES
WRITE(6,413) (NAME (1,J) ,I=2,7),L8,E%,IN,BH, KN
Bu=BN*100C0C0.

BIPLANATICN OF ARXRAY °*COSTS*:
FOR THE J(TH) MACHIME TYPE -

BONEECURRIMG CCSTS:
CO0S1S(1,J) =~ RESEARCH ANC TZIVELOPMENT

COSTS (2,3)

PROCUREMENT

COSTS(3,J) - TRANSPORTATION

COSTS (4,3) PCJERPLANT
RECURRING COSTS:
CCS1S(5,J) =~ OPERATING LaECE

COSTS (6,d)
COS1Is(7,J)

EXPEWDAELZS PERGCUREMENT
EXPENDABLES TEANSPOETATION

C0s1:s(8,4) EEPAIR LABCF
CGS5TS(9,4J) REPALS® EARIS FFOCUEEBMENT
COS1S(10,J) REP AIR PARTS TZANKSPORTATION

IConNP=IFIX (KM}

PRCC=1.

PROD1=1.

v s e e = -

BEAD IN CUMPCHNENT FABAMETEES FOR EACH MACHINE
EXPLANATICN CF CCHPUNENT FARAMETERS:

NC
nc
PC
cccC
bc
LRC

NUMEER OF THIS TYPE OF COMPONENT
MAS5 OP INDIVIDUAL COMPONENT (KG)
PUWER OF INCIVIDUAL CCMPONENT (KW)
CCMPCNENT CCMPLEXITY CODZ (1-4)
DUTY CYCLE (%)

REPAIR COGDE (1-5)

A5

SHP0 1080
SHP0 1090
snr01100
SBF01110
SHP01120
SHF01130
SBF01140
SHF01150
SBP01160
sEP01170
SEF01180
SHPO 1190
5P01200
SHF01210
SHP01220
SUF01230
SuP01240
SBP01250
SHF01260
sr01270
SHP01280
SNP01290
SAF01300
SHF01310
S4F01320
SHF01330
SEF01340
S8F01350
SMF01360
SEF01370
SNFO 1380
SNF01390
S4F01800
Sup01810
SHF0 1420
SAF01430
SHPO 1440
SNF01850
SHPO1460
SNPO1870
SHP0O1480
SMF0 1490
SKPO1500
SHuP01510
SuP01520
SMF01530
S8F01540
SMF01550
SrP01560
SHP01570
SBr01580
Sar01590



Ce
(o J

Ce

ce
ce
Cc*
Cce

Ce
ce

ce

ce
'K
ce

Cc®

Ce

3
ce
ce

BC -~ BEFPIACEMENT PARIS (KG/YR)

DG 3 I=1,1CONE
READ (5,102) (NANLC(IY) ,I1=1,7),¥C,NC,PC,CCC,DC,LKHC,EC

sur01600
S5201610
SuF0 1620
SHF01630

PIND NCNBECURRING CCSTS AND RKEPAIR PARAMETERS FROM CODES (CCC & LAC) SHFO1640

CC=3C*PROC(IFIX (CCC))
LC=SUPER{IFIX (LEC)}
I? (LRC.MNE.S.) RC=.05%nC
BCT= TOTAL NUMBER CF COMFONENT TYPE IR ALL OF THIS NACHINE TYPE
HCT=NC*lNM
APPLY S0% LEARNING CURVE IF MORE THAN 100 ONITS ARE USED
IFP (NCT.GE.100.) CC=CCO*NCT**(-,15)/(.85)
ADJUST PBCCUREMENT COSTS POR MACHINE BRELIABILITY
CC=CC/ALPHA

"BGDIFICATION NP DUTY CYCLE FOR VARIATION OF PARAMETERS

DC1=DC
DC=100.% (1.~ (1.-DC/100.) *ALPHA)
PRINT GUT COMPOWENT PARAMNETERS AND COSTS
MBITE(6,414) (MNEC(I1),11=2,7),HC,NC,PC,CC,DC,LC,RC,CCC,LBC
DC=pCs.01
CC1=DC1/100.

BEGIN SUMMATION OF COMPONENT COST FACTORS

CGST1S{1,J)=HC*RANDL (IFIX {CCC)) +CCSTS (1,d)
COS15 (2,J) =CC#ICHCOST < (? . J)
COSTS(3,J)=MC2ur+(NS15(3,J)

COSTS (8,d) = .~DC) *LC#NC +COSTS (8,J)

COSTS (Y4J) =RC*TCENC/NC +COSTS (9,J)
C0S215110,J)=EC#NC+COSTS (10,J)

COSTS {4,J) =PC*NC+COSTS (4,J)

MULTITLY COMPUNENT FAILURE PROBABILITIES TO PIND NACHINWE DUTY CIC.
IP (NC.LT.1.) GO TO 3
PROD1=PROD1# {1,~-(1.-DC1) ** (ANIN1(3.,NC)))
PRCD=PRCD* (1.~ (1,-DC) ** (ANIN1(3.,8C)))
CONTINVE

END COMPONENT READ-IN LOCP

C¥emrecr e e ———————— - ——

c*
c»

Cc*

ce
ce

Cs

DN=PEOLD
ADJUST CCHPCNENT H&D COSTS FOR RELIABILTY EEQUIRENENTS, AND ADD
PROCESS ANLC SYSTZIMS INTEGRATION R&D COSTS
C0STS{1,J)=COSTS (1,J) /ALPHA+BY
ASSUME NO MACHINE WOULD HAVE A DUTY CICLE LESS THAB 50%
IF (DN.LT..5) D3I=.5

CALCULATE COST ELEMENTS

WORKLOAD INCEREASE FACTOR DUE TO MACHINE DOVNTINE

A6

SHP01650
SHF016 €0
S4F01670
SHF01680
SBF01690
SAF01700
SHFO1710
SNFO1720
SHP01730
SKEF01740
SHF 01750
SMF01760
SNP01770
SNF01780
saro{r90
Sur01300
SNP018 10
sSnP01820
SBr01830
SHPO1340
SHF01350
SBF01860
SEFC 1870
SuP01880
SHF01890
SAF01900
SNP01910
SHP01920
sSur01930
SHPO 1940
SHP01950
SUF01960
S8P01970
SNFO1980
SHF01990
SHF02000
SAF02010
SNF02020
SnP02030
SHF02040
SuF0z050
SHF02050
Sur02070
Ssp02080
SNF02059
SKrP02100
SnP02110
SAP02120



FACTOR=PFODY/LH SnP02130

ce BEZVISE NUMBER CP MACHINLS TO MAINTAIN THEUPOT SxF02140
NA=KY*FACTGR SNFN21&7

C® KEEP TARACK CP TCTAL DUTY CYCLE CP SCLAR CELL PACTORY SMF0.
NSCFM{J)=ln 7.3 44 J
WRITFE(6,230) LM, MN,COSTS(1,J) SHE( 80
IP (J.LE.14) LCTOT=DCTOT®LCY SBF02:50
IF (J.H:.18) GC TC 8 SHP02200
C® ADJUST NUMBER OF SOLAR CELL STFIPS TO MEET TOTAL SC¥ DUTY CYICLE SnF02219
cs SEQUIPEMENTS, AND TO PORY AN INTEGER NUMBER OFP SECTORS SMF02220
cs (14 STRIPS/SECTOR) ) sSnP02230
NB=14, *FLOAT (IFIX (246./(DCTOT*14.) +.965)) Sar02240
WRITE(6, 423) N¥,DCTOT SNF02250
WRITE(6,233) SIP02260
IRUN=0 S%F02270
C® ADJUST SCLAR CELL CCSTS FOR BEVISED NUMBER OF STRIPS SHF02280
DO 2 Jz=1,17 SNF02290
COSTS (2,32)=CCS1S5(2,J2)*Nn/NSCFN(J2) SHF02300
€CS15(3,J2)=CC815(I,J2)ONM/NSCFN (J2) S4F02310
COSTS (5,J2)=CCS515(5,J2) *NM/NSCFN (J2) sSur02320
C0S15(6,32)=C0515(6,J2)*NM/idSCFH (J2) SHF02330
CCSTS(7,J2)=CLSTS({7,J2)*NN/NSCFN (J2) SNF02340
COSTS(68,J2)=COSTS(8,J2)*lUN/NSCPN (J2) SNF02350
COLTS(9,J2)=COSTE (S,u2)*NN/NSCPU (J2) S8r02360
2 COSTS({10,J2) =COSTS(10,J2) *NM/NSCPHM (J2) SMF02370
C® PERFCHY PINAL (037 ACCCUNTING FOR THIS MACHINE SHF02380
8 CCSTS (5.J) =00*¥LuSN.I*II®d SHFC 2390
CNSTS (6,J) =XMPENEDI NN SMFO2400
COSTS(T7,J) =LP*[ M UN*Li*TCAFGD SurQ 2410
COSTS5(2,J)=COSTS (2,J0) *hY SEF02420
COSTS (3,.) =COSTS(3,J) *24¢TCARGO SHF0 2430
CCSTS(8,J)=CO0S15(8,J) sN1e[i®y SMF02440
COSTS(9,J) =CCSTS(9,JT) #1 N S8P02450
COSTS(10,d)=CCSTS(10,J)suNsT SH8F02460
CCS51S {4#,J) =CUSTS {4,J) *AN*DN* (GCOST+ALPA®TC “RGO) SKF02470
Cce SNP02480
C* SUM RECUFSING ANC NCNRECURFING COS1S FOE EACH MACHINE SHP02490
(o4 4 SHF02500
SUBH (1,J)=COSTS (1,J)+COSTS (2,J) #+€C0STS(3,J) ¢CCS™S (4,J) SYP02510
4 SUMN(2,J) =CCSTS(S5,J) #CCST5(6,J) +CCSTS(7,J) +COSTS (8,J0) ¢COSTS (9,J)+ SHE02520
+COSTS(10,4) 58F02530
ce SHF02540
C® END MACHINE REAC-In LOOT SHPQ2550
c‘l.‘.‘oott.t‘o.ﬂ’oototvtt.tt !'#ltttOttttttt*t#vt“t#‘Ot..t"tt““‘#t.sa}'02560
C® PRINT OUT NCNRECUKRRING COST TABLE SMF02570
ce SMF02580
WEITL(b,201) SNF02590
CO 5 J=1,1INMACH SNP02600
WFITE(6,202) (NANE(I,J),1=2,7),(COSTS (I,J),I=1,4),S788(1,9) Ssnf026 10
COREPPHSLIIVECEITREERISRSNEC RSP RS PP SRRSO N PEHER RSP ERN CICR IR NS CNS kPR OOISNP( <620
C® FIND TOTAL COSTS BROKEN DOWN BY COST ELESENT SMF02630
ce SHF026u0
TOTALS (1)) ~TOTALS (11) +5084(1,4J) Sar02650

A7



TOTALS (12)=TOTALS (12) +SUNH (2,J) S3FP02660

IP (J.EC.30) WRITE(6,231) S8F02670

Do S I=1,10 SLP026°0

S TOTALS {1) =TOTALS(I) +CCSTS(I,.J) SMF02690
WPITE (o, 205) (TCTALS (1) ,I=1,4),TOTALS (11; SNF02700
c.‘.t‘t‘..tlto‘l“‘t‘.#‘Q#‘0tt0‘0'Ct.ttttttttt‘t.#ttttt#ttt#tt*.tt..t.##snio2710
C* PRINT OUT RECUFRING COST TABLE SSFI2T 2¢C
(o SMF027130
WRITE(6,2073) SHF02740

DO 6 J=1,INACH ) SHPFG2750
WRITE(6,204) (NAME(I,d),1=2,7), (COSTS (1,J3),1=5,10) ,SGN8(2,J) SHF02760

1P (J.EQ.30) WRITE(6,232) ) SHP02770

6 CCNTINUE 32£02780
WRITE(6,206) (TCTALS (1) ,1=5,10) ,TOTALS(%2) SNF02790

C* BEGIN TYFING SUMPARY PAGE SHF0 2800
WRITE(6,209) ICTALS(11) x®028 /0
WEITE(6,210) TCTALS (12) SHF0 2L 20

CHPAIDIRE32302935032934 08020 R 0SR20 480288300RIBESSSUIRBALUEERNSKT02]3(
C* PIND TOTAL LABCB FORCE (LTOT), YEARLY LABOR TRANSPORT MASS (FLABOR) SMFO.A40

Ce AND COST (TEANSL), AND YEABRLY MASS AND CCST OP CREW CZONSOMABLES SMFOZ2t 5¢
ce {MCTNSH AND TRANSC) SHF02¢E %0
Ce 5uF02870
Ce¢ PINDC TOTAL PEODUCTION MASS (MPRODT), POWER (PPRODT), AND surPo28co
Ce LABCR (LPHCLT) SHMF(02890
MPOBODT=TOTALS (J) /TCARGO SHF02900
WEITE(6,211) LEECCT SHF029 10
PPRODT=TOTALS (4) /(GCUST¢ALPA*TCARGO) SMF02920
WRITZ(6,212)EPECDT SHFP02930
L2RCET=(TCIALS (S)+ICTALS(8))/ (d%u)*3, SMFP02940
WEITE(6,212) LPEOCT SKF02950
COEBLREBL 330308008480 92 220002008 R USRS NEPIRSECIRREREORIREREEERSEEEREE SHF (02960
LIGI=S*LPECLT SHF02970
MLABOF=LTOT*QTEANN*XCHGY snp02980
TEANSL=PLAECR®TEFERS 58F02990
MCCONS®=LCCNSE* JES.*LTOT SHP03000
TRANSC=MCCMSM*TICARGO SK¥F03G 10
WHITE(6,274) 1ICT SNF0 3020
WEITE(6,215) FLABCE,NCCNSY SMF03030
WEITE(6,27€) TRANSL,TRANSC SMP03040

COEERE00902220288320 044000000008 008080800800RRR0RRERRRRRIOSEEREEPNEESESHF (3050
C® FIND YEAPLY TRALNING COSTS (CTRAIN), WAGES OP SUPPOBRT CREW (WSUP), SMF03060

Ce AND EXPENDABLES TRANSPORT COST POR THE SHP STRUCTURE (CEXSHF) SHFO03070Q
(of ] SHPO3CB’
CTRAIN=UTRAIN®LTOT SNF0309
NRITE(6,217) CIEBALN SHrP031¢
WSUP=L2RODT* (5-1.) *HeW SHFO0311,
WEITE(b,218) RSUP SNF03120
CEXSHF=EXSMF®*TICARGO SHUrF03130
WEITE(6,22C} CEXSHF SPrF03140
c“.“““.“‘“.“““‘.’“"..."‘.‘.‘..“....“."."...’.‘."‘.‘.t.‘sﬂ?os1SO
C® PIND HABITAT MASS (MHAB), TRANSPORT COST (THAB), INITIAL COST SHP03160
cs® (CHAB), POWER (PHAD), AND POWER COST (PCBAB) S8F03170
ce s8ro03180
A8
.ﬁ(ﬂﬂﬂ.[ "..' "



MHAE=HAEMOITCT Snr03190

THADB=TCARGCOMIAB SMF03200
CHAE=HAPSAL+FRAB*HADPRC SnF03210
PHAB=UADPDP*LTCIT SHF013220
PCuUAB= (GCOST+ALFA*TCARGO) *PHAB S1F03230
URITE (6,22E) MHAB,PHAB SHMEQ3240
WRITE(6,229)CHAB,THAB,PCHAB SMP03250
PICT=PPFODTI+ESHE+DPHAB S¥*03260

CHEEPOTRLEA PSSR AN AN AAEEREFERR RS SRS ASNFE SRS S RFAREERPERASESRENSOSORR Y 1 703270
C* FIND TGTAL SMF ECWER (PTOT) ANL MASS (NTOT), AND PRCCUREMENT COST 5:.£03280

Ce FOR THE NONERCDUCTICN SMF (STRUCTURE, ATTITOUDE COMNTROLS, ETC.) 5MF03290
cs SMEN3300
MTOT=MPRCDTI+MSEF+PTOT*ALPA+NHAD S¥F03310
CTISME=CSHE#LSYF snr03320
WRITZ{6,219)CISHNFP SMP03:30

WRITP (5,221)410T,PTOT SHF(3340
C‘tttttntttaotaa#-010‘O#Ottott‘tt#‘t‘t‘-0"#‘#‘#00.“#"0‘t‘.t.‘ttO‘t.t‘sni‘03350
C* FIND NONPEOGUCTICN SMF TRANSPORT COST (SMFPSTC) AND POWER COST SHMF03360
ce (PWRCST) SMFQ3370
Ccse SMP03380
SMPSTC= (MSHF+FSMF*ALFA)*TCARGO SHFQ031390
WRITE(6,222) SPESIC SMFO03400
PWRCST=PSMF*GCCST SNF03410
WRITE(6,223) EHECST SMF03420

COP 4205 C2 " HARHIEBEIRSEERISBE LA CL SRR SRS NDES OISR RLRPELVOR ARSI PEPERESETAIY 30
C* FIN" 34P SET-UP CREW SIZE (PSETUP) AND COST (DSETUPR) SHNFO03440
ce SMF03450
PSETU2=MTCT/ (6000, *APRCD) SAPQ3460
DSETUR=ESETUE* (H*60NU, +UTRAIN®1250 ,0LCONSH*TCARGO~XCHGM*TPERS*4.) SHPO 1452
WPI1TE(6,224) LSETUP,PSETUR SxFG3uB80
C.‘tt‘.#i.tttttt#.itttt*tt*t#totvtQtttlt'tﬂttﬁttttﬁtt*ttt##ttlttt#‘t#.t# SYFQ 3410
C* TFIND CCST TCTALS: DIRECT NONEECURRING (CCIEBNR) $4203500
Cc* DIRECT RECUGRING (CDIRRC) SH?03510
Cce INDIRECT NCNRECUREING (CINLNR) SNMP03520
ce INDIRLCT BRECURRING (CINDRC) SMF03530
Ce SHP03540
CDIFMR=T0TALS (11) SHP03550
CLIfRC=TCTALS(?) SNF03569
CINDHR=CISMFOSAFSTC+PWRCST+DSETUP+CHAD+THAB+PCHAD SMP03S570
CINDRC=CEXSHF4WSUT . "TRAIN+IRANSL#TRANSC SMF0 3530

ARITE (6,225 CCIENF "DTRRC,CINDNR,CTINDEC S1P03590
C“t‘t.to'..otltt.vttt.' ~exb0 303000000398 000000 43023 C%Qk008Rs00RREE% 5‘15'0 36 00
C* PINC TOTAL RECURRING AND NCNRECUREKING CCSTS (CBC AND CNR) . aND SMF03610
Cce J5E CCST DISCOUNTING TO PIND SMZ LIFE CYCLE COSTS (LIPCYC) SMFQ03620
Ce AND DISCOUNTED AYERAGE SPS COSTS {S2SCST) SHFC3630
Cce S4F0 3640
CNR=COIFLNE+CINDNR S¥F03650
CRC=COIRRCH+CINLEC SHFQ 3660
VISCNT=0, SNF035670
IYRS=IFPIX (YEARS) SMP03680

D0 7 I=1,IYRS SH703690

? OISCNT=DiISCNT+ {1, +R)*®{(-1I) SKPO3700
LIFCY{C-CNReCRC*LISCNT SMP037 10

A9



Ce

C®
101
102
103
108
105
201

202
203

204
205
206
209
219
21
212
213
214
215

216
217
218
219
220
221

222
273
224
225

226
227
228

229

SPSCST=L1FCIC/IEARS SNFP03720

WR1TE {6,226} LI1FCYIC S4F037230
WRITE(6,227) SPSCST SMP03740
ctt.‘t.t.‘tt!t0'0#3.0»O‘ttlt.t000"tt‘t.toOt.tttt.t#ttt.ttt..‘tt.tt.‘tttsnFo3750
siop SAF03760
ct‘t.t#.tttttt-t‘ttOtt.ltt.‘.t0.ltt.ttttt.‘#.t‘t‘ttt.t.t#.t.#‘.‘.t#..t##sn?03770
FORMAT STATENEN1S S8F03780
SHP03790

FUBIAT (1CE8. Q) SHFC3800
PCEMAT(21,5A4,13,7P8,3) SNP03810
FORMAT (SFH.3) S8F03820
FCBMAT (BF8.0) SHF03830
FOBEAT (2CA4) SNF03840
FCEXAT(1HY///3CX,*$58$3553 NONEECUBEING COSTS §$S$3538538°%/ SSF03850
+T32,'8 & D*,T44,'PEOCUREMENT® ,T60, *TRANSPORT*,T78, "PONER?, 92, S4F03860
+*TOTALS?Y/) SuP03870
PORMAT (1X,5A4,A3,7F15,.0) S3P03880
PORHAT(1H1//,UCX,*$3333888 EECUERIKG COSTS 3835388835 // SME03890
+T31,*0PERATING® ,753,° EXPENDABLES®,T92, *KEPAIR®,T 122, *TOTALS?/ SAF03900
+T33,°LABOR®,T4S,"PROCUPENENT®*,T61, TKABSPCORT® ,T79,." LABOR®, S8P03910
+190,*PFCCUREXENT®,T105,* TRANSPORT /) SMF03920
PCEMAT (1X,SA4,A3,7F 15,0 SHP03930
FORMAT (10X, *1CTALS',8X,5P15.0) SHP03940
FOFMAT(,1CX, *TOTALS®,8X,7F15.0) S1P013950
FORMAT {151, TCTAL DIRECT NCN-RECURRING COST =$',P12.0) SHP03960
FORMAT (' TCTAL LDIRECT RZCURRING COST =%',P12.C) SHF02970
PORAAT (/® TOTAL DIRECT PRCDUCTICHK MASS (KG) =',F1(C.0) SMPQ3980
FOKMAT (* TOTAL DIRECT PROLUCTION FOWER (K8§) = *,P10.0) SHF035°Q
PORMAT (* TOT AL DIRECT PRODUCTION CPEN = *,P6.0.' EEOPLE') SMF04000
FCRMAT(/* TOTAL SMF CREW = *,F6.0) SMF04010
FORYAT (* CEEW TRANSPORT MASS = *,P8.0,° XG, CONSUMNABLE HMASS = ', SMF04020
+£8.0,' KG*) SHFOug 30
FO23AT (* CREN TRANSPORT COST=$',P11.0,% CGCNSUMABLES COST=',P11.0) Su8704040
FOSMAT {/* CREW TRAINING COSTS =$',P11.0) SHFQ4050
FOEMAT (* SUPECRT CRE4 WAGES =$%',F11.0) SMFDLO060
FOuYAT (* MCHRECURRING COUST OF NONPROLUCTION SMF =$*,F10,0) SNFQu070
FOEMAT (* SUPECRT EXPLNDABLES TRANS2CRT COST =3$',P10.0) SHFO4080
FCEMAT(/® TOTAL SHP MASS (KG) =°,F19.0 SHFO4090
+/' TCTAL SEF ECWER (KW) = *,F8.0) SuF048100
FOPMAT {/* S4F SU:.ORT TRANS?0RT COST =%',P10.0) SHF0Q110
FCRUAT (* SAF SUPPCAT PORER CCST =$*,P10.0) SAF043 20
FOaMAT (/* SZTUP COSTS =3+,P9.0,° FOX °,F5.0,° TEQPLE®) SAF04130
PORMAT {///10%,%313835533 DIRLCT CCSTS: NONRECURRING =$°*,P12.0, SHFPO4140
+*, RECURRING =$°',P12,C// 10X, SNP04150
+'$$23585¢ INDIRECT COSTS: NCNRECURZING =3',F12.0,°, RECUBRIBG =$'SKF04160
+,F12.0) SHP04170
FOFMAT (//10%,"33833238 SHNF LIFL C{CLZ COST5=$°,P14.0) SYPO4180
PCEXAT(/1Ci,*$35553F% DISCOUNTEL AVERAGE SPS COST=$¢,P12.0) SaP04190
PCTMAT (/' HABITAT MASS (KG) = ',FP10.0/ SHPC4200
+% HABITAT LOWER (KW) = *,F10.0) SMF04210
PORMAT (* RED AND PRGCUREMENT CGST CP HABITAT ($) = *,P12,0/ SHP04220
¢% TEAN:PORT COST OF HAEITAT ($) = ',P12.0/ SHP04230
+' TCCER COST OF WABITAT ($) = *,P12,0) SBPO4240



230 FOKMAT(25X,'CUTY CYCLE = *,F€,4,* REQUIRING *,P6.0,° MACHINES®, SKNFOU250

*5X,*RET = $°,112.0) SHF04260
231 FCuMAT (VH1///30X,*$5588535 NCHRECUERING COSTS (CONT.) $5$$38$8°%// SMFrQa270
¢T32,'F & D', TUNL,"PROCUPLENENT®, TGO, *TRANSPOKT® ,T78,PCNER?,T92, SNFO4280
+9TOTALSY /) SKrPO4290
232 FORMAT(WH1///4CX, 38585538 RECURRING COS1S (CONT.) $$$S5S$SS$°// SHFO4300
+731,°0PERATINGY ,TS3, ' LXPENDADLES®, 192, "REPRIR®,T 122, *TOTALS/ SKPO4310
+133, *LABCR®, TUS,* PROCURRMERT® ,T6Y, ' TRANSPCRT ,T79,LABORY, SHF04320
+T90,*PRCCUFEYENT® ,T10S5, TRANSPORT YY) SHFPO8330

233 FCLAAT{I1H1,T38,'NUNBER®, TS0, "MASS*,T62,°PONER? ,T70,° PROCUREMERT®, SNPO4340
+184,*DUTY CYXC*,T97,'FEP. LABCR®,T110,'PARIS*,T117,°CCC*, 7123, LBC*SNFCL350

+/) SNF04360

234 FOEMAT (T38,'NUMBEP*,T50,'...55'.T62,* POWERS®,T70,* PFOCURESENT?®, SNFO4370
¢T84, *DUTY CYC*,T197,*KEP. LABOR®,T110,*PARTS® ,T117,°'CCC*,T123,LRC'SAPCU3R)

*/) SuF04390

801 FCFMAT(IH1,51X,*SPACE MANUFACIURING PFACILITY® SNFO Q400
+/53X,"LINE ITEM COSTING PRCGRAN' SNFOuU4 10
*/50X,'M.1.T. SPACE SYSTE™S LAEORATORY? SNFOU4 20
*///751X,*IRPUT VARIADLE SPoCIFICATICN®//20X,20A4 SUF044L30
/710X, *SMF GLCOLAL PAFANZTERS:Y/) SHFCU4UQ

802 FCEMAT(* CAFCO TRANSPORT COST ($/KG) =°',F6.0, SHNFOuuS0
+TS0, PERSCNNEL TRANSPOST COST ($/Ku) =¢,F6.0) SHNPOULLOD

403 FOLYAT(* PAYLOAD FRACTICN CN PCRSCHNNEL SHIPS =°*,F6,2, SHFOLuT0
+TSY, " TAALNING CUST (3/PERSON) =',F5.0) SHF0u480

404 FORMAT(® CtEW TRANSPCRT MASS (XG/PERSON) =*,F6.0, SYFOu490
+TSQ,'CHEW FOTATION FATE (TINES/YEAXR) =*,Fb.1) SHF04S0)

8405 FCIMAT!® CPlw WAGE (3/H4) =',F1. 2, S4FI4510
+T" ", %CCHSUYARLES FLOwW BFATE (KG/FEZFSON-DAY) =0 _P6.2) SMFO0u520

406 CIMAT({® LU FCRT OYoRHBEAT FACTICR =',F5.1, SNFQ4530
+1T50, *SMF CESFATICNAL PERIOD (YRS) =°,F6.0) SNFOUSu0

407  FCEMAT (Y oMF NCXOeCDUCTICN MASS (k) =',78.0, SAFOu550
*TS5C,'SHE MNCNPECTUCTIUN PONER (Kw) =*,F8.0) SHMF08560

408 FOTMAT(* SNMF NCNPRCDUCTICN CCST ($) =',F8.0, SUFQUS70
+T5J, *SNEF NCMehOCUCTION EXPENTABLES (XG/YK) =¢*,F8.0) SMFOuSY9

R09 FORMAT({* PCaZIPLANT SFECIFIC MASS (KG/KW) =',P6.0, Sarous90
#2350, "PUOWERPLANT FUCCUKENENT COST (3/Kd) =' ,P6.0) SHFOU600

410 FCLMAT (' NUMBER CF MACHINES IN 3NF =',95,0, SXFQuU610
¢TS50, *PRCCUCTION HOUFS/YEAR =*,F6.Q) SHFQU6 20

411 FOIMAT (' ASSEMELY PrODUCTIVITIY (KG/PERSCHN-HR) =',P6. 1, SHFO4630
+T5J,'CCui CISCOUNTING BRTE =29,P5.2) SHFCu640Q

412 FCrMAT(IHI/ZZ10X, ' MACHINS AND COMFONCNT PARAMETERS:Y) SAFOuU6S0
Q14 FOOMAIHY, SNNL, A, TEY L2, 22X, F3.0)) SHFOub6N
13 FLENAT (VX L9049, A3, TX, Y LAPOR = *,FR,3,7X,'EXPFND, = °,P8.3, SNFOu670
¢t KG/UE AT 3, 15.4,'/KG CONFONENTS = ,F5.1) SHEQuLB0

415  FCUYAT (F8, ) SKFOu690
416 FCHMAT({' DUTY CYCLE MULTIPLIER = ',F8.3) SHFO4700
817 SCEMAT (' HMITAT M\'S5 (KG/FPERSCHN) = ',F7.0, SHFO4710
+TSG, "MADRITAL POwkld (Kw/PLRSON) = *,Fb.1) SMFOu720

418 FCRMAT(Y UABITAT K&D (5@) = *,P12.2, SAFQUT0
*+TSG, *"HABITAT EIUCURMENT (3/KG) = ',F7.1) SHFOU740

419 FCBEMAT({* L&D, LEVEL *,I11,* = $',F7.0,'/KG*, SKPOLTS50
+T90,°*PROCURENENT, LEVEL *,11,' = $°,P6.0,°/KG') SEPOUT60

420 FOKMAT(®* KUYAN SUPERVISION (HR/HR DOWN):%/ SEFOuT70

All



+T20,°TELECPERATCR BEEAIR = *,F7.3, sSaroareo0

€160, °CRAVLER/AUTONATIC REPAIR = °,F7.3) S8P0R790
82 PCEMAT {120,°CEAWLER/SCHECULED REPLACERENT = *,P7.3, SNFO0Q800
¢760, *CEAWLER/HONAN REPAIR = °,P7.3) SnHro4e 10
822 POEBAT (T20,°NANUAL BEBAIR = *,F7.3) sSarous2o

823 FORNAT(///5X,“ALL ABOVE MACHINES HAVE BEEN COREECTED TO FORA °, syP04s 30
*F6.0," STBIPS BEEDED PCR SOLAR CELL FACTGBY DUTY CICLE OF ¢,P6.83) SHFO4Q8AR0
ENC S8P04850

A12



BASELINE SHMF CASE: 1 SPS PRODUCEL/YEAR,

1. 3040, 9. 3177, 100.
100. 450. .1 50000. 100.
2€30CC0. 1000, 25. C. 10.
500. 5C00. 20000, 100000. <=0.
NTHERMAL BELT 0. 0.
CCOPPER BELT 1. 5000.
CBOTOR AND LRIVE 1. 1000.
CEND ROLLLRS 2. €0.
CIHERNAL CCANTROL 1. 200.
BDV OF AL KEAR CONTIACT O. 0.
CEB GUN 2. 20.
CPILAMENT MAGAZINE 2. .04
CSULAB FEEDER 2. 50.
CPANEL EAFFLES 1. .05
CSICE BAFPLE .18 1.
CS1DE BAPFL:Z GUIDE .14 2.5
CCCOIING SYSTZM 1. 22,
MDV OF SI AND P-DCPANT 0. C.
CEB GUN 20. 25.
CFILAMENT MAGLZINE 29. .0u
CSLAB FEEDER 20. 60.
CPANEL BAFFLES 4, .25
CSIDE BAFFLE .29 1.
CSIDE BAFPLE GUIDE .29 2.5
CBORCH ICH IYPLANTES 21, 25.
CCOCLING 3YSTZH 1. l6Q.
BPULSE RECRYSTALLIZATICANO. 0.
CEB GUN 2. 10.
CPILAMENT MAGAZINE 2. .08
CCOOLING SYSTEY 1. 24.
MSCAN RZCBYSTaLLIZATICN 0. 0.
CEB GuUN 2. £.
CPILANZNT MAGAZINE 2. .04
CCOCLING SYSTEN 1. 14,
MN-DOLAMNT INMDPLANTATICN OQ. C.
CPHOSPH. IGN IMPLANTER 2. 25.
MANNEAL 0. C.
CEB GUN 2. Se.
CPILAMENT MASAZINE 2. .04
CCOCLINS SYSTZY 1. 14.
MDYV OF AL FRUNT CCNTACT 0. Q.
CEB GUN 4, 10.
CFILANZNT MAGAZINE 4, .04
CSLAD ¥:iDER 4, 50,
CHASK 2. 300.
CHA5GK GUIVE & RCLLOP 2. 250.
CPANEL UAFFLZS 2. .05
CSIDEZ DAFFLE .29 1.
CSIDEL BAFFLE GUIDE .29 2.5
CCOOLING S5YST.OM 1. 30.
MPFCNT CCNTACT SINIERINGO. 0.
CEB GUN 2. S.
CPILAKENT MAGAZINZ 2. -4
CCOOLING SYSTEM 1. 14,

Al13

AUTONATIC REPAIBR OF SCP HMACHIRERY

.25
4.
2000,
500.
<005
0.
20.
0.
20.
005
3.1
0.
01
0.
0.
.01
.01
005
7.3
0‘
.01
0.
L.
.01
1.75
-15
.005
1.8
0.
.0C8
.005
6
0.
.003
.C0Y
.75
.005
o4
0.
.001
.05
1.6

34.348
60,
2000,
10.

