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SUMMARY

iliastirs A it i i s

: A survey of post-1975 satellite missiors was made and ccmposite mission

models were developed for major mission areas. Since a large number of l

YT

missions and satellite propulsion subsystems need to be analyzed, a computer

T

1
i
3
|

3 program was developed to perform the basic analyses. The pregram, which was

PRy

taken initially from a report of the Air Force Kocket Propulsion Laboratory,

was modifed to acéept more propulsion functions, different required power

inputs, more sophisticated methods of determining some propulsion system E

parameters, and a more detailed weight analysis. ;
A study was made of the performance capabilities and costs of seiected v

3 Jaunch vehicles. Satellite costs ware based on an analysis of the weights,

3 power requirements and other characteristics of the major subsystems of ¢ach ;

satellite under study. A computerized cost model was developed to estimate i

the nonrecurring cost and the first unit cost of each type and size of

satellite. Ten-year systems cost of specified constellaticns of satellites

I s AP

were developed from the basic cost estimates after the number of satellites
required in each instance was determined.

The analyses show that the use of electric propulsion to raise satellites
from intermediate earth orbits to & synchronous equatorial orbit would result
in transit times that are not practical from an operations point of view and
would not result in cost savings. In contrast, if north-south stationkeeping ‘ :
is required for a satellite, use of some electric propuision devices would
make avaijlable the additional weight and volume that is recuired to enhance the ‘
mean mission duration (MMD) of the satellite. For exampie, for the hybrid %

mercury propulsion subsystem, the increase of sateilite MMD is from 3 to 4.6

years. j
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This enhancement would rasult in an estimated cost saving of approximately
20 percent, based on a constellation of small category satellites deployed
and maintained in a synchronous equatorial orbit over a period of ten years.

This saving results directly from the reduced number of satellites and Taunch

E vehicles required to maintain a given capability rather than from lower unit §
{ costs. Other electric propulsion subsystems showed comparable or less 2
% savings while some subsystems showed no cost effectiveness. '
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FOREWORD
This report on the applicability of electric propulsion for future
military ..tellites was performed by the Office of the Assistant for Study
Support at the request of the Director of Laboratories, Hq AFSC, during the
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period of February 1972 to July 1973. The study supports the Air Force

PUNRURTOIR Y

Rocket Propulsion Laboratory technology program. The feasibility of utilizing

electric propulsion subsystems to perform conventional propulsion functions

BA waa aat

in mission areas nf Air Force interest is investigated. Cousideration is f

PO

given to using electric propulsion either alone or in conjunction with : §

conventional propulsion subsystems. In each case, the results are compared ‘

with the convercional propulsion subsystem that otherwise would be used. ' %
The analysis identifies scme areas wherein the application of electric

propulsion would result in substantial cost savings, Lut the study zlso !

indicates other areas in which the applications of electric propulsion is

not cost effective for the missions under consideration in this study.

i L Moo

CALVIN W. THOMAS
Task Manager

.
3
¥
3
i
|

This report has been reviewed and is apuroved for publication

R L / /2
gi:ZARD R. EBER ‘ ICHARD C. LYO

Technical Director Colonel Us
Assistant for Study Support

e
/

s s i e mcmaddt b otk At
PO T PO TP VSR LTS RTLR 35 % 75 = e s s Sk Ml 2 T e s L‘&xi.."). PO




S oy T IRl L ettt e i AL an o gt eo e b e s A ce i S e e ot i e ik it A e 7
4

CONTENTS
Section Page ¥
I INTRODUCTION 12 ,
I MISSIONS 14 :
GEOSYNCHRONOUS AND 24 HOUR ELLIPTICAL ORBIT MISSIONS 14
IIT  SATELLITE CHARACTERISTICS 16
1. SATELLITE GEOMETRY 16
2. POMER 16
t IV PROPULSION SYSTEM FUNCTIONS 18 :
! 1. INTRODUCTION 18 L
: 2. INITIAL POSITIONING 19 )
3. ATTITUDE CONTROL 20 b
E 4. STATIGNKEEPING 22 v
3 5. NORTH-SOUTH STATIONKEEPING USING LOW THRUST 26 o
g 6. EAST-WEST STATIONKEEPING USING LOW THRUST 25 o
‘ 7. REPOSITIONING WiTH LOW THRUST 26 ;i
8. ORBIT RAISING AND LOWERING 26 i
9. REPOSITIONING 33 by
V  PROFULSION SUBSYSTEMS 35 -
1. INTRODUCTION 35 o
2. THRUS;ER DESCRIPTIONS 40 ,
a. loHg Catalytic Hydrazine Thrusters 40 C
b. Electric Bombardment Engines 40 Do
c. Colloid 41 :
d. MPD 42 :
&. Ablative Teflon 42 :
3. DISCUSSION 43 ;
VI COMPUTER PROGRAM 51 f
1. INTRODUCTION 51 f
2. CALCULATION OF SOLAR PANEL WEIGHT 51 g
YII  SATELLITE WEIGHT ANALYSIS 55 f
1. INTRODUCTION 55 ;
2. WEIGHT AS A FUNCTION OF SATELLITE LIFE 55 Lo
3. COAPARATIVE WEIGHT SAVINGS 69 |
t
{continued)
4




o T T I I TR

RN

o e e

T WX W R e A G S

B iba oo ot s b e ca

CONTENTS (continued)

Section

VIIT SATELLITE SYSTEM COSTS
1. NATURE AND SCOPE OF SYSTEM COSTS
2. SATELLITE COSTS
3. LAUNCH VEHICLE COSTS
4. SATELLITE SYSTEM COSTS

IX ANALYSIS AND RESULTS

1. INTRODUCTION
2. ENHANCEMENT OF LIFE OF SATELLITES

a. Objective

b. System Cost of Small Category Sateilites with
Hybrid Mercury Propulsion

c. Graphic Comparisons of System Costs for Small
Category Satellites

d. System Cost Comparisons for Medium Category
Satellites

e. System Cost Comparisons for Large Category
Satellites

3. INCREASED FLEXIBILITY IN DESIGN AND LAUNCHING OF
SATELLITES

a. -Basic Concept
b. Performance of Selected Launch Vehicles
¢. Orhit Raising

REFERENCES

APPENDIX A DETERMINATION OF SATELLITE SUBSYSTEM WEIGHTS

APPENDIX B SATLLLITE WEIGHT AS A FUNCTION OF TYPE OF PROPULSION
SUBSYSTEM AND MEAN MISSION DURATION

APPENDIX C SATELLITE COST MODEL
APPENDIX D TEN-YEAR SYSTEM COSTS OF SATELLITES AS A FUNCTION OF

N''MBER OF SATELLITES IN ORBIT, TYPE OF PROPULSION
SUBSYSTEM AND MEAN MISSION OURATION

Page

D1




TR TN R

R

N

v S r— T

D ol el

vt

T Y

T W RETE
|'
3

T TS

Figure

Numbey

1

13

14

15

16

17

18

Vs e R (el e i e ok ast ol Bl i DA At A Gl

ILLUSTRATIONS

Stable Limit Cycle Where ACS Torque is Much Greatzr Than
Perturbing Torque

fiititude Control Impulse Per Pound of Vehicle Weight for Vehicle
Pointing (From Space Planners Guide)

Minimum Thrust Levels Required for North-South Stationkeeping
vs Velocity Increment Required

Thrust Vector Direction to Remove East-West Drift

Qualitative Comparison of Impulsive and Low Thrust Repositioning
Spiral Trajectory

Characteristic Velocity for Orbit Raising

Monopropellant Hydrazine Thrusters

Cesium Ion Thrusters

Monopropellant Hydrazine/Gesium Hybrid Propulsion Subsystem

Computer Proaram

Weight of Satellite as a Function of Type of Propulsion Subsystem
and Mean Mission Duration - Small Category Satellites

TR T K'W“q
&
3

Page

20a

<
PRV P SRR Y WAL YU LTS AN o

23

PR 3 ¥

27

Bamn s

28
29

s
M o sacam wm

31
32

Cahe e e e e

37
38
39 ;
52 o

58

Weight of Satellites as a Function of Type of Propulsion Subsystem ;

and Mean Mission Duration - Medium Category Satellites

Weight of Satellites as a Function of Type of Propulsion Subsystem

and Msan Mission Duration - Large Category Satellites

Total Number of Satellites Required as a Funct1on of the Mean
Mission Duration of the Satellite

Ten-Year System Cost of Constellation of Six Smaii Category
Satellites with Specified Propulsion Subsystems

Percent Reduction in Cost of Consteliation of Six Small Category

Sate111tes with Specified Propulsion Subsystems Compared w;th
Baseline Satellite

12n-Year System Cost of Constellation of Twelve Small Catugory
Satellites with Specified Propulsion Subsystem

g
o ————————— -
s s o 25 PRI TP U TR OPRE I 2 9.~ T T IR S0 ¢ B A St

61 :

64

84




¥ YR TYTTIYR ¥ T R My o 2o TN TR C e GG A i
e T P T T R W Y e T T
&3
>
E
-

ILLUSTRATIONS (continued)

! Figure
1 : Number Page ]
E . N Percent Reduction in Cost of Constellation of Twelve Small Category |
3 Satellites with Specified Propulsion Subsystems Compared with ;
: Baseline Satellite 87 :
4 20 Ten-Year System Cost of Constellation of Six Medium Category -§
£ Satellites with Specified Propulsion Subsystems 89 1
L 21 Percent Reduction in Cost of Constellation of Six Medium Category 3%
3 Satellites with Specified Propulsion Subsystems Compared with g4
1 Baseline Satellite 90 1
r. 3{
g 22 Ten-Year System Cost of Censtellations of Twelve Medium Category 11
! Satellites with Specified Propulsion Subsysteins. 91 i;
E 23 Percent Reduction in Cost of Constellation of Twelvz Medium Category i%
; Satellites with Specified Propulsion Subsystems Compared with q:
‘ Baseline Satellite 92 1
; 24 Ten-Year System Cost of Constallation of Six Large Category §
: . Satellices with Specified Propulsion Subsystems 94 E
: 25 Percent Reduction in Cost of Constellation of Six Large Category ,%
Satellites with Specified Propulsion Subsystems Compared with :
Baseline Satellite 95 )
20 Ten-Year System Cost of constellation of Twelve Large Category zg
Satellites with Specified Propuision Subsystems 96 :
27 Percent Reduction in Cost of Constellation of Twelve Large Category ;%
Satellites with Specified Propulsion Subsystems Ccmpared with '
Baseline Satellite 97 3 §
28 Minimum Thrust Requirements for Spiraling to Orbit 97 :

APPENDIX ILLUSTRATIONS i
Al Structure Subsystem Weight as a Percentage of Satellite Total ;

Weight AS ;

A2 Communications Subsystem Weight as a Percentage of Satellite 5

Total Weight A6 2.

A3 Telemetry, Tracking and Command Subsystem Weight as a Percentage '
of Satellite Total Weight A7




- 2 A 2 TR W T T o T,
LR AT DT W T Y E e a4 o) 4 T I I TR s g oo caocantil b an EUI S S
PICTES DT T S T T T Y T
A YT
h

3 ILILUSTRATIONS (continued)
” Figure i j
1 Number Page
4 D1 Ten-Year System Cost of-Constellation of Six Small Category ! ;
j Satellites as a Function of the Mean Mission of the Satellite D 26 ]
D2 Ten-Year System Cost of Constellation of Twelve Small Category ]
: Satellites as a Function of the Mean Mission of the Satellite D 28 i
: 4
D3 Ten-Year System Cost of constellation of Six Medium Category ;
Satellites as a Function of the Mean Missicn of the Satellite D 30 §
D4 Ten-Year System Cost of Constellation of Twelve Medium Category §
Satellites as a Function of the Mean Mission of the Satellite D 32 3
D5 Ten-Year Systeu Cost of Constellation of Six Large Category §
3 Sateliites as a Function of the Mean Mission of the Satellite D 34 ]
s D6 Ten-Year System Cost of Constellation of Twelve Large Category 3
! Satellites as a Function of the Mean Mission of the Satellite D 36 ]

TR
xan BT b e Bib s

. S

TP YN e "

R TN ST T SRR * T R DU

R

A A A s

L4
ki Pkt o B L

it




T

- a2 Ghcalan srey Sy TR TR N T R TR I TP TR T O TN Mt v Y “,m‘:ﬂ'j
TABLES
Table
Number Page
i THRUSTERS 36
v 2 NUMBER OF THRUSTERS ASSUMED IN THE PROPULSION SUBSYSTEMS 45
3 THRUSTER WEIGHTS FOR ALL PROPULSION SUBSYSTEMS USED IN STUDY 46
4 THRUSTER END OF LIFE POWER AND POWER CONDITIONING (PC) WEIGHTS
FOR ALL PROPULSION SUBSYSTEMS USED IN STUDY 47
i
5 ATTITUDE CONTROL SUBSYSTEM WEIGHTS 48
E
6 MISSION FUNCTIONS 54 '
7 INCREASE IN SATELLITE WEIGHT ASSOCIATED WITH ENHANCEMENT OF MEAN
MISSION DURATION 56
8 SATELLITE WEIGHT AS A FUNCTION OF PROPULSION SUBSYSTEM AND MEAN
MISSION DURATION 68 [
9 SATELLITES WITH ELECTRIC PROPULSION SUBSYSTEMS RANKED IN ORDER OF i
SAVING IN WEIGHT 70 i
10 COST OF SMALL CATEGORY SATELLITES WITH MONOPROPELLANT HYDRAZINE
PROPULSION SUBSYSTEMS AND 3-YEAR MMD 73
1 CAPABILITIES AND ESTIMATED COST OF SELECTED LAUNCH VEHICLES 76
12 COMPARATIVE COSTS FOR CONSTELLATIONS OF SIX SMALL CATEGORY
SATELLITES IN ORBIT DURING TEN YEAR PERIOD 80
13 COMPARATIVE COSTS FOR CONSTELLATIONS OF TWELVE SMALL CATEGORY
SATELLITES IN ORBIT DURING TEN YEAR PERIOD 82
14 PERFORMANCE OF SELECTED LAUNCH VEHICLES 99
APPENDIX TABLES
B SATELLITE WEIGHT AS A FUNCTION OF TYPE OF PROPULSION SUBSYSTEM
AND MEAN MISSION DURATION (MMD) - SMALL CATEGORY SATELLITES B 2
B2 SATELLITE WEIGHT AS A FUNCTION OF TYPE OF PROPULSION SUBSYSTEM
AND MEAN MISSICN DURATION (MMD) - MEDIUM CATEGORY SATELLITES B8
B3 SATELLITE WEIGHT AS A FUNCTIGN OF TYPE QF PROPULSION SUBSYSTEM
AND MEAN MISSION DURATION (MMD) - LARGE CATEGORY SATELLITES B 14
cl COST ESTIMATING RELATIONSHIPS (CERs) FOR UNMANNED SPACECRAFT C5

o ek i A o il etk £ e

. N 3
L ey Rt skl A h it ihadibenaks i i i g s bk P AR RVSTCL W AP SN PR T TV TV I JURIPL ™ LTRSS SR




