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FOREWORD 

The SPS System Definition Study was initiated in June of 1978, Phase 1 of this 
cffor t  was completed in December of 1978 and was reported in seven volumes 
(Bocing document number D180-25037-1 through 7). Phase 11 of this study was 
s tar ted in January 1979 and was completed in  November 1979. The Phase Ii study 
rcsults are reported herewith  This study is  a follow-on effor t  to an earlier study 
of the same t i t le  con~pleted in March of 1978. These studies are a part  of an 
overall SPS evaluation e f for t  sponsored by t h e  U.S. Department of Energy (DOE) 
and the  National Aeronautics and Space Administration, 

This study is being managed by t h e  Lyndon B, Johnson Space Center. The 
Contracting Officer is Thomas Mancwco. The Contracting Officer's 
representative and Study Technical lLIanager i s  Harold Benson. The study is being 
conducted by The Boeing Company with Arthur D. Little, General Electric, 
Crumman, TRW, and Brown and Root as subcontractors. The study manager for 
Boeing is  Gordon Woodcock. Subcontractor managers are Dr. Philip Chapman 
(ADL), Ro~nan  Andryczyk (CE), Ronald h1cCaffrey (Grurnman), Ronald Crisman 
(TRU1), and Don Hervey (Brown and Root). 

This report includes a total  of five volumes: 

I - Executive Summary 
11 - Reference System Description 

111 - Operations and Systems Synthesis 
IV - Technical Analysis Report  
V - Phase ii Final Briefing 
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SOLAR POWER SATELLITE 

S Y S T W  ANI) 0EFINITK)N STUDY 
PHASE U 

TECHNICAL ANALYSIS R E R X T  

This documlent is Volume 1V of a 5-volume report on Phase I1 of the  Solar Power Satellite 

bystems Definition Study, Contract NAS9-156%. The otner volumes are: 

I - Executive Summary (covers P b s e  I and Phase 11) 

I1 - Reference Systern Description a d  Cost Analysis 

I l l  - u p r a t i o n s  a m  Systems Synthesis 

V - Phase 11 Final Briefing 

This volurrte serves ro report those results of Phase I1 that  do not logically f i t  into 

bolunres ll or 111. This document contains the  foliowing reports: 

Solia State SPS 

Pararrretric Oeveloptrrent o t  Keliability Oesign for a Large Solar P o ~ e r  Satellite 

h l i d  State SPS Power Distribution 

hiultibeanr SPS 

LEO Construction Base besign and Analysis 

hppressea Trajectories 

Off shore Space Center 

SPb Oevelopment anc Operations Scenario 

hiPTS Technology Advancement 



XUD-STATE SANDWICH CONF1GURATK)N 

A new fundamentally different power sa te l l i te  design, t h e  "solid state sandwich'' has been 

introduced by workers at MSFC. (See Figure 1) The basic idea behind t h e  design is t o  put 

DC-microwave conversion e l e ~ n e n t s  and solar cells on opposite sides of t h e  same surface, 

ana use optical reflectors to satisfy i!!urninatim geometry requirements. 

The greates t  advantage of t h e  sandwich desigrl is tha t  t h e  close proximity of t h e  genera- 

tion of DC electrical power (by solar cells) and it's conversion t o  microwaves (by t h e  

OC-KF converters, assumed to be solid state) allows low voltages without excessive 

conouctor loss. also, tne electrical  rotary joints a r e  st i l l  necessary. in the  event that 

effects of plasmas on high voltage surfaces on reference SPS designs turn out to be intrac- 

tiole, sanuwich satell i tes irray o t t e r  a way out. 

The placing of solar cells and DC-KF convertors in t h e  intirnate proximity implicit in 

sanowich power satell i te ciesigns increases normal thermal constraints on RF power 

density. <he reason for th is  is tha t  the maximum microwave power output per unit area,  

(P/A)KF from a surface able  t o  ciissipate heat  per unit area,  (QIA), is related to its  power 

cnvers ion  efficiency, n, by the o f t  - seen equation: 

In t converltioniil power satellite (with separate transmitting antenna and solar array) q is 

t n e  DC-KF conversion efficiency, which is expected to have typical values of around 8. 

On a sanawich power satellite, however, n is the product of the DC-RF conversion 

efficiency and the  solar cell  efficiency, given values of less than .2 with present cells. 

Thus, if the  achievable (QIA) is the  same for both a sandwich ana a conventional power 

satellite, the sandwich's peak (P/A)RF would be over a factor of 16 lower than the  

conventional design's. When this difference is integrated into a system design, large 

aperture, (circa 2 km diameter), lower power, ( 1 GW), designs result. These designs have 

a large relative irdction of transniittinb array per unit KF power with a severe (x3) 

attendant cost penalty. The designer's basic goal is to reauce this with ei ther low-cost 

aperture area (as ~ e i n g  proposed by KCA) or systerr~ design and configuration "tricks" 

which use the  aperture more effectively. 
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Figure 1. The Sdw Call aid--Stdte Sandwich SPS Concept 



Figure 2 shows cost per unit installed grid power, delivered power and t rue  concentration 

ratio as a function of temperature, as given by t h e  initial parametric analysis. The 

satell i te configuration for this  analysis was a sandwich with uniform power taper and 

conventional GaAs or Si solar cells  illuminated by a full solar spectrum. 

Figure 2a shows that  silicon cells  a r e  ruled out  for sandwich use due t o  thei i  efficiency 

degradation with temperature, resulting in costs over $lO,OW/kwe. Sandwich satell i tes 

with GaAs cells retain more performance but nee0 to  operate at high temperatures 

t o  rnatdl  conventional satel l i te costs. Feasibility of such high temperature operations 

seems unlikely but neeas further investigation. 

If one sandwich layer can operate at higher temperatures than t h e  other layer, insulating 

properly may rriinimize thernlal output while maintaining design temperatures. While 

insulation may D e  the correct  thing to do to maximize performance of a sandwich satell i te 

oesign, the  possible performance gains are limited for the  following 3 reasons. 

I) bolar cells a r e  typically made of the  same semiconductor materials as solid 

s t a te  OZ - microwave devices and thus should suffer from rougnly t h e  s a m e  

funoanrental failure mecnanisrrrs. For GaAs lifetime goes down roughly a 

factor of 10 every 2 5 O ~ .  However, at 1 2 5 ' ~  i t  takes 7 5 ' ~  to double t h e  

raoiated the rn~a l  power per unit area. 

2 )  Placing solar cells  ana DC - microwave devices on opposite siaes of the  

same plane cuts  t h e  availaole tnernial raaiating surface in half relative t o  

separate arrays. 

3) lnsulatim inevitably acrus t o  systern asse rn~ly  complexity, mass and, most 

importantly, cost. One of tne most a t t ract ive  possible features of a sandwich 

design - the integration of solar array with transmitting array into a single 

trivially deployable unit, may now be lost. 

Further investigation 01 the insulating option is needea, however, to  quantify these objec- 

ti ons. 

It selective reflectors a r e  used t o  iiluminate the  solar cells on the  sanowich with only 

light that  they may efficiently convert, solar cell efficiency may approach the  r a t i s  

of junction voltage tr Dan" gap voltage. This parameter is typically near .I, so 

approaches 1. -[his value is down from ( I - ~ ) - ' =  4 for a conventional satel l i te desian, 

but rnay never the  less maKe for a solar power satellite with costs per unit installea 

power rougnly equivalent to  the  reference klystron type satellites. 
3 



Performance vs Sandwich Temperature 



Figure 3a shows cost and concentration ra t io  as a function of solar cell efficiency for 

both a selective concentrator satellite and a probably unrealistic, low-cost multiple 

band gap solar cell. The resulting geometry for t h e  selectively concentrating satell i te 

is shown in Figllre 3b. Structural mass fraction changes for such drastic configuration 

stretchs were not explicity addressed. However, reflector masses and costs per unit 

area have a structural penalty added to them to  allow simple first-order parametric 

analysis. 

For environmental and microwave safety reasons all realistic power satellite system 

designs have some degree of transmitting array power taper. Sandwich satell i tes will 

not be a n  exception t o  this rule. Both options for the  implementation of power taper 

(either conducting power radially inward in t h e  sandwich plane or ei ther shaping or cutt ing 

small holes in  the  reflectors) will raise costs an  as yet unevaluated amount. 

Figure 4, which shows initial power conductor mass, thickness and radial current for  

a reference 10-step Gaussian taper, indicates that  voltages in the  k i i ~ v o l t  range, substan- 

tially higher than 30 volts, a r e  desirable for reasonable masses and costs. This is distres- 

sing in that  it detracts from what may be the  main potential advantages of a sandwich 

satell i te - purely local power flow and power control at low voltages. The other option, 

power taper via reflectors, may be easier t o  implement. In either case, i t  is worth noting 

that  there a r e  radial power patterns which meet t h e  first side lobe constraint (24.6 db 

down) and yet  have a signiticantly greater average/peak power rat io than the  reference 

10-step Gaussian taper. 
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PARAMETRIC DEVELOPMENT OF 
RELIABILITI DESIGN FOR 

A LARGE SOLAR POWER SATELLITE 

This report  presents t h e  results of preliminary studies of reliability/availability design 

cri teria for t h e  conceptual design phase of a large Solar Power Satellite. The studies 

were limited to  consideration of t h e  amplifier arrays and treated individual amplifier 

reliability parametrically. The accurdte treatment of success/failure logic and conse- 

quently array life for t h e  baseline configuration (and variations) i s  a very complex matter .  

I t  is the  author's feeling that  this report represents a significant s t e p  in the  development 

of overall understanding of this problem. 

STATEMENT OF THE PROBLEM 

Conceptual designs for a large Solar Power Satellite a r e  being studied. The configurations 

of interest  involve large arrays of GaAs FET amplifiers as the  key mechanism for 

transmitting energy t o  the  earth's surf ace. I t  is both desirable and necessary that  t h e  

satellite, and consequently t h e  amplifier array(s), be long-lived (upwards of 30 years). 

This requirement for long l ife dictates not only that  the  indiviaual amplifiers be highly 

reliable, but also that  the  array(s) be configured such tha t  the  array availability remain 

high over the  design life of t h e  satellite. I t  has been generally accepted that  the  array 

availability - measured in terms of fraction of rated power output realized - should be 

greater than or  equal t o  0.98. The difficulty in accepting this figure as a design 

parameter lies in the  inherent combinatorial complexity of t h e  array(s) and consequently 

the difficulty in estimating t h e  availability of various design options as a function of 

anticipated satellitf life. I t  is this problem that  the  current study addresses. Parametric 

relationships are developea for array availability as a function df amplifier reliability and 

as  a function of variations in the  current baseline array configuration. 



Generally, availability is defined as .he fraction of time that  an 

item (system) is performing i ts  required ftmctids) or is capable 

of performing its required function(s). In this study availability 

(A) has been defined as the fraction of rated output suviving. 

Rdiabiii ty - 
The probability that an item will perform as specified uncler specified 

environmental conditions for a specified period of time. 

SUMMARY OF RESULTS AND CONCLUSIONS 

Ihe complexity of the baseline configuration, the state of definition of 

failure criteria and the limited time available for the study required that 

some approximations (described in later paragraphs) be made. However, i t  

is the author's firm belief that these approximations resulted in very little 

error in the final relationships. It should be noted that  this contention 

cf small error has not been rigorously proved. In any case, these initial 

sets of relationships provide bounding criteria on expected life for given 

array configurations. It was determined in the cowse of this study that 

due ta the large number of constituent ampiif iers comprising a subarray, 

the wbarray design criteria is essentially that of the array (or vice versa). 

In interpreting the relationships described herein, one must be cognizant 

of the analysis groundrules and assumptions and the underlying models (Ref: 

"Detailed Anal ysis"). 

Figure 1 portrays Fraction (A) of Subarray Output Surviving as a function 

of amplifier probability of failure (q). Curves a re  presented for both n=2 

and n=3; where n is the number of amplifier failures in the same row allowed 

before a string failure occurs. Similar data for n=l  a r e  presented in the 

Detaiied D~scussion. 

Tne data of Figure 1 can be used as a basis for estimating Subarray A as 

a function of calendar time. This requires that amplifier reliability (1- 

q) be estimated as a function of time (t). This has been done parametrically 





assuming that amplifier life-lengths are exponentially distributed. This 

amplifier l ife data is presented in Fiwe 2- Then the  c u v e s  of Figure 

1 were translated through the curves of Figure 2 yielding the parametric 

relationships of Figure 3. Subarray A versus Subarray Life in years is plotted 

parametrically in n ar,d amplifier MTBF (8). Again, this set of curves is 

valid only if the underlying iife-length distribution for the amplifier is 

exponential (i-e., q=l  - exp (-ti@). 

Several caidusions are  readily apparent from the set of curves just discussed 

First, the long-ter ~n Subarray Availability is very sensitive to Array configuration 

(i.e., value of n and length of string, etc.). Second, the baseline configuration 

- as described under "grwndrules and assumptions~ - would appear to support 
7 a .%year availability goal of 0.9s only if n=3 and 8 2 10 , a if 0 3 .  

Based on conventionai reliability predictiontechniques an amplifier Mf BF 
7 of LO b u r s  or greater appears t o  be very optimistic. However, there is 

a body of 3ats to  suggest that a log-normal life-length distribution is more 

appropriate than arl exponential. 

?'re models and data developed thus fa t  provide a basis for further studies 

involving this design problem. Such studies should indude: 

Rigorous verification that the approximations of this study are valid; 

Development of Inore cornprehensive and universal availability models; 

More detaiicd consideration of the system effect of amplifier failure 

modes; 

Consideration of configurations different than the baseline - particularly 

with respect t o  string-length and row-width; 

Consideration of the practicality of n 1 4  in the baseline configuration; 

More detailed study of FET artiplifier reliabiiity data  - including consideration 

of loq-normal distributions; 







Use of these data to firmly bound &sign parameters and maximize configuration 

for availability. 

ANALYSIS -- 
The fallowing paragraphs describe t h e  details of this analysis. Assumptions 

and groundrules are presented along with t h e  &tails of t h e  evolution of 

the  Subarray avadability model. Various intermediate curves tha t  were developed 

are also included. Tables of backup da ta  associated with each of t h e  curves 

are induded at the end of this dis~ussiorr. 

GROUKDRULES & ASSUMP'IIONS 

The baseline configuration (system architecture or heirarchy) is tha t  of 

a subarray consisting of a matrix of 12 panels by 12 panels; each  panel consisting 

of 3 strings in parallel; each string comprised of 12 rows in series; and 

each row comprised of 4 modules in parallel where each module has a dual 

FET arnp1i.f ier. This configuration is pictorially depicted in Figure 4. 

in addition t o  the  preceding definition of baseline configuration t h e  following 

groundrutes and assumptions pertain to this study: 

(1) Each failed amplifier is assumed to operate at one-half power - as 

long = i t  is not in a "failed stringw; 

(2) Each string failure results in no power output from tha t  string; 

(3) Design goal is that  2% degradation in Subarray power output 

represents failure. 

DETAILS OF ANALYSIS 

In order t o  understand the  problem the  Subarray availability model was developed 

in an evolutionary manner consisting of the  following steps: 

Step 1. A set of limiting curves was developed. This set of limiting 

curves was representative of a "Pet fect Configuration" in which the re  





could be no stiing failure. That is, the only effect  of any combination 

of amplifier failures was t o  reduce the array output by an amount equal 

to  one-half the amplifier output X the  number amplifier failures. Another 

way of stating this condition is that there be no restriction on the 

location of amplifier failures as long as the  maximum power degradation 

limit is not exceeded. h this case a 2% limit on degradation in Subarray 

Power .02(41472) (2) = 

1659 failed amplifiers is the threshold for Subarray failure. The probability 

of Subarray failure can thus be determined as follows: 

Prob (1659 failures a more out of 41472) = QfSIA 

Where p = Amplifier Reliability 

q = I-p = Prob. of Amplifier Failure 

This cumulative binomial involves such large n and i tbat i t  is readily 

and accurately evaluated by approximating i t  with a nwmai distri- bution 

where: 

p = nq = 41472q 

npq = 41472pq 

Similarly, relationships for degradation thresholds of 1% and of 3% were 

derived. These resultant curves are  plotted in Figure 5. 

Step 2. Consideration was given to  the effect of string failure. String 

failure criteria (n = 2, and n = 3) and associated string failure models 





are summarized in Table 1. These models were used t o  evaluate t h e  probabil- 

i ty  of string failure (QJ over a range of possrble amplifier probabilities 

of failure (q) for both n = 2 and n = 3. The results are shown in Figure 

6. 

Step 3. Modifications were made t o  the  "perfect configuration" model 

of s tep  one to accolint for  Subarray degradation due t o  loss of strings. 

T h e  a r e  432 strings in a Subarray. Thus if we assume tha t  a string 

failure implies tha t  the re  is no power output from tha t  string, then: 

Each string lost = 11432 Degradation; 

2% Threshold 2 9 Strings Failed. 

Thus a model was structured as a set of "conditional eventst1 representing 

the  occurrence of a particular number of string failures (Ai) in conjunction 

with the  occurrence of a quantity (Bi) of failed amplifiers that  exceeds 

t h e  conditional threshold associated with t h e  number of failed strings. 

The elements of this model a r e  summarized in Table 2. The general statement 

of this model is: 

9 

Q ~ / ~  = R 1 1  8. where Ai and R. I 

i =+ 

a r e  defined in Table 2. 

Figure 7 depicts the relationship between Subarray probability of failure 

(Q ) and amplifier probability of failure (q) for n= 1 and for n=2. S/ A 8 Note that  for n = I the  string probability of failure Qs = 1-p . Further, 

i t  can be noted that  in the  range of n that  we a r e  considericg for t h e  

l>aseline configuration the  string failure contribution generally "swamps 

out" individual amplifier contribution t o  subarray failure. 

Step 4. A model of Subarray degradation versus amplifier unreliability 

(q) was developed. This model in turn provided the basis for depicting 



TABLE I. 

STRING RELIABILITY MODEL( S) 

RASELINE MODEL (n=2) 

FAILlJRE CRITERIA - 2 OR MORE AMPLIFIERS IN ONE ROW 

FAILED CONSTITUTE STRING FAILURE (MAXIMUM 

NUMBER OF FAILURES ALLOWED PER ROW IS 2 (n=2) 

FOR STRING SUCCESS). 

UATHLVATICAL MODEL 
7 12 Q, = 1 - (p8 + 8p q) 

Where p = Amplifier Reliability 

q = i-p 

ALTERNATE MODEL (n=3) 

FAILURE CRITERIA - 3 OR hIORE AMPLIFIERS IN ONE ROW 

FAILED CONSTITUTE STRING FAILURE 

(n =3) 

MATHEMATICAL MODEL 
7 6 2 1 2  Q, = 1 - (p8 + 8p q + 28p q ) 
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Subarray degradation versus time as described in the summary of d t s .  

As a preliminary approach, only the Ai segment of the subarray availability 

modtl was useel (Ref: Table 2). As an approximation i t  was assumed that 

no appreciable contributian accrued from the B, segments. (Since we 

are m longer interested in just exceeding a given ttreshdd (e.g., 2%) 

of degradation. The table of Ai versus Qs was enlarged. A fraction 

degradation (Di) was d a t e d  with each Ai and the expected degradation 

(total) for each Qs was calculated thusly: 

The expected fraction swvi .ng (A) can k estimated as: A = 1-Dr 

q is then related to  QS and consequently A for n = 2 and n = 3, as plotted 

in Figure 1. Ultimately, A can be plotted against time because q is 

a function of time (e-g., expential) .  



POWER D I S T R I B W  SY!jTEW ANALYSIS FOR 2.5 GW SPS (SOUD STATE MPTS) 

in- 

The concepts being analyzed for t h e  all solia-state microwave power distribution 
system require power delivered in t h e  2 kv to 5 kv voltage range. Three methads 
of delivering power to the  antenna whit% were investigated are as follows: 

I. Acquire power from the array at approximately 44 kv and use ac/dc 
converters on the antenna to derive t h e  required voltage levels to supply t h e  
antenna solid state devices. 

2. Acquire power from t h e  array at about 11,000 volts, convert t o  ac at t h e  
array and back to dc at t h e  antenna. 

3. Acquire power from t h e  array at about 5,500 volts and supply the  antenca 
solia state devices directly from t h e  array without any power processing. 

Tlte following paragraphs summarize the resuits of this analysis. 

This concept is siniilar to tha t  used on the Reference 5 Gk' SPS which uses 
klystrons as the dc to R F  converters. The exception is  tha t  instead of processing 
only about 15% of the  power all power is processed. The mass penalty for  
processing all  power is approximately 1.59 kilograms for each kilowatt of processed 
power as shown in Table 1 at a chopping frequency of 20 kilohertz. Dc/dc 
converter losses represent 5.56% of t h e  input power (ref. Table 1'. 

The power distribution system mass and power loss summary for the  44 kv system 
is shown in Table 2. The entry "non-P-max power loss penalty" is due to t h e  f a c t  
tha t  all solar cell strings a r e  nct operating at the  peak power point. Figure 1 shows 
t h e  relationship of normalized string voltage t o  normalized string current and 
power. For the  44 kv case and with a conductor operating temperature of 10oOc, 
t h e  power loss is small ( a b u r  0.5%). However, as will be seen later  in t h e  low 
voltage case, this is not alwd-JS t h e  case. 

For the  44 kv case, t h e  total current required by the  antenna is 109,484 amperes. 
For one millimeter thick aluminum conductors the  total width of t h e  positive o r  
negative conductors i s  17.3 meters. 

AC Power Distribution System 

The ac power aistr ibutim system analyzed consisted of acquiring power from the  
array at a nominal voltage of l i  kv, cmverting to  ac at the  power sector level, 
transmitting the ac power t o  the  antenna on the main power bus, and converting 
back t o  dc  power at t h e  proper voltage level on the antenna. 

The dc to  ac and ac t o  dc  corrverter rnass and losses were derived from the  dc/dc 
converter used in t h e  44 kv analysis above and a r e  shown in Table 3 and Table 4, 
respectively. Additional filtering was added for the ac outpcnt. 



The selection of the aperating frequency was based on two criteria: minimizing 
converter mass, and minimizing skin effects. Figure 2 shows converter mass (acldc 
plus dc/ac) as a function of chopping freqwncy. Table 5 shows the result of the 
skin e f fec t  analysis. Based on these two analysis, t h e  selected operating frequency 
for the ac system was 10 kilohertz. This frequency ;ninimizes skin e f fec t  losses for 
one millimeter thick conductors while incurring a slight penalty in the masses of 
the  converters. 

The main bus operating voltage was selected to be 1 0 0  kv nominal. There is 
negligible array power loss due to not operating at the maximum power point of t h e  
cell-string since each & to ac converter can be designed to track t h e  maximum 
power point. 

The results of the ac power distribution system analysis is summarized in Table 6. 
The total mass of the  array and power distribution system for t he  ac system is 
slightly higher than for the  44 kv dc system described above. T k  primary 
contributors t o  this increase in mass over t h e  44 kv dc system with 100% p w e r  
processing is the  additional filtering of the  ac at the & to ac converter and the 
requirement t o  use transformers at both the dc to ac and t h e  ac t o  dc converters. 
The efficiency of the  ac system is higher than that  of the  4 l  kv dc system 
primarily because of reduced main bus losses when operatiag at the higher voltage 
with with ac system. 

For the  ac !00 kv system, the total  current required by the  antenna is 45,748 
amperes. Frx the me miliimeter thick conductors the total width of the positive 
or negative conductors is 7.23 meters. 

Low Voltage DC Power Distribution System 

The low voltage power distribution system which was analyzed acquires power from 
the sateliite across one bay width (array voltage 5,500 V nominal) of solar array 
and delivers i t  t o  the antenna mounted dc t o  rf converters without any intervening 
power processing. In order t o  deliver 4,300 megawatts of power to the  dc to rf 
converters from this low supply voltage, the  cilrrent required is in the order of one 
million amperes. 

Of particular significance in this low voltage case is the voltage drop of the 
conductors which determines t h e  operating point on t h e  solar cell string V/I curve. 
For this low voltage case most of the array will be  operating at points which a r e  at 
reduced power levels compared t o  the  maximum powe- point. This is summarized 
in Table 7 and shows that  ~t higher design operating temperatures for the  
conductors 1 significant portion of the  available array power is not being 
advantageo~sly  used. Figure 3 shows the percentage of power loss as 2 functlon of 
conductor design operating temperature. 

For the sleet conductors used in the SPS studies to date, at a given design 
operating temperature and current level, the  conductor losses a r e  inversely 
proportional t o  the square root of the conductor thickness and the  mass of the  
conductor is directly proportional t o  the squzre root of the  cond-~ctor thickness. 
At the current levels required for the  low voltage distributiot~ system t o  supply 
4,300 megawatts t o  the antenna sheet  conductor total  width (the sum of the  widths 
of all positive or return power buses) is in the order of 221 meters at 50'~. 
Increasing the  conductor thickness t o  two millimeters from one millimeter 
decreases the conductor width to  157 meters and increases the conductor mass 
from 3,570 metl'ic 



tons to 5,048 metric torrr for tk main power buses. The amductor l o s e s  would be 
reduced from 1,170 megawatts to 827 megawatts. 

Sheet c?orrducttx sizing for the SPS power distribution system is accomplished using 
tk c8mve shown in Figure 4. F a  a given aperating tempcram a point, K, can be 
obtained from tte ame sucir that 

where I = Current in amperes 
W = Carductor width in centimeters 
t = Carductor thidcness in centimeters 

on a per meter basis, resistance (R) is given by 

w h a e  = resistivity of a aluninun (3.43 x 

but from (1) 

so that 

and voltage drop = IR = 

F a  aluminum sheet material on a per meter basis 

3 where a = Specific weight in kilograms per cm (0.0027 for aluminum) 

but !rom ( 1) 

and mass in kilograms/meters of length 



From equation 4 it can be seen tha t  (for a given operating temperature and current 
l p )  increasing the thickness Rduces the per-mit-length voltage dmp (and thus 
1 R losses) by the square root of the thickness but conductor mass is increased, as 
shown in equation 5, by thc square root of the thickness. The least mass system is 
to make the conductor as thin as possible. A thickness of ane millimeter was 
selected primarily to prevent damage during t h e  construction process if thinner 
material were used, 

For the d y s i s  discussed in this section one millimeter thick sheet conductors 
were used The results of t h e  low voltage analysis for various operating 
temperatures is summarized in Table 8. TIE system mass and losses were 
computed for several conductor &sip operating temperatures to determine t h e  
minimum mass system. 

The results of the three analysis in terms of the  total of required array mass plus 
power aistribution system mass is graphically shown by Figure 5. The minimum 
mass system ocmrs with the low-voltage/110-pwer-proce~~ing concept operating at 
a conductof -ting temperature of about 35OC. If conductor width is of concern 
other options are available which significantly reduce the  required width with a 
modest increase in system mass. 



TASLE 1 
DC/DC CONVER'fER SUMMARY 

(5,600 KW) 

MASS (KG) 
IOKHZ 2OKkIZ - - 

LOSSES (K W) ' 

10I<HZ , 2OKtiZ Element 

Input Filter 

Switching Cond 
S W  

Drive and Suppression 

Transformer 

Rectifier 

Output Filter 

Packaging 

Thermal Control 

Total 

Per Kilowatt Values 



System Element 

TABLE 2 
DC POWER DISTRIBUTION - 44 KV 

2.5 CW SATELLITE, 100% POWER PROESSIMi 
Tc = 100% 

DELIVERED POWER = 4,300 MW TO DCJRF CONVERTERS 

Mass In 
Metric Tons 

Non-P-Max Power Loss Penalty - 
Acquisition Buses 19.8 

Main Buses 401 .O 

Switchgear 85.7 

DC/DC Converters 7,239.6 

Total 7 ,746.1  

Array Power (MW) 

Array Area ( ~ i v l * )  

Array Mass (MT) 12,356.0 

System Efficiency = 88.6% 

Losscs In 
hlegawat t s  

Mass (Array + Pwr. Dist)(MT) 20,102.1 



NORMALIZED VOLTAGE 

Fi~ure 1: Normalized Cell String Parameters 



TABLE 3 
DC/DC CONVERTER - MOO KW 

MASS ( K C )  
l O K H Z  ZOKHZ - - 

LOSSES (K W)  
IOKHZ 2OKHZ 

lnput Filter 

Switching Cond 
s \v 

Drive and Suppression 

Transformer 

Output Filter 

Packaging 

Thermal Control x 
Total 

Per Kilowatt Values 



Element 

Transformer 

Kectif ier 

Output Filter 

Control Circuitry 

Packaging 

Thermal Control 

Total 

Per Kilowatt Values 

TABLE 4 
ACIDC CONVERTER VALUES 

(5600 KW) 

MASS (KG) 
lOKHZ ZOKHZ - - 

348 170 

226 226 

2,303 1,733 

10 10 

87 1 645 

2,867 3,135 

6,625 5,919 

1.183 1.057 

LOSSES (KW) 
lOKHZ 2OKHZ 



Fi@m 2: AC P o w  Distribution System Frequency Optimization 





TABLE 6 
AC POWER DISTRIBUTION SUMMARY 

2.5 GW SATELLITE, FREQUENCY = 10 KHZ, T - 100% 
OPERATING VOLTAGES ARRAY 11 KV MAIN 6 % ~  100 KV 

Mass (ILIT) 

System Element 
Non-P-idax Power Loss 

Penalty - 
Acquisition Buses 19.7 
DC/AC Converters 4,146.5 
Main Buses 257.2 
Switchgear 203.3 
AC/DC Converters 5,175.9 

Total 9,802.6 

Array Power = 4,760.6 M W  
System Efficiency = 90.3% 
System Losses = 9.7% 
Array Area = 28.53 K M  
Array Mass = 12,119.C 

I'R Ldss (MW) 

Mass (Array + Pwr Dist) = 21,921.6 MT 



Conauctot Design 
Operating Temp. 
In Degrees C 

TABLE 7 
ARRAY OPERATING EXTREMES VS CONDUCTOR DESIGN 

OPERATING TEMPERA'r'; IRE - 

Normalized Array 
Operating Voltage 

Power Sector Power Sector 
Nearest To Farthest Frorn 

Antenna Antenna 

Normalized Array 
Power Point Operation 

Power Sector Power Sector 
Nearest To Farthest From 

Antenna Antenna 

Average 
Array Power 

Point 



% POWER LOSS FOR NOT OPERATING AT CELL STRING MAXIMUM 
POWER POINT DUE TO CONDUCTOR VOLTAGE DROP 



\Y =Pbtt\Ydb i n  a 
t Pbtr Thickness in cm 
I Current in Ampera 

ASSUMPTICMS 
f Aluminum Pbte 

c 0.9 
Solar Panel Tecp. - UIOK 

Figure 4: SPS Energy Conwsim P o w  But Sizia* 



System Element 

TABLE 8 
DC POWER DISTRIBUTION - LOW VOLTAGE 

2.5 GW SATELLITE, ARRAY OPERATING VOLTAGE 5 , W V  (NOMI 
DELIVERED POWER = 4,300 MW TO DC/RF CONVERTERS 

Mass in Metric  Tgns Power Loss In M e g a z a t t s  
Conductor  Temp C Conductor Temp C 

0 25 50 100 0 25 50 100 

Non-P-:Max Power Loss Penalty - - - - 96.6 150.8 272.6 1,114.2 

.4cquisit ion Buses 582.4 330.8 249.2 191.9 17.3 37.4 58.9 132.9 

Main Buses 7,19810 4,385.9 3,570.3 3,588.4 416.0 899.2 1,169.5 2,836.4 

Switch Gea r  

y TOTAL 
I 

Ch 
Array Area  Khl 2 

Array Power , lvai l  (G W) 4,829.9 5,387.4 5,801 .O 8,413.5 

Array hiass (MT) 12,297.4 13,758.6 14,769.6 21,421.6 

Delivered Power V 5,015 4,523 4,104 2,932 
(To DC/KF Conver ters )  I 857,442 919,983 994,450 1,297,529 

Mass (Array + Pwr Dist) 20,225.2 18,628.4 18,746.3 25,385.2 



I 

JI 

'Desw Point. Wc = 7.2 hi 

Dbtrbutian Syzm 
Du-@ Point, WC - 17.3 M 

s - I Minimum Mass Sptein 
C: 
< I;, Cmk* Width, WC - 255 hi 

--I .I-- 
25 50 I5 1DO 
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WLTISEAEI SPS S r n Y  

introduction 

n# p s s i b i l l  t y  of transmitting several parer bears from an SPS has 

intr icued various researchers a t  Boeing (and undoubtedly elsewhere) f o r  

sore tile. Recently some colrputer runs were made to ver i fy  the capabi l i ty 

o f  trar,sd t t i n g  ul t i p l e  bears using a lodi fied version o f  the large array 

proqram TILmiN.  