«05
«083
8766.
10000.
20.
99.9
99.9
99. 9
99.9
10.
99.9
99.9
95.9
99.9
959.9
99.9
99.9
10.
938.%
59. 9
99.9
99.9
99.9
99.9
99.9
93.9
10,
99.9
99.9
99.9
1cC.
99.9
99,9
99.9
200.
99.9
16.
99.9
99.9
99,9
10.
99. %
9.9
99,9
99.9
99.9
99,93
$9.9
99.9
99.9
10.
99.9
99,9
99. S

2.
300.

1.
20.
o1

8.
200.

160.
15
1.3
18.
3'
-5
2
1.
3'
«25
12
-7
‘.
1.3
3.
25
« 12
.7
9.

« 16
2.5
15.
12.5
2.
20.
.13
1.5
3.
«25
«12
o7



SCELL CBOSSCUT

* LASER

KR LANP JAGAZINE
SGUIDE BOLLERS
CSHIELD

8CELL INTERCCHNECTICE
CELECTECSTATIC WELDIP
INTEBCONNZCT FEELES
CINTERCCHNNECT ROLL
CSENSCES

"VARIABLE SPEED BCLLERS

' B0TO6 AND TRACKING
SUIDE ROLLEES

‘' DV 5102 OPTICAL CCVER
' EB GUN

CPILANENT MAGAZINE

CCSLAY PEEDER

CHASKING DEVICE

CT-STRIP MASK PACKAGE

C XYGEN DISPERSER

CPANEL BAFFILES

CSICE BAYFLZ

CSIDE BANFPFLE GUIDE

CSOPT SUBFACE BELT

CHOTOR DEIVE

CEND BROLLIRS

CCOOL ING SYSTZN

BDV OF SI02 SUBSTHATE

CEDB GUN

CPILABENT HBAGAZINE

CSLAB FEEDER

CBARSKING DELVICE

CTI-S RIP nASY pACKAGE

COXYGEN DZS..aSER

CE.NEL DAFFLES

CSiDit BAFFPLE

CS1DE BAFFLE GUIDE

CSOFT SURFACE BELT

CBOTOR DRIVE

CEN) ROLLER

CCOULING SYSTZY

MPA JEL ALIGN & INSFST

CACCCLERATOR REIT

CYARIABLE SPEE™ 1ICILEBS

CPANLL RENOVER

CPANLL INSL =R

CEANFL H °tE

CSENSOEKS3

CGUID- BCLLCKS

apPAM L INTERCONNECTION

CF"ECTRGSTATIC WELDESR

CuwTEGRCCNNECT PEEDER
INTEICCNNECT RCLL

«SENS.IRS

30.

3.
10.
60,
0.
1.
1.
1.
2.

CVARI»BLE SPEEDP LRCLLEBS 4.

2s.
.04
60,
<0.

«25
1.0
2.5
3000,
1CC.
100.
550.
0.
é5.
08
60.
50.

Ala

25.

9%.9
99,9
99.9
99.9
15.

99.9
99.9
99.9
99.9
29.9
99%.9
99.9
10.

39.9
99.9
99.9
99.9
99. 9
99.9
99,

9909
99.9
99.9
939.9
99.9
99.9
10.

99.9
99.9
99.9
99l 9
99,9
99.9
99. 9
99.9
99.9
99.9
99.9
9%.9
99.9
'5.

99.9
99.9
99.9
99.9
99.9
99.9
99.9
15.

99‘9
99. 9
99.9
99.9
99.9

L 28
1.
«2
«03

7.
3
‘.
«75
.01
.2

«01
13.
1.25
o84
3.
2.5
.28
«25
80.
160.
«13
150.
3s.
5.
28.
13,
1.3
1)
3.
2.5
025
25
ao.
160.
«13
100.
25,
Se
zo.
7.
3.5
«04
1.25
1.5
.01
«03
?.
S
1.
«75
«01
«04



CHOTOR L

CGIY1CE ROLLERS §.
BLONGITUDINAL CUOT 0.
CLASEE 1.
CKR. LAMP MAGAZINE 1.
CGUIDE FOLLERS 2.
CSHIELD 1.
HKAPTON TAPE APPLICATICHO.
CSTATIONARY TAPER «93
CSTATIONARY TAPE REFILL .93
CCROSS TAPEB .07
CCPUSS TAPE REFILL «07
CSOFT ROLLER 1.57
CGUIDE RCLLERS 8.
CCFOSS TAPL XOTICR -7
BARRAY SIG. FOLD & PACK 0.
CGUIDE NCLLERS 1.
CVERTICAL CEPLECTORS .07
CBOX ALIGNNENT «07
CBOX IABLLIING .07
CTFAILINs ECGE GUIDE .07
BTELECPEFATCEH 0.
CTBLEOP ZRATOR 1.
CCONTROL STATICHN 1.
HCRAWLZE SYSTEnm 0.
CSTE"CTURZ AKD DRIVE 54,
CTEACKS 42,
CJONTFOL UNITS & SENSORSSU.
CCCHPUTZT HARCWARE 54,
CHALISULATCORS 216.
CCCNTEROL CENTER 1.
BIONE BFEFINES 0.
CINDUCTICN COIL 19.
CGAS J:T RING & POUNP 1.
CSIAT ClAMPS & DRIVE 1.
CHANDLING EQUIPNENT 1.
CACT IVE CCCL POR CCILS 1.
CRACIATCE 1.
CPRESS., COMI. & AIRLCCK .167
CEB COTTEF .067
CCOCLINS FOR LY GUNS .067
CPACKI1ING CONTAINEERS 2.

CHAGNZTIU CoNTAINYENT 10,
CnCTIVE COCL FOR ALGCN .167
A¢ASK CLLANUP DEVICE 0.
CNASK T.READER 1.
CCLEALUP 2FOSHES & DRIVE10.
CGAS CIRCULATICN PuuP t.
CPARTICLY FILIZR SYSTEM 1.

MLV CF 1:HNIERCONNECTS 0.
CEB GUXNS 10.
CFILANSNT MAGACZINE 10.
CSLAEB FEECFRS 10.
CBAFPFLES 4.

CROLL WINDING EQUIPMENT ¥,

1S.
5
o.
20,
.1
S5

c.
.5
.08
2.5
.06

« 05

« 05
S.

0.
.08
2,
30.
-]
5.
0.
750.
600,
o.
1500.
2500.
g,
10.
250.
3000.
o.
35.
10.
150.
50,
20¢.
33.
€000.
40,
100,

30.
30.
0.
’0.
10.
1.
o.
:5'
.04
50.
1.
50.

Al5

99.9
99,9

99.9
99.9
99.9
99.9
15.
99,9
99.9
99.9
99.9
99.9
99.9
9%.9
18.
99.9
99.9
99.9
99.9
99.9
0'
90.
99.
20.
95.
100.
99.
99,
99'
99.
20.
99.9
99.9
99.9
99.9
99.9
100.
99.9
99.9
99,
99.9
99.9
99.9
0.
95.
99.9
99.9
9§.
20.
99.9
100,
99.9
100.
99.9



CSIDE BAFFLE GDIDE
CHELT

CCOOLING SYSTZM
BLIOUID AL PIPELINE
CPIPE SECTICNS
CPIPE JOINTS

CEN PUNPS

HIRON PIPELINE
CPIPE SECTION
CPIPE JOINIS

CEN PUM?

BAL ALLOYING FORRACE
CCASING

CCOILls

CRADIATOR & PIPING
CCONTROLLER

BIKON ALLOYING FUBRNACE
CCASING

€COILS

CRADIATOR & PIPING
CCONTROLLER
8CONTINUOUS CASIER
CHOLD

CFLOID

CPIPING SYSTEM
CPUUP

CBADIATO&

MAL SIAB CUTIER

CEB GUN

CFOCUSING

CEB GUN TEACKING
8AL DIT CASTER
CPISTON AND CHAMBER
CHOL DS

CACTIVE COOLING SYSTES
CRALCIATORS

BFE DIZ CASTZR
CPISTCN AND CHAMDEF
CHOLDS

CACTIVE CCOLING SYSTESN
CRACIATOE

1.

MTE ANSFORNER CORE CASTERO.

CCASTER

CACTIVE COOLING SYSTEHN
CRADIATCR

BROLLING NILL
CBOUGHING SZIAND

CSLAD CCCLING SYSTEM
CRADIATOR AND PUNP
CHANLLING & CCHTRCL
CFINISHING STAND
CPREHEIAT SYST:EN

1.
1.
1.
0.
1.
1.
1.
1.
1.
1.

MEND TRIM/WELD/ROLL WIND2,

CEB END TRINMZH
CPOCUSING & CEPLECTION

1.

1.

25.
1400.
500.
0.

3.

.s
10.
0.
10.
1.5
10.
0.
150.
60,
1000.
.

0.
150.
€0,
1000.
5.

0.
160.
100.
150.
10.
500,
0.
10.
15.
<5.
.25
15000.
1000.
1000.
500.
25
2000.
1000.
100-
50.
.0“
1c0co.
1000.
500.
o.
10£000.
10000.
160.
2000,
70000.
100,
0.

e'

2.

A16

'o‘
10.
1.
0.
0.

01
0.
0.

-001
0.

0.
1150.
10,
o1

o.
1150.
10.
.1
0.

o.

00
<0,

0.
20.
30.
1.
o.
7%,

60.
o.
0.
10,
5.

0.
0.
50.
60.
o.
01
225,
5.
10.
10.
150.
10.

10.
kN

99.9
99.9
99.9
0.
99.
99.
99.
0.
99.
99,
99.
0.
95.
95.
99,
99,
0.
95.
95,
929.
99.
o.
95.
99.
PN
99,
100.

99,
99.
9.
o.
99,
99,
99.
100.
o.
99,
99.
99.
100,
0.
99.
99'
100.
20,
95.
95,
99.
95,
$5.

100.

0.
99.
99.

5.
S.
S.

S.



CES SELDER

CACTIVE CCGLING SYSTEH
CBOLL WINCER

CTEFLCN FILM BOLLS
CHANDLING EQUIPMENT
BSHEZ™ THINNER

CEB CUTT:RS

CFOCUSING & LEPLECTIOR
CHASDLING EQUIPMENT
CACTIVE COOLIKG SYSTEa
BRIBEON SLICER
CROLLING STAND
CHANDLING EQUIPMNENT
CSPOOL WINDER

CSPOOLS

MBIBDON TRINMER

CEB CUTIER

CPOCUSING & DEPLECTICHN
CHANCLING EQUIPMENT
8STRIATOE

CSTFIATCR

BFCEBM BOLLER

CEB CUTTzR

CPOCUSING & DEPLECTION
CPORY RCLLER

CHANLLING EQUIPAENT
BELYSTRCN EAD. ASSENELY
CEB WELDZR

CFOCUSING & LEPLECTICN
CSHEET MAGAZINE

1.
0.
49,
49,

CSHEET TEACK & TRANSPOBTIO.

CPIPE %AG. & TRANSFCRT
CPIBBCH 3AG. & TRANS,
CPIPE SEGHENT BENDES
CPIPE £18BCN DENDEH
8DC-DC CCNV. PBODUCER
CCOOLANT CHANNEL DBILL
CWINLING MACHINE
BIHSULATIGN WINDEE
CINSULATICN WINLER
MGLASS FIuts PEGLOCER
CPLATINUY ALLCY TUBE
CPISTON & CYLINDER
CGA5 ?2uap

CGAS CYLINDER

CSPCCL

CSPOCL MOTOFR

C5PCOL THREADZR

#DC CCNV. RALC. ASSEMBLY
CEB WELDLR

CFOCUSING & LEPLECIICN
CSHEEL MAGAZINE

CTBACK & TRANSPCET
CPIPE SEGMENT MAGAZINE
CHAPIPOLD ASSENBLER

6.
6.
6.
6.
0.
1.
T,
C.
1.
0.
1.
1.
1.
1.
6.
‘.
4.
0.
20,
20,
1.
1.
9.
10.

14,
500.
2840.
100,
g.
6.
2.
30.
30.
c.
70000,
30.
0.
2.
9.
8.
2.
20,
0.
20000.
o.
7.
2,
300.
0.
ol
3.
1.
10.
10.
10.
s.
30.
15.
.2
2000,
2000.
C.
500.
o.
uol
100.
30.
“5.
)
10.
10.
g,
2.
1.
15.
300.
10.
0.

Al17

99.
99,
$9.
100.
99.
o.
99.
99,
99,
99,
0.
9%.
99-
99.
99.

99.
99.
99,
0.
99.
0.
99.
99.
99.
99.
o.
99.
99.
99.
99.
99.
99.
99,
99.
’00.
99.
99.

95,
0.
9S.
99.
99.
99.9
99.
99.
99.
0.
99,
99.
99.
99,
99.
9,



BEKLYSTRCH PIANT 0.

CEKLYSTRCN PLANT 1.
8GLASS PCAMING FACT™. 7Y Q.
CPOWCER MIXER 1.
CTHERMAL CCNTROL UNIT 7.
CHoLD 7.
BFOAMED GLASS CUTTER 0.
CEIGHT BLADE SAM 1.
CIWENTY BLADI SaW 1.
CHANDLING EQUIPBENT 1.

CKEEF RENOVAL SYSIEBM 1.
MSHEET CUITER & SICTTER 0.
CLASEB 1,
CBADIATCR ARD PUAP 1.
CCONVEYCR BELT SYSIES 1.
8PCANED GLASS SMOCTHER O,

CSBOOTHING LASER 2.
CRADIATOP AMND EUNP 1.
CCONVEYOR BELT SYISTEY 1.
UVAVEGUIDE DV CF AL 0.
CEB GUM S.
CGUN COOLING SYSTEN S.
CSLAD PEEDERS S.
COAFFPLES A.
CBELT & COOLT™NG SYSTEaA 1.
MWAVEGUIDE F _KAGER 0.
CHANDLING EQULPMENT 1.
CUWAVEGUIDEZ RACKS a50.
COUBLITY CCHNTROL te
BAVAVEGUIDE ASSEMBLER g.
CASSEHNBLY AR3S 8.
CINTERIOR GUIDE 2,
CLASER 4.
CBADIATOL AND PUJP 1.
BPEKSCHNEL DOCKIBG FECH.O.
CDOCKING NECHANISH 1,
BPRESSUSIZED TUNNEL 0.
CTHE TUNXEL 1.
CAIBLCCHS S.
HCARGO OCCKING MECH. d.
CRETENTICN LATCHES q,

CSTRUCTUREZ & DAMPING i
BLOAD-UNLOAD JANIPULATORO,
CHANIEULATOR ARN 1.
CCEEN OPERATING STATICN 1.
BYAGNETIC TRANSPORTER 0.

CFRANE 1.
CHIGH PERMEABILITY PLOG 4,
CTEFLCN SKIDS 8.
CCONIAINER 6.
NTRANSPORTER TRACK 0.
CTRACK 4,
CHAGXNETIC DBIVERS 1280.
CBUSSLCARS 2.
CROUTING CONIROL 1.

21000.
0.
1700.
4000,
170.
20,
0.
4000,
20.
170.
Q.
4000,
40.
210,
o.
17.
20.
50.
500,
0.
100.
10.
30,
0.
10.
15.
4000.
80.
o.
1000.
0.
5000.
5000.
c.
100.
1890,
1.
€Ca0.
2000.
0.
S0,
6.

1.
30.
0.
90040.
30.
45000.
2000.

A8

500,
40000.
17.
5.
80.
1000.
0.

S.

12, .

S.
o5
Q.
10.
1.
Se
0.
10.
1.
S.
0.
1.
.3
«01
0.
24
0.
Se
0.
S.
0.

50.

10.

3.

25.
80.
1.

90.
99.
90,
0.

99.
99.
99.
99.

99.
99,
99.
0.
99.
100.
99.
0.
99 '9
99.9
99,9
99.
99.5
o.
99,
99.9
99,
0.
99.
100.
99.
99,
0.
99,
0.
99.
99,
0.
99.
99.9
0.
95.
99.

99.9
100.
99.9
99.5

99.9
99.9
100.
9.

90.
1.5

100.



BINTERNAL ST10BAGEZ DEVICEO.
CBODY & CCNTBOL CIBCUIT ¥,

CCONTAINER TUBES 8.
CPUSB ABRH 1.
BBEPAIR AUTCAATICHS 0.

CAUTONATIC BEPAIR DEVICEY.

200.
30.
150.

<00.

Al9

1.
0.
1.

001
5.

10.
2.
2.

100,
LI

99.
99.
99.
20.
80.

10,
1.5
7.5
1.
0.



ocv

SPACE BANUFACTURING PACILITY
LINE ITEM COS1ING PROGEAM
M.1.T. SPACE SYSTEES LABCRATOBY

INPUT VAHIABLE SPECIPICATION

BASELINE <AP CASE:; V1 SPS PRODUCLD/YEAR, AUTOMATIC REPAIB OF SCP MACHINERY

SWEF GIOEAML PAIAPETESS:

CALGC TLAYSCLRT COST (3/Ké) = 100.

PAYLOAD FnACTICN UM PLRSCHHLL SHIES = C.10
CHEW TPAMISECHT MASS (KG, PELSCH) = 100,
CELW «AGL (Ir0P) = 14,34

SUPECET GVEIWIAC FACTUL = £.0

SEP MCNIicCODUCTICH MASS (KG) =20€0C00.

SEMP hMCHe CLUZIICN CLST () = 25,
PCALEBLANT STECISIC MASS (KG/KW) = 1¢.
KUMDER CHF MACHINES IN SMF = 60,

ASSENBLY 2ECOUCTIVITY (KG/PERSCN-HE) = 200.0
HABITAT 4ASS (Fu/2ERSOH) = 3040,

HABITAT (oD (68) = 376999936,

RED, LEVIL 1 5 590, /Ks

hED, 1EV.L 2 § 5900, /K

86D, LEV:L 3 5 20000, /KG

FED, LLVEL 4 §1C0YUd. /BG

WURAN SURZLVISICH (bli/Bh CLWN)

T:LLLYEHRATOR BEPAIK = 0.250
CEAWLLF/SCHECULED REPLACERZNT

MANUAL WEPAIN s 1.¢€0
CUTY? CYLLE SULTIPLISH = 1.000

PUGSUNNCL TPANSPOHRT COST ($/KG) =  450.
TRAINING COST (4/PLESCN) = 50000,

CHEW WUTATION RATE (TINLS/YEAR) = 4,0
CONSUMABLES PLOW RATE (KS/PEPSON-CAY) = 0,83
SME OPERATIONAL PLRIOD (YRS) = 20,

SHP NCNPLODUCTICN PCWER (KW) = 1000,

SMF NCNPLOUUCTION EXPLNDADLLS {(KG/YR) =
POWELKFLANT PHOCUREBENT CCST (S/K¥) = 2000,
PRODUCTIUN WOUKRS/Yehk = B7G6L,

COST LISCLUUNTING KATE = 0,10

BABLITAT POWER (Kd/PERSON) = 9,0
HABITAT TuCCUFMNEKT (8/KG) = 100.0
PhCCYLEMENT, LEVEL 1 = 8 50, /KG
PHCCULLMUNT, LEVLL 2 = § 500.,/KG
PLCCULELSNT, LEVEL 3 = § 2000./K3
PRUCUREMNLNT, LEVEL 4 = $13000./KG

CRAMLER/ZAUTCHATIC REPAIR = 0,100
= 0,950 CHANLEU/ZHUNAN HEPAIR = 0,500



Lev

SACHINE ABD CCBPCNENT PABARETEBRS:
NUME R

THERAAL PELT LADCh = 0.0

COPPER JELT 1.00
8GT03 AND LRIV 1.00
END ROLLERS 2.00
THEPAAL CCHTEOL 1. 00

DUTY CYCLE = 0.5970 REQUIBING

D¥ OP AL REAH CONTACT LABOE = 0.0

£EB GION 2.00
PILARENT YAGAZIME .00
S1AB FEEDER 2.c0
PANEL BAFFLES 1,00
S1uE BAFFLE 0.1
SIDE BAFZL: GUIDE 0, 14

0JLING SYSTER 1.60

DUTY CYCLE = 0.5580 LEQULRING

DY OF S1 ABD P-ECPANT LAEOB = 0.0

ED GUYN 20.60
FPILARZENT XAGAZINE ¢0.00
SLAB FLeDBi 20.00
PAREL BAETLES 4,00
SIDE EAFFLE 0.29
SITE CAPFLE GUTDL 0. 29
DURON ION TIMPIANTER 20.00
CUCLING SYSTEH 1.00

DUTY CYCLE = 0.9590 REQUIRIKG

PULSE RECRYSTALLIZATICN LAEOR = 0.0

EB GUN 2.00
PILANENT SAGAZIME 4.00
COOLI¥S SYSTESM 1.C0

DUTY CYICLE = 0.9990 REQUIRING

SCAW SECHYSTALLIZATION LABOR = 0.0

2b GuUN 2.0
PILASENT MAGAZINE é.00
COOLIMG SYSTEA 1.0

PUTY CICLE = 0.5990 REQUL LING

nASS

EXPEND.

40€C.00

1000.00
50.00 -
200,00

246,

EXPEND,

20.00
6.04
50.00
0.05
1.00
2.50
22.00
2486,

EXPEND.

25.00
0.94
60.00¢
0.25
1.00
2.50
25.00
360.00
246,

EXPEMND.,

10.00

0.04
24,00
246,

EXPEND,

5.06
0.08
14.00
2“6.

POIER

PPOCOURENENT

s 0.005 KG/HF AT §

0.0 1030316.87

20.00 257579, 12
0.0 11607. 17
20.0¢ 206063,37
MACHINES k6D = §
°® 0,005 KG/HR AT §
3.0 18571,47
0.0 9,29
0.01 46428.68
0.0 1.29
6.0 50.C0
0.01% 1250.00
0.01 22666,97
MACHINES RED = §

= 0.005 KG/HR AT §

7.30 16434,50

0.0 6,57
0.01 3Iquez.490

0.0 5.21

6.0 50.00

0. 01 1250.00
1.75 16834,50
0.19 370314,00
MACHINES RED = §
= 0.005 KG/IIR AT §
1.80 92085,73

Q.a 9,29
0.01 24727.60
MACHINES BEL = §
= 0,005 KG/HR AT §
0.64 q642.07

0,0 9.29
0.00 14424.4)
MACHINES RED = §

DUTY CIC

20. /%G

99,90
59,90
99.90
99,90
39250000,

10./KG

99.90
99.90
99.90
99.90
99.99
99,90
99,90
11453228,

10. /KG

99,90
99,90
99..:4¢
$9.90
99.90
99.90
929,90
99,90
29413312,

10./KG
99.90

99.90
29,90

100680192,

10. /%6

99.90
99.90
99. 9

100380192,

REP. LABOR

CONPONZENTS = 10.0

0.25
0.25
0.25
0.25

200.09
$0.00
2.50
10.00

CONPONERTS = 10.0

0.10
0.05
0.10
0.05
0.05
0.25
¢.10°

1.00
0.00
2.50
0.00
0.05
0.13
1.10

CONPONENTS = 20.0

0.1

0.05 .

9.1
0.05
0.05
0.25
0.10
0.10

1. 25
0.00
3.00
0.01
0.05
0.13
1.25
18.00

CONPONENTS »100,0

0.10
0.05
0.10

0.50
0.00
1,20

CONPONENTS =100.0

0.10
0.05
g.10

0.2%
0.00
0.70

PARTS CCC

3.
3.

3,
3.

L8C

2e
2

2.
2.



cey

B~DOPANT INPLANTATION 1808 = 0.0 EXPEND, =
PHOSPB. 10N INPLANIER 2.00 25.00 1,78
PNTY CICLE = 1,0000 BEQUIRING MACHINES
ANBERL LAEOR = 6.0 EXPEND, =
EB GUN 2.°0 5.00 0.40
PILANENT NAGAZINE s 40 0,08 0.0
COOLING SYSTEY 1.00 14,90 0.00
CUTY CYCLE = 00,9990 REQUIRIMNG MACHINES
DY OF AL PRONT CONTACT LAECE = 0.0 EXPEND, =
2B GUN 8.C0 10.00 1.60
PILANENT MAGAZINZ 4.Co 0.04 0.0
SLAB PEEUER 4.G0 50.00 0.01
RASK .00 300.00 0.0
".3K GUIDE € ROLLUP 2.00 250.00 2,00
PANEL BAEELES 2.00 C,05 0.0
SIDE EAFILE 0.29 1.00 0.0
SIDE BAFFLE GUIDE 0.9 2,50 .01
COOLING SYSTEN 1.60 30.00 0.01
DUTY CYCLE = 00,9990 REQUIRINKG 246, MACUINES
PRONT CUNTACT SINTERING LAROR = 0.0 EXPEND. =
EB GUY 2.C0 5,00 0.20
PILANENT MAGAZINE 2.00 0.04 0.0
COOLING SYSTEA 1.00 14,00 0.00 .
DUTTY CYCLE o 0,.9Y50 REQUIRING MACHINES
CELL CPOSSCUT LABOR = 0.0 EXPEND, =
LASFd 1.00 20.00 2.50
K. LAMP MAGAZINE 1.60 0.10 0.0
r~"0f KAOLLERS 2,00 0.50 0.0
. ELD 1.C0 1.00 0.0
DUZY CYCLE = 0,9970 REQOIRINS MACHINES
CELL INTERCCHNECTICHN LABOE = 0.0 EXPEND, =
ELECTFOSTATIC WELDER 1.00 10.00 0.50
TUHTERCCONNECT PEEDER 1,00 20, 0. 1,00
INTERCCNMICT BCLL 1.C0 15.00 0.0
SENSCRS 2.00 0.10 0.10
YARIADLEL SPEEC RCLLEKS 4,00 0.80 0.10
ACTCE D TFACKING 1. 00 10,00 1.00
GUICE ROLLERS 4.00 0.50 0.0

DUTY CYCLE = 0.5960 REQHUIPIN:

0,001 KG/HR AT 8 200./KG

0.005 KG/UR AT $

246, MACHINES

23214,38

6D = $

4642.87
9,29
T14024,43

F6D = §
0,050 KG/HR AT §

8368.77
8.37
41843.90
278572.00
2321423.37
1. 16
50.00
1250.00
30909.50

RED = §
0.005 KG/ilk AT $

4gu2.07
9.29
9424,13

FoD w» §

0,005 XG/iiR AT §

20606, 34
103.0)
116.07

<5.76

FED = §
0.001 KG/UR AT $

10303,16
20606, 34
J863.69
52.86
669.50
2575.79
104.61

red = §

99.90
10500000,

10./%6

99,90

99.90

$9.90
19380199,

10./KG

99,90
99.90
99.90
$9.90
99.90
§9.90
99.90
99,90
99.90

22813216,

10./KG

99,90
94,90
9%.90

104160199,

25./KG

99,90
99.90
99. 90
99.90
1405000,

15. /K6

90
3%,9C
99.90
9,90
99.90
99,90
99,90

20745488,

CONPONENTS = 10,0

0. 10

1.25

CONPOVENTIS = 0,0

0,10
0.0%
0.10

e 2%
6.00
0.70

CONPONENTS = 10.0

0.t0
0.05
0.10
0.05
0.25
0,05
0.05
0.25
g.10

0.50
0.00
2.50
15.00
12.50
0.00
0.05
6.3
.50

COMPONENTS = 10.0

0.10
0.05
0.10

0.25
0.00
o. 70

COMPONENTS = 10,0

0.10
0.05
0.10
0-25

1.00
0.00
0.02
0.05

COHPONENTS = 20,0

0,10
0.10
0.05
0.50
4. 10
V.10
0. 10

0.50
1.00
0.75
o.oo
0.08%
0.50
0.02



£Ecy

PV SI02 OPTICAL COVER

EB GUY

PILANCHT MAGAZINVE
SLAB FREDESR

AASK %G CEVICE
T-STRIP NASK PACK
CXYGEN CISFEBSEF
PANBL EAFFLES
STDE BAPFLE

SICE BAFPLZ GUIDE
SOFT SURFACE BELT
NCTOR DEBIVE

END BOLLERS
COOLING SYSTER

OV OF SIG2 SJUSTEATE

ED GUX

PILASERT MAGAZLINE
SLAB PLEDEK
MASXaNG LEVICE

T-STRIP AASK PACKAGE

CXYGEN CISIERSLh
PANEL PAPPILES
SIDE BAFFLE

SICE BAFFLE GUIDE
SUFT SURKACL BLLT
30TOR CF1VE

END RCLLER
CCOLING SYSTEM

PARE] ALIGH & INSZFT

ACCELERATUBR .20
VARIAALE S2EED KC
PANEL BEROVES
PANEL INSEBTER
PANEL HOPPLP
SEVSCRS

GUIDE HOLLERS

LABOR = 0.0 EXPENY, = 0.01C XG/UR AT §
30.00 25.00 7.00 15864,75
30.00 0.04 c.0 6,19
3¢.C0 60.00 0.01 37115.01
1.00 50,00 1,00 51515.84
AGE 1.00 5.00 0.0 1267.90
€.00 5,00 0.01 98,44
6.G0 0.25 0.0 4.92
0.03 1.00 0.0 29.2)
6.43 2.50 0.01 730,85
1.60 3000.00 0.0 772737.62
1.00 700,00 15,00 180305,37
1.0¢ 100.00 5.00 25757.92
1. 00 5%0.00 0,25 566674,.19
DUTY CYCLE = 0.9940 REQUIRING 286, WACHINES REL = $
LAECS = 0.0 LIPEBD, = 0.010 KG/HR AT &
2¢.¢0 25.60 7.00 16434.50
20.00 6.08 0.0 6,57
20.00 60.00 0.01 39462.80
1.00 56,00 1.00 $1515, 84
1.7° 5.00 0.0 1287.90
N0, 5.00 0.01 104.6¢
4.90 0.25 0.0 5.2
.29 1.00 0.0 50,00
0.29 2,50 0,01 1250, 00
1.¢0 2000.00 . 0.0 515158, 44
.00 500.00 10.00 128789,50
1.0 100.06 5,90 25757.92
1.00 900,00 0.15 §12126,75
DUIY CYCL = 0.5940 GEQUIRING 206, BACHINES RED = 8
LABOR = 0.0 EIPEND, = 0.00% KG/UB AT §
1.00 70.00 5.C0 72122.%2
.28 3:.00 0.80 0. 10 490,10
2.00 25.00 0.70 5803.5R
1.00 235.00 0.70 6u39,40
3.00 3,00 1.00 §.53,35
10.00 v. 10 0.10 72,94
60,00 0.50 0.0 69,69
LUTY CYCLR = 0.5580 BEQUIRING 286, AACHINES "D = §

10./K6

99.90
99.90
99.99
99.90
99.90
99.90
99.90
99,90
99,90
99.90
99,90
99.90
99.90

132740816,

10. /K6

99.90
99.90
99.90
99.90
99.90
$5.30
99,40
99.90
99,90
99.90
99.90
99.90
99.90
33740016,

15./K6

99.90
$9.90
99.90
99.90
99.90
99,90
99,90
21820496,

conpnrueE?s =100.0

0.10
0.05
0.10
0. 10
0.05
0.25
0.05
0.05
0.25
0.25
0.25
G.25
G.10

1. 2%
0.00
3,00
2,50
0.25
0.25
0.0%
0.08
0.1)
150.00
35,00
$.00
27,50

COnPONENTS = 10.0

0.10
0.05
0.10
0.0
0.05
0.25
0.05
0.05
0.25
(.25
0.25
0. 45
o"o

1.25
.00
3,00
2,50
0.25
0.25
0,01
0.05
0.1°
100.0.
15.00
$.00
20.00

conpPONENTS = 20,0

9.2%
0.10
0. 1¢,
0.y
0.10
0.5¢
0.1

3,50
0.08
1.25
1,25
1.50
0.00
0.02



124}

- 0.001 KG/HR AT §

= 0,005 KG/HR AT $

- 0.00V KG LRk A $

PAMNEL INTEBECCN.,ECTION LABOR 0.0 EXPRUD.
ELECTECSTATIC WELDER 1. 00 10,00 0.50
INJLPCONMNECT PEEDER 1.00 20.t0 1.00
IUTERCCMMECT KCLL 1.00 15.00 0.0
SLUSONS 2.00 g.10 0,10
VAPIAJLE SP:ED FOLLERS 4,00 0.80 0.10
noIuR 1,00 195,00 5.00
GUIDE ROLLEHS 4.C0 0.50 0.0

DUTY CYCLE = 0,9960 REQUIRING 246, MACHIMES
LONGITUDINAL CUT LABQR = g.0 EXPEND,
LASES 1.0 20 ¢ 2.50
KR. LAXF MAGAZINE 1,00 0. 10 0.0
GJIDE uOLLEPS 2,C9 0.50 0.0
SHIELD 1.60 1,00 ¢. 0
DUTY CYCLE = 00,9970 BEGUIHING 246, MACHINES
KAPTON TAPE APPLICATION LALOE = 0.0 EXPEND,
STATICKARY TAELS €.93 0.50 0.50
S3TATICONAEY TAPE REPILL 0.93 0.06 0.0
CFOSJ TAREE ¢.07 2,540 0.%0
CFOSS 1A2E REFILL 0.07 0.06 ]
SOPT dOLLER 1,57 0.05 0.0
GUICE RCLLEES 8,00 0,05 0.0
CFOSS TAP:. MCTOE ¢.0?7 5.09 5.00
DUTY CYICLE ® 1,C000 REQUIRING 206, MACHINES

AREBAY StG. POLD & PACK LABCR m 0.9 EXPEND, =
GUIDE EOLLERS 11.C0 0.05 0.0
VERTICAL DEFLECIOKS 0,07 2,00 100
POX ALXIGNBEMNT 0.07 30,00 4.00
BCK LABELLIAG 0,07 0.50 0.01
TRAILING ECGE GUILE 0,07 5.00 0.01

DUTY CYCLR » 1,(000 REQUIRING 246, MACHINES

ALL ADOVE BACHINES HAVE BSEN COBRECTED TO PORSM

10302,16
20606,38
3u63,69
92.86
669,50
3363,69
104,61
FED = §

20606.34
103.03
116,07

25,76
kED o $

130.20
15,62
1250.00
30,00
12.04
9.“3

2500.00
oD = 8

0.00% KG/HR AT $

8.99

1000, 00

15000.00

250,00

2500,00
FED o §

15, /K¢

99,90
99,90
99,90
99.90
99,90
9,50

1490

10270500,

25./KC

99,90
99,90
99.90
99.50
10405000,

15./K¢G

99.940
99,90
99.%0
99.90
99.90
99,90

99,90
20041088,

15./%6

99.90
99,90
99.90
99,90
99.90
10187750,

0,10
0.10
0.05
0.5Q
0.10
0.10
0.10

0.0
0.05
0.10
0,25

0‘ 10
0.0%
0.10
0.05
0.10
0,10

0.10

0.10
0.2%
0.25
0.50
0.25

COHPONENTS @ 10.0

0.50
1.00
0.75
0.00
0.08
0,75
o.oz

COMPUNENTS = 10,0

1‘ °°
0.00
0 02
0.05

CONPOUNENTS = 20,0

0.02
0.00
0.1
0.00
0.00
0.00

0.25

CONPCHENTS = 10,0

0.00
0.V0
1.50
0,02

0.25 .

