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Preface

The following report documents the design study of the
Air Force Institute of Technology Graduate Systems
Engineering Class of 1985. The report is in three volumes.
The Executive Summary (Volume I) is a cursory review of the
study and is meant to be self-contained. The Final Report
(Volume [1) and the Appendices (Volume [11) are more
detailed and should be read together for completeness. This
study explains a two-phase methodology we developed to
permit selection of an optimal military satellite servicing
system. The work was conducted from December 1984 to
December 1985. The original project concept and follow-on
technical support was provided by the Rocket Propulsion
Laboratory at Edwards AFB, California. Additional technical
support and funding was provided by the Office for Manned
Spaceflight (SD/YM) and the Office of Plans (SD/XR) at USAF

Space Division, Los Angeles Air Force Station. California.
The faculty committee who assisted in this effort are:

Captain Stuart Kramer, Chairman
Dr. Curtis Spenny

Lt Col Mark M. Mekaru

Major Hugh C. Briggs
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their assistance and guidance with different parts of this
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Colonel W.H. Crabtree, Colonel Gaylord Green. Colonel Donald
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Appendix A

Satisfaction of MPI for Hierarchy of Objectives

LEVEL 3

MINIMIZE

INITIAL: @
LEVEL 2 COST :

= MINIMIZE
CcosT
LEVEL 1

L A
SELECT BEST
SERVICING SYSTEM COST/TIME
MAXIMIZE
| _ RELIABILITY
MAXIMIZE
PERFORMANCE

Attributes: 21 Initial Cost
22 - (Operating Cost)/Time

i3

Reliability

Z4 - (Mass of Payload Delivered)/Time

nxxxxxnxnt Hierarchy Tree of Objectives  ®¥xtxxxxx

Satisfaction of mutual preferential independence (MPI])
among the attributes of an objective tree is a necessary and
sufficient condition for using an additive value function
(Feldman and Rowell, 1985). When three or more attributes
are involved, satisfying pairwise preferential independence
(PPl) is equivalent to satisfying MPI (Keeney and Raiffa,
1976:114). PPl and MPI are defined in Section 3.1.2.2.

Because the objective tree above has four attributes, and
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since satisfying PPl requires fewer steps. satisfaction of

PPl (which, in turn satisfies MPI) is demonstrated below.

In order to satisfy PPI, the analyst or decision maker
must test all possible combinations of pairs of attributes
for at least two levels of their complement.ry sets.

This reguires

n!
2% - (A.1)
29 (n-2)"!
tests (Helstrom, 1984:35). In this case, n=4, and a total

of twelve tests are required.

Each attribute in the complementary set of attributes
should be set at a given level while the preferences between
the attribute pairs are examined. The level of the comple-
mentary set should then be chﬁghed and the preference
between the same pair of attributes should then be re-
examined. If the preference did not change for that attri-
bute pair when its complementary set changed values, that
pair of attributes can be considered PPl of its complemen-

tary set.

It is recommended that the two levels used for the com-
plementary sets be the least acceptable and the most accept-
able values for those attributes. This test is, of course,
a subjective one. One must be convinced that he can satisfy

PPI in this case to justify using a linear value function.
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below.

The tests for the attributes in the

cost)/time,

ATTRIBUTE

PAIR

{IC.R)
{iC,R)}

{IC,MPD)
{1C,MPD}

{0C,R)
{0C,R}

{oC.,MPD)>
{0C,MPD}

{R,MPD}
{R.MPD}

Therefore,

tified.

where

"[C" is

initial cost, "0C”

is reliability, and "MPD”

load delivered to orbit)/time.

COMPLEMENTARY

SET

{R,MPD}:
{R.MPD}:

AND LEVEL

lowest values
highest values

{0C.MPD): lowest values
{0C,MPD}): highest values

{0C.R):
{0C,R}:

lowest values
highest values

{IC,MPD): lowest values
{IC.MPD): highest values

{IC,R}:

{1C,0C):
{IC.,0C}:

PPl and

in this hierarchy tree,

lowest values

highest values
lowest values
highest values

above tree

is (mass

PREFERENCES

CHANGES?

NO
NO

NO
NO
NO
NO
NO
NO

are

is (operating

pay~

MPl are satisfied for the attributes

and a linear value function is jus-—
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Appendix B
Detailed Heirarchy of Objectives
for Selection of a
Satellite Servicing System (SSS)

After discussions with decision makers at the USAF
Space Division (Green, 1985: Lemon, 1985; Sundberg, 1985;
Wimberly, 1985; Wittress, 1985: Zerson, 1985) a comprehen-
sive hierarchy of objectives was developed, consisting of
six levels and 40 objectives and subobjectives. Figure 8.1
shows this hierarchy with labeled objectives and attributes.
The first digit of the numeric label indicates the level of
the objective within the hierarchy. and the second digit is
used to identify each objective within that level. Attri-
butes are found in the circles, and are identified by a
number for each attribute, preceeded with the letter "A".
The following is a description of each objective and attri-

bute within the hierarchy.

Descriptions of Objectives Within Figure B.1

1-1 Military Satellite Servicing System Selection: To
select the satellite servicing system which best meets
the objectives presented within the hierarchy struc-
ture.

2~-1 Satisfies Congressional Concerns: The system is
desired to meet all requirements necessary that would
impact Congress’'s criteria for selecting a system.

2-2 Mission Accomplishment: The system is desired to
accomplish its mission by meeting various specifica-
tions. These specifications indicate how well a system
could accomplish its mission.
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2-3 Utilization of Limited Resources: This objective is
to minimize the use of limited resources by a system.
The limited resources are such things as energy. man-
power, money, materials, and transportation infrastruc-
ture.

3-1 Internationally Politically Stabilizing: The system
is not desired to internationally destabilize relations
that exist between governments. Such things as a
country’s public safety., threat of attack, or breaking
of treaties by use of a system could cause political
destabilization of international relations.

3-2 Technological Risk: This objective is to minimize
risks associated with selecting systems requiring new,
advanced technology deveiopments not already available.

3-3 National Prestige.: The system considered is desired
to favorably impact the view held of the this country
by others.

3-4 Cost Versus Performance. The system is desired to
meet its performance requirements for a reasonable
cost.

3-5 Environmental Impact: The system should not adversely
impact the environment.

3-6 Deployable Within Constraints: The system should be
able to be implemented within apriori time require-
ments.

3-7 Can Supply Satellite Needs: It is desired that the
system considered be able to meet satellite supply
requirements.

3-8 Flexibility: The system is desired to bhe flexible, in
that it is able to operate under various conditions.
The system should handle anomolies during a mission,
and be able to respond to anomolies by priority.

3-9 Survivability: How well can the svstem operate under
man-induced, hostile environment. This objective is to
operate "well” under hostile environment,.

3-10 Availability: Is the system available based on its
reliability and maintainability characteristics? The
system is desired to be available over as much time as
is possible.




3-11 Transportation Infrastructure: The system being con-—
sidered is desired to be able to use existing transpor-
tation structures. A system requiring new roads.
canals, ships, airplanes, to transport any components
would not be as preferred as a system not requiring
these.

3-12 Energy: This objective seeks to minimize energy use.
3-13 Money: This objective seeks to minimize system cost.

3-14 Scarce Strategic Materials: The system under con-
sideration is desired to use a minimum amount of scarce
strategic materials such as titanium, nuclear elements.
or chrome.

4-1 Degree of Technology: To what degree does the system
use new technology. 0Does the system utilize advanced
concepts and materials.

4-2 Perception of System Reliability: The system is
desired to be perceived as being very reliable in its
performance of activities.

4-3 Americans in Space.: The system is preferred to use
increased numbers of Americans in space to perform its
activities.

4-4 National Resource Consumption: The system under con-
sideration is desired to use minimal amounts of the
countries national resources.

4-5 Pollution: This objective is to minimize pollution
created by a system. Such things as water, air, and
land pollution are desired to be minimized in a system
selection.

4-6 Public Safety: The system being considered is desired
to not harm the public in its operation.

4-7 Handle Anomolies on Mission: How well can the system
under consideration respond to unplanned events while
performing a mission? The more a system is able to
respond to such unplanned events would increase its
possible selection.

4-8 Respond to Anomolies By Priority: How well can the
system repond to unplanned events when that system is
not performing a mission. Greater response capability
would indicate a more preferred system.

B-3




4~-9 Reliable: The system is desired to be reliable in its
operation.

4-10 Maintainable: The system is desired to be maintain-
able to keep it operating.

4-11 System Life Cycle Costs: This objective is to minim-
ize the life cycle costs incurred by the system being
considered.

5-1 Spare Availability: Does the system have spare parts
available to repair damaged equipment when the system
is on—mission? A more preferred system would have such
spare parts available.

5-2 Robotic Level: The system is desired to have sophis-
ticated robotic technology incorporated in its design.

5-3 # of People On-board OSV: The system being considered
is desired to have people on board to handle unplanned
events occuring on-mission.

5-4 Spares Availability: Does the system have spare parts
available to repair damaged equipment when the system
is on—mission:? A more preferred system would have
such spare parts available.

5-6 Response Time: The sytem is desired to be ablie to
respond gquickly to anomolies by priority.

5-7 Operations Cost Per Time: This objective is to minim-
ize operations costs per time for a system.

5-8 Amortized Initial Cost/Time: This objective is to
maximize the system life., while minimizing the initial
cost.

6-1 On-orbit Storage Capacity: The system is desired to
have storage capacity to carry available spare parts.

6-2 R&D Cost Per System Life: This objective is to mi.im-
ize the research and development costs in developing a
system with a long life. The system is desired to have
minimal research and development costs, and a "long”
life.

6-3 Production Cost/Hardware Life: The system being con-
sidered is desired to have small production costs and a
"long” hardware life.
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A2

A3

A4

A6

A7

A8

A9

Al0

All

Al2

Al3

Descriptions of the Attributes Within Figure B.1l

Agrees With Policies and Treaties: Does the system
agree with international policies and treaties in its
operation?

Man On-board: Is the system manned or unmanned when
operating in space?

R&D Invested: How much research and development is
required for the system to be developed?

Net Savings Due: The measure of savings from servicing
the satellite with the system, instead ot replacing the
satellite.

Time From [I0OC to FOC: The difference in time from Ini-
tial Operational Capability (I0OC) of the system. till
Full Operational Capability (FOC) of the system.

X Satellite Needs Met Per Time: The percent of the
required satellite needs that can be met by the system.

Scenario: Description of an envrionment that the sys-—

tem is operating in to aid in measuring survivability.

The system could be operating in a scenario of a peace-
time environment. a nuclear war environment, or a con-—

ventional war environment?

R&D Invested: How much research and development is
required for the system to be developed?

Fuel Specific Impulse: The specific impulse of the
fuel for various components of the system requiring
fuel .

Structural Mass Ratio: The structural mass ratio for
the varionus components of the system.

OSY Spare Parts Storage: The 0SV spare parts storage
capacity for a system that uses 0SVs.

Robotic R&D Costs: The 0OSV costs incurred for research
and development in automating the operation of the 0SV
for a system.

# Robots On-board: The number of robots required on-
board an OSV in the performance of its mission.

B-5




Al4

AlS

Al6

Scenario: A description of the environment within
which the system would be operating. Some examples are
a peacetime environment. nuclear war environment. or a
conventional war environment.

Depot Storage Capacity: The capacity within a system
to store necessary spares, in space, at a central loca-
tion.

0OSV Payload Capacity: The 0OSV payload capacity which
could be used to carry necessary spare parts.
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Appendix C
Computer Program for Calculation of Figures of Merit

Using Linear Value Functions

PROGRAM FOM
PROGRAM TO CALCULATE FIGURE OF MERIT FROM NDSS

aoo

VARIABLE DECLARATION
INTEGER NS,NP
REAL P(100,100),PMAX(10),PMIN(10),V(100,100).0P,TC,I1C.GC.R.MPD
REAL INFOM1, INFOM2.TFOM(100)

C IDENTIFY FILES FOR INPUT NDSS AND OUTPUT DATA

OPEN (UNIT=10,FILE="ndss"')

OPEN (UNIT= 3,FiILE='data’)

OPEN (UNIT= 4.FILE="rank’)

OPEN (UNIT= 7,FILE='val’’}

REWIND 10
REWIND 7

C

C READ IN 8 OF NONDOMINATED SOLUTIONS AND # OF PERFORMANCE INDICIES
NS=69
NP=4

C

C READ IN THE PERFORMANCE INDEX MEASURES FOR EACH SYSTEM REPRESENTATION
DO 50 J=1,NS

READ (10.1000) (P(J.1),I=1.NP)
1000 FORMAT (4E17.9)
50 CONTINUE
c
C WRITE THE PERFORMANCE INDEX MEASURES READ IN. AND THE SYSTEM &
WRITE (3,1100)
1100 FORMAT (’SYSTEM #',9X, 'OPERATING ' ,9X,'INITIAL ’',.8X,
='RELIABILITY’ ,7X. 'MASS OF ')
WRITE (3,1101)
1101 FORMAT (20X.’COST’.13X, 'COST',23X, 'OF PAYLOAD")
WRITE (3.1102)
1102 FORMAT (69X, 'DELIVERED’)
WRITE (3,1105)
1105 FORMAT (17X, 'DOLLARS/HR'.9X. 'DOLLARS'.11X. 'PERCENT’,13X, 'KG’)
WRITE (3,%) '’
DO 60 J=1,NS
WRITE (3,1110) J,.(P(J, D), I=1,NP)
1110 FORMAT (2X,13,7X,4E17.9)
60 CONTINUE
c
C FIND THE MAX AND MIN VALUE OF EACH PERFORMANCE INDEX
DO 70 i=1,NP
DO 80 J=1.NS
PMAX(1) = AMAX1(PMAX(1),P(J,1))
PMINCI) = AMINL(PMINCE) .P(J. 1))
80 CONTINUE
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c

70 CONTINUE

DETERMINE LINEAR VALUE FUNCTION VALUE FOR EACH PERFORMANCE INDEX
IN EVERY SYSTEM
DO 100 J=1.NS
DO 90 1=1.2
THIS FUNCTION GIVES VALUES THAT MINIMIZE COSTS
V(J,1) = (PMAXCL) — P(J,1)) / (PMAX(I) - PMINCI))
90 CONTINUE

THIS FUNCTION GIVES VALUES THAT MAXIMIZE RELIABILITY AND MASS
OF PAYLOAD DELI!VERED
DO 95 [=3.4
V. = (PCJ, 1) - PMINCI)) 7/ (PMAXCD) - PMINCI))
95 CONTINUE
100 CONTINUE

WRITE VALUE FUNCTION VALUES FOR EACH PI IN EVERY SYSTEM

WRITE (3,%) *’

WRITE (3.#) 'LINEAR VALUE FUNCTION VALUES’
WRITE (3,#) '’

WRITE (3.1100)

WRITE (3,1101)

WRITE (3,1102)

WRITE (3,%)

DO 110 J=1,NS

WRITE (3,1210) J,(Vv({J,D),I=1,NP)

WRITE (7,1211) (VvQJ.1),I=1.NP),J

1210 FORMAT (2X,13.7X,.4E17.9) —
1211 FORMAT (4E13.7.3X,13)

110 CONTINUE

C READ IN WEIGHTINGS FOR HIERARCHY OF OBJECTIVES FROM DECISION MAKER
C PREFERENCES

WRITE (%.%) 'WHAT IS THE HIERARCHY WEIGHTING FOR’,

»’OVERALL PERFORMANCE?’