PRI TY

Table

Number

C2

C3
'1]

D2

D3

D4

D5

b6

D7

TABLES
Page

FACTORS USED IN COMPUTING SATELLITE COSTS OTHER THAN SUBSYSTEM
DIRECT COSTS ) cs8
COMPUTER PROGRAM FOR CALCULATING SATELLITE COSTS c9
COST OF SIX SMALL CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
I. Basic Cost Estimates D2
COST OF TWELVE SMALL CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
I. Basic Cost Estimates D4
COST OF SIX MEDIUM CATEGORY SATELL1TES IN ORBIT FOR TEN YEARS
I. Basic Cost Estimates D6
COST OF TWELVE MEDIUM SATELLITES IN ORBIT FOR TEN YEARS
I. Basic Cost Estimates D8
COST OF SIX LARGE CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
I. Basic Cost tstimates D10
COST OF TWELVE LARGE CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
I. Basic Cost Estimates D12
COST OF SIX SMALL CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
II. Enhancement of MMD without Weight Penalty D14
COST OF TWELVE SMALL CATEGORY SATELLITE IMN ORBIT FOR TEN YEARS
II. Enbancement of MMD without Weight Penalty D15
COST OF SIX MEDIUM CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
II. Enhancement of MMD without Weight Penalty D 16
COST OF TWELVE MEDIUM CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
II. Enhancement of FMD without Weight Penalty D17
COST OF SIX LARGE CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
II. Enhancement of MMD without Weight Penalty D 18
COST OF TWELVE LARGE CATEGORY SATELLITES IN ORBIT FOR TEN YEARS
II. Enhancement of MMD without Weight Penalty D19

COST OF CONSTELLATION OF SIX SMALL CATEGORY SATELLITES IN ORBIT
FOR TEN YEARS

IIT. Cost of Satellites with Monopropeliant Hydrazine Compared with
with the Cost of 7-Year Satellites with Electric Propulsion D20

COST OF CONSTELLATION OF TWELVE SMALL CATEGORY SATELLITES IN ORBIT
FOR TEN YEARS

I1I. Cost of Satellites with Monopropellant Hydrazine Compared
with the Cost of 7-Year Satellites with Electric Propulsion D 2]

10

O LW SR T W I S-S P TR == o

e tenme s PR

5 IS Ty PR YSL  F S T TL W LA T VR ST 1P FPuPTy
S e G ite ot e sk ki AT b abE A K Setiin e e Y X




- 3 oade S acda iy
E i 2o i b e oAbl it i
N T - Y EISF daare L andto) e cul i ol o T

AT T T TS TR e hadd

r.-w’?rw VTR

. TABLES
Table

Number

BEERE 4 0

Page

£ Rasamba: L S at Sl
. . s aiala
PRI IO VICIRRS WP TLoe s

D15 COST OF CONSTELLATION OF SIX MEDIUM CATEGORY SATELLITES IN ORBIT
FOR TEN YEARS

.. III. Cost of Satellites with Monopropellant Hydrazine Compared L
with the Cost of 7-Year Satellites with Electric Propulsion D 22

EATY . =% 3 i
B

a D16 COST OF CONSTELLATION OF TWELVE MEDIUM CATEGORY SATELLITES IN ORBIT ]
. FOR TEN YEARS

3 III. Cost.of Satellites with Monopropellant Hydrazine Compared
k with the Cost of 7-Year Satellites with Electric Propulsion

; D17 CAST OF CONSTELLATION OF SIX LARGE CATEGORY SATELLITES IN ORBIT
; FOR TEN YEARS

X III. Cost of Satellites with Monopropellant Hydrazine Compared
” with the Cost of 7-Year Satellites with Electric Propulsion D24

; D18  COST OF CONSTELLATION OF TWELVE LARGE CATEGORY SATELLITES IN ORBIT
1 FOR TEN YEARS -

E III. Cost of Satellites with Monopropellant Hydrazine Compared
with the Cost of 7-Year Satellites with Electric Propulsion D 25

1




SECTION I
INTRODUCTION

The construction of post-1975 satellite mission models was based
b primarily on existing documentation of actual projected USAF mission ;
requirements. The space transportatién system (STS) mission model (Ref.1)

provides the most comprehensive and complete 1isting of these missions. Two

categories of missions from that model are considered applicable to this

study. The first category consists of those missions which are scheduled for

deployment through the mid-1980 tim2 period. In the first catejory of missions

s Tt i

a need has been established for the capability and the technolouy is available
to design and build the satellite systems to fulfiil the mission require-

; ments. The second category of missions consists of those systems for which

a viable program can be defined but for which implementation would require
either significant technological or engineering advances, changes in

3 national policy, or the emergence of new threats.

Both categories of missions form the basis of composite mission models

for analysis of electric propulsion systems. In these composite mission
models, three main mission areas are defined with the remaining missionsg
classified as miscellaneous. The three main areas are geosynchronous, sun
synchronous and near earth, and a composite mission is defined in each of
these areas for analysis.
For this analysis, a large variety of satellite propulsion systems needs
to be studied. Total propulsion system weight, propellant tank size, total
impulse requirements, and many other relevant characteristics must be cal-
culated for each propulsion system. To perform these calculations, a )

computer program, developed by the Rocket Propulsion Laboratory (RPL) {Ref. 2),

12
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was adopted for use in this report. This program was expanded to include more

4 propulsion systems and more flexibility as to their function. For example,

e  — -y . ..i ué
e &

. . thrust levels, total mission functions, power requirements, and other aspects
of the program were expanded; while a spiraling mode, apsidal control, and
nodal regression were added to the mission functions. '

L The program sizes, weighs, and characterizes the solar panels, center-

body, and propulsion system and calculates the total on board electric power.

4 Some of the parameters which may be varied are the satellite life, initial

gross weight, initial angular momentum, spacecraft propulsion system, and

mission required power.

N AT Y Y

The practicality of employing electric propulsicn to perform propulsion
functicns under study is appraised in terms of the cost effectiveness of the

poteniial system compared with that of a baseline system employing conventional

S oa Ay gy s S bl i

propulsion devices. Cost estimates used as inputs to the effectiveness

analyses include all costs incident to (a) development, testing and production

L Eakuaca: o coat

of the satellite and launch vehicle, {b) deployment of a constellation of

satellites in the required orbit, and (c) maintenance of the constellation of

.

satellites in orbit during a period of ten years.

13
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SECTION II
MISSIONS

GEOSYNCHRONOUS :ANDS 24WHOUR BUUTPTICALT ORBITUMISSTONSS i<
The most important group of satellites to be analyzed from a mission
viewpoint are those in 24 hour elliptical and geosynchrorious orbits. These
include a wide selection of commercial and military satellites including
communication relay, navigation aids, meteorological reconnaisance, and
strategié and defensive surveillance. One of the most useful satellite
orbits is the geosynchronous orbit or circular orbit in the equatorial plane
with an orbital period of one sidereal day. A sateliite in such an orbit
will remain fixed with respect to an observer on the earth. A sateliite at
synchronous altitude but inclined to the equatorial plane would appear to the
observer on the earth as following a figure eight in the sky. In this analysis
results are presented where the satellite is taker to synchronous equatorial
orbit and the inclination is removed by the lTaunch vehicle. Analyses were
also made where the satellite is taken to synchronous altitude and the plane
change removed by the satellite propulsion system; however the results are
not practicable and are not presented. Many of the missions require close
pointing accuracy and precise stationkeeping ability. Therefore, one of the
parameters is the pointing accuracy of the satellite. As this accuracy is
increased the propulsion requirements are increased. Any value of pointing
accuracy may be used in the program; however, results are presented only for
the fine mode of 0.100°.
The basic mission performance is characterized best by a 3-axis stabilized

spacecraft. Much of the analysis is also applicable to spin stabilized

satellites. A fully stabilized satellite presents the most demanding propulsion

14
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requirements and offers a much higher level of on-board elactric power
capability with the use of one degree of freedem sun oriented solar array.

This satellite does not reqiire the rapid pulsing capability of spin-stabilized

spacecraft and can thus utilize a wider range of propulsion systems. Since
the basic purpose uf the anaiysis is a comparison of the propulsion system
concepts, the fully stabiiized satellite is therefore considered a better
concept for comparison. Separate spin-stabilized comparisons will be discussed
when these comparisons are considered valid and when spin stabilization offers ?f
an alternate method of accomplishing the mission.

The missions were further subdivided into the following three categories
of satellites by weight: 1,000 1b., 2,000 1b, and 3,000 1b, herein referred

to as small, medium, and large category satellites. From an analysis of existing

programs, typical values were determined for the important charactevistics of

the satellites in each category.

P ——
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SECTION III
SATELLITE CHARACTERISTICS

IO TR TR

SATELLITE GEOMETRY

Geometrically, the spacecraft examined in this study may assume a

cylindrical, spherical, or rectangular shape; however, in every case the

l:’-&w‘-w{mﬁw'v K4
——t

solar panels are a one degree ¢f freedom articulated a.ray which forms two -

4 rectangular panels diametrically opposed and pointed toward the sun. The
three models used for the spacecraft geometry do not represent any specific
design in the family of prospective geosynchronous sateliites, but merely a

3 consistent set of dimensicns, weights, bulk densities, and inertias. The

% centerbody contains all of the remaining equipment and in the case of a
reactor power supply, the centerbody would comprise the entire satellite, the

solar panels being replaced by the internally mounted reactor. The general
geometrical characteristics were taken from the STS mission anmalysis (Ref. 1);

siu the models appear consistent with these general data.

2. POMWER

The maximum possible available on-board power is a function of the size
and type of the satellite, the miscion, the maximum dimensions allowed,
type of power supply and many other factors. A good rule of thumb for
approximating this power is the empirical formula (Ref. 2)

Pomerpossm e = -4 +1.25 ("‘19"t(9ross)/1000)) (1)

where Power is in kilowatts, and Weight is in pohnds. This formula was used
for the purpose of 1imiting the analysis in this report. No mission was )
considered which resulted in the required on-board power exceeding the

P°"erpossible as calculated from this formula.
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The actual total power requirements for a composite mission was obtained

by adding the mission power to the propulsion power. The mission power was

) obtained by analysing all the available satellite systems ic obtain a power

2 level consistant with the mission and the size of the satellite. For the

1000 1b. category of satellites a mission power of 520 watts was indicated

Laall

while 1000 and 1440 watts were required for the 2000 1b. and 3000 1b. cate- - f %

A T Y

gories respectively f

The propulsion power was caiculated based upcn the type of propulsion

system, weight and thrust consideration. After the actual total power to be

wr T

used was known, the size ard weight of the power subsystem was determined.

™Y

The solar panzis were sized and the weight determined by utilizing an ideal

T

specific weight, a percent 1ife degradation factor, and a specific surface

bl o

area necessary to produce a given amount of power,

g a2 2 5 e M a A S

]7 i

¥
¥
- N
b
- b ga aAvil i She ek
e % b ol e vy VRS W T IR T s TULA) T W2V G 7 2T 23 M AN ok B aue el a 4
B a s sz o g oot ol oo e 0 e el - PP~ SIRIN PRI REIVE RO S T




Kot b A ade o Al S i Cad ey

— - T TR TR P T TR T PSR N TRy TS ik Eii Y et aa il 8 21 g

e g e g YR 4 SR E Gt L

B B
C
P

t SECTION IV
' PROPULSION SYSTEM FUNCTIONS

4 ke ] Vi, By B KAl ks o an T Selalf

E 1.  INTRODUCTION
E With the mission and the postulated space craft defined, a consistent set ) :
£ of maneuvers and control requirements were identified. These fequirement %
E functions are of five types: %
: a. Initial positioning i
E b. Attitude control i %
E c. Stationkeeping : %
} d. Repositioning é
E e. Orbit raising and lowering. é
g Initial positioning involves removing the launch vehicle injection errors ?
: to attain the desired orbital flight path. In addition, it generally requires f
g moving the satelite from the injected in-track position to the desired in-track j
E station location. o :
] Attitude control involves removing the attitudz errors to maintain the %
f desired pointing direction and slewing maneuvers to rotate the satellite to E
E alternate pointing directions. The requirements for each of these functions é
é will vary depending on the mission. However, the range of the requirements can
! be ascertained, and such things as the velocity increments needed and the g
minimum thrust levels required for a particular mission and spacecraft size 4

can be determined.

Stationkeeping for synchronous 24 hour equatorial satellite involves
primarily north-south (cross-track), east-west {in-track), and radial pertur-
bations. The perturbations are categorized as short-term and long-term. |
The short-term or orbital periocd oscillating forces are caiied diurnal, and

those with periods greater than the orbital period are termed secular.
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The repositioning maneuver is identical in function to the east-west
stationkeeping waneuver, and is needed to obtain the desired satellite
station location.

Orbit raising involves raising the satellite to syncnronous orbit from
some intermediate circular orbit reached by the launch vehicle. This is done

in the low thrust mode which requires higher energy than the classical Hohmann

transfer.
2. INITIAL POSITIONING

The initial positioning errors are primarily caused by the Taunch vehicle
imparting errors to the spacecraft. Upon separating from the booster, the
spacecraft will have a residual tumble rate in each axis which must be
reduced to zero. The terminal velocity and position error must also be
corrected. Eccentricity and inclination errors iwst be reduced to less than
the allowable errors.