266, STBIPS NEEDED FOR SOLAB CBLL PACTOBY DUTY CYCLE Of 0,968%

24

1,
e,
1.



§2v

TERLZCPERATCH

T.LECPESATLE
CCHTBLL STATION

LABCGE =

LuUTY CYCLE v (.8910 REQUInING

CRAWLED 5YSTEY

STPUCTO4E AND DEIVE
TEACKS

CCuTiCL UKITS € SENSCRS
CLePJUT2h HARDWATE
MANIOILATOPRS

CLNTFIL CLMTES

LABCR =

2

DUTY CICJ/8 * 0.9899 REQUIRING

ZON2 RREPINEC

IsoycTIcs QI

345 Ji&l PINT & PONP
SLib CLA®PS & DalIve

U 450130 EQUIPARIRT
ACTI/:. CCOL FCH CCLLS
SADINTSR

PaLS3. CLWT. & ALRLCCE
3 CUTTIF

CLOLLWG $0R BB GUD3
PACKISo COMTVINERS
BAGNETIC (CYTATSMENT
ACTIVE CGCL PCk ATGCE

LABOR =

LUTY CYCLR » 0.9570 BECUIALNG

BASK CLZAMU? DEVICE

MASK TAPEALER

LABGY =

CLZANP? BEUSHES & TRIVE

GAS CIPCULATICHP PUMP
PARTICLY PILTER SYSTES

LUTY CIZLE = 0.5016 BEQUIRING

DY OF I MIELCCIYECTS

EB GUNS

PILAMENT RAGAZINE

SLAD FLEDLRS

BAPFLES

BOLL WINDING kQUIPRENT
SIDE BAFILL GUIDE

BELTY

COOLIBG SYSTEN

LABOR =

UaBER HASS

3.0 EXPEVE,
1.09 750.00
1.00 600,90

2‘

0.0 LIPLND,
5,00 1500.00
82,00 2500.00
£4.:0 3¢.0¢
54,00 10.00
16.00 2%0.00
1.00 3000.00

1.

0.0 12324 1/
10.09 35.00
10.Q0 16,04
1.00 150,08
t.00 50,00
1.0 200.00
1.00 313,00
.17 6000.00
0.07 40,00
9,01 100,00
2.39 2.00
10.09 30.00
g.17 30.00

60,

0.0 EIPBND,
1.0C 10.00
10.00 5.00
1.¢0 10.00
1.00 1.00

23,

0.0 EIPEND,
10.€0 25.00
10,00 0,04
10.20 $0.4040
8,00 1,00
1.00 $50.00
4.00 25,00
1.00 1400.00
1.00 500.00

Dyt CYCLR = 0,9570 BEQUIEING

S

[ 41311 PROCUREAEET

» °o°

19.00 7
W.00 1
AACULWES

KG/BR AT §

50C000.00
200000, 00

o « §

puUzY CYC

01/'3

90.00
99.00

167000000,

- 0.010 KG/HB AT § 20,/KG

20,00
0.0
.00
0.20
3.00

20.00 ¢

MACHIMES

750000.00
125000.00
1004430.40
100000,00
262653.131
g0r000.00

PLD « 8

95.00
100.00
99,00
99,00
99.00
59,00

127750000,

= 0,010 KG/HR AT $ 20,./KG

25.00
1,00
0.2¢
0.50
0.30
0.0
0.0 3

120,00
V. V0
0.0
3.00
1.00

BACHINES

- 0.0

1.00
1.00
$.00
0.0
BACHINES

31546.68
9313,39
75000.00
25010.00
100000.00
165C.00
000030.00
80000.00
50000.00
57.37
27080, 19
15000.60

6D o §
RG/UR AT §

20000.00
1284,78
5000.00
2000.00

B8O = §

99,90
99.90
99.90
§9.90
99.90
100.00
93.90
99.90
99.00
99.90
99,90
99.90
134967908,

0./%G

95,09
99.90
99.90
$5.00
100294992,

- 0.007 XG/1E AT $ 20./KG

38,70
0.0
G.01
0.0
0.10
0.01

10.00
1.00

BACHINES

50000.00

2.00
100004.400
50.00
100000.00
12500.00
700000.00
250000.00

5¢p e §

99.90
100,00
99.990
100.00
99.90
9’. 90
99.90
99.90
22125504,

REP. LANOR

PARTS CCC

COaroNENTS =100,0

1.00
‘.oo

75.00
60.00

CoBpPONESTS » 50.0

1.00
c.10
1.00
1.00
1.00
1.00

150.00
125.00
1.50
1.00
12.56
300.00

COEPONENTS =100,0

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1,00
1.00
1,00
1.00
.4q9

0.50
0.2%
0.50
2,50
1.50

COnPOELETS =100,0

0.50
.00
0.50
300,00

CONPONENTS = 10,0

1,00
1.00
1.09
1,00
1.00
1.00
'.oo
1.00

0.458

LiC



92y

LIQUED AL PI2ELINE

P1PE SECIIONS
PIPE JOINIS
EN PUBPS
buty

IRON PIPELINE

PIPEL SZCTICH
PIPE JOINTS
EN PUNP
buTY

Al ALLOYINSG FURNACE

CASINS
COlLS
RADIATOP & PIPING
CCHIhOLLER
buTY

IBOV JLLAYING PUBNACE

CASING
CGILS
RAD1IAIOR €& PIPING
CUN" ROLLER
puTY

CCNTINBUOQUS CASTER

AGLD
PLULT
PIPIYG SYSTIN
PUsP
FADIAIOB
buTY

AL SLAB CUTTER

2D GUN
PUCUSING
ED GUw THACKRING
puTY

YUNRER naes POVER  PAGCUIENZNT
LABCE = 0.0 BXPLND, = 0.0 RG/UR AT 3
13.00 3.00 0.0 1500.06
11,00 0.50 0.0 250,00
7.00 16.00 0.01 5000.00
CYCLE = 1,0000 REQUIKI1NG 4, AACULHES LD »
LABOR = 0.0 BXPEND. ® Ge0  KG/WK AT 8
$.00 10.00 0.0 $000.00
3.00 1.5V 0.0 7%0.00
2.00 10,00 v.00 3000.00
CYCLE = 0,5999 AEQUIRING Y. MACHINES RCD o 8
LABOB » 0.0 EXPEND, = 0.0 KG/lUA AT §
1.00 150.00 0.0 300000.00
1.00 60,00 1150.00 30000.00
1.400 1000.00 10.00 $00000.00
1.00 5,00 0,10 1€000,00
CICLE = 0,8U45 BRQUI RkING 3. nACHINES heD = §
LADOB = 0.0 LXPEHD, = 0.0 KG/UR AT $
1.0 150.00 0.0 300900,00
1,00 60.00 1150, 00 30000,00
1.00 1060.00Q 10.60 $00000.00
1.00 5.00 0,10 10000,00
CICLE = 0.£845 BEGUIBING 1. MACHINES BED = §
Lagoa = 0.0 EIPRND, = 0.0 KG/UR AT §
1.00 100.00 0.0 200000.00
1.00 100,00 0.0 $000.00
1.00 150.00 0.0 75000.00
4,00 10,00 20,00 500.00
1,00 500,00 0.0 25000,00
CYCLE » 0,937 REQUIRING 2. MACHINES BED o §
LADCE = 0.0 EXIPBUD, = 0.0 KG/HE AT §
1.00 10,00 20.909 20000.00
1.00 15,00 32,00 30000,00
1.00 25,00 1.00 50000.00
CYICLE @ 0,9703 REQUIRING 3. BACHINES KtD » §

puTY CYC

0./KG

99.00

99,00

99.00
20067400,

0./KG

99,00

99,00

99,00
20107488,

0./FKG

9%.00
95.00
99. oo
$9.00
58400090,

0./KG

95.00
95.00
99.00
99.00
58400000.

0./x8

95.00
99.00
99.00
99.00
100,00
23054992,

0./KG

99.00

99.00

99.00
11000000,

aze, LA8OR

CGRPONZETS

COBPOMENTS

1.00
1,00
1.00

COUCONENTS

1.00
1.00
1.00
1,

ConpPoNEN2S

1.00
1.00
1.00
1,00

CONPONENTS

1.00
1.00
1.00
1.00
1.00

CORPONENTS

1.00
1.00
‘. oo

PABZ8  CcCC

20.0

3.00
9.50
1.00

20.0

19,00
1.50
1. oo

50.0
150.00
olo
10.0¢

0.0

$0.0

150.00

10.00
0.0

5.00
5.00
7.00
1,00
0.0

kN

e

S.
5

S,
S,
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AL DIR CAST:® LaBQ) 0.23%0 LXpEND, = 0.0 KQ/HR AT ?
PISTCE AND CHABDLBE 1. 00 15000.00 75,00 7%00000.00
noLes 19,00 1000.00 5.00 500000,00
BCTIVE CCCLING SYSTLN .00 1660.0Q 60.00 %00000.00
BACIATGES 1.00 500,00 0.0 25000,00
DUTY CYCLE = (.95807 BEQUIRING 1. BACHINES BtD » §
PR DIP CASTIES LABOR = 0.250 EXPRNF, = 0.0 KG/HR AT $
2LSTCY AMD CHAMBLE 1.¢0 2€CC.00 10.C0 1800100.00
YOLLS .00 10V0.00 5,00 $00300,00
ACTIVE COOLING SYSTER 1.00 100,00 8,00 50043.00
RADIATOB 1,00 £0.00 0,0 2%00.00
DUTY CYCLEZ = £.570) GEQUIRING . BACHINES 6D e §
TBAWSPORMLE CORE CASTER LABOR = 0.0u0 EXPEND, = 0.0 KG/He AT $
CAZTIE 1,90 1ovluv. 00 50.C8 500061900.00
A-TIVE CCOLING SYSTEM 1.00 1000,00 60,00 $00000.00
RADIATOK 1.00 5€0,00 0.0 25006.00
DYTT CYCLE = 0,.5001 REQUIGING 1. BACHIVES RCD o §
BGLLING %ILL LABOR = 0.0 EIPEND, = 0.010 XG/HR AT §
RLOGHING STAND 1.00 1090€0.00 225,00 52%0000Q.00
SLAB CCOLING SYST2A 1.0 10009.00 €.00 5000000.00
PAVIATON AMC PUEP 1.C0 160,00 19,00 $00C.00
FadLLidG & CCuIRCL 1,00 2900,00 1¢.0¢ 1090000,00
PINILIING STAND 1.00 79000.00 150.00 3%00200.00
PLEHLAT SYSTER 1.00 100, 00 10,00 5C000.00
LUTY CYICLE = §,08064% REQGUIKING 1, AACHINES RCD = §
END TRIN/<LLL/PO0LL WIND LABCR = 0.0 EXPRYD, = 0.0 KG/Hu AT $
£EB LNL THIMNEFR 1.00 6.4Q0 10.00 12000.00
FLCCUSING € DEPLLCTICH 1.09 2,00 3,00 4000,00
£B WOLDEL 1.00 2.00 1.00 4J00.00
ACTIVE COCLING SYSTEA t.Q0 14,00 1.00 7300,00
SLLL 4INDER 1.00 500,400 50.50 25C€000.00
T.FLCN FILM FOLLS 3000.00 260,00 0.0 4466,70
HANDLING RYUIPSENT 1.00 10¢.00 .00 50000.00
DUTY CYCLE = Q,95415 REQUIGING 2..nucn1las g¢p e §
SHEBET TRIMNEK LABOR = 0.0 EXPEND, o 0.0 KG/HR AT $
EB CuTTERS 3.00 6,00 10.00 *2000.00
PCCUSING & CEPLECTICH 3.00 2.00 3,00 000,00
HAUDLIUG EGQULEBEST 1.00 30.00 1.00 15000.00
ACTIVE COULING SYSTEA 1.00 30.00 1. 50 15000.00
pUTY CYCIE = 0,.9401 BEQUIBING 1. BACHINES RED = §

0./Ke

99.00
99,00
29,00
100,00
105250000.

0./%8

99.00
99.00
99. 00
100.00
35524992,

Q. /KG

99,00

993,00
100.00
75250000,

20./%G

95,00
55,00
99.00
$5.00
45.00
100,00
158050003,

0./%G
99.00
$9.00
99,00
$9.00
99.00
100,00
13410000-
0./%0

99.00
99.00

10460000,

coRPONENTS = 20,0

1.00
1.00
1.00
1.00

750.00
50.00
$0.00

0.0

CONPOVENTS © 20.0

1.00
1.00
1.00
1.00

coapovENTS = 20.0

1.00
1.00
1.00

500.00
5¢.00
0.0

COBPONENTS ® 10.0

,. oo
1.00
‘. oo
1.00
1.00
1.00

1000.00
500.00
5.00
100.00
1000. 00
5.00

CORPONENTS » 10.0

1.00
1,90
1.00
1.00
1,00
1,00
1. °°

0.3%
0050
0.44%
0.0
25.00
5.00
10.00

ConpQuEyts @ 10.0

1.00
1.00
1.00
1.00

0.0%
0.50
3.00
6.2

2.
2.
2.
1,

2.
te
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BIBBCH SLICER LABOR = 0.0 EXPEND,

BOLLING STAND 1.60 70000.00
HANCLING EQUIPMENT 1.00 30,00
SPCOL WINDER 1.00 50.00
SPCCLS 100, 00 2.00

DUTY CYCLE ® 0,931} REQULRING 1.

RIBBACY TRIBAZL LABOR = 0.0 EXPEMD.
£8 CUTTER 1.00 8.00
POCUSING & LCEPLECTION 1.00 2,00
HANDLING EGUIENENT 1.00 20,00

DUTY CYCLE = 0,9703 BEQUIBING 1

STRIATOR LABOR = 0.0 EXPEND.
STRIATUR 1.00 26000,9¢C

DOT. CYCLE » 0.9900 REQOIRING 1.

roas FOLLEK LAGOR = 0.0 EXPEND.
EB CUTTER 1.00 7.00
POCUSING & DEPLECIICH 1,00 2.00
POKS RCLILER 1.00 36¢0.00
HANCLING ECUIFMENT 1. 00 30.00

DUTY CYCLE » 0.5006 BECULFRING 1.

ELYSTHON RAD., ASSENDLY LABOR » 0.0 EXPEND.
EB WELDEFR 49.60 3.0C
FOCUSING & CEELECTIONM 49,00 1,00
SIEET FAGAZINE 2.00 10.00
SHEET TRACK & TRANSFOBT ¢ 10 10,00
PIPE MAG., & TTAMSEGHT 6.Cn 16.00
EIDDBCH B8AG. & TRANS, 6,00 5.00
PIPY SLUMENT BLEDLR €.00 30.00
P1PF S1DLOW BENLES 6.00 15.00

LUTY CYCLE = 0.5999 BEQUIBING 7.

DC~DC CGHY, EBODUCER LABCR = 0.200 EXPEND,
COOLANT CHANNEL DRILL 1.00 2000.900
WISOING BACHINE 1.00 2000,00

DUTY CYCLE = 0.5801 BECUIBIKG Ve

INSULATION WINDER LABOR = 0,0 EXPEND,
INSULATION VWINDER 1. 00 500.00

DUTY CYCLE = 0.9500 REQUIRLN 8.

s 0.0 KG/HR AT 3 0./Ke CONPONZNTS = 10.0

22%.00 3500000.00 95.090 1.00 1000.00
1. 00 15000.00 78,00 1.00 3.00
$.00 25000.00 99,00 1.00 5.00
0.0 58,96 99,60 1.00 0.0

HACHIMES RED * 3 45400492,

- 0.0 KGsouB AT §  0./KG CORPONENTS = 0.0
3.00 16000.00 99.00 1.00 0.8
1,00 4000,00 99,00 1.00 0.50
0.10 10000.00 99.00 1.00 2,00

BACHINES REp o § 10300000,

- 0.0 KG/HR AT $§  0./KG CORPONENTS @ 10,0

$0.00 1000000.00 99.00 1.00 1000.00

HACHINES RCD = § 20000000,

- 2.0 KG/HR M 8 0./KC CONPONENTS = 20,0
3.o00 14000.00 99.00 1.00 0.84
1.00 400,00 99.00 1,00 0.50

30.00 150000.00 99.00 1.00 150.00
1,00 15000.00 99,00 1.0 1.50

MAC.AINES KD ®» $ 21830000,

- 0.0 KG/ZUR AT § 0./%G COMPONENTS ® 20,0
1.00 29640,62 99, 00 1.00 0.48
0.50 980,20 $9.00 1.00 ¢.15
0-50 5000.00 99.¢0 1.00 0.50
0.50 5000, 00 $9,00 1.00 0.50
0.50 5300.00 99.00 1.00 0.50
0. 50 2500.00 59.00 1,00 0.30
1.00 1500.00 99,00 1.00 1.50
0.50 7500.00 59.°0 1.00 0.75

MACHINES §CD @ § «044,000.

= 80,800 KG/HR AT $ 100./.6 CORPONENTS = 10.0

2.00 1000000.77 99,00 1,00 200,00
0.5%0 1C00000.00 99,00 1,00 100.00
HACIHINES keDp = § 30000000,
. 0.0 KG/UR AT 0./%c colvougltl - 10.0
2.00 250000.00 95. 0 1.00 25,00
HACHINWES RED = § 12501000.

3.
2.

t.

2.
2.

2.

s.
Se

5'
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GLASS PIBER PLCDUCEER

PLATINUS ALLOY 1TUBE
P1570 & CYLINDEAR
GAS punp

GAS CYLINDeR

SPCOL

SPLLL aCTICH

S¢0CL TUREACEP

DC CONN¥, hAD. ASHENBLY

ED WLLDcR

PCCUSIML & CEFLECTION
LSULET MAGAZINL

TRACK & TPANSFCFT
212E SLGNLNT NAGAZINE

LABOR = ¢.0 EXPEND,
1.¢9 40.00
.00 100.00
1.00 30.00
1.00 45,00
€,00 0.50
1.00 10.00
4.0v 10.00
DUTY CYCLE = 0.9596 KEQUIKIAS 6
LABOB = 0.0 EXPEND.
20.C0 2.00
20,00 1,90
1.00 15.00
1.00 300.00
5.C0 19.90
1¢.00 1¢.00

MANIFOLLT ASS:NBLER

DUTY CYCLE = 0.S€C1 BEQUIBING

NACHLI

1.€0
L.50
1.¢0
5.00
0.50
1. 00

olo

NES
0.0

1. BACHINES

KG/HR AT §

8G00C.00
200400.00
15000.00
2250.90
12.13
5000.00
10315,79
k6D = 8

Ke/HR AT §

4000.00

2000.00

7500.00

150000,00

5000.00

5000,400
BGD = §

OQ/KG

99.00
99.00
99.00
$9,90
99.90
99.00
99.00
13222754,

0./%G

99.00
99.00
99.00
99.00
99.00
9,08
21734992,

KLYSTEOY PLANT LABOR = 0.0 EXPEND, = 500,000 KG/HR AT $ 25./KG
KLYSTRCH PLANT 1.00 305000.00 40000.00152500000. 80.00

DUTY CYCLE = 00,8000 REQUIFING 1, PACHIMES EED = § 1624999940,
GLASS PCANING FACELITY LABOR = 1.€00 %P END, = 17.000 KG/HR AT § 1. /%G
POWDZR AIXEFP 1.00 75000,00 35.00 37500000.0 990,00
THERMAL CONTHGL UNIT 7.00 850,00 80,00 425000,00 9%.00
ROLD 7.00 210Cv.00 1600.0C 10500000.0 90,00

DUTY CYCLE » 0,8%91 REQUIRING 1. BACHINES ECD = § 534249472,
POARED GLASS CUTIcR LAPRCE = 0.0 EXPEND. = 0.0 KG/HR AT § 0./KG
EIGHT BLADE SAM 1.00 17€48.0¢0 5.0 850000,00 949,00
TWEKTY BLACE SAWN 1.00 000,00 12,00 2006000.00 99,00
HASDLING EQUIPRENT 1.0 179.0¢8 5.00 8500.00 99.00
REBF BLBACYAL SYSTEY 1.00 20,00 0.50 1€000.00 99,00

DUTY CYCLE m 0,5606 BEQUIBING 1. HACHINES 860 * § 38684992,

CORPONENTS = 10,0

1.00
1.00
1.00
1.00
.00
1.00
1.60

o'o

5.00
1.50
2,00
0.03
0.75
1.00

CONPONENTS = 20,0

1.00
1.00
1.00
1.00
1.00
1.00

0. 44
0.15
0.75
‘.so
0.50
0.50

COBPONENTS =100.0

1.00

15300,00

COBPONBNTIS = 50,0

1.00
1.00

1.00

7500.00
17.00

1000.00

COMPUNERTS = 10,0

2.

2.
2.

sl

5.
S,
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NUNEER WASS

SBEET COTTER & SLCITES LABOB = 0.6 EXPBND.
LASER 14,09 4000,00
RADIATOR AND PUAP 1.00 20,00
CONVEYOR EBELT SYSTEN 1.00 170.00

DUTY CYCLE = 0,9001 REQUIRING 2.

POABED GLASS SMCOTHEG LABOS = 0.0 EXPEND,
SHCOTHING LASER 2,00 4000.00
RADIATICH AND pPUNP 1,00 40,00
CCNVEYOR BELT SYSTED 1.0 210.00

DUTY CYCLE = 0.%€99 REQUIRING kK

BAYEGUIDE DV CP Al LAPOR = 0.0 EXPEND.
ED GUN 5.00 17.00
GUN CCCLING SYSTEM 5,00 20,00
SLAD FEELERS £.00 50.00
LAFFLES 4.00 0,25
8LLT & CUOLING SYSTEMN 1.00 500.00

DUTY CYCLE = 0. 9950 BEQULAING 3,

VAVEGUIDE PACKAGEF LADOR = 0.0 EXPEND.
HANDLING ECOIFMENT 1.€0 1€0.00
VAVEGUIUE RACKS 8%0.00 10,00
QUALITY CCNTRCL 1,00 50.00

DUTY CYCLE = (,9301 REQUIRING 3.

VAVEGUIDE ASSZMBL:zF LABOR = 0.0 RXPEND,
ASSEMBLY AGAS 8.€0 10.00
INTERICR GOUICE 2.00 15,00
LASER 4.00 4000.00
BADIATOR AND POMP 1.00 80,400

DUTY CYCLE = 0.9900 BEQUIRING ’ 12,

POVER PROCYURENENT puTY CIC
- 0.0 XG/HR AT $§ O./KG
10.00 8000000.00 99,00
1.00 10000, 00 99,00
5.00 8500.00 99,00
MACHINES kED = $ 100104992,
10.00 0000000.00 99,00
1,00 20000,00 100,00
5.00 105000.00 99.00
MACHINES D e $ 101250000,
- 0.0 KG/HR AT 8 0,/KC
17.00 34000.00 99.90
0, 30 10030.00 99,90
¢.01 100600.00 9%.90
0,0 12,50 $9.00
2.00 250000.00 99. 50
BACHINES BED = § 13940125,
= 0.0 KG/ilt AT $ 0./KG
5.00 200000.00 99,00
0.0 101,37 99,990
5.00 100000.00 99.00
MACHINES BED = § 13005000,
= 0,0 KG/UR AT $  0./K%G
1.00 20000.00 99,00
0.0 7500,00 100,00
10.00 8000(000.00 99.00
4,00 4$0000.00 99,00
MACHINES BED = $ 100674992,

BEP. LADOR

CONPONZNTS @

1.00
1.00
1.00

CORPONENTS =

- X-X-4
[-X-2-]

CONPONZNIS =

1.00
1.00
1.09
‘.oo
1.00

CONPONENTS »

1.00
1.00
1.00

CONPOKENTS o

1.00
1,00
1.00
1,00

PARTS CcCC
20.0
75.00 3.
1.00 2.
.00 1.
20.0
75.00 3
2.00 2.
.00 2.
10.0
0.48 3,
0.0 2.
50.00 3.
*5.00 1.
0.0 2.
10.0
.00 3
250.00 1.
0.0 3.
20.0
25,00 3,
0.0 2.
75.00 2.
4,00 2

i3C

Se
S.

Se
Se
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NUAEER NASS POVLR PROCURENENT DUTY CIC
PERSCHMMEL [OCKING ARECH,. LAROR = 0.0 EXP2UD, = 0.0 KG/NE® AT § 0./RG
DOCK1ING RMECHANISA 1.00 1000.00 1.00 500000.00 99,00

DUTY CYCLE = 0,9900 REQUIRING 4, NACHINES BED = § 15000000,
PRESSURIZED TUMNNEL LAEOK o 0.0 EXPEND. = 0.0 KG/HR AT 8 0./KG
TKE TUNNEL 1.00 5000.0¢ 0.10 2500000.00 99,00
MLRLOCKS 5,00 $000.00 0.50 2500000,00 29,00

LUTY CYCLE = 0.9900 REQUIKING o MACHINES BED = $ ¢0000000.
CARGO DOCKING #ECH. LABOE @ 0.0 EXPRUD, = 0.0 KG/HR AT 8 0./KG
RETENTION LATCHES 4.00 100.00 0.10 200000.00 99,00
STRUCTJKE & DANPING 1,00 1800,00 0.0 900000.00 99,90

DITY CYCLE = €,9930 REQULL ING 2. MACuLLNES fFED = § 31000000,
LOAD~UNLOAD MANIPULATOPR LABOR = 1,000 EIPEND, = 0.0 KG/HR AT § 0./KkG
NANIPULATOR ARN 1.06 $000.00 10.G0 10000000.0 95,00
CBLW CPEBATING STATION 1.00 2000,00 1.00 4000000,00 99, 00

DUTY CYCLE =~ (0.54(S REQULRING 4. AACHINES k6D = § 190000000,
BAGVETIC TRANSPCRIES LABCR = 0.0 EXPEND, = 0,0 KG/lig AT § 0./KG
PRANL 1.00 90.00 0.0 14i7,19 99,90
#1G) PERYEABILITY PLUG 4,00 6,00 2,0 1381,34 100,00
TEFLCN 5KILS 8.00 1.690 0.9 207,49 99,90
CCANTAINER ©. 00 30,00 0.0 6499,17 99,50

DUTY CYCLE = 0.9%90 RRQUI k1NG 130, AACHINES KGD = § 50210000,
TRANSPOBTEB TRACK LABOR = 0.0 EXPEND, = 0.0 rG/UR AT $ 0./KG
TRACK 4.00 $000.00 0.0 450000,00 99,90
MIGNETIC DRIVERS 1260.,00 30,00 0.01 6033,80 99,90
EUSSEARS 2,00 450€0.00 0.0 2250000.00 100,00
FOUTING CCATRCL 1.0¢0 000,00 11.00 400G6000,00 99,00

DUTY CYCLE = 0,9900 BEQUIRING 1, BACHINES RED = 8 77150000,
IVTERNAL STCRAGE DEVICE LABOR = 0.0 BIPEND, » 0.0 KG/HR AT §$ Qe/KG
DODY & CONTROL CIRCODIT 1.00 200.00 1.00 100000,00 99.00
CONTAINER TUBES 8.C0 10,400 0.0 15000,00 99.00
PUSH ARY 1.00 150,00 1.00 75000,00 99,00

DUTY CYCLE = (.58CY REQUIRING 8. BACHINES 6D = 8§ 11900000,
BEPAIB AUTCHEATONS LABCE = 0.0 EXPEND, = 0.007 XG/HR AT § 20./KG
AUTONATIC REPAIR DRVICE 1.¢0 200.00 5.00 2000000.00 80,00

puTY CICLE ® 00,8000 BRQUIRIND 83, BACH1INES 56D = 3 120000000,

REP. LADOR

CONPONRNTS »

1.00

CONPONENTS =

1.00
1.00

CONTONRYTS @

1.00
1.00

CONPONEYTS »

COHPONENTS =

1.00
1.00
1,00
t,00

CGHPONENTS w»

1,00
1.00
1.00
1.00

CONPONENTS @

1,00
1.00
1.00

PARTS CCC
10.0
50.00 2.
‘o.o
250.00 2.
0.0 2.
20.0
$.00 3
o.o 2'
$0.0
2%50.00 3,
100.00 3,
50.0
2,50 3\
o‘o 20
0.20 2.
1.50 2.
10.0
90.00 1,
1.50 2.
0.0 e
100.00 3,
10,0
10.00 2.
1.50 2.
7.%0 2,

coaPoNENTS *100,0

1.00

Lac

%
S.