READ (=,=) OP

WRITE (x,») 'OVERALL PERFORMANCE WEIGHTING IS’ .OP

WRITE (4,%) 'OVERALL PERFORMANCE WEIGHTING [S’,0P

WRITE (=,%) 'WHAT IS THE HIERARCHY WEIGHTING FOR TOTAL COST?’
READ (x,») TC

WRITE (%,%) 'TOTAL COST WEIGHTING IS’ .TC

WRITE (4.%) 'TOTAL COST WEIGHTING IS’,TC

WRITE (=,%) 'WHAT [S THE HIERARCHY WEIGHTING FOR INITIAL COST?’
READ (»,») IC

WRITE (x.%) "INITIAL COST WEIGHTING IS’,IC

WRITE (4,.%) ’'INITIAL COST WEIGHTING IS’,IC

WRITE (»,») 'WHAT IS THE HIERARCHY WEIGHTING FOR’.
»’OPERATING COST/HR?’

READ (=.=) OC

WRITE (=,%) 'OPERATING COST/HR WEIGHTING 1S’ .0C

WRITE (4.%) 'OPERATING COST/HR WEIGHTING 1S’ .0C

WRITE (*.%) "WHAT [S THE HIERARCHY WEIGHTING FOR RELIABILITY?'




[eEnX el

READ (x.x) R

WRITE (=,») "RELIABILITY WEIGHTING IS'.R

WRITE (4.%) "RELIABILITY WEIGHTING 15° .R

WRITE (%,%) 'WHAT [S THE HIERARCHY WEIGHTING FOR’ .
*'MASS OF PAYLOAD DELIVERED?’

READ (x,=) MPD

WRITE (%,=) 'MASS OF PAYLOAD DELIVERED WEIGHTING IS’ .MPD
WRITE (4,%) 'MASS OF PAYLOAD DELIVERED WEIGHTING IS’ ,MPD

CALCULATE THE FIGURE OF MERIT FOR EACH SYSTEM REPRESENTATION
USING THE WEIGHTINGS AND VALUES APPLIED TO THE HIERARCHY TREE
DO 130 1=1.NS
INFOM1=0.0
INFOM2=0.0
INFOML=C((OC*V(I.,1))+(IC=V(],2)))*TC
INFOM2=((R*V(1.,3))+(MPD»V(1,4)))=0P
TEOM(1)=INFOM1+INFOM2

WRITE THE FIGURE OF MERIT FOR EACH SYSTEM
WRITE (3,%) "’
WRITE (3.%) TFOM(I),'IS THE FIGURE OF MERIT FOR SYSTEM’.I
WRITE (4.%) TFOM(1).’'1S THE FIGURE OF MERIT FOR SYSTEM’ .l
130 CONTINUE
END
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Appendix D

Model Eguations

This appendix presents the equations used to model the
LG+0OSV, FHG+LG+0SV, and SB+FHG+LG+0SV Satellite Servicing
Systems. The Performance Index eguations are in section D.1
and the State and Constraint equations common to the three
models are in section D.2. Additional equations added to
this common set for the LG+0SV, FHG+LG+0OSV, and
SB+FHG+LG+0SV models are in sections D.4, D.5, and D.6
respectively. A complete descriptive listing of all vari-
ables (state, intermediate, and exogenous) is in Appendix E

and the intermediate equations are in Appendix F.
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D.1 Perfomance Index Equations
Z1 is Operations Costs
Equation D.1

Z1 = 104+145+105+146

104 Launch Site Operations Cost

= 40%(U79/8760)»(103%%0.34)/[(1/X335)%%0.55]

#*(X320) /X335
[05 = LG Fuel Cost
= X326%U31%X301

[46 = 0OSV Manned Cost

= X500%X555%U78
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[

0SV Fuel Cost

X526%U22%X501

22 is Initial Costs
Equation D.2

22 = 107+106+147+148

106 LG R&D Cost

6500%U79%(X325%%0.,21)%U37=U38*(EXP(2%X345)]

107 LG Production Cost

1)

= X300%12%(X325%%0.56)*{X300%*[LN(U32)/LN(2.0)1)
#U79%[EXP(2%X345) ]
147 = 0OSV R&D Cost
= 6500%*UT79% (144%%0.21)»U29%U30*[(U21)%=%X555]
*[EXP(2%X545) ]
148 = 0SV Production Cost
= X500%(16.5)*x(144%%0.56)

*{X500%x[LN(U23)/LN(2.0) 1} *UT9%LEXP(2%X545))

Z3 is Reliability

Equation D.3.1

Reliability for the LG+0OSV and FHG+LG+0SV models.
Z3 = {(1-[(1-X345)#%X3001}*{1-[(1-X545)%%X5001)
Equation D.3.2

Reliability for the SB+FHG+LG+0SV model.

Z3 = {1-[(1-X545)%»X5001)

Z4 is Mass Delivered to the Satellites per Time (Hr)




Equation D.4

X501%X510

Z4

(80SV missions/time)*(0SV payload)
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D.2 State and Constraint Equations Common to all Models
Equation D.5

Inequality equation placing upperbounds on the time
between LG launches due to maximum time people can remain in
space.

1/X301 <- U77

(time between LG launches)

<- (max time people can be in space)

Equation D.6 and D.7

Two inequality equations placing bounds on the time
between LG launches from a specific launch site.

X335 -> U48

U49 -> X335
Equation D.8

Inequality equation placing lowerbounds on the
required time between LG launches for refurbishment of the
LG vehicle. This equation assumes the launch vehicle must
sit on the ground for a U40 time period.

X330 -> U40




Equation D.9

Egquality equation relating the LG launch rate to the
launch capability of the launch sites.

X301 = X320/X335

#LG launches =

(#launch sites)/(time between launches form a site)

Equation D.10, D.11

Equations placing upper and lower bounds on the LG

vehicle’s structural mass ratio.

LG structural mass ratio ([28 = X325/(X326+X325)1] becomes
128 -> U34

128 <- U36

Equation D.12
Inequality equation requiring the LG to have one or
more stages.
X370 -> 1
Equation D.13, D.14
Inequality equations placing upper and lower bounds on
the LG reliability.
X345 <- 1

X345 >- 0




Equation D.15
Equality equation equating the delta velocity the LG

must experience to attain orbit to the thrust the mlg must
provide. Equations for LG delta velocity are from (Hill and
Peterson, 1970).

U33%U93=X370=LN{129/(128=(129-1)>+1}) = [21

(Vmlg) = (lsp LG fuel)=*(gravitational constant)

#(8 LG stages)*LN[(LG gross lift off weight)

/{empty LG mass+LG payload)]

129 = [(X325+X326+X310)/X310]1%%(1/X370)
121 = SQRTIU90/(X360+U91)1+5486+1152+1097+0
128 = X325/(X325+X326)

Equation D.16

Inequality equation placing upperbounds on the 0SV
mission length due to the maximum time people can remain in
space.

X500/X501 <- U77
Equation D.17

Inequality equation requiring the OSV to have one or
more waiting orbits.

X565 -> 1
Equation D.18, D.19

Equations placing upper and lower bounds on the OSV

vehicle’s structural mass ratio.
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0SV structural mass ratio [142 = X525/(X526+X525)]

becomes
142 -> U12
142 <- U13

Equation D.20, D.21
Inequality equations placing upper and lower bounds on
the OSV reliability.
X545 <- 1
X545 >- 0
Equation D.22

Equality egquation relating the 0OSV delta velocity for

one mission to the QSV payload and required fuel for the

mission.

135 133%(X560-1)+132

U24#U93%LN{[144+X526+X5101/(144+X526]}
(Vosv required) = (Vosv is capable of providing)

134 = (U1+U91)*[(U2%X565-1)/(U2=X565) 1%=(2./3.)

133 = 2»ABS{SQRT(U90/(U1+U91)]
-SQRT(2%#U90/(U1+U91)-U90/1341)}
136 = SQRT{2»ABS[U90/(U1+U91)-U90/(X360+U1+2%Uy91) 1)}

137 = SQRT{2»ABS{U90/(X360+U91)-U90/(X360+U1+2%#U91)])
132 = 2»ABS{SQRT(U90/(U1+U91)])-136+137

-SQRTIU90/(X360+U91)]}




Equation 0.23
Equality equaticn relating the 0OSV payload to the
number of satellites serviced per mission and the mass
delivered to each satellite.
X510 = X561x%*X560
0SV payload mass =

(avg mass de!ivered)*(# satellites serviced/mission)

Equation D.24
Equality equation relating the number of OSV missions
per time to the number of 0OSV vehicles and time from the
start of one mission until the start of the next mission.
X501 = X500/(151+150)
#0SY missions/time =

(#0SV)/(time frow one jaunch untill the next)

150 2#U92%{[(2%xU91+U1+X360)/2.]1%%1.5})/SQRT(USO)
+(X560-1)#{2#U92»[ (U1+U91)%=]1 .5]
#(U2%X565-1.)/[U2*SQART(U90) 1) +X560%152
I51 = X510/U25
Equation D.25
Equality equation relating the total payload mass car-
ried by 0SV/time to the total mass delivered to

satellites/time.

(X501)%(X510) = (U2)=(X561)/U6




Equation D.26

Equality equation relating the number of satellites
serviced by the 0SV to the total number of satellites
requiring servicing.

X501#%X560 = U2/U6

(#0SV Mission/time)*(#Sat serviced/0SV Mission) =

(total #satellites)/(service interval)

Equation D.27

Inequality equation placing lowerbounds on the 0OSV-LG
rendezvous altitude, FHG and LG target altitude, and SB
location altitude.

X360 -> US8

L2 22X X222 22 X2 XXX 2R 2 R 2 2 22X XX A X R 2 R 2 2 R R 2 2Rt Rl R

D.3 LG+OSV Model .

For the LG+0SV model the following equations must be
added to the group of common equations.
Equation D.28

Equality equation requiring the LG to carry enough
payload into space to satisfy OSV and satellite mass
requirements.

(X301)»(X310) = [141+X501%X510]

(0SV needs)

(#LG missions/time)*(LG payload)

+(satellite needs)




-~

Equation D.29
Inequality equation requiring the 0SV fleet to be able
to hold the payload from one LG.
X500%(X510+X526+U19+X555*(U76+100/U77)/X501) -> X310
(#0SV)»(0SV payload + 0SV needs) -> LG payload
Equation D.30
Equality equation relating the LG mission rate to the
number of LGs and the time between launches of a single LG.
X301 = X300/(112+X330)
(#LG launches/time) =

(8LG’'s)/(total time between launches of a LG)

113 = {(SQRT [U90/(X360+U91)1+5486+1152+1097}/(2%U93)
114 = X310/U25

115 = 3.

112 = 113+114+115 T
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D.4 FHG+LG+OSV Model
For the FHG-LG-OMV model the following egquations must
be added to the group of common equations. LG+0OSV equations
D.29 and D.30 are also required in the FHG+LG+0OSV model.
The following operations costs must be added to the
common operating costs. Z1 becomes:
Equation D.31

Z1 = 104+105+145+146+1106+1115+1116




1106 = Cost of FHG Ground Based Energy/Time
= X100%(2%1105)=U111

1115 = FHG Launch Site Ops Cost/Time
= X120%U112%(X135%%~-2)

1116 = FHG Vehicle Costs/Time

= X100%{(1.057%0.0624534*1103%1108)
+(46330%[(0.4536%[113/9)»%0.77}))+(U114%1113)>
Egquation D.32
The following initial costs must be added to the com-
mon initial costs. Z2 becomes:

22 = 107+106+147+148+1118+1119+1120

1118 FHG Vehicle R&D Costs
= {(3.235%0.0624534*1103%[1081

+(7414460+22600%0.4536=1113/91)

1119 Launch Site R&D Costs (launcher and power
source or plant)
= Ul17%X360%(1103%%3)

1120

]

Launch Site Purchase or Fabrication Cost
= X120%{[U118»(1103%%3)1+[U119%(2x]1105)%*%0.5])}
Equation D.33
Inequality equation for the minimum amount of mass the
LG must carry into orbit. The right hand side of the ine-
quality represents the mass that must be launched by a low-G
launch system.

X301%X310 -> (U14%X561%U2/U6)+140+(X555%X500%U76)




4

+(U19%X501)

(LG carried mass/time) -> (low-G satelite needs/time)
+(0MV req people mass/time)
+(0OMV life support mass/time)
+(0MV parts needs/time)

Equation D.34

Inequality equation placing a lower bound on the time
between launches from a particular FHG launch site.