The s c t i i  used t o  generate the beams was the simplest possible one 

iinagineable, namely s p l i t t i n g  the main beam a lmg  an axis by spat ia l ly  

lodulat ing the i l l u i n a t i o n  function by a factor cos (k r s in  8) when: 

r = transmission distance 

and 8 = bear s p l i t  angle 

This i s  not necessarily a m a l i s t i c  modulation but was simple t o  

irpleraent and serves i t s  function o f  demonstrating two beams we1 1. 

Results o f  a sinply s p l i t  6.5 Gu baseline Gaussian are shown on 

Figum A-1, and are as predicted except f o r  the central lobe which d id not 

diminish as the s p l i t  angle was increased t o  6 x radians. The central 

peak i s  solllewhat o f  a mystery and may be due t o  an in-phase residual 

conponent i n  the spatial modulation o r  a grating lobe effect. Understanding 

and eliminating the central peak w i l l  be among our future efforts along wi th  

investigating various other mu1 t i p l e  beam effects. 
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INITIAL WLTIPLE BEAM THEORY 

I. BEAM FORUING 

The l i nea r i t y  o f  electromagnetic f ie lds  i s  a well-known pr inciple 

and a l l o m  the i l lumination o f  several spots from one aperture. The dimen- 

sions o f  the spots are a l l  l imi ted by d i f f rac t ion  and depend on the trans- 

m i  t t i n g  aperture dimensions, transmitting aperture power d is t r ibut ion and 

the desired power transmission efficiency. For a given configuration, the 

spot dimensions cannot be reduced without changing these parameters. 

A way t o  think about t h i s  i s  t o  consider the transmi t t i n g  aperture 

t o  be a screen across which a given f i e l d  d is t r ibut ion may be defined. 

Define i t  t o  be l i k e  the f ie ld  result ing from a sum o f  transmitting 

antennas behi nG the screen beaming through an openi ng i n  the screen 

tonards the i r  spots on the ground. (See Figure 1.) Alternatively, 

consider several apertures i 11 uninati ng one screen and then apply recipro- 

c i ty .  I n  ei ther case, synthesizing the beams bo i ls  down t o  duplicating 

the required f i e l d  pattern across the screen. 

I n  general the f i e l d  pattern across the screen w i l l  be o f  uneven 

amplitude due t o  the addition and cancellation o f  phase fronts of d i f ferent  

beams on the screen. I.E., there i s  a d i f f rac t ion  pattern which must repro- 

duce i n  order to  get beam separation. (See Figure 2.) For two beams o f  

wavelength X = 12.24 cm 2O apart ( i  .e., about 1000 miles on the ground) 

there are nul ls  and peaks every 3.5 m. To implement th is  the least 

controllable un i t  o f  aperture area ( i  .e., the subarray) must be small 

compared t o  this, that i s ,  probably on the order o f  1 m on a side. 







The required s ize o f  the least  control lable un i t s  depends on the 

greatest angle between the beams more than anything else. Checking the 

capabi l i ty  o f  forming mu1 t i p l e  beams v ia  computer would be an ins t ruc t i ve  

and useful thing t o  do here, as power s a t e l l i t e  type arrays are not  amenable 

t o  analyt ical  calculat ions f c r  any but  simple cases. 

Another thing that  i s  immediately obvious when considering N 

beams over the transmitt ing aperture i s  tha t  the peak RF power/area the 

2 subarrays must be capable o f  handling i s  N the pawer/area due t o  a s ingle 

beam and twice the mean power. This i s  an added expense, and may o r  may 

not be s igni f icant .  It i s  probably possible t o  j i t t e r  the RF pat tern across 

the transmitt ing aperture f a s t  enough t o  beat thermal time constants, thereby 

avoiding derating the transmi tti ng antenna average power. However, the 

components must s t i  11 be able t o  stand the e l ec t r i  cal stresses encountered 

a t  the power levels, and they must be able t o  be amplitude modulated a t  the 

ji t t e r  frequency. 

An obvious question t o   as^ i s  how the rect rod i rec t ive  array con- 

cept i s  t o  be implemented f o r  mu1 t i p l e  beams. There seem t o  be several 

possible approaches. 

Simplest i s  t o  use s t ra igh t  superposition o f  p i l o t  beam signals 

a t  the same frequency. This requires no modif icat ion o f  the present system 

save n receiving arrays and a system to  hold the n p i l o t  beams close 

enough t o  each other i n  frequency t o  preclude rapid changes i n  the array 

patterns. 

Another approach i s  to  use s l i g h t l y  dif ferent frequencies f o r  

each p i l o t ,  receive and frequency convert the p i l o t  signals separately, 
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amplify them t o  desired amplitudes and then combine the signnls. This 

system i s  the same as the previous one i n  other respects. It does, 

however, have higher costs for receivers a t  the subarrays. 

I n  e i ther  case, only a single reference phase d is t r ibu t ion  

system for the transmitt ing array i s  necessary. 

It may be desirable t o  hold the N p i l o t  beams on the ground i n  

phase wi th each other. The technology for doing t h i s  exists and i s  commonly 

used i n  radio astronomy. 

A question tha t  needs t o  be answered i s  how amp1 i tude and phase 

errors introduced by the atmosphere on the upl ink p i l o t  beams and aboard 

the s a t e l l i t e  by the electronics a l t e r  the transmitt ing array phasing and 

d i f fuse the beams. 



11. SYSTEM S I Z I N G  CONSIDERATIONS 

The two basic re la t ions tha t  s ize the SPS system are the f a r - f i e l d  

antenna re l a t i on  

AR AT = G 

and the energy conservation 

AR = Receiving antenna area 

AT = Transmitting antenna area 

G = a consistant, depending on desired ideal power transmission 
e f f i c iency  

( P / A ) ~  = Power density averaged over the t ransmit t ing aperture 

(P/A)R = Intercepted R.F. power density averaged over a s inqle receiv ing 
aperture 

N = Number o f  beams 

For given transmitted and received aperture power distr ibut ions,  

( P / A ) ~  i s  f ixed by the peak ..i power per u n i t  area, which i n  turn  i s  

f ixed by the DC-RF conversion e f f ic iency a.,d the avai lable heat re jec t ion 

capacity a t  the center of the transmitt ing array. Similarly, ( P I A I R  

i s  f ixed by the peak allowable RF power dens it.^ a t  the receiving end 

of  the system, f i xed  by the ionospheric l i m i t ,  presently a t  230 w m-2. 

-1 
Dividing both sides of  (2 )  by AR fP/AIT gives 

-1 2 A, AT = G = N ( P / A ) ~ ( P / A ) ~  AR 



Solving f o r  % gives 
-1 4 % ( G  N-' (P/AIT (P/AIR 

Since AT = G 

A, = (G N (PIA);~ (P/A)~)+ 

The power intercepted at a single receiver site is 

PR = (PIAIR AR 

= (G  N-' (P/A)T (P/A)~I+ 

This yields a grid power of 

nRCV = Receiver (Rectenna) efficiency 

The transmitted RF power, PT, is simply 

PT = N PR = (P/AIT AT 

= (G N (P/AI~(P/AI~)+ = (G N !D/A)~ ( P / A \ ~ +  

and the rest of the sate1 1 ite is sized accordingly. 

In iumnary, the power and antenna size scaling relation for a solar 

power satellite transmitting multiple beams has been derived for cases 

where both arrays are constrained in such a way as to fix averaqe RF 

power levels. For recently investigated sol id state transmitting array 

satellites this is indeed the case. 

It is also the case for system: with tube-type transmittinq arrays 

because they also have finite maximum achievable RF power densities. 

In this analysis no penalty was included for increased microwave 

power transmission system (MPTS) comple~i ty due to smal ler subarray size. 

Once we have a better understanding of the desired phase control system 
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and what it costs, i t  ought to  be possible to include the subarray size 

into an analysis t o  trade subarray s ize  for  cost advantages due t o  multiple 

beam cagabil i t y .  



I I I. COST CONSIDERATIOMS 

This section contains a proof that cosb of power from a multiple 

bean 3PS system is the same as from a single beam system if there is 

no penalty introduced for control system conplexity. Introduction of 

such penalties will, of course, favor single beans and multiple beams 

with small relative angles, if receiving cost uer unit area is fixed. 

A siaple node1 for the cost of a power satellite is to consider 

the costs to be proport ion& to sol ar-elec tr ic conversion system mass, 

aperture area mass and rectenna area. Denoting these costs to be CSE, 

CT a d  CR, respectively, allows us to rite don, total cost C1 for a 

sinjte bean system: 

C1 = CSE + CT + CR 

For N beams this becomes 

If,for a single beam system,received pow- is PI for an N beam system 

the porser received, PN, is 

Finally, the cost per unit power is 
-1 - 1 'N 'N 

= CIPl , i .e., independent of N 



I V .  BEAn SCAN EFFECTS - 

I n  the precding sections i t  was a s s d  that  there was negl ig ible 

beam pattern degradation due to  scanning away fm apertum boresight. This 

rcqt ion out? ines scan effects. 

Tha most obvious beaa pattern e f fec t  o f  scan i s  beam spreading due 

the cosine loss i n  the projected aperture area. Since the sor t  o f  sczn 

angle, e, we are considering i s  small, (cos r)-' = 1, and the effect i s  t o  f i r s t  

order negligible. 

Another cammnly known e f fec t  i s  the variat ion o f  sidelobe level 

wi th scan and the number of beam. This probably has t o  be checked empirically 

from aperture array programs as there seem t o  be no clean analytical theory 

which allows sidelobe level prediction fo r  more than one beam, However, since 

single beam are superposed t o  generate mu1 t i p l e  beams, i t  seems clear that the 

worst sidelobe effects on the power w i l l  be due t o  the add i t io~ .  of the sidelobes 

between adjacent beains (See Figure 3.) 

A f i na l  e f fect  ~i scanning to  create mult iple beams i s  quantization 

error due t o  the fact that each subarray represents a patch of constant amplitude 

1 and phase. If one can assune the erram are  essentially random, Ruze and Schanda 2 

have shown that phase -- errors contribute the most to beam pattern degradation i n  

- E 2 the fashion G = Go e 

where 

G = Main beam gain 

Go = Main beam gain without phase e r m n  
- 
E* = Mean square phase error 



Note that the fraction 

represents a loss i n  efficiency that can't be recovered, and thus should be 

kept small. 



Going t o  m i t i p i e  beams requires greater spatial resolution a t  

the transmitting aperture. The resolution required goes as the angle 

between the l o s t  d d e l y  separated beans, and w i l l  be on the order of 1 m. 

For the case o f  ionospheric beam power l im i ta t i on  a t  the 

receivers and RF power density 1 i m i  t s  a t  the transmitter, space system 

design areas and powers scale as N', whereas the same parameters a the 

ground go as N 

To f i r s t  approximation cost of power i s  invariant o f  the nunber 

of beams. 

A f i na l  conmtent: The small subarray size might be considered 

t o  be incompatible with current SPS designs, but t h i s  i s  not necessarily so. 

The ongoing so l id  state SPS antenna design breaks up the transmitting 

area i n to  many small radiating uni ts smaller than Xon a side. Putting 

them i n  groups o f  200 t o  400 t o  make a 1 m subarray seas t o  pose no 

greater fundamental problems than combining them in to  larger groups and 

t ry ing t o  keep them i n  phase. 
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TASK 42121, 42122, AND 42124 
GEO CONSTRUCTION BASE DESIGN AND ANALYSIS 

Crunlman's Phuse.2 effort was focused on further defining the operations ilnd 

systc~lls of the 4 Bay End Builder Construction Base. This section describes the work 

p c r t b ~ ~ ~ ~ ~ e d  in updating the CEO Basc systenl configuration, updating the crew module 

definition und defining a concept for GEO Bnse buildup. Related analysis on SPS con- 

struction opert~tions. base O I ) < ? P ~ I ~ ~ O I ~ S  i~nd  basc cargo handling itnd distribution operil- 

tions are provided in the Phase 2 SPS Operittions and Systcn~s Synthesis Report, Vol- 

ume 111, Section 12. 

Grumman's 4 Buy End Builder col~cept wits developed in Phase 1 and evaluated 

against alternate satellite construction concepts, a s  illustrated in Figure 1. The single 

pass 8 buy wide end builder c o ~ ~ c e p t  was found to exhibit the highest cost and be 

underutilized, if only one satellite is built every six months. The comparison of multi 

pass end builders and the single deck platform concepts was nearly even wit). respect 

to cost. mass and risk. The 4 Bay End Builder was selected, however, for I ther 

work in Phase 2 due to i ts  greater production rate growth capability. The updated 

configuration of the 4 Bay End Builder i s  shown in Figure 2. 

The 4 Bay End Builder Construction Base assembles the 5 GW reference Solar 

Power Satellite entirely in geosynchronous orbit,  as  illustrated in Figure 3. The 8 bay 

wide satellite energy conversion system i s  constructed in two successive passes on one 

side of the base, while the microwave antenna is  assembled on the other side of the 

base. On the first construction pass, the GEO base builds one-half of the energy con- 

version system, a 4 bay wide strip by 16 bays long. When this part of the satellite has 

been constructed, the base is  indexed back along the edge of the structure to the first 

end frame. During the second construction pass, the 4 bay wide strip is attached di- 

rectly to the assembled satellite systems. At the end of the second pass, the base is  

then indexed sideward to mate the antenna with the center line of the energy conver- 

sion system. After final test and check out,  the base separates from the satellite and 

is  transferred to the next orbital position for SPS construction. 







' I ' l~ t*  Sol ; l l*  IBowcr Satellite <;I10  Co~rst rlrcticrt~ Ii:rsc is  required t o  assemble one 

A;\\' ~~Y*~CIWIIC= satellite every  six nlotrtlls (11- two s:~tcliitcs per  year  for 30 years. As i n  

1'11;1sc 1 . I'I~CY~ flying CWIIS~ r i ~ c t i o l ~  f;~~ilitie!s : I I I ( ~  l o t *  :~sseml)ly methods are to b e  avoided 

it1 I'urtt~cr m f i ~ ~ c t r ~ c ~ ~ t  ol' tllcb 4 I h y  I < t ~ c l  Ilirilcl(tr c-)t~cvpt. Therefom, the  base i s  also 

I-ccjui~vd t o  provitlc* ~u)lrliglu~tts f:lc:ilit ic!s l i ~ r  : t s sc~r~ t~I i t~g  ;111 SI'Y system elements. A s  t i  

( ; I S 0  opc~-;ttio~l;~l lxlst.. t l l e -  .I l k ~ y  1'1rcl Iluiltlcr tr~ust be c;~;)i~blc of docking and unloading 

orbit:ll t r :~~ l spo t~ t  vt~lric!c!s :11rc1 i~al)Ic*~t!otrti~q other  csscnti;~l work support and crew sup- 

port fu~lcti.,~rs ;IS WC-II .  'L'rlc tol) lcvcl rcquircmcnts that established the  design and 

opcr;ttiol~s 01' t llc SIBS (;I10 b;:sc ;ltBc shown in Figure 4. These requirements iirc ex- 

tracted I'lmoln tilt Phr:sc 1 s tudy ; ~ n d  guide the definition of all o ther  requirements. For 

exumple , essential base opcra:ional areas include : command and control modules, crew 

hi~bitrtts. c a r p  handling and distribution network, subassembly factories, bzse atritude 

control. base electrical power. base m;untcn:tnce. ctc.  The CEO base i s  also required 

to  service orbital t ransfer  vchicles and support t tie o[~er;rtivn:tl maintenance of commis- 

sioned satellites. 

Hence. in addition to building the  SPS. the GEO tmse must fulfill s t renuous logis- 

tic support reyuirements , a s  show11 in Figure 5. 

Every thirteen days ;in EOTV will arr ive with large Cargo Pallets. A dedicated 

area must be avculable at the CEO Base to tritnsfcr this material un board in a quick 

and efficient manner. At the  same time, empty pallets have t o  be renoved from the  

bilse. A s  soon ; a s  the  Cargo Pallets a r e  landed. they have to be moved to  an unloading/ 

sorting area and processed t hmugh the  c ~ n s t r u c t i a n  bilse. To accomplish this.  an ef- 

ficient transport system must be available. Level J .  the  top deck of the  base shown in 

Figure 6. provides 6.1 Km of .nain line track and 5.1 K m  of connecting s p u r  lines. 

The base h ~ s  !o rotate the  444  man crew i ~ t  planncci intervals. When satellite 

maintenance support operations are  included the  total crew complement will increase in 

proportion to the  size of the  operational fleet tind the maintenance schedule adopted. 

Assuming that schcdulea maintenance i s  perfornied twice u year on rt 20 t o  50 SPS t?eet, 

then an additional 383 to 1 1 4 9  personnel must also be accomn~odated. All these people 



a CONSTRUCT ONE 5 GW SPS WITHIN 6 MONTHS *5% 
ENERGY CONVERSION & MlCROWAVE POWER 
CONSTRUCTION FACILITIES CONTIGUOUS 

CONSTRUCTION APPROACH: 

ENERGY CONVERSION - TWO PASS LONGITUDINAL BUILDUP 

MICROWAVE POWER - ELEVEN ROW L A 1  ERAL BUILDUP 

a DESIGN LIFE: 30 + YEARS 

DOCKING & OFFLOADING SYSTEM FOR POTV. CARGO TUG & O N  

a OPERATIONAL AREAS FOR: COMMAND & CONTROL 111100ULES. CARGO 
WAREHOUSING, SUBASSEMBLY FACTORIES, CREW 81 WORK MODULES. 
BASE MAINTENANCE, O W  MAINTENANCE, E O N  MAINTENANCE. 
OPERATIONAL SQS MAINTENANCE & TRAINING 

BASE LOGISTIC VEHICLES & TRACK NETWORK 

CONSTRUCTION ACCURACY 81 QUALITY 
a BASE ATTiTUDE CONTROL, STATIONKEEPING. LONGITUDINAL TRANSFER 

CAPABILITY 
BASE ELECTRICAL POWER, COMMUNICATION & DATA MANAGEMENT 
CAeAslllTlES 

EOTV CARGO DELIVERY 
- 4000 MT UP 6 200 MT DOWN/FLIGHT - EVERY 13 DAYS 
- OPERATE & SERVICE 2 CARGO TRANSFER TUGS 
- DOCK & UNLOAD 10 TO 20 CARGO PALLETS 

- PROVIDE PALLET TRANSPORTERS 

POTV CEO CREW ROTATION 
- ROTATE UP TO 7580 PEOPLEIFLIGHT @ ISDAY INTERVALS 

- MAINTAIN TRANSIENT CREW QUARTERS 
- DOCK 4 POT VS & PROVIDE INTRA-BASE CREW BUSES 

SPS OPERATIONAL MAINTENANCE SUPPORT (PER 20 SATELLITES! 
- LOAD!UNLOAD SPS COMPONENT RACKS @ 4%-DAY INTER JALS 
- MAINTAIN RECONDITIONED & DEFECTIVE COMPONENT STORAGE 
- DOCK & SERVICE SPS MAlNT FLEET (4 OTVS & 4 PAYLOADS) 

MAINTAIN KTM!COMPONENT REFURB FAClLiTlES 

- PROVIDE CREW HABITATS 

1775-i 74v: Figure 5 GEO &se Logistic Support Rapuircmcntr 





have ro be housed comfortably and transported to their assigned work stations each 

day. Each time a new crew is brought up, resupplies r n ~ s t  also be pruvided. 

The other function of the base is to serve a s  a home base for service of all out- 

lying SPS stations. Defective material on the SPSs must be replaced, bmught back to 

the base and reconditioned. The refurbished material is stored until needed as replace- 

ment parts on the next visit to the SPS stations. 

Updated mass gnd cost estimates for the CEO Construction Base are provided in 

Figure 7. 

ANTENNA FAClLlT Y 

TWO 5GW SQS ASSEM6LED 6 C:O PER YEAR 

BASE CONSTRUCTION FACILITIES 
- UNIT COST ( 1979 S) 5 8.M 6 
-- MASS 6390 MT 
- TO1 AL CREW 444 

ADD-ON MAINT. SUPT. FACILITIES 
-COSTDELTA 
- ADO1 MASS 
- ACDZ CREW 

Figure 7 4-Bay End Builder GEO Base Fwtum 

2.1  COMSTRUCTION FACILITIES & EQLJIPMENT 

The GEO base has contiguous facilities for :oncurrent assembly and subsequent 

mating of the satellite energy conversion system and its power transmission antenna. 

To implement these construction operations, the base structure serves as an assembly 

jig which also supports the construction equipment, cargo handling and distribution 

system, subassembly factories, test and checkout facilities, transportation vehicle 

maintenance and base subsystems. When SPS Power Transmission Operations begin, 

the CEO base will also sapport SPS maintenance facilides. Crew support facilities are 

included on the GEO base. 



The overall base shown in Figure 8. is 3.44 l i m  wide x 3.65 K m  long x 0.9 Knl 

dccl, with eleven levels of the  energy conversion and antenna construction fi~cilitics 

identified with letters A through L, as shown in  FigIlre 9. The elevations a r e  taken 

liwnt the  base level A of the factory reference line (FRI,)  and a re  given in meters. 

The m i ~ j ~ r  construction facilities of the  CEO base a re  tailored to  the  structural  

clwss section and support requirements for assembling their  respective SPS systems. 

The solar collector assembly facility i s  designed to provide a fully assembled 8x16 bily 

~ e f e r e n c e  system after two 4 bay wide longitudinal construction passes. The antenna 

i~sse~nbly  facility, which may be seen in Figure 10. is arranged for progressive build-up 

of the  microwaa-e antenna. i.e. assembling one row at a time until the  i 1 row planform 

is fully constructed. 

2 .1 .1  Solar Collector k Antenna Assembly Facilities 

The SPS enezgy conversion system is assembled dur ing 2 successive passes by 

the  L-shaped framework shown in Figure 11. The CEO base s t ructure  supports  the 

emerging satellite during all phases of construction. 

The width of this framework 4 3.44 km) encompasses a 5 bay segmerit of the  energy 

converslcn s t ructure  to provide a one bay overliip for lateral and longitudinal indexing 

~pera t ions ,  a s  ~ h o w n  in  Figare 12. The 700 m high open t r u s s  is sufficient to house 

beam fabrication stations. solar blanket installation equipment, bus installation wech- 

anisms. c r e w  facilities, docking, storage. intra base transport ,  etc .  The other leg of 

the  facility (913 m long) guides and supports  the satellite until all systems are  mated 

and checked out. The antenna assembly platform. which i s  located at the  rear  of the 

base. i s  arranged to facilitate the  construction and attachment of the antenna and ro- 

tary  joint interface. This open t r u s s  platforin (2 .51  km x 0.83 km) also supports  the  

antennalyoke assembly during the  lateral index and mating operations with the  assem- 

bled 8 x 16 bay energy conversion system. The framework provided for the  yokel 

rotary joint assembly facility and antenna assembly facility i s  sufficient to house the  

r e q ~ i r e d  construction equipment. 

The primary structure of the CEO base is nominally assembled ivith n 100 m square  

framework, which includes diagonal shear members on each face. The small assembly 

facilities, which are used to build the yoke and antenna, are assembled with :I 50 m iat- 

tice. All structural members used in these f:*ameworks itre fabricated by :iu:om:ttic beam 

machines developecl to bilild the operi~tion:il SPS. It is i ~ ~ s u m e d  that both 7 .  Sni and 

12.7rn triangular section. closed-chord composite beitn~s are used. Ground f:ibric;iteii 

fittings iind deployaole mcnibers i11.e illso espected to bo used on the i,;tsc stlaucturc. 
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Solar Collector Asstln~bly/Fabric::tion - Thc end builder construction system, 
.- 

shown in Figurc 1 3 .  is tailored to the structural cross section of' thc  s:~tcllite 

and uses ten ( 10) dedicated semi-fixed beam machines to nutom:ltic:~lly f i l t~r ic~~te  

continuous longitudinal members. Lateral and diagonal memlxrs ol' t tic! s t  I-uc- 

t u r d  assembly are fabricated by three ( 3) lnobile beam machines. 'I'tlo irssc:al- 

bly sequence as  illustrated begins with Step 1. the assembly of tttc: first I'~.:IIIIC 

and i t s  attachment to the longitudinal members. The structurtd tltetttt~c:rs of 

the frante are fabricated by three mobile beam machines that tr:rvcl fnbrrl crrlc: 

position to the next. The upper lateral beam is fabricated and the11 ~,ositior~c:cl 

for i~ssembly. A s  this member is  being joined, the mobile beam m:rctlirlc:s f';ll)ri- 

cate the other members of the frame needed to complete the ;~sscml~ly. Step 2 

indexes the frame for one bay length by fabricating the continuous longitudin:~l 

beal.bs from the dedicated beam machines. In Step 3. the next friimc i s  built ;IS 

in Step 1. During these three steps,  power busses and solar array blankets 

are installed in parallel. The solar array blankets are deployed in the direction 

of build, are attached to the upper lateral beams and are  fed out of cannisters, 

as the structure indexes. Longitudinal busses are installed ''on the fly" as  

the structure is  i ~ d e x e d ;  lateral busses are installed before a bay is indexed. 

In Step 4 the bay structure diagonal beams are fabricated and assembled to  

complete the b3y. Figure 14 identifies the assembly equipment and construc- 

tion sequence required to assemble the structural bays of the energy conver- 

sion module. The first bay of the four-bay pass is  shown requiring the use of 

longitudinal beam machines (semi- fixed), three ( 3 )  mobile beam machines and 

four ( 4 )  cherrypickers. The operating paths of the mobile beam machine and 

cherrypickers are also defined along with the fabricating sequence of each of 

the mobile beam machines. This sequence is then repeated for bays 2 ,  3 and 4. 

This row is then indexed, as in Step 2 ,  and the entire sequence repeated until 

the energy conversion structure is built. 

SPS Energy Conversion Assembly Operations - Figure 15 depicts the construc- 

tion activities at levels F. G , and H of the energy conversion cor >!rr:cti ),I 

facility. These levels are utilized in the construction of the u3!.er surCace of 

the energy conversion module. Shown nestled in the facility -' r l . , t~ - - e  is the 

7.5 m longitudinal beam machine (semi- fixed), and operating .froIAi a norizontally 

mounted track system are two mobile beam machines. One beam machine is 

shown fabricating the 7 .5  m bracing beam and the other, a 12.7 m I ~ t e r a l  
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BM = BEAM MACHINE REPEAT FOR BAYS 2.3.8 4 
CP = CHERRY PICKER 
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Fipurr 14 Emrw Convrrrian Stnrctun - Assembly fpui-nt S q m  - 

(solar array support) beam. Located overhead on the facility overhang and 

operating from a track system, cherrypickers are used to maneuver and attach 

the completed beams. The complex operatinns of these two cherrypickers in 

t h3 maneuvering, handing-off and installation of beam lengths of approximately 

600 to 1000 meters requires further study. 

Solar array blanket deployment and installation is coupled with the end 

builder structural assembly sequence. Shown are the blanket installers 

operating from a track system mounted on the facility overhang. The solar 

array blankets are deployed from canisters mounted on the overhang. Re- 

placement canister8 are shown being moved into place and installed at their 

deployment station by a mobile flatbed cherrypicker. 

The arrangement of major construction equipment at levels F, G ,  and H is also 

shown in Figwe 16. The level G 7.5 m longitudinal beam builder substation is 

provided with 60 m travel distance to permit on-line maintenance and repair for 

continuity of construction operations. This provides about 1 hour for the repair 







: t ~ r c t  ~'ci:l;tc~n~ctlt of beam buildcr components, while ttre shutdown IJ~:IIII t~uilclctr 

t1-;1cks along a t  the  sumc rtttc ;is the  indexing struct::-c,. The figure ;list) hi tows 

t h e  bus dispensing st;ttiot~ in tuli~tion to  t h e  other beam builders :rnd thc sttl:rr. 

array anchor ;rt level 11. 

ton$tudin;tl Uc;r~ii I:;rbl*ic:ttiolt - lti thc cnd- builder c~nst ruct iof i  aoncept . 10 - 
longi t udit?;~l lx;tnr buildct-s ptmvi<lc t hc tit-iving force to index the  satellite 

s t ruct  utu . wllilc pcrfomling their basic function of kirm-element fabrication. 

This enct SuiIdctn c'~..r:r~.teristic leads to the  n c c ~ s s i t y  for certain r e q u i r e m e ~ t s ,  

shown in Figure 17, regarding beam builder performance. Those requirements 

identified to date are: 

- Limit s t a r tup  and shutdawn accelerations to insur, that h i r m  builder sub- 

system machinery will safely sustain forces ~nduced  dur ing indexing. In- 

clude the  affect of the progressive mass increase in the  energy cwnversion 

system s t ruc tu re  under construction. 

- Provide for s:~nchronized indexing. Toleritnces in t h e  simultaneously opernt- 

i n g  beam builders p M u c c  vi~ri i~t ions i n  bc:rm builder forces dur ing indexing. 