In general, the desired synchronous orbital plan velocity and altitude
are not achieved exactly due to Taunch vehicle injection errors and disper-
sions in the apogee burn. The elimination of these residual errors is carried
out by orbit trim maneuvers. The magnitude of the orbit trim maneuver is
highly dependent upon the Taunch vehicle and the characteristics of the apogee
kick motor, if used. Typical dispersions for the Thor Delta are on the order
of 300 ft/sec; the Titan IIIC dispersions are between 80 and 125 ft/sec.

When using low thrust for orbit raising, the errors are essentially within
aliowable 1imits at insertion.

The thrust levels needed to provide the above velocity increments are
highly mission-dependent. If the initisl positioning has to he performed
rapidly, high thrust levels will be needed. Longer allowable Limes will

permit Tower thrust levels. The initial positioning maneuvers involve the

19
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same functions as required in north-south, east-west, and radial corrections.

These maneuvers are discussed in subsequent sections.

In addition to removal of injection errors needed to attain the desired
circular equatorial synchronous orbit, it may still be necessary to move the

satellite "in-track" to the desired initial station position and attain the

desired spacecraft orientation. The allowable thrust levels and needed velo-

city increments to perform the initial station position maneuver are discussed

in the section on repositioning as the two maneuvers are identical.
3. ATTITUDE CONTROL

Attitude control requires rotation of the satellite (slewing) to the
desired pointing Tocation and then stabilization at the desired position.
Holding a desired pointing direction is accomplished by employing a stable

1imit cycle of operation over a desired deadband for three-axis stabilized

spacec~zft. Each time the satellite pointing direction exceeds the pre-

scribed deadband, a set of thrusters is fired, driving it back into the

deadband. If the perturbing force is so great that a minimum impulse firing

does not change the directjon of satellite rotation, the thrusters will con-

tinue to fire until the direction of rotation is reversed.

The perturbing torques are those caused by solar pressure and thrust mis-

alignment of the stationkeeping system thrusters. If the center pressure (c.p.)

is not coincidental with the spacecraft center of gravity (c.g.), solar pres-

sure will have an effect on satellite attitude. The center of pressure will

vary because of changes in reflectivity, distortion of the incident surfaces,
and the changing areas presented to the sun as the spacecraft orbits the earth.

Figure 1 shows a typical stable 1imit cycie operation for satellite

attitude control. In .the figure, spacecraft angular velocity w is plotted on

the vertical scale and the spacecraft rotationl position 6 on the

20
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horjzontal scale. The spacecraft roasts across the deadbaud from d to a and

LT T

§ from b to ¢ on its own momentum.

PR P

The thrusters operate from a to b and from ¢ to d to change the direction
| of the spacecraft rotation. For specific thrust levels, the maximum propellant

consumption occurs in a symmetric Timit cycle operation and this assumption

will be used in this analysis. In Ref. 2, it is shown that the total correction

impulse which must be supplied to the spacecraft is

© e e e A

It =1.5 [ItS + It]c] (2)

where ItS is the total corrective impulse for solar pressure and I is the

tic
total limit cycle impulse delivered.

o ek AT W e o re

TSSO TUVOT N CTORSUIIE 75 THURINS, SOV L TP VPO SURICSIN WESTIN APl S T VSRR RS SR A B s g S B S

a constant of proportionality.
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! ) The factor, 1.5, results from a 50 percent contingency being applied for
| other disturbances such as torque caused by friction in moving parts, gravity
gradient, earth magnetic field and coupling errors caused by thruster mis-
alignment. It is shown in Ref. 3 that
12t
1 =ML
tic 5 J (3)
and
Tgs = Kty A (4)
where Ibit = minimum impulse bit i
tm = time of mission in years 3
4
* = moment arm of thruster i
J = moment of inertia é
§ = deadband 1/2 angle T
A = projected area of satellite in the direction of the sun %
and k= ;
i
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This equation was assumed tc be representative of the class of satellites

VTN

3 under consideration and was used to calculate the total impulse from which ?

the weight of propellant and required AV for attitude maintenance were also

U VLW

calculated. A minimum achievable angular rate of 2x10'4 dég/sec was assumed N

T AT T RN

2 A

and the rate Timit impulse was held to the = numum value when this rate was

reached. A value of + 0.125 degrees for deadband angle was used for coarse

i Ml saa o

control and + 0.100 for fine control.

For extremely fine pointing accuracies, say system pointing accuracies
1 of 0.01° to 0.1°, a less sophisticated method was used to calculate total
impulse. The required system pointing accuracy was used to enter Figure 2
(Ref. 3) for the configuration of the satellite and the required mission
thruster on time. The impulse per pound of gross weight per day was read
: from the curves. For example. as shown by dashed 1ines on Figure 2, a
required pointing accuracy of 0.1° for a cylindrical satellite and an on-

time capability of 20 millisec resuits in an impulse per pound of gross )

T T
PPN SV P/ oy SO S SR IY PSPIE Y TVORPPN PR ALY X YRR MRS L e B

weight per day of 8.5x10'4. Total impulse was then computed and the weight
é of propellant and AV increment was calculated from this value. Minimum
thrust levels to achieve these pointing accuracies were investigated separately

The final report presents results of only one value. + 0.100°, as defined

Y XTI

for fine control above.

o P ot Y Rk

4.  STATIONKEEPING

The bulk of the geosynchronous satellites propulsion requirements for

E
é’
l long mission duration satellites are for stationkeeping. A stationary

rwmre B0l

geosynchronous satellite tends te drift from its initial position radially,

Tongitudinally (in track), and latitudinally (cross-track). This drift is

(T Py LR
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caused by the asphericity of the earth and by the grayitatjonal perturbations

[ due to the sun and moon. These in-track and cross-track errors are called £-NW
? : and N-S stationkeeping errors and will continually increase unless cancelled.
This analysis considers two modes of stationkeeping. The fine mode
will maintain the spacecraft in an orbit so closely that the periodic day by
3 day displacements will have to be corrected. In this mode for instance, an

annual AV increment of 635 ft/sec/yr will be required for stationkeeping
(Ref. 4). 1In the course mode only those corrections related to the secular

; term will be corrected and here the control wili only be to a degree that the

é periodic term will be negligible. This results in requiring a cross-track
; increment AV of about 150 ft/sec/yr and an in-track of about 7 ft/sec/yr for
stationkeeping. To account for gimbaling or thrust vector control, 3% of the
total AV increment was allotted for these functions except in the baseline
case and the total impulse for stationkeeping was increazed by this amount

when applicable. No results were presented for the fine mode since no mission

was identified when this mode was required.
5.  NORTH-SOUTH STATIONKEEPING USING LOW THRUST

In the case of low-thrust propulsion, the required thrust for cross-track
stationkeeping will have to be applied over an arc centered around the nodal
crossings. The greater this arc, however, the less efficient the maneuver
becomes. The efficiency of the maneuver varies with the angular distance from
the nodal point. At 90 degrees from the nodal point, the application of thrust
has no effect on plane change.
The maximum firing time then that can be employed to correct the cross~
track perturbation is 1/2 the orbit time. Utilizing the maximum possible

thruster firing time will result in a Tow thrust 1oss. The total impulse
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determined utilizing the required velocity of increment for this maneuver will
have to be increased. In Ref. 4, a factor of 1.57 was used and this factor
is also used for this report. This is the penalty paid for using low-thrust,
high-specific-impulse thrusters instead of the lower specific impulse,
high-thrust devices.

The total system weight considerations indicaie the desirability of using
the Towest thrust possible. There is, however, a lower 1imit to the thrust that
can be employed to impart the cross-track stationkeeping velocity increment
requirement (needed for each half-orbital period) during the 12 hours available.
Figure 3 illustrates this lower 1imit of thrust as a funétion of the required
velocity increment and satellite weight for the mission analyzed and under the

assumptions above. Any thrust level higher than these values would be suitzble.

6. EAST-WEST STATIONKEEPING USING LOW THRUST

The direction of the low-thrust vector needed to remove the east-west
perturbation is illustrated by Figure 4. The desired nominal svnchronous orbit
is shown by the dashed lines. The solid line indicates the perturbed orbit.
This makes it necessary for the thruster to be gimballed or to have thrust
vector control so the sateliite can be maneuvered.

Earth-pointing spacecraft, with their spin axis in the orbital plane,
have a similar problem in implementing this maneuver. Tnis type of satellite
usually incorporates & momentum wheel spin in a direction opposite to the
spacecraft rotation, requiring larger velocity increments to accomplish east-
west stationkeeping. This reduces the angular momentum to essentially zero
and it can then be treated as a three-axis stabilized configuration with
respect to energy expenditure for attitude control. The needed thrusting

direction for this configuration is similar to the previous example.
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An aspect to be noted when selecting the thruster type to perform the
maneuver is that using low-thrust devices requires a much larger velocity
increment than is required for impulsive burning. This can readily be seen by
referring to Figure 5, which shows the velocity time history in a qualitative
sense. As shown, a situation can occur in which there is no coasting period
when low-thrust devices are used. The engine fires for half the maneuver
time and is constantly accelerating. The last half of the maneuver time is
spent coacting at constant velocity. The area under each curve is the distance
i covered during the maneuver. For a specified relocation distance, the area
1 of the triangle and rectangle must be equal. Therefore, the altitude of the

3 minimum thrust time triangle is twice the altitude of the rectangle.

8. ORBIT RAISING AND LOWERING

In order to make a large change in orbit radius, the small acceleration

of an electric propulsicn thruster must be applied for a significant amount of

time. In a high gravitational field, such as near the earth, this will require
many orbital revolutions, resulting in the satellite travelling a spiral path.
The most effective method of changing altitude with low thrust is to change
orbit energy by applying the thrust perpendicular to the radius vector so that
no energy is lost overcoming gravity. Applying thrust along this axis is almost
the same as tangential thrusting (velocity vector thrusting) and for small
accelerations they are essentially synonymous.

Acceleration applied in this manner to an initally circular orbit
produces a spiral trajectory as shown in Figure 6. If the thrust is terminated,

the satellite will be at one end of the latus rectum of the subsequent coast

26
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ellipse. For small eccentricity, this is equivalent to being at one end of the

A
-,

major axis of the ellipse. It also results in a small thrust penalty because
the thrust axis is misaligned from the velocity vector. Using the basic assump- i
tion of Ref. 5 (circular orbits}, this results in the characteristic velocity

heing the negative of the change in urbital velocity or

3 where Vl is the initial orbital velocity and \l2 is the final velocity.

Y

%}I_ is plotted in the upper curve of Figure 7. In transferring from a
1

circular orbit radius vy to r, by the classical Hohmann transfer concept the

velocity increment is that increment required to travel an ellipse with a

P i fok i o o s LRSS

semi-major axis given by

N]—

a=z(r+r,) (6) ]

N e T Y
4

and a second increment required when reaching the oppnsite apsis of the

ellipse. The total AV becores (Ref. 5):
i} Rk 1,
W=V 32 (1 =¢) -1+ ()2 (7) :

when R =

sl
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. The factor, %%-, from this formula is plotted as the lower cuirve in Figure 7.

Y Ty

As can be seen, the penalty using the low thrust system is evident oy

comparing these curves. Also from this figure one c2: Jetermine the approxi- i
mate AV required to complete an optimal Hohmann transfer or low thrus® maneuver
given the appropriate initial ccnditions. The relationships above were used
to correct the AV for the cases where orbit raising was considered. The time

from intermediate orbit then was calculated from the formula t = E%!., where

m = mass, t = time, and T = thrust.

L

9. REPOSITIONING

A constellation of post-1975 satellites should be capable of covering any
global region. This implies that the satellite has the capability to perform

transfers of up to 180 degrees in longitude. For any given satellite thrust-

= TR TR YT T TS,

to-weight ratio and change in satellite longitudinal position, a minimum time
for repositioning can be determined. The velocity increment required is a
function of the repositioning rate. The total AV required per reposition,

using an impulsive maneuver, is given by the following equation (Ref. 2):

Av ALY,
rep 3 P (9)
where V= nominal orbit velocity (ft/sec)
P = orbital period (deg/day)
AP = repositioning rate (deg/day)

For this analysis, a one-time satellite respositioning maneuver was

. assumed to be representative for a post-1975 synchronous satellite, and 1

repositioning rate of 15 deg/day was used. The total Avre required for this

P
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maneuver using Equation 9 is 280 ft/sec. It was shown in Fig. 4 that constant i
Tow thrust incurred a penalty for this maneuver. This penalty approximately ) ?
doubles the required AV tc reposition the satellite by low thrust devices. E

The most efficient method for repositioning is to place the satellite 5
into an orbit with a period slightly greater or less than 24 hours, causing ?
a westward or eastward drift, respectively. Using this technique, reposition-

ing requires from a few cays to approximately 4 weeks.
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SECTION V
PROPULSION SUBSYSTEMS

1. INTRODUCTION
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The nine types of thrusters that form the basis of the propulsion subsystems
considered are shown in Table 1. Two thrust levels were incorporated into each
thruster system, the higher ievel being used for those propulsion functions
where a high thrust was necessary to complete the task. The comparisons
among types were made between propulsion subsystems performing the same task
and designed to provide the same thrust levels except in the baseline system.

The baseline system was considered to have two thrust levels, not identical
to the electric system, because the mi1lipound monopropeilant hydrazine
thruster is not a practical subsystem. The baseline system accordingly has
higher thrust levels than the other systems.

Fig. 8 gives a typical schematic diagram of the assumed configuration of
the baseline system while Fig. 9 gives the corresponding diagram for the
cesium (Cs) system. These are typical of the configuration for all the pro-
pulsion subsystems used in the study. A pressurization system similar to the
schematic was necessary for all systems using liquid fuel.