X135 -> U120

Equation D.35
Inequality equation placing lower bound on the payload
mass of the FHG. The equation guards against the FHG launch-
ing ridiculously small payloads.
X110 -> U123
Equation D.36
Equality equation defining the relationship between
the required FHG mission/launch rate and the required time
between launches at a site and the number of launch sites,
X100 = X120/X135
#FHG launches/time = (#launch sites)
/time between launches from a single site
Equation D.37 (revision of egquation D.28)

Equality equation defining the relationship between
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the mass launched into space by the two launch systems and
the mass required in space by the satellites and the OSV.
(X301)=(X310)+(X100)%(X110) = (i41+X501%X510)
(#LG Mission/time)»(LG Paylouad)
+(8FHG Missions*Usable FHG Payload/Mission)

= (OMV needs/time)+(mass delivered to satellites/time)
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D.5 SB+FHG+LG+0OSV Model
For the SB-FHG-LG-0OMV model the following equations
must be added to the group of common equations. FHG+LG+OSV

equations D.34, E.35 and D.36 are also required in the

SB+FHG+LG+OSV model.
Equation D.38 (revision of D.T and D.31)
The following operations costs must be added to the
common operating costs. Zl1 becomes:
Z1 = 104+105+145+146+1106+1115+1116+1130+1131
1106 = Cost of FHG Ground Based Energy/Time

= X100=(2=[105)=U111

1115 = FHG Launch Site Ops Cost/Time
= X120%U112%(X135%%~-2)
1116 = FHG Vehicle Costs/Time
= X100%{(1.057%0.0624534=1103%1108)
+(46330%[(0.4536*1113/9)%*x0.771)+(UL14%1113))}
1130 = SB Manned Cost/Time

= X400»X415%U78




1131 SB Replenishment Costs/Time (for fuelrparts)

FHG5%U134 + 1124%U139
Equation D.39 (revision of equations D.2 and D.32)

The following initial costs must be added to the com-
mon initial costs. Z2 becomes:

22 = 148+]107+106+147+1118+1119+1120+1134+1135+1136

1118 FHG Vehicle R&D Costs
= [(3.235%0.0624534%1103%1108)
+(7414460+22600%0.4536=%1113/9) ]
[119 = Launch Site R&D
= Ul117=X360%(1103%%0.5)
1120 = Launch Site Purchase or Fabrication Costs
= X120#{[U118%(1103%%0.5)1+(U119%(2%x1105)%%0.5])
[134 = SB R&D Costs
= U136#(X425%%0.5)+U135%(X415%%0.75)
135 = SB Production or Fabrication Costs
= X400%U137%(X425%%0.5)
1136 = SB Development Costs
= X400%U138%X425
Equation D.40 (revision of equation D.29)
Inequality equation requiring a single SB to be capa-
ble of holding an LG entire payload and the ruquired SB

safty level.

X420 -> X310+[U130%(141+X510%X501+1124+1125+1126+1127)1




Equation D.41 (revision of equation D.33)
Inequality equation for the minimum amount of mass the
LG must carry into orbit. The right hand side of the ine-
quality represents the mass that must be launched by a low-G
launch system.
X301%X310 -> (U14=%X561*U2/U6)+140+(X555%X500%U76)
+(U19»X501)+1125+1126+1127
(LG carried mass/time) -> (low-G satellite needs/time)
+(0SV required people mass/time)
+(0SV life support mass/time)
+(0SV parts needs/time)+(SB needs)
Equation D.42
Equality eguation for the SB structure mass to SB mass
storage capacity. This is a way of insuring the SB structure
is large enough to hold the mass the SB is expected to
store.
X425/X420 = U133
Equation D.43 (revision of equations D.37 and D.28)
(X301)%(X310)+(X100)%(X110) = (141+X501%X510)
+1124+1125+1126+1127
#1.G missions/time)*(LG payload)
+(#FHG missions»usable FHG payload/mission)

= (OMV needs)+(mass del to Sat/time)+(SB needs)




Equation D.44 (revision of equations D.30)

Equality equation relating the LG mission rate to the
; number of LGs and the time between launches of a single LG.
X301 = X300/(112+X330)

| (#LG launches/time)

= (#LG’'s)/(total time between launches of a LG)

113 = {SQRT [U90/(X360+U91)1+5486+1152+1097}/(2%U93)
} 114 = X310/U35
115 = 3.
112 = 113+114+115
X301 = X300/(I12+X330)

(4LG launches/time)

= (#LG's)/(total time between launches of a LG)




e

—

1G5V
; NTRA-SUBSYSTEM RELATIOAS INTEH-S{ iy
YA IAELES INTRA-SLESYS RELATIUN
oSV
X500 . OSV USAGE
=) -—— D.16.17 R
' X501 T x501 i X500
= et f =
OSY MISSION RATE rt| 1OSV MASS Da_wmﬂ) rt.  BSAT SERVICED BY X526 | EASURE OSV |
FOSY _AND MISSION !TUTAL SATELLITE MASS SV rt 8SAT B | CAN BoU
LENGTH RECEIVED 1 {REGUIRING SERVICE —_ = —*-Ioaz LG Al
©10 D.24 D.25 D25 | D.29
P i ] X310
! X545 ' y X510 ! pree——t
Gih ;X500 — 560 ’
Sod = 0SY PHYSICAL DESCRIPTIONS -—
ol -
e R ! 0.18,19,20.21.22.3 '
X360 — D.27:
m}\ [ LS PHYSICAL DESCRIPTION . ,
31
' x:ﬁi | 0.10.11,12,13.14.15 -3
X2l pat-¢ ¥
X345 '
=70/ | LG MISSION RATE rt 10, o
, SLG AND MISSION LENGTH o e -
! D.20 OR D.4i» - ‘ ———
X1, '(
~ ! X330 I
01 LG USAGE —
X0 : , , g
X230 | I D.5.6.7.8.9 ‘
35, i
116" ! FKG PHYSICAL DESCRIPTIONS ’ i
X120 ! D.35 - — [
1120
i
FHG MISSION RATE rt SFHG LAUNGH SITES u _J M_ e bl
AND LAUNCH SITE LAUNCH RATE DR = TR
X500 | NKEEDED IN
D.35 - 501
lel g.‘:g D.28
X135 =
- 1 X5
X100 FHG USAGE —
X135 D.34 ' """""""""""""""
X400 S8
X8 SB PHYSICAL DESCR -
&) s DESCRIPTIONS e
D.42
Figure D.1 Physical Model
Reproduced from
best available copy.
¢ 7
D-16 Jy o




SB-FNG LGOSV
1NTER-SLESYTEM
RELATIOAS
x:\:x,lasmsoswnm~————»~mmsosvnm'~ ————— ~ ENSURE OSV FLEET
G5 CAN HOLD N HOLD S CAN HOLD
_ = —*‘u‘z LG PAYLDAD ONE u; PAYLOAD 541(1)(5) i0&}: LG PAYLOAD
— »D.29 . D.29 X420 |D.40
oo = | X425
l .
i I
} ;
| .
! I
* | = [
]
) ol LS PAYLOAD — N 1 LG PAYLOAD
=5 TO ORBIT > 7 . TO ORBIT >
I - - MASS REDUIRING .= MASS REDUIRING
——— LOw—G LAUMCH fﬁ(lx_) LOWG LAUNWCH
| o]
t o1 | .33 1X420 | D.41
{ clo 15
i
X301
1X310 TOTAL LAINGH | TOTAL LAt | TOTAL LAUNCH
T/ VEHIQE PAYLOAD =~ ~— — — — i VEHIQLF PAYLUAD = ~ VEMI(1E PAYIOAD =
- — TOTAL MASS | TOTAL MASS - TOTAL ASS
X500 | NEEDED [N SPACE NEEDED N SPACE X400 | NEEDED IN SPALE
501 o . X415
X510 D.28 ' X100 {D.37 X {0.43
PEIY ' X110
X0 .
| i
1 }
‘hysical Model Schematic
/\ / I 2
Wl 4 /




Appendix E

Model Variables

Low-G State Variables

X300
X301
X310
X320
X325
X326
X330

X335

X345

X360

X370

# of LG systems

# LG missions/time (mission rate/hr)
Payload mass per launch [(kg/launch]

# of launch sites

Empty vehicle structure mass [kg]

Mass of propulsion fuel [kgl

Average time between missions/LG [hrs]
(downtime for all reasons)

Average time between launches from a specific
launch site [hrs]

Reliability of LG [0<X345<1]

0SV-LG rendezvous altitude

4 LG stages

O0SV State Variables

X500
X501
X510
X525

X526
X545
X555

X560

# of OSVs

# OSV missions/time (OSV mission rate)

Payload mass per OSV mission [kg/missioml]

Mass of OSV empty [kgl

(without guidance and life support equip)

Mass of propulsion fuel reg/mission{kg/missionl
Reliability of an 0SV [0<X545<1]

0SV crew size (# of people)

# satellites serviced/0SY mission [number/mission]




X561 - Average mass delivered to a satellite/service
(mass/service)

X565 - # of waiting orbits (n in the orbital equations)

Fixed High-G State Variables

X100 - # of FHG launches/time

X110 - Usable payload mass/launch

(mass usable by 0SVs, SBs, satellites,etc)
X120 - # of FHG launch sites
X135 - Time between launches at a specific site (hrs]

SB State Variables

X400 - % of Space-bases (SB)

X415 - # of people to operate the SB
X420 - SB mass storage capacity
X425 - SB structure wmass —

Exogenous Variables

The exogenous variables are input variables used to in-
put constants into the model. When possible the exogenous
variables are taken from some reliable source document or an
expert in the area the exogenous is involved with. The vari-
ables that have as a source "group est” were either not
found in the literature or were not in a form usable in the
model. In these cases the study group came up with an esti-
mate that seemed resonable from an engineering point of
view. As more work in the area of satellite servicing takes

place in the future more accurate values for the exogenous




—nr

can easily be input and the model rerun to find the effect

of the changes.

ur -

uz2 -

ue -

ui12

U113

U114 -

Uie -

Average satellite altitude [km]

]

200< Ul < 23000 nominal 800 kilometers
Source. group est
# of satellites

144 satellites

12< U2 < 500 nominal
Source. group est

Satellite service interval (hrs]
(time between services to the same satellite)
8760< U6 < 43800 nominal = 2628013 yrs]
Source. General Dynamics, 1983

OSYV mass structure ratio lower bound

U1z = 0.1

Source. Hill and Petterson,1970:328

OSYV mass structure ratio upper bound

u12 = 1.0

Source. Hill and Petterson,1970:328

Percent of satellite required mass which

requires low-G launch

0.0 < U14 < 1.0 nominal = 0.25 or 25%
Source. group est.

Coef for computation of OSV life support equiplkgl
2432 = Ul6

Source. Bolen, 1980:Ch3
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Ul7 - Coef for computation of 0OSV life support equipment.
[kg/person]
305 = U17
Source. Bolen, 1980:Ch3

Ul8 - Mass of 0OSV guidance equipment. [kg]
185 < U18 < 277.5 nominal = 200
Source. group est.

Ul9 - OSV mass needs/mission:
assume 8ll needs require low-G launch
(OSV parts, expendables, no fuel or peoplel] (kgl
100 = U19
Source. group est.

U21 - Coef effect of man on the 0SV for R&D of the 0SV
0 < U21 <1 nominal = 0.85
Source. group est.

U22 - COST/UNIT OF 0OSV FUéE-[dollars/ka]
$0.25 < U22 < $0.40 nominal = $0.32/kg
Source. Koelle, 1982: 413
Source. Rehder, 1979

U23 - Cumulative ave learning curve slope for 0SV
0.95 = U23
Source. Fong, 1981: Chd

U24 - 0SY ISP. [hrl
Uz24 =0.14
Source. NASA, 1984d : 42

U25 - LG to OSV mass transfer rate

(LG-0SV and FHG-LG-0SV model)




26 -

u29 -

u30 -

u31 -

U3z -

U33 -

0SV and SB mass transfer rate (kg/time)

450 < U25 < 900 kg/hr nominal = 800kg/hr
Source. Watkins, 1985

OSV to Satellite mass transfer rate (kg/time)
225 < U26 < 450 kg/hr nominal = 400kg/hr
Source. Watkins, 1985

0SV technical development correction factor

0.5 < U29 < 1.25

new system --1.25

technology exists--0.8 to 1.0

remake existing system—-0.5 to 0.8

Source. Koelle, 1982: 405 nominal = 1.25
0SV R&D team experience factor

0.7 < U30 < 1.3

1.3=no experience 0.7 previous experience
Source. Koelle, 1982;-405 nominal = 1.3
Cost/unit of LG fuel [dollars/kg)

$0.25 < U31 < $0.40 $/kg nominal = $0.32/kg
Source. Koelle, 1982: 413

Source. Rehder, 1979

Cumulative average learning curve slope for LG
0.95 = U32

Source. Fong, 1981: Ch4

LG ISP [hr.)

0.11 = U33

Source. NASA, 1984d @ 54
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U34

U35

u3e

u37? -

U38 -

U40 -

u4s -

LG mass structure ratio lower bound

U34 = 0.1

Source. Hill and Petterson, 1970: 328

LG to SB wass transfer rate (kg/hr)

450 < U35 < 900 nominal = 900kg/hr
Source. Watkins, 1985

LG mass structure ratio upper bound

U3e6 = 1.0

Source. Hill and Petterson, 1970: 328

LG technical development correction factor

0.5 < U29 < 1.25

new system —-1.25

technology exists--0.8 TO 1.0

remake existing sys-0.5 TO 0.8

Source. Koelle, 1982: 405 nominal = 1.25
LG R&D team experienee factor

0.7 < U30 < 1.3

1.3=no experience- 0.7 previous experience
Source. Koelle, 1982: 405 nominal = 1.3
Min LG vehicle required downtime/mission

(land to launch)

168 < U40 < 720hrs tav type 168 shuttle type 720
Source. group est. nominal = 400hrs

LG launch site minimum time between launches

24 hrs = U48

Source. group est




u49 -

Uuss8 -

U775 -

u7é6 -

u77 -

u78 -

u79 -

uso -

LG launch site maximum time between launches
8760hrs = U49

Source. group est

Min alt LG must be able to obtain

185Km = US8

Source. group est.