These variations shall be limited to safe kvels ,  cs determined by allowable 

forces not only on subsystem machinery, but on the  construction base and 

energy conversion system s t ructure  a s  weil . 

- Design for construct:un continuity in the  event of a beam builder failure. 

Emphasis shal; be placcc! on reliability of subsystem machinery including 

redundant operating modes. where possible. to avoid beam builder sl-.utdown . 

In addition. consideration shal! be e v e n  to subsystem desizns that provide 

repairlreplacement capability within 1 hour. while the  shutdown beam buildel* 

tracks along at  the same rate a s  the  indesing structure.  Holding fixtures 

to facilitate on-line!off-Line maintenance snd repair s?i:a!l also be considered. 

I t  should be noted that the  above requirements for 1imitatic.i of aecelera- 

tions and for synchronization apply to any base rtsscmbly function, where siri:ul- 

tanity of operation is critical induding thc use of multi-indexers driving sinultit- 

neously to  propel t h e  base during indexing opqrntions. For all such funr:tions. 

centralized control is necessary to limit loconlotion f ~ r c e s  to  acceptnble values. 

Satellitr Support During Construction - As presently conceived the  L sh i~ped  - 
facility for b. ildlng the  .solar ntSr;iy ciil.rics bc:ir; n~;ic!tincs o ~ t  onc Icp of t he  I. 

and suppor:. r. emerging structure (-11 the othel- Icg. .As i lI~tstr:~tcd in  Figure 



IS. ctisttrrbi~~lcu? of the  structut-c :tlrci~dy built will result in moments rcitctcd 

l)y crld b a d s  in t h e  Lx.;tt~ts : t t ~ c t  1~::;lti t~~:tchines and by shears  reacted by t h e  

supports  on the  othcr  Ice. 'l'la* ixa:trtr ~rr;tclrirres also provide t h e  forces for in- 

dexing t h e  s t r u c t ~ ~ .  :IS i t  i s  I~rtilt . by f:tt.ric;rting t h e  longitudinal beams. The 

capi~bility of the  LH!:IIII ~it:~c-hi~ta*s I t )  ~)t.ovide the  forces necessary to  react ais- 

turboncw torclln-s :11te1 I t )  i t t t I t * s  f l i c a  : i s s t ! ~ i t l ~ l t ~ !  s:rtcllite s t ruc tu re  requires 

further  sl 11c1y. 

'I'!rtru* o i ~ t  icb~rs :tt*e8 i~t.~*:-;cbtrltrI i tt 1 ltis figure for relieving t h e  beam machines of 
this i\ri:t*ticr~~. 0i1tio11 1 ;tclcls O I I - I ~ I I C  i n c l ~ x i ~ l g  mecha~lisms t o  the  process of 

: t i :  i t  I 1 i t  1 1 i t : I  I : ~ i t t s  'I'hcse synchronized ntcch;rnisms a r e  dedi- 

, . ; t t~*tf 14, i ~ ~ c i c * u i t ~ g  I I t t *  tn:;r~;s :tii<I to  rC;lcting disturb:tncr cnci 1o:tds simi!ar t o  

i 11,- i ~ ~ t I t * s c * l - s  usc*tI ott t i ~ e  s i t ~ g k  deck b;rselirlc. S i:e;trs :trc still rc:lcted by 

t i l t*  it-g ~ t i l s i ~ ~ l ' t ~ .  01::io11 2 adds il leg to the  top of the  I. to  makc it  C section 

I ' l ' f lrts.  tllc st)-ucturc has suppor ts  on two opposite f : t ~ ~ s  which re;rct all 

dr.zturb;i~~ce 1o;rds and index t h e  structure.  The th i rd  option cxtcnds that Icg 

of the base. which mounts the  supports.  Additional suppor ts  a r e  provided on 

the  cstension at one bay distant from the  originals. These two se t s  of suppor ts  

react :ill disturbance 1o:tds and index the  s t ruc ture  . 

Solttr Xrrny HandlingIDe; 'ogmen: - The installation of solar a r rays  occurs a t  

the same work station in the  base as  the  assembly of in-piane structural  frame 

elements. a s  shown in  Figure 19, to obtain maximum time-line benefits from 

par;lllel ;activities. 

Subsequently to the  inst;tllation of a 12. C m solar a r r a y  support  beam, the  

cherrypicker Isenloves itn SA box f r o m  the  supply car t  and fastens i t  to  the  

l>rosim;tt anchor. The distal-end of the  blanket i s  then connected to the  beam. 

\Shc11 the  fr:anlt. has been indesed one bay aqvny. the blankets a r e  fu:ly deployed 

:~nd  the tms i s  rcmovcd from i t s  anchor aupport fittings and fastened to the  

nest 12.7 111 support beam to con~plctc the  cyc!c. 

I.'ig~rcs 19 and 20 depict the  initial operations for deploying the  s ~ l a r  blank- 

ct from thc  :>~.r??:im:rl ilnchor o,l level fl  of the constructic,:l base. One 1 4 . h  

tvitic b1;inket is shorvtl deployed frow level £1 and :ttt:~chetl to the  upper lateral 

beam of the  s;~tc:litc s t ruc ture .  Two c;r~.-i:,gc mounted. mobile che r ry  pickers 

are  also sho\\~11 beginning to  dc;,loy the  nest  solilr ;\rr:ty blanket. Tne cherry  

pickcrs loc.tted at c;rch encl of tile l>l;tnkct. :ra shown Figul-c 20.  have re- 

,novetf :r I,l;ll:kcr C O I I ~ , ~ ~ I ; C I *  f r o r ~ ~  the  supp!y cvrt ;lild attached it to the  d~st ; i l  
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anchor posts. By working in unison. they *wr?mve the  distal end of the  

blanket from t h e  blanket container, deploy the  iirrity down to  the  12.7n1 h i r m  

and attach the  catcqary and e1c:trical 1e:lds. Both cherry pickers :.111 then 

move 15m leter3lly and repeat tile operations for the  next blanket. 

An overall view of the  relationship of the structural  fabrication and S!A panel 

depioyntent operations and their respective positions on the  facility was shown 

previously in  Figure 16. 

Power Bus Installi~tion - The miin power bus iind feeder buses must be sup- 

ported to tdlcw thcrnlirl expiinsi011 and illso tensioned to n1iunt;rin a higher 

natural frequency than ?he prim;~ry s t ructure .  Tllc bus dispensing concwpt 

shown in Figures 21 and 22 includes flex loops in the bus m:rterial ;it eitch 

vertical beam. which can perfnit t hernial length changes to  occur in bay -length 

increments. The tensioi~ support ties fronl the bus s t r ips  to structu!-e are  pre-  

loaded to mdntiun the  natural frequency of the  bus a r ray  at a level higher 

than that of tk,. satellite. Therr~lal cha~apes are : tbsorkd within the el i~st ic  

limits of t h e  tension tie material without i~dversely affecting the  pre1o:ld. 

The bus arrays  a re  supported to one side of t h e  \?ertical beams and be- 

low any diagonal beams to avoid interference with these structural  mernbers. 

Feeder bus elements are supported at t h e  same leve! a s  t h e  corresponding b u s  

elemett in the main or center line bus  array. 

Figure 16 sho~v.; the  bus  dispensing machine concept. The bus  dispensing 

machine itself is supported on a bus machine carriage. which in tu rn  i s  supported 

oa  a ,uSn carriage. which moves across the  base dur ing feeder bus dispensing. 

The bus machine i s  mounted on pivots to allcw orientation, a s  required, depending 

on t ne dispensing function. 

The bus machine can be retracted io  a position, where the  support of the  main 

bus can be transferred to base structure and the  machine can proceed to dis- 

y-dnsing the  feeder buses. 

Antenna Assembly Facility - Figure 23  shoivs a view of the soltrr collector i1nr1 

antenna assembly facility illustrating the  antenna ;~ssen~bly areii. In this view. 

the antenna i s  shown assembled t~nd ready to be joined to the completed yoke. 

Adjacent t o  the  completed antenna s t ructure  is the  :~ntei~r,n constraction facility. 

w,lich is shown in greater detail in Figt1l.e '7.1, Slot,ile i-,dexer supports .  showrl 
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111 I:i~!t~r*c* '1'5. Ilold the nntcnnt~ structure during fabricazzs and mating opcril- 

t I Sirrrililr indexer u~ l i t s  ;r lac! :I lso 11scd to support the energy conversion 

sl I-ttct ure during i ts  i~sscrt~l,ly ~)~voccss. 

" 1.2 Yoke Iiotilry Juir~i i \ ~ ~ t b t t ~ l b l y  

The y o k c l ~ ~ o t a ~ ~ y  joir~l :~sst~it,l)ly I';tcility i:, uscct to construct the satellite intcr- 

I'i~cc systerll i t r l c l  slcl)lbtrr-l l l l tb  rt~illir~g col' ;~sscte l~lc~l  systems. The yokefrotary joint as- 

e 1 i 1  i t  s i l I t t ; ~ l t * l  I s 2 i d  . This ftlcility moves across the back 

of ttlc ~ol;il ' coltoc.loi' ; l s s c ' n~ l~ ly  I';tcility; first to support pilrallel yokelantenna assembly 

operations. ;IS sliow~r ill I:igurcs 28 and 29, and second to  facilitate final systems mating, 

as s l~owi~  in I:igtlrc 30. 

Co~tstructioll nti\terials can be supplied to the yokefmtary joint assembly facility 

directly f ive  the top of the construction base. Required materials can be moved down 

the fi~ce of the facility to the construction equipment operating on i ts  face. 

Further details of the facility together with i ts  interface with the main base fa- 

cility are shown in Figure 31. 

2 . 1 . 3  Subassenibly Factories 

The subassembly factories shown in I;igurc 32 are inelilded on the CEO base in 

order to support the ntain assenibly operations for the antenna and solar array collec- 

t w ,  respectively. The antenna sub:isseml>ly factory or. level K ,  for exampie, is equip- 

equipped with conrponnet storage racks, manned cherry pickers and various sub- 

assembly jigs. This factory preassembles beam end fittings, switch gear set ups and 

powe; bus support structures for the antenna and i t s  rotary joint lyoke interface. 

The level J factory provldes similar subassemblies, which are tailored to be installed 

in the energy conversion system. The level J factory i s  also used to preassemble 

major components of the attitude control th rus t t r s  and major elefilznts of required 

satellite mainterance equipment ( e .  g. solar array blanket annealing gentries). 

'2 .1 .4  Constr-.ction Equipment 

Figure 33 illustrstes typical construction equipment used by the ~ l j o r  ~ n s t r u c -  

tion facilities of the GEO base. SPS construction equipmen', includes a-ltomatic machin- 

e r y  for fabricating large .;tru, t u r d  beams in spacc. l h e s e  beam machines build rri: 1.2 

sided open t russ  beanis from tightly rolled strips of com:>osite material to avoid the 

higher costs incurred in i .;insp~.-ting low density structures to GEO. Celieral purpose 

n~;tnni.d cherry picker ' ,  provided with dextrous manipul; ~ r s  . are used to r - ;emble 
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these light weight beams .and install the required subsystem components in the energy 

conversion and power transmission systems. Duri1.g construction, the major elements 

of the satellite are  supported by indexers, which can be moved across the base as  

needed. Additional equipment is  also provided to facilitate the deployment of large 

sheet metal power buses, anchoring solar array blanket containers, and installing an- 

tenna systems. 

Table 1 provides a summary listing of the major equipment types and where 

they are used on the base. 

The solar collector beam builder substations, power bus dispenser station and 

antenna deployment platform are  discussed further below. 

2.1.4.1 - Energy Conversion Beam Builder Requirements - Four different types of 

beam builders are required to construct the energy conversion system, as  shown in 

Table 2. Two types of beam builders are synchronized for continuous longitudinal 

beam fabrication, while the remaining two beam builders are employed to fabricate 

lateral, vertical, and diagonal bracing members. The 7.5 m synchronized and 12.7 m 

autonomous beam builders, which operate at  the solar array level, are required to 

install solar array maintenance track during beam fabrication . The longitudinal beam 

builders must also be able to install attachment frames for joining other beams. The 

varied functions of the synchronized, upper level, longitudinal beam builders are de - 

picted in Figure 34. All segmented beams. in tu rn .  must be fabricated with suitable 

end attachments : 

7.5 m Beam Builder Substations - The 7 . 5  m synchronized substation, illus- 

trated in Figure 35, includes a beam machine equipped with frame-making 

features. Frame segment supply canisters are mounted at  each beam face 

at cross member attaching stations. Since current maintenance track con- 

cepts call for supports at each cross member, track attachment will occur 

after the completed cross members emerge from the beam machine. This 

requirement dictates the location of the track forming module as shown. 

The 7.5 m mobile substation illustrated in the lower part of the f i p r e .  

uses a beam machine provided with end fitting attachment features. A col- 

umn mounted end fitting support fixture with movable gripping fingers can 

rotate to place fittings on either end of a beam. The column swings down, 

as required, to clear the emerging beam or  pick up an end fitting from the 

supply cannister. The grip is capable of extending to secure and withdraw a 



TABLE 1 CONSTRUCTION EQUIPMENT SUMMARY 

tTEM 

WBS 1.2.1.1.2.1 
BEAM MACHINES 

7.5m SYNCH TRAVEL 
7.5 m GIM. MOBILE. 
MANNED 

r 12.7 m GIM. MOBILE. 
MANNED 

WBS 8.2.1.1.2.2 
CHERRY PICKERS 

3Om 
90m 

r 120m 
250 m 

WBS 1.2.1.1.2.3 
INDEXERS 

1545m 
130m 
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BUS DEPLOY ER 
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TABLE 2 ENERGY CONVERSIQN BEAM WILDIER SUBSTATION REQUIREMENTS 

TVPE 
MACHINE 

USE 

FUNCTIONS 

MACHINES 

FA8 HATE 

BEAM MAT1 
CAPACITY 

GIMBAL 
CAPC'CI TY 

TRAVtL 
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W TRACK W 0 TRACK 

UPPER (SOLAR 
LONGITUOINALS 

a FA0 7 5 III a FAB 75111 
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W FRAMES & TRK W. FRAMES 

a NOMINAL FIXCI) a NOMINAL F #XED 

REMOTE CTL a Rf MOTE CTL 

TBD 

3 5 Ill 111,ll 
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3 !> 111 11110 
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fitting from the supply canister. An automatic arm attaches the end fittings 

to  the beam on either end, as required. An accessory platform is equipped 

with holding devices which index the completed beam and position it for in- 

stdlution of the end fitting after it has emerged from the beam machine. 

The entire platform with beam machine and accessories i s  capable of 360° 

swiveling and can be rotated perpendicular to the carriage to provide any 

required orientation. 

a 12.7 nr Bean) Builder/Acquisition Bus Substation - The 12.7 m beam builder 

concept, shown in Figure 36, has multiple functions in addition to the basic 

beam fabrication : 

- The entire sub-station platform can be oriented to direct the fabricated 

beam as  required. 
- Maintenance tracks are installed on the top and side of the beam during 

fabrication. 
- A n  end fitting fixture can take pre-fabbed end fittings from a supply 

canister and install them on either end of the beam with the aid of the 

end fitting installer. 

- Acquisition and jumper buses are installed during bearn fabrication as  

needed. 

- Catenary attach fittings and S / A  interbay jumpers are installed during 

beam fabrication. 

- A support platform equipped with indexers holds the beam to maintain 

alignment during fabrication and end fitting installation and aids in posi- 

tioning t he completed beam. 

2.1.4.2 - Riobile Power Bus Dispensing Station - The power bus dispensing station, 

shown in Figure 37, dispenses both main and feeder buses and installs the bus sup- 

port cables. individual bus str ips are supplied by specific supply canisters mounted 

at the back of the dispensing unit. The support cables are supplied by drums mount- 

ed on the top and bottom of the dispensing unit. The entire dispensing module pivots 

to dispense either feeder or  main bus as required. The dispensing unit is supported 

on a base, which travels on the main carriage. The main carriage moves the entire as- 

sembly from one end of the construction base to the other during feeder bus dispensing. 
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Aided by iI dedicated, nmbile cherry picker, the bus dispensing station installs 

itnd preloikds the supports cables on the array as  part of the dispensing operation. 

The support strongbacks and intermediate stiffeners are installed while the bus array 

is still secured by the dispenser. The dispensing station provides the correct mix of 

bus array elements to meet main and feeder bus requirements in the correct sequence 

in the construction process. The dispensing station can cut and splice bus material 

its x8cq uired . 
During main bus dispensing operations, the dispensing station i s  positioned at  

one end of the construction base. 

2.1.4.3 - Antenna Deployment Plat form - The antenna deployment platform, a s  defined 

by Boeing, i s  shown in Figure 38. 

This platform, the most pron~inent assembly of equipment on the antenna con- 

struction facility, is used to  deploy the secondary structure, install phase control 

wiring, install power distribution wiring, and to install subarrays . 
2 . 2  CEO BASE LEVEL 'J' FACILITIES ARRANGEMENT 

The center of CEO base logistics activities occurs at level 'J' , as  shown in Fig- 

ure 39, which identifies the following activity areas. 

Staging Area - This area is located over the vertical columns of the factory. 

Sorted and subassembled hardware are stored here until required in the 

lower construction areas. Loaded flatcars are moved onto vertical lift eleva- 

tors and then travel down to the appropriate lower construction ievel work 

site. The staging area is duplicated in five locations, as noted. 

Cargo DockinglUnloading/Sorting Center - The KTM modules and Cargo 

Pallets are landed here and unloaded onto railroad flatcars for delivery to 

their next station. 

Subassembly Factory - The hardware in the Cargo Pallets is delivered to 

this area for subassembly work prior to its movement to :he lower levels for 

installation. 

Crew QuartersiOperations Center - This center includes the base habitats 

and areas for habitat growth. 

- Satellite Service Habitat Growth Area - This area has been reserved for 

growth, when 40 satellites are being services. This area will be identi- 

cal in configuration to the habitat ;Ire52 1 1 s ~ d  for servicing 20 satellites. 
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- Ui t se  Construction Il;lbiti\ts & Satellite Service Habitats - This area con- 

tains two function:ll complexes. One area consists of four ( 4 )  habitats, 

one ( 1) interim habitat and one ( 1) control center. The other area con- 

tains b u r  ( 4 )  habitats and one ( 1) interim habitat. The first complex 

is itsed to home and control the base construction personnel and the 

other for ~ittellite service personnel. 

a SPS hlnintenance Support Facilities - This complex includes satellite refur- 

bishment factories and component storage. 

- Reconditioned Component Storage - Those components, which have been 

reconditioned and repalred in the KTM & Miscellaneous Component Refur- 

bishment Factories. are  stored here until needed. 

- KThl Refurbishment Factory - All defective klystrons from the outlying 

SPS stations are brought into this module for refurbishment. 

- 3liscellaneous Comuorlent Refurbishment Factorv - This module has facil- 

ities within it for refurbishment of electrical , electronic and mechanical 

devices. Con~ponents are disassembled and assembled, as  well as tested, 

in this itreti. 

- Defective Component Storage -- Those components, which have to be 

reconditioned and rep:lired. are stored here. When room and scheduling 

permits. they are tr i lnsp~rted from here to the Refurbishment Factories, 

a OTV/POTV DockingIService Area - Sufficient docking pads are located here 

for the landing of POTVs and OTVs. Quantities of propellant for refueling 

the OTVs are also stored here. 

Figure 40 lists the total weight of material that has to be delivered to the CEO 

Base ?or construction of an SPS. It can be seen that over half of the material landed 

or1 the base has to be delivered to Level t I  for use in assembling the energy conver- 

sion system and solar blankets. Two level:; were considered as docking areas for de- 

livery of personnel and 1natcri:il. Based on this chart ,  it is apparent the logistics 

system is greatly simplified by using 1,cvel 2 for the docking area. 

Figure 4 1  shows the overtill CEO base cargo hitndling and distribution flow. All 

material arriving from LEO is delivered by EOTV and trtuisferred to the CEO base by 

:I dedicated cargo tug. The tug lifts :I cargo or KTP,l pallet from the EOTV and flies it 

over to the bnse cargo docking areit. Construction nl:it~~~iiils, bnse supplies. OTV sup- 

plies and SPS mt~intcntu~cc pitrts :ire un1o;lded onto w:riting railroad flat cars adjacent 
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to t!tc docki~lg iWCit. Tlre lo;rde<i flirt cars it~w nmvcd onto n~iunline trtlck to one of five 

(5) c;tt-gy st;tging ;trc:is. Killen rmluircd. tile fli~t cirr. l~itdcd wit11 construction ni i~te-  

rials. is nov~xl out of the staging i t l q i t  onto either forwirrd o r  itft facing vertic:ll cle- 

Vi~tors. Tlre i ~ f t  c1cv:rtors nmve dorvn to the inte, face and i~ntenn:~ construction level, 

wlrc~uits tllc forwir~d elevators move down to energy corlversion :rssembly substations. 

Otlicr supplies would be nioved d i~ rc t ly  to the npp~~opriitte itreit on lcvel J. 

Tile docked cirrgu pallets itlw nm-red (on its docking pitd) to the unloading area. 

tvllicll is ciIp<Bble uf storing 20 pi~llcts. llobilc <O nletcr RlRWS cl-itnes are located be- 

tween eitcli tuw of piirked pitllets; tllcv are  unloirded in the men onto the enlpty cargo 

pilllets. ;ire iliovcd back to tlie docking area, where a tug docks to the top of the pallet. 

Tile tug lifts tllc en~pty pallet off t!lc r:ril~-o;rd clocking pitd and flies it back to the 

parked EOTV . 

Figure -12 p~*ovicics ;I detailed victv of the lcvel 'J' facilities and the logjstic func- 

tioii;rl i t rC.f i  discussed below. 

2 . 2 . 1  C;rr&w i)ockingiU~llo;idi~lg/So~~tit~g Center 

Tile c;trgo blwugllt f~wni l,l:0 via thc LOTV is deiivered to this area for storage 

art.! prWcssingt KT;\[ pallets and cargo pidlets itre flown from the EOTV by cargo 

tugs. Special ~-;rilcd flatcilrs rvith docking niechilnism are located in the docking center 

as shown in Figure 43. A four-nlan ~0nti.01 center i s  located between the six doclcir?g 

pads. Two are L-wtlfigured to dock KThl pallets two for cargo pallets, one for a spare 

tug a::a the last one is a spare docking pad. After the KTM pallets are docked, they 

are *lnlor:ded with the 75 meter crane onto waiting millwad flat cars. From here they 

are nloved to oiic of the three ( 3 )  staging areas for eventual delivery to antenna levels 

K :?lld L .  The cargo pilllets remain on the docking pad and are railed to the unloading 

arpa. Five ( 5) rotvs ( 4 deep) provide storitge for trventy ( 20) cargo pallets. Forty ( 40) 

meter NRWS cranes locitted between the rows of stored cargo pallets are  used to unload 

the pallets onlo waiting flatcai-s. Thesc f l i ~ t c ~ ~ r s  are moved either to one of the five ( 5 )  

staging areas or  lo the sub-assenibly factory. The loaded flatcars in the staging areas 

are e\rentunlly moved onto the vertic:tl lift eievators for delivery to the lower construc- 

tion levels. 

The er:lpty cnrgu pallets itrc il~ovctl back to the docking ilre:i. An unused tug 

docks to :!le cilt'go p;dlel ;ind litts It 01'1' lcvel J base for return to the EOTV . stittion- 

keeping tit leitst 1 Kt11 away. 



2 . 2 . 2  C;rlSgp Sfilpjtlg (t Ilistribution System 

All 111i1t~riid ilrriving front LEO i s  delivered to the cargo docking area. 1:ronl 

there it i s   loved in i ts  pilllet to the unloading area. Dedicated SIRWS cranes unlmlci 

tllc C i W w  onto wi~t ing  flatcar trimsporters. Those pieces of hardware requiring 

buildup are moved into the subassembly factory. The sorted hardware and subns- 

sentbled hardware itre then utoved to appropriate staging areas (5)  and stored tempo- 

rarily until required at the lower factory levels. The loaded flatcars are  moved out 

onto one of the vertical lift elevators ( 16 shown) and lowered to the designa:ed fac- 

tory level. Figure 44 shows a loaded flatcar being delivered to Level "H " . 1 n this ex- 

ample, the rail-d tracks are  180° to tne Level "J" tracks. For this reason, the ver- 

tical lift elevator is  mounted on a large rotary bearing. The whole loaded flatcar and 

elevator rotates 180° to put this unit into proper position with the Level "H" tracks. 

The loaded flatcar Ciln now be rl~oved onto the properly indexed tracks and proceed 

to designated area at this factdry level. The same concept applies to the other lower 

levels of the factory. 

Rlovement of material can be accomplished either on n railed track system o r  by 

a Free Flyer, a s  shown in Figure 45. During the construction of the SPS, large quan- 

tities of material have to be moved to pre--designated arera at regular time intervals. 

This type of operation fi~irly well dictates a semi-nutor;~rtted transportation system. 

It appears that the ritiled systern can meet these requirements more readily than the 

Free Flyer system. The rail system depicted can move the people and material on 

the 'J1 level quickly and efficiently. Once the material is  processed through the un- 

loading depot and subassembly factory, it then has to be rnoved down to the various 

construction levels . Three met hods have been considered for interlevel transporta- 

tion. The first requires a vertical rail system at each vertical stanchion The mate- 

rial in the horizontal flatcar has to be transferred illto a waiting flatcar on the verti-, 

cal track. Tlus ~!iethod is time--consuming and costly by virtue of additional track 

and flatcar recjuircmel~ts. The secor~d method is a !iorizontal rail system on Level 'J" . 

suppleniented with vertical elevators i ~ t  each sti~nchion . In this scheme. the loaded 

flatcar is  moved out to the waiting elevator platform. The elevator is lowered to the 

appropriate sublevel where the flatcar is either unloaded or  side-railed. The t tlird 

method is to provide an interconnected vertical and horizoi~tal rail system. The 

two rail systems are connectecl by ,I curved track. In this manner ane loaded flatcar 

can travel from point A to B .  T he second ;~ncl third nlethocls show promisc for 

further study. 
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2.2.3 GEO Base Personnel Distribution and Transfer Concepts 
- -- -- - -- -- p p p  

Figure 46 illustrates the distribution of personnel during a typical work shift. 

Approximately five (5) people a re  located in cherry pickers at  Level D ,  working on 

structure assembly. Another eleven (11) people are located in various assembly de- 

vices at Level "G" , working on structure and solar array assembly. Thirty (30) people 

are  working on the antenna on levels -Kff and "L" and a re  far away from the central home 

base. The remainder of the people are located throughout Level "d". Five hundred 

sixty-five (565) people are  located in the eight (8) Habitats, either off duty o r  a t  

work. Seventy-three (73) people are  working in the Control Center, from which all 

facets of the CEO Base and SPS are controlled. The Refurbishment Modules house 

one hundred forty-three ( 143) people. 

Personnel can nlove about the CEO Base in three different modes of transporta- 

tion. Quick and Girect movement can be accomplished using a MRWS type of free 

flyer. This vehicle can carry two people ,and limited hardware to  almost any location 

on the Base o r  Satellite. The crew can work at  the site. rvhile in shirt sleeve attire 

inside the blRWS . Some work tasks will require that the crew get into close areas 

that a re  inazcessible by other means. In this EVA mode the crew member will don a 

CEO EAIU and bli\lU and travelse short distances to the work si'o For movement of 

personnel, a railed bus is  used. The railed crew bus operates on the 12.7 meter 

track system. provided for moven~ent of people and supplies. The bus shown is sized 

to move large numbers of people ,lBorn the POTV to the Habitats. while another is  sized 

to move a small amount to the various work statiotls each day. The Bus Transporters 

can reach the berthing ports on all modules. rvhile moving on spur  tracks between 

mainline J 1 and 53 tracks. 

2.2.4 Crew Quarters /Operations Center - 
The crew quarters and operations center. shown in Figure 47. contiiins all the 

pressurized modules for crew living and control of the base complex. Six large mod- 

ules are grouped together in a geometric pattern and interconnected with iunnels. 

Fr~ur of these modules :ire used for habitats for four hundred (400) persons. Two 

modules (identical in size) are situated between these habitats. one is used as a base 

operations control center and the other is used as tm interin] habitat for onc hundred 

( 100) transients. Thirty ( 30) berthing points itre located on these niodulcs for ittti~ch- 

ment of spacelab nioctules . such i t s  airlock. resupply . wastc. dispos:tl . esi~endnbles . 
passenger delivery. i~nd  ccl~icle transfer. Since t husc nlodi~ic~ itre i t i l  in tcrconnectecl , 
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t ransfer  k t iveen  nlodules cirt~ be ;mnip l i shed  in sh i r t  sleeve ;tttitr. This  glwupitlg 

4 1  1011s is used to  house tile lx?rsonnel th;d are lwluired to  work and control the  opcr- t '  

of the  base c o n s t r u c t i o ~ ~  coniplcs . 
Xdjat~qnt to th is  rlforenrentioned con~ples.  but  not connectcct to  i t .  is  ;inother 

grouping of 1:lrge u d u l e s .  Tiiesc five n d u l c s  a r c  u& to  house up  t o  four llundrcqt 

(400) pcwple ;urd one I~unrtred ( 100) t r;ulsients. raluirect to  ni:~int;tin itnd service 

twenty (20) s;ttclljtcs. Again. t he  nlodules a r e  interconnected with tunnels and also 

have k r t h i l g  ports  for att;tcIintcnt or twe~i t  y -scvcn ( 27) sp:tcelttb n a ~ d u k s .  

An ;tddition;tl a r m  hits 'me11 cst;tblisilmi for tile izista1l;ttion of fivc (5) riiore 

lc1rg-e n d u l e s .  Thcy :ire configurrcl the  szti~ic ;IS t!lc fivc (5) previously mentioned. 

This  complex i s  added ;tt solire I-utulr da te  witen forty (40) s;~tcllitcs are being ser- 

viced. \kircn sixty (GO) s;ttcllites itrc serviced. the  first  group of habitats i s  no longer 

needed for base construction :tnd ci111 bc used to i ~ o u s e  tile ;~dJition;tl persunnel. 

T h c ~ r  is  ;ti~ti~lt. tur i t t i  to  C V ~ I I  ;tdd rt~iot hct* IICW ~011lp1ex ;uld ;tb;tndon the  firs: groui, 

of 1labit;tt.j. if dcsil-cui . 

Tlic 1i;tbitat cwii~plcses ;trc ;tll lmrdcrcul with spul' line r;ulroitd t;*;tcks- In titis 

nlanner oi)c~-ittion buses with supplies ;uld )x?ople c;tn be interchanged with the  40 

meter .\lK\\'S crane on the bus  tr;ulsportcr. 