Se

%e
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THEEMAL BELT

OV OF AL HEAR CCNIACT
DV OF SI AND P=-LOPANT
PULSE RECPYSTALLIZATION
SCAN RECRYSTALLIZATION
N-DOPANT IMELANTATICN
ANNEAL

DV OF AL FRCNT CONTAZT
FROMNT CCNTACT SINTERING
CELL CROSSCUT

CLCLL INTERCCNNECTICN

DV SI02 OPTICAL COVER
DV OF SI02 SUUSTRATE
PANEL ALIGN & INSERT
PANEL INTEECCHNNECTION
LONGITUDINAL CUT

KAPTUN TAPE APPLICATICN
ARRAY 5EG. FOLL & PACK
TELEOPELATOR

CRAWLLER SYSTLM

ZCHNL REFINEDL

MASK CLEANUP DLVICE

DV OF INTERCCNNECTS
LIQUID AL PIPELINE

IRGN PIPFELINE

AL ALLOYING FUKNACE
IRON ALLOYING PURNACE
CONTINUCUS CASTLR

AL SLAB CUTTER

AL DIE CASTER

$38158%3
R &ED

392506090,
11853224,
29413312,
1000b0 192,
100386192,
10500000,
10380199,
22813216,
10380199,
164€5CQ0.
207454883,
132740816,
337408 16,
21820496,
1€2705¢0.
10405000,
26041C483,
101827¢<90,
167€60C00,
127750000,
1349467484,
16025u8y2,
22125404,
20067488,
20107488,
58400C00.
€au4C0¢q0.
23054992,
110€0000.
105250000,

PRCCURLMENT

403567616,
4663008,
4835015649,
11522491,
6311443,
12350027,
6311843,
333457498,
6311643,
5577291,
10807879,
845030912,
59933V 30y,
46923484,
111904560,
5577291,
131546,
375424,
174C2000,
130083104,
83394 73v.
5496196.
12876095,
229CC0.
37250,
2520000,
840000,
614000,
200000,
17524992,

NCHRECUHFING CCSTS $5335588S

TRANSPORT

140979984,
4325689,
68170816,
1122526,
640527,
1329999,
640527,
36475672,
640527,
587860,
1606638,
185912672,
127089696,
7756555,
17396138,
587860,
40658,
84455,
270000,
24516000,
132291331,
1775CGC.
1377199,
4580C.
7450,
364500,
121500,
1780C€0.
10000,
3550000,

POWER

29431488,
4509564 ,
133704560,
2660035,
886923,
2582997,
590546,
7703553,
295641,
1839468,
2270658,
169904160,
114727056,
10532290,
5218864,
1839468,
627288.
280417,
106920,
6024764,
53793072,
1081916.
5357177,
840.

6o
9235394,
3076464,
446925,
296911,
676268,

TOTALS

572285440,
58048944,
673310976.
115080704,
107696720,
25734432,
17400368,
372635648,
17105456,
17946064,
34505216,
1256077820,
820269624,
71610020,
27910272,
17946064,
208276 16.
10923045,
2064776912, °
288373760,
285379584,
162550576,
41735936,
20343104,
20152176,
70519488,
62419952,
24253904,
11506911,
127001248,



EEv

PE DIE CASTEK
TRANSPORHMLR CORE CASTESR
RCLLING MILL

END TRIM/WELD/ROLL WIND
SHEET TRIWMER

RIDBON SLICER

RIDLCN THIMMER

STHIATOR

PORM FCLLER

KLYSTIFON BAL. ASSENBLY
DC-DC CCNV. PKGCDUCELR
INSULATION W1NUDESR

GLALS PIBER PKROLUCER

CC COWvY. RAD. ASSEMDLY
KLYSTEON PLANT

GLASS PCAMING FACILITY
FOAMEL GLAGSGS CUTTEER
SHELT CUTTLl & SLCTTER
FOAMED GLASS SMCUTIER
WAVLGUIDT DV OF AL
WAVEGHIDE PACKAGIR
WAVLGUIDE NRSSLMULER
PERSGUNEL DOCKILNG MECH.
PRESSURIZED TUNNUL
CARGO DCCKINRG NKECH.
LOAC-UNLOAL MANIPULATOR
MAGNETTIC TRAMSECRIESR
TRANSFOKTER TRACK
INTERNAL STORAGE DEVICE
REPAIk AUTOMATGCNS

TOTALS

$33°$3355 NCNRECUKKING COSTS (CONT.) 335333588

R&ZD

35524992,
75250100,
158050004,
1241CCC0.
104600403,
4540C992.
103¢0000.
208C00¢0.,
$1430900,
2C480000,
J3€acocCeo.
12500000,
13222750.
21734492,
1624959940,
534248472,
368684992,
100184992,
101250000,
13040125,
13695000,
10674992,
15QCq94cC0.
6CCCAGCa.
310000G0.
19CCcg0ago.
50210000.
77150C400.
11900000,
120000000,

5045313540,

PROCUKLMENT

1552500,
5£25009.
14805000,
274541619,
78000,
3¢45899%s6.
30909,
1000060,
183€CC9,
288H040,
2000000,
2060900,
2(‘958 73v.
372509,
1525€9009,
113974992,
2868500,
2240 lun92,
4031992,
29191493,
1302493,
3065797112,
2000000,
3¢Ciuuo0.
3400000,
56000000,
€187676,
18023248,
2360000,
84C€00090.

4300349440,

TRANSPORT

315000,
1150000,
18720000,
168124800,
8400,
7026000.
3000.
2000000,
334CQ.
445200.
400000,
409000,
1634800.
56500,
30569000,
22794992,
589C90.
11238000
2075000,
280800,
2555200.
19428060,
400000.
6000C00.
4400C0.
2800000.
3406000,
166400CQ.
472000,
8400C0.

944832512,

POWER

66951,
323433,
991824,
395422,
122022.
6452uH,
11629,
148500.
100663,
1942292,
7351,
45600,
1580516.
148485,
$5999968.
20485968,
64840.
8585664
2316137,
792963,
88209,
1853276.
11880.
15444,
2398,
124146,
(" »
RTT710,
47045,
504000.

697467904,

TOTALS

37459424,
822unu16,
19256800,
209354 368,
106648.22,
5662018,
10344534,
23148496,
22147728,
29752340,
32407344,
14945600,
37396764,
22312464,
1903999490,
691504896,
42207312,
336318208.
192331616,
17924016,
17090704,
508535552,
17411072,
96015440,
348421384,
248524144,
59803664,
1118150960,
1477904y,
205343984,

10732580900,



1A%}

TUERNAL BELY

DY OP AL REAG CONTACT
OV CF SI ANC 2-D0FANT
PULSE RECaYSIALLIZATION
SCAN PECAYSTALLIZATICH
¥-NOEANT IMPLANTATION
ANNEAL

OV OF AL ZFCHT CUNTACT
PRCKT CONTACT SINTERING
CELL CRCS5HCUT

CELL INICRCLUMECTICY

LY SIC2 CP?TITAL CCVZH
DY GP SI02 SUBSTRAIE
PAMNEL ALIGN & JUSERT
PANEL INTERCCNNECTION
LONGITYDINAEL CUT

KAPTCN TAPE APPLICATION
AREAY S:u. FOLO 6 PACK
TRLECPLERATCS

ChAWLER S5YSTec

CONE HEFINEF

MASK CLcANUP DEVICE

DV OF INTLRCCNNACTS
LIOULIL AL PI2ZLINE

IKRGN PIFELINZ

AL ALLOYIIG FUFNACE
1508 ALLOYING FUZNACE
CCNTINUOUS CASTER

AL SLAB CUTTER

AL DIE CA3TES

OFERA1INC
LABCK

133935858 RECURRING COSTS 3$$353588

EXPEMNDADLES
PROCURENENT TAANSPORT
232470, 1162319,
116 354, 1103541,
16411, 1164709,
116471, 1194707,
AT AN 1164907,
466 450, 233175,
IRCYRAN 11454707,
1164707, 11647002,
116471, 1164707,
291595, 11621179,
J4B37.,. 23224k,
231740, 23171766,
231780, 2317796,
34906, 232109,
340837, 232244,
290595, 1162379,
34976, 213171,
34976, 233170,
0. 0.
1735, 68677,
04877, 524303,
0. 0.
874, 4370,
o. o.
0. 0.
[+18 Q.
0. C.
0. Ce
0. 0.
00 o.

LADOR

100191,
55416,
591557,
32032,
32032,
160 16,
32032,
151113,
32032,
48049,
172174,
835164,
583549,
1205217,
172174,
44Gu9.
89210,
950496,
66225,
1791093,
651563,
835351,
31632,
373270.
30102,
108369,
36123,
66225,
1806 1.
63215,

REPAIR
PHOCUBENENT

20178368,
2034155,
24175068,
576124,
315592,
617501,
315592,
16672924,
315592,
278864,
S4U 394,
82291552,
29966560,
1734618,
$57523.
278064,
6577,
18771,
1739999,
9099 153,
§531217,
15352445,
6013995,
103000,
28250,
915000,
305000,
27900,
15200,
875000,

TRAR3PORT

9516 148,
291904,
4601531,
79145,
43236,
8977s,
43236,
2462121,
43236,
39680,
108448,
12549110,
8578563,
523568,
117425,
396640,
2744,
5701,
36450,
2225474,
100562,
1104624,
2959468,
27610,
7627,
64600,
21600,
5670,
1026,
236250,

TOTALS

280844400,
3385229,
26344896,
1820472,
1546319,
- 1415838,
1546319,
296084560,
1566319,
1682757,
1000265.
$Ja1a560,
JY544560.
Ju50u92,
1030424,
1682757,
339109,
3g7720.
1062671,
13126132,
19345130,
17372416,
90161130,
5040430,
65930,
1048168,
362221,
99795.
308287,
1248223,



SEY

PE CIE CASTER
TRANSPORNER COKE CASTER
FEOLLIMAG NILL

E'G THhIM/MELD/ROLL VIND
SHELT THIMAZR

RIBOCN SLICES

RIBUCN ThIM%en

STRIAICR

PCPN ICLLLI

KLYSTHECH tAD. ASSENBLY
CC-CC CC/d, EICDYCLR
INSULATICN WINCEF

GLASS Tloli PRCDJICES

DC LMV, BAD. ASSENBLY
KLYLTiO% 2L aNT

SLASS PCANING PACILITY
POAEL JuLd5S CUTTEF
SHE, T CUTIZF & SLCTTLR
FOAEL GLASS SYOOTHEM
WAV LUTDe DV CF AL
SAVESUICE PLCKAGLER
sAVISUIVE ASSEMBLER
PEPSCUNEL LCCKING AECH.
PRESSUFILLD TUNNEL
CAFGC QuULKING ELTH,
LOAC-UNLOAL MAMIDPULATOR
MAGMETIC TPANSECRIESR
TRANSEOPIEP THACK
INTERNAL STOIAGE CEVICE
BEPAI W AUIOSATONS

TOTALS

OPERATING
LABCH

73021,
11801,

270651,
0.
0.
.
G.
0.
q.
0.
Q.

9.
1132451,
0.
0.
0'

1620690,

EXPEMDABLES
FHOCURENENT TRANSPOFT
Q. Q.
0. 0.
914, 7069.
J. 0.
9. 0.
0. 01
0. 0.
0. ol
0. 0.
0. 0.
69 . 9760, 6%941972¢€0,
' .
0. 0.
0. 9.
87659952, 350639610,
133980, 133985540,
0. 0.
0. 9.
a, G.
0. 0.
0. 0.
0- 00
Q. 0.
0. 0.
0. 0.
0. 0.
ol o.
ol O'
0. 0.
5391, 29u4%4,
161109984, 462185216,

$33335338 KECUBRING COS™31 (CONT,) 53%5833$

LABOR

3031,
6020,
63215,
36123,
24482,
322056,
9031,
3010,
12041,
2739314,
6020,
129410,
1597548,
183625,
60295,
261491,
12041,
95328,
2192,
aM106,
765755,
469598,
120419,
36121,
24684,
T224€,
15206229,
389566,
240019,
2524604,

20097152,

BEPALR
PROCURENENT

0.
275000.
402750,
519094,
7140,
54000,
2880.
50000,
77630.
276414,
150000,
100000,
916656,
29475,
7649997,
7309494,
o‘
8201490,
910500,
1522199,
115924635,
12024090,
100000,
250000,
80000.
2800000,
305837,
604161,
1108000,

0.

220210608,

TRARSPCRT

o.
F8250.
352350,
80590621,

3179,
2065499,
1973564,

0.
205120,
63585,
126441,
86064512,
31648C.
27600,
67500,
S4c0,
169000,
229905.
321300,
31860.
o.

183262448,

TOTALS

82052,
367C72.
826797,

4615039,

32008,
9512176,

12308,
168010,
110250.

3068121,
139095024,
2475410,
26440840,
216279,
488074752,
23348112,
12Cu.
a582944,
1001177,
1702824,
98442720,
13310076,
135041,
353023,
110084,
4193697,
2061970,
1315029,
390679,
2564%48,

1000278020.



9eyY

TCTAL DIKRECT ¥GN~RECURRING CCST =$10732560900.
TOTAL DIRECT RECUBHRING CCST =§ 1000278020,

TOTAML DIMECT PRODUCTICN HASS (KG) = 5448125,
TOTAL DIKSCT PRODUCTICN EUWEB (KW) = 232489,
TOTAL DIRECT PHOLUCTICN CRLW = 216. EECPLE

TCTAl SHMP CHEW = 433.

CREW TRANSECRT MASS = 173151, KG, CCHSUMABLE MASS = 131140, KG

CREW TRANSEORT COST=$ 7791:080. CCNSUMAELFS COST= 13114043,

CREW TRAINING COSTS =3 21641920.
SUEECFT CPEW WAG2S =8 65153504,
SUPPORT EXPENDALLFS TRANSFCKT COST =§ 0.

HABITAT MASS (KG) = 13159¢%0,

HARITAT POMWER (Kd) = 1896,

RED AND FROCUREMZAT CCS. CF HASITA1 (8) = 5085946848,
TRANSPSRT COST OF HABITAT ($) = 131 4992,

EOYEF CCST CP HABITAT ($) = 11687717,

NONRECUBRING CUST CP NCHPRCCUCTICK SHE =3 50000000,

TOTAL SHF MASS (XG) = 1513u12¢0,
TOTAL SMP POWER {(sW¥) = 2373485,

SHP SUPECET TLANSPORT COST =§201000000,
SKFP SUPPORT POWLR COST =% 2Z(CCCOGC.,

SETUP COSTS =8 3986410, FOR 8., PEODQLE

$33353585 DIRECT COSTS: NONKECURBING +«$10732580900.,

RECURBING

=3 1000278020,

$8833883 INDIRECT COS1S: NONEECURRING =$§ 907963392,, RECURRING =% 177829536,

$333833S SME LIFE CYCLE COS1S=$ 216704u860Gd.
$385855383 DISCOUNTEL AVEBAGE SES CCST=$ 1083524100,



A.2: PROGRAM SPSLP
(LINEAR PROGRAMMING OPTIMIZATION
OF SMF BUILDUP SCENARIO)

LISTING
DATA
QUTPUT

A37



COBESRLESBIRETLOIF I LR LRAE LTSS REP R SR SRS NSO STCE IR S S X R R RS 0389 ¢3SPS000 10
LP OFTINIZATION OF SPS PRODUCTICN OPTIONS

Ce
(<
Ce
Cs
Ce

B.I.T.

SPACE SYSTEMNS LAB

APBIL 11, 1979
PBOCUCED UNDER CCNTBACT TO THE MASA MARSHALL SPACE FLIGHT CESTER

Ce
C*
Ce
(o
Ce
Ce
Ce
Ce
Cs
Cs
Cs
(& J
(o4 ]
Ce
C*

THIS PBCGRAM SETS UP A 64 X 100 SISPLSX TABUEAU FOR THREE

COMPETING EBERGY CETIONS:

1) SOLAR PCWEE SATELLITES PREPABRICATED CR EARTH

2) SCLAR PCWER SATELLITES PRCDUCED IN SPACE FBOM LOUNABR BATERIAL

3) GROUND-BASED POSER PRODUCTION¥ IN THE SAME TINME PRANE AS SPS

THE T#O SES CPTICHS HAVE ASSOCIATED RESEARCH AND DEVELCPHNENT COSTS,

WBITH THE GRCUUD-BASED OPTION DOES NOT BAVE. THE LP OPTIAIZATION
CHCOSES BULCGETABY ALLOCATICNS POR A .20-YBAR ENERGY PROGRAN
DNDER THE FOLLOWING ASSUMPTIONS:

1) YEARLY ISBVESTHENTS ABE LINITED

2) IMVESTHENT CAPITAL IN

A GIVEN YEBAR HAY EER RO0GHENTED FROM

PROPITS OF THE PREVIOUS YEAR
3) THE OBJECTIVE FUNCTION IS TO MAXINIZE THE NET PRESEST VALUE

OF THE NET PBOF1IS

Cs
Ce
ce
Ce
Ce
(¢ J
C®
Cs
o®
Ce
Ce
ce
Ce

ce

o e ——

VABIABLE DEFINITIONS:

RE B6D CCST OF EABTH-SUPPLY SPS

8L B6D CCST OP LUNAB-SUPPLY ¢ °

CE PRCDUCTICH CCST OF AN EAB. (-SUPPLY SPS

CL PRONUCTION COST OF A LUNAR-SUPPLY SPS

(o] PECDUCTICE COST FOR 10,000 M¥ GROUNKD-BASED POWER STATION
BR YEAFLY MO“ETABY BETURN PROM ONE SPS OR BQUIVALENT

B CISCCUNT BRATE

SPSUAX MARKET LIMIT ON POWER STATIONS
1{1) DULGETARY ALLOCATICH POR YEAR I
A

TABLEAU BATRIX
8 CCNSTRBINTS

C CCEPFICIENTS OF OBJECTIVE PUNCTICN

c.------—-“ ...... B N - -

DAVIE 1. AKIN

APRIL 11, 1979

SPS0002¢C
SPs00030
5Ps09040
SPS00050
SPs00060
spPs00070
SPs00030
SPS00090
SPS00160
5PS0G110
sps00120
$2500130
SPS00140
sPs00150
SPS00160
sPs00170
ses00180
59500190
sPs00200
sPs500210
Sps00220
5Ps00230
spPs090240
SP300250
sSps00260
5p500270
sps00280
sps00290
5500300
Sps00310
SPs00320
SPS00330
SPs00340
Sps500350
$-500360

CESPBESSO2 S LARRSICE LR $2 VIR SUE SIS SRS 0B 0052 IR0 0E8 00009884 SESN0370

ce

C*

ce
ce

DINENSION A(65,100),.B (55)
+198{193),Y(20)

+C (100) ,PSOL (100) ,DSOL (65) ,RU(4518) ,

REAT '54101)RE,BL,CE,CL,CG,BR,R,SPSHAL,CHRCK

BEAD (S, 102) (Y {I),I=1,.10)
BEAD(5,102) XY ({1),1=11,20)
WRITE(6,201) FE,BL
WBITE(6,202)CE,CL,CG
YRITE (6,203)BR

INITIALIZE TABLEAU ABBAY
DO Y I=1,65

po 1 J=1,100
A{I,J)=0.

CORSTRIINT TO PAY B&ED ON EARTH-SUPPLY SYSTER

A38

SPsS00380
SPS00390
5Ps00400
sSps004 10
SPS00420
SPsS0043¢G
sSPs00uaQ
SpPs00450
SPS00460
SPS00870
SPS004s80
SPS00490
SPS00500
SPS00510
SPsS00520
Sps00530



Ce

ce
ce
ce

Ce
(o ]
ce

Ce

8
9
ce
Ce
Ce

10

Ce

DO 4 1s1,20

0o 2 J=1,1
A(L,3)=~1,/88
AfI,I+00)=1,

IF (I.EQ.1) GO T0 &
KisI-1

DO 3 XKa1,KY
AfI,Kr00)=-),
B{I)=0.

PO 7 124,20

Lo 5 J=1,1
A(I+20,J#2C)=a-1,./BL
A{I+20,3¢60) =1,

Ir §I.EQ.1) GO T0 7
Ki=I-1

00 6 K=1,K1t
A{1020,K+60)=-1,
B{1+20)=0.

CONSTRAINT FCR YEARLY BUDGBT

DO 9 1=1,20
A{Ie00,1)=),
A({1+40,1420)=1.
A(T+00,1040) =CE
A{Io0),I+eC)=CL
A{1e40,I+80)=CG
IP (1.EG.1) GO TO 9
K1=I-1

pe 8 K=3,K1
A(I+40,K+40) =-8R
A{I+4C,XK*60)=-BB

A{1+40,K+80)=-BR
CCNTINDS
Belen0)=x({1)

DO 10 J=1,20
A(E1,0040) =1,
A{61,J60) =1,
A61,3¢580; =1,
Al62,23=1,
A(€3,0¢20)-1.
B{61) =SPSAAK
B(62)=RE
B{63)=BL

CONSTRAIRT TC EAY BED ON LUNAR-SUPPLY SYSTRS

TAKE OUT THE FCLLOWING LINE TO DECOUPLB GROUND-BASBL PROPITS

CONSTRAINIS CN NUNBER OF SPS*S AND BRED SPESDING

A39

SPS00540
SPSNesSsSo
SPS0U560
SP500570
SPs00580
SP500590
5ps00600
SPS09% 10
SPsd0620
SPs00630
5pr500640
$8500650
SPS00660
SPS00670
Srs00680
spPs00690
SPs500700
sSP500710
S°500720
SPs00730
sP500740
SPs00750
S£s00760
sSps00770
5psC0780
52500790
SpPsv08¢CO
SPsS00810
50500929
sSps608 30
sPSQ0Buo
Sps09850
5ps00360
$PS00870
SPS00880
SPSQ0890
s$PsS00900
SPS0091%
S$P500920
spsd09 20
SPSC0940
s$PS00950
SPSB0960
sps60570
SPs009S B0
SPsN0990
sPsS0 1000
SPS01310
sPS01020
SPS0103¢0
SPS010.40
sSPS01050
SPS0 1060



C® SBT 0P OFJECIIVE PUNCTICH

[ 13

"
ce

BO 1Y 1=1,20

C(I)==(1,45)*¢(-])

C(1¢20) =~ (V. eR) *® (-])

C(I+R0) =pE®( (1. ¢R)0¢{~-]) —(1,¢R) *® (~00)) /B~CE® (1. ¢R) *¢ (-I)
C{1¢60)=BR*((1.¢B)** (~]) - (1, *B) *¢ {=80) ) /R-CL® {1, *R) 0 {-])
C{I1+80) L{leeB) e {~]) - (1, *R) ** {-40) ) /R~CG® (1. *R) 00 (-])

C® IP CHECK = 3,, PRINT OUT TABLEAU FOR PROGEAN ¥EBIFICATION

ce

12

13

19
ce
Ce
Cce

5
ce
ce
ce

Ce
Ce
Cce

ce

ce
Ce

16

Cce
ce

I? (CBECK.RE.Y.) GO TO 318
DO 12 &=1,5

J1=20%K-19

J2s20%k

NBITE(6,301J1,J2

DO 12 1=1,63
VRITE(6, 302) (A{1,J),I3=J1,32)
PG 1) K=1,3

Ji=220¢K-19

J2= 20%K

PRITE (6,3031J1,32

NBLTE (b, 205) (B(J),J3=31,32)
BO 14 K=1,10

Ji=10eK-9

J2=1)eK

WEITE(t, 30%)J1,J2
UEITE(6,2C0) (V {J),33J1,d2)

SUBROUTINE CALL TO IA4SL SUBRBOUTINE PACKAGE FOR REVISED SIAPLRX
LP OPTINIZATICS BCUTINE

CALL CXJLP(A,65,8,C,100,63,0,S,PS0L, PSOL,RS,I¥,1E8)

WBITE OUT LP SUBBCUTINE ERROR CODBE: STOP IPF ABNORHAL

WBITE(€,208) IR
Ir (1ER.DEF.0) GC TO VO

URITS CJT OPTINCAE VALUE OF OBJECTIVE FUNCTION

IBITE(b, CN) S

SRITE OUT PRIMAL SCLUTIOCH

HCc 16 I~1, W

IlxiQeI-~9

123191

WRIT: {0,205) 11,12
BEITE16, 200} {PSOL (J) ,J>11,12)

SRl IE OUI DUAL SOLUTION

R4

SPSQ1076
SPsG 1080
SP50t090
SPso1100
SPS501110
SrsgvI20
SPS0V1130
SPSO 1140
SPSO01150
SPs501160
SpsoNje
SP5011450
SPSO 1190
SP50%1200
SP501210
SpsS01220
SP50G1230
SP501240
SP501250
SPS0 1200
Srso01270
SPs01280
SPsd1290°
SPSO13n0
SP501¥3%0
SPS01320
SPS01330
50501380
SPS01Y350
S25031360
Srs501370
SP501380
SPs01390
SPS01400
S5P501u10
StS0420
SPS014539
SP50 1a8C
SPS01459
SPS0 1860
S?s01870
Sps501a80
SpsO Va0
SP501500
SPS01510
5p3531520
SPS01v 30
SPSOI5A0
S2501550
sPsd1s60
SP501570
SP501580
SPS01590



£O 17 X=1,6 Sps01600

I1=10*1-9 SpsS016 10
I2=1001 SpsC¢1620
BRITE(E,200) XV,12 SPS01630
17 WSITE(6,206) {ESOL (J) (32X 1,12) SPS0 1680
11261% SPS01650
12«63 SP501660
WBITE(6,20M 11,12 SpPS01670
SEITE(6,209) (DSOL(J) ,3=61,63) SP50%680
18 SICP SpPsS01690
Ce SPs01700
C® PFORUAT STATENRNIS SPs01710
Ce SPs01720
101 PORNAT (9F8.3) SPS01730
102 ZCBEAT{VCEE.3) SpsS0 1740
201 PFCBNAT (20X,'e0%¢e¢ss 1P OPTINIZATION OF SPS BUILD-UP 080se0ee%, SPpSO1750
¢® EAGTH SOFPLY 860 CCST (88) = *,P6.1y SPsS0 1760
¢° LUNAR SOP2LY B6D COST ($B) = °,P6. 1Y) SPs01770
202 PFCBHAT (/°* CONSTBUCTICHE COSTS: $B PER 10,000 88/ Sps01760
¢6X,°EARTE SPS CPTICE = 9',P6.1/ SpsSQ1790
46X, "LUMAR SPS OPTIOER = *,Pé.1/ 5501800
+6X, *GRCUND~-EASED OPTION = °,FS, 1) 5ps01810
203 PCEMAT (/' YEASLY RETURM FRON SPS ($B) = *,.P8.2) Ses01820
208 POR3AT (///° OPTINIZED HET PROPIT ($8) = *,F8.3/7/) SPs01830
205 FOBJMAT(/° PRIMAL SOLUTION POBR COLUMNES °*,I3,° THEQUGH *,X3) SpsO1840
206 FOF%AT (91X, 10F 12.5) SPS018S0
207 FCE3AT(/" DUAL SOLUTION FOR BROWS °,I13,° THBOUGH *,1)) S$PS01860
2080 POBMAT(///® FEROR CODE FROA LP SUBROUTIXE = *,I3) SPs01870
209 FCBUAT (VY ©5) sPs015880
300 PORaAT’, \0 MATRIX, COLUBMS °*,I3,° TRROOLR ‘,1J) SC3314890
302 FCRAAT({1. é) SPs01900
303 FozNAT(/® STRAINT COBSTANTS, BOES *,I),°* THROUGHE *,I3) sps01910
308 POBAAT{/* LoJd: Z71VE FUECTION, COLDAYS *,I3,' THROUGH *,13) S?s01520
ESC SPS01930
PILE: SPSLP - DATA A CCAVERSATIORAL MORITOR SYSTEA
. 70. 6. 2. 15, 1.752 .1 1, 1.
::g. 10. 10. 10. 10. 10. 10. 10. 10. 10.
10. 10. 10. 10. 10. 10. 10. 10. 10. 10.

A4
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=1.00 =7.00 ~1.00 «1,00 «1.00 =400 ~1.00 «1.00 ~1.00 =1.00 =1,00 «1.00 =1,00 =1.00 ~1.00 ~1.00 -l.oo .80 0.0 0.0
=1.00 =1,00 «1.00 =%, 00 ~1.00 =1,00 ~1,00 =1.00 «1,00 =4,00 =1,00 =1,00 1,00 =1,00 ~1.00 =1,00 1,00 ~1.00 1,60 0.0
“1,00 -1,0) 1,00 -t,00 -1.00 ~1.00 «1.00 ~1.00 ~1,00 =14,00 ~1.00 ~1,00 ~1.00 ~1,00 ~1.00 ~1,00 ’1.00 -1.00 -1.0¢ 1.80

2.00 0.0 0.0 0.0 0.0 ©0.0 0.0 O0.0 0,0 0.0 0.0 8.0 0.0 0.0 0.0 0.0 ©.0 0.0 0.0 Q.0

«%.75 2.9 0,0 0.0 0G.0 0.0 0.0 0.0 -0.6 0,0 0.0 . 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
“%7% -1.75 2,00 0.0 0.0 0.0 Q.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
-1,75 =~1,75 -1,75 2.00 0.0 ¢€,0 0.0 0.0 ¢.¢ 0,0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0,0
~1.7% 1,75 ~1,75 «1,7% 2,00 0.0 0.0 0.9 0.0 0.0 0.0 £ 6,0 0.0 0.0 0.0 0,0 0.0 0.0 0.0
*1.75 =175 «1.75 =1.75 ~1.75 2.00 0.0 .0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0
~1.7% =1.75 «1.75 ~3,75 =1,75 «1,75 2,00 0.0 ©.0 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.8 0.0 0.0 0,0
-1.7% -1, 75 * fa 15 -1.?5 -1.15 '1.15 "015 2'00 000 0.0 O.G 0.0 °o° 0.¢ 006 Ooo 0-0 000 0-0 0.0
*1. 75 1,75 =1,7% 1,75 1,75 =1,75 =-1,75 ~-1.,75 2.00 0,0 0.0 0,8 0,0 0,0 0.0 0.0 0,0 0.0 0.0 0.0
«1.75 =1.75 =9,75 1,75 1,75 «1.75 =1,75 «1.75 ~-1,7% 2.0 0.0 0.0 0,0 0.8 6.0 0.0 0.0 O.,0 0.0 0,0

=1.75 =1.15 21,75 «1.75 =4, 75 =1.75 «1.75 ~1.79 -1,75 -1,7% 2.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0
~Y. 7% =1.,7% «1,75 ~1.75 "1.?5 1,75 “3s 79 1,75 =4, 75 ‘1.75 -’.75 2.00 0.5 0.0 °¢o °'° 0»0 0.0 0.0 °o°
“3T5 #1,75 1,75 =1,75 =175 =1.75 «1,75 =1,.75 =1.75 =1,7% ~1.75 «1.75 2.00 0.0 6.6 0.0 0.0 0.0 0.0 0.0
“1e78 29,75 =178 ~1.25 «V.75 ~1..5 «1,75 =1.75 =1.75 «1.75 «1,75 =1,75 =-1,7% 2,00 0.0 o.0 0.0 0.0 9.0 0,0
“1,75 =1,75 1,75 =175 =1.7% =175 =1,75 »4,75 =1,79% =1,75 =1,75 «4,7% 1,75 -1,.7% 2.00 0.0 0.0 0.0 0.0 6.0
VTS =175 =1.75 1,75 «1.75 =1,75 =1,75 »1.79 =1.75 «1,75 «1,75 =1,75 «1,.15 =1.7§ ~1.78 00 0.0 9.0 0.0 6,0
*1eT5 =1,75 =1.75 =175 =1,75 «1.70 =1, 75 =1,75 =1.75 «1,75 «1,79 1,75 »1,78 =1,75 «1,75 -1, 79 2,00 0.6 0,0 0.0
*1.75 =175 =1, 75 1,75 =1,75 «1,75 «1,75 «1,75 «1,75 =1.75 1,75 «1,75 «4,75 =1.7% =1.7% '1.?S =1.7% 2.00 0.0 0.0
“TeFS =175 «1.75 «1.75 1,75 =1475 =1.75 =1. 15 *1.75 “3.75 *1.75 =1,75 1,75 «1,75 =1,75 ~1,75 =1,78 «1,7% 2.6 0.0
=375 ~1.,75 V.75 =1,75 1,75 «1,75 =1,75 «1,75 «1, 715 -1 5 01,15 ©1,75 =175 =1.75 =1,78 =1,75 *1s78 =1,78 «1,7% 2,00
1.00 1.00 100 1,00 1,00 1,80 1.00 1,00 1.00 1.00 1.00 1.00 1,00 1.00 1,00 1.00 1.00 1.00 0. 1.00
G.0 a.0 Q.0 0.0 6.0 G0 0.0 0.9 D.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.4
0.0 6.0 0.0 0,0 0,0 0.0 0.0 0.0 0,0 ¢C.,0 0.0 0,0 0,0 0,0 .0.0 0.0 0.0 6.0 0,0 0.0

TLBLEAU MATRIZ, CCLUNNS 8% THROUGH 100
0.0 0.0 0.0 0.0 0.0 GC.0 0.0 0.0 0.0 0,0 0.0
0.3 0.0 °-° 0.0 0.0 °O° qoo 0.0 °¢° 0.0 °0°
0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0

N

8.0 0.0 0.0 0.6 0.0 0.0 4.0 0.0
0,0 00 0,0 040 0.0. 0.0 0.0 0.0
0.0 0.0 0,0 0.0 0.8 0.0 0,0 0.0
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=1.75 =1.75 ~1.75 =1.75 =175 =175 =1.75 =1.75 =1.75 =1,75 «1,75 =1,73 «1,75 =1,75 =1,75 =1,75 =1,75 «1%. 75 15,00 0.0
*1,75 =1.75 =1.75 =1,75 =1,75 «1.75 =1,75 1,75 =175 =179 1,79 =1,75 =1,75 «9,75 «1,75 ~1,75 ~1,75 1,75 1,75 15.00

1,00 1,00 1.00 .00 1,00 1.00 1.00
0.0 0.0 0.0 0.0 0,0 0.0 0.0
6.0 0.0 0.0 0.0 0,0 0.0 0.0

CONSTRAINT COPSTANIS, BOVS 1 I8800GH 20
0.0 0.0 9.0 g.0 0.0 0.0 0.0

COUSTRAIKT CONSTANTS, ROYS 21 THROUGE 40
0.0 0.0 0.0 0.0 0.0 0.0 0.0

CCRSTRAINT CONSTARTS, ROVS &1 THROUGH 60

1.00
0.0
0.0

o.o

1,00 1.00
0.0 0.0
¢.0 0,0
0.0 0.0
0.0 0.0

.