SB life support mass requirements per person time
fkg/person*hr] (ie air,water,food etc)

0.1 < U75 < 1 nominal = 0,20
Source. Guy, 1983 note: SB will recirculate
Life support mass requirements per person time
[kg/person*hr] (ie air,water,food etc)

0.1 < U776 < 1 nominal = 0.64
Source. Guy, 1983 note: OSV will not recirculate
People time in space before rotation [hrs]
(radiation exposer,p;;sical.labor contract, etc)
720 < U77 < 4320 nominal = 2160
Source. NASA, 1984b: 400

Cost/man-time

$1000/man-hr = U78

Source. group est

Cost/man-year for cost equations

U79 = $125000/man-year 1983 dollars

Source. Koelle, 1982: 402

Earth Gravitational Constant(mu)

= 5.1658716el2(km*=*3/hrx=2]

Source. Bate, 1970: 429




U91 - Earth Radius 6378.145 km
Source. Bate, 1970: 429
U92 - Pl - 3.141592654
Source. Bate, 1970: 429
U93 - Earth Gravitional Constant at Earth Surface(ge)
=127137.6
Source. Hill and Petterson, 1970: 322

Ulll - Cost per unit of earth based energy
{initial launch energyl
U111 = $0.00115/watt—hr
Source. one—half Dayton Ohio Electrical

rate of $2.30/kw-hrl

U112 - Coef for FHG launch site operations cost:
U112 = $100000
Source. group est.

Ull14 - Coef for cost/unit ;} FHG apogee fuel burned
$0.25 < ull4 < $0.40 nominal ==30.32/kg
Source. Koelle, 1982: 413
Source. Rehder, 1979

U117 - Coef for FHG launch site R&D costs:

U117 est. == $100
Source. group est.

U118 - Coef for FHG launch site fabrication/purchase

Ul18 est== $,00

Source. group est.




Ul19

U120

U121

ui23

U129

U130

U132

Coef for FHG power urce fabrication/purchase est

Source. group est.

Min time between launches from a specific

FHG launch site

U120 est. == 24hrs

Source. group est.

Isp of FHG fuel used during apogee delta vel
[use ave chemical]

U121 =0.0%hr

Source. group est..

Min mass of payload per FHG launch

(usable by OMV, satellites)

U123=100kg

Source. group est

% of SB structure mass for fuel calculation/time
U129 = 0.00000239

Source. NASA, 1984b: 465

Coef for SB safty level [length of time] =1month
U130 = 720

Source. group estimate

%X of SB structure mass for parts calculation/time
this represents the total mass of the SB
replaced every 10.0yrs

U132 = 0.000011415

Source. Space station configuration discription

BRI BEPSSSSS PRNBPRSS SR

NS




U133 - SB structure mass to mass storage capacity ratio
0.5 < U133 < 2 nominal = 1.0
Source. NASA, 1984b: 45

U134 - Cost per unit of mass for SB upkeep (ie. parts)
Ui34 = $100.00/kg
Source. group estimate

U135 - Coef for SB R&D manned influence
130 =$500000.0
Source. group est

U136 - Coef for SB R&D structure
U130 =%$1000000.0
Source. group est

U137 - Coef for SB production cost
U130 =3$1000000.0
Source. group est

U138 - Coef for SB deplioyment cost
U130 = 20000/kg
Source. group est

U139 - SB station keeping fuel cost/kg
$0.25 < U139 < $0.40 nominal = $0.32

Source. group est

Intermediate Variables
103 - Launch site designed capability
(designed launch rate) [launches/timel
104 - Launch site operational cost/time (for each site)

105 - LG fuel cost/time




106
107

115

121

128

129

32

133

134

135

136

137

140

141

142

i43

144

145

146

147

148

LG R&D cost

LG production cost

LG mission time

LG -time from launch to rendevous with USV or SB
LG docked time

(time to unload LG payload to 0USV or SB)

LG - return to earth time

LG delta velocity per mission

Structural mass ratio of LG

(LG loaded mass/payload mass]*»(1/8LG stages)

0OSV delta vel for resupply (up and back)/0SY mission
OSV delta vel in waiting orbit (1 sat to 1 sat)
Semi-major axis of elliptical waiting orbit

0OSV total delta vel /0SV mission

Velocity at apogee of 0OSV resupply transfer orbit
Yelocity at perigee of 0OSV resupply transfer orbit
OSV req people mass to orbit/unit time

OSV required mass/time

Structural mass ratio of 0SV

Mass of req equipment for manned life support
(nonrobotic needs)

Total OSV net mass=

structuret+tguidance+rlife support equipment

0OSV fuel cost/time

OSY manned cost/time

OSV R&D cost

0OSV production cost




I50 - OSV mission length { time/0SV mission
=(time to travel from supply orbit to satellites
orbit and back)/0OSV mission
+ f{(total time to travel in waiting orbit between
satellites serviced)
+ (time spent servicing satellites on location)]|
/0SV mission}
[51 - OSV resupply time
I52 - Time to service one satellite

1100 FHG vehicle vel leaving the ground based launcher

1101 = FHG prelaunch velocity (earth’s rotation velocity)
1103 = Actual mass launched from FHG earth launcher

1105 Min ground based FHG energy/launch

h

to provide required delta velocity
[106 = Cost of FHG ground based energy/time
1108 = FHG apogee delta velocity required
1109 = Required FHG parking orbit velocity
(so FHG will stay in rendevous orbit)
110 = FHG velocity prior to appogee burn
{111 = Parking [rendevous] altitude from earth's center
1113 = Mass of fuel required at the FHG apogee burn
1115 = FHG launch site operations cost/time

FHG vehicle costs/time

I116
1118 = FHG vehicle R&D costs

119 FHG launch site R&D

L}

(launcher and power source or plant)

{120 = FHG launch site purchase or fabrication costs

m
|

12
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1124 = SB fuel required/time (all SB’'s in operation)
I125 = SB parts mass required/time
(parts,nonfuel ,or nonlife support)
1126 = SB life support mass required/time
1127 = SB people mass/time
1130 = SB wmanned cost/time
1131 = SB replentishment costs/time (fuel+parts+etc only)
1134 = SB R&D costs
135 = SB production-fabrication cost

1136 = SB deployment costs

S

—— e -
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Appendix F

Intermediate Variable Equations

The intermediate variables used in the model are for
algebraic simplification only. When possible a name is
given to the variable as an aid in understanding the equa-
tion the variable represents. When a literature source was
identified for an equation the source is provided. In other
cases when no literature could be found the group derived an
equation: therefore, as future work and research continues

the equations should be updated.

103 = LG Launch Site Designed Capability
103 = 1.5/X33%
Source. Group Derived [assumed design rate = 1.5 req rate]
104 = LG Launch Site Operational Cost
104 = 40%(U79/8760)%(103%%0.34)/((1/X335)%»0,55]
*(X320) /X335
= [40%(man year cost/hrs in yr)

*(launch site designed capacity»»(,h34)

*(1/(launch site launch ratex»0.55)]

*(# launch sites)/(time bhetween launches at a site)
Source.(Koelle, 1982:417) cost in 1983 dollars
105 = LG Fuel Cost/Time
[05 = X326%#U31%X301

fuel/mission *(cost/unit of fuel) *(8LG missions)

Source. Group Derived




106 = LG R&D Cost
106 = 6500%UT79»[X325%%0.21]%U37*U38%{exp(2%xX343)]
= 62500*U79*(empty mass weight**x0.21)*tech factor
*experience factor
*{cost multiplier for increased reliability|
Source. (Koelle,1982:407) cost in 1983 dollars
107 = LG Production Cost
07 = X300%12%[X325%%0.561*[X300%={1n(U32)/1n(2.0)}1
*UT79x[exp(2#X345) )
= (#LGs)%((16.5+7.5)/2)%((X325)%*%0.56)
»((BLG*»(InU32/1n2)) ®*(cost per man-year)
*[cost multiplier for increased reliability]
Source. Koelle, 1982: 409 cost in 1983 dollars

Source. Rand, 1971: Ch 5

112 LG Mission Time

112 [13+114+15

Source. Group Derived

13 LG Time from Launch to Rendezvous with 0SV

13 {SQRT [U90/(X360+U91) )+5486+1152+1097}/(2*U93)

Source. Dept of AF, 1965: 2-4¢6

114 LG Docked Time (time to offload the LG
payload to OSYV or SB)

X310/U25 (for LG+0OSY and FHG+LG+0SV model)

t—

—

-
it

114 X310/U35 (for SB+FHG+LG+0OSV model)

Source. Group Derived




115 LG Return Time to Earth

i15 3hrs

Source. Group Derived

121 LG Delta Velocity per Mission

SQRTIU90/(X360+U91) |+5486+1152+1097+0

121

Source. Dept of AF, 1963: 2-46

LG Structural Mass Coefficient

128

X325/(X325+X326)

128

Source. Hill and Peterson, 1970: 328

#

129

129 X326+X310)/X310]1%=(1/X370)

(LG loaded mass/payload mass ]**(1/8LG stages)

Source. Hill and Peterson, 1970: 328

132 = 0SY Delta Velocity (orhit transition from resupply
point to satellite orbit back to resupply orbit)
132 = 2#ABS(SQRT(U90/(UL1+U91))-136+137-SART(U90Q/(X360+UY1)))

Source. Appendix G, EQ(G.11)

i

133 0SV Delta Velocity in waiting orbit (1 sat to | sat)

2#ABS((SQRT(U90/ (U1+U91))-SQRT(2#U90/(U1+U91)-U90/134))

133

Source. Appendix G, EQ(G.24)

134 = Semi—major Axis of Elliptical waiting Orbit
134 = (UL+U91)»((U2%X56D-1)/(U2%xX565))»%(2./3.)

Source. Appendix G, EQ(G.19)




135

0OSV Total Delta Velocity/0OSV mission

135 133#(X560-1)+132

Source. Appendix G, EQ(G.25)

Velocity at Apogee of OSV Resupply Transfer Orbit

136

136 SQART(2*ABS(U90/(U1+U91)~-U90/(X360+Ul+2%U91)))

Source. Appendix G, EQ(G.8)

137 Velocity at Perigee of OSV Resupply Transfer Orbit

137 SQART(2»#ABS(U90/ (X360+U91)-U90/(X360+U1+2%191)))

Source. Appendix G, EQ(G.6)

140 0OSY - People Mass to Orbit/Unit Time

X500=X555#100/U77

140

Source. Group Derived

141 OSV Required Mass/Time

[41 L (X526+U19)%X501 ]+ (X555%U76*X500)+140

{(fuel +parts)»f8missions]

+(life support)+(peopie mass)

Source. Group Derived

142 = 0OSV Structural Mass Ratio (0.1<[42<1)
142=X525/(X526+X525)

Source. Hill and Peterson, 1970: 328

143

#

Mass of Life Support Equipment for Manned OSV

143 Ul6e + U17%X555

Source. Bolen, 1980: Ch 3




R Al

144

144

0SV Single Vehicle Mass (dry weight)
X525+ Ul8+ 143

structure+guidance+life support equipment

Source. Group Derived

0SV Fuel Cost/Time
X526%U22%X501
fuel burned/mission*(cost/unit of fuel)

»(#0SV missions)

Source. Group Derived

146

[46

OSV Manned Cost/Time
X500%X555%1i78

(80SV’'s)*(0SV crew size)x(cost/mantime)

Source. Group Derived

147

147

148

148

n

0OSV R&D Cost

6500%U79% [ 144%%0,211%U29=%U30=[ (U21)*=%X555]
*[exp(2»%X545)]

6500*cost per man-year

®*(total empty mass weight»=0.21)

* tech factor* experience factor

* [multiplier for addition of man in the 0SV]
*» [cost multiplier for increased reliabilityl

Source. (Koelle,1982:407) in 1983 dollars

0OSV Production Cost
X500#016.51%{144%%0.561x[X500%»(In(U23)/1In(2.0))1

%xU79%lexp(2%X545) ]

F-5




= (#0SV)*((16.5)=(144%»0.56)
*(cumlative ave learncurve)»* cost per man year
*[cost multiplier tor more reliability]
Source. Koelle, 1982: 407 in 1983 dollars

Source. Rand, 1971: Ch 5

150

OSYV Mission Length
= (time to travel from supply orbit to satelite
orbit and back)/0OSV mission
+{(total time to travel in waiting orbit
between satellites serviced)
+(total time spent servicing satellites
on location)] /0SYV mission}
150 = 2#U92%(((2*%U91+UL+X360)/2.)=»1.5)/SURT(U90))
+(X560-1)#(2#U92=((UI1+UIL ) %%l . 5)%(U2%X565-1.)
/(U2=SQRT(U90))) +X560=152

Source. Appendix G, EQ«G.35)

151

OSV Resupply Time

I51 X510/U25

Source. Group Derived

152

Time to Service One Satellite

152 X561/U26

mass delivered
/O0SV to Satellite mass transfer rate

Source. Group Derived

F-o
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1100

n

1100

Source.

i101

1101

Source.

1103 =

Source.

Post Launch FHG Vehicle Velocity

(ie. velocity leaving the ground based launcher)

SQRT{2»ABSI{U90/U91-U90/(2*xU91+X360) 1}

(note: this represents the speed the mass (vehicle)

would be traveling to be at the perogee of an
eliptical orbit.)

Appendix G, EQ(G.6)

FHG launcher velocity.

(speed launcher is traveling due the earths
rotation. note our launcher is considered to
be physically located on the equator.)

U91%2%U92/24

U91xU92/12

(radius)*(angular vel)

(earth radius at equator)»2

#*pi/(rotation period earth)

Appendix G, EQ(G.5)

Total FHG Vehicle launch mass

X110 + 10%1113/9

(mass payload) + (10/9)x(mass fuel)
[note: mass structure = mass fuel/9}

Group Derived




1105

[}

Source.

1106

#

Source.

1108 =

Source.

1109

Source.