2.2.5 OTV Docking ;tnd SPS .\l;iinten;itlcc St;pport 

The OTY docking i s e r v i c ~  ;trc;t i i i~s k e n  loci~tc<l :at the  end of the  base. hcc:~usc 

of the  high level of flight iwtivity. Su~l iemus flights to and from level J' dictilte that 

i ts  h i t t i o n  be in oiic corner of the  coniplcs. so its oper;~tion trill not i~ffec? norm;~l 

movenient for base cxmstruction. Sistcvn ( 16) s p u r  line r;til;r>;id tr;tcks ; I r e  p1;tccd 

betweell the  ni:unline 'J'l and 'J'2 t racks  to cnh;tnce traffic no\\'. 

A docking p;td is  pl-ovidcd for the  flying cherry  picker. as shown in Figure 18, 

A 40 nieter .\IK\\'S cr;~tlc i ~ i t t e d  ori ; t r i  ;~djirc.~-;tt track services this unit. Two ( 2)  

docking prtds ;Ire ptuvidcd for the I Y i  l'Vs arr iving froni the  1,EO i%::se. I:;tcIl POTV 

is sized t c  deliver 84 people iviiti four ( 4 )  s ~ ) ; I c c ' I ~ I ~  i ~ i ~ c f ~ l c ~  ;itt;t~iicY1. Tilese vehicles 

a re  serviced with ;I 80 nicrcr ci.;~tic. ;I  40 meter lIH\\S CI*;IIIC and :I bus tr;tnsportcr.  

A four (4) man cor!iroI center  is  loc;ttcd 1)etwccn ttie cwniplcs of 1;tndifig piitis. 

Ttie ot!;cr 11illf of this con~plcs contitins fivc nio1.e tlockitig 1)ittis. two ( 2 )  ti>r 

SPS OT\'s. two ( 2 )  Sol. l i ' l ' l l  p;tllcts ;111d o1ie ( 1)  s ~ ; I ~ c .  'I'iie SI'S OTYS C O I ~ ~ ; I ~ I I  ; I  

crew nloditlc for ciglrty ( 80) i)ctq,lt:. ;I  tivo ( 2 )  nI;tn ~ ~ ) n t t * o l  tr:~nsli!i. \.ci~ic!c? ;111;i ~ ' ig t l t  





(8) long sp;tccl;~b ~lmdules filled with supplies for the  th i r ty  (30) day mission to ser- 

vice tikc operational szttellites. The KThl vehicles a r e  sized to re turn  defcctive kly- 

stloon assemblies to  tlte rcfurbbitment module. Reworked assemblies are loaded onto 

t tus vcllicle by  one of the  railed cranes in t h e  area. A second control center  is 

loc;ktd between th is  grouping of landing pads. Three  (3) propellent storage 

tiulks arc provided at  the  corner of t h e  Level 'J' complex. 

The SPS hlauntenrmce Support Facility is adjacent to  the  OTV docking area and 

tllc Crew Qu;~rtcrs/Operations Center. The defective material, brought back from 

tllc operation;ll s:~tellitcs. is off loaded onto railroad flat c a r s  and transported over 

to the  defective coslponent stornbw area. When scheduled. this  material i s  moved 

into the  KTAl imd component refurbishment modules, where they a r e  reconditioned. 

TIre reworked hardwttrc is pli~ced in the  reconditioned component stowage area. for 

cve~ltuitl re turn  to the  OTV docking area. 

2.3 BASE ATTITUDE AND STATIONKEEPING CONTROL 

Iluring the  6 month construction cycle. the  CEO base will undergo a significant 

increi~st. in n1;lss and lor  a significant shift in center  of pressure and center  of grsvity . 
;IS shown in I:igulu? 49. Hence, the flight at t i tude selected for the CEO base is im- 

pi~cted by SPY construction requirenients itnd t h e  orbital mechanics environment. 

Figure 50 lists the major requirements that must be considered when selecting 

tile CEO base 1s:lteilite construction a t t i t t~de .  Only two of the  nine requirements 

listed appear to be significant when selecting the  most desirable orbital attitude for 

the CEO Base. TIiesc z re  sun itrigle and EOTV unloading locations. which a re  dis- 

cussed Surt her  below. 

Previous SPS studies by Crunirnan for ECON have shown that the  propulsion 

system penalty for attitude control in GEO i s  small. The structural  loading due to  

mass offset dur ing construction appears lorver than baseline design limits. Since 

maneuver c'ap:lbility is required for the base. SPS operational attitude and orbit- 

keepiag do not affect construction attitude. Base stability for docking presents 

no problem since the CEO orbitrtl rate is low. Imatii;n of communication antennas 

does not constr i~in i ~ t t i t u d ~ .  as they ciin ectsily be located on the  birse open s t ruc tu re  

once other c~tt itudc retj uirernen t 3 itre imposcc! . 
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2.3.1 Candidate CEO Construction Attitudes 

If the SPS mlar arrays a re  deployed in sunlight, high voltage is  generated a s  

the solar arrays are exposed to  sunlight. Shorting cables could be used to terminate 

the solar array output, however, the method of handling these and the safety issues 

involved require study. Another approach to  solving the problem is to orient the 

active side of the solar array away from the sun. This issue also affects maintenance 

on an operational SPS. 

Two CEO base construction attitudes, shown in Figure 51, can provide the off- 

sun attitude during construction and then revert to  on-sun attitude for final checkout 

and separation. The SPS solar arrays can be positioned with its longitudinal axis 

perpendicular to the orbit plane (POP), a s  the operational SPS, or be positioned in an 

earth pointed mode. Both attitudes minimize light impingement during construction 

and rely on longitudinal roll maneuvers to acquire on-sun conditions. Other variations 

of the  two attitudes shown do not appear to offer any advantage. 

2.3.2 Sun Illumination on BaselSPS 

The direction of sun illumination affects crew visibility during daily clwr.ations 

and placement of solar arrays on the Base. 

The crew should not face the sun during construction o r  docking operations. 

Over-the-shoulder illumination is best. Construction operatiocs require at least 2 Mi\; 

of electrical power. Fixed solar arrays are less complicated than gimbal type. 

The left-hand illustration in Figure 52 shows the BaseISPS inertial reference to 

sun,  simplifying the selected location of fixed solar arrays,  docking approach and 

construction illumi~~ation constraints. The right-hand illustration shows a more com- 

plex illumination situation as  the sunlight direction varies on the gravity-reference 

BaselSPS. These factors are pertinent to the selection of the GEO Base construction 

attitude. 

2 . 3 . 3  EOTV Cargo Unloading Considerations 

EOTV cargo unloading and transfer to the CEO base occurs while the 1.5 Krr S 

1 K m  inertially oriented EOTV stationkeeps 1 Kin ilrvay. 

The EOTV location as it stationkccps with the Hasc affects the flight path of 

Cargo Tugs (CT) as they unload the I:OTV. the distnnce the CTs must trave! to dock- 

ing ports. and EOTV st;~tiot~kccping propulsion rccjuirc~!~ents. I f  the EOTV is not in  

the s;lme orbital path ;is the GllO bitse thcn p1.opulsion ~~ccluircn~cnts :Ire incrr?;tsed. 
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Idc:rlly. t l ~ c  EOTV stiould be 1oc:rtcd alon~fsidc of the  dock ports  :it I ~ I ~ I I ~ I I I U I ~ I  ~l is t : i t~cc 

cwnsistt.nt with silfcty ~~ecluirements. Xttitudc ~*eclui~vn~ents  of the  l3:isc i111<1 13OTV 

and otebital nrcchanics s a y  dictate a changing ~-cl;itionship twtwccn thcsc two vchiclcs 

in  CEO orbit and scpnrittion dist;tnces glvatcr  t hirn 1 k n ~  ( biisclinc) . 
The baseline operational at t i tude for t h e  SPS i s  iI cirndidiite for construction 01,- 

erations. The illustration in Figure 53 shows this  attitude with the  EOTV stationkeep- 

ing dur ing u 24 tww period. Uoth sy:cec~*:rft. itre in the  s;it~ic orbitill path wit 11 their  

solar iirr;lys pcrpcndiculu~~ to the  sun.  Note that the  change in relirtivc at t i tudes of 

the  two vehicles dur ing  u ~ i  orbit  litakcs it ;rppcirr tti;rt tlie EOTV is  circling the  l3;tsc/ 

SPS. If this  i s  the  opcr;rtirlg ~mndition. then t tic two vehictcs are ~t?p;lt*iitcd by it1)- 

proxiniately 4 km ;it times ;tud the  CT flight y i ~ t h s  ii~*e continually c11;tnging - irn ob  - 

vious impact on CT p~wpulsion and contl-ol reyuit.caents. One solution i s  to ntalleuvcr 

between thc  two vehicl:?~ o ~ i l y  when t hcy itre in t hc most f r ivor i~b l~  gmnietric locatio~i. 

If the  Bast is cirl-th gravity stiibilized as  shown. then the  relative lociition of the  

Base and the  ECI'I'V ,.emins fixed. 'rhc EOTV. however. rotates 360" every  24  hours 

with respect to :hc B:ise. Hence. CT flight pa ths  will :also tx? constrained t o  the  nlost 

favorable gcotitetric ;~rr;r~;gcment. 

2 . 3 . 4  CEO Base Flight Cont1-01 Kcq uircn~ents 

Figure 54 lists the  basic rccluireme~~ts fo. ;he GLO base flight control systent. 

The POP riiode crr~phasizcd for the  SPS off-sun solar a r ray  construction require- 

ments dur ing  the  Phase 2 effort .  since previous SPS feitsibility studies show low pro- 

pellant requirements for all CEO flight attitudes. The POP attitude perr~iits base sol ;~r  

a r rays  to be fixed on the  struct  ure irnd also ;rllows construction operations to  be con- 

ducted under constant t i  uht ing and solar heating conditions. Further  s tud  y is recom- 

mended on other  flight attitudes. irlcluding the  impact on  base logistic operations, 

satellite construction constr:unts and bitse power design penalties. 

The major envil*onntental disturbances considered in the  Phase 2 analysis of atti- 

tude  control i111d stationkeeping functions :ire also listed in Figure 5 4 .  

2.3.5 SPS Construction- Attitude Control and Stationkeepins .;niilysis 

A prelinlinary analysis wi ts  performed to estublis!~ the  attitude control and station- 

keeping systcn1.i 1-equircci dur ing  SPS construction in geost:~tion:t~.y orbit.  Thc pro- 

cedure used to develop a control systcni concept l~ntitilcd the Sollorving : 
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Estimate effects of environmental disturbances during SPS construction 

Select control actuators and recommend configuration 

Estimate propellant consumption. 

2.3.5.1 Control System Analysis - Figure 51 identifies the spacecraft body axis sys- 

tem and the orbital orientation, which was studied. The vehicle is assumed to be in 

a Perpendicular-to-Orbit-Plane (POP) mode with the  X axis perpendicular to  the orbit 

plane, the Y axis in the orbit plane, and the Z axis oriented t o  face in the general 

direction of the sun at all times. 

The major p u i l d r u l e s  and ;issumptions for the purposes of performing the anal- 

ysis a re  summarized in Figure 55. 

Seven significant construction phases in the build-up scenario for the SPS have 

been identified and were previously shown in Figure 49. Each configuration has been 

chosen to represent a significant increase in mass and/or a significant shift between 

the  center of pressure and center of gravity of the configurations. The assumed b o ~ y  

axis system is  also identified on the first configuration. 

The mass properties of the end builder combined with the SPS d u r i ~ g  each of the 

construction phases are summarized in Figure 56. A seven fold increase in weight with 

wide variations in center of gravity and moments cf inertia characterizes the construc- 

tion cycle. 

Figure 57 presents a plot of the weight growth in terms of five mission phases. 

The duration of each mission phase is  identified along with the configurations pre- 

viously identified which apply during each phase. Phase C i s  conservatively described 

by configuration #4,  (or C 2) , which occurs prior to factory transidtion and (approximate- 

ly) after translation a s  fabrication of the second half begins. Configuration # 3  is similar 

to # 4  but with less severe requirements and #5 i s  a short-term transition configuration. 

The gravity gradient torque disturbances acting on the spacecraft :ire basically 

cyclic with n zero bias !evel. Disturb:. .ces about the X axis act at twice orbital rate 

with the peak value being a function of the difference between the I y  and I Z x  itier- 

tias. Disturbances about the Y and Z axes act at orbital rate and are a function of ttle 

I X Z  and I X Y  cross product terms. The peak values of the torque disturbance levels, 

and the corresponding momentum developed during each orbit to counter the gr:~vity 

gradient torque disturbances for each of the configurations previously idet~tificd itrc? 

presented in Figure 58. 
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Disturhrncc torques that result from solar pressure acting on the satellite are 

basically steady state disturbances during any given orbit. The bvel of this distur- 

Iwtnc~ is u fundton of the surface characteristic, its cross-sectional area, and the 

clistance between the center of pressure and the center of gravity. The level of 

tlwse torques and the momentum build-up during each orbit caiculated for each as- 

sumed configuration are presen?ed in Figure 59. The corresponding configuration 

c:~wmctry changes during c.c?ch mission phase along with location of the center of grav- 

ity. which was used to calculate solar pressure torques are shown in Figure 60. 

Figure 61 presents the combined effect of the gravity and solar disturbances. 

It shows the peak torque distul-bance levels and identifies the dominant soumx(s). It 

;tlso identifies the accumulated momentum p r  orbit (or per day) for both disturbances. 

Two sets of thruster locations werc considered for this study, as  illustrated in 

Figure 62. The "factory-only thrustersw are assumed to be in six fixed locations 

t hrough-out the mission - They provide the primary three-axis attitude control during 

t hc entire build-up phase of the SPS . These thrusters never change position on the 

cwnstruction base. The "optimized thrusters" on the other hand will be relocated in 

four different locations depending on the configuration. The assumed location of the 

opticnized thrusters during the build-up are shown as  circles in the klgure. 

Two thruster concepts were considered: the doub:e-gimbal SPS thruster panel, 

which operates with an ISp of 20.000 seconds and the similar but larger EOTV thrust- 

e r  panel with an I of 8,000 seconds. Attitude control propellant requirements are SP 
shcxn in Figures 63 and 64 for the optimized and factory-oniy thrusters locations, 

respectively, and two different ISp levels. The factory-only thruster concept results 

in an increase of approximately 76% over the optimized thruster concept. 

Figure 65 and 66 present the thruster characteristics of the SPS and EOTV gim- 

bailed thruster panels, respectively. The available contra1 torques for each axis, as 

a function of mission phase, are also presented. Comparison of these torque levels with 

the requirements of Figure 61 indicate that the lower thrust SPS panels do not provide 

sufficient control torque in certain cases (circled). The EOTV thruster, however, 

provides satisfactory control torque for all mission phases for both the optimized and 

factory -only thruster configurations. 

The EOTV thrusters in the factory-only configuration are the recommended con- 

cept for SPS construction. They provide satisfactory control authority and lower in- 

put power levels. The selection process also considered difficult logistic problems 
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:issrrrgi:ilt.ti tvili~ ptmvidiag operuble thrusters on the SIBS structure for the optimized 

t.rb~rtig~tc':itio~k wl~ictl requires thrusters in tenrpor;lry b a t i o n s  without available SPS 

sol:ir- :II-I-:I~ power .  The corresponding propcllt~nt q u i r c o c n t  for this recomnlended 

~t~lrcwp! is  47,030 t(ilogFams, as seen in Figure 64. The system block diagram is illus- 

tr-;rlcxl irr Figure 57. 

2.3.5.3 Stationkeepi~ig Ant~lysis - L)urillg the st~tcllite construction phase, a series of 

~xbr~tplex flight operations ;i~v k i n g  pcrfornred, which may mjuirc the construction base 

to ~ut l int in  ;r dcp-ew of st;rtk~nk~u.pir~g with ~uzslxxt to it specific luc.:~tion over earth. 

Included in tllcsc opr?r;rlioirs iiIV I<OTV cargo delivery fligtlts, oripj~~irting from :h depot 

in LEO and 1~1-i t r~~i tg  I-:I~V ~r~;~tcriaIs used for satellite cwnstruction. to an orbiting posi- 

tion near tire cx ,~~s t ruc t io~~  base in CEO. A near continuous flow of manned tug  flights 

are the11 uscwt to s l~ut t lc  c a r p  from the co-orbiting GOTV to the construction base. 

The opcr;ttions may dictate that the free flying EOTV and constructiori base main- 

tain position control with respect to each other. They may also require that the com- 

bined GEO complex maintain control with respect to a specified region over earth to  

simplify operations with the LEO Depot. In addition. operations performed in placing 

the constructed satellite in it's operational orbit slot may pose similar requirements 

on construction base location. Consequently, ;In analysis w a s  performed to determine 

the extent of orbital drift occurring or; the  construction base during the construction 

phase. The orbital perturbations considered to be a significant influence on CEO base 

station keeping req uiren~ents are discussed below 

a Sun and S h n  Gravitational Effects - The gravitation influence of the sun and 

moon cause a gradual plane change to a geosynchronous orbit relative to the 

ediptic. Because the desired orbit's equatorial plane is  fixed relative to the 

ecliptic, the regression of this orbit takes on the form of an inclination drift 

relative to earth-centered coordinates. The total period of the regression from 

nominal to the maximum inclination of 1 5 O  i s  53 years. 

Figure 68 shows the magnitude of the plane change which occurs and the AV 
requirements needed to restore the orbit to nominal. Tho out -oi-plnnc motion 

i s  undesirable to both the construction base and the constructed satellite since 

this motion is to be nulled, when moving the satellite to its geosychronous 

orbit slot. 
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TWO options for nulling this motion have been considered. The first op- 

tion. which minimizes propellant requirements to both the construction base 

and the satellite, is to pre-set the orbit inclination of the construction base 

orbit to approximately - 0.4O and allow the perturbing gravitational forces t o  

drift the orbit to the operations1 inclination. At the t i m e  construction of the 

satellite is completed, the  satellite is not required to expend propellant to 

null-out this motion. Moreover, the construction base can perform the pre-set 

maneuver prior to the start  of the construction cycle when i ts  mass i s  lowest. 
3 Total propellant requirements have been estimated at 2.3 x 10 Kg. for each 

construction cycle. 

The second option i s  for the construction base to periodically null out the 

out-of-plane motion during the construction operations. Translational maneu- 

vers would be performed by the construction base at designated times in the 

construction cycle corresponding with the time the construction base is  near 

the center of mass of the combined construction baselsatellite. They occur at 

about 80 and 150 days of the construction cycle. Because the mass of the con- 

struction base and partially completed satellite at these times are relatively 

high, the propellant requirements as shown are somewhat higher. 

Solar Pressure Effects - Solar pressure has an effect on the SPS construction 

orbit (Figure 69) because of the larger area that is evolved during construc- 

tion. Over a period of about 6 months the circular orbit distorts to an ellipse 

with an eccentricity of about 0.037. In addition the orbit period increases 

from 24 h rs  to about 24 h rs ,  5 minutes. Both the orbit shape and period re- 

turn to nominal after about 1 year. 

A s  the projected area of the construction baselsatellite is increased over 

the construction cycle, the solar pressure acts to increase the overall altitude 

and consequently the crbit period. If this perturbation is  left unchecked, the 

construction base will drift from a given longitudinal location at maximum rate 

of about 1 . 4 O  per day, resulting in a significant displacement from the starting 

construction location. This can be corrected by applying small periodic thrusting 

maneuvers. Corrective requirements have been estimated at  about 30 ft /see 

for each construction cycle. 

The effects of orbit eccentricity however is  not significant, providing the 

24 h r  orbit period is  maintained. Ellipticity causes an apparent longitudinal 

cyclical drift over a 24-hr period. This drift i s  estimated to reach a maximum 
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of 24 degrees per  day after a b u t  6 months. It is  :assumed that this v:aricttic)n 

is acceptable during construction operations and consequently not accounted for 

in estimating stationkeeping requirements. To limit this cyclical drift to ?I0 

per day maximum would require ~ A v  of about 180 ftlsec per satellite con- 

struction period, or approximately 22.000 K g  of propellant. 

Ellipticity of Earth's Equatorial Plane - The effect of earth's ellipticity (Figure 

70) causes a geosynchronous satellite to drift toward the minor axes of the 

earth's ellipsoid. These stable points are located at approximately 120° W and 

60° E longitude. If uncontrolled, a satellite will drift as far past these stable 

nodes at i ts  original longitudinal displacement, return,  and then repeat the 

cycle. A construction base, for example, placed at  7S0 W longitude would drift 

past the western hemisphere stable point to a longitude of 16S0 W, or  to a 90" 

longitude difference. It would return to the original position after approxi- 

tnately 18 weeks. 

This perturbation can be controlled by applying periodic corrections during 

the construction period. Propellant requirements have been estimated at about 

?SO Kg per co~lstruction cycle o r  1500 K g  per year. 

2.3.6 CEO Base Flight Control System 

The CEO Base flight control system uses six electric ion propulsion modules. 

which are common with the EOT V attitude control system, to  maintain the emerging satellite 

in an off-sun POP orientation. EOTV ion thruster panels provide ample control author- 

ity for peak torque conditions, as shown in Figure 71, whereas the SPS panels do not 

provide sufficient base control bnless resized. The electric ion propulsion nlodules are 

located at the outer corners of the antenna plat form (level C ) , solar--collector facility 

legs (level B )  and the top decks (level J )  . Each module consists of a gimbal, yoke, 

thruster panel, propellant tanks, and thermal control. The gimballed modules are in- 

hibited from firing either toward the base or any part of the constructed satellite. 

Chemical propulsion is also provided on each module to control the satellite/base atti- 

tude during occultation periods. during the on-sun roll maneuver, and subsequent op- 

erations for satellite test and checkout. 

The propellant requirements for operating the CEO base in the SPS off sun POP 

flight mode are summarized in Figure 72. Almost lOOhlT of propellant is  required each 

year for CEO b ~ s e  attitude control, station keeping. and base transfer functions. 
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Recommended areas for future study are also listed in Figure 72 and identified 

below. 

a Conduct a comparison of chemical thruster systems versus electric propulsion 

systems for the attitude control and stationkeeping functions in terms of p r 6  

pellant consumption, electrical power requirements and reliability. 

Evaluation of "attitude steering" techniques and alternate flight attitudes to 

reduce propellant consumption during the construction phase. 

a Consideration of factory ISPS structural flexibility during construction and 

momentum transfer during factory transfer relative to attitude control. 

a Selection of attitude secsor concepts required during construction. 

2.4 BASE ELECTRICAL POWER 

The GEO Base electrical power requirements shown in Figure 73, are mainly de- 

rived from the previous Boeing study, which defined SPS LEO construction methods 

(Report C 180-24071- 1 ) .  Power requirements for crew modules have been revised to 

reflect more operative modules (15  vs 10) and also adjusted commensurate with the 

updated ECLS weight estimate. The 14,400 Kill requirement for ion propulsion assumes 

that no more than four thruster panels would be fired simultaneously. Base electrical 

power requirements are further defined in Table 3. 

The base electrical power system provides 1500KW for operative crew modules, 

co~lstructlon equipment and external lighting. This sytem also provldes 14,400KW 

to operatz the low thrust i, . . propulsion flight control system. Fixed body mounted 

solar array blankets, which are similar to t'lose on the satellite, are used for electrical 

power generation. To accommodate SPS off-sun Ion-sun construction attitudes, base 

solar arrays are located undernzcith the antenna construction platform and also on the 

top and outer side of the antenna assembly facility, as depicted in Figure 73. It :!!so 

has a nickel hydrogen battery energy storage system, which is used tcr brief periods 

during equinoctial occultation. Electrical power system sizing parameters are provided 

in Figure 73 and Table 4. 

2 . 5  GEO BASE MASS AND COST ESTIhlATE 

The GEO Base work support facilities and crew support facilities are also de- 

scribed under WBS Element 1.2.1 in the Phase 2 Reference System Description Report, 

Volume 2 (D  180-2546:-2). The major elements of the GEO base are identified therein 

and described in terms of the related WBS dictionary. system description, design basis, 



POWER REQMlS KW BASIS 
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I N~HZ BATTERIES I 34.6 I Sl WHlKp I 
POWER CONOITIONING 4 

POWER DISTRIBUTION 53.6 
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TOTAL 134.4 MT 

Figure 73 Base Electrical Power Definition 

;r:ass and m a s s  basis, cost and cost basis, and required facilities for manufacture. 

A breakdown of the GEO base m a s s  and cost data is provided in Figure 74 for the 

construction base facilities. Phase 1 information (D 180-25037-3) was used for costing 

the GEO facility structure, construction equipment, cargo handling and distribution 

system, subassembly factories and work support modules. Equipment quantities were 

updated as needed and all production cost data were escalated to 1979 dollars. Phase 
2 information includes the areas of base subsystems (flight control and electrical power), 

crew quarters and full scale development costs for the elements listed. Limited study 

resources have precluded a final design iteration and updating across the board, 
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TABLE 3 BASE OPERATING POHTER REQUIREMENTS 

TABLE 4 SOLAR ARRAY SIZING 

3PERATING POWER 
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EXTERNAL LIGHTING 
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The CEO Base 'annual resupply requirements are defined in Figure 75 for the 

baseline construction facilities. The resupply requirements for SPS add -on maintenance 

facilities are also defined in the figure for supporting 20 to 60 satellites. 

Future studies on the GEO Base should focus on +%ose issues which will lead 

toward updating and expanding the base system mass and cost data. 9pecifically the 

base structural design needs to be updated and sized for dynamic effects due to con- 

struction, intra base logistics, and resupply. Methods for building the construction 

base in orbit also need to be addressed and defined for implementing CEO base full 

scale development . Further ~ 0 r k  is also required on d e f m g  the features of the beam 

builder substations, cherry pickers, power bus dispensers etc. The base cargo 
handling systen and subassembly factories also require further analysis and updating. 

Other elements of the GEO bas? should also be addressed. These areas include facili- 

ties for test and check out, OTV serwcing , base maintenance and base command and 

control systems. In addition the base flight control and electrical power subsystems 

should be reexamined. 
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-10 COMMAND & CONTROL SYS 

1.2.1.2 CREW SUPPORT FACILITIES (CONSTR) 

.I CREW QUARTERS 
I 2 WORK MODULES 413 
WRAPAROUND COSTS (47%) 

PROJ MAT. SE & I, SYS TEST 
INST ASSY & C/O. GSE & SPARES 

1 2 1 GEO CONSTRUCTION BASE FACILITIES 6390 i 

COST - 1979 tM 
DELTA DEV. 

01  ADJ 

02 

02 
o 1 AD.' 

I 

ND - NOT DETERMINED 
" EXCLUDES MINI FACILITY TO BUILD BASE 
"* INCLUDES NEW 8 STORY MANUFACTURING PLANT --- - 

1775-252W 

Figure 74 GEO &K Mat & Cost Breakdown 
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Some of the mom important requirements used to design the c r e w  module arc 

listed in Figure 77. The fvst  four requirements establish the size and interfaces of 

the crew modules. lnterior acammdations obviousiy must be designed for zero g 

operation. However, to prevent crew disorientati.)n, they should all be designed to 

it common reference. One-g was selected, a s  this facilitates ground operations and is 

satisfactory for space' activities. Based on the Navy projection for support ships. 

CEO base crew accqnm<yiations should plan for 75% maie and 255 female. In addition, 

meteroid and solar storm radiation protection must dso be provided. 

Each crew module is also required tq operate almost independently, except for 

primary electrical power and orbital attitude, which is provided by the base. Crew 

module subsystem reqtlirements are summarized in Figure 78. Emergency power. en- 

vironmental control, life support and information subsystems are to be self-contained 

within each module. Accommodation requirements are based on government and industry 

studies. Hatches are sized to permit transfer of equipment and are generous for IVA . 
The environmental control subsystem operating pressure is stated as nominal earth 

value. However, it could be operated at a lower value (i-e. 10 PSIA, maintaining O2 

a SIZE (17m DIA X 23m LONG) COMPATIBLE WlTH HLLV 
8 ACCOMMOOATIONS FOR 100 PEOPLE 

DESIGN LIFE: 30 + YEARS 
8 BERTHINGIOOCKINGIAIR LOCK COMPATIBLE 

WITH CREW BUS 81 LOGISTICS & MODULE 
STRUCTURAL AlTACHMENT TO BASE 

8 DESIGN FOR ZERO G OPERATIONS 
IN1  ERlOR LAYOUT ONE G 
CREW 75% MALE, 25% FEMALE 
METEOROID 81 SOLAR STORM RADIATION PROTECTION 

+17m * 
CREW MODULE 

1 775-255W 

F i e  77 Crew Module Gmnl Requirements 
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partial pressure) thereby possibly reducing strtrctural design requirements, and 

eliminating prebreat hing requirements, should emergency EVA be required. 

3.1 100 MAN HABITAT ARRANGEMENT 

Area allocations w e r e  examined for the baselined c r e w  module size. Figure 79 

depicts a domed end cylinder housing 100 c r e w  members with dedicated work stations. 

The pressure shell diameter is 16.5 m and the external diameter is  17.0 m. A nominal 

0.25 m has been tentatively allotted for thermal insclation, radiation protection and 

radiator wraparound functions. The pressure vessel is 23.0 m long. Seven decks have 

been provided, each having a 2.2 m floor to ceiling height. The structure between 

each deck is  0.3 m thick, providing volume for installation of wiring, ducting, lighting, 

insulation, etc. Decks 2 and 6 have two ( 2)  berthing ports located 90° to each other,  

while Deck 4 has only one (1) port. These berthing rings are  configured to mate with 

berthing ports on Spacelab-type modules.   he attached Spacelab modules provide the 

services and re-supplies to keep the modules operational. Larger diameter berthing o r  

docking rings are located at each dome end for mating with the base structure,  another 

module or  the transportation delivery vehicles (HLLV o r  EOTV). Each deck contains i 6  

to 19 viewing windows around i ts  2eriphery. 
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Preliminary section cuts of the 7 deck module are shown in Figures 80 and 81. 

I)l.cks 1.3 and 7 have been allotted for the living quarters for 100 crew members, both 

nutie and female. Deck 1 i s  configured to house the management-type personnel in 16 

vilrious sized one and two men staterooms for a total of 24 people. A large waste manage- 

iltcnt compartment and personal hygiene compartment are provided to handle the oc- 

cupants on this deck. Deck 3 has iour staterooms and 18 c r e w  quarters to house 36 

persons. It also contains a W /M and personal hygiene compartment. Deck 7 has 24 

crew quarters,  a W /M and personal hygiene compartment t o  accommodate 40 people. 

The density factor of each deck is  varied according to  job title on board the space base. 

Providing for more than 100 people in this size module is not recommended. 

Deck 2 contains control center. A total of 25.44 square meters of displays and 

controls has been provided to  monitor space base and module parameters. The controls 

need not be duplicated in each of the four modules, but should be overlapped. In the 

event of a module shutdown, control of the base should still be possible by virtue of 

the instrumentation remaining in the other three modules. A large room is  provided for 

all facets of EVA hcrdware. 