1.00 1.00
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

1.00 1.00
0.0 0.0
0.0 0.0
0.0 0.0
6.0 0.0

.00 1.00
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

1.00 1.00
0.0 0.0
0.0 0.0
9.0 0.0
0.0 0.0

1,00 t.00
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

10.00 10.00 10.00 10.00 10.60 10.00 10.00 10,00 10,00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

OBJECTIVE PUNCTICH, COLUMNS 1 THBOUGE 0

~0.90909 ~0.82645 ~0.75132 ~0.68302

OBJECTIVE PUNCTICN, COLUBES 11 THMBOUGE 20

~0.35050 -0. 318863 ~0.28967 ~0.26333

OBJECTI?E YUWCTION, COLUMNS 21 THEOUGH 30

-0.90909 -0.82645 -0.75132 «0.68302

OBYECTIVE FUNCTICN, COLUBNS 31 THROUGH

q0
-0.35050 ~0.31863 «0,28967 «0.2633

OBJECTIVE PUNCTICH, CCLUMNS 41 TUBOUGH SQ

'0,04261 9.13355% 8.26004 T.06122

QBJECTIVE PUKCTICH, COLUNES 51 THROUGH 60

3.65061 3.281355 24549085 2.64609

OBJECTIVE PUNCTICN, CCLUMNS 61 1HAOUGH 70

13.72198 12, 43934 11,2730 10.21320

OBJECTIVE FUNCTICHN, CCLNBY¥S 71 TUROUGH BO

5.05260 4,55808 4.10852 3.69983

OBJECTIVE PUNCTION, COLUNNS 81 THEOUGH

90
1.90379 1.69552 1.50619 1.33407

OBJECTIVE PUNCTICYN, COLUNNS 91 THROUGE 100

0.49613 0. 41584 Q0.34284 0.27648

ZBBOB CODE PROB LP SUBROUTINE = 9

OPTIBIZED BET PRCIPIT ($B) = 750,526

-0.62092

=0.23980

-0.62092

«0,23930

6. 76592

2.37072

9, 20962

3.32829

1.17760

0.216%6

~0.21763

~0.56448

«0:21763

6, 11565

2, 12000

8,27356

2.,99053

1.03536

0.16131

=0.51316

-0. 19743

«0,51316,

«0,19785

S, 52450

1., 89209

7.57714

2,68347

0.90605

0. V1146

«0.46651

=0.17986

=0.46651

«0.17986

4.,98708

1.,60489

6.,03312

2.40833

6.788409

0.06613

~0.02410
~0416359
0.42610
0. 16351
¥.09052
1.49652
6.19493
2.15087
0.68161

=0. 38555

=0. 188695

=0, 38555

=0. 14865

8.0%530

1.32528

5.59656

1.91987

0,52%86

=0.01253



6bv

PRIBAL SOLUTION

PRIAAL SOLUZION

0.0

PRISAL SOLUTION
9.72222

PRIEAL SQLOTICY

PRIBAL SOLUTIOM

0.0

PRIBAL SOLOTICH

.

PRIBAL SOLOUTION
0. 13889

PRIBAL SOLUTION
0.0

PRISAL SOLUTIOM
0.0

PRINAL SOLUTIOMN
0.0

PCR ColUnAS

POR COLUAMNS
0.0

?CR COLURNS
9.81867

PCB CCLUBNS

0.0

FCR COLUNBS
0.0

ECB COLUNES
0.0

FCR COLU4NS
0.81233

POP COLUNNS
g.0

POB COLUNNS
0.0

PCR COLUBES

DOAL SOLUTIQR POR ROWS 1

34,1157

20.53%935

FUAL SOLOTION FCR ROWS 1%

0.0

DUAL SOLUTION FOR ROWS 21

113. 194892

56.83492

DOUAL SOLDTION PCR ROYS 31

0.0

DUAL SCLUTION PCE BOUS &1

2,27136

0.73692

DUAL SOLUTION PCR ROWS 51

.0

DUAL SOLUTION POR EOWS 61

6.083606

1 THROUGE
2.25015

11 THROUGH
o.o

21 THROUGH
2,39050

31 1HBoOGE
0.0

41 THPOOF’
0.073501

51 1HFOO0GE

61 THROUGH
0.8%801

71 THEODGSE

81 THROUGH

.D

91 THhROUGH
0.0

THRECUGH 10
12.04770

THRCUGH 20
0.0

THACUCH 30
28, 57626

THARCUGH &0
0.0

THBCUGR SO

0.

IHBOUGH 60

o.o

THEROUGA 613
9.0

10
0.0

20
0.0

30
0.0

40

0.0

50
0.15001%

60
a.0

70
1.71762

80
0.0

90
0.0

100
0.0
5.63C%
0.0
13.75647
0.0

0.0

0.0

0.0

0.0

"0.30002

3,.4352%

6.0

o.o

2. 45757

0.0

6,39729

0.60004

6487047

0.0

0.90365

0.0

2.,76060

0.0

1. 20008

9.0

13.74096

0.05493

1.49940

0.0

1. 63221

0.3469%

0.0

27.48187

0.10757

0.0
0.0
0.0
0.0
0.0
0.0

. 58,96373
0.0
0.0
0.0
0.0
0.0
0.6012%
0.0
0.19505



A.3: PROGRAM SCFCOST

(PROBABILITY ANALYSIS OF SOLAR CELL
FACTOR, BREAKDOWN AND REPAIR REQUIREMENTS)

LISTING
DATA
OUTPUT

ASO



COS20B0403000 00000V RV RAPRS IRV SR SRR P AR E LR B RPD SE 022 PSR S 0SSP0 SBO6SRSCP00010

C SCro0020
Cc VAPIATION OF PARAMLTERS STRATEGY Scroer 3o
C POR A SOLAR CELL FACZORY AND ITS SUPPCRT EQUIPHENT SCFO0C40
C I8 A SPACE NANUFACTURING FACILITY SCF00050
C SCF00060
C CEVELOPED UNDER CONTRACT TO THE NASA SCF00070
[ AARSUALL SPACE FLIGHT CENTER SCFQO0E0
C SCcr00090
c BASSACHOSETTS INSTITUTE OF TECHNOLOGY SCF00100
C SPACZ SYSTENS LABOBRATORY : SCr00110
c SCP0OC120
c evencsssessessssecs es . seacssacssacs SCF00130
< ' SCEFQ00 140
Cc CRAIG &, CABRIGHAN SCF00150
[ AUGOST 4, 197¢ SCro00160
c SCF00170
CREDESL RGP322 0309 9220 PR RIRDPNERRBPRERIPERRRROAESENE BRSOV EER S ¢SS P00 180
cs VAEIABLE CEFINITICONS: SCF00190
Cce EKDPKP =~ NUMBER CF LAST PRODUCTION MAC!INE SCFQ0200
ce NOMACH =~ NUMEER OF MACHINES SCF00210
(o NCT(I) = NUNBER CF CCAPONENT TYPES IN MACHINE I SCr00220
Ce BCCLUS(I) == NUMBER OF COMPONENT CLUSTERS IN MACHINE I SCF00230
C» DELLI™ <« TIME BETWZEN CAFGO TRANSPORT DELIVEEIES (YRS) SCF00240
Cc* ETT - EARTH THANSIT TIXZ FCR EMERGANCY CONPONZNT (HRS) SCF00.50
Ce TI5AST <« TELZQPERATOR ITRANSIT TIME PER REPAIR (liRS) SCP00260
ce TRANC = CHASIEE THANSIT TIBE PER MISSION (HRS) SCF00270
ce DELAY -~ [gZLAY TIME FOR CRAWLER IN KESPONSE TO PRIORITY SCF0028¢0
Ce MiSSICRS (&5) (DCES NOT INCLUDE TRANSIT TINE) SCFQO290
Ce TPER = PERSCuMEL SHUTITLE TRANSPCET COST (3/XG) SCF00300
Ce 2CAaGQ = FAERGT TRANSPORT CCSTS ($/KG) SCF00310
C* SG3a = STQCK (¥ BCARL RATION (RATIO OF STOCK KEKI TO SCF00320
Ce EXFECYEL MUNBei CF REPAIRS) £ F00330
ce ANSTR? =~ APPROXIMATE HUABER O¥ STRIPS SCP00340
Ce* UP - CRAWLER ASD TZILZOPERATOR UTILIZATION FACTOB SCF00350
Cce OFT -~ UTILIZATICHN FACTCR TOLEEANCE SCFC0360
Ce LP - PRACTICN OF TIME CRAWLER SPEWDS LOADING AND UNLOADING STOQCKSCF00370
Cce AH -~ BATIO CP AUIO4ASIC TO HUMAN REPAIB TIMES sCP00380
Ce HAERD <~ BMEITAT &éD COST ($) SCF00390
Ce HAJKGP = HALITAT JASS/PERSON (XG/PERSCN} sCP00400
Cce HAUSKG = HALITAT COST (8/KG) SCFOLU 19D
Ce HABKe?2 = UABITAT PCWE. (K¥/PERSCHN) SCPQO4 20
c* SPADKW =~ SCLAR FCWER ARRAY COST ($/KNW) SCFOu< ¢
ce SPAGW == SOTAR PORER ARRAY MASS (KG/KW) SCPOO 'u¢
Ce WAGE =~ PEASCINZL WAGE (3/i1k) SCPO0uSL
Ce TRAIN <= TRAINING COSTS (B/PERSON) SCP00460
C* CONSUNY -~ CCNSUMABLLS (KG/PLESON-HP) SCF00470
Ce CCHNCST = CONSUMAELZS COST (9/KG) SCFOO& 30
Ce ASTIAS =~ CLEEW MASS (KG/PZRSGN) SCPOO490
Cc* BEOTYE = EOTATIONS OF CREW PER (EAR SCF00S00
c* DAYSU?2 =~ DAYS REQUIRED TO SET UP THE SCP SCF00510
Ce SUPROD -~ SkT~-UP PRODUCTIVITY (KG/PERSON-HK) SCF00520
Ce SCE - SUPPCRT CREW RATIO (TOTAL CKEW/PRODUCTION CHES) SCP0053¢
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SESIAP

FLCT -~

LIFE
wh -
SZCDKG
STCKGV
SIicvs
STCKUS
STCEXP
STCEXC
VOLRA
WADKG
usKGY

) ¢

W8RD -

VHKRY
WHeXE
$HZXC
CCSHAS
CTHAAS

ccep -

CCHCST
CCSPOW
CCi20n
ccrxp
CCzXC
CCSTAF

RSSKGP
RSHKGP
RSHBKG
RSSKWP
KSHRUP
BRSLD

RSEX?

astxc
BSKED

1.0ST
4SKGST
NSKEST
ASELP

NSEXC

CRWR’”

¢ dCST
CH44AS
CEWPGAd
CR4ZXP
CFalXC
TELRD
TELCST
TELHAS
TELPOW
TELEXP
TELEXC

SUPECT EQUIPMENT REPAYIR STAFP ON DUTY
BAXIZUM POWER FLUCTOATICN FEON AVERAGB (FBACTION)

SC? LIEETIME (YKS)

SCCUNT BA1E
SCP STTUCTUBE KED AND PROCURENEBT ($/XG)
SCF STRUCTUEAL DEIBSITY (KG/N®%3)
SCF SIRUCIURE (u*¢3/SLCTION)
SCF STSUCTURE (XW/SECTION)
SCF STAUCTURE LXPENOABLES (KG/HE-SECTIGH)
SCF STRUCTOBE EXPLUDABLES COST ($/KG)
BAL1MUN VOLGMSTRIC LOAD PACTOR IN WARBHOUSE
WAREMOUSE COST (S/KG)
WAREHCUSE DESSITY (KG/H**3)
¥ . OUSE BED ($) :
i ~_HCUSE POWEZF VOLUHE (KN /n¢3)
WAKL2OUSE RXPENTAELES (KG/R%%3/HP)
WAREEOUSE EXPSHEDABLES COST (3/KG)
COGNTLOL CENT:Rk STRUCTOKAL BASS (KG)
CCHTRCL CEHTER HABDWAKL BASS (KG)

CO31:0L CEMNTER ESL (MITU SOPTUARE DEVELOPMEET) ($)

CCBETROL CLNTER NAt WABE COST ($)
"ONTAOL CENTLR STRUCIURAL POWER (RW)
CUNTKOL CLMTER HAEDWARE POMER (&)

CONIKOL CENTER EXPENDAELES (XG/HB)

CONTROL CENTER EXPENDABLES COST (3/KG)
CONTROL CENTER STAZF ON D3TY (DOES NOT INCLUDE
TELECPERATCE STAPF
REFALR SHC? STRUCTUEAL BASS (KG/PERSON)
REPAIR SHOP HAWDAARE BASS (KG/PLRSON)

REEAIR SI'OP HAEDSASE PROCUREXENT COST ($/KG)

REPAIE SHOP STRUCTURAL POWER (RW/EEGSON)

BREEAIR SHGP UARCHABE ECWER (K®/PERSCH)
BEPALF SHGP PE&D (3$)

KEPALE SHOP EXPEKDABLES (KG/PEESON-HE)

FEPAIR SHOP EAPEWLATLES COST ($/KG)
BICECPSOCESSOES & SENSCES BED (3)

BICFOPROCESSORS & SENSOKS PROCUREMENT ($/STRIP)
MICRCPRCCESSORS & SENSORS #ASS (KG/STRIP)
MICHOPEOCESSORS & SENSORS POWER (KW/STRIP)

MICL.GPhOCLSSCkS & SENSORS LXPEMDABLES (KG/STRIP/BR)
PICECPRCCESSCES & SENSORS EXP. COST ($S/KG)

CHAKIER RED (8)

CEASLEE PEQCUREMENT ($)

CRAWLER HASS (KG)

CRAWLLY POWER (KN)

CHAWLER EXPENDABLZS MASS (KG/HR)
CFAWLER EXPENDADLES COST ($/EG)

TELECPERATCR 55D ($)

TELLOPELRATOR PROCUREUENT (3$)
TELECPEFATOR HASS (KG)

TELEOPERATOR POWER (KW)

TELEOPERATOR EXPEUDABLES (KG/HR)
TELEOPERATOR EXPESCABLES COST ($/KG)

AS2

SCP00540
SCP00S550
SCF00560
SCF0CS70
SCF00580
SCP005990
SCF00600
SCFCO610
SCP00620
SCF00630
SCP00650
SCF00650
SCF0066)?
SCP00679
SCPOU680
SCF00690
SCF00700
SCP007 %0
SCP00720
SCFCO0730
SCP00740
SCP00750
SCF00760
SC260770
SCF00780
SCF00790
SCPQ0800
SCF00810
SCF00820
SCF00830
SCF00840
SCF00850
SCF00860
SCP00870
SCF00830
SCP00890
SCF00909
SCP00910
SCF00920
SCFP00930
SCFCO940
SCF00950
SCP00960
SCP00970
SCr00980
SCF00990
SCF01000
SCF01010
SCF01020
SCP01030
SCF01040
SCF01050
SCP01060



SCPr01080
SCF0 1090
SCrotio00
SCroviIo
SCFO1120
SCFO1130
SCFOt1a0
SCFO1150
SCFO1160

PAKCRN <« JUMEES CP CRAMLE.S SEEDED POR ARRAY SEGBEST PACKAGING SCP01070
BCXES - COST C? AREKAY SEGIENT STORAGE BOXES/SECTION ($)

OUTPUT =~ BUBEER OF CELLS PRODUCED/YR

HANZN(I,K) =~ OBACHLIFL 4ANES

SASEC(I,J,K) =~ CCHEONLNT YAMES

BC(I,J) = CCHPCEENT ESD COST

COST(I,J) =~ COMEON.NT PBOCUKENENT ($) (WITd 80% LEARBING)
PO4SR(I.J} = CCAPCKEMT PONER (KW)

WAS3(I,J) - COMNEONENT BASS (KG)

VOLINE(I,J) - CCIPCKENT VOLUAE (Nee3)

SOCCHP(I,d3) =~ BURBER OF CONPOMENTS OF THIS TYPE IN A MACHINE IP

SHIDUN (1,J)
TI2EL,J) -~
BAINT(I,J)
EX2END (1,J)
EIPCST(I,J)
RECODE (I,9)

NOFAIL(1,J)
HUTINZ (1,J)
TCTINE(I,J)
FCR{I,J} =

Cis(l, oy~
RECTIN(I,J)
ADTRO(Z,J)
AUICST {1.4)
AUTZAS (1,4)
AUT20K (1,4J)
AUTVOL (I,J?
AUTEXY (I,J)
AUTEXC (i,J)
CLUED (1 .J)
CLACST (I,J)
CLNJAS (1,4d)
CLNFOW (1,J)
CLYVOL (L1,3)
CiNaXP (l,d)
CLNCXC (1,d)
CARTH (1, J)
TLSCEV (1,d)
TUF (1,9} -
CHRSERC(I) -~
cur(r) -
SOSTRP -
REPC -~

1
21
22
B

IT 1S THE TYPE OF COHPCNENT THAT SERVES ONLY OME
H03BEs OF COAPONENTS OF THIS TUPE IN A

STEIP;

SCPONI70
SCFO1180
SCP0 1190

MACHIRE TIPE PER SECTION IF THE CONPONENT SERVICESSCF01200

18 SThRiPS

BIBIAUN OPEZRATICH NUNDER GF CONPONRERTS/CLUSTER
SUNDER CF STBIPS SERVID BY CONPOBEST (1 OR 14)
COMPCNEAT AVIRAGE MAINTENANCE TINE BY CBAVWLER/YIR

CCHPCNENT EXPENDABLZIS UASS (KG/UR)
CCMROMENTS EXPENLAPLES COST (S/KG)
CONPCNENT BEPAI[L/LEPLACE CODE:
= TELECGPEAATOR QREFAIR O LINE
- CRAWLIR BEPLACENENT,
-~ CalASLEa FEPLACENEZNT, UHUNAN BREPAIB

AUTCBATED BEPAIR

SCF01210
SCP01220
SCF01230
SCrov2a0
SCro1250
SCr01260
SCF01270
SCF01280
SCFO1290
SCFQ1300

- PERIODIC CRAWLER REPLACEMENT (BECYCLE/DISCARD) SCFQO1310

CCYFCNENT SAILURES/YR

HUJNAN TINE PSR FAILUBY {(HES)

TELEOFEEATOR/CIRSLER TIME FER KEPAIR/REPLACE
FRACTICN CF
CCEE= 3} -

8a5S REPLITED 2ER YEAR

CCST CF HE2AIR SsTSCK (5/KG)

-

1]

C

FRACTICN CF CCHMPCNENIS SHIPPED ON EMERGERCY BASIS
NUNBER CF SIRIPS SZRVED BY TELEO2ERATOR
TELECPEAATOF UTILICATION FRACTION BY COUPONENT (I,J)

Ha

AVERAGE HECYCLING TIME
EPAIR AUTGIATOE RED (5)
REFAI K AUTCATON PRUCURLMLNT ($)
REPAIR AUTOXATUH 21335 ([KG)

REPAIP AUTCHMATCS POWih (Kd)

RE23IP AUTCHATCN VCLUNZ (48e3)
REPAIR ARUTCIATCH EXPZNDABLES (KG/HE)
REPALR AUTOMATCY EX2:ND. COST ($/KG)
LZANING MACUIKL FED ()

CLEANING MACHINC TEOCUREHENT ($)
CLZANING NACHLNE %A3S (Ku)

CLEANING MACHINE PONEZ (Ne)

CLSASING HACHINE VCLUSL (¥%+3)
CLEAMING MACHINE EXPENDAELES (KG/HR)
CLEANING SACHINE ZX2ENL. COST ($/K5)

XAX.

X. MUMPZA OF STRIPS SSBVED 8Y CRAWLESR

CEBAWLER UTILIZAIICN FACTOR BY BACHINE (I)
NUNEER OF STRIPS IN SCF (NULTIPLE CP 14)
RECUFRING NACHINE REPLACEMENT PABTS COST ($)

NOASEE OF Ti1ES COMPOMEMT IS BECYCLED

THROGGH CLEANERS (EHR)

SCF01320
SCr01330
5CFo1300
SCPO1350
SCF01360
SCFO1370
SCF01380
SCF0 1390
SCFO01400
SCFO18 10
SCFO01820
SCFO01830
sCcr0184a0
SCFC 1450
SCP01460
SCFO 70
SCFro1480
SCP0 1890
SCF01500
SCP01510
SCF01520
SCF0 1530
SCF01540
SCPO1550
SCP01560
SCFros70
SCro01580
SCP01590



ce
ce
ce
ce
ce
ce
ce
ce
ce
ce
Ce
ce
Ce
Cce
ce
ce
ce
Ce
ce
ce
ce
Ce

Ce
Cce

ce

ce

Cce

Ce

Cc®

BLEPC -~ NCERECTREING BACHIREB...(ETC.)
BE2T - BRECURBING BEIPLACEMEAT 2ARTS TRABSPORTATICY ($)
SESPT =~ MIBRECUGSIEG ...
YOLUM <~ VOLUME Of VABEUOUSE (u%+3)
BOUIELE ~ TCIAL NUNSZR OF TRLEUPERATORS
¥OCRAW - TOIAL NUSBER OP ChAULEERS
BONUNY - CREW OM DUTY SOPERVISING TELEOPEEATORS
soRoOR2 - EEPALB CREMW CB DUTY
ICFID2{I,J) =~ TOTAL CCAPCAEFT FAILURES 13 DELIVERY PERIOD POR
CO3R0NER1S OF TIPE (I,Jd)
SCAVIO (1,Jd) <~ BUYBER GPF BEIAIR AUTOHAICHNS MEEDED POR (I,J)
BOCLE(1,J) — BOEDPER CF CLEANING HBACSINES BEEDED POR (X,J)
WOISLE(X,Jd) - BUNIEK CGF TELEUPERATORS MEERED ros (I,J)
HOCRAN {J,J) =~ LKUOGBES OF CRAGSLEBS SZEDED POR (1,3)
POHUXT(I,J) - MNUJBER CP HUBANS SUPEBVISIWN TELEOP. FOR (I,J)
BOHON2 {I,J) - RONSLE OF HOUANS REPAIBIBG (I,J)
RACHEC(I) -~ BaCHINE LOTY CYCLE
STATDC {X,J9) = STATICSE DUTY CYCLE
PECOC - DUIY CICLE OPF PRODUCTIOR SEQUENCE (ENDS AT MACHINE W)
ASIDC =~ DOTY CYCLE OF ASSENBLY SEQUENRCE (BEGINS AT BACHINE 15)
SPSCAP - DNBUHMDEEB OF SPS PROLOCED PER YEAR
DECLARATICIS
IBPLICIT BEAL (1,8,K)
DECLAREZ IN/0UT LOGICAL DEVICE HUABEES (MIBR-IBPLICIT)
IMEGER CUT
DECLAES GRERERAL ISPUT VARIAGLES (NON-INPLICIT)
IETEGER EBIPHL, ¥WCHACH,BCT(20),ECTI
CIALNSICH BOCLOS(20)
EIRENSION MACHEME AMO COMPONENT MABE ABRAYS
INTSGLR BABER(20,10) ,¥ANEC(20Q,15,6)
DECLA&Z CCaPCMTNT PARANSIESRS
INTEGER REFCOLE (20,15)
DINEXSIONK S0COM2(20,15),K0PAXL {20,15) ,NCSTERD (2C,1S) ,BD(20, ¥5),

. C0S1420,15) , FONER (20, 15) ,4ASS (20,15) ,VOLUNE (20,15) ,

. SHTJMN (20, 15) , TYPE (20, 15) ,MAINT (20,15) ,LXPEND (20,15), .
'S EXPCST (20,15}, HULINL (20,15) ,TCTINE (20, 15) ,PCE {(20,15) ,

* CHS (20,15) RECTIN(20,15)

DINTXSION HREPALE AUTCAATION ANC CLEANING MACHISE PARANETERS

DINENSION MIIED (20,15),A0ICST (20, 15) ,AUTRAS(20,15) ,ACTPON(20,15),
* AUTYCT 720,15), AUTSXP (20, 15) ,AUTEXC (20, 15) ,CLURD {20,15),

. CLNCST {29,15), CLYNAS (20, 15) ,CLNPCR {20, 15),

. CLEVCI (20,15}, CLEEXP(20,15) ,CLNZXC (20, 15)

DINERSION ARLAYS IN CONHCN AREA
CIMENSICY EARTH(2Q,15),TBSERV(2V,15) ,CRSERV (20)

DINZNSICS NOAU10(20, 15), YOCLY (20,15) ,NOTELE (20,15) ,NOCRAN(2D) ,
. ¥CKUAN1(20, 15), NCKUN2 (20, 15) , TCFIDP (20, 15),
. TUE (29, 15), CUZ (20)

DIBEXSICY DUZY CYCLZ ARRAYS
DIMENSION 2ACHLC{2C),STATLC(20,15) (NOSPAR (20,15)
GIVE CUNMCN ARZA
CGHAON NOCCAP,TYPE,BAINT ,RRCODE, SOPAIL,TCTINE, RCSTRP, NOBACH,
. ¥CT,HELIV,ETT, TRANT,TAAKC,DELAY,SOBF, ARSTRP, UP,UFT,LP,
L EAR1S,TESERV,CRSERV,TUF,CUP,

AS4

scrd 1600
SCFOY6 10
SCFro01620
SCrov6 30
SCro16a0
SCPQ 1650
SCPE1660
SCFOV70
SCFo1680
SCrovesd
Scrowroo
SCF01210
SCrot1720
SCFo 1730
SCroizse
SCrownso
SCPO1760
SCro1770
SCF01780
SCF01790
SCF01800
SCPO18%0
SCrotg 20
scrolaio
SCFO 1840
SCF01850
SCF01860
SCF01870
SCF01880
SCF01890
SCF01900
SCFO0 1910
SCF01220
SCFO1930
SCFO1940
SCF01950
SCro1960
SCF01970
sCcro19so
SCFC 1930
SCFP02000
SCFU2010
SCro2020
SCF02030
SCp0204a0
SCF02050
SCPO2060
5Cr02070
sCr020390
SCro2090
SCF02100
SCF0211390
SCFQ02120



* C0S1T, BASS, YOLUGE, HLTINE,PCR,CRS,RECTIN, TPER,TCARGO, AR, SCF02130

* BOSTHE,FaPC BEFIC ,BBRPT, EREPT, YOLBH,NUTELE ,BUCRAU, NBHUNYT, SCF02140

* NUHUI2,N0AUT0, BOCLY  BOTELE,NOCRAW ,BCHUA T, ¥CHOA2,TCPIDP SCF02150

Ce® PROVIDY IN/GUT 1CGICAL DEVICE MUUBERS SCP02160
BATA IN,001/5,€6, SCPr02120

C® READ GBHNEEAL INPUT VARIABLES SCr02180
EBCR26D=18 SCFO2190
BONACH=18 SCF02200
Ce0000 0000000008008 SCroz210
C® HNODIFICATION V@ SCF02220
ce INSEBTICE OP ACUDITIOBAL BEPAIF PARAJRTERS SCF02230
Ce BCAUTO - DUTY CYCLE OP AUTORATIUC BEPAIR BACHINERY (PFRACTION) SCFO02240
ce IREPSS <~ FLAG TO CHAPGRE ALL CEAVLER BEFAIR TO HUHNAN REPAIR SCFQ2250
ce IABT0S - PLAG TO CHABGE L6D AND. PROCOREHENT OF AUTORATIC SCPr02260
ce SEPAIR JACHIBERY TO DEFAULT VALUES SCF02270
c® 25 auGc 719 SCFr02280
BREAD({18,9000) DCAUTO,IEEPSY,IAUTO SCFQ2290

9000 PFORBAAT(F8.3,11,7X,17) SCP02300
.C”OOOOOOQOOOOOOOOOOQ scfozjjo
BREAD(IN, S) (BCT(1),1I=1,20),(80GCLOS (I),1I=1,20) SCP02320

S PORIAT {2018/ 20F3. 1) SCP02330
BEAD(IN, 10) DELIV,ETT, ICANT,TRARC,D:LAY,TPEE,TCARGO,SOBR, SCF02340

. AUSISP,UF,UFT L7, A0, HABGD, HAPKGE, HABDKG, HABKUP, SCF02350

. SPALAN, SPAGH, WAGE, TRAIXZ, CONSUN, CONCST ,ASTHAS  ROTYR, SCF02360

e DAYSUP,SUPACD ,SCR,SESTAP,FLCT,LIPE,CR,STCLKG,STCKGY, SCP02370

* STCY¥S, STCKUS, STCEXP,SICEXC, VOLRN, WHDKG,WHKGV , RHRD, SCFP02380

Y WEKS YV, UHEXP, JHEXC,CCSUAS,CCHAAS ,CCBE,CCHCST ,CCSPOW, 27F02390

. CCHFOV ,CCEX2, CCEXC,ZCSTAP,BRSSKGP, BSUKGP ,RSUDKG,ESSKWP, SCF02300

* RSHRYR,8S8 D,k SEX?2,BSEXC,NSBL,USLST, NSKGST,, ISKUST, NSEXP, SCF02810

* #SEXC,C&4AD,CRUCST,CRAZAS,CRNDO W, CRUEXP,CEVEXC,TELRD, SCF02420

. TLLCST,TZLBAS,TELPOS,TZLEXR , TELEXC,PAKCEY ,BOXES,OUTPUT SCF02830

10 FCRSAT (16 (SF16.5/) ,3F20.5) SCPO02540
C® BEAD JACHMINE WANES SCF02450
DO 12 I=1,M BACH SCF02460

112 BZAC(I N, 15S) (BAPEN{I, K),K=1,10) SCPFG2070
15 FORBAT (10A9) SCPG2080
C® READ CCUPCBLMT MARES SCF02890
DO 23 I=1,35%aCH SCP02500
¥CTI=XCT (1) SCF02510

DC 22 J=1,K8CTI1 SCP02520

BEAL {IN,20) (WAREC {1,J.K) . K=1,6) SCFQ2530

20 FORHAT (6AG) SCF02540
22 COSTIMUE SCP02550
23 CCNTIRUE SCF02560
C® DICLARE COMFCMNENT PABRANZTEBS SCF02570
C® READ CCHOPONENT PARANETERS SCPG2580
PO 28 I=1,808ACH SCP02590
BCII=NCT{Y) SCFr02600

DO 27 J=1,HCTI SCP02610
BEAD{1¥,25)BC(I,J),COST (1,J) ,POWER(I,J) ,NASS(I,J), SCP02620

. VCLUEE (I ,J) ,80CONP (I,J),SHTDNN (1,Jd), SCF02630

' TYPE{X,J) ,BAIST (X,3),EXPEND(X,J), SCP02640

. BXPCST (1,J) ,BRCCDE(I,J) o HOPAIL(I,J), SCP02650

A55



+ BOUTIBE(1,J) ¢ TCTINE (3,J) JFCR(1.3)
* CES (1,J) LA ECTIA (I,3),0CSTRP (X,3)
25 POEBAT (2 (SF16.5/) o, F16.5,12,3P16.5/70016. 5)
COS0090008200 0000009
ce® B8OD I
IF (IREPSU.NE. 1) GO TO 27
IF (BECODE (I,J).EQ.21) RECODE(X,J)=22
CO000000000080900800 0
27 CONTIRUE
28 CCNTIBUE
C® BEAD REPAIB AUICHAIOBS PABANETERS
PO 38 I=1,8CRACH
BCII=BCT(I)
50 37 J=1,KTI
IP(RRCOCE(X,J) .NE. 21) GO TO 37
BEAD (IN,35) AUTED (X oJ) JAUTCST (1,J) ,AUTAAS (1,3)»

. AGTPOW (X,J) , ABTVOL (X,3} o AUTEXP (X, J) ,AUTEXC (1,J)
3s POBRAT (5P16.5/2P16. 5)

C 080000900000 00 ¢

C* 80DV

IP (XALICS.BE.)) GO TO 37
AUIED(I,J) =AUTHAS (1,J)%20000.
AUTCST(1,3) =AVINAS (I,9)*%1000.
COBOOSSR0PTINIS002 00 S
37 CCRTIINIE
k] CGHTIIVUE
2% READ CLEABING JACBINE PARAMETIBARS
PO 83 I=1,K0NACH
#CTI=NCTI (1)
DO 82 J=1,8CT1
IP(RECTIN({I,J) +LT. 0001 GO TC &2
BEAD(IN,40) CLBBD(I,J),CLYSCST (1,J),CLEAAS(I,J),
® CLHEPOV (1,J) ,CLEBVOL {I,J3) ,CLBEXP (X,J) ,CLREXC{I,J)
a0 FOBMAT({S5F16.5/2F16.9)
92 COBTIBUE
83 CCMTINUE
Ce IRITIALIZ: NUNDER OF STAIFS SEBVED BY CRAWLER AKD TELEOPERATOR
C® AKD THEIZ UTILIZATICN FACTORS
DO 87 I=17,U03ACH
NCTI=NCT (1)
CasERV(I) =0.
CUP (1)=0.
pC 66 J=1,NCTI
TESERV(1,J)=0.
1UF(1,4J) =0.
86 CCRTIRUE
87 CCHYIKUE
C® CALL PEMZRG 10 CALCULATE THE PRACTICN OP REPLACEMENTS
ce COJING ON AN EEEBGENCY BASIS PHOM EARTH
CALL PENEBG
C® CALL DCSCP TO PIND STATDC,MACHDC,SCPDC .