1110 =

Ground Based FHG Energy for Launch

(note: for simplicity we will consider only the
change in kinetic energy of the mass launched
from earth)

4.629%0.5*1103%(1100-1101)%x%2
2.3145%1103%(1100-1101)%%2

{one-half*massxdelta vel=»2]

*conversion factor to get 1105 in watt-hrs (4.629)

Group Derived

Cost of FHG Ground Based Energy/Time
(note: consider an electrical source)
(computed based on twice the minimum
regquired energy from 1105)
X100%(2%[105)*Ull1=cost/time

Group Derived

FHG Apogee Delta Velocity Required
1109~-1110

Appendix G, EQ(G.10)

Required FHG Parking Orbit Velocity
(so FHG will stay in rendevous orbit)
SQRT(U90/1111)

Appendix G, EQ(G.9)

FHG Velocity Prior to Apogee Burn

(ie velocity from initial launch)




Source.

Il

Source.

113

Source.

1]

1115

Source.

1116 =

SQRT{(2*ABS(U90/1111 - U90/(U91 ~+ [111)1]}

Appendix G, EQ(G.8)

Altitude of Parking Orbit
(rendevous altitude from the center of the carth)
U911 + X360

Group Derived

Mass of Fuel Regquired at FHG Apogee Burn

X110%{ {exp(1108/(U121%U93))]

{ 10/9 - exp(1108/(U121%U93))/9 1}

(note: this equation takes into consideration the
mass of the unloaded vehicle by assuming the mass
structure ratio will be 0.1. This assumption is
implemented in the 10/9 and the exp ( )/9.

Group Derived

FHG Launch Site Operations Cost/Time
X120 = U112 » (X135%%-2)

Group Derived

FH Vehicle Costs/Time

(note: assume FHG Vehicle is expendable)
X100#{(1.057%0.0624534=1103=1108)
+(46330#[(0.4536%1113/9)%%0.77]1) + (Ul14%1113))}
#FHG launches/time

#{ engine cost+platform cost + fuel cost}

8FHG launches/time *{(cost coef)

#(coversion kg-kem/hr to Ibf-sec)




*» (mass to delta vel) ®*(delt vel req)l
+ [cost coef)*(kg to 1fm conv *platform mass)»= T77]
+ [FHG fuel cost]))

Source. Fong, 1981: Ch 5

[118 = FHG VYehicle R&D Costs
= {([3.235%0.0624534%1103»1108]
+ [{7414460 + 22600%0.4536%1113/91}
= {engine + platfarm R&D}

Source. Fong, 1981: Ch 5

1119 = Launch Site R&D
= UL17%X360%([103%%0.5)

Source. Group Derived

1120 = Launch Site Purchase or Fabrication
= X120*(LU118»(1103%%0.5)}
+ [U119%(2»]105)%%0.5])

Source. Group Derived

1124 = SB Fuel Mass Required per Time
= X400»%X425=U129 (note: could be high-G launched)

Source. Group Derived.

1125 = SB Mass Requirements/Time (require low-g launch)

= X400=X425=0132

[ASB 's1*[SB structure mass]
»[(X SB structure mass needing replacement per timel

Source. Group Derived.




1126

Source.

[}

1127

Source.

[

1130

Source.

1131

=

Source.

1134 =

Source.

it

1135

Source.

1136 =

Source.

SB Life Support Mass Required/Time
X400%U75%X415
(#SB’six(#people/SBI*[mass/person]
(note: assume SB’s recirculate life support mass
and all life mass is low-G launched)
Group Derived.
SB People Mass/Time
X400%X415%100/U77

Group Derived

SB Manned Cost/Time
X400»X415%478
Group Derived
SB Replentishment Costs/Time (for fuel+parts )
11250134 + 1124%U139
ireplenishment mass/timel*[cost of mass]

Group Derived

5B R&D Costs

UL136%{X425%%0.5}+ 135%#{X415%=0.75}

Group Derived
S8 Production-Fabrication Cost
X400»U137%[X425%%0.5])

Group Derived

SB Deployment Costs

X400»U138%X425

{#SB’'sl*{launch cost/kgl* {SB structure mass]

Group Derived




Appendix G

bDerivation of 0OSV Orbital Mechanics Equations

The size of an 0OSV is determined primarily by two tac-
tors.: the cargo mass it must deliver to the satellite(s)
and the fuel mass the 0SV must deliver and consume to accom—
plish the mission. Here we present the development of the
equations used to model the dynamics ot the 0SV. Since the
5SS models require USV guantities on a per mission basis.
the tfoilowing development is tor a singie USY mission.

First we will begin by detining an 05V mission and present
the assumptions made to simplify the form of the equations.
Then the equations will be developed for the USV tuel con-
sumption. elliptical orbits. transfer orbit. waiting orbit.
and mission length/time of flight (TOF). VFinally. a briet
summary of the primary eguations is given: included is a
cross-reference table to the intermediate variable equations

(Appendix F) and associated model egquations (Appendix D).

G.1 OSV Mission Definition

For development of the Satellite Servicing System (555)
model ., the mission of an OSV is detined as: (1) loading on
supplies while in some circular parking orbit. (Z2) transter-
ring trom the parking orbit to the servicing (satellite)
orbit. (3) delivering an average amount ot mass to each

satellite. and (4) returning empty to the parking orbit.

|




G.2

Simplifying Assumptions

To develop the analytical equations that describe the

OSV mission. the following simplifications and assumptions

were made:

10.

i1.

12.

13.

100 percent of an 0SV payload capacity is distributed
per mission.

The parking orbit is the same at the beginning and end
of a mission., however. it is free to be chosen within
the model .

The satellite and parking orbits are circular.

There are no perturbations of orbits (transter. park-
ing. or servicing).

The effect on satellite orbits from oblateness ot the
earth is neglected.

The drag of the atmosphere and solar wind on OSV is
neglected.

Station keeping maneuvers by 0OSV are not considered.

Rendezvous maneuvers are neglected: the rendezvous is
assumed to occur immediately at intercept of transfer
orbit and target orbit.

Satellites are equally spaced within the orbit plane.

No priority servicing of satellites within constella-
tion. Therefore. the 0OSV will travel from satellite to
satellite in a consecutive order.

The maneuver used to travel between satellites within
the same constellation will be the same between any two
satel lites.

The requirements of satellites in a constellfation will
be averaged to allow the same amount of mass delivered
to each. 0Or looked at another way. satellites within a
constellation are identical and theretore require the
same amount of mass when serviced.

in order to keep the mission time length short. the UdDV
propulsion system is assumed to be chemical.




G.3 O0SV Fuel Consumption

Since the type of propulsion system is a chemical
(solid or liquid), the fuel mass used can be calculated from

the Rocket equation (Hill, 1970):

AV oy = gexlsp*In(Mi/Mo) (G.1)

where

ge = gravitational acceleratiog at surface
of the earth (9.807 m/sec“)

Isp = specific impulse of fuel(sec)
Mi = initial total vehicle mass(kg)

Mo = final total vehicle mass(kg)

<3Vosv = magnitude of total change in velocity
of OSV to travel between two points{(m/sec)

Since the fuel mass needed for the model is that per O0SV
mission, then the final and initial masses of the 0OSV are

defined as:

Mo = Ms+Mp (G.2)
Mi = Ms+Mp+Mf
Mi = Mo+Mf (G.3)

where
Ms = OSV structural(dry) mass (kg)

Mp = total payload(supply) mass delivered
to satellites per OSV mission (kg)

Mt

]

fuel mass (kg)




-.wv-

Substituting kEq (G.3) into Eg (G.1) anda rearranging. the
fuel mass used per USV mission in terms of the 0USV tinal

(empty) total mass and the pavioad mass is:

ME = Mo(exphﬁvosv/(ge*lsp)]—1) (G.4)

The fuel mass per mission calculated by using kg (G.4)
is conservatively high. The equation is derived assuming
that the pavlioad mass is removed trom the USV all at once at
the end of the mission. rather than dropping mass off at
each satellite. If this staging process were to he
modelled. an iterative application of £q (G.4) would be used
with new values for Mi and Mo determined at each start/stop
point of the 05V mission. Then the tuel mass used tor each
leg of the mission is totalled to give the total ftuel mass.
A FORTRAN program called VORBCS.F is developed to calculate
the tuel mass taking into account staging (see Appendix W).
fable G.1 shows a comparison of the fuel mass calculations
from this program with those using the approximation of kg
(G.4). The values in the first four columns describe the

mission and are used to calculate ANO These equations

sv’
will be described later. However. notice that the estimated
fuel mass is indeed conservatjvely high and the difference

between the fuel mass values does increase with increasing

average mass per satellite and number of satellites ser-

viced. This is expected because the etffect of staging saves
more fuel mass for a given Ayosv as the number of off-
loading events increases. In Chapter VvV of this study

L-4
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is addressed the etfect of using Eq (G.4) as an approxima-
tion by examining the sensitivity of the final results to

changes in totai fuel mass consumed.

In order to use Eq (G.4), the éyosv must be calculated.
This is dependant on how an 0SV moves in space. Wwe treated
the motion of the OSV relative to the center of the earth as
a classical two body problem in orbital mechanics. The mis-
sion dynamics of the 0SV were broken up into two distinct
phases: (1) transfer to and from the service orbit trom and
to the parking orbit. and (2) transfer between satellites of
the same orbit, i.e. intersatellite maneuvers. But betfore we
discuss the AV calculations for the above two phases we must

define some elements of the two-body problem: namely the

elliptical orbit elements.

G.4 Elements of Elliptical Orbits.

For a smail body (relative to earth’s mass) in free
flight orbit near the earth., the two body problem predicts
that the trajectory of the body will be that of an ellipse
with the center of the earth at one focus (Bate. 1971:30).

Figure G.1 shows the elliptical orbital elements.




-

Figure G.1 Elliptical Orbit Elements (Dept. of AF. 1985:2-15)

where
a = semi major axis
b = semi minor axis
¢ = distance from origin to either focus
r = radius of apogee

r = radius of perigee

Notice that circular orbits are a special case of elliptical

orbits when ra=rp=r,

Since the OSV is assumed to have chemical propulsion,
the forces used to change its velocity will be considered
impuisive. Therefore, after an instantaneous change in velo-
city, the 0OSV will be in free flight about the earth and

consequently in an elliptical orbit.
G.5 Transfer Orbit

There are many ways an OSV could change from one circu-

lar orbit to another via an elliptical transfer orbit. The




choice depends on a trade-off between AV and transfer time.
The quicker one wishes to change between orbits the more AV
(and therefore fuel) the vehicle must expend. As a first
modeling attempt for this study, minimizing fuel consumption

was felt more important than minimizing transfer time.

Therefore, for the case of transfering between two co-
planar circlar orbits a Hohmann transfer was modeled. This
manuever is shown in figure G.2 and requires the minimum

total AV (Bate, 1971:163).

Hohmann
Transfer
Orbit

Service
Orbit

Parking
Orbit

Figure G.2 Hohmann Transfer between Coplanar Circular Orbits

The Hohmann transfer trajectory is an ellipse such that

the perigee is tangent to the inner circular orbit (rp:rpo)

and the apogee is tangent to the outer circular orbit

(ra=rso)' Two impulses (or burns) are required Lo complete

the maneuver.




Assume the transfer is from the parking (inner) orbit
to the servicing (outer) orbit. Figure G.2 depicts the
orbital velocities relative to the center of the earth. In
order for the 0SV to initiate travel along the transfer
ellipse at perigee it must increase its speed by Awp, The

0SV velocity in the circular parking orbit is

- 1/2
Vpo = (P’”po) (G.5)
where
J Gravitational parameter, 3.986032 x 10 kx3'sec2
rpo = Radius of parking orbit

and the 0OSV velocity in the elliptical transfer orbit at

perigee would be:

= g 1/2
Verp = 2Lp/roo-p/(rpatrgg)1) (6.6)

where

Pso = Radius of the service orbit.

Therefore, for the first impulse to get the 0SV into the

transfer orbit:

v I (G6.7)

AV, = WVerp Voo

The second impulse is used to recircularize the 0OSV
orbit into the service orbit when the 0SV is at apogee. The

velocity of the 0OSV at apogee is given by:

- _ 1/2
Vira = [21p/rgop/(rpotrgg)i]d (G.8)




and the velocity of the circular service orbit is

v = (}Nrso)l/2 (6.9)

SO

therefore

v, = Vso Vira

(G.10)

So the total change in velocity of the 0SV to transfer
one way between two orbits is éNpﬁan, Therefore, to go up
to the service orbit, recircularize, go back to the parking

orbit, and recircularize, the total change in velocity is:

AVr‘esupvly = 2IAV AV

= 21V Ve ra*Verp Vpo! (6.11)

The above equation is g006d only for orbits in the same
plane, i.e. zero inclination difference between them. For
orbits at different inclinations the choice of transfer

orbit is not as simple.

The three most common transfers between inclined circu-
lar orbits are the bi-elliptic transfer (Figure G.3), the
"modified” Hohmann and the Hohmann transfer with plane

change (Figure G.4).
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Figure G.3 Bi-elliptic transfer orbit (Dept of AF. 19065)

For orbit transfer without rendezvous the Hohmann
transfer with plane change uses the minimum AV. But since
the 0OSYV must begin and end at the line of nodes. a satellite
must be at the precise angle so that both vehiclies arrive at
the other node simuitaneousiy. The bi-elliptic transfer and
"modified” Hohmann don’'t have this problem but do use more
AV. The phasing time increases as the ratio of the final to
initial orbit radius approaches unity (Baker., 1965:12). How-
ever, it is assumed that the ratio of parking orbit radius

to service orbit radius will not be near unity for
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Figure G.4 "Modified” Hohmann and Hohmann transfer
with plane change. (Dept of AF., 1965)

our SSS model. In addition, the first satellite to be ser-
viced in an orbit is arbitrary. so the phasing time is again
reduced. Since it was felt that minimizing fuel consumption
(or AV) was very important. we chose the Hohmann transfer
with plane change to model transfers between inclined circu-
lar orbits. if OSYV time of flight becomes more critical.
then a choice between the other two techniques is recom-
mended. See (Baker. 1963) for a detailed discussion in this

area.




The Hohmann transfer with plane change is a two burn
maneuver optimaliy splitting the inclination change at each
burn te achieve minimum AV. The first burn usually includes
an inclination change of less than 5 degrees with the rest

occurring at the second burn.