CREW MODULE 1 -17m- 
[BERTHING W R T s  15) 

TUNNEL CONNECT PORTS (61 

'DOC 

DECK 3 
CREW QUARTERS 

HABITAT AREAS: 
A. ONEPERSON STATEROOM 

B. TWOPERSON STATEROOM 
C. ONE-PERSON CREW QUARTER 

D. TWO-PERSON CREW QUARTER 

E. WASTE MANAGEMENT 

DECK 7 
CREW QUARTERS 

DECK t 
CREW QUARTERS 
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DtCK 2 
CONTROL CENTERISUBSYSTEMS 

DECK 5 
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FITNESSISERVICES 
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M, EMUIEVA PREP ROOM 
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0. CONTROL CENTER 
P. CONFERENCE ROOM 

,I I '  
Q DINING AREA 168 PERSONS) 
R. FOOD STORAGE 

DECK 4 S. LOUNGE 
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V. BARBER SHOPfPOST OFFICE 
W. LIBRARYISTUDY 
X. THEATERICHAPEL 
Y. SICK BAYIDENTIST 
2. EXPENDABLES 

21. SUBSYSTEMS 
22. AGRICULTURAL STUDY 
23. COMPACTED WASTE 

DECK 6 
EXPENDABLES/SUBSYSTEMS 
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Deck 4 has been arranged to accommodate dining facilities for 56 people iit one 

setting. The food serving center contains corn bination hot air /convection /resist;lncc 

ovens for heqting food, and is tile area where the food is dispensed to  the diners, 

cafeteria style. The return rack is the area where used dishes and food are placed. 

Compactors and dishwashers are located here. Up to 100 people can also be accom- 

modated in Deck 4, when used a s  a radiation shelter. 

Deck 5 is recreational/physical fitnesslservices area. The central area is  6 m in 

diameter and serves as  a lounge area. From this lounge, access can be obtained to  

the snack bar ,  barber shop, post office, chapel, theatre, library, gym and recreation 

area, and sick bay /dentist areas. 

Deck 6 contains tanks for storage of expendables and three large rooms for sub- 

system equipment and hardware. The fourth quadrant contains storage for waste 

bales and an area for agricultural study. 

Each deck is  accessible to the adjwent deck via three ( 3) 1.5 m diameter open- 

ings. In general, the decks have a 1.5 m wide central aisle passageway and a torus 

aisleway 1.0 m wide. 

3.1.1 Allocation for Crew Habitat Floor Area 

The Habitat Rlodule. a s  shown in Figures 80 and 81, provides for 100 crew mem- 
2 

bers on seven (7) decks. The total flmr area for all decks is  16.000 ft .' (1197m ) , 

or 160 square feet per person. Assuming half the floor area is  occupied with wa!ls, 

furniture, equipment, sub-systems, e tc . ,  80 square feet of habitable area is avail- 

able for each person. 

Celentano's recommended free volume per man for acceptable crew performance 

is included in the GEO Base crew module subsystem requirements. As previously 
3 shown in Figure 78 Celentano's free volume curve indicates that 250 ft . is  required 

Z for each person on a 90 day mission. Assuming a 7.2 ft . ceiling height . 34.7 ft . 
2 (3.22m ) of floor area is required for each crew member. This allocation of crew floor 

area compares favorably with current Navy ship design practice. For example, N A V  

Spec OPNAV9930.5A, "Environmental Control Standards for Ships of the U . S. Navy," 

lists the crew quarters requirements for each type of crew member. It does not how- 

ever ,  list the total floor area requirements on various ships for each person. Table 

5 compares the Navy requirements listed on the left with equivalent areas provicted in 

the 100 man SPS Habitat (Figures 80 and 81). The first rlunrber shown in the Habitat 



TABLE 5 CREW FLOOR AREA COMPARlSON 

HABITAT CREW 

CREW QUARTERS 

CREW QUARTERS 

(NO EQUlVALf NTl  

OFFICERS STATEROOM 

EXEC. STATEROOM 

OFFICERS STATEROOM 

MASTER STATEROOM 

I N 0  EQUIVALENT) 

NAVY CLASSIFICATI~ 

CREW: 

SINGLE ICPO) 

DOUBLE (CPO) 

ENLISTED PERS 

OFFICERS STATEROOMS: 

SINGLE 

SINGLE (EXEC.) 

DOUBLE 

CMOlNG OFFICER 

BUNK ROOM 12 OR MORE) 

'TOTAL FLOOR AREA ' 1 - 50% ASSUMED USABLE 

775-246W 

NET FLOOR AREA PER 
CREW Y E ~ R  (FTZ) 

SUBS 

3 

3 

2.5 

12 

40-70 

6 

50-80 

5 

SURFACE 
VESSELS 

9-13 

9-1 3 

6-7 

50 

40.70 

20.35 

50-00 

20 

9PS 
HABITAT* 

(4260) 21-30 

130-36) 15-18 
- 

(70-761 3538  

1821 41 

(41 -53) 21 -27 

(140) 70 
- 



cwluatl is  thc total floor area in each room; the second number is  53% of total. It is 

assumed 50% of the floor area is taken by furniture, sleeping bags, lockers, etc. 

It can be seen that the crew quarters floor areas in the SPS Habitat exceed the 

Naval specs and compare favorably with officers quarters. The Habitat has a maximum 

of 2 persons in a room, whlle the Navy uses up to 6. It appearc:, the quarters provided 

in the Habitat are inore spacious and afford more privacy than those provided aboard 

ships. 

A detailed analysis of the 100 person Habitat is provided in Table 6. Each area 

is listed on each deck with the total floor area noted. An estimated percentage factor 

is  listed after each number, representing the net -- area in a space, which can be walked 

upon or  occupied by a crew member. The last column on each line therefore represents 

the meable floor area for the crew. 

2  The total floor area of 8210 sq.  f t .  ( 763m ) represents the net floor area in the 

Habitat that is  available to the crew for free movement. This net area divided by 100 
2  

represents 82.1 sq.  fl.  (7.63m ) of free floor area for each crew man. This i s  more 

than twice the area derived from Celentano'3 free volume design performance criteria. 

The 16.5111 diameter x 17.8 m.  long 100 man-habitat is estimated to weight 243.100 
2  

kg. Therefore the impact of allocating added crew floor area is  3.19 kglm per person 

for habitats of this size. 

3 . 1 . 2  Crew Accommodations 

In addition. the major areas of the crew accommodations subsystem were identified 

and the requirements for feeding 100 people for 90 day periods were analyzed to estab- 

lish weight and volume data for determining logistic support and onboard storage re- 

quirements. 

SPS Crew Accommodations subsystem includes ten general areas as listed below: 

1 . 0 )  Food, Food Storage, Preparation and Disposal 

2.0) Dining Area & Implements 

3 . 0 )  Crew Quarters 

4 . 0 )  Crew Provisions /Personal Gear 

5.0) Housekeeping Equipment ISupplics 

6.0) Housekeeping Waste 



TABLE 6 HABITAT USABLE CREW AREA 

DECK NO. 1 

1. STATEROOMS 
2. TORUS AISLEWAY 
3. CENTRAL PASSAGEWAY 
4. INTERDECK ACCESS 
5. WIM & PERS. HYG. 

ELEk A T  
FLOOR AREA ( F T ~ ~  

1392 
347 
268 
59 

180 
SUBTOTAL 1292 

W FACTOR 
FOR NET A R U  

50 
80 
80 

100 
25 

DECK NO. 2 

1. EMUIEVA PREP & REPAIR 
2. CONFERENCE ROOM 
S. WIM & PERS. HYG. 
4. OFFICE 
5. SHOP 
6. PHOTOGRAPHY ROOM 
7. EQUIPMENT ROOM 
8. INTERDECK ACCESS 
9. OPEN AREASIAISLES 

NET AREA ( F T ~ )  

696 
278 
21 4 
59 
45 

133 
141 
75 
63 
72 
72 
40 
59 

1101 

SUBTOTAL 1105 

30 
50 
25 
40 
40 
49 
20 

100 
75 

40 
70 
19 
25 
29 
29 
8 

59 
826 

DECK NO. 3 
1. CREW QUARTERS 
2. STATEROOMS 
3. WIM & PERS. HYG. 
4. CENTRAL PASSAGEWAY 
5. TOSUS AISLE 
6. INTERDECK ACCESS 

1008 
3 74 
1 8 0  
268 
347 

59 

50 
50 
25 
80 
80 

100 

504 
187 
45 

214 
278 
59 

SUBTOTAL 1287 - 
DECK 140.  'EVISED LAYOUT) 

1. DININ, 9EA  
2. WIM & PL 'S. HYG. 
3. INTERDECK ACCESS 
4. AISLEWAYS 

750 
60 
59 

175 

70 
25 

100 
80 

- 
525 
15 
59 

140 

SUBTOTAL 739 

DECK NO. 5 

1. LOUNGE 
2. SNACK BAR 
3. LAUNDRYISUPPLIES 
4. RECREATIONIGYM 
5. BARBERIPOST OFFICE 
6. LlBRARYiSTUDY 
7. THEATREICHAPEL 
8. SICK BAYIDENTIST 
9. INTERDECK ACCESS 

10. CENTRAL PASSAGEWAY 

295 
65 

205 
637 
132 
'60 
332 
292 

59 
127 

SUBTOTAL 1433 

90 
25 
30 
70 
40 
50 
70 
40 

1 0  
80 

266 
16 
62 

446 
53 
80 

232 
11 7 
59 

102 

DECK NO. 6 

1. TORUS AISLE 
2. CENTRAL AISLE 
3. INTERDECK ACCESS 
4. SUB-SYSTEMS ROOM 
5. STAB & CONTROL ROOM 
6. AGRICULTURE STUDY 

626 
444 

59 
484 
242 
108 

80 
80 

100 
20 
20 
20 

501 
3 55 

59 
97 
48 
22 

SUBTOTAL 1082 

DECK NO. 7 

1. CREW QUARTERS 
2. WIM 81 PERS. HYG. 
3. CENTRAL PASSAGEWAY 
4. TORUS AISLEWAY 
5, INTERDECK ACCESS 

SUBTOTAL 1272 

TOTAL 8210 
d 

1352 
180 
26ii 
347 

59 

50 
25 
80 
80 

100 

676 
45 

214 
278 
59 



7.0) Furnishings 

8.0) Crew Support Facilities - Off Duty 

9.0) Crew Support Facilities - On Duty 

10.0) Passageways /Aisles /Mobility Aids 

Using data supplied by NASA (MSC-03909 "Habitability Data Handbook-Volume 

4 - Food hlanagemeat"), a deeper cut was made into the  first element listed above. 

The food requirement for one Habitat rvas determined in terms of food types ,  weight, 

packaging and volumes. Modular packages were established for the  shelf stzble. re-- 

frigerated and frozen foods. In t u r n ,  modular lockers were configured to house these 

food packages, so that they could be stored in minimum volume containers in the 

Habitat. 

This s tudy indicates that feeding 100 peop!e for  90-day time periods requires 
3 17.618 k g  of food ( 7 1  m ) to be delivered to each Habitat. lllultiply this by eight (800 

people) and it can be seen the logistics for this element alone i s  huge. It is  apparent 

that fur ther  s tudy in this area i s  warranted to see how this can be improved. C;rowing 

food on board the Habitat could be a possible solxtion. 

Having established the food requirements, another layout was prepared of Deck 

No. 4 "Gal ey/Dining Area & Storm Shelter" to include improved radiation protection 

E.*atures. As shown in Figure 82 all food lockers are  ringed around the outside pres- 

s u r e  shell. This mass of hardware adds to the effective shielding during high radiation 

periods. The increased volume for food s t w a g e ,  the peripheral arrangement of the 

lockers and fur ther  definition of ovens,  compactors, e tc .  , resulted in a smaller area 

available for diners .  This new arrangement car1 seat only 56 people. a s  compared to 

60 in the previous s tudy.  It is assumed that fur ther  studies on food and dining re- 

quirements will reduce this number some more. 

By moving the  tables to one a rea ,  the open area can serve  a s  a storm shelter for 

100 people for short  time durations. 

3.1.3 100 Man Habitat -. Typical Interiors 

The Phase 2 crew module design effort consisted of a superficial investig a t '  ion 

of compartmental partitioning of the  habitat using estimated volumetric data for the  

equipments and i t s  arrangement. The habitat galley arrangement and sizing was the 

only detail design effort afforded in the habitat preliminilry design. Here the weight 
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and volume of the food and i t s  storage arrangement was looked at  in some detail, since 

the galley provides c r e w  dining and 100 man storm shelter accommodations. 

Figure 83 illustrates some typical interiors whicll were established in an earlier 

Grumman study and may be used a s  examples of what a future SPS habitat interior 

might resemble. 

3.1.4 Sase Habitat Complex 

One possible arrangement for accommodating the SPS CEO Base 400-man con- 

struction crew is shown by the c r e w  habitat complex illustrated in Figcre 84. Four 

( 4) habitat modules, 17.0 meters in diameter, a re  grouped together in a geometric 

pattern. Initially each module is  transported to  this site by the large crane on the 

railroad system. The bottom of each module has a large berthing ring,  which mates 

with one on the previously installed mounting platform. Guy wires (not shown) run- 

ning to the Factory structure will provide stability t o  the instalied module. The fifth 

module nestled between two of the habitat modules serves a s  an interim quarters mod- 

ule for 100 c r e w  members. When all five modules are  firmly installed, 12 interconnect- 

ors  sre installed. These connectors provide traffic flow between all the modules. 

Each habitat has five (5) radially located berthing ports to which the following Space- 

lab-type modules can be affixed: 

a Short Spacelab t 1) to serve as a 4-6 man E1;A airlock 

a Short Spacelab (1) to serve az an interface module for shirt sleeve 

transfer to another preszurizzd mcduie, such a s  MRWS closed cabin 

cherry picker k. MRWS free flyer 

a Long Spacelab (1) to provide for a 90 day re-supply of food for 100 

people 

a Short Spacelab ( 1) to provide re-supply of expendables 

Short Spacelab ( 1) to provide storage for all waste which will be 

returned tc earth. 

The interim modrtle has three ( 3 )  radially located berthing ports to which Space- 

lab type riiodules can be affixed. 

3.2 RADIA.1 ION EXPOSURE & YROTEC7'10:: 

Figure 85 shows the earth magnetosphere :u.d the radiation sources to which 

SPS systems and the CEO assembly and maintenance crew wil! be subjected. The 





mpr sources of radiation a t  CEO are the getmagnetidly trapped electrons and 

protons, galactic cosmic  rays and solar flare event particles. At geostationary or- 

bital altitudes the trapped radiation particles undergo large temporal fluctuations 

(diurnal and during magnetic storm activity). The types of ionizing radiation impor- 

tant to SPS operations include : 

Electrons and secondary radiation : bremsstrahlung ( with variation cf factor 

of two due to parking longitude location) 

Protons ( f lu  from solar flare protons dominates) and sxmndary radiation 

protons, neutrons 

Heavy ions ( HZE) , secondary radiation : protons, neutrons and iighter 

nuclei. 

Other sources of induced radiation envimnment should also be considered. For ex- 

ample, ionizing radiation due to onboard nuclear powered pa,.loads and equipment, 

X-ray equipment, and possible nuclear weapon detonations. 

Allowable c r e w  raoiation exposure criteria and radiation protection techniques 

for the GEO base are discussed below. 

3.2.1 Radiation Exposure Limits 

Figure 86 lists the current astronaut radiation exposure limits, as defined by the 

National Academy of Science/Radiobiological Advisory PanelICommittce on Space 

Medicine in 1970. These astronaut radiation exposure limits are based upon a 5-year 

career and are presently included in the STS Payload Safety Guidelines Handbook. 

These limits are, of course, intended to cover all forms of ionizing radiation (nataral 

and induced). Comparable radiation exposure limits are also shown for industrial 

workers, a s  defined by the Department of Labor OSHA regulations. The low OSHA 

limits are also contrasted with the maximum radiation limit allowed for each Apollo 

mission. 

It is interesting to note ?hat the average skin dose experienced by the Apollo 

astronauts was very low (about 1 rem) , since no solhr event occurred. Nevertheless 

the maximum limit for Apollo was established for a program of ~lational importance that 

included less than one hundred volunt-r astronauts. The OSHA standards, of course, 

apply to millions of industrial workers. The SPS construction base is presently esti- 

mated to have approximately 800 workers on board, which equstes to a 10,000 man 





~ o . k  Over ;I 30-yc;rr writxi. Hctrcw. ;~llow;rblc SPS ntrlbtiwr licrrits cary Ititvc lo 

be cstrtblisltcd wit k respect to societ~il c.m~rsider;itions. 

3.2.2 Shielding for CEO Trnypcd Elcctmt~s  

Tllc ;ivemgr R E k  that  a crcw mcntkr will experience each day in p s y n c h n ~ r t o c r s  

orbit is plotted z r s  a function of ccluivnlcnt nluminunr c;rbin w;c!l thickness. ;IS sitowl: it: 

Figure 87. in order to reducc thc skin dose to  1. I1 HEMS per d;ry for the  nh-rxinrutr~ 

quarterly e x p u n ?  limit (i.e.. 105 HEms Icss 5 RE& for OTV 1,EOICEO tritnsit) ;rt 

1e;ist 18 mru of ;rlun~inum sllould bc yrovidccrt- Alunritri~m is not a very effective shield 

for this  level of r;rdi;rtht din? to  LZrcnasstr.rchlung (sc.?wnd;rry r:tdi:ition) effcets. How - 

cver. by adding ;I thitr i~rlrer 1;rycr of lallttrluiu, ttlc o ib in  ~rdiat iotr  level c:in be 

lowered  to provide ii nr;trgi:t for otilcr unschcdufcci sidi;rtion cwnditions (e-g. . x-ray 

inspectioil. ctc. ). Tile use of cw~pouttd wall design tcchniclucs is an cffcetivc way 

of coping with Hn?nrsstr;thtu~~g which provides incre;cscd rirdkrtion protection for mini- 

luum shield thick~rcss ;rnd wcigl~t. Pr;rctic;~l shieldirrg designs tftirt can reducx? the 

daily dose Pittc to OSHA lcvcls m j u i r e  further  s t ady  and  rcnl;rin ;IS ;I techncilogy issue, 

The CEO base solzrr flare rirdiirtion protection system must be able to provide 

timely warning of ;I high energy solar event. so that  the c r e w  c;rn safely reach z i  

radiation shelter to ride out tllc storm. The chrir;rcteristics of a typical solar event 

are shown in  Figure 8'. together with related dat;i on the  severity and duration of 

prior solar events. blinlmum ;rlurninitm shielding thickness requirements a r e  provided. 

Once a solar flare i s  observed. ;I 20 to 30 minute delay occurs in particle propii- 

gation before itn increase in the background energy level is detected. From the  onset 

of increased radiation, the maximum flux level may be attained within 15 minutes to a 

few hours according to J . Wilson e t  a1 ( NASA TND 8290, 1976). However. recent corn- 

mu lication with C. Heckman a t  the Boulder NOAA,  Space Environment Laboratory in- 

dicates that maximum flux rise time occurs less rapidly, from :! to 100 hours. The 

corresponding time delay for the first particle to arr ive i s  about 113 to 112 of tire time 

to  reach peak intensity. The peak intensity. in t u r n ,  may last only intermittently or 

for a few hours and the subseyuent decay period rimy be over in ;I matter of hours o r  

days. Data from the 20th soii~r  cycle shows that the  highest event recordeci Instcd for 

five days and that a few lower energy events lasted 20 days.  Hence. thc radiation 

storm shelter must be able to support the crew life support functions for several days.  
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Iir tlw upper ri$~t p t r t  of Figure 88. the frequency of solar evetrts is ~#lotlc<l 
2 

;r f t i ~ ~ t n r n  of lltc scvcrity of the event (yrotonslcm ). Smoothed historicit1 dittit : t tv  

s1ntw11 Cor tin! two nmst rccwt~t soliir cyclcs. Cycle 21 is now underway rind rcwn~blcs 

c*y~lc 1'3 t*;rtiwr thim cyok 20- The lower right-hand part of the figure shows thc 

c;tbitr w;rll lhickncss nccessitry to protect against this mnge of event sizes. A typic:ll 

\:;ditt %p:@ll ttlickncss t l c r d e d  for shielding trapped electrons in CEO is rilso showrr :tt 
2 

2.6 to 4 gmlcn~"' (i.o, 1.0 to 1.5 c m  of trfutninum). A 4 gmlcm shield gives protection 
9 2 

for ilIty CVCYI~ up to 1 x 10 p/cm flux, however, i~ minimum thickness of 10 gm /em 
2 

i s  #c.cdc.(i for it n e r  s01ar event ( Aug 1972) provided thc crew is als- equipped with 

~ps011it1 shielding for the eyes and testes during peak exposure. Development of a 

iu.;tl ti= sdrr flare iilert system with flux forecast is needed. If the alert system can 

be triggered at predetermined energy levels below the nominal wall radiation protection 

1cvd. thcn it built-in nutrgin for error in forccrtsting accuracy could be achieved- 

3.2.4 SPS GEO Base Radiation Design Considerations 

The allowable c r e w  dose for the SPS CEO construction base remains to be estab- 

lisi~ed, Total accumulated dose limits are required for the entire mission profile, 

that is, time in LEO, LEOIGEO transit and the CEO base. How much margin should be 

provided for unscheduled exposure and whether the astronaut allowed radiation levels 

are applicable to SPS are areas for further study, a s  indicated in Figure 89. 

Protection against trapped electron flux in geosynchronous orbit must be factored 

in all aspects of CEO base operations and design, which include IVA assignments in 

remote work stations, f r ee  fliers, c r e w  buses and crew habitation modules. A multi- 
2 layered cabin wall of 2.6 gmlcm aluminum equivalent is recommended for the crew 

module as  shown in the figure. The other IVA crew stations could be designed with 

lighter shielding provided that the total allowable dose is not exceeded. In addition, 

if EVA operations are needed, they should be conducted near local midnight to minimize 

normal belt radiation exposure. However, EVA should be avoided during large scale 

fluctuations due to geomagnetic disturbances. The present SPS suit must be upgraded 

to provide added prctection for CEO EVA (i.e. , between 1.5 and 4 !.,lo equItalent 

aluminum. ) 

Protection against solar flares requires an adequate flart eklVt wewing system 

that will allow all GEO base workers on remote IVA or EVA assigr.ti~e:~ts tc retreat to 

the nearest storm shelter. Means for protecting stranded workers a: these remote 

locations need to be considered together with the systems required tc implement their 



2 ~ ~ * t w .  'I'tw storm shelter is provided with 20 grnlcm of multilayered aluminum 

t.ctrtivark.trt liuc.kmss. Additional shielding benefits can be attubxed by placing internal 

c.t(uipnw?tkt iirrungeraents itelinst the outer wdl. 

Pmtection against high etwrgy hcr~vy ions (HZE) requires further study. Al- 

tttough the dose from these ttZE particles i s  s d ,  it is important because of possible 

bhbgical effects . 
3.3 ENVIRONWNTAIa CONTROIaI LIFE SUPPORT SUBSYSTW - 100 MAN HABITAT 

The ECLS subsystem basefined for the SPS modules is a regenerable system with 

closed water and oxygen loops designed to require a minimum of expendibles. A s  

shown in Figure 90. the atmosphere revitalization section controls cabin humidity. 

removes COZ. generates O2 from water and removes t r a ~ q  contaminants from the at- 

mosphere, Two water reclamation systems are included to purify wash water and dis- 

till clean water fnnn urine. The thermal control section removes waste heat from the 

cabin i~nd electronics and then rejects it to space. 

it should be noted that the system described i s  for a typical 100 man module using 

regenerable type systems. No attempt was made to perform detail trades of various con- 

cepts to perform a specific function, because this effort is more appropriately done in a 

later design phase and not in a systems study. The concepts described further below, 

therefore, are not necessarily optimum but are typical and form a baseline to determine 

realistic weight and costs. 

3.3.1 ECLS Requirements 

The system requirements are shown in Figure 91. The specific quantitative re- 

quirements (e.g., O2 required per man hour, C 0 2  production, etc.) are baselined to be 

the same as  those specified for the Shuttle and are not repeated in the chart. 

Figure 92 shows the functional breakdown of the subsystem and the specific areas 

covered by each section. The subsystem is divided into two general areas; Life Support 

and Thermal Control. Life Support covers all functions necessary to support the crew 

with the exception of the food supply. Thermal Control provides active temperature 

control and waste heat rejection for the cabin and electronics. 

Figure 93 lists the hardware concepts chosen to satisfy the requirements and func- 

tional breakdown shown above. The equipment weight data presented reflects actual 

component manufacturers data, where it was possible lu obtain. (Reference Hamilton 
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Figure 93 Typical ECLS System Equipment - 100 Man Module 
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Std. ,  "Piirt~metric Data for Space Stti~ion.") Where data was not currently avuilable. 

estimates were based on Grumman experience and judgment. 

Items marked (R) in the table indicate complete built-in redundancy and are 

approximately double the weight of a single system. These items are considered criti- 

cal to life support and a back-up must be provided, while repairs are in progress on 

the failed unit. All other equipments have selected built -in redundancy for historically 

failure prone items such a s  fans, pumps, controllers, etc. However, due to the ex- 

tended mission times and complexity of the System, a more detailed reliability analysis 

should be done a s  the program develops. 

Simplified schematics of the major sections of the ECLS subsystem are provided in 

Figures 94, 95, and 96. A brief description of each section follows. 

3.3.2 Atmosphere Revitalization Section ( Figure 94) 

This section controls cabin humidity, removes CO generates O2 from water, and 
2 '  

removes trace contaminants from the atmosphere. 

Humidity Ccatrol: Cabin air i s  drawn into the Humidity Control heat 

exchanger, where excess moisture is  condensed out 

and removed by the water separator. The condensate 

is delivered to the Og generator, where it is electrolysed 

into O2 and H g. The O2 is delivered back to the cabin 

atmosphere and the H 2  is  pumped to the C02 Removal 

Section. 

C02 Removal: The EDC concentrates the C02 in the cabin air and 

delivers a mixture of H 2  and C02 to the C02 Reduction 

Unit ( Sabatier Reactor) 

C02 Reduction : This unit combines the H 2  and C02 to produce water 

and methane (CH4). The methane is  dumped a?d the 

water is delivers? to the O2 generator to be !Jrcicen 

down into O 2  and H 2 .  

e Trace Contaminant Cabin air is cleaned by a combination of sorbants 

Control : and catalytic oxidation. 
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3.3 .3  Thcrtnirl Control Section (Figure 95) 

, Tllc function of the TCS is to iemove waste heat from the cabin and rlec.tronics 

ittlti rojcct it  to space. 

The system consists of Gual water loops in the cabin and dual freon loops in the 

external radiator system. The water loop renloves heat from the cabin air by iln air 

to water heat exchanger in each deck. The electronics are cooled either by cold plates 

o r ,  in the case of air  cooled equipment, by an airtwater heat exchanger. 

The water loops interface with the radiator freon loop through an interface heat 

exchanger located external to the pressure shell to isolate the fxeon from the cabin. 

3.3.4 Water Reclamation Systen,; ( Figure 96) 

Two different systems are  used to reclaim waste water: 

a Urine Recovery - This section collects, pretreats and stores urine and 

flush water for subsequent distillation in the VCD unit. Th.. VCD distills 

the waste water and delivers the clean wa'dr to the Potable Water Tank. 

Iodine is  injected as  required to maintc.ln sterility. 

a Wash Water - Wash water is  ?urified by a series of filtration systems with 

tne final filtration by reverse osmosis. The purified wash water is  storeu 

in a heated tank to maintain sterility. 

Figure 97 is  a brzakdown of the expendcbles and spares needed to support each 

100 man module on a 90 day resupply. 

The consumables/spares shown in the table reflect the weight C ~ A  the limited life 

items actually usec? during the 90 days between resupply. Equipments that do not 

have limited life components or consumables are initially installed with spare parts  

and are re-supplied on an as-required basis only. 

The requirement for N 2  resupply is a function of module leakage only and was 

estimated using shuttle leakage data and increasing it by the ratio of module surface 

area to shuttle surface area. The required O2 for leakage make-up is  included in the 

water resupply requirement. 

The 6 week emergency /contingency consumables are only for oxygen ~ n d  water 

for life support and reflect the urilikely event of total Atmosphere Rzvitalization Sec- 

tion failure. Six weeks were chosen as the contingency time li ' t  to allow fur two 

missed launches of !he crew rotation vehicle due to weather or other unforeseen 

delays. 
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:\s ;I first -cut simylific;rtion, the contingeneylemergency requirement wtts taken 

1.8 tr- r ~ ~ l y  ttw life suypjrt cwrsumables. This simplifmtion s'nould be studied in mom 

rtc-(:tit to itrrive at a nnm cw~~~glctc and possibly lighter emergency system. 

The bseli~lo sysltnv provides a starting pkce to investigate potential problem 

;in?*s h i t t a t  witlr cmrstructing and operating an SYS. In particuhr the dumping 

of gases from1 tlu* waritws process equipment ( e . ~ .  , Methane from the Sabatier reactor, 

w a s t e  gases fr.ke tIw Waste Management Section, etc. ) may prove to be a problem. 

Therefore. awtlkxb of preventing o r  limiting overboard gas discharge (e.g. Bosch 

reactor. L:lnk;i. ctc. ) should be invcstigatcd. 

3.4 CHEW LIOWGE FUSS AND COST ESTIMATES 

Figure 98 provides a summary of the current Grllmman weight estimate for the 

SPS crew limduk. It s h o w s  weights for c n t w  modules in both low earth orbit and 

geosyxxci~~ullous orbit. 

The structural weight has been estimated based on an aluminum structure of 

cylindl'iL1;11 shape 16.5 m in dian~eter and 17.8 m long, capable of supporting 14.7 psi 

internal pressure. Numemtrs decks divide the cylinder. Two large accesslegress 

ports are located on either end. and 12 berthing ports are located around tire circum- 

ference. Partitions and ec, lipmcnt mounting weights have also been estimated. 

No shielding is required for LEO. A "storm shelter" approach has been used for 

CEO. A 7.2 m cylindrical band around the module protects one deck from solar storms. 
2 Ti12 storm shelter provides 20 gramslcm shield thickness protection. 

Environmnutal control subsystem weights are based on 100% redundant systems 

capable of sustaining 109 men. !n addition, a weight growthlcontintency factor of 

33% has been maintained. All other subsvstem weights remain the same as those listed 

in Boeings Phas 1 SPS studv Final Report, Volume 111 Reference System Description 

D180-25037-3. 

The lower part of Figure 98 suti~marizes the weight of four similar size work 

modules. The w~ight  for these modules has been adjusted from Boeing's earlier 

report D180-24ull to reflect Grumman.~ estimates for habitat structure and ECLS. 

Tables 7 and 8 pl-vide a detail breakdown of the crew quarters module mass 

,;nd cost data, respectively. 