CALL DCSCEF (NORACH, ENDPED,NCT, NOCONP, SHTDUWN,B80CLUS,RRCODE, YOPAIL,

+ 8ACBDC,STATODC, PRODC,ASYDC)
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5Cro2660
SCF02670
SCF02680
SCF02690
5Cro2760
SCro27 10
SCFr02720
SCFrQ02730
SCP02740
SCF02750
SCP02760
SCr02770
scro2780
SCF0279%0
SCro2000
scr02910
SCr026 20
SCr0z2330
SCPQ2640
SCro02050
SCF( 28 60
5Cp02870
SCF028890
SCP02890
SCr02900
SCFO02910
SCro2920
SCP02930
SCFr02940
SCF02950
SCP02969
SCF02970
SCF02980
SCF02990
SCF03000
SCF03010
SCF030 20
SCF03030
SCF03040
SCP03050
SCFG3060
SCF03070
SCF03080
SCr03090
SCF03100
scro3110
SCF03120
SCF03130
SCPO3140
SCP03150
SCP03160
5CF03170
SCr031890



C® CALL SI2SCF T0 FIND THE NO. OP STRIPS BEEDED TO GET SPECIPIED OUTPUT

SCFDC=PRCIC

CALL SIZSCE(SCPFDC,CUTPUT,ROSTEP,SPSCAP)

C® CALL SUBRCULIMNE UAREHGUSE, PEPLACENMBLNT PARTS, SUPPORT EQUIPHENT

Ce
ce

(VHEPSE) T0 CCAPUTE VAEBIABLES PEON ERPC CN IN COBBON ABBA SUBCST
CALL VHBPSE(VCLEN, SCFDC, DCAVIO)
CALCULATZ CORPURENT INTERMECIATE DATA AND PBINT IT
DO 58 I=1,B0MACH
BCTI=8CI(])
DO 57 J=1,HCTI2
IF(BCFALL(1,J) .1LT. .009%) GO Y0 56
IP(RRCODE(1,J) .BQ. 3) GG TO S3
BOSEAR {I,J) =2TCFIDP (I,J) *S0B8
G0 10 €7 .
53 IF (RECTIA(1,Jd) 1T, .0001) GC %0 SS
ROSEAR (1,J) =(TCFIDP (I,J) *RECTIN(I,J)/
2 ] (365.0%24,0*DEL1IV)) *SOBR
60 1C 57

.55 NOSPAR (I,J)"TCPIDP (1,J)

60 1C 57
S6 NOSPAR (I,3)=0.
5?7 CCH¥IINUE
CONTINUE
4R 1TE (OUT,70)
70 POZAAT (11X,'TAELE OF STATION DUTY CYCLE(STATDC), FEACTZION OF °,

*AT BLGINNING OF DELIVE=Y PERIOC(NOSPAR), NUNBER OP¢y
*NUMBER CP TELEOPEBATCES (NOTELE), TELECPIRATIORYy
' (HCAUTC), NUMBER OF CLCANING HACHINES (NOCLN),%'/

o' (ECHUN1), AND SUNBEGL CF HUSANS FOR REPAIR WORKY/
11X, (SCHUX2), FOR INLIVICUAL CCRHPOBENTS OF A MACHIKE °,
YCTCTALED CVER ALL THZ STRIPSY =-ewmececcecsect////)
WBITE (CUT, 75)
75 FOSMAT (31X,*STATDC',8X,% BAETH", 6X, 'NOSPAR?, 0K, *NOCRAU®, 4X, *CUF*,
3 ax, ‘SCTELE®,8X,"TUP®, 04X, " NCAOTO" ,8X,* NOCLE® 04X, BCHUA1?,
s 4X, *NCEUE2'//)
DO 88 I=1,KONACH
WHITE (QUT,00) (NANES(I,K),%=1,10),4ACHEDC(I)
80 FORMAT(//1X, 10A4,15Y, *SACHINE DUTY CYCLE [BACHDC] =°,¥7.5/)
¥CII=NCT (I)
DC 87 J=1,3CTI
WRITE (OUT,85) (MAAEC(I,J,K),K=1,6),
STATDC (I,J) ,EARTY (I,J), SCSEAR(I,J) ,NOCRAS (I),

ot ad

- X

NOHUNY (1,4),¥CHUB2(Z,J)
85 FORBAT(S5X,0Aa4, 1X,P2.5,3X,76.4,3X,F9.1,4X,P8.0,08X,P5.3,
G, P5.3,9K,F5.3,2X,P4.0,6X,P3.0,6X,P6.4,6X,P6.4)

(-

87 CONTINUE
89 CONTINOE
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11X ,°CRAVLERS (ICCEAW),, CZANLZIE UTIL1ZATION PACTOR (COUF), °,

SCro3gg
SCF03200
SCF03210
SCP03220
SCF03230
SCF03240
SCF03250
SCP03260
SCF03270
SCrQ3280
SCF03290
SCP03300
SCF03310
SCro3320
SCP03330
SCF03340
SCF03350
SCP03360
SCP03370
SCF03380
SCro3390
SCF03200
SCP03a 10
SCP03420
SCPF03330

*EEPLACEMENTS OETAINED CY AN ENMEPGESCY BASIS(EABTH),®/ SCP03840
11X,°CONPUNENT AVEGAGL FAILURE EEPLACEMENTS IN WABEHOUSE *,SCP03850

SCP03a60
SCFr034870
SCro02480

11X, UIILIZATION FACTOR (TUF), NUJXREFE OF REFAIR AUTCMATONS®,SCPOJIuY0

SCF03500

11X,°RUNBCk CP HUMANS PO® TELEOPEKATOR SUPZRVISOBRY CONTROL®SCF03510

SCF03520

. SCP03530

SCF 03540
SCP03550
SCF03560
SCF03570
SCF03580
SCF03590
SCr03600
SCP03610
SCF036 20
SCP03630
SCF0I640
SCP03650

CUF (I) (NOTELE(I,J),TUP(I,J) ,NOAUTO(1,J),NOCLH (I,J),SCF03660

SCPCY 70
SsCros 9
SCr 03650
SCP03700
SCro3710



C® CALCULATE AND PRINT BCHN-RECURBING DIRECT COSIS

92
93

95

BACHIN=0.
RANDD=0,
BACHAS =0,
BACPOuU=0,
DO 93 I=1,50PACH
NCII=NCT (1)
£C 92 J=1,NCT1
NACHIN=JACHIN® BOCOUP (1,J)/TYIPE (I,J) *COST (1,J) ¢*ROSTARP
BANDE=RAEDD D (I ,J)
BACH AS=H ACH ASH+BOCLNP (X,J) /TYPE (1,J) *HASS (1,J) *ROSTRR
BACPCHDIACPCU+ BOCONP (I,J) /TYPE(1,J) SPOGER (I,J) *BOSTRP
CCBTINUE
CONTINUE .
SACHIN=MACHIN®NFRPC
SACTEN=2ACNAS®TCARGO*BESPT
SACPCHW=RACECWSSCEDC® (1,0+FLCT)
SPA=RACPOW*SPADKS
BEECD=NHACHINCEALCD*NACTIRN$SPA
UBI1E(CUT,95)NGECL ,MACTHIN ,EANDD, NACTEN,SPA
PCENAT (*1°,21X,°SOLAR CELL FACIORY COST EREAKDOUN==~====?_J//
¢ 1X,°TOTAL NCHRECURE1ING DIRECT COST IS $°'.F13.0/
® 6X,°JACHINES: $'FNR.0/
¢ 6X,*MACHINE RESEABCH AND DEVRLOPMENT: $',P12.0/
¢ 6X,"MACHINE TBANSPORTATION: $',P12.0/
¢ 6X,*SOLAR PCEER ABRAY (POR PEODUCTION): $°,r12.0)

C® CALCULATE AND PRINT BON~-RECUBRING INDIEECT COSTS

$7?
98

ToLAR=].

PONAR=(.

3)3A8=0.

EXPAR=(Q.

EXCAR=0.

BO 98 I=1,X0EACH
NCTI=NCT(I)
PO 97 J=21,NCTI

VCLAR=VOL AL #N0AUTO (1,J) ®AUTVOL - I, °) ¢NOCLN(I,J) *CLUVOL {1,J)
PORAR2PCHWAk*NCAUTO (I,J) PAUT2CwW (I,J) *NGCLE (I,J) *CLRPON {I,.Jd)
MASAR=AASBRE #NOAUTO (I,J) *AUTAAS (1I,J) *NOCLN (I,J) *CLENAS {(X.J)
EXMARSEXNAR®NCAUTO (1,J) ®*AUTEXP (I,J) *NOCLN(I,J) *CLREXP (I,3)

EXECARTEXPCAR*NOAUTO (1,J) *AUTEXP (I,J) *AUTEXC (I,J) ¢
+ NOCLE (I,J) *CLYEXP (I.J) *CLBRXC (I,J)
CCITIBUE

CONTINUE
SSCFC=NCSTEP/1U .0* STC VSt STCXG Ve STCDRG

SACC=VYC1 \K®VCLE®STCKGV® STCCKG
SCFSTC=SSCFC4SACC

WR=VOLWH® WHKGVSWHTKG* RHR L
CC=CCSUAS*HABDKG+CCHCSTeCCRD

PUsNULUNZ® (S5SKG? *HAELKG *RSHKGP ®RSHDKG) #BRSRD
US=NCSTRP®HSLSTHSRD

BOXCST=EOXES*NCSTRP/14.0

CRAWLR= (NUCR AW +PAKCRN ) ®CRKCST+CRWRD
TELEOP=NUTELE®TELCST¢TELED
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SCF03720
SCP03730
SCP03740
SCF037S50
SCr03760
SCF03770
SCP03780
SCF03790
SCF03800
SCF3810
SCF03320
SCr03830
SCrgi8ao
SCr0385S0
SCF03660
SCP03870
SCP0 3880
SCF03890
SCF03900
SCF03910
SCE0 3920
SCF03930
SCP03940
SCP03950
SCP03960
SCF03970
SCF03980
SCPO03990
SCF04000
SCF04010
SCF04020
SCFO4030
SCF03040
SCP080S0
SCFP04060
SCFO4070
SCFO4080
SCZGL090
SCPO4100
SCFOu110
SCF04120
SCF04130
sCcroavyo
SCFU8150
SCFQ4160
SCF04170
SCF04180
SCPO4190
SCF0u200
SCPoun210
SCrCa2290
SCroL230
SCr0Q240



BEPAUT=0. SCF04250

CLNNAC=0, SCP04260
BO 103 X=1,NCHACH SCP04270
¥CTI=NCT (1) SCP04280

DO 102 J=1,NCTI SCPO4290

1P (SCAUTO (1,J) +1T. .0007% AUTED(I,J)=0. SCP04300

1P (ECCLM(I,J) .LT. .00C1)} CLHRD(I,J)=0. SCF0G310
EEPAUT=REPAUT¢ HCAUTO (I,J) *aU2CST (I,J) +AUTRD(X,J) SCF04320
CLMMAC=CLNHACHNCCLN (I1,J) *CLECST (1,J) *CLNRD (I,J) SCF04330

102 CCNTINUE SCFO4340
103  CCBTINUE SCP04350
SCPChU= ( (NUHUN 14CCSTAF) ¢ (NUHUN2¢SESTAF) ) #SCE*3,.0 SCP04360
HABSAS=HABKGE®SCFCEY SCP04370
BAP=HAERD+HADNAS*HABLKG SCF04380
nvscres(nosrap/lu.utsrcxus)c(vonnuouuxuv)o(ccspouoccnPOU) SCF04390
. onuuunzc(nssxupossuxup)¢(sosraptnsxusr)o(uocnnuoplncnu)tcnnponscrouuoo
N + (BUTELE®TELPQOW) ¢+ PCUAB SCF04410
HABPOK sHABKKPSCFCRY SCF04320
NPSPA= (HPSCPP+EARECH) *SPADKN SCPO44 30
NPSCFN=(SSCFC/STCLKG+SACC/STCDKG) ¢ (VOLWB*WHKGV) ¢ (CCSUAS*CCHHAS)¢ SCFC4440
. NUMUN Z® (RSSKGP+RSHKGP) ¢ (HOSTRP#3SKGST) + SCPO4450
23 (NUCRAW ¢ EAKCRW) *CEWBAS* (NUTLLE®*TELMAS) ¢ (SASAR) SCFO44 60
NPSCFT=NPSCFN*1CARGO SCF03a70
HABT=HABMAS*TCALGC SCP04480
204TOT=NACPOW+NPSCFP + HABPOY SCP04490
SPANAS=PCHTCI$SPAGH SCF04500
SPAT=SEAMAS*TCALGO SCPO4510
TOTNAS =NACHAS+EPSCFM+ HABNAS* SPANAS SCF04520
PSETUP=TCTMAS/ (DAYSUP #24 .C*SUPPOL) *3.0 SCPOUS30
SETUP=PSETUP® ( (WASEXDAYSLP#24,0) + (TEAIN®RCTY R) + (CONSUN®DAYSUP SCF 04540
3 #24, C*CCKCST) # (CON SUATCAYSUP*24.0*TCARGO) ¢ (ROTYR*DAY SOP SCF04550
& /365,08 2STHAS*TPER)) SCPO4S60
BPSCE=SCESTCeslleCCeE W #¥S + POXCST +CF AJLR ¢TELEOP+REPAUT ¢CLENAC SCFO4570
BEECIN=NPSCFeHAB+NPS EA*NESCPT+HABT¢SPAT+ SETUP SCFC4580
WRITE (OUT, WS5) ks ECIN,BPSCF,SCF57TC, %H,CC,BW ,8S,B0XCST,CBAVLER, SCF04590
3 TELECP, REPAUT, CLEMAC, A B, N2SPA, NPSCET, HABT, SPAT, SETCP SCP04600
105  FOEJAT (//1X%,*TOTAL KONFECURKING INDIBECT COST IS $!,F12.0/ SCFCu610
+ 6X,"NONPRODUCTION SCP EQUIPNZNT PROCURENENT/RED COST: $°,P12.0/5CF04620
¢ 11X,'SCF STRUCTURE: $',F12.C/ SCPO46 30
+ 11X,° WHAREHOUSE: $9,P12,0/ SCFOUG640
* 11X, °CCXTRUL CENTER: $¢,F12.0/ SCF04650
+ 113,°REPAIR WCRKSHOP: 3',F12,0/ SCFO4660
¢ 11X,'AICKOPRCCLSSOES/SLNSORS $*,F12.0/ SCF04670
¢ 11X,* AFKAY SEGHCNT STCRAGE DCXES: $,212.0/ SCF04680
© 11X, YCRAWLERS: $,512.0/ SCF04690
¢ 11X, TELECPERATORS: $*,F12.0/ SCF04700
¢ 19,*FEPAIG AUTCHMATONS: $',F12.0/ SCFO47 10
¢ 11X,*CLEAMING SACHINES: $*,F12,0/ SCP04720
¢ 6X,'HABITAT PRUCURENENT CIST: 3 ,P12.0/ SCPO4730
+ 6X,"NCHNPRODUCTION SOLAR POWER ARRAY PBOCUEEAENT: $°,P12,0/ SCPO4740
& 6X,*NCNPRODUCTION SCP TRANSPORTATION: $¢,F12.0/ SCPQU750
+ 6X,*HABITAT THANSPORTAT ICN: $*,712,0/ SCP04760
+ 6X,°SCLAR POWER ARGAY TRANSPOBRTATION: $',P12.0/7 SCPU4TT0
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+ 6X,°CCST TO SET UP SCP: $*,P12.0) SCPO4780

C¢ CALCULATE AND PRINT ANNUAL BECUGRING DIRRCT COSTS SCF04790
HUASC= (NI'RUN 1+CCSTAF) 3.0 SCPOu8Q0
NUISCL=HYUASCAWAGE®3I65.0¢24.0 SCF04810
HUXR=2 (WUNON24SESTAF)*3.0 SCross20
BUARL=HUAR*WAGE*365.0%20,0 SCP04830
SCRR=(SCF~-1. () * (HUNSCH+HOUR) SCPJUB40
SC3WL=SC(E4*dAGE*365.0+20,0 SCrousso
SACRPC=BRPC/LELIV SCFQu860
WACBPT=BRPT/DELIV SCF04870
BACEXP=0, SCF04680
BACEXT=20. SCrO4890
p0 108 I=1,NCHACH SCF04900

NCTI=NCT (1) SCPC4910

BC 107 J=1,ECI1 SCF0u920
HACEXP=NACEXP+ HOSTEP* (NOCOKP (1,J) /TYPE(I,J) * SCFO8930

2 EXPESD(X,J) *EXPCST(1,J) *SCFDC*365.0%24.0) SCPOu9a0
BACEXT=NACEXT+NOSTHP® (HOCONP (X,J) /TYPE(X,J)® SCPO49S0

& EXIPEYD (1 ,J) *SCEDC*365.0224.0¢ICARGO) SCFOu969

107 CCNTILUE SCFO4970

‘3108  CONTINUE SCF049980
BECD=HUNSCL*HULRL4SCRUL+NACRPC+NACRPT +HACEXP +HACEXT SCF04990

WEITE{CUT, V10)RICD,HUNSCL, BUHURL,SCRW L, MACRPC, MACRPT, NACBXP M ACBXT SCP05000
110 FCRMAT(// 1%, *TCTAL ANRUAL GECUERING DIRECT COST IS _ §',FPi12.0/ SCF0S010

§6X,'HUMAN SUPERVISOLY CCNTIOL LABCR: $*,P12,0/ SCF05020
66X, "HURAN KcSPAIE LABCR: $,P12.0/ SCP050 30
86X,*SUPPORT CREW LABOR: $',P12,0/7 SCP059240
66X ,*HACHIME KEPLACERENT PAETS: $*,P12.07 SCF0S050
66X, "MACHINE REELACENENT PAERTS TRANSPORTATION: $°,P12.0/ SCF05060
66X, *MACHINE EXPELUSBLES: $*,P12.0/ SCF05070
664, MACHINE [CXPENDABLES TRANSPOBRIATICNG $*,F12.0) SCF05080
C¥® CALCULAT:= AND PRINT ANNUAL RECULRING INLIBRECT COSTS SCF05090
CONS=SCECHWSCCNSUNRIH5,0%24.0*CCRCST SCF05100
CCNTR=SCECRR*CCNSUN*365,. 0+24 . C*TCARGO SCF05110
CREWIG=SCFCRIS*IEAIN SCF05120
CREWTN=SCECRN® ASTHAS*RCTYS*TPER SCF05139
NPSEX2=36S,0%24,0¢ ((%0S7F2/14,0%STCEXPESTCEAC) +(VOLUH*WHEXP*WHBEXC) SCFC5140
+ ¢(CCLYP®CCEXC) ¢+ (NUBUM2*¢hSEXP*ESEXC) ¢+ (ROSTRP*NSEXP*NSEXC)+ SCF05150
+ (NUCPAW+PAXCEW)*CEWEXP*CRAEXCH (MUTELE®TELEXPSTELEXC) +EXPCAR) SCE05160
NPSEXT=TCAHG0*3065.0024.0¢((NOSTEP/14,0%STCLXP) ¢+ (VOLUHSWHEXP) SCF05170
* # (CCEXP) ¢ (NUHUL2#RSEXP) + {NOSTRP®*ASEXP) ¢ (NUCRAN+ PAKCEN) *CRREXPSCF35180
. + (RUTELE*TELEXP) + (EXNAR)) SCF05190
RECIN=CONS#CONTN®CEZMTGH+CREWTU+NPSEXP+NPSEXT SCP05200
WEITE(OUT 2 115)LECIN,CCN3 ,CCNTN,CREWTG, CREWTR 4N PSEXP, BPSEXT SCP05210
115 PCRMAT (/2 1X, *TOTAL AKNUAL RICURRING INDIBECT COST IS $',P12.0/ SCPG5220
CEY,ICCRSUMEABLES: $',F12.0/ SCF05230
§5+ . +CONSUSNMABLES TRAMSPORTATION: 3, P12.0/7 SCF05240
E&% . SCEEW THRAINING: $* ,F12.0/ SCP052590
L6r . CcEV THRANSPORTATION: $¢,P12.0/7 SCF05260
LAY, *YWOKPLODUCTION SCP EXPENDABLES: $',P12.0/ S5CP0S270
&4 ., *NONPRODUCTICN SCF EXPENDAELES TEANSPORTATION: $°,.P12,0) SCPC52480

€* _5UUOLATE DISCOUNTED LIPECYCLE COST,YEARLY BEFUEBISHAENT PARTS HASS SCP05290
% {B-ILACTHENTIS ¢ EXPENDAELES), AND PRINT OTHER RELEVANT PARABETERS SCPC5300
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5001

2001
122
123

125

130

NIBPN=HRFET/ICARGO SCF05310
LIPCST=(NRECD+NRECIN) ¢+ (RECD¢BECIN) *(1, 0-(1.0+DR)‘0(-LIPBI)/DB SCF05320
* ~NRBFEC* (1.CoDR) ** (~LIFE) SCF051330
SPSCST=LIFCST/ (SPSCAP*L1FE) SCF05340
BEFURG=0. SCP05350
DO 123 1=1,8CHACH SCP05360
BCTI=NCT (I) SCF05370
WRITE(6,5001) (NAMEM(1,K),K=1,10) SCP05380
FCRUAT(///1X,10A4)) SCFr05390
DC 122 J=1,8CT1X SCF05%00
BEFURB=REFUBB*TCPIDP (I,J) *PCR (1,J) *MASS (I,J) /DELIV SCF0S41Q
BEPLAC=TICFIDP {1,J) *FCPR (I,J)*NASS (I,J)/DELIY SCP05420
WBITE(6,2001) (MNAUBEC (I,J,K),K=1,6),REPLAC SCP05430
FCEAAT(SX,€A4,5X,P10.0) . SCF05440
CCNTINUE SCPO05450
COBTINOE SCP0S460
BEFURE=2FEFURE+ (MACEXP+RPSEXP) /TCARGO SCP05470
WRITE(GUT,125) LIPCST,SPSCST,SPSCAP,SCPDC,ASYDC, NCSTRP,PSETUP, SCF05480
+  SETUP,EEFURB,TOTNAS ,MACHAS,HNPSCFU, HABNAS, SPANAS, PONTOT, SACPON, SCFOS490
* SESCEF SCF05500
WaITE(OUT, 130) HABPOW, VOLUH NEBPY ,NRRPC, SUTELE, NUCRAW, SCPCRU, BO¥SC, SCT 05510
* HUAE, SCEW SCF05520
FCRNAT("1%,21X,"*SOLAR CELL PACTORY MAJOR COST DBIVING PACTORS®/// SCF05530
+ 1X,°LIFECYCLIE CCST: 3§°',F12.0/ SCFQ5540
¢ 1X,°COST OF SCF/SNF PES SPS PRCDUC3D: $',P12.0/ SCP05550
¢+ 1I,°NUMBER CF SPS PEODUCELC PEE YEAR: °*,Fu.2// SCP05560
4 1%X,'SCF LUTY CYCLE: °*,PS.4y SCF05570
+ 1X,°ASSINELY OPERATION CUTY CYCLE: °*,FS.4/ SCF065580
+ 1X,*NUMBER OF PRODUCTION STKIPS *,F4.0// SCP05590
¢ 1X,°2ECPLE 10 SET UP SCEF/S¥F: ‘', Fu.0/ SCF05600
+ 1X,'COST TO SET UP SCF/S3F: §°',F9.0// SCP05610
¢ 1X,°YZARLY REFUPRBISHNENT PARTS (REPLACEMENTS¢EXPENDABLES,KG): °*, SCF05620
¢ £10,0/ SCP05630
¢ 1X,'TCTAL SCE/SHP MASS(KG): ', P1O.O/ SCP0S5640
+ 6X,*PEGDUCTICN MACHINERY MASS{KG): *',P10.0/ .SCPC5650
¢ 6X,°NCN PROLUCTION EQUIPMENT MASS (KG): °',F10.0/ SCF0S660
¢ 64,'HAEITAT MASS(KG): *,F10.0/ SCF05670
+ 6X,'SULAM POWER ARKAY BASS(KG): ¢, P10.0// SCPC5680
¢ 1X,'TOTAL SCE/SHP PCRER(KW): °*,F10,0/ SCF 05690
+ 6X,*PRCDUCTION MACHINEXY POWER(KW): *,P10.0/ SCF05700
+ 6X,'NCN PROGDUCTION EQUIPMENT POWER(KW) °*,P10.0) SCF05710
FOEMAT (6X, *HABITAT POWZR (KW): °*,F10.0// SCFQ05720
+ 1X,'SCF WARXHOUSE VOLUME (CM): *,P7,0/ SCF05730
+ 1X,°H4ASS OF BUFFER REPLACEMEMNT PABTS IN WARBHOOUSE(KG ): *,P7.0/ SCPO5740
+ 1X,°CCST OP BUFFER EEPLACEMENT PARTS IN WAREHOUSE §$°*,P12.0// SCFP05750
+ 1X,*NUMBER OF TELEOPERATCRS: ',P4,0/ SCF05760
¢ 1X,"NUMPER OF caAuLzas:'.Pu.O/ SCF05770
+ 1X,°TOTAL SCF/SHP CKEW: *,FS5.0/ SCP05780
¢ 6X,'SUPEHRVISORY CONTROL CREW:*, P5.0/ SCP05790
+ 6X,"REPAIR CREM: *, FS.0/ SCFr05800
+ 6X,"SUPFORT CBEW: °,P5.0) SCP058 10
sTOP SCr05620
ESC SCP0S8230
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NONON

SUBECUTINE FIEERG

INPLICIT REAL (L,H,N)
IETEGER NCTI, bCMACH, EBCODE (20,15),NCT(20) ,CHRNDL

DISENSICHN NOCCHMP(20,15),TIPL (20,15),8AIKT (20,15) (HOFAIL (20,15),

LR 20 B 2N J

TCTINE (20,15) , NCSTK B (20, 15) ,EARTH (20, 15) , TESERV (20,15) ,
CBSEEV(20),COST (20, 15) ,HASS (20,15) ,VCLOSE (20,15) o
HUTINE(20,15),FCR (20,15) ,CRS (20, 15) ,RECTIN(20,15),

NOAQTO (20, 15) NC CLN (20, 15) ,BOTELE (20, 15) , NCCEAW (20) ,
BoHun1(20,15) ,NOHUN2 (20, 15) ,TCPIDP (20, 15) , TUP (20, 15), CUF {20)

COMMOB NCCCMP,TYPE,MAINT,RRCCDE,NOFAIL,TCTINE, NCSTRP,NONACH,

*e0 e

¥CT ,DELIV,ETT, TRANT , TRANC,DELAY,SCBB,ANSTRE, UP,UPT, LY,
EARTU,TESERV,CRSERV,TUP, CUF,

COST,MASS,VOLUME, HUTINE,FCR,CRS, RECTIN, TPER, TCARGO, A,
NCSTEF,BFPC,Nb EPC, RRPT,NRRPT, VOLWH, RUTELE, NOCRAN , EOHUNY,
NUHUN2,NOAUTO, SOCLB,NCTELE, NOCRAW, NCHUA 1, BGHUN2, TCPIDP

AVFAIL=20.

CNINDL=SCEF®*AVFAIL

BFEP=0.

IDUNBY=INT (CNUNDL+1.0)

tC 2 Kk=1,ICUrmy
K=K-1
Z=FLOAT (K)
NEEF=NPEF4POISSE (2, AVPAIL)® (1.0)
K=K+ 1

2 CONTINUE

DO 3 K=Ipumsy,33
2=FLCAT (K)
NEPEP=NPEF+PQISSH (2, AVPAIL) * (CNENDL/Z)

J CCHTINUE

4

DO 7 I=1,NCHACH
NCTI=HCT(I)
DO 6 J=1,NCTI
IP { (RRCCGE(I,Jd) +EQ+3) +OR. (SOPAIL {1,J).LT..0001))

* GO 10 U

6
7 CONTINUE

EARTH (I,J)=1.0-NPEF

GO 10 6

EABTH (1,d)=0.
CCNTINUE

RETORN
END
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SUBROUTINE ECSCP (NCHACH, . NDPED, NCT,NOCOHP, SHTDWN ,HOCLUS ,RRCODE,
* NOPAIL,MACHDC,

INPLICIT BREAL ({L,H8,N)

STATEC,PROLC,ASYIC)

INTEGER ENLPEL,NOSACH,NCT (20) ,BRCODE (20, 15)

DINENSICH HACHDCIZOI,STAIDC(ZO.15).NCCOBP(20.15).SHTDHB(20.15}.