To calcuiate the required 2V at each burn refer to ftig-
ure G.5. This shows the velocity vectors at a point of
intersectionn between two orbits. and tnf the AV reguired to
change from orbit I to orbit 2. Once the angle d is known.

the AV is calculated using the law of cosines as shown.

2 F} 2
v vi o vl o
Av' = . 2 2vlvz cos a

tigure G.5 Velocity Vector Diagram (Dept of AF. 1985:2-40)

Each burn of the Hohmann transfer with plane change
combines a plane change maneuver and an altitude change
maneuver into one. Figure G.6 shows the vector diagram of
such a maneuver at the intersection of a transter ellipse
(begun at 100 nm) and a final circular orbit at 150Unm with

an inclination difference of 10 degrees.

At the line of nodes. @ in Figure G.6 is the inclina-

tion difference between the two orbhits. Let # be the amount
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Figure G.6 Combined Maneuver Vector Diagram
(Dept of AF, 1985:2-41)
of plane change (less than 5 degrees) at the first burn and

@ be the total plane change. Then the change in velocity at

the first burn is

AV, = [v2

1 2V_ ¥ cos(B)]l/2 (G.12)

2 _
potV trp po'trp

and at the second burn

AV, = (v V2, -2Y, . Vso cos(g-B) 112 (6.13)

where Vpo' vtrp' Virar and Vso are defined by Eqs (G.5),
(6.6), (G.8), and (G.9) respectively. Therefore, the total
change in velocity between inclined orbits for up, recircu-

larize, back and recircularize is:

Avresupply = Z'AN1+£NZI (G.14)

Notice when O is equal to zero this equation reduces to the

co-planar case Egq (G.11). One of these two equations
((G.11) or (G.14)) is used to model the AV used for phase 1
maneuvers, Now let us turn our attention to modeling phase

2 maneuvers:.: intersatellite transfers.




G.o Wwajting Orbits

Once the USV is in the circular servicing orbit and
finishes servicing the satellite it rendezvoused with. it
must move on te the next satellite. This is accomplished
through an epoch change maneuver (Dept of AF. 1965). This
maneuver uses the same principle as the coplanar Hohmann
transfer. An impulse is used to place the USV into an
elliptical orbit. Since the period of the ellipse will be
different than the period of the circular satellite orbit.
the OSV and satellites will move with respect to one
another. Figure G.7 shows the case for an ellipse outside

the circular orbit.

~
CHASER / N

SN

REC.IRED 7
EPOCH S SSTe
TARGET CHANGE TRANSFER MANEUVER

COMPLETED

Figure G.7 Epoch Change Using QOutside Transfer uUrbit
(Dept of AF. 1965)

The size of the ellipse is chosen so a satellite and
the 0SV rendezvous after an integer number of elliptical
orbits by the 0SV. Theoretically, very little impulse can be
used on the first burn and it would take an infinite number
of revolutions of the 0SV before it could dock with a satel-

lite. Conversely. a large initial impulse could be used to

[p}
|
—
&1}




achieve rendezvous after one elliptical orbit. lere again.
the trade-off between AV and time must be made. However. the
minimum AV requires a stiff penalty in infinite time.

Therefore a decision to model the trade-off was made.

An epoch change can occur using an ellipse inside or
outside the service orbit. For every exterior eilipse there
is an interior ellipse that requires the same totalAv. The
choise of which ellipse is determined by whether the 0SV
must “"catch up to” or "wait for” the next satellite. Since
there is no predetermined order in our model we chose to
investigate using an interior ellipse because it has the
smaller orbital period. This choice requires that precau-
tions be taken to avoid choosing an ellipse which could
result in the 0OSV impacting the earth. Figure G.8 shows the

geometries used for the equation derivations.

Service
Orbit

Waiting

Orbit O satellite

A osy

Figure 6.8 Wwaiting Orhit Geometry




In order to assure rendezvous after an integer number of 05V

waiting orbits the following must hold:

At = (T =T o) (G.13)
where
Ot = Characterstic time between satelites
(see Figure G.7)
n = Interger number of elliptical waiting orbits
Tso = Period of one service orhit
Two = Period of one waiting orbit

For equally spaced satellites¢ﬁt=Ts /N, where N is the

o
number of satellites in the orbit. Using this in Eq (G.14)

and rearranging, we get:

Two = Tgol(ND-1)/Nnl (G.16)

Which clearly shows the dependance of the size of the wait-
ing orbit to n; the number of waiting orbits before rendez-
vous. The period of each orbit is related to the orbit

geometry as follows:

a 372 ~
Tso = 21rrso /vjr (G.17)
. 3/2
Two 2Ma /JF (G.18)
where
a = Semi-major axis of waiting orbit

Using these two expressions in Eq (G.16) and solving

for a we get:




a = r_ ((Nn-1)/Nn)2/3 (6.19)
since

2a = p = +
a’’ r r

r. = 2a-r (G.zU)

This can be used to prevent letting the USV crash 1nto the

earth by placing bounds on the adius at perigee:

185 km < r_ < r (G.21)

Tearth P so

To calculate the AV to insert the 0SV into an ellipti-
cal waiting orbit and recircularize it after n ellipses

refer to Figure G.9

a vwoa

Where: r_=
a_ "so

Figure G.9 Waiting Urbit Velocities
The velocity of the service orbit is repeated for conveni-

ence.
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) 1/2
Voo = (p/rgy) (6.9)

The velocity of the waiting orbit at apogee is

= { b/72 -
Vioa = (2Lp/rg —piCrg rr 01y (G.22)

Therefore, the change in velocity required to place the 0SV

into a waiting orbit is:

Ya = vso_vwoa (G.23)

Noting that rso+rp = 2a the total change in velocity to

get into a waiting orbit and get out of it is:

OV = 20urieg ) M 2-2UGuir  y-(urzar 1yt (6.24)

So Avwo represents the total AV to travel from one satellite

to the next. Therefore, if Y represents the number of
satellites serviced in the orbit, and Y<KN, then the total AV

per mission is:

Avosv = Avresupplyﬂy—l)avwo (L.25)
where cwresupply is given by either Eq (6.11) or Eq (G.14)
and ANWO is given by Eq (G.24). These equations represent

an OSYV mission profile of using a Hohmann transfer with
plane change between orbits and an epoch change using an
inner ellipse for intraorbit changes to service Y satel-
lites. Using this profile an average mission duration can

be estimated for the SSS model.
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G.7 Missiop Length/Time of Flight (TUF)

Te time length per 0OSV mission can be conveniently

broken up into three parts: (1) phasing/aligning time, (2)
transfer time to and from service orbit and (3) time spent
travelling between and servicing Y satellites in the con-

stellation.

The phasing time is the time after receiving supplies
that the OSV must loiter in the parking orbit until it can
initiate orbit transfer. The initial burn must occur at a
time such that rendezvous is possible at the second burn
(see Figure G.4). This launch window for a single intercep-
tor vehicle (0SV) attempting rendezvous with a single target
vehicle (satellite) occurs once every synodic period (Bate,

1971:367). The synodic period ftor earth orbits is defined

as:
T, = 27/ tw vyl (G.26)
where
Ts = Synodic period
Wl = Angular velocity of orbit 1 relative to the

center of the Earth

Wy = Angular velocity of orbit 2 relative to the
center of the Earth

But the angular velocity of an orbit is 2% divided by the
orbit period. Therefore, the synodic period can be written

in terms of the parking orbit and service orbit periods.




Ty = l/ll/Tpo - /T 0 (G.27)

However, in our model every satellite is a candidate target

vehicle, so the time between launch windows is:

tmaxphase = Ts/N
= l/IN/Tpo - N/Tsol (G.28)
where
N = Number of satellites in the constellation

This time represents the longest wait betore next
transfer initiation. [t was assumed a launch opportunity
had just been missed at the completion of loading the O05V.
Since the USV loading completion time is random, we chose to

use the mean time between launch windows for our static

model. Therefore, the average phasing time per USV mission
is one half of tmaxphase' or:
tavgphase = I/IZN/Tpo - ZN/TSOI (G.29)

Substituting T=2ﬂ'r3/2/Jﬁ' for each orbit period and rear-

ranging the above eguation becomes:

QI (Crponrgon3/2iante  312-c ) 3/2¢) (6.30)

t'avgphase = po

This equation will be used to determine the time the 0S8V
loiters in the parking orbit. Now the transfer times will

be calculated.

Since all maneuvers are impulsive the transftfer time




trom the parking orbit to the service orbhit and back again

is just the period of the transfer ellipse:

Ter = QTN [(rggrryrr213'? (6.31)

Notice this is Eq (G.18) with the semi-major axis 8 replaced

by (rs *r )12,

o 'po

TR

The time the 0OSV spends in the constellation can be
broken into time spent servicing Y satellites and the time
to travel between them. I[f we assume some average time to
service a satellite, say Q, then the total time to service Y

satellites is:

tservicing YQ (G.32)

The time to travel between Y satellites is the number
of trips (Y-1) multiplied by the time per trip: which is
simply the period of the waiting orbit. Substituting Eq
(G.19), the semi-major axis of the waiting orbit, into Eq
(G.18), the period of the waiting orbit, and multiplying the

result by (Y-1) we get:

- 3/2 - _ .
Cintersat - (2T //pirg, (CNn=-1)/NJCY-1) (6.33)

Therefore the time to travel between and service Y satel-

lites is:

y 3,2 — J - ~
tsatserv (Zﬂ'/\/F)rso LCNR-L1)/N)C(Y-1) + YQ (G.34)




Finally the time of flight or mission length of an OSV

is the sum of Eqs (G.30), (G.31) and (G.34):

-G 32 3/2., 3/2
TOF (27/‘/F)“rpo*rso) /(ZNlrso fbo )1
- QWP ve) /2132

- (217'/JTJ')rS°3/2[(Nn-—l)/N](Y—l) + YQ (6.35)
G.8 Summary o jons
We present here for convenience those primary equations

developed in the previous sections that areused in the SSS
model to represent the orbital mechanics of the 0SV. See

appropriate development paragraphs for explanation of terms.
Fuel Consumed by an OSV per Mission:

Mf = Mo(exp[éwosv/(ge*lsp)]—1}—YP (G.4)

where

P = average delivered payload per sateliite
Delta Velocity Used by OSV per Mission:

Aoy = OVeasupply* (Y~ 10AV o (6.25)

where CNw is defined by Eq (G.24) and Egs (G.19). (G.20),

[

and (G.21) are used to prevent the 0OSV from crashing onto

the Earth. AV is defined by Eq (4.11) tor coplanar

resupply

transfers and Eq (G6.14) for non—coplanar transters.

G-23




Time Length of an USV Mission:

= 312, - 3/2_ 3714y
TOF QZWIJ)T)[(rponrso) /(ZNlrso o 1

. L.3/2
<z1r/f}7){(rso+rpo)/u
- (217/J,7>rs03’2[<Nn-1>/~1(v—1) + YU (G.35)

The following table identifies those equations derived
in this appendix which are used as intermediate variable
equations. Also identified are the numbers of the model
equations that use the intermediate variabies.

Table 6.2

Equation Cross—Reference

Appendix G Appendix-F Appendix D
Orbital Intermediate Associated
Mechanics Variable Model
Equation % Equation & Equation #
G.4 - D.22x=
G.5 1101 b.31, 32, 38. 39
G.o6 137, 100 b.22, 31, 32. 38. 39
G.7 36, 110 D.31. 32, 38, 39
G.9 1109 D.31, 32, 38, 39
G.10 108 D.31, 32. 38, 39
G.11 32 D.22
6.19 134 D.22
G.25 135 D.22
6.35 150 ; D.22

* The right hand side of D.22 is a rearranged version of 6.4
in terms of vehicle structural mass ratio (Ms/(Mft+Ms)) la-
beled 142, This ratio is bounded to range within technolog-
ically achievable limits.
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Appendix H

Computer Program VORBCS.F and Samplie Uutput

st % %% %% DOUBLE PRECISION VERSION %3536 5 56 563 3 563 3 3 36 336 3 3 3¢ 3¢ %
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xxxwnxxxx THIS PROGRAM 1S AN ORBITAL TRANSFER MODEL. sxsxwxxsx
%%  original: 27 MAY 1985 ; this version: 18 JUNE 1985 xwxx
I TN CAPT R LIEBER GSE-8%5D FETEHIEI NI NN
676 363676 I 3636 3 31676 56 36 3 3636 7 36363 36 IEIEIEFEIEIEIE I I I T IE T TIP3 26 T J 22 JEI I M I HEIEH 3
T T IETEIEIE JIEJEIETEIENEIETEIEIETEIETE I T T I TEIEFETEIEFETE T IIETEIEH I I I I I HETJ TN
THIS MODEL CALCULATES THE DELTA V AND TIME OF FLIGHT FOK
AN OSV TRAVELING BETWEEN A RESUPPLY ORBIT. AND A SERVICING
ORBIT DETERMINED BY THE ALTITUDE AND INCLINATION OF THE
SATELLITES. IT IS INTERACTIVE AND ALLOWS THE USER TO SPEC-
IFY THE ALTITUDE AND INCLINATION OF THE SATELLITE CONSTEL-
LATION. THE ALTITUDE AND INCLINATION OF THE RESUPPLY ORBIT.
THE TOTAL # OF SATELLITES IN THE SERVICE ORBIT. THE # OF
SATELLITES TO BE SERVICED IN THE ORBIT DURING THAT MISSION,
& THE MAXIMUM # OF WAITING ORBITS TO BE MODELED. THERE IS
ALSO AN OPTION THAT CALCULATES PROPULSION FUEL MASS USED.

IF IT IS DESIRED TO CALCULATE PROPULSION FUEL MASS USED.
THE USER MUST SPECIFY THE STRUCTURAL MASS OF THE OSV. THE
SPECIFIC IMPULSE OF THE OSV FUEL, AND THE AVERAGE MASS
OFFLOAD AT EACH SATELLITE.