Table 9 lists SPS crew resupply requireme~kts for typical crew modules and work 

stations on the CEO base. 



 TAT slmsvsTEm wUS rwt) LED EI;P rn 

GROWTH.'CONTWGENCY i33W 37.8 - CQ.3 -- 
TOTAL DRY 152.3 a. 1 

OPERATKIW CTR 133 Y7 - m S C S U l  112 YT 
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TABLE 7 CREW QUARTERS m L E  MASS 81 

ELEMENT MASS MT RATIONALE 
p- - - -  

STRUCTURE 

ENVIRON PROTECTION 1 68.3 1 CRUMMAN PREL EST 

ELECTRICAL POWER SUPPLY I 5-0 I BOEING SCALED EST 

ECLS 

ATMOS REVITAL 
WATER MCT 
WASTE MCT 
THERMAL CTL 

1 22.8 1 CRUMMAN ANAI 

(9-8) DETAIL ESTIMATE 
DETAIL ESTIMATE 
DETAIL ESTIMATE 

(6.1) PART EST & GUESS 

CREW ACCOhlhlODkTIONS I 11.0 
I 

/ BOEING SCALED EST 

COBIIllDATA HDLC 1 6.0 I BOEING SCALED EST 

CROWTHICONTINGENCY 1 60.3 1 331 

REFERENCE 

PH-2 MPR-NO 6 

- - - -  

TOTAL 1 243.1 blT 1 



TABLE 8 CREW OUARTERS YODULE -T Df1MI.S 

I COST SNI I SOURCE I 
INVESTMENT I 

MANUFACTURING PLANT I ( 8001 GRUMRYAN ESTIMATE 

DELTA DDTLE 

- STRUCTURE 
- ENVIR. PROTECT 
- COMMIDATA HDL 
- ECLS 

I - CREW ACCOM - FGEL CELL PWR 

CONSTR BIODULES (5) I 1923 I GRUBMAN PCB I i 

I 

TEST UNITS 

I 

PRODUCTION HABITATS 

hlAINT MODULES ( 4  to 12) I 1538 I GRUMBlAN P C I  
TO I 1 

( 167) FACTOR FROM 
PRODUCTION 

I 
1 

I 
I 



TABLE 9 SPS GEO BASE CREW RESUCnV REQUIRMN?S 
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- PACKAGING 

MAINTENANCE MODULE 
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REPLACEMENT PARTS 
SPECIAL EQUIP. SPARES 

- OTHER SUBSYSTEV -ARTS 
- PACKAGING 

MANNED REMOTE WORK STATION WAN) 

- ECLS 0 2  O b&2 MAKEUP 
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2%. M SUPPLY, COWWOATA, LIGHT- 
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IZATlONS 

1- ALL NONSTRUCT SUBSYS 
- PACKAGING 1 1, 305 
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SURIZATION) 

CRFUlBUS 

- ECLS 02 & N2 MAKEUP 

- SPARE PARTS 
- PACKAGING 

, 

320 

SCALE CREW SIZE TO 
MAWS REOUIREMENTS 



A concept for building tlw SPS CEO U ; ~ s c  was clcvclqmd :tt ttrc very c r ~ i  of t lrc 

Phase 2 effort. 

Figure 99 illustr;ktes ;I nrlni-construction br~sc which can t ~ ?  usccl to :rsscrel~le 

large space structulvs suc11 :ts the SPS CEO Base. This fz~cility !Mini Il:~sc) uses the 

end builder construction cwtrccyt which is tailored to the 100m-scl u:rrc cross-section 

of the CEO base strircti1r;d slenlbers. Four dedicated semi-fixed 7.5m beam 

maclrhes fi~brieate tlw longitudinal members and two 7.Sm mobile beam machines fab- 

ricate tlre liltert~l. vertical and diagonal members of the CEO Base structurd assembly 

The nrini-base fttcility provides a track system for mobile indexers, winches and 

crane cherry pickers. The two mobile winches, indexers and turntable tracks allow 

the facility to reorient itself and index about m y  and all sides of the structure it has 

fabricated. The 120m crane cherry picker is used to assemble those structural joints 

which are beyond the reach of the mobile cherry pickers. 

Future SPS studies should include further definition of the CEO Base Buildup 

concept, specific areas to be addressed are as  follows: 

Expand CEO Base Buildup operations definition (assembly sequence, time- 

lines, man power utilization and equipment requirements) 

w Establish mass and cost data for m~jor system elements of blini Base (work 

facilities, flight control, electrical power and crew facilities) 

Develop Mini-Base assembly and LEO-GEO transfer concept. 

4.1 MINI-BASE CONFiGURATiON 

The general arrangement for the mini base facility is shown in Figure 100. This 

facility confiquratioa consists of a 150 m wide by 250 m high tower mounted c n  a 400 m 

by 350 m platforr.1. 50 in square structural irames are used to construct the facility: 

these frames arc assembled from 7.5m triangular beams. 

The tower houses four fixed beam niecilil?c?s which are arranged to provide the 

longitudinal menbers of the 100 meter square structure to be fabricated. Two 

rriobile beam maohines and four clierry pickers, used for asser )ly of the structure, 
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t ' i t i*  ;i 11.:wk systctn on the tower. Crew txibitiits and a cargo port m 1wi1tc.d {MI ttic: 

tqqwr lcvci of the tower. 

Tllc pliltform provides support Tor tlrc :rtliluctc control system, a track system 

bt- tile mobile winches, indexers itn<l cr:rtlc clrcrry picker. 

This mini base can be assembled i r r  l.E0 :and trimsferred to GEO for subsequent 

SPS base build~rp . 
1.2 CEO BASE BUILDUP SEQUENCE 

Figure 101 illustrates a construction scen:~rio for the assembly of the SPS GEO 

base. Two mini-bases. are shown in this construction sequence. 

Construction operi~tions begin with the osscmbly of the vertical grid for the CEO 

Base Solar Collector Fikctory. Mini-base No. 1 fabricates a 700 .n long structural 

member. Blini-base No. 2 mitneuvers into position, docks and attaches to this member 

via its indeser track systenl. Then, it begins the fabrication of the CEO base upper 

horizontal mcnlbcr at level J ,  while mini-base No. 1 re-orients and initiates the fabri- 

cation of the lower llorimntal member. For the next vertical member, mini-base No. 2 

re-orients and f i lb~ i~a tes  a 500 m member and mini-base No. 1 interrupts fabrication 

of the lower member to allow the cherry pickers to attach the vertical member to it. 

When the joint is completed, mini-base No. 2 again re-orients and both mini-bases 

resume fabrication of the horizontal members. This process is repeated until the 

entire vertical grid is completed. Then. mini-base No. 1 starts construction of the 

lower horizontal structural grid and mini-base No. 2 completes the overhang of the 

vertical structure. 

After completion of the energy conversion system constructiorl facility, the 

antelma construction facility is assembled. When approxim~tely three quarters of 

the m t e n ~ a  platform is assembled, mini-base No. 2 is anchored t ) the platform, as  

shown, and used as  the antenna assembly factory of the GEO base, hlini-base N o .  1 

completes the platform construction and then is indexed over to the vertical wall of 

the GEO base -- 1 used as the yokelrotary joint factory. 
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SUPPRESSED TRAJECTORY JNVESTKi ATION 

The original HLLV reference  trajectory F.-ovided a n  injection t o  a 110 km x 477 km 

transfer  at 100 km altitude. Studies of  potential upper atmosphere e f f ec t s  at Los Alamos 

Scientific Laboratories indicated concern regarding depletion of ions in t he  ionosphere 

as a result 01 I ., .-ogen and water  molecules f rom t h e  HLLV upper s t age  rocket  engines. 

There has also been some  discussion of [he possibility of formation of noct i lccent  clouds 

at 80-85 km. These have occasionally been observe;! a f t e r  rocket  launches. 

It  is thought t l u t  suppression of t he  HLLV trajectory below 100 km will minimize ionosphere 

effects .  Suppressed trajectories  such ss t+e  ope developed during Phase I of t he  present 

study and illustrated in Figure 1, with injection at 85 km, may increase t h e  likelihood 

of noctilucent clouds. Because of this la t te r  possibility, although i t  i s  presently unclear 

whether these  clouds, even if they form, would have  any envit.onmenta1 impact ,  a fur ther  

t rajectory suppression study was undertaken t o  explore the  possibility of flying trajec-  

tories t h s t  never exceed 70-75 km. 

The  investigation began with a relatively unconstrained t ra jec tory  with injection at 

70 km. This t rajectory is il lustrated in Figures 2, 3, and 4. Tire peak second s t age  alti- 

tude  is about  1Q0 km. Max q slightly exceeds (700 psf) and the  second s t age  angle of 

a t t a c k  ranges froni 10 t o  20 degrees. Q at injection reaches about  (50 psf), indicating 

some heating. The main problem with this  t rajectory is post-injection drag loss. Figure 4 

shcws the  i n s t a n t a n e ~ u s  apogee v e r w s  time. , I t  injection, i t  increases rapidly t o  t h e  

desired 477 km, bu: drag losses reduce i t  t o  about 250 km. 

This problem can be reduced by injecting a t  a positive pa th  a n ~ l e  rather  than the  customary 

zero-degree HcAmann transfer injection. The transfer  orbit then has a perigee of less 

than the  injection altitude. The orbit and injection parameters  may be c o r n ~ u t e d  a s  

a function of perigee al t i tude,  a s  shown in Figures 5 and 6. 

From these curves, injection conditions were se lec ted  for  path angles of one and two  

degrees, leading to  suppressed trajectories  No. 2 and No, 3 shown in Figures 7 through 

11. T;.e iccreased path angle helps in t h ree  ways: ( I )  Post-injection lcsses a r e  reducccl 

(not plotted ior No. 3, but apogee decrease aft:; injection was oniy akout 3 Om; 

(2) angle of a t t ack  a t  high heating is increased; (?) peak al t i tude for the  optimal 

t rajectory is reduced. 
1- 1 



Trajectories No. 1, No. - , and No. 3 are all optimal for the  assigned injection conditions. 

Computed payload capability was about 3% less than t h e  global optimum tra jectwy 

(the optimal trajectory with optimal injection conditions). These trajectories were com- 

puted without lift; the vehicle characteristics table  included only a drag table. This 

is a common practice for normal ascent trajectories where l if t  is not impwtant  but 

i t  is incorrect for these suppressed trajectories. Trajectory No. 4 (Figures 12, 13, and 

84) was computed with the appropriate l if t  and drag tables for the second stage. The 

-'mple targeting algorithm used in this trajectory routine does not correct for second 

:age lift; as a result the  injection path angle increases t o  2.5 degrees and the  transfer 

c. bit apogee is too high. This slight error i s  not important to the analysis of suppression. 

The peak altitude of No. 4 is still too high, being nearly 90 km. Achieving the desired 

trajectory suppression requires a non-optimal boost trajectory. Trajectories No. 5 and 

No. 6 were computed with boost suppression. No. 5 was not plotted; No. 6 achieves 

the  desired degree of suppression as shown in Figures 15 and 16. 

The payload loss due t o  suppression is  about 7%. A JSC trajectory similar t o  No. 6 included 

a deeper dip into the  atmosphere before injection and exhibited severe heating. Trajec- 

tory No. 6 has a maximum high-mach dynamic pressure of (70 psf); the  heating is  comparable 

t o  entry heating. 

Trajectory No. 6 is recommended as an interim alternate reference trajectory. At such 

t ime as further HLLV study work is done, a more sophisiticated trajectory program 

(POST) should be used t o  optimize the suppressed trajectory subject t o  the appropriate 

dynamic pressure, angle of at tack,  and altitude constraints. 

Pertinent statistics for trajectory No. 6 are given in Table 1. 



FIGURE 1 

~ ~ ~ f l ~ @  SPS Heavy Lift Launch Vehicle Trajectory 
SPS and Exhaust Products Data 

ALTERNATE TRAJECTORIES CAN BE CONSlDEHED WITH LOWER INSERTION ALTITUDES IF 
ENVIRONMENTAL CONSIDERATIONS DEEM NECESSARY 
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FIGURE u HLLV SUPPRESSED #4 
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TABLE 1 

LIFTOFF MASS: 10,975 Metr ic  tons 

TILT: 82' 

MAXQ: 38.8 kpa (811 psf )  

STAG I NG : 

VRel = 2236 m/s (7337 f t /sec)  

H = 42 km (137,000 ft) 

3 = 7.56 deg. 

PEAK ALTITUDE: 75.47 km (247,672 ft) 

INJECTION: 71.8 km (235,793 ft) 

MAXQ AT HIGH HEATING 3.35 kpa (70 psf)  ( a t  Mach 22) 

INJECTION PATH ANGLE - 2.56 Deg 

INJECTED MASS = 840 tons (1.852 x lo6 l b )  

CIRCULARIZATION PROPELLANT = 30.2 t o m  (66,580 1 b) 

NET PAYLOAD: 379 tons (836,200 l b )  (optimal (unconstrained) t ra jec to ry  y ie lds  

420 tons) 



This report presents the resul ts  o f  a f iveinan week e f f o r t  t o  develop two 

conceptual designs of an Offshore Space Center f a c i l i t y  and t o  establ ish 

preliminary cost estimates f o r  each. This e f f o r t  was performed by Brown 8 Root 

Developnent, Inc. frr the Boeing Aerospace Canpany (Seattle, Washington) as a 

sub-contractor under contract N-A53036-9178 with the National Aeronautics and 

Space A&ni n i s t r a t i  on, john sot^ Space Center i n  Houston, Texas. 

This p re l  iminary invest igat ion conducted i n  September, 1979 was 

restructed t o  two of several possible offshore design concepts. The resul ts  

w i l l  provide guidance f o r  fu ture study and developnent o f  an optimal Offshore 

Space Center configuration and design. 
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EXECUTIVE SUWARY 

Significant Results of the OSC Study 

1. The OX is feasible technically and wwld take apprcximately 6 years 

fran conceptual design to completion. 

2. The total installed cost estimates are $3,005,000 for the m r e d  

semi-submersible OX and $3,917,000 for the stationary pile supported 

OSC. Runway cost for each is a significant cost driver. 

, 

3. The equi torial-based OSC concept has real benefits: 

a 20 percent more payload to ecliptic plane 

1 per cent more initial rotational speed of earth 

Central location for transportation 

Isolated from people, environmental effects 

r Independence of foreign control 

r Acceptable site(s) do exist 

Mild climate with excellent weather and orbital windows 

4. Additlon~i work needs to be done on 

r Other concepts and combinations 

r Optimazation of OSC facilities and supports 

r Development of life cycle costs 

r Impact of the OSC on the NASA space program 
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1.0 INTROOUCTION 

A study t o  develop concepts f o r  an Offshore Space Center (OSC) 

f a c i l i t y  f o r  the National Aeronautics and Spcce Administration 

(NASA) was performed by Brown & R o o t  Oevelopnent, Inc. The OSC study 

included two coaceptual designs o f  an offshore launch ins ta l la t ion .  

Preliminary cost estimates were generated for each o f  the two 

designs consi dered. 

The two concepts considered are a moored semisu>mersible OSC and a 

stationary, p i l e  supported OSC. Each f a c i l i t y  included the necessary 

features of a space center complex such as a 15,000 foot  long 

runway, three 1 aunch platforms, fue i and cargo areas, dockage, an 

airport, a control  and operations center, and other support areas. A 

schenatic of the proposed OSC f a c i l i t y  i s  shown i n  Figure 1.1. 

The f a c i l i t y  was arranged to  accanmodate a two-stage winged 1 aunch 

vehicle o f  the type shown i n  Figure 1.2. Both launch and landing 

loads o f  each stage were considered during development o f  the 

support. The offshore envi rorment and other operational requi renents 

were analyzed t o  establish the f e a s i b i l i t y  of the conceptual design. 

BACKGROUND 

NASA has been involved fo r  several years i n  the stday of large solar 

power sate1 l i t e s  (SPS) using solar arrays located i n  geosynchronous 

orb i t .  Such solar power collected i n  space can be beamed with 

microwaves to an earth based rectenna which can then supply 

e l e c t r i c i t y  to the u t i l i t i e s '  power grid. The construction o f  
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these s a t e l l i t e s  using mater ia l  from earth requires the 

transportat ion o f  large quant i t i es  o f  mater ia l  t o  o rb i t .  A f u l l y  

reusable 1 aunch vehicle would be an economic necessity f o r  such a 

scenario t o  ca r r y  the cargo f o r  any p ro jec t  which i s  as massive as 

an SPS system. 

Selection o f  the launch s i t e  a f fects  the launch and ~ r b i t  t ransfer  

costs considerably. For exanple, approximately a 20% improvement i n  

payload t o  geosynchronous equatorial o r b i t  ( ac tua l l y  the e c l i p t i c  

plane) can be achieved by moving the launch s i t e  from 30' l a t i t u d e  

t o  near the equator. The near equator ia l  s i t e  offers the feature of 

a launch opportuni ty every 90 minutes, where the 3c0 l a t i t u d e  s i t e  

allows only two launch opportuni t ies per day. This operational 

f l e x i b i l i t y  o f  the equator ia l  launch s i t e  may s i g n i f i c a n t l y  reduce 

the operations and the f a c i l i t i e s  costs. 

Since the United States does not have t o t a l  and d i r ec t  cont ro l  o f  

any land i n  the equator ia l  region, an ocean i n s t a l l a t i o n  outside any 

t e r r i t o r i  a1 waters i s  desirable. Such an i n s t a l  1 at ion may minimize 

p o l i t i c a l  problems and w i l l  provide fo r  easy access by using ocean 

transportat ion. Access by ship i s  very desirable since most o f  the 

items involved i n  a p ro jec t  such as SPS construction w i l l  be large 

and may be delivered from anywhere i n  the world. 



Several other advantages inherent i n  an of fshore 1  aunch f a c i l i t y  o f  

t h i s  type are: 

e Reduced a i r  and noise po l l u t i on  t o  a  populace i n  the denser a i r  

found offshore 

0 Greater w i n g l i f t  f o r  the SPS launch vehic le stages and :pace 

centef supply planes 

0 Bet ter  cont ro l  on l and ingo r  reen t ry  i n  s u c h a i r b y p l a n e s o r  

1  aunch vehic le stages 

Increased a i r c r a f t  engine ef f ic ienc ies and less engine e f f o r t  

are possible. 

Chemical po l l u t i on  o f  the a i r  i s  a  greater problem on land than 

offshore because of the proximity of the population. A key concern 

f o r  persons i n  the f l i g h t  path of the space shu t t le  or a s im i la r  

vehic le i s  safety. Objections have been expressed wi th  increasing 

frequency and fervor  by the publ ic  on F lo r ida 's  East Coast about the 

t ra jec to ry  o f  sane o f  the planned launches. An ocean s i t e  w i l l  

minimize such pub l i c  resistance and possible c o n f l i c t s  w i th  a i r  

f l i g h t  patterns. Interference with a i rpor ts  w i l l  be avoided and the 

reduction a t  crash danger !s evident wi th  the offshore concel t. 

The OSC structure a t  the specif ied area i n  t h i s  study would not 

degradate ex is t ing  f i sh i ng  grounds, shipping 1 anes, or rect.eationa1 

areas. I n  fac t ,  such structures t y p i c a l l y  act as an a r t i f i c a l  reef, 

a t t r ac t i ng  and supporting aquatic l i f e .  F 'sh  . - opportuni t ies may be 

enhanced and bath extensive and intensive mar, . ; tu re  are 



possible additional benefits that may be derived fm the offshore 

canplex. Natural water currents and tides would not be inhib i ted nor 

m u l d  the ocean environnent be signif f  cantly threatended frcm such 

act iv i ty .  

The f a c i l i t y  would be modular i n  construction and an ocean s i t i n g  

mwld permit unlimited e.tcpansion o f  additional f a c i l i t i e s  as 

required. Construction of addit ional modules need not in ter fe re  with 

f l i g h t  operations. Upon completion such modules could be towed t o  

the colaplex and connected. 

083ECTI VES 

The OSC Study was undertaken to  establish a credible data base for  

costs o f  an offshore canplex. An objective was to  define two 

conceptual structural designs fo r  ins ta l la t ion  i n  a location near 

the equator i n  Paci f ic  Ocean waters 600 feet deep. This depth i s  

assmed to be typical f o r  the Paramount Seamount location. The 

analysis includes an estimate o f  tk e i g h t  and cost far the OSC 

f a c i l i t i e s .  The types of f a c i l i t y  concepts considered are: 

1. Semi-subnersible moored platform 

2. Stationary platform with p i l ings  or other structure supported 

by the sea bed 
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1.3 SCOPE 

These conceptual designs are of necessity l im i ted  i n  scope. Both o f  

the proposed conceptual designs were developed for the 600 foo t  

water depth. Design variations fo r  other depths ar? not w i th in  the 

scope o f  t h i s  e f fo r t .  Greater depths would have a s ign i f i can t  

escalating effect or! costs (par t i cu la r ly  the pile-supported concept) 

and would necessitate a1 ternat i on of the designs. Costs increase 

rap id ly  (non-linearly) wi th depth o f  water. 

The proposed conceptual designs are used only for the estimation o f  

cost data. Costs are estimated f o r  fabrication, construction and 

i ns ta l l a t i on  o f  00th OSC conceots. 

The f a c i l i t y  uses marine construction technology, cnateri a l r ,  

manufacturing techniques, and i ns ta l l s t i on  methods which are 

current ly  available or expected to be available fo r  the projected 

1985 construction i n i t i a t i o n .  Additional technical developnent i n  

sane areas could benef ic ia l l y  impact the design and associated costs. 

2.0 DESIGN REQUIREMENTS 

For th i s  study, the design requirements encompass the st ructura l  

design concepts, speci f ic  f a c i l i t y  features, launch s i t e  

environmental parameters, and operational lIq3ds and requirements. 

Each OSC concept was developed to the conceprual design stage wi th 

respect to these established guide: i nes. Developnent o f  a design was 

conducted only to a point, whereby preliminary cost estimates could 

be made. 

A 



The launch center arrangeme& was configured to  handle two stage 

heavy l i f t launch vehicles (HLLY) which take o f f  v e r t i c a l l y  fm a 

launch pad. The f i r s t  stage (upon txpenditure of i t s  propellant, a t  

about 200 railes down range) returns and lands on the runway much as 

an a i r c r a f t  muld. 

The second stage continues i n to  orbi t .  It returns f m n  o r b i t  and 

1 ands a f te r  the payload i s  delivered. Launch rates current ly  being 

considered are two f i  ights per day, 5 days a week, using a launch 

vehicle which del ivers approx h a t e l y  1,000,000 pounds of payload t o  

low earth o r b i t  per f l i g h t .  

The OSC mist be able to  handle the expected rocket, airplane, and 

ship t r a f f i c .  Primary considerations i n  the design o f  any offshor? 

structure are (1) depth of water, (2) weather conditions, (3) 

protect ion of the enviroment and ecology, (4) wave effects, and (5) 

econanics. For f l oa t i  n j  structures, the design must assure 

f l  oatat i  on, anchorage and the connection of the f loat ing modules, 

Vessel s t a b i l i t y  and the motion responses i n  the waves ara key 

design concerns f w the moored OSC concept. While runways need not 

be per fzc t ly  f l a t  and level, variations i n  tho longitudinal grade 

w i  11 increase the required 1 anding distances. 

Another desi gn consideration for any o f f  shore concept i s  

maintenance. Any f i na l  design must re f l ec t  an e f f o r t  to minimize the 

cost of maintenance. The design should re f l ec t  the state o f  

developrrent of current ly possible i ns ta l  1 a t i  on methods. 
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2.1 L U C H  SITE ENV1RO)llrlENT 

The OSC should be f u l l y  operational w i th in  expected operating 

envi roments and must survive expected extrsse envi roments. 

Possible enviromental design c r i t e r i a  considered during a 

prelim! nary design study may include currents, waves, winds, tides, 

storns (cyclones, typhoons, and hurricanes), tsunanis, and possible 

earthquake disturbances. Loads caused by sane o f  these natural 

occurances are especially c r i t i c a l  for the anchorage system o f  the 

f loa t ing  OSC f a c i l i t y  while others may be more c r i t i c a l  to  t!te p i l e s  

supporting the stat ionary design. 

A detailed design of the OX requires tk kncwledge o f  t i d a l  ranges, 

currents, waves, and swells (including directions, and wave lengths, 

heights, and frequencies), s o i l  characteristics o f  the bottan, water 

depth, and meteorological data covering winds and temperature. 

Two near-equatorial s i tes i n  the Pacif ic Ocean have b e e  reviewed by 

the Johnson Space Center, NASA-Houston and appear to offer possible 

advantages over launch fran the Kennedy Space Center i n  Florida. 

These s i tes (shown i n  Figure 2.1) are: Paramount Seanount at   ON, 

91% and V i l  lalobos Seamount at  ON, 111'~. The Parmount 

Seamount minimun water depth i s  about 570 feet and Vi l la lobos i s  

about 2640 feet  below the surface of the Pacific. The S o t t a  i n  both 

o f  these locations i s  considered by geologists to be so l i d  rock, 

with a fen feet  o f  sediment covering the surface. 

-9- 



The weather i n  th i s  area has been detemined by NOPA t o  be w r y  

mild, with da i l y  temperature maximuns o f  8 8 ' ~  and minimuns o f  

66%. Light  winds are typical  o f  the area. Yave heights are 

t lypical ly below 4 feet  for 19M or more o f  the time and wave heights 

higher than 12 f~c& & ? ~ e  never been observed i n  these areas. Sea 

swells frw distant antarct ic s t o m  could be significant, hmever, 

since the t yp i ca l l y  large structures w i l l  have natural periods 

nearer those o f  swells than those of waves. 

Tidal waves are t yp i ca l l y  o f  very law anplitude due to  the general 

water &pth i n  the area and very long wave length. Tidal waves 

increase i n  height and have a shortened wave length as they run up 

i n to  i ha l l owa  water. The current i n  tk area i s  t yp i ca l l y  low at  

about 1/2 mph, but occasionally, with the sh i f t  of the Htinboldt 

current, can be as 1 arge as 1 mph for extended periods. 

2.2 ~ ~ C T U ~ A L  DES:GN CONCEPTS 

Conceptual designs were developed for each type of OSC. The basic 

arrangements are show i n  Figure 2.2. A p i l e  supported canplex wi th 

sane modules which are f loa t ing  and a semi-suhersible structure 

which i s  f loa t ing  and moored have both been considered. 

The bottan o f  steel (elevation of the lawest horizontal steel 

members) f o r  the runways and taxiways fo r  the p i l e  supported concept 

was specif ied to  be a t  an elevation ~f ten (10) feet above the 

maximun uave height for 100 year storm condition with surge and 

t ide. The -unway to support the landing of the HLLV stages i s  sized 

to be 300 feet wide and 15,000 feet long and w i  11, of necessity, 

contain extra structural support i n  the area o f  touchdown. 
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The launch platforms are mobile and able t o  carry the unfueled 

vehicle with up to  a one-million pound payload t o  the launch site, 

erect the vehicle, fue l  it, re t rac t  the erection system, and support 

launch. Maximum 1 anding loads impacting the runway and launch 

platform loads are presented i n  Section 2.4. Specific requirements 

o f  support f a c i l i t i e s  are included i n  the fol lowing section on 

f a c i l i t y  features. 

2.3 FACILITY FEATURES 

This study involves only the conceptual design o f  the OSC structural  

support, although consideration i s  given to  the f a c i l i t y  features 

which w i l l  be supported. 

The design o f  the features required at such an ofCshore space 

canplex are based upon several factors. Consideration of the various 

factors a1 lows the canpi 1 ation of required design features. A f u l l  

1 i s t  of  the major cmponnents o f  the OSC and dimensions o f  each are 

presented i n  Table 2.1. 

The f a c i l i t y  i s  layec! out to  minimize possible con f l i c t  with 

a i rc ra f t ,  the SPS launch vehicle, and the fuel  and personnel 

f a c i l  i t i e s .  Runway approaches and takeoffs are directed away from 

potential  dangerous areas such as the fuel  storage area. 

A runway, a taxiway. and a parking apron are required fo r  the two 

stages of  the SPS 1 aunch vehicle and support a i rc ra f t .  A l l  other 

a i rport  requirements are inherent i n  th i s  design such as: 
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(1) navigational aids, (2) l igh t ing ,  (3)  canmunications, and (4) a i r  

t r a f f i c  control  f a c i l i t i e s .  A computer operations center i s  included 

i n  the a i r  t r a f f i c  and launch' contro l  module. 

Cargo and mai l  f a c i l i t i e s  are provided at  the a i rpor t .  Container 

yards, r o  11 -on/ro 11 -off areas, cargo hand 1 i ng and 1 i ghter aboard 

ship systems are included. A nearby loading area wi th two 1.7 

m i l  1 ion pound capacity ( o f  135 fee t  hook height) cranes handles the 

a i r  and sea cargo shipnents. 

A seaport allows dockage of the ships which car ry  launch payloads, 

supplies, and other materials. Base maintenance and serv ic ing 

f a c i l i t i e s  and a repa i r  f a c i l i t y  including a machine shop. an 

e l e c t r i c a l  shop, and a paint  shop are needed f o r  the OSC. The 

repair,  maintenance, and checkout f a c i l i t i e s  are incorporated i n t o  

an indust r ia l  area module. 

Dockage at a speci f ic  s i t e  i s  included f o r  the launch platforms. 

Propell ant supply connections are avai lable at each dock. The 

hydrogen production and 1 i qui d oxygen production areas w i  1 1 each 

support chemical processing plants. A f ue l  f a c i l i t y  wi th dockage and 

t ransfer  connections fo r  a large methane or LNG tanker i s  included 

i n  the canplex. 

Emergency f a c i l i t i e s  such as a f i r e  s tat ion with f i r e  contro l  un i t s  

are included i n  each f a c i l i t y .  The hotel area houses the hospital  

-14- 
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and equipment needed f o r  platform and sea crashes and other 

po tent ia l  accidents. A base secur i ty  s ta t ion  i s  included wi th  

appropriate a i r  and sea defensive eguipnent t o  prevent sabotage. A 

nearby power s ta t ion  provides the needed base power f o r  operation 

and u t i  l i t i e s .  

A 'hote l '  capable o f  accommodating 10,006 persons will provide 

l i v i n g  f a c i l i t i e s ,  food preparation and cafeter ia, sani tary 

f a c i l i t i e s ,  and recreat ion on the complex. Stores and a f resh water 

supply are included i n  t h i s  area. A waste disposa: and sewage 

treatment p lan t  i s  required nearby. 