For each electric propulsion technique a hybrid configuration was also
postulated and analysis completed on these configurations. A typical schematic

for these hybrid subsystems is shown in Fig. 10. The Targe monopropellant
hydrazine thrusters were utilized to perform those functions where high thrust
chemical propulsion devices were needed. The number of thrusters in the basic
configuration for all propulsion subsystems utilized in this analysis are
shovsy in Table 2, page 45. For the iarge thruster the number and placement

of the thrusters were such that any maneuver could be performed by some
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3 TABLE 1. THRUSTERS 3
{ ;
3 Nominal Thrust . %
: Thruster Type (1bf) i
f Chemical .
i Monopropellant Hydrazine {NoHs) Up to 5.0 ;
E Thermal Decomposition Resistojet 0.010 ;
< H
E Electric 3
: Colloid 0.001 - 0.003 b
5 Magnetoplasmadynamic (MPD) 0.001 - 0.003 % ?
3 .
: Pulsed Inductive Plasma 9.1 -0.1 b
4 i
\ Ablative Teflon 6.001 - 0.003 :
Cesium Ion Bombardment (Cs) 0.001 - 0.003 o
Mercury Ion Bombardment (Hg) 0.001 - 0.003
Mercury Pulsed Plasma 0.001 ~ 0.003 - §

NPT PPLE W TR AT PR T S RS DI e rerees
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combinations of thrusters; however, for the smaller thrusters using electric
propulsion devices it was necessary to postulate thrust vector control with

its attendant degradation of thrust due to misallignment and the time required

to rotate into position.

2. THRUSTER DESCRIPTIONS

a. NoHp Catalytic Hydrazine Thrusters. The monopropellant hydrazine

thruster is the "standard" spacecraft propulsion system for missions that do
not have stringent orientation requirements and are not marginal on weight.
Hydrazine has excellent storability, good compatibility with most engineering
materials, and is capable of repeated pulsed operations.

Large thrusters up to 5 pounds of thrust are readily available. The
only power necessary is for approximately 3 watt heaters for each thruster
and a small amount of power for the solenoids. In the ideal configuration
assumed, there were 8 large thrusters and 12 small thrusters resulting in a
power requirement of 80 watts. The weight of the thrusters and associated
equipment is 14.8 pounds. The capabilities assigned to the thrusters are
0.1 pounds of thrust for the smaller thrusters and 5 pounds of thrust for the
large thrusters. Selection of smaller thrust capabilities would reduce the
weight by only a small amount. A minimum impulse bit of 4 x 10'3 pound-sec
was used resuiting in a specific impulse of 200 seconds. The large thrusters
were given a specific impulse of 230 seconds which represents the maximum

achievabie with hydrazine. Figure 8 gives a schematic diagram of the system

used as the reference.

b. Electric Bombardment Engines. The electric bombardment engines use an

annode-cathode arrangment to ionize a propellant such as mercury or cesium.
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i The jons are accelerated in an electro-static field and neutralized as they

are emitted to aveid a space charge flow. The jonization potential of cesium

is less than that of mercury; however, the electron interaction for mercury
is greater than that of cesium resulting in both propellants being equally :
easy to ijonize. Cesium is easily handled by passive zero-g feed systems and
; has a high mass utilization efficiency as long as it is kept above its freez- :
ing point. High frequency pulsing is not considered in this analysis. The :

power requirements are sensitive to the thrust required. The configuration

; used in this analysis is shown schematically in Fig. 9.

§ c. Colloid. The basis for the colloid engine is an electrically conducting |
é propellant subjected to a high electric field established between the propel-

F lant and an extractor electrode. This engine, 1ike an ion thruster, produces

thrust by accelerating charged particles through an electric field. The

extractor electrode has historically been mall-diameter (4-mil1 bore)

capillary needle, but recent development efrort has been expended on a linear
slit geometry electrode version. Once the electrode field is established,

field emission ionization of small-diameter droplets occurs at the needle tip

T O T e - TV TR

or linear slit. The same field whirn produces ionization also accelerates

Ly

the charged droplets to produce thrust. Since the charged droplets may be

o~

o ey g S oyt ot i .

positive or negative depending on the polarity of the potential appiied to
the needles, a neutralizer is necessary to neutralize the beam. The masses
of the charged droplets are generally greater than the masses of jons produced
in ion engines.

A 1liquid propellant, normally glycerol with 19.3 percent by weight sodium
jodide, is fed into the needle. The emitting rim of the needle is centered

within the circular aperture of the extractor electrode. The miniscus at the
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end of the needle forms microscopic jets which accentuate the electric field

(107v/cm) causing a continuing emission and acceleration of invisible, charged

colloid dropiets (approximately lOOX in diameter). The needles are generally .

held at a positive potential of 5 to 10 kv. The extractor electrode (aperture) %

is maintained at a negative potential of approximately -500 to -1000‘v01ts. %
A thrust of 5 p]bf per needle can be obtained, which may be throttled

1 doen to 1 ulbf by decreasing the propellant flow rate or reducing the capillary rd

potential. Similarly, the specific impulse may be varied between 600 and

1 1500 lbf.s/]bm. Higher thrusts are achieved by grouping many needles.

d. MPD. The MPD thruster is constructed in an annode-cathode arrangement -

with propellant injected in between. Magnetic coils surround the structure.

g -
-

As a result of the potential difference between annode and cathode, an arc is B

produced which heats the propellant. The niagnetic field keeps the arc moving

TR TYTXITT I NI

over the cathode surface. By reduction of pressure in the chamber between ;

L]
L A SRIAL S SP e

annode and cathode, high ratios of power to mass flow are obtainable with

relative high specific impulses. o

e. Ablative Teflon. This thruster uses sticks of teflon as a propellant;

PP P SR

otherwise, the operation is similar to the other types of thruster. The required

pover to thrust ratios were obtained through verbal communication with Mr.

Edward Barth of the Rocket Propulsion Laboratory. The poor performance of
this engine depicted in this analysis is a result of the basic characteristic
used. Improvement in performance could be obtained by reducing the power to

thrust ratio, reducing the weight, and changing the Isp to an optimum value;

however, for the missions considered in this analys?s. perferiance would

still be Tower “han that of the mercury hybrid subsystem.
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DISCUSSION

T AT
(¥
.

The number of thrusters required for each propulsion subsystem, shown in
Table 2, was determined from the weight of the satellite, the minimum thrust
required, and the thrust available per thruster. The subsystem was sized to
s allow the thrusters 'to provide north-south stationkeeping when operating from

40 - 50 percent of the time since this was the most demanding task to be

T

P performed by the subsystem.
; The corresponding weights of the thrusters are shown i1 Table 3. The

weight listed under the heading "Other" in the table are weights that are

TR

common to both small and larger thrusters and consist of the weight of added
structure and components not part of the thrusters. Table 4 shows the ?
electrical power requirements for each type of subsystem. The values were
obtained from many sources and represent reasonable, achievai-le thrust power ,
_ ratios. The weight of the power conditioning (PC) unit required for each i;

type of electrical propulsion is also shown in the table.

Table 5 presents the weight of the total attitude contiol subsystem

)
.
.
3
3
.
4
3
3
3

utilizing each type of propulsion subsystem. The total weight consists of
the weight of the propulsion subsystem and that of the guidance and control
subsystem. The aggregate weight is broken down into propellant weight and
dry weight and these weights are shown as a function of the mean mission
duration and weight category of the satellite. It will be observed that
employment of electrical propulsion results in substantial savings in the
weight of propellants. The cesium in an all cesium propulsion subsystem in

a 3-year small category satellite would weigh only 12.2 pounds compared

- w'.be‘”’l'*m‘vvq""“ - o

with 135.9 pounds of hydrazine required for a comparable satellite using

a monopropellant hydrazine subsystem. This saving in weight is offset in

43

4
03‘
T A j“
3
S e v b s i R R T K9S e n oy T et St D T e 2 1 S A




s Y RO

a— N T T T W YT T Y T ST T Y T Wy T SRy e T — T

part by t'ie rr.latively heavier thrusters (Table 3) and power conditioning
(Table 4) required for the cesium ion propulsion subsystem. The net reduction
in the weight of the attitude control subsystem is 101.3 pounds (Table 5).

A similar analysis of the saving in attitude control subsystem weight that
would result from use of any of the propulsion subsystems under consideration
can be made from the data in the above cited tables. For example, if interest
centers upon the hybrid mercury propulsion subsystem, it will be found that
employment of the hybrid mercury subsystem would result in net saving of 114.6
pounds in the weight of the attitude control subsystem of a 3-year satellite.

Conclusions as to the desirability of employing a particular type of

propulsion subsystem cannot be based exclusively on the potential reduction

in the weight of the attitude control subsystems because of the interaction
between this subsystzm weight and the weights of other major subsystems.

For instance, use of electric propulsion increases the weight of the electric
power supply subsystem and reduces the structural weight of the satellite.
Consideration of the interaction of the subsystem weights and the reduction

in the total weight of the satellite is deferred to Section VII, Satellite
Weight Analysis.
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SECTION VI
. COMPUTER PROGRAM

1.  INTRODUCTION ;

Sdaac ac o £ NICUL It M

The computer program functional diagram is shown in Fig. 11. The basic
program is taken from an RPL Report (Ref. 2), and the reader is referred to
E that report for specific details concerning the basic program. The Centerbody
3 Weight, moment of inertia, maximum projected area, propellant tank size and

weight and pressurization systems are identical to the RPL program; however,

L T o Mo s

the calculations for impulse, aV, and propellant for the mission functions’
and the solar panel size and weight subprograms were modified. The discussion
that follows will address only those changes which were introduced in these

parts.

2.  CALCULATION OF SOLAR PANEL WEIGHT

The total on board power was determined by adding the mission power to
the power required for the propulsion system. The mission power was determined
from typical mission requirements and was held constant for each class of
satellite. The -electrical propulsion power requirements were determined for
the particular type of thruster and the thrust requirements under consideration.
This power was calculated from appropriate electrical power to thrust ratios
as determined from technical reports and personal interviews. When the total
power was known the panels were then sized and weighed using the ideal specific
weight, percent 1ife degradation as a function of MMD, specific surface area
and height-to-length ratio. The value of the above parameters utiiized in the
mission study were from a Lockheed NASA study (Ref. 6) and represent a medium
hardened array utilizing solar cells availe 1e in the 1974 time period and

represent a realistic achievable power system.
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Size and Weigh Solar
Panels

Calculate Max Projec-
ted Area

Correct for Time
Degradation

Determine aV Required
for Intermediate
Orbit to Sync. Orbit

Add Battery and PC
Weights

Calculate Imopulse &
Wt. of Propellant for
A1l Functions

Determine Power
System Weight

Calculate Time to
Sync. Orbit

Calcu. Wt. of Tanks
Required to Store
Propellant

Calculate Total
Propulsion Sys. Wts.

Size and Weigh
Centerbody

Calculate Moments
of Inertia

R

Fig. 11 Computer Program
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The mission functions are calculated in the order shown in Table 6. It

has been assumed that the satellite was placed into the proper position for

et
oy "y
Bamir s A‘.-um..\‘.nm(..ux)tun.u«a.;u&ﬁ.h\-.:ml

minimizing the AV changes required for repositioning and stationkeeping. The
satellite repositioning maneuver was required half way through the mission.
Any mission function can be assigned a aV of zero with the required propellant

weighing 0.0 pounds.

A spiraling mode is included in the program. The AV is read in as input

data. The value was obtained from Table 14, page 100.

3 i e e 2o el el diich i

Spiraling times were ;
then calculated for each launch vehicle used in the analysis.

T
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3 TABLE 6

; MISSION FUNCTIONS -

%

: 1. Spiraling to orbit

9

% 2. Despin

? 3. Tipoff

4. Injection ;

% 5. One-half of thke total E-W stationkeeping *

3 6. One-half of the total N-S stationkeeping

: 7. One-half of the total attitude maintenance, i.e., solar pressure,

: T1imit cycle and contingency.

8. Repositioning

i 9. One-half of the total E-W stationkeebing .

E 10. One-half of the total N-S stationkeeping

: i1. One-half of the total attitude maintenance )

% 12. Stationkeeping contingency

E 13. Apsidal control

14. iNodal regression

i5. Spiraling from orbit
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SECTION YII
SATELLITE WEIGHT AHALYSIS
1. INTRODUCTION
To appraise the effectiveness of potential application of electric
propulsion in the operation of satellites, it was necessary to estimate the
weight and other characteristics of the five major subsystems of each type of
satellite under study. The major subsystems are (a) structure, including
thermal control and interstage, (b) telemetry, tracking and command (7T & C),
(c) communications, which is the mission package, (d) electric power supply,
and (e) attitude control. Weights of the solar panels, propellant tanks and
propellants were generated by the computer program. The weights assigned
to other elements of the electric power supply subsystem and the attitude
control subsystem were based upon studies of electric propulsion systems and
information obtained from contractors. Weights of the other three major sub-
systems, namely, structure, TT & C and communications were estimated from
weight data available from twelve satellite programs. The procedure foliowed

in determining the subsystem weights is explained in Appendix A.

2. WEIGHT AS A FUNCTION OF SATELLITE LIFE

Enhancement of the mean mission duration (MMD) of a satellite results in
increased weight required to provide adequate redundance, propellants, electric
power and structure. The procedure followed in estimating the increased weight
of the satellites is illustrated in Table 7. The weight growth factors were
computed from data in an Aerospace Corporation report (Ref. 7). The resul-
tant estimates of the subsystem weights of a small category satellite with a
monopropellant hydrazine propulsion subsystem are shown in the table. Com-

parable subsystem weights and the total weight of each of the other eleven
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types of small category satellites are given in Appendix B, Table BI.
Corresponding weight data for medium category satellites are shown in Table
B2 of the same appendix. The estimates for large category satellites are in
Table B3.

The increases in‘the total weight of each of the various satellites
associated with enhancement of the
seven years are presented graphically in Figs. 12 through 14. The first of
these figures, in its three sections, affords comparison between the base-
line (monopropellant hydrazine) small categury satellite and each of the
like category satellites that have either all electric propulsion subsystems
or hybrid subsystems that employ both electric and hydrazine thrusters. Fig.
13 and Fig. 14 afford comparisons among satellites in the medium size category
and in the large size category, respectively.

In each of the above cited charts, the line designated No. 1 traces the
increase in the total weight of a satellite with a monopropellant hydrazine
propulsion subsystem as the MMD of the satellite is enhanced from 3 years to
7 years. This curve serves as the baseline with which the increases in the
weight of all of the other satellites are compared.