369636 FEIEFEIEFEIEFEIEIEFEIETETETEIE I 6 TE T T TEFE 16 FE T FETE 3 I6FEIEIEFEIEIE T IE F6 6 2 26 F6 T 2636 T6 I6 3 I I 362636 3626 3¢ 3¢
OUTPUT OF THIS PROGRAM IS IN THE FORM OF TWO CHARTS WRITTEN»
TO TWO FILES. datal AND data2. THE CHART I[N datal GIVES THEx
FOLLOWING INFORMATION FOR THE # OF SATELLITES SELECTED TO
BE SERVICED AND THE RANGE OF WAITING ORBITS: SEMI-MAJOR
AXIS OF THE WAITING ORBIT. PERIOD OF THE WAITING ORBIT.
ALTITUDE OF WAITING ORBIT AT PERIGEE IN KM ABOVE SURFACE
OF EARTH. DELTA V OF EACH WAITING ORBIT. AND DELTA V OF
THE RESUPPLY ORBIT. THE CHART IN data2Z SHOWS THE FOLLOWING »
INFORMATION FOR THE # OF SATELLITES SELECTED TO BE SERVICED*
AND THE RANGE OF WAITING ORBITS: TOTAL DELTA V NEEDED FOR *
THE MISSION SPECIFIED, TIME OF FLIGHT FOR THAT MISSION AND *
PROPULSION FUEL MASS BURNED IN ACCOMPLISHING THE MISSION =
(IF FUEL MASS OPTION IS SELECTED). *
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» 1) SATELLITES TO BE SERVICED ARE IN CIRCULAR ORBiTS Al AN *
% INCLINATIUN AND ALTITUDE GIiVEN iN SATELLITE CONSTELLATION +
»  MODEL. *
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2) THE NUMBER OF SATELLITES IN EACH PLANAR URBIT ARE
EQUALLY SPACED ABOUT THAT ORBIT. THIS 15 A CONSERVATIVE
ESTIMATE - IF SATELLITES WERE ACTUALLY CLOSER. DELTA V
REQUIRED TO SERVICE EACH SATELLITE WOULD BE MUCH LESS THAN
DELTA V NEEDED IF EQUALLY SPACED. CONSEQUENTLY A PLATEORM
OF SATELLITES SHOULD BE TREATED AS A SINGLE SATELLITE FOR
ITS DELTA V REQUIREMENTS.

T3 36 3 6 3 3 36 T I 6T FEIEIEIE T I6 6 T IEIEIE I D6 IE FE I IE I3 I FEIE I I F6 6 I 3 I6 36 36 3 I 3 2 76 I 3 3 36 I 3 I Je 6 363 W
3) ALL ORBIT TRANSFERS ARE MODELED AS HOHMANN TRANSFERS.
WwiTH TwO IMPULSIVE BURNS. 1IF A PLANE INCLINATION CHANGE
IS INVOLVED. THE TRANSFER 1S MODELED AS A HOHMANN TRANSFER
WITH PLANE CHANGE (PART OF CHANGE AT BURN 1 & REST AT BURN
2). WAITING ORBIT ELLIPSES (TRANSFER ORBIT OF OSV WAITING
FOR NEXT SAT) wlLL BE ASSUMED TO BE INSIDE THE CIRCULAR
SERVICE ORBIT, TO ALLOW A MINIMUM WAITING TIME TO BE USED.
HOWEVER. THE PERIGEE OF THE WAITING ORBIT MUST BE GREATER
THAN THE RADIUS OF THE EARTH + 100 NM TO NEGLECT MAJOR
ATMOSPHERIC DRAG EFFECTS (AND TO AVOID RUNNING INTO THE
EARTH) . R(PERIGEE.WO) > REARTH + 100 M

X x X x X X X
X x X X X X X

X X x X Xx X x X x X Xx X

THE CHART IN datal FILE SHOWS THE ALTITUDE ABOVE THE EARTHS*
SURFACE AT PERIGEE, SO THAT YOU CAN SELECT THE NUMBER OF  x
WAITING ORBITS NECESSARY TO KEEP PERIGEE ABOVE 100 NM. *
I 36 I JEIE 36 IE 36 336 I FE I6 36 36 IE ¢ JE I IE I I6 IEIE IE I TETE IE 26 JEIE I I6 F6IEIEIE 66 I6 J6 T I FE I 76T I 36 FE 6 I I I6 I 26 I T I3 2 3¢
* 4) SERVICING IS ASSUMED TO BE REGULARLY SCHEDULED PRE-
» VENTATIVE MAINTENANCE. CONSEQUENTLY EACH SATELLITE WILL =
= BE SERVICED IN CONSECUTIVE ORDER WITH AN AVERAGE AMOUNT =
= OF MASS OFFLOADED AT EACH SATELLITE. *
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® DELTA V REQUIREMENTS ARE DETERMINED BY THE ORBITAL *
=  MECHANICS INVOLVED. ONCE DELTA V IS OBTALINED. FUEL MASS *
»  REQUIREMENTS MAY BE OBTAINED USING THE ROCKET EQUATION: *
* DELTA V = lsp»G*in(Mass initial/Mass final)J *
where Mass initial = Mass structure + Mass fuel + Mass payioad

and Mass final = Mass structurz + Mass payload

DELTA V TOTAL/MISSION (DELTA V required from rendezvous
with supplies to service orbit and
return) + (DELTA V required from
service orbit to waiting orbit and
return)*(number of satellites ser-—

viced - 1)
ONE MISSION IS DEFINED AS TIME FROM BEING SUPPLIED WITH
MASS TO RETURN FOR RESUPPLY AFTER SERVICING SATELLITES.

PARKING ORBIT IS DEFINED AS THE ORBIT WHERE RENDEZVOUS
WITH RESUPPLIES IS ACCOMPLISHED.

x X x X x X x ¥ x X X X x %X x X X%
* Ok x Kk x Xk X X X X X X X X X X X




* WAITING ORBIT IS DEFINED AS THE ORBIT USED BY THE OSV *
* WHEN WAITING FOR THE NEXT SATELLITE TO "CATCH LP” TO *
* BE SERVICED. *

3T T T T -3 I IE I IEIEIEIE T FE I T IETE I 3 TE I T I 36T T T T I T IE 3P T I T I I FE I I I6FE T I I I I 3 I 3 I I FE I3
336 36 3636 366 I6 FEIETE I 3636 TE 3 36 2633 36 26 66T I6 I 363 36T T 3 IE I I 36 363636 36 362636 76 3636 3 36 I6H0IE 36 36 266 36 36 636 36 3 3¢
FEIETEIEIE I IEIETEIEIEIETEITETEIEIETE I I IETE I IETE T T FEIEIEIEIE I 6T I IEI6 I TEIEIEI6 T I 36T TEIEIE 36 36 36 336 JEFE I3 N

» THE FOLLOWING RULES ARE USED FOR DOING INCLINATION CHANGES:
» (HOHMANN TRANSFER WITH PLANE CHANGE WITH 2 IMPULSIVE BURNS)
*

* 1) IF THE INCLINATION CHANGE IS LESS THAN OR EQUAL TO ONE
DEGREE. THE ENTIRE CHANGE IS ACCOMPLISHED DURING THE
SECOND BURN.

IF THE INCLINATION CHANGE IS LESS THAN OR EQUAL TO FIVE
DEGREES. ONE DEGREE OF PLANE CHANGE 1S DONE DURING THE
FIRST BURN, AND THE REMAINDER DURING THE SECOND BURN.

N
~r

FOR PLANE CHANGES GREATER THAN FIVE DEGREES. THREE
DEGREES OF PLANE CHANGE 1S DONE DURING THE FIRST BURN.
AND THE REMAINDER DURING THE SECOND BURN.

w
~—

THESE RULES WERE ARRIVED AT AFTER CAREFUL COMPUTER
MODELING AND ANALYSIS AND WERE FOUND TO VARY FROM THE
OPTIMAL BY LESS THAN 1%.

T T2 D3I IE I I I I I 3 I IE I I IE HEIE I I I IE I FEIEIE I I I I 3 I I I T I I IE 3 3636 T 36 IE I I 3636 26 I 36 I3
I I 3636 I I IETETEIE T T I T T I T4 IE I I I 36366 T I I TE I3 IEIE I I 36 T I JE JE 636 TETEIE 36 H6 3T I 3636 36 I I FE I I I3 %
26 IE2E 236 26 26 I T 26 I I 76 T IEIE I I I I IE I 36 I T IE 36 26 I IE 76 3 I I6 I 36 T I I T I6IE I I6 I 36 I I I I 6 26 363636 36 36 3 3 6

double precision two.a,vso,vwoa,delvwo.vtra,vpo,vtrp,
+tdelv.mi,fm.mf .delvp,.delva,delvrs
real mu.rearth.altsat.rsat.pi.alt.raddif,
+altpo.i,n.altit.wmax,smax,rad,radl,rad3.
+osvms.isp.mpld.gc.sat.inc,il.i2
integer ans
open (unit=3.file="datal’)
open (unit=4.file="data2’)
mu=3.986012E+05
c wooexexx MU [S GRAVITATIONAL PARAMETER OF EARTH IN KM sesxseexssx
rearth=6378.145
c mnxxnxxxsx REARTH IS RADIUS OF EARTH IM KM 5363636363636 5 5 28 5 5 5 36 2 36 % 36 3¢ 36 3¢
write (»,#) 'what is altitude in km of satellite class’.
+’you want to transfer to?’
read (%*,%) altsat
write (»,%) 'what is the inclination in degrees of the’,
+'satellite class you want to transfer to?’
read (%, %) 2
c mweeeennn ALTSAT IS ALTITUDE OF SATELLITE CLASS IN KM sxxsxiexxn
write (3,%; 'PROGRAM NAME: vorbcs.f’
write (3.%) 'EXECUTABLE FILE: vorbcs’
write (3.%) '’
write (3.%)'THIS IS FILE datal. ADDITIONAL INFORMATION MAY',
+'BE FOUND IN FILE data2.’
wrrite {(3.%) '

write (4.») 'PROGRAM NAME: vorbcs.f’

X ok Xk ok X %k Xk x X x X x X %X X %X X X

X X% X x X x X x X X X X X X
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write (4.%) "EXECUTABLE FILE: vorbes’®

write (4,%)

write (4,%) ' THIS (S FILE data2. ADDiTIONAL INFORMATION'.
+'MAY BE FOUND IN FILE datal.’

write (4.%) '’

write (3.») 'DOUBLE PRECISION MODEL’

write (4.») "DOUBLE PRECISION MODEL’

write (x,%) 'ALTITUDE OF SATELLITE CLASS IS ’,altsat.’KM’.
+’AND INCLINATION OF CLASS 1S’.i2, 'DEGREES’

write (3.*) 'ALTITUDE OF SATELLITE CLASS IS '.altsat. KM’ .
+'AND INCLINATION OF CLASS IS’.iZ2, DEGREES’

write (4.%) "ALTITUDE OF SATELLITE CLASS IS ’.altsat.’'KM'.
+'AND INCLINATION OF CLASS IS’'.iZ2, DEGREES’
rsat=altsat+rearth

write(x %) ’’

write (».,%)’what is altitude in km of parking orbit for’.
+'rendezvous with resupplies?’,
+'(100nm=185.2.150nm=277 .8.200nm=370.4) "’

C+ALTPO 1S ALTITUDE OF P«RKING ORBIT FOR RZ WITH RESUPPLIES IN KM

read (*.%) altpo

write(= ,*)’what is the inclination in degrees of the’.
+'parking orbit?’

read(=, %) il

write (»,%) "ALTITUDE OF PARKING ORBIT IS’ .altpo.  KM',
+"AND INCLINATION IS’.il. DEGREES’

write (3.%) "ALTITUDE OF PARKING ORBIT IS'.altpo.’ KM’,
+’AND INCLINATION 1S’.i}l, DEGREES’

write (4.») 'ALTITUDE OF PARKING ORBIT isS'.altpo.’ KM',
+'AND INCLINATION IS’'.il.’ DEGREES’

alt=altporrearth

inc=abhs(i2-il)

pi=3.1415927

write (» %)’

write (*,%) 'enter the # of satellites in the orbit’.
+'to which you are transferring’

read (»,%) smax

write (».,%) '@ OF SATELLITES IN ORBIT IS’ .smax

write(e, »)'’

write (#,%) ’'enter max # of orbits you want modeled.’
+’for waiting orbit’

write (=, *)"’

write (»,#)'NOTE: & Of WAITING ORBITS IS THE NUMBER'.
+'0F REVOLUTIONS OSV MAKES [N TRAVELING FROM SATELLITE TO’,
+'SATELLITE. FOR MORE WAITING ORBITS. LESS DELTA V AND’,
+'PROPULSION FUEL IS USED. BUT MORE TIME 1S REQUIRED.’
read (%, %) wmax

write (% .x) 'MAX # OF ORBITS MODELED IN WAITING ORBIT’.
+'WwiLL BE'.,wmax

write(= ») '’

write (»,%)’'how many satellites do you want to service’,
+'on one mission?’

read(»,%) sat

write (» ») *'

—— - “



write(»,=) THIS PROGRAM wiLL CALCULATE TOTAL ODELTA V. ' .
+'TIME OF FLIGHT. AND (IF DESIRED) PROPULSION FUEL MASS'.
+'NECESSARY FOR A MISSION SERVICING' .sat. SATELLITES OUT’.
+’0F A TOTAL CONSTELLATION OF’'.smax. ' SATELLITES’

write(x, x)

write (3.%) '’

write(3,#) THIS PROGRAM WILL CALCULATE TOTAL DELTA V.’.
+'TIME OF FLIGHT, AND (IF DESIRED) PROPULSION FUEL MASS’,
+’NECESSARY FOR A MISSION SERVICING’ .sat,'SATELLITES OUT’.
+'0F A TOTAL CONSTELLATION OF’ ,smax.’'SATELLITES’

write(3,%) ’’

write (4,%*) '’

write(4.=) THIS PROGRAM WILL CALCULATE TOTAL DELTA V.’
+'TIME OF FLIGHT. AND (IF DESIRED) PROPULS1ON FUEL MASS',
+'NECESSARY FOR A MISSION SERVICING' ,sat.’ SATELLITES OUT".
+'0F A TOTAL CONSTELLATION OF’ ,smax, SATELLITES®

write(4,») '’

write(x =)'do you want to calculate osv propulsion fuel’.
+’burned? answer with number:. yes=1 or no=0’

read (*,%) ans

if (ans.eq.0) go to 400

write( ») '’

write (%,*) "What is the empty structural mass of your’.
+'0SV in kg?’ )

read (*,%) osvms

wirite (%,%) 'OSV STRUCTURAL MASS 1S’.osvms. KG’'

write (3,%) '0OSV STRUCTURAL MASS IS’ ,~svms, KG’

write (4.%) '0OSV STRUCTURAL MASS IS’ .osvms, KG’

write(x »)'’

write («.,%) 'What is the specific impulse of the 0SV’,
+'fuel in sec?’

read (%, ,%) isp

write (».%) '0SV FUEL Isp =".isp, 'SEC’
write (3.,») ’0OSY FUEL Isp =',isp.’ 'SEC’
write (4.%) 'OSV FUEL Isp ='.isp, 'SEC’

write(» ») '
write (% ,%) 'What is the average mass offload at a’.
+'satellite in kg?’
read (»,%x) mpld
write (»,%) 'AVE PAYLOAD OFFLOAD AT EACH SATELLITE ="',
mpld. KG’
write (3.%) 'AVE PAYLOAD OFFLOAD AT EACH SATELLITE ='.
+mpld, "KG’
write (4.%) 'AVE PAYLOAD OFFLOAD AT EACH SATELLITE =’,
+mpld. 'KG’
write(s, »)"PLEASE STANDBY - ['M BUSY COUNTING''"

C »nxx gc is acceleration of gravity *eeseooessxx
gc=9.8G7E-03

write(3.») 'FUEL MASS IS TOTAL OSV FUEL USED FOR PROPILSION'.