-15- 



AREA 

TABLE 2.1 - OSC FEATURES 

APPROXIMATE 
QUANTITY SURFACE AREA 

1. Runway 1 300' x 15,000' 

2. Industr ia l  Area 1 
( including Maintenance, 
Checkout and Repair 2nd 
Observation Tower) 

Loading Area (with cranes) 1 

Launch P l  atf o m  2 + Spare 

Fuel F a c i l i t y  1 + Spare 

Hydrogen Product i on 1 + Spare 

Liquid Oxygen Production 1 + Spare 

Ai rpor t  Terminal , Control 1 
and Operat i on Center 

Power Station, Shop and 1 
Repair Faci l i ty ,  and 
Base Maintenance 

L iv ing F a c i l i t i e s  1 

Docks 2 

~aunch Site 2 

13. Tug TankerjBarge 4 
(For Cryogenic Wrjrk) 

1100' x 9001(x 150' high) 

300' x 1100' 

500' x 500' 

loo'  x 100' 

200' x 200' 

200' x 200' 

200' x 300'(x 7 stor ies) 

200' x 30O8(x 3 stor ies)  

400' x 400i(x 12 stor ies) 

200' x 1200' 

Dock (200' x 300 ' ) 
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2.4 OPERATIONAL REQUIREMENTS 

Certain operational requirements have been imposed on the OSC 

design. These requirements determine the support s t ructure design o f  

each o f  the areas speci f ied i n  the previous section. The surface 

area required f o r  each -o f  the  OSC features i s  presented i n  Table 2.1. 

The USC aligrment r e f l e c t s  the d e s i r a b l i t y  o f  a l i gn ing  the runway i n  

the d i r ec t i on  o f  the p reva i l i ng  winds and currents. Likewise, i t  i s  

custanary t o  have the p reva i l i ng  winds blowing a ship o f f  o f  a dock 

and the f a c i l i t y  has the dockage al igned accordingly whenever 

possible. Both o f  these factors  determine, t o  an extent, the general 

o r ien ta t ion  of the  OSC shown i n  Figure 1.1. 

Provisions w i l l  be made during f i n a l  design of the runway f o r  the 

containment o f  a i r c r a f t  and SPS 1 aunch vehic le stages t o  prevent 

them f ran  going overboard. The strength o f  runway surface and 

plat form substructure f o r  various features o f  the marine f a c i l i t y  

are determined f ran  expected a i r  vehic le loadings. The maximum I 

landing load (estimated by NASA a t  2.5 m i l l i o n  pounds) w i l l  be f o r  

the booster stage o f  the launch vehic le  which weighs about three 

times as much as a Boeing 747. Both the f i r s t  and second stages have 

a touchdown ve loc i t y  of  approximately 150 knots. 

The 1 aunch plat form supports the f u l l y  fueled launch vehic le and 3 

one m i l l i o n  pound pay load. This i s  a f l o a t i n g  p la t form f o r  both OSC 

s t ructura l  concepts and serves i n  an addi t ional  capacity as the 

-17- 
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1 aunch vehic le transport. The chemical processing p lan ts  ( i n  both 

the hydrogen production and the l i q u i d  oxygen production areas) each 

weigh ten m i l l i o n  and the power p lan t  f a c i l i t y  weighs ten m i l l i o n  

pounds. 

3.0 STUDY METHO00 LOGY 

A study methodology i s  required t o  al low r a t i o n a l  program decisions 

regarding order o f  magnitude cost estimation of conceptual designs 

w i t h i n  the program requirements. For both 3SC concepts, the costs 

are estimated f o r  the assuned cocceptual design developnent, the . 
construction, and the deploynent of the OSC. The estimated costs ( i n  

1979 doll airs) are based on background and h i s t o r i c a l  data coupled 

wi th  assumpti ~ n s  atout the Cl t ta i l  o f  required conceptual design 

developnent . 

I f  the SPS program proceeds, a s ignf icant f rac t ion  of the United 

States productive capacity w. I1 be involved. I t  i s  desirable tha t  

the po ten t i  a1 supplies o f  a l l  items required be read i l y  ava i lab le  t o  

fos te r  a canpet i t ive  enviro,unent and minimun cost for  system 

acquis i t ion.  With t h i s  i n  mind, the concepts are constructable i n  

modular forin wi th  t yp i ca l  r i  ar ine construct ion techniques. Foreign 

1 

! f a c i l i t i e s  may be considered, using the OSC s i t e  f o r  f i n a l  assembly. 

Both OSC concepts w i l l  involve sane development o f  ex i s t i ng  of fshore 

technology i n  order to  r ea l i ze  a pro ject  of t h i s  magnitude. The 

conceptual designs are w i th in  the state-of- the- i  -t technolog ica l ly  

I and a capab i l i t y  ex is ts  t o  estab l ish such a complex at  a s i t e  near 



the equator. A knowledge o f  developments i n  both marine ind a i r p o r t  

p r o j e c t s  i s  important t o  the .advancement o f  an OSC design beyond the 

conceptual phase. 

3.1 CONCEPTUAL DESIGN APPROACH 

I n  the conceptual phase of the OSC design, numerous t rade-of f  

studies w i l l  be required t o  a r r i v e  a t  the most promising so lu t ions 

f o r  f u r t h e r  developrent o f  a design s u i t a b l e  f o r  cost  est imations. 

I n  f u t u r e  studies, recources should be focused on s p e c i f i c  design 

issues and engineering d e t a i l s  t o  es tab l i sh  a wel l  det ined OSC.  he 

scope o f  t h i s  work does l i m i t  the design e f f o r t  t h a t  t h i s  program 

can expend t o  ensure an e f f e c t i v e  means of est imat ing costs. 

Two OSC concepts have been suggested by NASA and a canceptual 

design approaches have received considerable a t t e n t i  on. Establ  i shins 

general guidel ines, t h i s  study proceeded to  i d e n t i f y  ba:el i ne  

designs f o r  both of the suggested concepts. Proposed subsqsterns were 

evaluated to determine i f  they meet OSC system requirements f o r  

techn ica l  f e a s i b i l i t y ,  a v a i l a b i l i t y ,  and deployment schedule. 

The question o f  concept d e f i n i t i o n  i s  broader than inay f i r s t  cane t o  

mind. I n  add i t ion  t o  design conf igurat ion,  included are the methods 

o f  f a b r i c a t ~ o n ,  construction, and i n s t a l l  at ion. The design 

conf igurat ions have been sized f o r  the operat ing loads. OSC 

sllh'ystems ictn;-act w i th  the conf igurat ion i n  terms o f  loads induced 

on each other and the in ter faces requir2d. Thus, concept synthesis 

requires consideration of a l l  phases o f  the design process. 



The design approach assunes that a system o f  modular structures 

using standardization o f  construction, material, and i n s t a l l a t i a ~  

techniques i s  the most cost ef fect ive qethod o f  producing the OSC 

f a c i l i t y .  Si te selection f a r  both types o f  offshore structures and 

u t i l i z a t i o n  0.' appropriate transportation f a c i l i t i e s  are assmed 

optimal i n  the d e s i ~ n  approach. 

The OSC configuration i s  based on wind, nave, clacking, and landing 

loads. Base operations and buffer zone areas are important 

considerat:om i n  the layout as w e l l  as the log is t ics  o f  

transportation and t raf f ic .  An additional design input i n to  the OSC 

configuration i s  the technology o f  offshore ins ta l la t ion  methods. 

A c r i t e r i a  was established to  develop a conceptual design f o r  a 

p i led  jacket concept and the moored semi-subnersible concept. OSC 

features were arranged to  get optimum use fran the supports i n  each 

case. 

Stationary platforms were estab!!'skd fo r  a l l  features and the 

nunber required fo r  each were estimated f rwr the predicted weight 

and surface area requirements. The Launch Platform and Tug Tanker 

Barges were considered semi-submersibles for both OSC concepts. 

Typical jacket  structures normally used i n  600 feet of water were 

assumed fo r  the p i led  j x k e t  cancept. 



The semi-subersible configui-ation was developed fran the design and 

enviromental paraneters assuned i n  Section 2.0. Conceptual colunn 

design, pontoons, and deck design far  the runway and launch platform 

were established t o  develop a rough estimate o f  costs. The data f o r  

these platforms was then used to extrapolate costs f o r  the other 

semi -submersible modules based on area and loading. 

Relative motions of adjacent structures and between structures and 

the various vehicles required i n  the operation o f  the OSC nust be 

considered f o r  both structural loading purposes and for operational 

envelopes and analyses. 

3.2 COST DETERHINATIO94 

To make an equatorial launch s i t e  attract ive, a cost trade off 

between the OSC f a c i l i t y  construction cost, and the transportation 

o f  fuel, manpower and payloads to  the equator versus the improvement 

i n  payload and operatian expepses must be made. To determine 

f a c i l  i t y  c ~ s t s ,  a rough estimating methodology had to be developed 

to  determine the order o f  magnitude costs. 

The costs o f  the OSC f a c i l i t y  features have been estimated based on 

weight and area predictions. Experience with simi lar structures 

€:tab1 ished a background upon which the cost estimates were made. 

Only the costs of the f a c i l i t y  support s t r K t u r e  i t s e l f  (and the 



mooring system for the f loating concept) i s  considered; not those 

fo r  the equipment, tools, etc. involved i n  the launch operations. 

F a  exap le  the pcmr stat ion estimate does not include the east o f  

the pawe+ plant, only the cost of the area on *ich t o  i n s t a l l  the 

power generating equipent wi th adequate support to permit it t o  

function. 

M A  w i l l  estimate the costs of the necessary equiplent and other 

i n ~ t a l l a t i o ~ ~ s .  The OSC cost e s t i o t e  does include tk cranes i n  the 

industr ia l  area wb an estimate of costs for on-site cryogenic f l u i d  

delivery between the propellant facili+'es and the launch sites. 

This del ivery system mu1;r consist of a nrnber of suitable specialty 

barges and shutt le t - 4 s .  Use of t h i s  type o f  fuel transportation 

system m u l d  be store re l iab le  and cost effective (considering l i f e  

cycle costs) t h w  use of present subsea cryogenic pipel ine 

technclogy . 

The OSC cost estimates which apply to  tk f a c i l i t y  features are 

presented i n  Section 4.2. The extrapolated costs f o r  the 

seBi -submersiSle p la t foms (fm the runway and launch platform 

calculations) were f i r s t  d i rec t l y  ratioed to  the area required and 

then increased by a weight factor for heavily loaded platforms. This 

factor o f  1.8 was calculated by dividing the heavy launch platform 

cost by i t s  estimate. 



Estimates o f  cost are based on current experience i n  the fabr icat ion 

and ins ta l la t ion  o f  offshore structures. The costs are expressed i n  

1979 Q l l a r s  without adjustarents fa in f l a t i on  between now and the 

cap le t i on  o f  c ~ s t r u c t i a n  which i s  estimated to take six years frm 

the conceptual d e s i g  phase. 

4.0 RESULTS 

The e f f a t  expended to  develop two conceptual OSC designs and t o  

est.bate the i r  order o f  magnitude costs, established a data base 

from hi& to draw infatuation for fcrther, uore detailed studies. 

Both concepts are feasible and re la t i ve ly  inexperrsive considering 

the potential savings involved fm the estab l ishent  o f  an 

offshore-based launch caaaplex near the equator. The conept costs 

range fm 3.005 b i l l i o n  dol lars to  3.917 b i l l i o n  dol lars w i t h  the 

semi-subaerisble support structure being the less expensive. 

Hawever, discret ion should be u s d  i n  cowparison o f  the two figures. 

Neither conceot was optimized. fc rea l i ty ,  a tilend of tk types of 

supports wu'icl probably be cost effective. The OSC f a c i l i t y  cost 

could thus be reduced through further ocean systeras engineering 

studies, 

The f i n a l  conceptual design parameters are presented i n  Section 4.1 
I 

I and results of the cost analysis i n  Section 4.2. 



4.1 CONCEPT BASELINE DESIGN 

Two conceptual designs were developed for the O X  and each i s  

s i r i l a  i n  layout of the features, Both baseline designs u t i l i zed  

n d u l a r  constrwtion techniques which were feasible. Each conceptual 

design was developed only to a point where an i n i t i a l  estimation of 

costs could be achieved. 

The runway. floatation system, and mooring systems far the 

semi-shersib!e inoored platform concept i s  shom i n  Figure 4.1, The 

runway i n  part icular must be designed to  account for the variable 

water elevation a lmg i t s  length and t* moving load of the landing 

vehicles. Consideration must also be given to the la tera l  deflection 

o f  the structure alono i t s  length. If the structure cannot be 

designed i n  a prelirainrry engineering phase t o  accept the mments 

developed frols deflections, then hiriges must be incorporated i n  the 

structure to  rel ieve th is  loading. Other alternatives which might be 

investigated i n  further studies and which nay impact costs include 

active mooring winches or dynanic positioning equipnent to  rel ieve 

1 ateral def 1 ec t i ons . 

The airport, i n d ~ s t r i a l ,  md  other f a c i l i t i e s  i n  th is  design 

concept, shm i n  Figure 4.2 have been arranged fo r  e f f i c ien t  and 

cost ef f  i c t i ve  support. Since additional f a c i l i t y  surface area on 

the ocean translates into higher costs, the OSC was arranged t o  

minimize the supported areas. The launch platform concept w i l l  be a 

semi-submersible for both OSC concepts and i s  show i n  Figure 4.3. 
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The runway fa the stationary OSC platforin with p i l i n g  support I s  

rhown i n  Figure 4.4. The p i l e  supported OSC w i l l  require a higher 

elevation tbm the semi-suhersible due to varying t i da l  heights and 

swells. W.e runway must not be inundated during high seas and a 

level runway must be maintained fo r  safe 1 anding. The runway surface 

i s  designed to be 40 f&t above the mean water level and the 

pl at f  om supports are p1 aced on 300 feet centers. 

(i. 2 COST ANALYSIS 

Only preliminary (order o f  magnitude) cost estimates were perf onned 

f o r  eat3 of the two OSC concepts. Costs were estimated f o r  each 

f a c i l i t y  based on weight projections and area requirements for them. 

These cost e s t f  ates, based on U.S. manufacturing, are presented i n  

Tables 4.1 and 4.2, respectively, for the moored OSC design and fo r  

the stationary, pile-supported concept. 

The OSC f a c i l i t y  with semi -submersi b l e  support structures was 

estkated to cost $3,005,000 (including the mooring). Major cost 

drivers e r e  supports for the runway, industrial area, l i v i ng  

fac i l i t ies ,  and 1 aunch platforms. Runway estimates were based on a 

15,000 foot length, and costs are scaleable for it on the bas is  o f  

length. Need fo r  such a long rumay i s  questionable. A t  $95,500 per 

linear fat of 300 foot-wide runway, the costs could be reduced 

signi f icant ly through shortening i t s  l ength .  
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Since the launch platform i s  a semi-subnersible fw 43th fac i l i t i es ,  

i t s  cost estimate i s  identica; fo r  each concept. The 

semi-suhersible was estimated a t  143.2 mi l l i on  dol lars each and two 

plus a spare are required. Cost estimates for the l i v i n g  f a c i l i t i e s  

and indust r ia l  area were 203.7 mi l l i on  dol lars and 315.1 mi l l i on  

dollars, respectively. 

The stationary, pile-supported OSC was estimated t o  cost $3,917,000 

with cost drivers being the runway ($2 b i l l i on ) ,  the launch 

platforms ($429 mi l l ion) ,  the industr ia l  area ($400 mi l l i on )  and the 

docks ($320 mi l l ion).  The cost per foot f o r  the jacket-mounted 

runway was estimated t o  be $133,300. Again, a s ign i f icant  cost 

reduction could be achieved through optimization o f  the runway's 

length. However, a s igni f icant  canparision can be made on the runway 

cost per foot f o r  each concept. The jacket mounted cost can be more 

cmpetat i ve with the semi -submersible only through reduced water 

depth. 
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TABLE 4.1 MOORED SEMI SUBMERSIBLE OSC 
COST ESTIMATE 

FACILITY COST (Hf) 
NO. FEATURE 

ESTIMATE FACTOR QUANTITY COST (EA) TOTAL 

2. Industrial Area 
( including Maintenance, 
Checkw t, and Repair) 

3. Loading Area (with cranes) 

4. Launch Platform 

5. Fuel Facility 

6. Hydrogen Producti on 

7. Liquid Oxygen Production 

8. Airport Terminal, Control 
and Operation Center 

9. Pawer Station, Shop and 
Repair Facility, and 
Base Maintenance 

10. Living Facilities 

12. Launch Site 

13. Tug Tanker/Barge 

TOTAL Semi-submersible 
Supported OSC (including 
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TABLE 4.2 STATIOIIARY PILE SUPPORTED OSC 
COST EST IMTE 

NUHBER PER FEATURE FACILITY COST (a) 
AREA QUANTITY JACKETS BRIDGES FABRICATION INSTALLATION TOTAL 

1. Runway 1 .  40 40 $1400 S 603 $2000 

2. Indus t r ia l  Area 1 8 1 200 120 400 
( including Maintenance, 
Checkout, and Repair) 

3. Loading Area 1 2 0 70 30 100 
(wi th cranes) 

4. Launch Platform* 3 0 0 400 29 429 

5. Fuel F a c i l i t y  2 1 0 70 30 100 

6. Hydrogen Production 2 1 0 60 20 80 

7. L iquid Oxygen 2 1 0 60 20 80 
Product i on 

8. Ai rpor t  Terminal, 1 1 1 35 15 SO 
Control and 
Operati on Center 

9. Power Station, 1 1 0 45 15 60 
Shop and Repair 
Fac i 1 i ty, and 
Base Maintenance 

10. L iv ing F a c i l i t i e s  1 1 1 55 15 70 

11. Docks 2 3 2 220 100 320 

12. Launch Si te 2 1 0 70 30 100 

13. Tug TankerIBarge 4 0 0 108 20 128 

TOTAL Stationary Pi1 e 
Supported OSC 



I This design study has been performed t o  develop a conceptual 

Offshcre Space Center f ac i  1-i t y  f o r  NASA. Pre l  iminary estimates o f  

costs ( i n  1979 do1 l a rs )  were generated f o r  each of two concepts f o r  

i n s t a l l a t i o n  i n  600 f e e t  o f  water w i th  construct ion comnencing i n  

The conceptual design considered two base-1 i ne  designs: a f loa t ing ,  

moored, semi -submersible OSC, and a fixed, p i  le-supported OSC. Each 

of these feas ib le  concepts was analyzed for  costs of fabr icat ion,  

construction, and i n s t a l l a t i o n  using current  state-of-the-act 

techniques. An a r t i s t ' s  rendering of the proposed OSC conf igurat ion 

i s  shown i n  Figure 4.5. 

From the p re l im inwy  look a t  the two baseline design concepts and 

t h e i r  associated cost estimates o f  fabr icat ion, construction, and 

i ns ta l l a t i on ,  it shriuld be apparent t ha t  a mix o f  the two concepts 

[considered here) would be desirable. Overal l  costs o f  the proposed 

OSC f a c i l i t y  i s  bel ieved t o  be q u i t e  reasonable and a t t rac t i ve  

considering the advantages of such a project.  
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5.0 RECOE1#NDATIONS 

The U.S.A. ceeds an independent equatorial launch capability for tne 

stability and economics of our space program. This study is a first 

cut at estiraating costs, configurations, and facilities for an OSC. 

Further effort to define a pre:iminary design should be expected to 

-ring t 9  li$t additional technical difficulties to be resolved. 

As a result of the work performed on the conceptual designs and 

costing of the OSC facilities, several reconmendations can be made 

at this time for additional program efforts. 

For NASA to undertake a program to demonstrate the econanic 

viability of the OSC concept in an efficient and timely manner, both 

development of these concepts and of others (especial ly hybrids) 

m s t  be pursued. To examine each concept i n  terms of producing the 

m s t  cost-efficient concept should be an objective of further 

efforts with OSC studies. 

5.1 RECOWENDED CONCEPTS SFtlO I ES 

The conceptual design phase of this study only touched on two or' the 

possible concepts to instal 1 an OSC faci 1 i tj  near the equator. Other 

concepts, including dyn~mically positioned sem-submersibles, a 

shipshape OSC and combinatiorls of concepts may prove to be more 

econanical or desirable operational ly. 



A need t o  optimize the structural type o f  support and thus, the OSC, 

exists and fur ther  studies are required i n  tha t  area. Culrent 

advanco-s i n  the placing of decks 3n offs9ore structures should be 

investigated f o r  app l icab i l i t y  t o  the OSC i n  an e f f o r t  t o  achieve 

the most econmical system. Other signif icant develqnwnts i n  the 

marine industry could be cost effective. 

Considerations o f  shallow or  is land areas i n  the equatorial region 

could require co~lp lete ly  d i f fe rent  s t ructura l  concepts and could be 

even m r e  econanical. Possible p o l i t i c a l  problems could, however, be 

encountered uhich may great ly influence control  and ownership i n  

such areas. 

Hu l t ip le  uses o f  such a f a c i l i t y  should be considered t o  enhance i t s  

efficiency. Intensive and extensive mairculture could be employed i n  

conjunction with an CSC t o  better u t i l i z e  t h i s  a r t i f i c i a l  reef  and 

i t s  ocean resources. Adequate warm water year around, law waves, 8nd 

l i t t l e  seawnal var iat ion would be condusive t o  such a project. It 

i s  unl ike ly  that  the area would ever be threatened by a huge o i l  

s p i l l  because d r i l l i n g  i r r  the area i s  nonexistent. Since demand 

exceeds sup?ly i n  a market that  exists, such mariculture has the 

potent ial  o f  changing the world protein supply. 

The type of OSC structural and cperational cancept which i s  mcst 

feasible i s  e l l t i re ly  dependent on tke s i t e  selection, i t s  

environmental loads and Sottun condi ticns. As future s i t e  studies 

are  performed with additional def init 'ofi, other OSC designs may 

become feasible. 

-36- 
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5.2 REC@W@ED CONCEPT DESIGW DEFINITION 

A conceptual design only was performed on the two proposed support 

methods during this study. Further structural design efforts (M each 

concept to develop prel imintry designs are needed for a better 

definition of the 0%. A preliminary design effort should address 

such t-chnical difficulties as the maintaining level of the runway 

within tolerances to sinimize the length required. The straightness 

of the runway and the ability to withstand the moments reduced must 

be addressed in a preliminary design effort. 

Emergency requirements should be analyzed and considered carefully 

for illpsct o f  a design. Design goals should be established with 

regard to severe storms and potential reductions in risks achieved 

through incorporation of appropriate safety systems and procedures. 

C1 

An optimization of OSC design subsystems woulci be ver] beneficial 

for a clear view of the most economic, operationally acceptabl? 

.concept. Special attention should be given to critical subsystms 

such as the launch modules, mooring and dynamic positioning 

equipent, and to other mdules requiring extensive development of 

technology. A more detailed design synthesis is required to 

correctly trade-off tine different design concepts. 

Developnent of appropriate deployn-ent techniques and detailed cost 

analyses should be performed. The feasi b i  1 ity of  vorious subsystems 

sbould be established and dynamic model testing should be perfomed. 



Through various W prograas such as these, design data can be 

developed t o  ensure a v iable OSC f a c i l i t y .  

E f fo r t s  nust be made t o  locate suitable construction sites, 

establ ish the sea bottom topography, obtain s o i l  sanple data, and 

establ ish the design stonn and operating wave conditions. 

5.3 RECOWENDED CONCEPT EVALUATIW STW IES 

I n  order t o  establ ish a prefetred 3SC configuration, an evaluation 

o f  other prcinising concepts i s  jus t i f ied .  Further study e f f o r t s  of 

al ternate concepts ( h i c h  wek not wichin the scope of t h i s  prograsr) 

and a more &to !?Ed development o f  tire ex is t ing designs are needed 

t o  establ ish an e f f i c i e n t  OSC f a c i l i t y .  

Trade-cff studies on costs, and fabrication, construction, and 

i ns ta l i a t i on  procedures must be made t o  optimize the OSC oesign. 

Efivironnental and design c r i t e r i a  shouid be r e a l i s t i c a l l y  

&stab1 ished t o  r e f l e c t  study progress. Soi 1 borings t o  determine 

bottan conditions and s o i l  properties need t o  be obtained f o r  

fur ther  developnental engineering o f  e i ther  a p i  le-supported OSC 

concept or  a moored OSC concept. 

Once pre l  i m i  nary designs are developed f o r  a var iety  of concepts, 

then optimization, trade-off, and evaluation phases may be 

in i t ia ted .  An ~ v a l u a t i o n  with less data could be meaningless, so one 

i s  cautioned about drawing s igni f icant  c~nclus ions from sl~ch. 

Systems need to  be developed so tha t  input could be easi ly  used i c  



the design trade-affs, i .e. space u t i  1 i ta t ion ,  loading, systems 

separation and in t c iac t i on  requirements, and p lan t  layout. 

The 0% nust be acceptable from technical and f inancial  aspects as 

well as p o l i t i c a l l y  i f  it i s  ever t o  become a rea l i t y .  A c r i t e r i a  

f o r  technical acceptabi l i t y  may include safety, operation 

efficiency, technical r isk,  ease o f  maintenance and probabi 1 i t y  o f  

need (such* as f o r  an SPS pro jec t j .  An acceptabi l i ty  c r i t e r i a  fw 

f inanc ih l  evaluation may include cost versu: revenues, 

accessibi l i t y ,  funct ional i ty ,  and ecenanic impact. Pol i t i c . . l  factors 

include: ship and a i r  t r a f f i c  patterns, job impact,'pol l u t i o n  

impact, and safety concerns o f  countries nearby would be important 

c r i t e r i a  f o r  evaluation. A determination o f  a single OSC f i i i l i t y  

which i s  technical ly feesib le and cos t -e f f i c ien t  could then be made. 



SPS DEVELOPMENT AND OPERATIONS SCENARIO 

This scenario i s  established as a basis for  estimating research, development, investment, 

and production costs for  solar power satellites. 

OVERALL PROGRAM SCOPE AND ASSUMPTIONS 

The SPS program is divided into f o w  phases: 

(1) Research: Thisphasewilladdressandresolveissuesof environmentaleffects,  

socio-economic factors, technical practicality and selection of cost-effective 

technologies, and will develop a comparative assessment of benefits at tendant  

to SPS relative t o  other  energy options. I t  will be comprised mainly of ground-based 

research, but certain flight projects a re  also required to  complete the  research. 

This scenario t rea ts  only SPS hardware and software research and research on 

support technologies such as space operations. Environmental research will be 

conducted in parallel with the  research described herein. Costs a d  schedules 

for environrnental research a re  not reflected in this  scenario. 

(2) Engineering Verification: T h s  phase will bring the  technology results of the  research 

phase to  a s t a t e  of iarge-scale developn-rent readiness. This means tha t  prototype 

subsystems will be developed ar.d tested, a s  will prototype production and operations 

processes. The products of this phase will be (a) specification for t he  demonstration 

SPS and all i t s  support system; (b) cost est imates for t he  demonstration and production 

SPS's and all  i t s  support system; (b) cost est imates for the  demonstration and production 

lines; and (c) firm development and risk management plans for the following program 

phases. 

(3) Demonstration: This phase will produce and test  a pilot plant SPS that  delivers 

power to  a commercial electric power net, in orcier to demorstrate  t he  operational 

suitability of SPS's for large-scale baseload power generation. 



(4) Commerciaiizatian: This phase will have two sub-phases insofar as oost accounting 

is concerned, investment in production and operat iom facilities, and recurring 

productim. The investments will be separately accomted,  but al l  investments 

will be amortized over t he  cost of production of SPS's. For purposes of this  scenario 

analysis, t he  producticn run will be sixty %gigawatt SPS's produced at a rate of 

two per year a f te r  t h e  first unit, which will be produced as a prototype in one 

year. 

The following assumptions a re  employed in the construction and analysis of this  scenario. 

(1) The commercial SPS's are t h e  DOENASA silicon photovol taic reference system. 

The main features of this system are: 

(a) Silicon solar array without surlight concentration, employing 50-micrometer 

single crystal silicon solar cells with 75-micrometer glass coversheet and 

50 -micrometer glass substrate. 

(b) Graphite composite solar array and transmit ter  support structure. 

(c) Electronically-steered phased array microwave power t ransmit ter  employing 

a 10-db truncated Gaussian illumination taper  on a I-kilometer aperture. 

The power beam is focused a t  t he  ground receiver by a spread-spectrum 

retrodirective act ive phase control system. The power beam baseband i s  

synthesized from the  spread-spectrum uplink, amplified by 70- KW RF klystron 

power amplifiers, and radiated by a slotted waveguide antenna. 

(2) Th2 SPS's a r c  assembled by a construction base in geosynchronous orbit. SPS components 

and subsystems a r e  fabricated on Earth, shipped t o  low orbit by HLLV, and transported 

to  CEO by an electronic orbit transfer vehicle (EOTV). Assembly and test of subsystems 

and components a r e  performed on Earth ~p :n t h e  limits imposed by capabilities 

of the transportation system. 

(3) Space crews are transported to  and from low orbit by a modified space Shutt le  

and between low orbit and geosynchronous orbit by a high-thrust orbit transfer 

vehicle. Crew duty periods a r e  nominally 91 days, resulting in four c rew exchanges 

per year. The total  time spent in space by a crewperson is 95 t o  100 days including 

transportation periods. 2-2 



(4) Decisions to ini t iate  subsequent program phases are incrementally made as neces- 

sary to avoid schedule delays. As an example, if a proto-flight klystron were needed 

two  years into the  engineering verification program, its development could be 

initiated during the  research program at such t ime as a decision between klystrons, 

magnetrons, solid state, etc., could be made based on research results. 

5 Development costs for potentially multipurpose space systems such as manned 

OTV's and a reusable Shutt le  booster a r e  accounted in this  scenario as SPS costs. 

RESEARCH PROGRAU 

The research program has been presented in detai l  in t h e  Research Planning Interim 

Report, Boeing aocument Dl80-25381- 1, published in July, 1979. Although further iterations 

and updates on this  planning da ta  will be necessary, t he  plan as represented therein 

i s  considered adequate for this scenario. The plan includes over 150 ground-based research 

tasks, plus certain high-priority flight research tasks: 

(I) A large aperture phased array technology satel l i te  (LAPATS). 

(2 )  A beam-builder and solar array cieployment test Shutt le  flight. 

(3) A Shuttle sort ie  t o  test plasma effects ,  including a high voltage solar array test 

and an electric (ion) thruster test. 

Principal decision milestones of tk research activity a re  shown in Figure 1. Detailed 

schedules supporting these milestones a r e  c o n t a i ~ e d  in the  referenced aocument. The 

schedules upon which these milestones a re  based were constrained by assumed funding 

availability . . . t he  related funcfing vs time curve is shown in Figure 2. 