To assist in the interpretation of weight data, a broken horizontal line
is drawn through the lowest point on the baseline curve in each chart. The
point at which the broken horizontal line intersects the curve representing
a specified type of satellite shows the number years to which the MMD of the
sateilite can be extended without incurring a weight penalty compared with the
baseline satellite. For instance, in Fig. 12, the horizontal line intersects
Curve No. 5 at 4.6 years, read from the scale on the abscissa. This indicates

that employment of the hybrid mercury propellant subsystem in a small category

satellite would make available the additional weight that is required to
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Fig. 12

Weight of Satellite as a Function of Type of Propulsion Subsystem
and Mean Mission Duration - Small Category Satellites
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Fig. 12 (continued)
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Fig. 13 Weight of Satellites as a Function of Type of Propuision Subsystem
and Mean Mission Duration - Medium Category Satellites
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extend the MMD of the satellite from 3 years to 4.6 years. In contrast, use

of the ablative teflon propulsion subsystem wouid provide for an enhancement !

of less than 0.3 years in the MMD of the satellite. Comparable conclusion !

regarding the enhancement of the MMD of a satellite that would be made possible .

by the employment of any of the eleven types of propulsion subsystems, in each
satellite weight category, can be drawn from t! appropriate curve in Fig. 12,
Fig. 13 or Fig. 14.

To determine the changes in the total weight of the satellites depicted in
the accompanying charts, it was necessary to estimate the change in the weight '
of each major subsystem that would result from the use of electric propulsion
in 1ieu of the conventional hydrazine subsystem. As shown in Table 5 in Sec-
tion V, use of electric thrusters results in a substantial decrease in the
weight of the attitude control subsystem because, primarily, of the lower weight
requirement for pfope]lants. This weight saving is offset in part by the increase
in the weight of the solar panels and other elements of the electric powes’
source subsystem. For a satellite with a specified MMD and mission, the

structure weight is lighter if electric propulsion is employed, but the weights

of the mission related subsystems {TT & C and communications) are constant.

These differences in subsystem weights are illustrated by the data in Table 8.
The table also shows the extent to which the total weight of a 3-year small

category satellite is reduced by the use of the hybrid mercury propuision

subsystem, namely, from 1000 pounds to 875 pounds. This weight saving permits

the MMD of the satellite with hybrid mercury propulsion to be extended from
3 years to 4.6 years without exceeding 1000 pounds, the weight of the baseline
satellite. The increase in the weight of the communications subsystem from

219 pounds to 280 pounds provides for the additionai redundancy in mission
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equipment that is essential to the extension of the MMD of the satellite.
In Section YIII, which follows, the significance of the potential exten-
sion in the useful 1ife (MMD) of satellites is appraised in terms of the

resultant reduction in 10-year satellite system costs.

3. COMPARATIVE WEIGHT SAVINGS

Since interest in the present study centers upon the saving in weight
that could be realized through application of electric propulsion, the six
propulsion subsystems that resulted in the largest weight savings in each
satellite size category are listed in ‘Table 9. The propulsion subsystems
are ranked in order of saving in the over-all weight of the satellite.
Satellites that employ colloid or mercury propulsion subsystems, without the
use of any hydrazine, are generally lighter than those that utilize hybrid
propulsion subsystems. Application of colloid or mercury also results in
weight savings compared with the use of cesium, ablative teflon or MPD,

The use of hybrid mercury propulsion subsystem, although slightly heavier
than all mercury or all colloid subsystems, shows slight weight advantages

compared with other hybrid systems. However, the difference in weight between

the N2H4/Mercury and the N2H4/Colloid is not large, typically only a few pounds.

In one instance, namely, the 3-year small category satellites, the total weight
of the t » hybrids is the same. Only in the larger, longer life satellites

does the difference between these two hybrid subsystems exceed forty pounds

per satellite.
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TABLE 9

SATELLITES WITH ELECTRIC PROPULSION SUBSYSTEMS
RANKED IN ORDER OF SAVING IN WEIGHT

Small Category Satellites:

Rank 3-Year MMD 4-Year MMD 5-Year MMD 7-Year MMD
1 Colloid Colloid Colloid Mercury
2 N2H4/Mercury(a) NoHg/Mercury NpHa/Mercury NoHg/Mercury
3 NoHg/Colloid(a)  Mercury Mercury Colloid
4 Mercury NoHa/Colloid NoHg/Colloid NoHy/Colloid
5 NoHg/Cesium NoHg/Cesium NoHg/Cesium NoHy/Cesium
6 NoHg/Teflon NoHa/Teflon NoHy/Teflon NoHg/Teflon
Medium Category Satellites:
Rank 3-Year MMD 4-Year MMD 5-Year MMD 7-Year MMD
1 Mercury Mercury Mercury Mercury
2 Colloid Colloid Colloid Colloid
3 NoHg/Mercury NoHg/Mercury NoHg/Mercury NoHy/Mercury
4 NoHg/Colloid NoHg/Colloid NoHg/Colloid NoH;/Colloid
5 NoHg/Cesium NoHg/Cesium NoHg/Cesium NoHg/Cesium
6 Cesium Cesium Cesium Cesium
Large Category Satellites:
Rank 3-Year MMD 4-Year MMD 5-Year MMD 7-Year MMD
] Colloid Mei cury Mercury Mercury
2 Mercury Colloid Colloid Colloid
3 NoHg/Mercury NoHg/Mercury NoHg/Mercury NoHg/Mercury
4 NoHp/Colloid NoHp/Colloid NoHg/Colloid NoHgq/Colloid
5 Cesium Cesium Cesium Cesium
6 N-Hg/Cesium NoHg/Cesium NoHg/Cesium NoHg/Cesium

(a) Weight of the two hybrids is the same, namely, 875 pounds.
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SECTION VIII D
SATELLITE SYSTEM COSTS N

v e s WA WE
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1.  NATURE AND SCOPE OF SYSTEM COSTS ;
The system cost associated with any satellite consists of two major cate-

gories, namely, the cost of the satellite per se and the cost of the launch

vehicle used to place the satellite in orbit. Within each of these two cate-

gories, nonrecurring costs are distinguished from those that are directly re-

lated to the launching of particular satellites. The latter costs include both

hardware and operation costs and are referred to as recurring costs. The non-

recurring items include RDT & E costs, the cost of the aerospace ground equip-

ment, and all other investment cos*s that would be incurred regardless of the
number of satellites deployed.
A1l costs in the present analysis are stated in terms of 1973 dollars.

The allowances made for cost escalation from 1970 to 1973 are based on a study

e et oy i ¥ & "
BT L TN o

made by the Space and Missile Systems Organization (SAMSQ), Ref. 8.

2.  SATELLITE COSTS
The satellite subsystem weights discussed in the preceding section and
the pover requirements cited in Section V were used as inputs in estimating

satellite costs. A cost model was developed and computerized. The cost

estimating relationships (CERs) used in estimatinyg costs associated with each
of the major subsystems of the satellites, except those incorporating electric
thrusters and related elements, were derived from the Unmanned Spacecraft Cost
Model developed by the AFSC Space and Missile Systems Organization (SAMSO),
Refs. 9 and 10. The LERs for electric propulsion.-subsystem thrusters, pro-
pellant tanks, propellents, and power conditioning were developed from infor-

- mation obtained from Headquarters National Aeronautics and Space Administration
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(NASA) , Goddard Space Flight Center and Jet Propulsion Laboratory. The CERs
and related cost factors that were incorporated in the computerized cost model
are listed in Appendix C. In addition, the complete computér program is
reproduced in the appendix.

The computerized cost model generates and summarizes all nonrecurring
costs associated with the development and testing of each satellite and the
first unit cost of each satellite. These two basic figures for small category
satellites with each of the twelve types of propulsion subsystems and selected
MMD periods are given in Tables D1 and D2 in Appendix D. Comparable estimates
for medium category satellites are entered in Tables D3 and D4 and for large
category satellites in Tables D5 and D6 in the same appendix.

The first table in each of the pairs of tables cited above provides cost
estimates for a constellation of 6 satellites in orbit whereas the second
table in each set proviues comparable estimates for a constellation of 12
satellites in orbit. The satellite nonrecurring cost and the first unit cost
for each type of satellite are identical in the two tables because these two
basic figures are independent of the number of satellites deployed. Calcula-
tion of the cumulative average cost of the number of sate]]ités required for
different size constellations of satellites is illustrated in Table 10. The
basic data are taken from the first line of Tables D1 and D2 in Appendix D.

Appendix Tables D1 through D18 provides comparable estimates for each type of
satellite and MMD period considered in this report,
The number of satellites required to establish and maintain each of the
constellations of satellites in orbit for ten years was computed from the

data and chart in Ref. 7, pages 4-33 and 4-34. The data are presented graphically

in Fig. 15 for convenient reference.
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TABLE 10 | i

;

1

COST OF SMALL CATEGORY SATELLITES WITH MONOPROPELLANT HYDRAZINE PROPULSION :
'SUBSYSTEMS AND 3-YEAR MMD

(Costs in thousands of 1973 dollars) é

Number of Satellites Constellation of Constellation of %
and Type of Cost 6 Satellites 12 Satellites :
Detail Total Detail Total ’

Number of Satellites Required 25 50 f
in 10-Year Period :
Nonrecurring Cost 55,860 55,860 ;
Recurring Cost: 3
First Unit Cost 11,770( ) ]1,770(b !
Cumulative Average Cost 9,932\3 9,470 ) {
Total Recurring Cost 248,300 473,500 4
Total 10-Year Satellite Cost 304,160 529,360
(a) Computed by multiplying the first unit cost by the learning curve §
factor 0.8438. :

(b) Computed by multiplying the first unit cost by the lear~ing curve :
factor 0.8045. :

The learning curve factors applied to the first unit cost of each satel-
lite to determine the cumilative average unit cost (Table 10 and elsewhere)

are taken from a learning curve with a 95 percent slope (Ref. 11).
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3. LAUNCH VEHICLE COSTS

The launch yehicle costs were determined in consultation with the SAMSO
Launch Vehicle Requirements and Analysis Office. The unit recurring costs for
nine selected launch vehicles are shown in Table 11. Each of these recurring
costs represents the anticipated cost per launch of the specified vehicle
based on the quantity that is 1ikely to be required for all purposes. The
unit recurring costs consist of the hardware (production) cost of the launch
vehicle and the operating cost incident to launching the vehicle.

The nonrecurring costs comprise the cost of developing and testing the
indicated combination of Tlaunch elements, together with the cost of modifica-
tion of structures or enhancement of capabilities when required. The nonre-
curring cust of the Atlas/Agena, estimated at $1.6 million in 1973 dollars,
would be required to provide a 10-foot front end for the vehicle. The combina-
tion of the Agena with the Titan IIID would involve a developing and testing
cost estimated at $6.0 million. Enhancament nf the capabilities of the Agena
would require an additional $3.5 million in R & D funds, but the unit produc-
tion cost of the Improved Agena would be approximately the same as that of the
present Agena, namely $20.0 million. Addition of an attitude kick motor (AKM)
to the Titan I11D/Agena combination would increase the nonrecurring costs by

about $4.0 million and the unit recurring cost by $1.0 miliion. The satellite
weight that each of the launch vehicles could place in synchronous equatorial
orbit is 1isted in Table 11, along with the related cost data.
The launch vehicle that would be -used depends upon the weight of the
individual satellite or of a combination of satellites. Since the weights of
the smali category satellites range from 1000 pounds to 1496 pounds, it is

postulated that two of these satellites would be launched aboard a Titan 1IIC
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launch vehicle. The medium category satellites weight between 2000 and 3016

pounds, and therefore, only one of the medium size satellites could be placed in

synchronous equatorial crbit by a Titan IIIC. Inasmuch as all satellites in

Adasds dans et LN

the small and medium size categories would be launched aboard Titan IIIC
vehicles, the cost of launching such satellites is calculated by multiplying 3
the average unit cost of the Titan IIIC, namely, $19.5 million (Table 11), by

the number of launch vehicles required. No nonrecurring costs are incurred

[EVIIN WRW AL TP 2P ALY

in the launching of a Titan IIIC because the vehicle is currently operational.

The large category satellites range in weight from 3000 to 4591 pounds.

For satellites with a net weight of more than 3140 pounds, a launch vehicle

o T St AT A a4,

combination would need to be developed that would be efficient in placing the

Max¥d

I

selected large category satellite in synchronous equatorial orbit. Possible

combinations of launch vehicles, together with their rated capabilities and

associated costs, are listed in Table 11. The Taunch costs for large category

(R ozl sEant dorte AN

satellites used throughout this report and shown in detail in Appendix D,

Tables D5, D6, D11, D12, D17 and D18, were computed from the data in Table 11.

4.  SATELLITE SYSTEM COSTS

LY e S ek 20 R
P PRI L S C T IRV A S

The over-a:1 cost of a satellite system is the summation of the costs

associated directly with the satellites and all coskts incident tc the launching

of the satellites. In this report, all systam costs are based on the assump-
tion that the constellation of satellites would be placed and maintained in
synchronous equatorial crbit for a period of ten years.
The procedure followed in summarizing satellite system costs is illustrated
{ - in Tables 12 and 13, Section IX, which compare the 10-year costs of small

category satellites using hybrid mercurv propulsion subsystems with the

corresponding costs of the baseline satellites that use monopropeliant hydrazine.
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SECTION IX ;
ANALYSIS AND RESULTS

TSy T A,
A

1. INTRODUCTICN .

Two areas in wnich potential contributjons of the application of electric

yI e iinb et aisr e Yl A2 et

. ,mumﬁpuamwﬂ =

propulsion have been evaluated are discussed in the major subsections which
follow.

el

YT

The two areas are (a) enhancement of the mean mission duratijon (MMD)
of the satellite and (b) increased flexibility with respect to the design

weight of a satellite and the selection of Taunch vehicles to place satellites
!
in intermediate earth orbits.

ket 2P e eI sl s e

2. ENHANCEMENT OF LIFE OF SATELLITES

a. Objective. The purpose of this major subsection of the report is to

estimate the potential savings that would accrue from extending the MMD of

the satellite. Each satellite under consideration is a member of a constella- )

tion of satellites in synchronous equatorial orbit. The satellite requires

initial positioning, attitude control, east-west and north-south station-

.
e Sopen
AL A AT N aa LT T e ittty

3 keeping, and repositioning.

fyg e

Five types of satellites employing electric pro-

pulsion exclusively and six types of satellites with hybrid propulsion sub-

ol e

systems are compared with satellites that employ monopropellant hydrazine

ATNBNG L W S

propulsion subsystems and have an MMD of 3 years.
b.