+ HOCLUS(20) ,NOFAIL (20,15)
PRODC=1,0
LG 8 I=1,EMDPKL

CALL CCMACH(I,HnACHDC(I),STATEC,BCT,NOCONP ,SATDNN,BOCLUS,

* IRCCTE,NCPALYL)
PRBODC=PRODC*UACHDC(I)
8 CCHTINDE
ASYDC=MACHLC (ENLPRE)
IDUNNAY=ENCPRD4?
DO 11 I=ILCUMMY,NONACH

CALL DCBACB(I.HACHDC(I).STATDC.ﬂCT.BOCOHP.SHIDEH.IOCLUS,

* ERCOLE,NOPAIL)
ASYDC=ASYDC*NACHDC (1)
11 CcatINOER
BETUBN
ESE

SUBROUTINE DCMACH(I,MACHEC,STATDC,NCT,NCCONP,SHTDWH,ROCLUS,

* RECCLE, XCFAIL)
INELICIT BEAL (L,8,N)

INTEGEK BCTI,NCT{20),NINC,SHOT,RRCODE (20, 15)

DINENSICN NOPAIL(20Q,15),STATDC(20,15),580C0ONP (20,15) , HOCLUS (20) ,

L2 SUT. x4 (20,15)
BACHDC=1.0
BCTI=NCT (1)

DO 8 J=1,NCTI

IP(NOFAIL (I,J) .1T. .000Y) GO 20 7
CALL ELCSTAT(1,J,STATIDC(I,J),RBCODE(I,4J) ,NOPAIL(I,J))

IF(INT(STATDC(Z.J)) +Eu

1) G0 To &

IE(INT(NCCCMP({I,J)} +EQ. 1) GO.T70 6

IP(ARS(NCCCAP (I,J)/HOCLUS (I) -SETDUE (I,J)) «LT. +001) GO TO &

ClUsSLc=0.
SHUT=INT(SUTD®WN (1,J))

NINC=2INT (NCOINP (I, ) /7HOCLUS(I))

DC 2 K=SHUT, BliC

CLUSDC=CLVI DT+ DINDIS (K, BIRC,STATLC(I,J))

CCNTINUE
Go 70 5

GC TC 8
MACHDC=8ACHDC*STATDC (I,J)
GC TC 8

STATLC(1,J)=1.0

8 CCHBIIKLE

BETORK

BN

- O Ve N

CLUSDC=STATDC (1,J)** (NOCOHP (I,J) /NOCLUS (1))
NACHDC=8ACHDC*CLUSDC* « {NOCLUS (I))
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SCP06590
SCP06600
SCP06610
SCP06620
SCF06630
SCF06640
SCF06650
SCFN66690
SCF06670
ECP06680
SCF06690
SCF06700
SCros6710
SCP06720
SCF06730
SCPO6740
SCF06750
SCro6760
SCF06770
SCFP06780
SCP06790
SCro68oo0
5CP06810
SCP06620



3
-]

PR I I B

* ot

*

SUBROUTINE DCSTAT (1,J,STATDC,RRCODE,NOFAIL)

INPLICIT REAL (L,M,H)
INTEGER FBCOLE
IF (RkCOLCE .EQ. 3) GO TO 3

IF ({ERCCLE .EC. 21) .C5. (FBCODE .EQ. 22)) GO TO S

CALL 2RCY(1,J,ROLTIN)

STATLC=1,0-NCFAIL*60LTIN/(365.0%24.0)

BETURY

STATEC=1,0

BRETUBRN

CALL BRC2(I,J,BABTIH)

STATDC=1.0-NOFAIL*RANTIB/ (365.0%24.0)

BETURN
END

SUBKOUTINE FEC1(I,J,RCITIY)
INPLICIT SEAL (L,u4,N)

INTEGEF KECCLE (20, 15) ,KCT (20) ,NCHACH
DIHENSICH NOocCHMP(2C,15), TY?E(20,15),MALNT (20,15) , NOFAIL(20,15),
TCTINE (20,15), NCSTEP {20,15), EARTH (20,15) , TESEEV(20,15),
CKSEERV (20) ,COST (20, 15) ,HASS (2C,15) ,VCIUME (20,15) .
HUTINE(<0,15) ,FCR(20,15) ,CES(29,15) ,6ECTIN(20C,15),
NOAUTOU (20,15) ,NCTTH (2€C,15) ,NCTZLZ (20, 15) , NOCEAW (20) ,
NGHUN1 ({20, 15) (XCHUN2(29,15) ,TCFPIDP (20, 15) ,TUP(20,15),CUF (20)
CCHYCN NCCCME, TYPE,MAINT,RECCDL, NOFATIL,TCTIME,NCSTRP,NOJACH,
NCT ,DELIV,ETT, TRANT ,TEANC,CELAY,SCDR,ANSTRR,0F,UFT,LF,
EARTH, TESEFV,CRSERV, TUF,CIHF,
C0S1,MASS, VOLUNE, HUTIME,FCR,CRS,RECTIN, TPER,TCARGO,AH,
NOSIRE,RFPC,NFEEC, KEPT,NPRPT, VOLWH,NUTELE , NUCRAR,NURUN Y,
NUHOLS 2, NOAUTO, HCCLN ,NCTELE,NOCRAW,NCHUN 1, NOHUN2,TCPIDP
TIME14=NOFAIL (I,J)*(NOCOMP(I,J) /TYP2(Z,J))*14.0%

(ICTIHE (I,J) ¢+THANT)

TELEW4=TINLV4/ (365.0#24, Q*UF)

RESERV (1,J) =ENLCOFF (14.G/TELE1Y, .5)
IP (TESERV(I,J) .GT. ANSTRP) TESERY(I,J) =ANSTRP
TUE(X,J) = (TESERV (I,J) /14.0)*TINE14,/(365.C0%24.0)

AVEr T=TCTINS (1,J)¢+TLART
LAMECA=UF/AVERT

RCLTIN=QUEUE (AVEST,LAYBDA) ¢+ETTSEARTH (1,J)

RETURY
END
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SUBBCGUTINE I BRC2(X,J,RANTIN)

IABLICYY HEAL (L.8,8)

IBRTEGER NCEACH, BBCCDL(20,15) ,NCT{20},8CT1

CINENSION HOCOUF (20,15),TYIPE (20,15),3521N8T (20,15) ,NOPAIL(20,15),
1CTINE 120,15) ,KCSTEP §20,15) ,EMITH {20, 15) ,TBSERY (20,15) .
CRSERV(20) ,COST (20, 15} ,8AS8S (20,15) ,VO104B (20,15),
BUTIBE(20,15) ,FCR{20,15) ,CRS(20,15) ,RECTIN (20,15),
NOABTIO(2C, 15) ,NOCLY (20, 15) ,ROTELE (20, 15) , BOCRAY (20},
SOHUNT(20,15) ,¥OU0N2 (20,15) ,TCPIDP (20, 15) . TUR {20, 15), CUP {20)

ConROR HOCOMP,TYPE,MAINT ,KACOLE,NOPAIL,TCTINE, NCSTHP, HOBACH,

8CT DELIV,BIT, TBANT,TEANC UBLAY, SCBR, AUSTRE, NF UFL, LY,

EABTH, TESERV, CRSERY,TUF, CUF,

COST,MASS,VOLUNE, HUT1INB,FCR,CRS, BECTIN, TPER,TCARGO, Al,

BCSTEE,3BPC,NEEEC, BEPT, HREPY, VOLUH, HNUTELE, NUCRAW, BURUST,

NOHBAZ, BOAUTO, BOCLE,SOTELE,NOCRAY , NCRDN T, HCHU N2, TCPIDR
TIBEIR= 0

IPrAIL= L0
PRITINS .0
BCII=H#CT (L)
86 5 B=1,8CTX

[ 2R 2% 2K I J

[ 2 2 K 4

L1EF(BECOCE(I,K) .EQ.1) GO TG 3

TINEV14nT ISE14+NOFALL (I,K) *HCCONP (I,K) /TYPE(L,K) *18,0v
* (TCTINE (1,K) *TR ANC) +5OCONP (I, K} /TYPE (I,K) ¢14.0¢
. MAINT (I,K)

IP(ERCCLE(X," . +EQ. 3) GO TO §

TPFAIL=TPFAI: *~OFALL (I,K)*HOCONP(1,K) /TYRPE(I K} *10.0
GC TC S
3 TINE W=TINEIQ+ROCONP {I,K)/TYPE(I,K}*Yi, 000207 (X,K)
5 CCHTINDE

CRAVWIU=TINEIU/ (365,00 204, UsOIF)

CRSERV {I) sRNCOFF (14,0 /CRANIY , ©

IF(CBSERV(I) .CT. ASSTRP) CASEnV (I)=ANSTRP

COP (1) = (CRSERV (1) /10, 0)*TIHEI4, (365, 0%24,0)
AVERISTCIINE (1,d) +TRANC
LASBDA=TPPAIL® {CESERY {I) /14.0) /(365.0%24,0)

BANTIN=CUEUR (AVERT,LANEDA) ¢ {CUF (1) ~LANBDA®AVERT+LP) *DELAY+
* ETT*EARTE (I,43)

BETURE

END

SUDRCOTINE SIﬁSCI{SC?DC,OUTPU?,KOSTRP.SPSCAP)

: REAL (L,N,H)
%ggtigigmn (INT (OUTPUT/ {365,0924.0951,08252.0/1. 17¢5CEDC) })

GE. +5) GO TO 6
1F NOSIBP/1Q.O'?LOBT(IST(KOSTR2/1“.0}) .
BOéTB?S?iOAT(IUT(SGSTRP/‘“.O))‘?%.O

GO0 10 8

LOAT {INT (KOSTRE/14.0)+1) *14.0

: ggzgigzi!GSTéE'SC!DC‘3oS-0'2“.0'51.0*252.0/1a17}}08??51

BETURN

3 3
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*

*Pee

SUBROUTINE WHEFSE(VOLEN, SCPDC,DCAUTO)
INPLICIT FEAL (L,N,5)
ANTEGEX NCTI,KCT (20),BBCODE(20,15) ,80%ACH

DIBEBSICY COST (29, 15) ,MASS (26, 15),V0LONE (2C,15) , HCCONP (20, 15) ,
TYPE (20,15) (NOFALIL (20,15) ,HUTINE (20,15) ,TCTINE(20,15),
FCR(20,15) ,CR5(2C,15) ,RECTIN(20,15) ,EABTH {20,15),

TESERY (20,15) ,cESELV (20) ,HOAUTO (20, 15) ,HOCLN (20, 15) ,
YOTELE (20, 15) HOCRAN (2J) ,BOHUHY (20,15) , NOHO B2 (20, 15) ,
TCL TDP {20, 15) (MALNT (29, 15) ,RCSTRY {20, 15) , T8F {20, 15) ,COP §20) ,
cLLel(20,15) ,CODE2A (20,15) ,LODE2K (20, 15) ,CODEI (20,15)
COBA0B BOCONP,TYPE,8AINT,RRCODE, NOFAIL, TCTINE, NCSTRP, BOUACH,
SCT,DELIVY,ETT, TRANT, TRANC,DELAY, SOBS,ANSTRP,UP,UPT,1P,

EARTY,TESERV,CRSERV,TUF,COF,

" COST, BASS, VOLUME, BUTIHE, FCR,CRS, RECTIY, TPBR,TCARGO,AH,
BCS15F,BFFC,NRRPC ,RRDPT,NRAPT, VOLUH,BUTZLE, NUCRAN, NUHDAT,
E0BUN2, BCAUTO, HOC LN, NGTELE, ROCBRAN,KOHUN 1, 80HON2,TCFIDP

80 2 Is=1,HCHACH
NWII=KCTI (1)
DO 1 J=1,8CTI2

COCE1(1,J) =0,

COLE2A (I,J)=0.
CODZ2H(I1,J) =0.
COL£3(1,3)=0.
IP (RRCODE (I, d)
17 (RFCCDE(I,J)
IF (BBCODE(I,J)
IP(3BCODE(I,J)
ROTELE(I,J) =0.
BOCEAN (I) =0,

50868 1(X,J) =0,

CORTIKUE
2 CCNTINUE

EPPCa0.
8FEPC=0,
FERTI=0,
SERPT=0.
VCeLuH=0,
NUBUHI=0,
NUHCa2=0,
SUTELE=Q.
NOCRAN=0,

Do 15 I=1,

ECEACH

HCTU=NCT I)
DO 14 J=1,¥CTL

TC!IBP(I,J)=DELIV°NOFAIL(I,J)‘KOCOHP(I,J)/T!PB(f,J)‘

+EQ.
.EQ.
+«EY.
.EQ.

1) CCBE1(I,J)=1.0
21) CODE2A (I,J)=1.0
22) COLEH(I,J)=1.0
3) CODE3(1,J)=1.0

ROSTFP*SCFDC

VOLVUIi=VOLWH + (CODET (I,J) +#CODE2A (I,J) +CODE2H (I,Jd))*
SOBR® {FCR {1,J) *VOLUME(I,J) *TCPIDP (I, J))
+CODE3 {I,") * ((TCPIDP (I,J) *RECTIA(I,J)/
{365,0%204,0%DELIV) *VOLUBE (%,J) *SOBR)
¢ (FCF(I,J)*VCLUNE (1,J) *TICFIDP (I,J)})})

BRPC=ERPCeTCPIDP (1,J)*FCR (I,J)*8AS5 (1,J)*CRS(I,Jd)

SCr07760
SCrO07770
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SCP073500
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SCP07330
SCPO07640
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SERPC=URRPC* (CODEV (X, 3) +CODE2A {1,J) *CODER {1, J))®

SCr0e290

* (SOBR~1?.C) * {TCFIDP (I,J) *FCR {I,J) *BASS (I,J) ® SCPC8300
I CES(I,3)) ¢ CODEI(3,Jd) *(ICFITP(I,J) *SECTIN(I,.J)/ SCFrCBINQ

IS £3€5.0%2a,.C*TELIY) *COST (1,J) SSCBR) SCF08320
BRPT=ERPT+ (CODEV (X,J) *CODE2A (,J) *CODE2H (I I} )} * SCF08133

. (TCFIDP(1,J) ¢FCRI,J) *AASS (I, 1) ® (RBARTH {I,3) STPER SCF06340

. ¢ {1.0-EABTH (1,J) ) *TCARGO) S$CPO8350

. *CCDE 3 (1 ,3) *TCPIDP {I,3) SECB (I,3) *AASS (1,3) *TCARGO SCFO6360
NREPT=NRRPT+ (COBEN (1,J) *CODE2A (I,J) +CODE2M (X, J))* SCPro8179

* (SOBR-1.0)¢{TCFIDP (1,J) ECR (X,J) SHASS {1.J3) ) *TCARCOSCPU83I80

. SCODE I (1 ,J) S (TCPIDPR (I,J) SRECTIN(I J)/ SCPO8390

. 1365, 0929, 0%DEL1Y) *SOBR*AASS (1,J) ) *TCARGO SCPO8300
COt0000 00830008000 000 SCFOBs 10
C® 80D 1V . SCro8s 20
BOAB10 (1,J) =C0DE2A (1,J) *ICF1DP {1 ,J) *HUT INE (I, 3)* SCF08830

. A8/ (365.0924,0*DELIVEDCANTO) SCro8ang
CO000 0000008000000 000 SCros: 30
IP (ERCODE(X,J) .8E. 2V} 60 TO & . SCPOBA G0
IP(NCAUTO(I,J} .1T. 1.0) GO 20 3 SCPFO8a70

80OAUTO (I,3) =BRNDOPP (NOAUTO (X,J) . C1) SCPO0L 80

6C 1C & SCrosasd

3 ROABIO (1,J) =% O SC706500
[ BONDA2 (I ,J) 2CODE2S (X ,J) *ICPIDP (1,3) *HUTINR (1,J3)/ SCF08510
* (365.0023 .0¢LELIY) SCF08S 20
SURDE2=PUHU E 2¢ HCHUN 2 (1 ,J) SCP06S30
IP(TESEEV({L,J) .GI. .0001) GO TO S SCPGe5Ss0

G0 10 6 SCPO8s550

5 IP (ABS(TESERY(X,J) -AESIEP) .LI. .0007) GO TO SS SCr06560
BOSELE (1,J) =RRLOPP (BOSTER/TESERY (X .J) ,BFT) SCP08570

60 1C 555 SCF08580

1 WOTELE {1,J) =TUF (I,J)/7UP SCP08590
555 BUTELE=BUTELE+ BCIZLE (I,J) SCF086900
XF((RRCOCE(1,J) <Eie1) <ARD. (HUTINE(I,J) .CT..0001)) SCF086 10

. WCHURY (I,J)=dUTISE(I,J) /ICTINE(1,J) *HOTELE (X.?) SCF08620
HUHUN V=R UHUR T+ BORUN Y (I,9) SC2086 30

6 IF ((CRSERV (1Y .GT. .0001) .AND. (J .BQ. 1)) 6O TO ? SCrog6ao
60 10 8 SCP08650

7 1P (SOSTRP/CRSERV(I) .LT. UFT) GO TO 7S SCP08660
BOCEHAN (1) =5 SDOFP (NCSTHEP/CHSERV {I),UFT) SCF06670

G0 TC 76 SCP086 00

5 BOCEAN (I)=1.0 SCF08<90
76 BUCEA&=N UCE Ak¢ NOCRAU(I) SCF068730
8 BOCIN (I,J)=CODE] (I,J) *TICPIDP{1,J)*RECTIA (X,2)/ SCF08710
. (365.0%25,08LCELLY) SCro8720
I? (MGCLE {I,J9) .LT. .001) GO TO 14 SCP08730

IF (NOCLN {I,J) .LT. 1.0) GO TO 10 SCF087430

NOCLN {1,) =RNDOFP {BOCL N (I,J3) ,.01) SCP08750

GO 30 14 5CP08760

10 BOCLR (I,J)=1.0 SCros770
111 CCETIDUE SCr08780
15 CONTIRUE SCrQe790
BEBUBY=EEDCFP (KUHUKY, . 1) SCrogsoo
JUHUB2=ESCOFF {SUBUAZ, .01) SCrcea 10
VCINHaVCINN®VCLES SCross 20
BETORN SCroesso
ERL SCr088 &g
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lals X X,

10

BSAL PERCTION QUEOE(MU,LANEDA)
SEAL 88, LAMEDA

QSEUE= 1.0/ (1.0,00-LANELA)
RETORD

§

REAL FUECTICH BCISSH(LY)

BEAL E,X,X

EATA E/2.7V828¢
POISSE=(Y®eX) ® (E*¢ (~1) ) /RACT(X)
SITORNE

EBD

REAL FUNCTION FACT(2)

IBTEGEF I,k

BEAL 2

PACTI=1.0

IE((Z-1.0) .1L1I. .G001) RETURE

K=2RT(2)

BC 10 31=2,%
PACTI=FACI®FLOAT (I)

CCBTINUE

BETUBE

1 11

REAL PUBCTION BINDIS (K.N,P)

INTEGEB N, K

BEAL P

BIBMDIS=FACT(PLCAT(N) ) /{P ACT(PLOAT (N-K) ) *PACT (FLOAT(K)})*
* (P*sK)® ([ 1.0-P)*® (§-K))

RETUBS

ERD

KEAL FUBCTICN BNDOFF (N,3AX)

REAL N, HAX

1P (B-PLOAT (IBT (¥)).GE.NAX) GO TO &
BELCEF=FIOAT (IBT(N))

BETURHE

REDCEF=F10AT (18T (N) *1)

BETUBYN

BEL

r6e

Scroesso
SCr0o8 60
SCF08870
SCrosaso
Scr080890
SCP08900
SCroeY 10
SCroes20
SCroe9 30

SCr069a0
SCF08950
SCP08960
SCroes7o
SCr08980
SCPr08990
SCrosooo

Scr09010
SC#090 20
sCcro%030
SCP09080
scr0%0so
SCFG9060
SCP09070
Scr09080
SCr0%090
SCr09100
SCr09110
SCro09120

SCF09130
SCrP091480
SCF09150
5CP09160
SCF09170
SCr09180
SCro09190
SCr09200

sCP09210
SCP09220
SCr09230
SCP09240
SCr09250
SCr09260
SCr09270
sCro9280
$Cr092350



PILE: VABIATE -DATA A

1.0 0 0
& 72 ¢ 3 3 1 3 9 3 & 7 3 v 7
1. ‘. .. ‘. ‘. 1. ‘o 2. ‘. '. ‘. c. Q. ‘.
3 2. ’ 17 «05
300. 100. T.4 280.
15 05 .3 0.
1w0o. 9. 2000. 10.
100. 035 10. 100.
365, 300. 1.5 0.
20. + 10 1160. 2.5
‘o. o. u. 2.
2.5 0. «001 0.
0. 3000. 660C0C00. 24¢40000.
20. 0. 0. 10,
2500. 100. 9. 2.
o1 20. 5000000. 7500.
1. 0. a. 7000400,
2000. 25. .001 20.
200040. 750. L 0.
1. 1100, 25000000000,

THEDSAL BELY

DV OP AL BREAR CONTACI
DV OP SI WAFck ASD F-DCPAST IOPLARTATICH
PULSZ BECEYSTALLIZATICK

SCAN EECRYSTALLIZATICH

H—-DOEANT INPLANTATICH

ANNEAL

DV OF AL FRCBT CCHTACT

PROBT CCHTACT SINTEBING

CELL CBOSSCUT

CELL IKTERCCHMECTION

DY OF SILICA OPTICAL CCVER

DV CP SILICA SUBSTFATE

PASEL ALIGHHMENT € SPARE PAREL XSSERTICH
PANEL INTERCCHMNECIICH

LCNGITUDINAL CUT

RAPTCN TAPE APPLICATICH

ABBAY SEGMENT FCLDING AND PACKAGING
BELX

BOTCB/DRIVE

END FCLLERS

THEEMAL CCETEHOL

EB GuB

FPILANENT SAGAZINE

SLAB FEEDER

PANEL BAPELE

SIDE EAFFLE

SIDE BAFFLE GUICE

COOLING SYSiin

EB GUN

PILAMENT HBAGAZINE

S1AB PEEDEH

PANEL BAFPLE

SIDE EAFFPLE

SIDE BAFFLZ GUICE

A69

COBVERSATICNAL BOBITCR SYSTEA

7 &8 7 S
W % 1. 1
o7
30890,
35.
§.
. |
25000.
100,
0.
g.
1080,
10000000,
15.‘
150000.
;5000000.



PILZ: VARIATE DATA

BOBCE ICY IAFLANTER
COOLING SYSIZN

EB GUR

FILAMENT 8AGAZIBNE
COOLISG SYSTEN

EB Gux

PILABCET BAGAZINE
COOLING SYSTER
PHOSPHOBUS ICH IBELANTER
EB GuUN

PILAMAENT BAGAZINE
COOLISG SYSTEn

BB Gun

PILACENT BAGAZISE
SLAB PEEDER

8asSt

BASK GUIDE ARD BOLLDP
PANEL EBAFPLE

S1DE BAFFLE

SIDE EAFFLE GOUIDE
COOL18G SYSTEYM

EB GON

PILAENT MAGAZINE
COQOLING SYSTEYN
LASER

ESYEFTOS LAMF NAGAZINE
GUILE BCLLERS
SHIELD

BLECTBOSTATIC WELDER
ISTERCONRECT PEEDER
IUTEECCREECT RCLL
SENSCBS

VABIAELE SPEED BOLLERS
uoTCR

GUIDE ROLLERS

EB GUN

PILANENT MAGAZ1NE
SLAB PEECZR

BASKING DZIVICE
T-S5TRIP nASK PACKAGE
OXYGEN TISPENSER
PANEL BAPPLE

SIDE EAFFLE

SIDE BAEFLE GUIDE
SOFT SUBFACE BELT
HOTOB/DRIVE

END BCLLER

COOLING SYSTEX

EB GUN

PILASENT MAGAZINE
S12B PEZDER

BASKING CEVICE
T~-STRIP MASK PACKAGE
OTYGEN DISPENSZB
PAUEL BAPPLE
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FILE: VARIATE DATA a

SIDE EAFPLE

SIDE BAPFLE GUIDE
SOFT SURPACE BELT
AOTCB/DEIVE

EBD HCLLER

COOLING SYSTZH
ACCELERATOR BELZT
VABIABLE SPEED BOLLERS
PANEL RENOVER

PANEL INSEGIEB

PABEL HOPPEB

SENSORS .

GUIDE RCLLERS
ELECTBOSTATIC WELLER
ISTEECCBAECT FEEDEB
INTESCONNECT BOLL
SEHSCRS

VARIABLE SPEED BCGLLERS
80TCR

GUIDE BOLLERS

LASEB

KBYPTON LA#P BAGAZIRE
GUIDE RCLLERS

SHIELD

STATIONARY TAPER
STATICNARY TAPE BERILL
CECSS TAPER

CROSS TAPE BEEFILL
SOF3 BOLLER

GUIDE RJLLERS

CBOSS TAPT HCTCR
GOIDE KCLLERS
VERTICAL DEELECTORS
BOX ALIGHSMENT

BOX LABELING

TRAILING EDGE GUIDE

1000000, 25000. 0.

. 1. 1.
140. 00. o.
0. 0. 0.
500000. 10000. 0.
‘o 1. 1.
10. 11 3]
«025 20. 0.
25000, 500, S.

2. 2. 1.
10. 1. . &5
« 05 15. 0.
50€0000. 25000. 0.
1. 1. 1.
S0. 12. o3
01 200. 0.
1€006000, 720, kP
2. 1. 1.

0. 215, 0.5

A71

COMVERSATIONAL BONITOR SYSTZH



PILE: VARIATE . DATA | CONVERSATIONAL MONITOE SYSTEM

- 008 50. 0. 2.

5000. 10. 6. - 08 «003
2‘ °| '. o. o.

0. it 0. «02

1e 250, a. 0.

500000. 500, «01 S0. %]
2. 1. 1. 5 0.

0. 212, 25 05

01 10. 6. 6.

25000. +08 0. «05 +00005
‘. 0. ‘ 1] 0. 0.

0. 373.6 ¢. «03

L ) 1.5 Q. 3. .

25000. 15.5 0. 10. «025
2. 0. LS 0. 0.

0. 336.8 0. 02

1. 1.5 g. 20.

250000. S0. «01 25, L 1]

2. 2. . 8. «0001
5. 1'0 -01 ol

002 5. 0. N 200

5000000. 89. 007 22. o2

\ 1. L 28 S. «0005
10. 215, Te <05

«02 1S, e. 2.

q. 920, 7.3 25, ol
20. Q. 1. 1. 0.

0. 215. s «05

<008 50, G. 70.

0. iC. 0. .08 «003
20. 0. 1. 0. °.
0. KA 0. «02

1. 250. 0. 0.

0. 600. «01 60, 3
20. a. 1. N 0.

Q. 212. 25 «05

+«01 10. 0. 20.

0. «35 0. 25 +00035
“. L] 1. o. u.
0. 3319.6 C. «03

Te 1.5 C. 4.

0. 15.5 0. 10. «025
3. 0. 14, 0. c.
0. 3159.8 c. «02

1. 1.5 Q. 20.

0. 50. «01 25, 1.

Q. 1. 109, 4. « 0001
S. 1", «01 S |

.02 5. Q. 20.

1000000, 2500. 1. 78 25, 5
20, Q. 1. 2. -00002
200, 215, 25 «05

01 100, 0. 20,

0. 1330. «152 360. 2.

1- 1. ’0 20. 0002

A72



PILB: VARIATE -DATA A CCRVERSATIORAL NMONXIOR SYSTEM

10. 2110, 2. 05

«01 15. 0. 2.

0. 430. 1.8 10. «05
2. 1. 1. Te 0.
0. 215, S «0S

«005 50. 0. 6.

0. ‘0. 0. «08 «0013
2. 0. 1. 0. 0.

o, 5. 0. «02

1. 250. o. 0.

0. 95. -008 24. o2
1. 1. LD S. +000S
10. 215, 1. «05 i

«02 15. 0. 2.

GQ 270. 06 5. .os
2. 1. 1. 1. °. *
0. 2‘5- 05 005

«£05 £0. g. 6.

0. 10. C. .08 003
2. o. " 1. 0. 0.

0. 33. 0. «02

1. 250. 0. g.

0. 62, «003 14. |

1. 1. 1. S. 0005
16. 2?15, 1. «05

<02 15. 0. 3.

20C0000. 25C0. 1.7% 28, 3

20 2. ‘. 2. 000003
200. 215. 25 «05

-01 100. 0. 20.

. 240, o8 Se «05
2. 1. 1. 1. 0.
0. 215, 5 «05

.00S 50. 0. 6.

0. 1C. ¢. .08 «003
2, 0. 1. 0. 0.
0. 33. 0. +02

1. 250, g. 0.

0. 62. «001 14. o1

1. 1. 1. 5. «0005
10. 215, 1. «05

.02 15. 0. 3.

0. 410. 1.6 10. «05
4, 1. 1. 1. 0.
0. 21s. 5 «05

«005 50. 0. 6.

0. 1C. 0. 04 «003
Q. 0. 10 o. 00

0. 34. 0. «02

1. 250, Q. 0.

0. 5C0. «01 S0. 5
('8 1. 1. o2 0.

0. 212, 25 +05

<01 10. 0. 6,

100000. 12000. 0. 300, %
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PILE: VARIATE DATA A CCEVERSATIONAL MONITCR SYSTEM

2. 0. 1. 0. 0.

0. 33153, 0. o

«01 20, 1. 2.

250000, 2500. 2. 256. 3.

24 1. 1. Se +001
10. 15. N3 25

<05 10. 0. 2.

0. »0S 0. «05 «00005
2. 0. 1. 0. Q.

0. 336.8 0. «03

1. 1.5 C. 3.

0. 15. 5 ¢. 14. «025

'. o. 1“. o. . 00
Q. :‘-100. 0. 02 M
1. 1.5 e. 20.

0. 30. 01 25. L

Q. 2. 16, L I8 «0001
S. 1, «01 o1

«02 S. 0. 20.

0. 190. 0006 30. Y

1. 1. 1. 0. « 0001
10. 2110. t. 05

<01 1S. o. 1.

0. 220, 0.2 Se +0S
2. 1. 1. 1. 0.

0. 21 S. S + 05

«00S 50. 0. 6.

0. 10- a. .00 .003
2. o. 10 o. 0.
0. 3 3, 0. «02

10 250. 0. 0-

0. 62, «301 14, 9 |
1. 1. 1. S. «0005
10. 21 Se 1. <08

«02 15. e. 3.

750000, 32590, 2.5 20. «25
1. 1. % S «001
25. 2y W, 1. «05

«05 25. C. 2.

1000. 100. 0. o1 « 005
1. o. 1. 0. 0.
0. 3 2 9. 03

1. 10C0, 0. 2.

1000. 10. Q. 5 «003
2. o. 1. 0. °Q
0. 3 L,05 0. «05

1. 20. 0. g.

500. 20, 0. t. 0
10 °o 1. -1 0-
0. o o. o. 0.

0. 0. 0. 0.

80000. 180, 0.5 10. 1

Te 1. 1. «01 «00001
15. 21 0. 025 *

-04 3s5. 0. 2.
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PILEB: VARIATE DATA A

8¢€0000.
1.
15.

300000,
1.
15.
« 00
o-
4.
0.
1.
o.
30.
o.

« 005
0.

30.

0.

1.

o.

30.

o.

«01
100000,
1.

15,

01
25000.

500.
t.
21 4.
130.
120.
1.
3 0.2
0.
500.

10.
« 35

3319.6
1.5
15.5

2159.8

A75

20.
01
-03

2.
5.

CCHVEESATIOBAL SONXTOR SYSTES

.‘
«00001

«05
0.

«007
a.

«025
00004

+003
0.

o1
0.

«003

0.5

1.
« 0005

-002

5
0.

« 00035
0.

«025
0.



PILE: VABIATE [EATA A CCRVERSATIONAL HONITGR SYSTES

1.0 1.5 0 20.

Q. 50. «03 25. 1.
6. 1. 1%, &, +0001
s. ‘10 .01 01

.02 S. 0. 20.

1000000 . 20000, 0. 34860. 2.
1. 1. 1. 5. «001
10. . 00. o. Q.

0. 0. G. 1.

0. 7000, 15, 700, a,
‘. t. ‘c Sl e0001
'o. "1. .5 2‘

025 2€. 1. .

0. e, S. 1400. ag.
1o 1. 1 2. «ga1
‘o. 12. .zs ‘. .
05 15. C. 6.

0. 1577, «219 534, 3.
Te 1. 1. 30. -003
10. 118, 2. 05

«0033 15. 0. 1.

0. 870. 7.9 25, o1
20. “. ’. 1. °.