ENGINEERING VERIFICATION PROGRAM 

The engineering verification program has been subjected t o  less arialysis than the  other  

SPS program phases. Typical sctivities a r e  surrrrt~arized in Table I. A comprehensive 

analysis remains +o be conducted. 
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TABLE 1 

REPRESENTATIVE ENGINEERING VERIFICATION ACI'IVITIES 

- 
DURATION 

ISSUE TASK FACILITIES REQUIRED 
--- 

(YR) 

I - 1 Solu  array = cost, quality 

1 -2 Solar array packaging and 
development 

Develop and operate pilot 
production line 

6 Production equipment (to be 
developed) and f loot space = 
1000 M2 

Develop packaging and deployment 5 LEO Development Lab; Shuttle 
systems; flight test 1-biW array* (2 flight) 

1-3 HV solar array operation and o Test array panels a t  CEO 
degradation at GEO, annealing 

o rceturn samples t o  LEO and 
N anneal 
I 
m 

1-4 Solar array design cri teria Analyze results and prepare 
criteria and specifications 

5 Shuttle; manned OTV 

2 
f! 

Manned OTV and LEO Develop- 9 ment Lab 

2 None 
I 
rS 

2- 1 Fluid and thernral systems 

o Heat rejection, - 
reflectivity 

o Fluid containment 

o Degradation 

o Lab test prototype hardware 4 Existing 
elements 

o Flight test  same 3 Shuttle, LEO Development Lab, 
Manned OTV 

-- - - - 

+ Array to power 173-1 in addition. 





TABLE I (continued) 

REPRESENTATIVE ENGINEERING VERIFICATION ACTIVITIES 

---- 
DUKATI0i.j 

ISSUE TASK (Y K) FACILITIES REQUIRED 

4- 1 Predictability of large space o Design test large space 
structures dynantics s t ruc ture  (= 109 x 1000 kl) 

1 None 

o Conauct dynamics analysis 1 None 

o Fab in space and test 3 Shutt le  and LEO Development Lab 

4 -2 Structurcll systems' production Develop and rest  structura! 3 Eguipment t o  be developed and = 
cost  elements  pilot production live 200 M2 floor space 

N 
5-1 ibaterials  degradation in Test materials  in CEO environment 5 Shuttle, LEO Development Lab 

ac ruai environrner~t and manned OTV i 
5-2 !viaterials production economics Develop and test pilot production 4 Equipment t o  be developed and 

lives for cost-critical mater i s l s  floor space = 2000 MZ 

5- I Controllability of large 
structures 

5-2 Electr ic  thruster/plasma/ 
magnetic  interactions and 
control influences 

Analyze results of 4- 1 and develop 2 None 
control hardware 

o Build and test experiment  4 (design 
system at LEO and CEO and dev.) Space shuttle, LEO D e v e l o p m a ~ t  Lab 
(combine with 1-2, 3-1, 

and 4-1) 2 (flight Manned OTV 
t es t )  

o Analyze control influences 2 Nore  

5-3 Software/hardware QC, QA, Analyze sof tware/hardware and 2 None 
redundancy ana prouuction cos t  se lec t  most economic overall anprzach 



TABLE I (continued) 

REPRESENTATIVE ENGINEERING VERIFICATION ACTIVITIES 

- p a - - -  ---_I--- - 
DURATION 

ISSUE 'TASK FACILITIES HEQUlHED 
-. (YR) - 
7-1 Crew and equipment productivity o Exam'ne ancj test equipment Per re- Same as related tasks 

and options during lated 
1-2, 3-1, 4-1, and 6-2. tasks 
Note that this w i l l  increase 
cost of those prograrrls as 
necessary to try different 
things 

Y 
rD 

7-2 ions~rwtion problems 

7-3 Actual construction costs 

o .',nalyze results and develop 
appropriate criteria 

Heview problen~s encountered 
during 7 - 1 and n~odif  y SPS 
design to ameliorate 

Perf o rn~  cost dnal ysis based 
on 7-1  and 7-2 

2 None 

2 hone 

1 None 

8-  I Space transportation costs Analyze shuttle experience and 2 None 
project to HLLV hardware designs 
and operational environments 

8-2 Electric thruster clustering Conduct cluster test at LEO 
dnd plasm2 dri f t  currents 

4 (Design Shuttle and LEO Development Lab 
and dev.) 
1 (Test) 



TABLE I (continued) 

REPRESENTATIVE ENCIJUEERWC VERIFICATION ACTIVRiRS 

ISSUE TASK 
DURATlON 

(YR) FACILITIES REQUIRED 

8-3 Booster engine costs 

8-4 Crew provisions &id cabin 
designs for large numlbers 
of passengers 

breadboard booster engine 4 En ne test facility similar to 
01 d F- l stands 

o Design and build mockups 2 

o Conduct simulations 1 Simulation lab (ground-bud) 

o Analyze results m d  develop 
design criteria 

9- 1 Power processor and circuit o Design and test proto- 
breaker performance, mass, flight power processors 
life, and cost and circuit breakers 

9-2 Space environment effects 
on cable inslllation mat- 
erials 

o Estimate costs in  produc- 
tion environment 

o Conduct thermal/V AC/UV 
chamber tests 

o Conduct tests at GEO in  
conjunction with 5-1 

3 Electric power lab 

Thermal-VAC combined environment 
lab 

5 Shuttle, manned, OTV 



TABLE 1 (continued) 

REPRESENTATIVE ENGINEERING VER1FICATK)N AClfVITlES 

--7 -.-- ---- 
DURATION 

ISSUE TASK (YH) FACILITIES REQUIRED - 
9-3 Plasma and breakdown 

design cr~ ter ia  
o Conduct lab tests of con- 

ductors, insulators, 
and standoff 

4 Combined environments 

o Conduct LEO/CEO tests of 4 Shuttle, LEO Developnlent Lab, 
proto-flight hardware and Manned OTV 
with 1-2, 3- 1, etc. 

----- - -- --- - 
h, 

0 Electric Thruster plasma o Concluct thruster tests at I Shuttle and manned OTV 
c-, effects of magnetosphere selected altitudes z 

10-2 Solar array degradation o Conduct array tests at I Shuttle and manned OTV 
during transfer selected a1 titudes 

10-3 Shuttle/OTV/tIL.LV ef t ,xt on o Observeandanalyzeeffects 2 None (no special flights 
upper atrrtosphere and iano- of shuttle and OTV burns required) 
~phere and extend by analysis to 

l ILLV levels 

10-4 f n;*i ronnrent-related design Analyze space environment results Levelof None 
cr l  teria arid develop criteria effort 

during 
this phase 



TABLE I (continueu) 

REPRESENTATIVE ENGINEERlNC VERIFlCATlON ACTIVITIES 

-- --- - -- -- - -  -- - - -  -- - 

DURATION 
ISS UC TASK (YR) FACILITIES REQUIRED 

1 1  - 1 Integrated estimate of produc- Analyze all results, update and Level of None 
tion SPS design and cost  maintain design and cost  data eft ort dur- 

ing this 
phase 

1 1 -2 Final plans arrd specs for 
demonstration system 

o Phase A demonstration 1 None 

o Phase B/C demonstrator 3 Office Space 
and support systems 

o Conduct SR&T as required 3 Office and lab space 
to  support design decisions 



I t  is evident from the f l w t  ewperimaenrs included in Table I that  a substantial level 

of flight activity will be required to devdop the operational processes and procedures 

that  will a m p r i s e  SPS space operations. Present estimates indicate need for a marmed 

space laboratory in low Earth orbit and a manned orbit transfer vehicle capable of occasional 

manned geosynchronous orbit operaticnu. These elements a re  major cost items in the 

engineering verification program. 

A pre!imimry schedule for the engineering verification program is presented in Figure 3. 

This schedule assunes that  development of the  space laboratory facility and manned 

OTV can begin &ring the  research program; these developments are  the critical paths 

in completing the engineering verification program. 

F a  the purposes of this scenario analysis, the  development w t s  of the space laboratory 

and the  manned OTV are  assuned charged to  the SPS program, although these support 

sysierns will uKioubtedly serve diverse needs. I t  is assumed that an unn tanned OTV 

is developed for other purposes earlier than the  engineering verification program. Deita 

costs to upgrade it to a manned OTV are grossly estimated at one billim; the costs for 

the  space laboratory (development and launch but no operations) are taken as an assumptional 

$3 billim. 

Ehi:JFuEERINC VERIFICATION FLIGHT PROJECTS 

Several of the  verification test tasks from Table 1 were merged into a f ligbt project 

designated "Engineering Verification Test Article" (EVTA). These tests result in a set 

of requirements for this flight project as summarized in Table 2. These requirements 

were utilized to  develop the  conceptual configuration shown in Figure 4. 

The EVTA will be asserr~bled a t  the  LEO d e v e l ~ p n ~ e n r  lab (LDL) in two major parts: 

(1) the solar array and i ts  support structure combined with electric propulsiw test hardware, 

and (2) the  transmitter. The solar array and electric propulsion equpment wilI be tested 

at LEO and two intermediate altitudes for degradation, plasma effects, and t h r a t e r  

plume/magnetosphere interaction. This assembly will be transported incrementally 

to the Intermediate altitudes and to CEO by the rfianned OTV operating in an unmanned, 

low-thrust mode. Intermediate altitude tests  will require an estimsted one to three 

weeks each. 





TABLE 2 

ENUNEERWG VERIFICATRDN TEST ARTIaE (EVTA) REQLBRIEUWlS 

o I-Megawatt Sdar Array (or more) 

o Test Array Pantls at CEO--Retun samples to LEO 

o Test Proto-Flight Microwave Equipment at CEO 

o TestLargeSpaceStructw 100xlOOOm 

o Test Materials at CEO 

o Experiment with Assembly Techniques 

o Test Power Promssors and Cables 

o Test Plasma and Bteakdown 

o Conduct Thruster and Array Tests at Selected Altitudes 





The transmit ter  will be assembled and tested at t h e  L DL and then delivered directly 

t o  CEO by t h e  MOTV (unmanned). Final assembly of t h e  t ransmit ter  to the  solar array 

subassembly will be assisted by a manned OTV flight t o  CEO with a C E O  stay of about 

two weeks. Manned sot tie visits t o  t h e  EVTA at CEO a r e  assumed a f t e r  6, 4 2, and 24 

months of testing (see Figure 3). 

Additianal test requirements fo r  the  LDL were derived from Table I. The total set 

of SPS engineering verification test requirements levied on t h e  LDL is summarized in  

Table 3. I t  i s  assumed that tests not directly supportive of t h e  EVTA are deferred until 

transportation of t h e  EVTA to CEO begins. 

Preliminary est imates indicate that an LDL crew of 8 will be adequate to conduct t he  

engineering verification flight tests and support MOTV operations. The  LDL should 

provide additional transient crew quarters  for up to four MOTV crewpersons. 

GEMONSTRATION 

The present SPS program concept presumes tha t  t he  engineering verification phase of 

SPS will be followed by a demonstration phase with the  objective of demonstrating opera- 

tional suitability of SPS for comnlercial use. Demonstration concepts fo r  SPS have 

been studied over the  past several years. A number of flight vehicle conf igura t ims  

have been developed. Several issues have surfaced, and provide a judgment as t o  t h e  

objectives of a demonstration system: 

o Successful complet im of the  research and engineering verification phases 

of SPS should provide unprecedented technical and cost confidence. 

o If  a utility company acquires an expensive power piant tha t  fai ls  and cannot 

be readily restored to  service, t h e  financial consequences a re  severe. 

o The demonstration system should therefore demonstrate operational 

suitability of SPS: Grid compatibility, availability, and repairability. 

Enhancement of cost and technical confidence will also result. 

Based on these considerations, a se t  of provisional requirements for a n  SPS demonstrator 

have been developed. First, i t  must operate a t  geosynchronous orbit. This is important 

2-17 



TABLE 3 
LEO DEVELOPMENTAL LAB TASKS 

Deploy I-MW EVTA Array 

Conduct Amealing Tests on Irradiated Solar Array Panels 

Test Thermal Fluid Systems 

o Coating Degradatim and Restoration 

o Fluid System Assembly, Charging, Repair 

Asernble EVTA Subarrays, Test, and lnstall Subsystems and Equipment 

Assemble and Test EVTA Structure 

Develop Asserrhlv and Installation Techniques and Tools 

Conduct EVTA-associated LEO Electric Thruster Tests 

Develop Construction/Maintenance Crew O p e r a t i w  Procedures 

Checkout EVTA Elements (Array, Auxiliary Equipment, Transmitter) and 

prepare for shipment t o  CEO 



because t h e  ionizing radiation and plasma environment in geosynchronous orbit is signif i- 

cantly different from tha t  at low Earth orbit. Also, a geosynchronous locaticn i s  essential 

in order to provide continuous operation with a ground receiving station. 

Secondly, meaningful power must be provided to a utility grid i n  order t o  demonstrate  

operational suitability for baseioad service. This means at least  t en  megawatts. 

A conclusive demonstration of reliable control of t he  power beam and i t s  sidelobes i s  

important t o  a final demonstration of environmental acceptability as well as showing 

suitability for  continuous service. 

The SPS demonstrator should show the capability of an SPS to deliver a high plant fac tor  

in t h e  range of 0.8 to  0.9 ot better. Achievement of a high plant fac tor  is critical to 

the economic acceptability of a high capital  cost, low fuel cost,  renewable energy system. 

I t  is clear t ha t  reliable and repeatable srartup and shutdown is important. In t h e  process 

of demonstrating this  and the  other  objectives, SPS hardware and opera t ims  can be 

qualified for  commercial service. 

Finally, in order t o  demonstrate the  ability of an SPS to  provide a high plant factor  

over a long period of time, maintainability and repairability of t h e  SPS should be included 

in the  demonstration program. 

The increasing definition of SPS hardware elements  by the ongoing system definition 

studies has led t o  t he  considerations listed below. Of particular importance is t he  mini- 

mum power density achievable with the  reference system design. It  seems appropriate 

for a demonstrator system t o  consider a uniform antenna illumination since the  relatively 

higher sidelobes of the  uniform illumination will still be considerably less in intensity 

than the  sidelobes of t he  operating SPS. I t  is also clear tha t  a large transmit aper ture  

i s  needed in order t o  provide a beam diameter a t  the  ground commensurate with a reason- 

able rectenna size. 

o Large antenna apertures are required to achieve reasonable beam footprint. 

density. ( I  klystron per subarray) 



o Solid-state options less dear, but comparable. 

2 o Desire I MWICM t o  drive antenna. 

o Leads to 300-600 megawatts  RF power as minimum; roughly size of reference 

EOTV. 

8eam patterns were computed for t h e  minimum power constant illumination transmit ter  

with an 800-meter aperture. The central  beam strength is approximately 1 milliwatt 

per square centimeter, sufficient t o  drive a rectenna, albei t  not at high efficiency. 

The first sidelobe slightly exceeds 10 microwatts per square centimeter  with t h e  o ther  

sidelobes at Iawer levels. Figure 5 shows the received intensity. 

Shown in  Figure 6 is t he  beam efficiency as a function of rectenna radius. The right 

hand scale shows incident power on the rectenna a s  a function of radius. With an  expected 

rectenna efficiency of roughly 75% t o  80% a t  these power levels, 50 t o  100 megawatts  

can  be provided with a relatively small rectenna. This system, therefore, would meet  

t he  objectives of t he  den~onstrat ion of SPS in providing sufficient power to a utility 

grid to demonstrate operaticnal suitability. 

The solar array output power required t o  arive this system is  in the  range of expected 

power levels for  t he  electric orbit transfer vehicles. Thus, i t  is conceivable tha t  initial 

experimental EOTV's could be constructed at low Earth orbit, used to transport SPS 

hardware to geosyncnronous orbit, and then used to drive the  demonstrator system. 

At  the conclusion of the demonstration program, these EOTV's could then be refurbished 

and placed back into electric or bit transfer service. 

Based on the above considerations, a series of program assumptions have been developed: 

o A Shuttle-derived HLLV will be a v a i l a b l ~  to  support the demonstration prohiam. 

Its payload mass will be about 100 metr ic  tons and volume about 8 x 20 meters. 

o The LEO base will be established a s  required to support construction of four 

EOTV's per year. Two EOTV's will be built t h e  first year and four per year 
thereafter.  (See Figure 9.) The comrr~ercial production program will begin 

with 14 EOTV's, reaching full f leet  capacity about 2 years into commercial 

production. 2-20 



FIGURE 5 
Received Power:. 650 W N 2 ,  800mM Aperture 
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The HLLV will be available to support commercial prochiction. 

The demonstrator transmitter wilt be powered by two EOTV's retained at 

CEO for that  pupase. These will nominally be EON'S # I  and #?. Two EON'S 

are sufficient even if mt anmaled. 

There is a severe problem with packaging volume of the demonstrator subs-rays. 

Accordingly, they will be assembled ht LEO. Assumptions are as followr 

- Waveguide assemblies will use panel and extrusia: construction as 

illustrated in Figure 7. 

- Subarray nrolnted phase controls and data circoits shipped as a tested 

subassembly witte all harnesses. 

Subarray electrical junction box shipped as a tested s h s s e m b i y .  

- Klystron and preamp shipped as  a tested sdbassembly with all kmtrumen- 

tation ard hookup cables. 

Uistributim waveguides shipped separately. 

- Klyttron thermal control shipped separately. 

The initial CEO base will be designed to slpport only firiai assembly ad 

test of the demonstrator. Table 4 summarizes assernhl, and test seqcence. 

LEO aml GEO base buildup will support initia: comrneraal productitm. 

First commercial (5-i;Wb will be constructed in one year. 

Sbbsequent m~nr~:erci;il prociiction will be two 5-G'v SPS per year for a 

total program t :,, SPS's. 

SPS maintenance capability v.;' I I  be built up as needed. 
2-23 
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D t w l 4  

1-4 

PROTOTYPE F H A 1  ASSEMBLY 

Formation Fly 2 EOTV's in gravity gradient stable attitude off stm - 
maneuver on chemcial propellant 

Small array provides tousekeepillg power 

Affix berthirrg cables - 1 Cay 

Henaove electric propllsion installations at krthing points - 1 week 

Keel up cables - 1 day 

bake structure connections and imtall by flying MRWS - 5 days 

Connect extra bussing and reconfigure electrically - 10 &p 

%:aneuver to base and berth - 2 aap 

Structurally connect antenna - 5 days 

Wild transmitter structure and install all subsystems - 9 marths 

Elecrrically connect antenna - 5 days 

Hun of t-sun tests (passive) - 12 w e e k  

&Sun checkout - 12 week 

aperational Tests - 2 years 



MERGED SCHEDULES AND OVERALL SPS DEVELOPMENT 

The research, engineering verification, and demonstration sdrcdules were merged by 

connecting them at critical path points. The relevant junctions between t k  research 

and engineering verification sclledules are: 

o Solar array production process selected so that EVTA array productim may 

begin (it is assuned that  t h e  EVTA array production will not be highly arito- 

mated and can begin using the  experimental prohct ion facilities of the  research 

progrun). 

o MPTS power amplifier selected so that  design and qualifica'iion of the EVTA 

transmitter may begin. It is assumed that  t h e  EVTA transmitter will incorpe  

r a t e  proto- flight designs of basic hardware developed during the research 

program. EVTA qualification will be silfficient t o  ensure flight testability 

and flight crew safety. 

The junction between the engineering verification and demonstration programs is that 

point at which t h e  LDL is through with engineering verification testing and can begin 

assembly of the Gemonstration phase LEO Base. 

The resulting lategrated schedule is shown in Figure 9. Approximately 18% years is 

rewired frorr~ initiatim of the research program wrtil the 5-gigawatt S3S prototype 

goes on line. 

Aaxwnplirtmarts and Decisiars 

The decisim to  initiate each program element actually begins with the budget cycle 

for t h e  f ~ s c a l  year in which the element Is tc be a new start. For pJrposes  of this scenario, 

and under the assumed aegis of an integrated SPS program, i t  is as,curned that Phase 

0 stuaies can be conductea without new-start a u t b r i t : ~ .  

From budget cycle initiation to awarc of a Phase C / G  mntract  reqiires a minimum 

of about IS months, sometimes longer. Figure 10 compares major program accomplishment 







milestones with new s tar t  commitments for the 18 new start items that were identifiable 

on the integrated schedule. If the  research program is initiated in 1981, as seems likely, 

then Year I is 1981, etc., with Year 20 being the  year 2000. A numbers of observations 

can be made: 

(I)  The budget cycle for the  manned OTV engine and Shuttle booster/HLLV engine 

must begin in the year the  research program is initiated. (The Shuttle booster 

was scheduled to  *port initial manned O'TV launch; this may not be necessary.) 

Accordingly, i t  rnay be desirable to fund these engine programs incrementally, 

initially under a technology aegis. 

(2 )  Tlie LEO Ceveloprrent Laboratory (LDL), which is  on the critical path, must begin 

budget cycle in Year 2. 

(3) Budget cycles f a  big-ticket items (EL0 Base; Initid CEO Base; HLLV) need t o  

begin at about tne time the research program is complete. At this point the  engi- 

neering verification program has been initiated and the LDL is nearing initial launch. 

(4) Lorntnercid investments in production facilities need to begin about six years 

before the  demonstration test program is complete. Accordingly, one may presulne 

ttlat sotne sort of risk guarantees niay be needed. 

(5 )  Ecich of the 18 new s tar t  itetns represents an opportunity for n.ajor program review 

ark: assessment on the part of the  Agencies, the  Administration, <nd t h e  Congress. 

6 I t  appears evident that a continuing, integrated planning and assessment activity 

should be  part of the  overall SPS program. 

High Risk Optians 

( i )  The research prograrn can be shortened by about a year by greater front-end funding. 

( 2 )  A duplicate LbL could be built to advance initiation of the prototfle. About three 

years csuld be saved, but the prototype design would be co~nplet: beiore any results 

became available from denionstration system1 space construction or testing. 



(3) A more straightforward high-risk option might be t o  eliminate the  engineering 

verification phase; about 5 years a u l d  be saved according t o  the  schedules as 

laid out. Problems encountered in the  prototype program, however, might result 

in less overall schedule compression than this estimate. 

Low-Risk Optiar 

The least risk option would require each phase to be complete before initiating the  budget 

cycle for t h e  following phase. The respective end-to-end lengths of each phase are: 

Research, 7 years; Engineering Verification, 11 years; Demonstration, 12 years; Pmto- 

type, LO years. Thus this low-risk option would require a total of 40 years to  get t h e  

5 -gigawatt prototype on line! 



7.1 TEZHN0UX;Y ADVANCEMENT. DEVELOPHENT AND FACILITY REQUIREMENTS, 
MICROWAVE POWER TRANSHISSION 

In the following the technology advancement requirenents w i l l  be ident i f ied 
f o r  the Space and Ground segment of the Microwave Power Transmission system. 
The covered subsystems include a l l  microwave elements of the  space antenna 
with the exception of the receiver-phase conjugator-transaitter c i r c u i t s  
and a l l  the elements of the rectenna. 

7.1.1 Technology Development Tasks for  Space Antenna and Associated 
Microwave Transmission System 

Seven major technology development tasks have been ident i f ied i n  
t h i s  area. These a r e  l i s t e d  in  Table 7.1-1. Six of the tasks 
a r e  related t o  the baseline SPS design. one (No. 6) is concerned 
with an a l te rna t ive  phase control system. 

Table 7.1-1. Technology development tasks for  space antenna and 
associated microwve t r amis s ion  system. 

No. - 
1 

DESCRIPTION 

UNE SOURCES W.G. STICK) AND 
ASSOCIATED W.G. POWER DMDER 
ClRCUlT ELEMENTS 

PHASE DISTRIBUTION CABlE 

RECElVER AND CONJUGATOR SYSTEM 

TRANSMllTER PHASE CONTROL SYSTEM 

MONITORICONTROL NETWORK 

PHASE COMPUTlNG PHASE CONTROL SYSTEM 

PlLOT TRANSMlT STATION 

SPACE ANTENNA WITH SOLID 
STATE TRANSMIT SOURCE 

LEVEL OF 
INITIAL EFFORT 

CRmCA4 DESlRAeLE (MAN MONTHS] 



The purpoae of these devs lop~eats  is t o  8chieve the design no818 
fo r  the various coqon.c\ts a s  they a r e  detal led in the Part  3 
f iaal report (General Electr ic  Space Division, 3.7.78) and 
Part  6 ,  Phase 1 f i r u l  report (General Electr ic  Space Division, 
April 1979). 

The key bwes related t o  the space antenna technology are: 

o Establishment of required amplitude and phase diirtribution 
over the antenna aperture. 

o Control and mnintelunce of these d is t r ibu t ion  within specified 
error  boundaries. 

o Hinialization of s t ruc tura l  weight, complexity erection and 
maintenance needs. 

o Achievement of ava i lab i l i ty  i n  the given t h e w 1  enviroameat 
and power leve l  range over the specified 30 year l ifetime. 

The goals fo r  the phase and amplitude e r rors  a r e  l i e t ed  i n  
Table 7.1-2. 

The ava i lab i l i ty  goals f o r  microwave power transllission system 
betveen rotary jo ia t  of space antenna t o  klystron input is 
shown on Figure 7.1-1, while for  the complet? space antenna 
i t  is given on Figure 7.1-2. 

More def in i t ion  of technology development tasks a r e  described 
in  the attached "SPS research planaiag detailed work sheets." 



Table 7.1-2. Systematic and random amplitude and phase error goals 
for microwave power transmission system of space antenna. 

Souru - 1 P i l o t  S ta t ion  3 P i l o t  S ta t ion  

I -phdc  d i f  f e r c n t i a l  (.lo 1 way ref raceion) 2.35 x lo'3 
Atmmphr ic  d i f f e r m c i a l  (-3' 1 way refract ion.  

22 i r r e g u l a r i t y )  6.00 x 10'~ 

P o i a t i w  Error  (kg.) 
PSS 6.46 x 10" 

Pointing Losa 
(XI PC& 1.19 

RSS .92 

Bandom Prmra  f o r  3 Layers Phase Distr ibut ion 

P h u e  Errors  (Dad 

Source - 
P h u e  J i t t e r  

T r m m i t r e r  R o i u  ( i / N  - 30 db) 

Conjagators (6= - .6*) 

Liner (61 - 2.54.) 

Diplexerr ( b d  - 1.81.) 

Tru~smic te r s  (6p - 1.6.) 

Di f fe ren t ia l  Doppler (vd - 6.25 d s )  

1.13 

.36 

1.34 

6.22 

2.56 

1.60 

.18 - 
Peak: 13.09 RSS: 7.09 

Phase Error Caused Loss: 1.53% 



Table 7.1-2. Systematic and random amplitude and pbse error goal# 
for microwave power trantsminsion system of space antenna. 
(Cont iaued . ) 

Source - Pr& - - m e  
T r a r i t  Parr  tluctcutim (1 db. rr) 10.64 1-18 

Array b t a t i m  (4 2 10 0,  AOs .ISg) 13.50 1.41 

P e :  24.14 BSS: 2.51 

A+itud. Error Catmad Loas: 

Soura - 
W d o m  Pbur 

h d a  Aapllcud* !&el - .0s0) 

Bystarsic Pointing (3 Pilot Station) 

Systrvt ie  hpi i tud.  ( 8  kve lr )  

lurultmt b a r  A8sociatrd With Spacecraft Array 

Farwhy bcecion (Ibwcon, Worrt Yaar) 



HOURS PER YEAR 
@SW. OUTPUT TO 

2nd BIG OUTPUT 
A% 

100 

9s 

I 

? - 
C 

98 - < > 

$ 95 
I- 
Z 1.8 

8 2 w 

93 

82 

01 

PERCENT OF PROBABILITY IF) 

Figure 7.1-1. Availability versus prcbability goal for phase control 
system of s p a c e  antenna frca input of pilot signal 
receive antenna to input of klystron. 



Figure 7.1-2. Availability versus probability goal for space antenna 
power output as affected by random aperture errors and 
propagation conditions. 
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SPS RESEARCH PLANNING DETAILED WORKSHEET 
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7.1.2 Technology Development Tasks for Recteana 

Eight major technology development tasks  have been identified 
i n  th is  area. These are l i s t ed  in Table 7.1-3. 

Table 7.1-3. Technology development tasks for R e c t e n n r .  

-LEVEL OF 
INITIAL EFFORT 

CRMCAL DESIRABLE (MAN MONTH) 

1 REClENNA ELEMENfS FOR 4 WFFERENf X 
EFFECTIVE RECEIVE AREA VALUEs 

2 CONTROL OF EDGE OF PANEL 
DIFFRACTION METHODS 

3 LOAD HANOUNG TECHNOLOGY, 
TRANSIENTS, MRMAUVOLTAGE 
HANOUNG 

4 SHORT TERM POWER STORAGE 
TECHNOLOGY 

5 MOOEUNG AND CONTROLLING 
RERADIATION IN THE FREQUENCY 
SPECTRUM 

6 CONTROL AND MONITOR TECHNOLOGY X 

7 WEATHER PROTECTION TECHNOLOGY X 

8 PANEL FABRICATION AND 
INSTALLATION 1 ECHNOLOGY 

The purpose of these developments is to achieve the design 
goals for the various components as they are detailed in  
Part 4 ,  Phase 1 f inal  report (General Electric Space 
Division, April 1979.) 



The key ieeuee related t o  rectenaa technology are: 

o Efficiency of the four d i f fe ren t  type (size) rectenna 
elements. 

o Overload and veather protection. 

o Achievement of ava i lab i l i ty .  

o Enviroumental e f f ec t s  during s t a t i c  and dynamic loading 
conditions. 

o Load handling. 

o Lifetime of rectenna panel. 

o Panel fabrication and ins ta l la t ion  technology. 

The efficiency goals of the rectenna a r e  l i s t e d  i n  Table 7.1-4 
a s  the minimum requirements. A part icular ly important efficiency 
factor  is the micrawave t o  DC conversion for  which .72 must be 
considered a s  minim.n acceptable and .80 a s  a desirable goal. 

Table 7.1-4. Power t ransfer  loss  goals for  microwave power tranmission 
system of SPS excluding equipment fa i lures  and propagation 
effects .  

Input Interface: Output from transmit aperture of space ante- 

Output Interface: Input t o  power gr id 

Bh Efficiency Factors 

Sa t e l l i t e  RF Radiated Power 

Rectama RF Input Power 6792.7 

Ractenna DC Input Power 4 

.9534 
(be=) 

.7200 (RF to  DC) 
(resul tant  
conversion) 

.9861 
(DC transmission) 

Rectenna DC Output Power 4823.3 J 

Rectenna AC Output Power 4750.9 

.985 
(AC conversion 
and t ransdss ion)  

- .6667 
(RF t o  AC) 



Figures 7.1-3 aad 7.1-4 dirplaya the avai labi l i ty  goals f c t  
the DC and AC part of t:le rectenna. 

More def ia i t ion  of the *:ethnology development tasks are dee- 
cribed in  the attached "SPS reserach planning detailed work 
sheets." 

Ffgure 7.1-3. Availability versua probability goal for rectenna 
D-C power collection system for various failure 
characteristics combinations. 



W R S  PER YEAR 
(11s 876.6 438.3 87.7 a77 

PERCENT OF PROBABILITY IF) 

Table 7.1-7. Avai labi l i ty  versus probability goals for rectenna 
A-C power co l l ec t ion  system. 
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