RENTERE T

System Cost of Small Category Satellites with Hybrid Mercury Pro-

“utlm

pulsion. Of the ten types of satellites that incorporate some form of elec-

tric propulsion, the type that employs the hybrid mercury propulsien subsystem
is selected for detailed presentation.

JERCFAPL L EEY L A N

Hybrid propulsion is preferred because
the availability of high thrust engines along with those with low thrust

increases the operational flexibility of the satellite. The hybrid mercury

subsystem is selected because it shows slight weight advantages compared with
the other hybrid subsystems under study (See Section VII, 3).
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Systenm cost estimates for the types of satellites not discussed in this

Ladaris g ¥ s

. subsection are shown in Table D1 through D18 in Appendix D. The extent

to which the 10-year system cost of each type of satellite declinec as the

T R

MMD oF the sateliite is enhanced is presented graphically in Figs. 1 through

p6 in the same appendix. The data presented in Tables 12 and 13, were ex-

b ek et bl X 2O DG A Yo

tracted £rom Appendix Tables D1, D2, D7, and DS.
Ftg. 12 in the satellite weight analysis section shows that employment ;

. of the hybrid mercury propulsion subsystem in 1ieu of the baseline hydrazine

: subsystem would make provision for the additional weight required to extend

the MMD of a small category-satenite from 3 years to 4.6 years. The signifi-

cance of this enhancement in the 1ife of the satellite is appraised in terms

Ly Sl PL PR S Al D

i
of the saving in 10-year system costs in the tables and text which follow. i

In Table 12, the 10-year systems cost of a constellation of 6 satellites

i
e

wi th hybrid mercury propulsion is compared with the 10-year cost of a like !
constaJlation of satellites with a monopropellant hydrazine prepulsion sub- :
system. The system costs comprise estimates of the cost of developing,
qualifying and producing the satellites together wich the cost of launching
the satellites and ‘maintaining the constellation in orbit during a period of
10 years. 4
the cost comparison presented in Table 12, based on a constellation of }
6 satelites, indicates that enhancement of the MMD of the satellite from 3

to 4.6 years made possible by the use of hybrid mercury propulsion would

| resylt in an estimated saving of $99 million which is 18 percent of the 10-year
i cost of conventional sateliites with hydrazine propulsion. This indicated
|
sawing in total system cost results directly from the reduced number of satel- :
. lites (18 vs 25) and launch vehicles (9 vs 12.5) that are required to maintain :
I 79 §
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a given capability over a 10 year period rather than from lower unit

costs. In fact, both nonrecurring and unit recurring costs for the satellite

with hybrid mercury propulsion subsystem are higher than the corresponding

costs for the bhaseline satellite.

When the cost comparison between the two types of satellites is based
on a constellation of 12 satellites, as shown in Table 13, the estimated

reduction in total system cost amounts to $214 million, or 21 percent of the

cost of the conventional system. Cost comparisons are presented for both

the 6 satellite and the 12 satellite constellations primarily to show that

the general conclusion regarding the potential cost saving applies to a

wide range in the number of satellites deployed.

As indicated above, the potential savings cited in the two preceding
paragraphs result from extension of the MMD of the satellite which is made

possible by the use of hybrid mercury propulsion subsystems that make avail-

able the additional weight that is required to increase redundancy. Satel-

lites typicaliy have a few components or subsystems that have Tow reliability

compared with other subsystems for which the predicted reliability is above

0.97. If volume and weight are available and redundancy is concentrated in

the areas of low reliability, the MMD of the sateliite will be enhanced. A

comprehensive study made by the Aerospace Corporation (Ref. 7) shows that the

redundancy technique would work for both the Program 191 and Pragram 777

satellites. It was found that the satellite life was increased by a factor

of 3 by only doubling the number of components while satellite weight increased

only 30 percent. Five componencs, however, exhibited wearout which affects

lifetime (Ref. 7, page 2-z). Each of these components requires study to

determine cost associated with attaining longer 1ifetime.
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In conclusion, it may be stated it is unlikely that the development

PORVINT S %

- cost involyed in extending the 1ifetime of components subject to wearout,

ey,

or the errors in cost estimation, would negate the savings that would

PRY IV XS LN SUAN "N

result from the use of the hybrid mercury subsystem when the propulsion

A functions include stationkeeping.

g c. Graphic Comparisons of System Cos*s for Small Category Satellites.

Fig. 16 through Fig. 19 afford comparisons between the 10-year system cost
of the small category satellite with monopropellant hydrazine propulsion and
the Tike cost cf each of the ten small category sateliites that employ some

type of electric propulsion including the hybrid mercury subsystem discussed ¢

YL SN NN o T LSl Ay

above. Comparable data for the NpHg/Resistojet also are shown. From the

first of the four charts, it will be observed that the satellites which employ
either colloid or mercury propulsion subsystems without the use of hydrazine
thrusters show Tower 10-year systems cost than do any of the other propulsion
subsystems under study. The systems cost of the satellite with hybrid mercury
propulsion, however, is only slightly higher than that of the satellite with
all mercury propuision, namely, $449 million compared with $438 million for
the all mercury subsystem. As previously mentioned, the hybrid mercury sub-
system was selected tor detail discussion because of its performance capabili-
ties.

Fig. 17 presents comparisons among the various satellites in terms of per- |
cent reduction, or improvement, in the 10-year system costs. The horizontal
1ine, designated "0", repri:ents the 10-year cost of the baseline satellites,
namely, $548 million.

Each of the aktcve twn charts relate to a constellation of 6 satellites

in orbit. Fig.18 and 19 afford similar comparisons among the twelve types
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Fig. 16 Ten-Year System Cost of Constellations of Six Small Category

Satellites with Specified Propulsion Subsystems
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-of satellites based on the 10-year costs of constellations of 12 satellites

TR 30 Vs

in orbit. The percent reductions in systems costs are larger when based !

§
. . . . E
with the 12 satellite constellations because the relatively high nonrecurring A

ETa ik Rl i)
Y o VY

costs of the satellite with electric propulsion are spread (amortized) over

a larger number of satellites.

d, System Cost Comparisons for Medium Category Satellites. Fig. 19

through Fig. 22 present cost comparisons for satellites in medium size cate-

gory which parallel those for small category satellites discussed in the

5 20 d o 2 Ea TRAD s

preceding subsection.

L,

SAN 0O § b e

In the medium category satellite, employment of the all mercury propulsion

A 20N FLaab Y

subsystem results in 10-year system costs that are distinctly lower than those

TCIEITIINN TV

of any of the other propulsion subsystem. Compzred with the all colloid sub-

system, the closest competitor from a cost standpoint, the all mercury subsystem -

shows a saving cf nearly $76 million based on 6 satellites in orbit or $52

CIICER Y B S R

million based on a constellation of 12 satellites. Compared with the baseline

hydrazine subsystem, mercury propulsion offers savings of 3212 million and $432
million based on the 6 and 12 constellaticns, respectively. Tnese system

cost comparisons are taken from Tables D3 and D4 in Appendix D. These

appendix tables provided “he data from which the accompanying series of four
charts were prepared.

The hybrid propulsion subsystems when incorporated in medium category

satellites result in larger dollar se ings but show smaller percentage reduc-

Fass A
L PEPAT L 325 St hacl ALY $Fe e AIACENIAL Y s 2
PP PR PN urh«m\&mmm;w-\.,urauu,k YO

tion in system costs than when the hybrid mercury subsystem is employed in

St

the small cateqory satellites. For instance, employment of the hybrid mer-

.

cury subsystem in a medjum category satellite would result in a saving of )

$318 million,or 18 percent, compared with 10-year system cost of 12 baseline

§
%
:
J
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satellites in orbit. These figures are comparable with the saving of $214
million or 21 percent shown in Table 13, preceding, for a consteilation of

12 small category satellites.

e. System Cost Comparisons for Large Categqory Satellites. Comparisons

among the 10-year system costs of the 12 types of large category satellites
are presented in Fig. 24 through Fig. 27. Again, the mercury propulsion
subsystem without the use of hydrazine thrusters compa§es favorably, from the
standpoint of cost, with all of the other propulsion systems. Satellites
with hybrid mercury propulsion rank fourth among the large category satellites
in terms of system cost. However, the cost advantage which hybrid colloid
shows over hybrid mercury is very small. The difference in the cost of the
two types of satellites reflects, in a large measure, the larger power require-
ments of the hybrid mercury subsystem.

The MPD is the only type of electric propulsion that shows steady improve-
ment in system costs as the weight of the satellite is increased. Small category
satellites with MPD propulsion subsystems showed higher 10-year system costs
than any of the other satellites under study. In the medium size category,
the system costs of satellites with MPD were 2 to 3 peircent below the cost of
the baseline satellite but were higher than the like costs of all other satel-
Tites with electric propulsion except those with ablative teflon subsystems.

In the large size category, the 10-year costs of satellites with MPD fell
nearly 7 percent below the cost of the baseline and were lower than those of
satellites with either all ablative teflon or hybrid ablative teflon.

The cost estimates from which Figs. 24 through 27 were prepared are

are given in Tables 05 and D6 in Appendix D. The above cost comparisons were

also made from tﬁese tables.
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Fig. 26 Ten-Year System Cost of Constellations of Twelve Large Category

Satellites with Specified Propulsion Subsystem
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3. INCREASED FLEXIBILITY IN DESIGN AND LAUNCHING OF SATELLITES

a. Basic Concept. The basic concept which underlies this analysis is that .

it orbit raising by mears of electric propulsion is feasible, the design
weight oy a satellite, or the combined weigat of a aroun of satellites, would
ve less critical because there would be flexibiiity with respect to the initial
orbit in which the payload i3 placed. A launch vehicle (possibly a lower cost
vehicle) could be chosen that has the capability of placing the payload in an
intermediate earth orbit from which it could be cpiralled to synchronous
equatorial orbit by means of electric propulsion. This increased flexibjlity
also mignt enabie program planners to avoid the cost of developing launch
vehicles that otherwise will be required to fill the gap between the capzchility
of the Titan ITIC (3,200 pounds to synchronous equatorial orbit) and that of
the Titan I1IC/Centaur which when available will place a 7,200 pound payload . é

in the synchronous orbit.

b. Performance of Selected Launch Vehicles. The major ouvjectives in this

part of tne analysis are to determine (a) the altitude of the earth circular
(intermediate) orbits in which sclected launch vehicles would place payloads
varying in weight from 1,000 pounds to 20,000 pounds, and (b} the additional
characteristic velocity (Avc) that would be required of an olectric propulsion
system to spiral the payload into synchronous equatorial orbit. The results
se shown in Table 14,

First, the characteristic velocity (VC) to which each of four selected
launch vehicles would accelerate payloads of specified weights was determined.
The \’c data for the SLV-3D(Atlas)/Centaur/Burner II were taken from Fig. 5-3,
Ref. 12. Data for the other three Taunch vehicles were read from curves in
Fig. 3-10 and Fig 4-1, Ref. 13. The altitudes to which each of the character-
istic velocities would carry the specified payloads were read from curves
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TABLE 14
PERFORMANCE OF SELECTED LAUNCH VEHICLES

Gress  Charac- Altitide (n. mi. 3
Weight of teristic With no With n
) Launch Vehicle and Payload Velocity Plaine Plane
Related Information (1bs) Vc(Ft/sec) Change Change
3
. SLV-3A (Atlas)/Agena 3
F:
Payload in synch egn orb 610 1bs net? 610 39,600 (b) 19,400
rairing: diameter: 5A 1,000 38,400 10,800 7,300
Fairing Weight: 812 1bs 2,000 35,400 6,700
Type of Shroud: 3,000 33,000 3.700
Adapter Weight: 4,000 31,000 2,200 :
Cost:¢ Non-Recurring Cost $1.6M 5,000 29,600 1,600 y-
Unit Recurring Cost $11.6M e
SLV-3D(Atlas),’entaur/Burner 1I E'
. ::
Payload in synch eqn orb 1900 1bs net2 1,900, 39,690 (b) 19,400 4'
Fairing: Diameter: 10 ft 2,000 39,400 (b) 10,000 t
Fairing Weight: 2940 1bs 3,000 36,000 7,800 .
Type of Shroud: "Surveyor" 4,000 33,800 4,450 T
Adapter Weight: 20 1bs. (50#) 5,000 32,300 3,100 ;
Cost:C Non-Recurring Cost NONE 5,000 30,800 2,170
Unit Recurting Cost $15.2M 8,000 28,500 1,100
Titan IIIC
Payload in Synch eqn orb 3,220 1bs. 3.220 39,600 (b) 19,400
Fairing: diameter: 10 ft; length 25 ft. 4,000 38,600 {b) 18,300
Type of Shroud: "Titan (UPLF)" 5,000 37,750 13,500 3,700
Jettison Weight: 1967 1bs 6,000 36,700 9,800
Adapter Weight: 230 1bs 8,000 35,200 6,400,
Cost:C Nor-Recurring Cost NONE 10,000 33,700 4,700
Unit Recurring Cost $19.%1. 25,000 29,000 1,300
Titan IIIE/Centaur
Payload in synch eqn orb 7200 1bs 7,200 39,600 (b) 19,400
Fairing: diameter: 14 ft; length 55 ft 8,000 39,400 (b) 15,400
Type of Shroud: "Viking" 10,000 37,500 12,500 3,100
Jettison Weight: 6060 1bs 20,000 31,260 2,370
Adapter Weight: 116 lbs
Cost:© Non-Recurring Cost NONE
Unit Recurring Cost $2.5.2M
Approximate net weight of payload if the apogee kick motor is in the sateliite. % §

[ g -} ]
L] L]

The veiocity not required to 1ift the specified payload to synchronous altitude
would be utilized to make part of the plane change.
c. A1l costs are in terms of 1973 dollars.