0. 215, *5 +05

.005 50. e 70.

0. 10. g. 04 - 003
20, 0. 1. 9. Q.
0. kAR 0. .02

‘. 2500 o. o.

0. 600. 01 60. «5
20. . G 1. +3 0.
0. 212, 25 «05

<01 10. 0. 50.

0. 500. 1. 50. 1.
Ye 1. 1. 10. <0005
15. 215, « 25 .05

« 0 20. a, 24

0- 100‘ 0. 5. 0005
1.0 0. 1. 15. 0.
0. Ju7,. 0. «03

=001 20. o 2.

0. 25, « 0005 Se %
Q. 1- ‘o 5. 0-
0. 11. 0. 0.

.01 10. Q. Se

0. «35 0. 25 «00035
“0 0. ‘l 0. 0.
0. 3319.6 0. «03

1. 1.5 0. 14,

0. 15.5 0 10. 025
Q. g. 14. 0 «0
0 3159,8 0. «02

1.0 1.5 .0 20.

0. 50. <01 25. LI
L 1. 14, 4. «0001



PILE: VARIATE -DATA )

05

0.

1.

10,
«005
1000040,
1.

15.

o1

o.

3J2.

0.

«06
6450000.
2.

15.

o1
450000.
1.

15.

ol
600000,
3.
0.
0.
0.
10.
0.
o2
0.
60.
0.
1.
0.
1.
15.
04
0.
1.
15.
ot
0.

1.
5.
15000,
1.

00.
0.
5000,
1.

1",
20.
1800,
1.

12.
15.
1318,

Te
2110,
15.
aqQo,
1.
1 1.
15.
<0.

25,

AR77

CONVEL:ATIONAL HONITOR SYSTEAM

o 15
«0001

«010

3
« 00001

J
«0000

1.
0.

<005

«003

o1
«00001

. |
» 00001

«05



PILE: YARXIATE [ATA

25.000.
13,
15.
«05

3 .05
3500,
215,

25.
100.

32.
1000.
10.

3.05

A

1.

o5

A78

003

«03

COXVERSATIONAL BONITOR SYSTER

0.

«007
6.

« 024
« 00004

«004

«25
«001

«00S
0.

«003

01
0.

25
«00001

«015

1.
«00001

.. 15

« 005



PILB: VABRIATE

10000.
L\

15,
«05
1000.
1.

0.

«05
£000.

30060000.
001
500000,
<001
20060000,
.001

0.

« 001

0.

.001
5000000,
«001

.LATA

& o
1600Co0.
20,
60000.
20.
250000,
20.
500000,
20-
50000,
20.
1€0000.
20.
25000,
20,
50000.
20.
250000,
20.
25000.
20,
50000,

A

CONVERSATIONAL MONITOR SYSTER

.003

5
«0001

003

«005
+00001

2.
«00005

002
0.

2.5
«00001
2.
Se

e

2.
S.
S,

. 5

2.
2.
2.
2.
S.
1.
2.



PILE: VABIATE IAZA A CCHVEBSATIONAL XOSITOR SYSTEA

001 20.

0. 50000. 50, 2. 2.
-001 0.

0. 50000. 500. 2. s.
«001 20.

0. 5000G. <o. 2. 2.
« 001 20.

C. 25000. 25. 2. 1.
-001 20.

0. 50000. 50. 2. 2.
.001 20.

2600000. 120000. 120. 2. 2.
«001 20. y
2000000. . 100C00. s6. 2. 2.
«001 20.

24¢0300, 2C000C. 200, 2. 2.
«001 20.

160000. 8000. 8. L 1.
«001 20.

30C0000. 150060. 156. 2. 1.
«001 2¢.

G. 1€0000. 1c¢o. 2. 2.
«001 20.

0. 60000, 600. Ze S.
001 r{r

560000, 50000. S00. 2, Se
«001 20.

C. 500000, So00. 2. S.
+001 20.

0. 1€0000. 100. 2. 2.
(01 20.

0. 60700, €00, 2, Se
001 2

0. 50000. 500. 2. Ss
.001 20.

0. 5¢0000. 500. 2. S.
«0C° 29.

0. 8c00. 8. 1. 1.
.0C1 20.

225000. 22500. 22S5. 2. 2.
«001 20.

g. 22500, 225. 2. 2.
«001 20.

0. 1€0000. 106. 2. 2.
«.00% 20.

0. 2006000, 200. 2. 2+
«001 20.

0. 8¢00, 8. 1. 1.
«001 20. .

0. 150000. 150. 2. Yo
003 20,

0- 1260000 1200 2. 2.
.001 20,

50000. 5000. s0. 2. 2.
- 001 20.



PILE: VARIATE LATA A COUVESSATIONAL BONITOR SYSTEN

250000, 25000, 250. 2; 5.
007 20.

5€0009. 5¢o00. 500. 2. S.
001 20.

216000, 4000. 200. 16. a8,
«001 20,

100000. 2000. 100. S. 3.
« 007 20.

0.

Q.

0.

0.

0.

0.

0.

0.

A81



i8Y

TABLE OF STATICN LUTY CYCLE{STATCC), FHACTION OF REPLACENINTS OPTAINED ON AD BALRGEUCT BASIS(EARTH),
CCMPCNENT AVERAGE FAILUFE REPLACENENTS 1IN VAREHCUSE AT BEGINNING OF CELIVERY PERIOD (NOSPAR), WOKBER OF
CEAVLERS (SCChAW) , CRAWLER UTILIZATION PACTOL (CUP), NUNDER GP TELEOPRRATOAS(NCTELE), TELEOPEBATON
UTILIZATICN FACICR(TUP), NUNLER OF REFAIR AUTOMATOUS (BCAUTC), NURRED OF CLEANING MACAIVES (MOCLY),
BUNUCR OP BUSANS ECB TELECP: :A'ICF SUFERVISORY CONTFGL (NONUMT), AND HUNBER OF HOMANS FOM REPAIBR VORK
(NOHUB2), FOR INCIVIDUAL CONPCNENTS OF A NACHLINL <TOTALED OVER ALL SHE STBIRE> ~ccccccrccccsecs

STATIC EARTH HCSPAR HOChAW cur NOTELE k{14 ¥0V0T0 ¥OCLY noson Y NBoR2
THESBAL BELT BACHINE DUTY CYCLE [BACHDC ] =0,99712
DELT 1.00000 0.0 0.0 0, 0,0 0.0 0.0 0. 0. 0.0 0.0
AUTOR/DE IVL 0.39912 0.00¢€6 172.5 0. 0.0 0.099 0.069 0. Q. 0.02008 0.0
E%D POLLERS 0.999¢0 0.,00¢€6 Jus, 1 0, 0.0 0.107 0.07% 0, 0. 0.0267 0.0
TUBLMAL CONTROL 0.99900 0,0066 345, 1 0. 0.0 0.107 0.075 0. 0. 0.0321 0.0
BPY OF AL REAR COBTACT MACHINZ DUZY CYCLE [MACHDC) =0,99935 ‘
Ed GUN 0.999606 0.0066 1725.3 1. 0. 584 0.0 0.0 1, 0. 0.0 0.
PILABEUT WAGAZIMNE 1.00000 0.0 27111%.,2 1. 0.584 0.0 0.0 0. 0. 0.0 0.
SLAD PEEDESR N.29946 0,0066 690, 1 1. 0.584 0.0 0.0 1. 0. 0,0 0.0
PANEL 2AFPLE 1.0€000 0.0 9070.3 1. 0.504 0.0 0.0 0. 0. 0.0 0.
SIDE BAFFLC 1.C0CCO ¢.0 647.9 1. 0,584 0.0 0.0 0. Oe 0.0 0.0
S1D. BAPPLL GUIDE 0.%9984 00,0066 24,6 1 8 0,504 0.002 0,001 0. 0. 0.0002 0.0
CCOLING SYSTEN 0.%9966 €.CC66 862.7 1. 0.584 .. 0 0.0 1. 0. 0.0 0.
9% OY SI W/ SER AND P-DCPANT IMPLANTATICHN NACHINE DUTY CICLE (MACHDC) #0,99668
E3 G M 0.99966 0.0066 17253, 10, 0.709 0.0 0.0 Ve 0. 9.0 0.0
FILANLUT BMAGAZINE 1.0006¢C (.0 €712, 10. 0.709 0.0 0.0 0, 0. 0.0 0.0
SLAB PLEDER 0.99966 0.0066 6901,3 10. 0.70% 0.0 0.0 1. 0. 0.0 0.0
TeyLL BAEFLE 1.C06Q0 €.0 157547.3 10. 0,709 0.0 0.0 0, [ B8 0.0 0.0
SIDE DAEF'LE 1.€0000 0.0 5626, 7 10, 0.70y 0.0 0.0 0. 0. 0.0 0.0
S1DE DAEFLE GUIDE 0.439R9  €.C066 49,3 10, 0.709 0.008 0.002 0. 0. 0.0008 0.0
BCFCB ICK IMFLANTES 0.999¢6  0.C0¢¢ $2¢3,2 10. 0,709 9.0 0.0 1. 0. 0,0 0.0
COOLING SYSEEH 0.99932 0.0066 172%.3 10. 0,709 0.0 0.0 Yo 0. 0.0 0.0
PULSE RECRYSTALLIZATICY MACHINE DUTY CYCLE [BACHDC) #0,99966
ED GUN 0.99966 0.0066 1725.) \N 0,294 0.0 0.0 1. 0. 0.0 0.0
FILARZNT SAGAZINE 1.€60€0 0.0 1232.% 1. 0.29% 0.0 0.0 0. 0. 0.0 0.0
CCOLING SYSTER 0.99966 0.0066 862,7 1. 0.29% c.0 0.0 | IS 0. 0.0 0.0



£8Y

SCAW BECRYSTIALLIZATION MACHINE DUTE CICLE [MACHDC ) ®0,99966

EB GUN 0.9%9966 0.0066 1725, 1. 0,245 0.0 0.0 1. Q. 0.0 0.0
FILAMNENT BAGAZINE 1.€0000 .0 739.4 1, 0,208 0.0 0.0 0. 0. 0.0 0.0
COOLING SYST23 0.99966 0.0066 862,7 1. 0,285 0.0 0.0 . 1. 0. Q.0 0.0
¥-DOEANT IBELAVIATICR MACHINE DOTY CYCLE [HACHDC) =0,99933
PHOSPUORYUS ION 1 3PLANTEX 0.99967 0.0066 1725, 1. 9,160 0.0 0.0 1, 0. 0.0 0.0
ANNEAL NACHINEZ DUTY CYCLEZ [MACHDC) =0,99966
EB GUN 0. 99966 0.C066 1725,3 1. 0.285 0.0 0.0 te 0, 0.0 0.0
PILAMENT 3AGAZIuE 1.¢¢C00 0.0 739,40 1, 0.285 0.0 0. 0. 0. 0.0 0.0
COOLIF¥G SYSTIY 0.9996¢ 0.6066 862,77 1, 0,245 0.0 - 0.0 1. 0. 0.0 0.0
DY OF AT FBCWT CONTACT . BACHINEZ DUTY CYCLE [ MACHDC ) =0,99656
ED GUN 0.99966 0.0066 3450.7 6. 0.702 0.0 0.0 T 0. 0.0 0.0
FILAMENT rAGAZlsE 1.06000 €.0 1971.8" 6, 0.702 0.0 0.0 0. 0. 0.0 0.0
SLAD FEED: = 0.9%99U6 0.0066 1300.,3 64 0.702 0.0 0.0 1. O. 0.9 0.0
MASK 1.£0600 0.0 27.0 [ 0.702 0.0 0.0 0. 20. 0.0 0.0
MASR GUIDE AND HOLLUP 0.94091] €. C066 1725, 6, 0.702 0.192 0.13% 0. 0. 0.0J)88 0.0
FANLL EALPLE 1,€0000 (.0 9070, 6, 0.702 0.0 0.0 0. 0. 0.0 0.0
S1DL DAFFLE 1. CCCCO c.0 6u7,9 6, G.702 0.0 0.0 0. 0. 0.0 0.0
SIDE DAFOLZ GUILE 0.59984  0.006t 49, 3 6, 0.702 0. 004 0,002 0. 0. 0.0000 0.0
CCULING SYSIER 0.99932 ¢.CQ66 172%, 3 G ¢.702 g.0 0.0 1. 0. 0,0 0.0
L[4
PRONT CONTACT SINTLRING BACHINE DUTI CYCLE [BACHDC) =0,99966
ED GUY 0.99906 0.C006 1725.3 1. 0,285 0.0 0.0 1. 0. 0.0 0.0
FILABENT BAGAZINE 1.000CC c.0 739.4 1. G, 245 0.0 0.0 0. 0. 0,0 0.0
“COLING SYSTEA €. I%66 0.206¢ 852,7 1. 0,28 0.0 0.0 1. 0. 0.0 0.0
CELL C3CSSCUT MACHINE DUTY CYCLE { MACHDC) =0,9993)
LASER 0.99933 0.0066 1725.3 1. 0,290 0.0 0.0 1, 0. 0.0 0.0
KkYPTOM LAND BAGAZINE 1.€000¢ ¢C.0 246,5 1. 0,290 0.0 0.0 0. 0. 0.0 0.0
GUIDE RCLILEES 1,00000 0.0 12,3 1. 0. 200 0.0 0,0 0, 0. 0.0 0.0
SHIELD 1,60000 0.0 0.0 1. 0,200 0.0 0.0 0. 0, 0.0 0.0



v8y

CELL IMTEBCCUNECTICH MACHINE DOTY CICLE [BACHDC) #0,99907

¢LECTROSTATIC WELUBE 0.59948  0.0066 1300.3 1. 0.220 0.0 0.0 1. 0. 0.0 0.0
IMERCCHNECT FEEDER 0.5974 00,0066 690.1 1. 0.220 0.0 0.0 e 0 0.0 0.0
JHTERCCHNLCT BCLL 1, 00000 0.0 8653, ) 1. 0.220 0.0 0.0 0. 0. 0.0 0.0
SLN3ueS 0.5999% €C.0066 2"-5 " 00220 0.0 0. 0. 0. 0.0 0.03’0
VARLADLE SPEED ROLLERS 0.99999 0.0066 136.0 1. 0,220 0.0 0.0 Yo 0. 0.0 0.0
ROTCR 0. 49990 0.00¢6 172,95 Te 0.220 0.0 0.0 1. 0. 0.0 0.0
GUIDE BOLLERS 1.€0CC0 0.0 24.6 1. 0.220 0.0 0.0 0. 0. 0.0 0.0
DY OF SILICA OPTICAL CCVER MACHINE DUTY CYCLE [HWACHDC) =0,99508
ED GUY 0.999¢66 0.006%6 25879,.9 14, 0.74 0.0 0.0 2e 0. 0.0 0.0
PILABENT MAGAZINE 1.€00C0 C.0 40668,5 14, 0,718 0.0 0.0 0. 0. 0.0 0.0
SLAbB PEEDIE 0.9990¢0 0.0066 10152.0 14, 0,718 9.0 g.0 1. 0. 0.0 0.0
NASKING DEVICE 0.99966 0.0066 802.7 14, 0.7%4 0.0 0.0 1. 0. 0.0 0.0
T~STEIP MASEK 2ACKAGE 1.60900 c.0 2.1 14, 0.714 0.0 i 0.0 0. 2¢ 0.0 0.0
CIYGZIN CISPENSER 0.55987 C.0066 1035,2 149, 0. 714 0,055 0.038 0. 0. 0.0 0.0
PANEL EAPFLE 1.0C0C0 ¢.0 236320.,9 4. 0.714 0.0 o0 0. 0. 0.0 0.0
SIDE BAFSLE 1.00000 0.0 8440, 0 16, 0.774 0.0 0.0 0, 0. 0.0 0.0
SID2Z BAZPLL GUIDE 0.59934  0.0066 73.9 14, 0,718 0.005% 0.008% 0. 0. 0.000% 6.0
SCPY SUSFACZ BELT 1.00000 0.0 0.0 14, 0,718 0.0 0.0 0. 0. 0.9 0.0
ACTCR/DPIVE 0.99912 0.0066 172.5 %, 0.71%4 0.099 0.069 0. 0. 0.0200 0.0
END ROLLEH 0.55900 0.00¢6 us, 1%, 0.71% 0.107 0.075 0. 0. 0.0267 0.0
COOLING ST TEN 0.99898 00,0066 2580, 0 14, 0.714 0.0 0.0 1. 0. 0.0 0.0
DY OP SILICA SUBSTIRATS MACHINE DUTY CYCLZ [MACHDC] =0,99600
EB GUx 0,999606 0,0066 17253, 3 10, 0,697 0.0 0.0 LS 0. 0.0 0.0
FILAYENT MAGAZINE 1.ccocc  ¢.o0 27112.) 10, 0.697 0.0 0.0 0. 0. 0.0 0.0
SLAB FEEDER 0.99986  0,0066 6901, 3 10, 0,697 0.0 0.0 1. .. 0.0 0.0
MASKING LEVICE 0.5956¢6 0.0066 962.7 10, 0,677 0.0 0.0 1. ~. 0.0 0.0
1’51‘3!? HASK PACKAG: 1.(‘000C C.C ‘.“ 10; 00697 0.0 0.0 0. 1. 000 °q°
CAYGLN CISPEWSES 0.99598  0.0066 69U, 1 10, 0.697 0,031 0,022 0. 0. 0.0 0.0
PANEL DAFPLE 1.€0¢0C ¢.C 157547.3 10. 0.697 0.0 0.0 [\ 0. 0.0 0.0
SIDE DAEFLE 1.70C00 0.0 5626,7 10. 0.097 0.0 0.0 [ 0. 0.0 0.0
SIDC EAFPLE GUIODE 0.%5984 0.0006 47,3 10. 0.697 0.004 0.002 0. 0. 0.0008 0.0
SCPT SUASACZ PRELT 1.€0000 0.0 G. 0 10, 0,697 0.0 0.0 0, 0. 0.0 0.0
BCTCE/DFIVE 0.99912 0.0066 172.5 10. 0.697 0.099 0.069 0. 9. 0.0200 0.0
END BOLLZR 0.599C0 C.C0¢6 345, 1 10. 0.697 0,107 0.07% 0, 0, 0.0267 0.0
COCLING SYSTERM 0.999232 0.0066 172%.3 10, 0.697 0.0 0.0 1. 0. 0.0 0.0
PANEL ALIGYMENT & SPARE PANEL INSERTICH MACHINE DUTY CYCLE [MACHDC] =9,9907)
ACCELERATOR BELT 0,99950 0,0066 172,95 \ 0.091 0.083 0,037 0. 0. 0.0218 0.0
VAnlAPLE SPELD RCLLLES 0.55999 €.00066 1104,.2 o 0.091 0.0 0.0 1e 0. 0.0 0.0
PANEL BEYOVER 0.59%74 0.0066 1360.) 1. 0,091 0.0 0.0 1, 0. 0.0 0.0
PAREL INSLHFTER 0.55%74 C.C0ub 690.1 1. 0,099 0.0 0.0 1o . 0. 0.0 0.0
FANEL HCEPER 1.00000 0.0 0.0 1, 0,091 0.0 0.0 0, 0. 0.0 0.0
SEWSGRS 0.99995 0.,0066 1207.7 1. 0.09 0,0 0.0 0. 0. 0.0 0.1970
GUIDE ¥CILEHS 1.€0CCO €.0 369,7 1e 0.091 0.0 0.0 [\ 18 0. 0.0 0.0



G ¥

PA STEPCCNNECTICN MACHINE DUTY CYCLE [MACHDC]) =0.99908

EL.UTEOSTATIC WELDER 0.9994y  0,00066 1300.3 1. G.051 0.0 0.0 1. 0. 9.0 0.0
ISTZFCCNKRCT FLEDLR 0.99974 0.0056 690.1 1. 0.051 0.0 0.0 1. 0, 0.0 0.0
ISTEPICHMECT RCLL 1,00000 0.0 505,3 1. 0,051 0.0 0,0 0. 0. 0.0 0.0
SENSURS 0.9%946 €.GQ¢e 241.5 Ta 0.051 0.0 0.0 0. Ge 0.0 0. 0398
VAXIABLE SPEED EOLLLRS 0,5999% 6.00066 130,0 1. 0,051 0.0 0.0 1. 0. 0.0 0.0
MOTOR 0.95944 €-0066 172.5 1. 0.091 0.0 4.0 i 0. 0.0 0.0
GUIJEZ ACILLEKS 1, 00000 0.0 29,6 1. 0,051 0.0 0,0 [ 1 0. c.0 0.0
LONGITULINAL CUT MACHINE CUTY CYCLE [MACHDC] =0.99967
LASER 0.9%967 0.0066 062.7 te 0. 144 G.0 8.0 1. 0, 0.0 0.0
KHYPTON LAMP MAGAZINE 1.0C000 c.0 246.5 1. 0.4 0.0 0.0 Oe 0. 0.0 0.0
GUIDL FCLLEBS 1,00000 0.0 12,3 1. 0.184 Q0.0 8.0 0. 0. 0.0 0.0
SULELD 1.00000 0.0 0.0 1, 0.184 0.0 0.0 0. 0. 0.0 0.0
KAPTCN TAFE APPLICATICN MACHINE DUTY CYCLL [MATHDC ] =0.9989¢6
STATIONAZY JAPER 0.9%9993 0,0066 160, 2 2. 0.697 a0 0.0 1. 0. 0.0 0.0
STATIONARY TAPE RIFPILL 1,06CC0 .0 80670,7 2. 0.6L97 0.0 0.0 0. 0. 0.0 0.0
CPu55 TALR 0. 99987 0.0066 24,6 2, 0.697 0.0 0.0 1. Q, 0.0 0.0
1033 TAke PEPILL 1.€30¢0 C.0 6205.9 2. 0,097 0.0 0.0 0. 0. 0.0 0.0
SCFT PCLILK 1.00000 0.c 0,0 2. 0.697 2.0 0.0 0. O 0.0 0.0
GUIve FCLLERS 1.060C0 0.0 49,3 2. 0.697 0.9 0.0 0. Q. 0.0 0.0
CEG3S TA2Z #0TC& V.5$99%3 €.C066 12.3 2. 0,697 0,0 0.0 1. 0. 0,0 0.0
ARBAY SESMENT FOLLING AND PACKAGING MACHINE DUTY CYCLZ {BACIHGC) =0,.99673
GYIDE POLLERS 1,00000 0.0 67.8 1. 0,002 0.0 0,0 0. 'S 0.0 0.0
¥1 YICAL uIFLECTCES 0.5%9¢2 0.0066 61.6 1. 0.002 0.006 0.004 [+ 18 Q. 0.C018 ]
BCA RALIGHIEMNT 0.99%79 0.0066 12,13 1. 0,002 0.00% 0,001 0, 0. 0.0 0.0
BOX LAB2LING 0.9%999 0.0066 1.2 1. 0.002 0.0 0.0 0. Q. 0.0 4.0002
TidIlINL EDGE GUIDE 0,99993 0.0066 6,2 1. 0.002 0,000 0.000 0, 0. 0.0001 0.0



SGLAB CELL FACTIOFY CCST BBEAKDCiN-w~wen-

TOTAL NCEBSCUB#IYG DIRECT CLST IS & 1025776640,
BACHIBZS: $ Bugzzzse.
BACHIBE BESEAFCE ANC CEVELCTREM: § 21133400,
BACBINE TLANSPOFTATICHN: $ SS521Ec024.
SOL?3 FOWEB ABBAY (FOR PROLUCTICH): $ 366631168,

SOTAL WCUBECUSEING INDIRECT COST IS $ 1741893250, .
BCUPRCIUCTION SCF EQUIENENT PFOCUSENENT/BEL COST: § 13681049730.
SCF STBUCTIUBRE: $§ 1283500250,
WABRESCUSE: $ $96C252,
CCITBOL CENTER: $ €2000000.
BEPAIB BCEXSHOE: 3 103548(¢0,
8ICROPICCESSCRS/SENSORS: $ 6890000.
ABBAY SZGAXNT SICFAGE BOXES: $ 15600.
CHAMLERS: . 1525€300.
TELLGCFZFATCES: $ 16032021,
BEPAIR ACICRATONS: 3 26301968,
CLSSINIBG MACHINLS: agccce.
BARITAT PHCCURENZNI COST: $ 1€416000.
SON2RA0DUCTIOY SJULAB ECWEE ARSAY FGCCOBEMEBI: ] 5503363,
BCY2BCCOCIICI SCP TB’ISPORTATICYH: $ 125404492,
BABITAT TBAMSECETATICN. s 1€81€CCO.
SOLAR ECVYES ASFAY TEANSPORTATICN: $ 186067230,
COST TC SET OF SCF: H R62€4CS.

TOTAL ANBJAL RICYFBINC CISECT COST IS $ 197316912,
HUYAN SUPEBVISOBY CONIRCL EIABCP: s 10117600,
HJI¥Ad BEFAIR LABCF: 3 315€CC.
SUPFORT CHEW LABCE: $ 551848090,
BACHTIS. EEPLACEJNENT PABaS: 3 <7945600.
SACHINE EEPLACENINT PARIS TFANS2CRIATICN: § 136916256,
BACHINZ EXESSCAELES: $ €653€S.
MACEISE EXECSLABLES ZEABSPCFTATICOMN: § 5133307,

TOTAL ANNUAL aICOBRING INDIRECT COST 25 § 8538916,

CCHSUNMADLES: $ 1€c<en,

CONSUNIABLES TEAMNSPOBTATICH: s 1655639 .

CBEU TBAINIKG: 3 €860,

CBEW TEANS20BIAIICN: $ 6383060,

BC3PRCDUCTICN SCF EXPESLCABLES: $ 38719,

NCBPRODUCTION SCF EXPENCABLES TBANSPCATATICH: $ 193596.

THERBAL BELT

BELT 0.
#0TOR/DrIVE €162.
END BCLLEES 1222,
FHEPBAL CONiI30OL §86.

DV OF AL REAR COMTACT

B GUN 286,
PILADEN. BAGA2.dE 1.
SLAB FEEDER ws 3.
PANEL EAFFLE se7.
SICE BAFFLE 12950,
SIDE EAFPL: GUIDE 18.
CCCLING SYSTES Sas.

A8%



BY OF SI WAEI2 ANC P-DOPANT

EB GUN

FILANENT MAGAZINE
SIAD PEEDLER

FANEL ESEPLE

SIDE EAFPLE

SIDE BAEPLE GUIDE
BCRCN ICN IN2IANIEE
CLOLING SYSIEN

PULSE FZCRYSIALLIZATION

ER G0N
FILABENT RMAGAZINE
COOLING SYSTEY

SCAY BSCBYSTALLIZATICH

EB 6UY
EILABENT NAGAZINE
C€OCLIRG SYSTES

¥-DOPANT IMPLANTATICH

PHOSPHOBUS I0¥ INPIABTER

BNNEAL

EB GON
FILAZEST “AGAZIBE
CCOLING SYSIEN

0¥ CF AL FRCUHT CCHTACT

EB GUN

FILAYENT MAGAZIRE
SLAR FEEJZR

RASH

EASX GUIDE anD SCLLUP
FANEL EAFTLE

SIor BAFFLE

STne BAFFLE GUIDE
ClOLISG SYSTEB

PRCBT CCNTACT STNTERIAG

g GUN
EILY 2 AGAZIKB
ccoL ¥YSTEAN

CELL CROSSCUT

LASE?

KEYPTCN LAH> BAGAZIYE
GOILE RCLLEFS

SHIELD

INPLARTIITICE

e
<169,
2§15,
€774,
112534,
33.
6162.
£€73,

1=
52,

62.
385.

€16,

624
59.
345,

246,
154,
S€6,
522€3s.
3CE09.
907,
1s¢c8.
35.
739.

62,
<9,

345,

HITN
as,
12.

o.

A87



CBIL INTEBCCNBECTICN

ELECTIOSTATIC NELDER
INTSHCCERR2CT PERDEE
IYTEBCCHANICT EGLL
S2usC8s

VARIABLE SPEEL KOLLERS
nG6rae

GUILE BCLIESS

LV QF SILICA OPTICAL CO¥ER

EB GuUa

PILABENT NAGAZINE
. S1AB PEzDEa

BASKING CEVICE

S-SIRIP IASK PACEAGE

OXYGEN CISEENSEE

EANEL EAPFLE

SIDE BAFPFLE

S1DE 3AP?LE GUIDZ

SCFT SUBFACE BELT

8CTOA/LFIVE

ESD ROLLEE

CCCLING SYSTEY

1? OP SILICM 3UBSTBAIE

EQ GUR

PILANZNT %MAGAZINE
SIAD FESDoU
3ASK1NG LEVICE
T-STRIP MASK PACKAGE
OXYGEN LISEEWSEB
EANEL EAPFLE

SIDZ BAFFLE

SIDE BAFPLE GUIDE
SCFT SUSFACE BELT
BOTOR/CHIVE

END ROLL:ZB
COOL1NG SYSTER

§6at.
3e53.
EETI.
€16,
1.

7,
11€160,
1€eeqt.
LEN

o.
a3y},
24€S,
€qa7a,

k1)
a169,
€915,
616,
sa.

n,‘
I,
12¢ 34,
35.

3081,
20€5,
8263,

PABEL ALIGRNENT & SPARE PJINEL INSEBTICH

ACCELERATCR BELT
VABIABLE SPEEC BCLLIEKS
EANEL FENCVER

EANEL INSLSTER

FAWLL HOPZER

SERSCPS

GOIDE BCLLEGRS

EANEL INTERCONMECTICN

ELECTROSTATIC WELDER
INTERCCHMECT FERTER
INTIFCCRNECT BCLL
SENSORS

VARIABLE SPEED BCLLEGS
207T0BR

GUIDE RCLLERS

1335,
6.
44937,
2218,
0.
35,
3N,



LCHGITUDIIAL CUX

LASER 1232,
ERYPTCSE LAXE PAGAZSNE 9.
GOUILE ROILERS 2.
SBIELD 0.
RAPTCHE TAPE APPLICATICN
STATICNABRY TAFER £7.
STATIONASY TAPE REPILL $6812.
CBOSS TAPER .
CBOSS TAP:z REEFILL ]47,
SOFT ROLLER .
GUITE BCLLESFS 89,
CROSS TARPE HOTCH .
ARRAY SEGSEBC FCLDING ASD PACKAGING
GUIDE BECLLERS 68.
VERTICAL DEPLECICES 86.
EOX ALIGNIENT 264.
80X LABELING G.
TGAILING EDGE GUIBE qw,

SCLAB CELL PACTOEY BAJOR COST DRIVING PACTOES

LIPECYCLIZ CCST: & 8550513540,
CCST CF SCP/SY? PEB S05 PRCECCES: § 220751184,
BUNEEE CPF SES PHCLUCED FLBP TEAR: (€.99

SCF DUTY CYCit: .§781
ASSEEDLY CPZEATICA DUTY CYCLE: ,9952
BONBER OP PROLUCTICN SIFI2s 252.

PEOFLE 3TC ST T2 SCEf/SVi: 10.
CCST TC SZIT U2 SCE/S3F: 5 s62e4C9.

YEARLY BZFURIISHNENT PAFTS (RiPLACEPENISeEXPENCABLES,KG) ¢ 1476406,
TOTAL SCH/S52F BASS(XS) @ d91%uz6,.

FFOCUCTIOY JACHINECY ®3SS(KG): €0965u4,

BCN PECUDJCTICHN EQUIENINT NASS(KG) 2 1294¢50.

HAZLTAT MASS (K3) ¢ 164169,

SOLAER P3a#_Kk AEANY MASS{&G): 1860672,

TOTAL SCE/3%7 2CGWLE (hiw): 1860617,
PPCTUCIICYH MACHINEFY ECWER(K®) 3 18:316.
NOW PECOULTION EQUIPNENT PORZRH (K§) 2266,
BABITAT PCWER (Kd) : [ 3.1 38

SCY WAREHOUSI VULUNE (Cc¥): 11601,
BASS OF BIEeZi MERLACTYCNT FAFIS 1M VAREHOUSZ(KG ): 35309,
COST CF oUFFLe FZPLACZN.NT FARIS Ix JABEHOUSE § 1106034,

BUNPER OF TSLUCPLRATCKS: 1.

BUBEEN CP Cadwlc9S: S4,

TOTAL SCP/SY? CREW: €4,
SUPEBVISCPY CCNTRCL CFEN: 31,
BEFAIR CniZe: J.

SUPPCBT CPEW: 18.

Ag9
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