(continued)
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TABLE 14 (continued)

= Additional Velocity Time to Spiral .
{aVe) Required(ft/se)  to Synch Equa. Orbit
_ . (thrust/weight = 10° 3
Launch Vehicle and To 24-hr To Synch —\/cing Elec. Prop.) g
£ ti Synch. Alt. Equatorial :
; Related I[nformation Orbit (in days) 1
: SLV-3A(Atlas)/Agena i
c L
; Payload in synch eqn orb 610 1bs. net? None None -——- .
. 2,677 6,045 2,173 5
4,986 j
; 7,923 3
[ 10,130 3
s 11,360
é f
4 SLV-3D(At1as)/Centaur/Burner 11 :
f Payload in synch eqn orb 1900 1bs net? None None —— 1
: 1,500 2,775 897 :
7,109
" 8,843 - 1
3 10,158 .
! 12,375 b
3 - 3
3 3
, Titan 11IC jg
; Payload in Synch egn orb 3,220 1bs. None Nene --- .
None 1,270 456 .
; 3,174 3
3 5,2]5 i
1 8,095 :
] 12,045 ]
.: :
Titan IIIE/Centaur ‘
Payload in synch eqn orb 7200 1bs. None None -~ 3
None 1,000 359 E
1,687 ;
1
a. Approximate net weight of payload if the apogee kick motor is in the sateiiite. i i
g
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in Fig. 3-1, Ref. 12. The altitudes attainable both with or without

acir ol R G
.

plane change are shown in Table 14,

The additional velocity (AVC) required either to raise the satellite to

24-hour synchronous altitude without plane change or to piace the satellite

— R

in synchronous equatorial orbit (with plane change) is listed in the table.

The AVC needed -+ a Hohmann transfer was calculated from Equation 7 and these

ALiasia fom i mil e )

values are plotted in Fig. 7. Each value was corrected by adding the low o

thrust penalty shown in the figure. The corrected values are entered in the

E next to the last column of Table 14. The time required to spiral the satellite ;

to synchronous equatorial orbit using low thrust (thrust/weight =]0'5) electrical f :

Bl oo bca s in u s

propulsion is shown in the last column of the table -
Estimates of the costs associated with each of the launch vehicles and the

weight and size of the fairings and shrouds are included in the table for con-

N Lo sl it

venient reference. Determination of the cost ¢f the launch vehicles is explained

in connection with Table 11.

c. Orbit Raising. The purpose of this section of tha report is to consider

the feasibility of selecting smaller and Tess expensive launch vehicles to
place sateliites or groups of sateilites into some intermediate orbit and
utilize the on-board propulsion system to insert the vehicle into synchronous
equatorial orixit. Table 14 1ists the candidate Taunch vehicles and the Avc
increments req.ired with and without plane change. The piane changes are re-
quired to place the satellite into synchronous equatorial orbit.

Using tangential thrust, constant acceleration, and Isp's consistent with
the cesium ion engine employed in the first part of the analysis (Ref. 14},
Fiy. 28 was generated. The Jata indicates that any millipound thrust device

to take a satellite to synchronous orbit demands transit times in excess of

!
i
{
§
\i ‘
%
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1. 2000# satellite with 2 mlb thrust
18 (requires 997 days)
2. 4 - 2000# satellite with 2 mib thrust
(requires 359 days)
164 3. 2 - 2000# satellite with 2 mib thrust
® - (requires 456 days)
14
12 -
é 10}e!
<
[<})
o
3
- 8}
)
<
6 L
4 -
2 -
[l L o |
1 2 3 4 5

Thrust/Weight x 105

Fig. 28 Minimum Thrust Requirements for Spiraling to Orbit
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those considered practicable. For example, using the Titan IIIC, as shown

e # avaeead 4wt s

Lot AU

in Table 14, a transit time of 456 days would be required to spiral a 4,000 i

pound satellite from an intermedjate c¢ircular orbit of 18,300 nautical miles

P st et
-

o m——— o 53 W

to synchronous equatorial orkit. Other launch vehicles considered in Table 14 !

FITTT T

which might be used to place the satellite in an intermediate orbit would
require even longer transit times. Factoring larger values of thrust still
- produces times-to-orbit that are excessive. Furthermore, after a ievel of

4 millipounds of thrust is reached, the weight savings become nonexistent

YA e

in the missions analyzed and consequently wo projected increase in 1ife is
possible. ;

An investigation was also conducted to see if there were any combinations

S e e e e Ve o

of Taunch vehicles and satellites where advantages could accrue from spiralling

into synchronous orbit. For this case, the intermediate orbit would nave to

; - be relatively high (above 15,000 NM). No specific areas were identified;

consequently the utilization of the 2lectric propulsion for orbit raising in

this mission was not considered further.
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APPENCIX A

DETERMINATION OF SATELLITE SUBSYSTEM WEIGHTS

IO e

ﬁ | The purpose of this appendix is to present the data and methodology
used in determining the weights of three major subsystems of the satellites

under study, namely, (a) structure. including thermal control ‘and . “stage,

(h) telemetry, tracking and command (TT & C), and (c) communications, which

is the mission ‘package. MWeights of the other two major Qubsystems of the

o S

satellites, as.explained in Section VII, were either generated by the Rocket

2 Propulsion Laboratory computer program or obtained from contractors or from

C o e e

studies of propuision subsystems. The weights estimated in this appendix are
for satellites with a 3-year mean missions duration (MMD). The weights
assigned to satellites with 4-year, 5-yea: and 7-year MMDs were computed by

3 applying weight growth factors to the weights determined for the 3-year

; satellites. The weight growth factors were computed from data in an Aero-
space Corporation report (Ref. 7).

The procedure followed in estimating the subsystem weights for satellites

with a 3-year MMD was first to determine preferred weights for each of the
three major subsystems. These preferred weights served as initial inputs
in the weight analysis. By means of a reiterative procedure, these initial
weights, along with those generated by the computer, were adjusted siightly
to conform with the constraints placed upon the various subsystems. The
adjustments in the preferred weights were generally downward, but in each
instance, the adjusted weight was large enough to be consistent with experience
data taken from existing satellite programs.

Detailed weight data were obtained from twelve satellite programs of

the Air Force and the National Aeronautics and Space Administration. The

A1

¥

3

é‘
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satellites in eight of the programs are 3-axis stabilized; whereas those in
the other four programs are spin stabilized. For the Program 777 satellites
data were available for both operational and programmec satellites. Both sets
cf data were utilized. As a result, thirteen data points'appear on each of
the three accompanying graphs.

The weights of the five major subsystems in each type of satellite were
expressed as percentages of the total weight of the satellite. The percentages
obtained for each of the three subsystems under study were then piotted as a
function of Lhe total weight of the satellite (Fig. Al through Fig. A3).

In each of these figures, the data points for the 3-axis stabilized satellites
are represented by a 3-pronged indicator "y". The corresponding percentages
for the spin ;stabilized satellites are represented by an "x". In determining
a preferred value for each of the three major subsystems, the data points fur
3-axis satellites were given added weight compared with the data for spin -
stabilized satellites. This was advisable since the satellites under study
are 3-axis stabilized. The percentages, or range in percentages, which the
adjusted subsystem weights (discussed in the second paragriph above) comprise
of the total weight of the satellite are indicated by short vertical lines
lTocated above the 1000, 2000, and 3000- pound gradients on the abscissa of

each graph.

Fig. Al presents the above described data points for the structure sub-
systems of the satellites. It will be abserved that although there is con-
siderable variation among types of satellites with respect to the proportion
of total waight that is devoted to structure, these percentage varijations
appear to be largely independent of tne total weight of the satellite. The

adjusted weights of the structure subsystems used in the present study -
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comprise 21.1 percent of the total weight of the small category satellites

with a 3-year MMD. The corresponding percentages for medium and large category
satellites ane 22.0 and 21.6, respeciively. These percentages are represented
by small vertical dashes in the graph.

The proportion of total satellite weight that is devoted to the mission
package, which in the satellites under consideration is communications, is
shown in Fig. A2. In this instance, there is a distinct tendency for the
percentage of total weight that is available for the mission package to increase
as the weight of the satellite increases. The adjusted weights of the com-
munications subsystems of the satellites for which estimates were made :omprise
from 21.9 percent to 25.2 percent of the total weight of the small categciy
satellites. Comparable percentages for the medium category satellites range
from 28.3 to 32.4. The large category satellites show even larger proportions
devoted to the communications subsystems, namely, from 32.5 percent to 36.5
percent. The range in percentages of weight devoted to communications in each
of the three categbries of satellites is depicted by vertical lines in Fig. A2.
These vertical lines indicate that the adjusted weights determined for the
communications subsystems of satellites with a 3-year MMD are consistent with
the experienced data used in preparing the graph.

The data peints plotted in Fig. A3 show the extent to which the propor-
tion of satellite total weight devoted to the telemetry, tracking and command
(TT & C) subsystem decreases as the weight of the satellite increases. The
percentages of total weight computed from the adjusted weights of the TT & C
subsystems range from 7.0 to 8.1 for small category satellites and from 6.0
to 6.9 for medium category satellites. Corresponding percentages for large

category satellites are 4.4 and 4.9. These percentages, represented by

A3
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short vertical lines in Fig. A3, indicate that the adjusted subsystem
weights of satell:tes with a 3-year MM’ are consistent with data compiled
from existing satellite programs. s

The weight growth factors that were applied to the subsystem weights
for 3-year satellites to determine the corresponiing weights for satellites
with longer mean mission durations are listed in Table 7, Section VII. 7he :

procedure followed in applying the factors and the rosults obtained are

illustrated in the table.
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APPENDIX B

é TABLES 1 THROUGH 3

; SATELLITE WEIGHT AS A FUNCTION OF TYPE OF PROPULSION SUBSYSTEM
- AND MEAN MISSION DURATION
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APPENDIX C
SATELLITE COST MODEL

The purpose of this appendix is to make available the cost estimating
relationships (CERs) and related cost factors that were used in estimating
(a) all nonrecurring costs asso.iated with the development and testing of
each type and size of satellite under study, and (b) the first unit cost of )
each of the satellites. The CERs and cost Tactors were incorporated into a
computerized cost model, but they could be used manualiy. The complete
computer program vhich generated the basic cost estimates cited above is
reproduced herein for possible use by interested readers.

The cost estimating equations that were used in computing the satellite
subsystem direct costs are listed in Table Cl1. The CERs for four subsystems,

- namely, structure, TT & C, communications, and electric power source, were
adopted from the Unmanned Spacecraft Cost Model developed by the Cost Analysis
Division, Hq SAMSO. The only modifications :»~de in the CERs were (a) the
insertion of a factor in each equation which allows for cost escalation

from 1970 to 1973 and (b) the derivation of two equations to estimate costs
of communications subsystems that are heavier than those on which the SAMSO
cost relationships are based. The cost escalation factors, namely, 1.1675 for
nonrecurring costs and 1.1606 for recurring costs, were computed from another
SAMSO report (Ref. 8).

The two CERs that were developed for the heavier communications sub-
systems zre listed in Table C1 as items B (1) and (2) under "Communica-
tions Subsystem". These equations constitute an extrapolation of the SAMSO
CER based on information obtained from Headquarters National Aeronautics and

Space Administration (NASA) and the Jet Propulsion Laboratory. Tne NASA 3
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costs, although higher than those of the Air Force, revealed trends that are

similar to those depicted by the SAMSO curve within the weight 1imits for : ?
which data are available from the two sources. It was therefore postulated
that the slope of the NASA curve is indicative of the trend in Air Force costs,
and the two CERs were developed to provide straight 1ine approximations of

the slope of the NASA curve.

The CERs for the attitude contrel subsystem of a 3-axis stabilized : ‘
satellite are updated equations received by phone from the Cost Analysis o
Division, Hq SAMSO. These equaiions were used in estimating subsystem costs
of the satellites that use moropropelliant hydrazine, namely, the baseline
satellite and the one that employs the N2H4/Resistojet propulsion subsysten.

Since the SAMSO CERs for the propulsion clements of the attitude control

subsystem are based on satellites using chemical propulsion, it was necessary )
to develop CERs that would indicate more accurately the cost of attitude con-
trol systems of satellites that empioy electric propulsion. Based upon infor-
mation obtained from the Jet Propulsion Laboratory, equations were developed
to provide estimates of both recurriny and nonrecurring costs of ion thrusters,
power conditioning units, propellant tanks, and propellants for electric pro-
pulsion subsystems. The costs of control sensors and mechanisms in the
attitude control systems vere estimated by modifying the SAMSO equations to
use the weight of the sensors and mechanisms in lieu of the dry weight of the
entire subsystem. The above mentioned CERs for electric propulsion subsystems
are shown under the last five major headings in Table CI.

The CERs presented in Table C!, and discussed above, provide estimates
of the cost that are directly and exclusively related to the specified subsystems.
Satellite costs other than those directly related to a particular subsystem
include (a) cost of the dispenser, aerospace ground equipment (AGE) and launch
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operations, (b) program level costs, (c) burden and general expense, and |
5 (d) contractor fee.

- . The costs of dispensers used in the present analysis were taken from the
F Program 777 satellites, namely, $58,000 ir nonrecurring costs and $25,000 in

: recurring costs. The cost of AGE for satellites employing electric propulsion
subsystems and having a 3-year MMD is estimated at $4.89 milliun, based on an

3 estimate supplied by the Cost Analysis Division, Hq SAMSO, for medium size new

development programs. The AGE cost for the baseline satellite is an average

v -

r computed from the cost of the AGE for a follow-on system and that of a medium-

size new program. The cost of AGE for the 3-year satellite using monopropellant :
hydrazine is thus estimated at $3.665 million. The cost of the AGE for satei-

lites with Tonger mean mission duration were calculated by multiplying the AGE

cost for the appropriate 3-year satellite by 1.050 for a 4-year sateliite, 1,083

for a 5-year satellite, and 1.133 for a satellite with a 7-year MMD.

Program level costs, launch operations costs, burden and general expenses,
and fee were factored in using the percentages listed in Table C2. The percen-
tage factors for program level costs and for burden and general expense in
recurring costs were taken from the SAMSQ report (Ref. 10). The percentage
factors for fee and for burden and general expense in nonrecurring costs are
slightly Tower than those used by SAMSO.

A1l of the above mentioned CERs and cost factors are incorporated in
the computer program which is reproduced in Table C3. Provision is made in
this program for inputing "inheritance" factors which would differentiate
among the various types of satellites with respect to the technology and

development that would be transferable from other programs. However, the

Timited amount of information that was available concerning the comparative
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state of development of the several electric propulsicw subsystems did not

gk oo

warrant establishment of inheritance factors to be used in the cost computations.

. 8 e

3 The computer program generates and summarizes the nonrecurring costs
3

incident to the development and testing of the specified type of satellite.

it also provides the first unit (production) cost of the satellite, but it

does not compute total satellite system costs. As explained in Section VIII

WY FTNTTT TN OR T R L

and illustrated in Tables 12 and 13, Section IX, it is necessary to determine
the number of satellites required for a specified program and then to calculate

the cumulative average unit cost of the required number of satellites by

QUEN gk R

applying appropriate learning curve factors to the first unit cost generated by
; the computer program. To the total satellite cost must be added the cost of

launch vehicles used to plare the satellite in the desired orbit. The launch

operations costs inciuded in the satellite costs constitute only the cost

of preparing and servicing the satellite at the time of launch. .
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!f TABLE Cl
‘ COST ESTIMATING RELATIONSHIPS (CERs) FOR UNMANNED SPACECRAFT

e £33
aas i
LT st ..

Structure, Thermal Control, and Interstage Subsystem

A. Nonrecurring Cost CER

_ . 0.66
NRSTC,g73 ¢103 = 1-1675 [632.56 + 23.08(kt: 1bs)°-]

B. Unit Recurring Cost CER
URSTC

TSR P TT T TR T TR T oYY

1973 103 = 1-1606 [54.19 + 0.93(Ht: 1bs) 0947

Communications Subsystem (Mission Package or Payload)

A. Nonrecurring Cost CER

NRPLC

TP TP

1973 $103 ~ 1.1675 [332.0(Wt: }bs)0.44]

B. Unit Recurring Cost CER
(1) If subsystem weight is 230 pounds or less

URPLC, 475 §103 = 1-1606 [7.77 + 4.83(We: 1bs)]

(2) If subsystem weight is more than 230 pounds but
not greater than 600 pounds

(3) If subsystem weight is more than 600 pounds
URPLC1973 $103 ° 1570 + 0.425(KWt: 1bs)

Telemetry, Tracking, and Command Subsystem

A. Nonrecurring Cost CER
NRTTC]973 $103 = 1.1675 [824.47 + 13.78(Wt: 1bs)]
B. Unit Recurring Cost CER

URTTC]973 $103 © 1.1606 [-85.05 + 7.98(Wt: 1bs)]
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TABLE C1 (continued)

Electric Power Supply Subsystem

A. Nonrecurring Cost CER

- . 0.45
NRPNC1973 §103 ° 1.1675 [120.84(Max Array Output: watts) ]

B. Unit Recurring Cost CER
- . 0.63
URPNC]973 $103 1.1606 [8.96(Max Array Output: watts) ]

Attitude Control Subsystem (3-Axis Stabilized) for Chemical Subsystems Only

A. Nonrecurring Cost CER

NRACS]973 $103 ° 1.1675 [1285.37 + 16.13(Dry Wt: 1bs)]

B. Unit Recurring Cost CER
URACS]973 $103 ° 1.1606 {62.78 + 7.35(Dry Wt: 1bs)] +

.001[Propellant Cost/]b]973 $(Prop. Wt: 1bs)]

Ion Thrusters in Electric Propulsion Subsystems

A. HNonrecurring Cost CER

NRT]973 $10% ~ 1.1675 [1250 + 0.75(BOL Pwr: watts)]

B. Unit Recurring Cost CER
URT]973 $103 ~ 1.1606 [28 + 0.031(BOL Pwr: watts)]

Power Conditioning in Electric Propulsion Subsystems

A. Honrecurring Cost CER

NRPC]973 $103 ° 1.1675 [1480 + 0.51(BOL Pwr: watts)]

B. Unit Recurring Cost CER
URPC]973 $103 = 1.1606 [70 + 0.06(BOL Pwr: watts)]

C6
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3 TABLE C1  (centinued

WK T AT

Controls (sensors & mechanisms) in Electric Propulsion Subsystems)

A. Monrecurring Cost CER

MRy i A ek e

NRASUB]973 $103 = 1.1675 [1285.37 + 16.13(Wt: 1bs)]

B. Unit Recurring Cost CER

Propellant Tanks in Electric Propulsion Subsystems

. A. Nonrecurring Cost CER
NRPT]973 $103 ~ 1.1675 [210 + 30(Wt: 1bs)]

B. Unit Recurring Cost CER
3 URPT]973 $103 ~ 1.1606 [0.63 + 1.14(Wt: 1bs)]

Propellants for Electric Propulsion Subsystems

s i A. Nonrecurring Cost CER

NRP. 573 $10% ~ 0.001 [Propellant cos”: per 1t 5 S(”t: 1bs)]
B. Unit Recurring Cost CER

URP; 974 $103 = 0.001 [Propellant cost per 1b1973 $(ut: 1bs)]

c7
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TABLE C2

FACTORS USED IN COMPUTING SATELLITE COSTS OTHER THAN SUBSYSTEM

, DIRECT COSTS
f -
d PERCENTAGE FACTOR BASE TO WHICH
Nonrecurring  Unit Recurring PERCENTAGE IS
: COST ELEMENT Cost Cost APPLIED
3
. Program Level 50% 30% Cost of subsystems,
: dispenser & AGE
1 Launch Operations -~ 3% Above listed costs
1 plus program level
1
E Burden and G8A 82% 106% Total direct cost
b
: Contractor Fee 10% 104 Total direct cost

plus B and G/A
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TABLE €3
r : COMPUTER PROGRAM FOR CALCULATING SATELLITE COSTS

TYPE REAL NRSTC,NRTTC,NRPLC,NRPWC,NRACSC,NRPL ,NRDC ,NRBGA ,NRTSC,
INRTOTS, NRASUB

1 : DIMENSTON XAMSAT(3)
C  THIS PROGRAM CALCULATES COSTS BASED ON SAMSO AND OAS CERS

; | DATA (DISPN=58.), (AGEBLX=3665.),(AGENSX=4890.),(DISPU=25.0),
’ 1(PCNH=3.00)

E PROGRAM COSTSAT ( INPUT,OUTPUT, TAPE5=INPUT, TAPE6=0UTPUT)
4

3 1 FORMAT(3A6,12,5X,5F10.1) |
; 110 FORMAT(/// ,28X ,*STRUCTURE* ,4X ,*TTC* ,4X ,*PAYLOAD* 2X,*ELECT PWR *,3 |
; X, *ACS* ,7X , *ACSSM* ,2X ,*THRUSTER*,2X ,*POWER COND* ,3X ,¥TANKS* ,6X ,*PR }
1 10P.* §
] 10 FORMAT(///,28X ,*STRUCTURE* ,4X ,*TTC* ,4X ,*PAYLOAD*2X ,*ELECT PWR *,4 !
3 1X,*ACS* |
! 16 FORMAT(3A6,12,5X,4F10.1,6F10.1) |
3 2 FORMAT( 8X,*NONRECURRING COST*,5F10.1) :
‘ 3 FORMAT( 7X;*UNITRECURRING COST*,5F10.1) |
i ' 4 FORMAT(/,2X ,*NRPL=*F10.1,2X ,*NRDC=*,F10.1,2X ,*NRBGA=* ,F10.1 ,2X ,*FE :
3 1E=*,F10.1,2X,*HRTSC=*,F10.1)

g ' § FORMAT (5X*URPL=*F10.1,2X ,*URLU=*,£10.1,2X,*URDC=*,F10.1,2X , *URBG

: 16A=*,F10.7.2X ,*FEE(UNITRECURRING) =*,F10.1,2X ,*URTSC=*,F10.1)

6 FORMAT(2X,*TOTAL NONRECURRING SUBSTSTEM DIRECT COSTS*,F10.1, 8X,
1*TOTAL RECURRING SUBSYSTEM UNIT DIRECT COSTS*,F10.1)
7 FORMAT(7F10.1)
12 FORMAT( 8X,*NONRECURRING COST*,10F10.1)
13 FORMAT( 7X,*UNITRECURRING COST*,10F10.1)
18 FORMAT(10X,*N2H4 SUBSYSTEM NONREC COSTS=*,F10.1,4X,*N2H4 SUBSYSTEM
1 URCOST=*,F10.1)
DO 100 I =1, 48
READ(5,1) (XAMSAT(I),I=1,3),IMMD,STWT,TTCKT,PLWT,PWRKW,ACSWT
READ(5,7) PWNH,ACSSUB,BOLP, TW, PW, PCPPU, PCPPN
NRACSC=0.0

URACSC=0.0

NRSTC=1.1675*(632.56+23.08* (STWT**0.66))
URSTC=1.1606%(54.19+0.93* (STHT**0.94))
NRPLC=1.1675*(332.0% (PLWT**0.44))

gt o B LTSI A A | T

(continued)
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TABLE €3 (continued)

IF(PLWT-230.0) 30,30,31
30 URPLC= 1.1606*(7.77+4.83*PLWT}
GO TO 34
31 IF(PLWT-600.0) 32,32,33
32 URPLC=270.0+1.430*PLWT
GO0 TO 34
33 URPLC=1570.0+).425*PLWT
34 CONTINUE
NRTTC=1.1675* (824 .47+13.78*TTCHT)
URTTC=1.1606*(-85.05+7 .98*TTCWT)
NRPNC=1.1675*(]20.84*(PNRKH**0.45))
URP C=1.1606*(8.96* (PHRKW**0.63) )
IF(ACSWT.EQ.0.0)G0 T0112
NRACSC=1.!675*(1285.37+18.13*ACSNT)
URACSC=1.1606*(62.78+7.35*ACSNT) +0.001*PCNH*PWNH
GO TO 113
112 NRACSC=0.0
URACSC=0.0
113 CONTINUE
X=NRACSC
Y=URACSC
I1=IMMD-2
G0 T0 (101,102,103,104,105),11
101 AGEBL=AGEBLX
AGENS=AGENSX
GO TO 106
102 AGEBL=1.050*AGEBLX
AGENS=1.050*AGENSX
GO T0 106
103 AGEBL=1.083*AGEBLX
AGENS=1.083*AGENSX
GO TO 106
104 CALL EXIT
GO TO 106
105 AGEBL=1.133*AGEBLYX
AGENS=1.133*AGENSX

c1o

(continued)
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TABLE C3 (continued)

106 CONTINUE

11

IF (I.GT.8) 60 TO 11

WRITE(6,10)

WRITE(6,1) (XAMSAT(I),1=1,3) ,IMMD,STWT ,TTCHT ,PLWT ,PHRKW,ACSHT
NRACSC=1.0*NRACSC

WRITE(6,2) NRSTC,NRTTC,NRPLC,NRPWC ,NRACSC

WRITE(6,3) URSTC,URTTC,URPLC ,URPWC ,URACSC

NRTOTS=NRSTC+NRPLC+NRTTC=NRPWC+NRACSC+DISPN+AGEBL
60 TO 15

CONTINUE

WRITE(6,100)

WRITE(6,76) (XAMSAT{I),*=1,3),IMMD,STWT ,TTCHT ,PLWT ,PHRKW,ACSKT,
1ACSSUB , BOLP,BOLP,TW,PH

XNRT=1,1675* (1250.0+0.75*BOLP)
URT=1.1606%(28.0+0.031*BOLP)
XNREC=1.1675%(1480.0+0.51*BOLP)
URPC=1.1606*(70.0+0.06*BO.P)
XNRPT=1.1675%(210.0+30.0*TH)
URPT=1.1606*{0.63+1.14*TW)

XNRP=PW*PCPPN *0.001

URP=PW*PCPPU*0. 001
NRASUB=1.1675%(1285.37+18.13*ACSSUB)
URASUB=1.1606* (62.78+7 . 35*ACSSUB)
URACSC=URASUB+URT+URPC+URPT+URP+URACSC
NRACSC=NRASUB+XNRT+XNRPC+XNRPT+XNRP+NRACSC
NRTOTS=NRSTC+NRPL ~+NRTTC+NRPWC+NRACSC+DISPN+AGENS

WRITE(6,120 NRSTC,NRTTC,NRPLC ,NRPWC ,NRACSC ,NRASUB ,XNRT ,XNRPC , XNRPT

1,XNRP

1
15

WRITE(6,13) URSTC,URTTC,URPLC,URPWC,URACSC ,URASUB,URT ,URPC ,URPT,UR

p
CONTINUE
XNRSC =NRSTCHNRPLCHHRTTC+NRPWC+NRACSC

XURSC =URSTC+URPLC+URTTC -URPWC+URACSC+
WRITE(6,6) XNRSC,XURSC

(continued)
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TABLE C3 (contintied)

WRITE(6,18) X, Y

URTOTS=URSTC+URPLC+URTTC+URPWC+URACSC+DISPU

NRPL=0.5*NRTOTS

NRDC=1.5*NRTOTS

NRBGA=0.82*NRDC

FEE=0.10*(NRBGA+NRDC)

NRTSC=NRBGA+NRDC+FEE

WRITE(6,4) NRPL,NRDC,NRBGA,FEE,NRTSC

URPL=0.3*URTOTS

URLO=0.03* (URPL+URTOTS)

URDC=URPL+URLO+URTOTS

URBGA=1.06*URDC

FEEU=(URDC+URBGA)*0.1

URTSC=U!RDC+URBGA+FEEU

WRITE(6,5) URPL,URLO,URDC,URBGA,FEEU,URTSC
160 CONTINUE

END COSTSAT
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_ TEN~YEAR SYSTEM COSTS OF SATELLITES AS A FUNCTION OF NUMBER OF
SATELLITES IN ORBIT, TYPE OF PROPULSION SUBSYSTEM AND MEAN MISSION DURATION

L 2

TR TR

TABLES 1 THROUGH 6
Basic Cost Estimates

PRaNEr

TABLES 7 THROUGH 12 :
Enhancement of MMD without Weight Penalty 1

TABLES 13 THROUGH 18

Cost of Satellites with Monopropellant Hydrazine
Compared with the Cost of 7-Year Satellites with
Electric Propulsion

(3 W i Sl A ne Lo\ e s ae

: ) ILLUSTRATIONS 1 THROUGH 6

g Ten-Year Satellite System Costs as a Function of the Mean Mission
F Duration, Type of Propulsion Subsystem and Number of Satellites
in Orbjt
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Fig. D1 Ten-Year System Cost of Constellation of Six Small Category
Satellites as a Function of the Mean Mission of the Satellite
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Satellites as a Function of the Mean Mission of the Satellite
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Fig. D5 Ten-Year System Cost of Constellation of Six Large Category
Satellites as a Function of the Mean Mission oi the Satellite
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