+"IN KG’

write(4.#) FUEL MASS IS TOTAL OSV FUEL USED FOR PRUPULSION',

+"IN KG'
400 write(3.=) PERIOD OF THE WAITING ORBIT IS IN HOURS'
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write(4.=) 'PERIOD OF THE WAITING ORBIT 1S IN HOURS’

write (3.%)"’

write(3.%)'THE 8 OF WAITING ORBITS INDICATES THE NUMBER OF °,
+"REVOLUTIONS REQUIRED TO TRANSIT FROM ONE SATELLITE TO THE'.
+'NEXT NOTE THAT THE MORE WAITING ORBITS USED BETWEEN' .
+'SATELLITES. THE LESS DELTA V AND PROPULSION FUEL NEEDED.’
write(3,»)"’

write (4,%)’’

write(4.#)'THE # OF WAITING ORBITS INDICATES THE NUMBER OF ',
+’REVOLUTIONS REQUIRED TO TRANSIT FROM ONE SATELLITE TO THE’.
+’NEXT NOTE THAT THE MORE WAITING ORBITS USED BETWEEN' .
+'SATELLITES, THE LESS DELTA V AND PROPULSION FUEL NEEDED.'’
write(4,%)’"’

write( x)’’

write(» =) "PLEASE STANDBY — [’M BUSY COUNTING!'”

write (3,%) 'DELTA V IS IN KM/HR’

write (3.,%) '’

write (4.») 'DELTA V IS IN KM/HR’

write (4.%) *°
WEILE (3, 95) 7 HM26736 3633 26 26 7636756 26T 336 716 3636 36 2363616 06 36 369636363606 9656 916316 H 2 ¢

WEITE (4, 9) 7 MIEIIIEII616I6 3336 T 126 D3I I T IE P FETEIEJ 2636 3 763636 333676 3628 2636 J 26 3396 3¢ '
write (3,%)"’

write (4,%)'’

write (3.10) .

10 format(’'8 OF SATS’.4X,'# OF SATS’.4X,'# OF WAITING ORBITS’,
+6X, 'PERIOD.WO' ,10X.'A,W0’ ,10X, 'WO ALT ABV’.8X, 'DELTA V.wW0',
+5X. 'DELTA V.RESUP’)

write (3.11)

11 format(1x, SERVICED’.4X,’IN PLANE’,33X, 'HRS’.14x., KM’ .13X,
+'EARTH. KM’ ,10X, 'KM/HR',11X, 'KM/HR’)

write (3.%) '’
IF (ans.eq.0) go to 20
write (4.25)

25 format ('# OF SATS’.4x,’'# OF SATS’.4X,'s OF WAITING ORBITS'.

+4x, ’TOTAL DELTA V’,4X,'TIME OF FLIGHT',4X. 'FUEL MASS’)
write (4,12)

12 format(1x, SERVICED’.4X,'IN PLANE’.31X, ’KM/HR’.13X. 'HRS’,
+12x.,’KG’)

write (3,%) "’
go to 30

20 write (4.26)

26 format ('# OF SATS’ .4x.'# OF SATS’.4X.’'# OF WAITING ORBITS'.
+4x, 'TOTAL DELTA V’ .4X,’'TIME OF FLIGHT')

write (4,13)

13 format(1x, 'SERVICED’ ,4X,’IN PLANE’.31X. 'KM/HR’.13X. 'HRS’)

write (3,») '’

30 do 100 n=smax,smax

C sosxmnumin N |[S NUMBER OF SATELLITES PER ORBIT serssssestsesessn

do 200 i=1,wmax

C msemamstnn | IS NUMBER OF ORBITS IN WAITING ORBITS sesestsemmersesesesess

two=((n*i-1)/(n*i))*(rsat**(3./2.))%*2 »pi/sqrt(ma)

C rxxsnrennx TWO 1S PERIOD OF WAITING ORBIT 55555655 55 56 26 58 36 5 38 36 5 3% 36 3 3¢ %

ttro=2.»pi*sqre(({((alt+rsat)/2.)»*»3 )/mu)




(@} O (@) (@} (]

(@) (@} (@}

(@) O sXekeEkeizizizksisksEksizizisEnisizisinisEsEal ]

wooeoeexxx TTRO IS PERIOD OF TRANSFER ORBIT (PU TO SO) smxxxxsxx
tof=ttrortwo*(sat—-1.)

xxxxnnnnn TOF 1S TIME OF FLIGHT FOR ONE COMPLETE MISSION xsxsxxx
a=(twoxsqre(mu)/(2.*pi))**(2./3.)

moexexsnex A [S SEMI-MAJOR AXIS OF WAITING ORBIT %3x3msemstmsinsnn
altit=2.*a-rsat-rearth

smoneexxx ALTIT IS ALTITUDE ABOVE EARTH AT PERIGEE OF WO »xmsexxx
vso=sqrt(mu/rsat)

rxnannnx VSO IS SPEED IN SERVICE ORBIT #6355 5655 365 5 5 36 36 5% 5 2 369 3 % 6 9 % 5%
vwoa=sqrt(2.x(mu/rsat-mu/(2.%a)))

xxnnanxn VWOA IS SPEED IN WAITING ORBIT AT APOGEE »3xx»xxsxxn
delvwo=2.%xdabs(vso—vwoa)

»»x DELVWO IS DELTA V FOR TRAVELING BETWEEN SATS (WAITING ORBIT)
vtra=sqrt(2.*abs(mu/rsat-ma/(alt+rsat)))

s VTRA IS SPEED IN TRANSFER ORBIT AT APOGEE FROM SO TO PO %
vpo=sqgrt(mu/alt)

wotxseex VPO [S VELOCITY OF CIRCULAR PARKING ORBIT s
vtrp=sqrt(2.*abs(mu/alt-ma/(alt+rsat)))

» VTRP IS SPEED OF OF TRANSFER ORBIT AT PERIGEE FROM PO TO SO

6T T TE T IE I T T I T IE I T T T I T3¢ I I I T IE I I IE I TEIE I I6 I 36T I6-I6 36 TE F6 6 I6 6 I 36 I 36 I6 36 I3 I3 26 76 76 33 3¢

» THE FOLLOWING RULES ARE USED FOR DOING INCLINATION CHANGES: x
* *
» 1) IF THE INCLINATION CHANGE TS LESS THAN OR EQUAL TO ONE  x
=  DEGREE. THE ENTIRE CHANGE IS ACCOMPLISHED DURING THE *
= SECOND BURN. *
»* *
x 2) IF THE INCLINATION CHANGE IS LESS THAN OR EQUAL TO FIVE x
»  DEGREES, ONE DEGREE OF PLANE CHANGE IS DONE DURING THE
»  FIRST BURN. AND THE REMAINDER DURING THE SECOND BURN. =
»* *
» 3) FOR PLANE CHANGES GREATER THAN FIVE DEGREES. THREE *
»  DEGREES OF PLANE CHANGE IS DONE DURING THE FIRST BURN. =
*  AND THE REMAINDER DURING THE SECOND BURN. *
* *
*  THESE RULES WERE ARRIVED AT AFTER CAREFUL COMPUTER *
»  MODELING AND ANALYSIS AND WERE FOUND TO VARY FROM THE  »
*  OPTIMAL BY LESS THAN 1%. *
I IE 26 FEIE I T T IE T I 6 I I I IE I 36 I & I IE I 2T I 36 H & I I FE ¢ I IEIE JE T ¢ IE TEIE I 236 I IE I I6 FE IE I IE I I I IE I I ¢
»* *
= RAD IS THE PLANE INCLINATION DIFFERENCE IN RADIANS x

rad=incx*pi/180.
%  RAD1 IS ONE DEGREE IN RADIANS s
radl=pi/180.
=  RAD3 IS THREE DEGREES IN RADIANS %
rad3=pi/60.
IF (inc.le.1.0) THEN
delvp=dsgrt((vpo**2 .0)+(vtrp*»2.0)-2.0%vpo*vtrp)
deiva=dsqrt((vso*#*2 0)+(vtrax»2 0)-2.0%vso*vtra*cos{rad))
ELSE IF (inc.le.5.0) THEN
delvp=dsqgrt((vpox»2 0)+(vtrp*»*2.0)-2.0%vpo*xvtrp*cos(radl))
raddif=rad-radl
delva=dsart({(vso**2.0)+(vtraxx2 0)-2.0*vso*vtra*cos(raddif))




-

ELSE
delvp=dsqrt((vpox*2.0)+(vtrpx*2,0)-2.0*vpo*vtrp*cos(rad3))
raddif=rad-rad3
delva=dsgqrt((vso*»2.0)+(vtra»=2,0)-2.0*vso*vtra*cos(raddif))
ENDIF
delvrs=2.%(delvprdelva)
wxexxxx DELVRS IS DELTA V FOR RESUPPLY dssxxsxx
tdelv=delvwox(sat-1)+delvrs
»% TDELV 1S TOTAL DELTA V
if (ans.eq.0) go to 70
*x mi [S MASS INITIAL. mf IS MASS FINAL, fm IS FUEL MASS wxxxx
mi-osvms*dexp(delvrs/(2.*ispxgc))
fm=wmi-osvms
mf=mi+mpld
IF (sat.eq.1.) go to 300
do 300 j=1.sat-1.
mi=mf*dexp(delvwo/ (ispxgc))
fo=fmrwmi-wf
mf=mi+mpld
300 continue
mi=-mfxdexp(delvrs/(2.*isp®gc))
fo=fm+mi-wf
nxxuxnn CHANGE TIME IN ANSWERS FROM SEC TO HOURS 3353 x %
70 two=two/3600. ”
delvwo=delvwo*3600.
delvrs=del vrs»*3600.
tdelv=tdelv*3600.
tof=tof/3600.
write (3,50)sat,.n.i.two,a.altit,delvwo.delvrs
50 format (F5.0.8x.F5.0,15%x,F5.0,7x.5D17.9)
IF (ans.eq.0) go to 60
write (4,75) sat,n.i.tdelv,tof ,fm
75 format (F5.0.8x.F5.0.15x.F5.0.8x.3D17.9)
go to 200
60 write (4,76) sat,n,i,tdelv,.tof
76 format (F5.0.8x.F5.0,.15x.F5.0.8x.2D17.9)
200 continue
100 continue
write (%,%) "INFORMATION IS IN FILE ’'datal’ and 'dataz’”
write (3.%) '

write (4.,%) '’
WELTE (3. 3) " J36303636 3 I 5656 20 3 36 26762 2676 203 36 J-36 36 2636 30 3436 36 36 36 36336 36 T4 36 3 363 224 2 3¢ 2% 7

WELTE (4, 2) " 36305656 56 5 3636 3636 36 36 26 3 363636 26 36 363 36 36 36 2 26 3 36 3 J0 3096 2 36 36 363 3638 3¢ 3¢ 96 3¢ 3¢ 3¢ *
end
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PROGRAM NAME: wvorbcs.f
EXECUTABLE FILE: vorbes

THIS 1S FILE datal. ADDITIONAL INFORMATION MAY BE FOUND IN FILE data2.

DOUBLE PRECISION MODEL

ALTITUDE OF SATELLITE CLASS IS 800.000 KM AND INCLINATION OF CLASS 1S O.

DEGREES

ALTITUDE OF PARKING ORBIT IS  185.200 KM AND INCLINATION IS 0. DEGREES

THIS PROGRAM WILL CALCULATE TOTAL DELTA V,

TIME OF FLIGHT. AND (IF DESIRED) PROPULSION FUEL MASS
MECESSARY FOR A MISSION SERVICING  5.00000 SATELLITES OUT
Ot A TOTAL CONSTELLATION OF 144.000 SATELLITES

0SV STRUCTURAL MASS IS  2000.00 KG

OSV FUEL Isp = 450.000 SEC

AVE PAYLOAD OFFLOAD AT EACH SATELLITE = 250.000 KG
FUEL MASS IS TOTAL OSV FUEL USED FOR PROPULSION IN KG
PERIUD OF THE WAITING ORBIT IS IN HOURS

THE 7 OF WAITING ORBITS INDICATES THE AUMBER OF
REVULUTTIOANS KEQUIRED TO TRANSIT FROM ONE SATELLITE TO THE

ACXT NOTE THAT THEE MORE WAITING GRBITS USED BETWEEA
SATELLITES, THE LESS DELTA V AND PROPULSION FUEL NEEDLD.

DELTA v IS IN KM/HR

LA R L RS AR IEIE TR E T T LY T 2N PN PRV g egvg gy

s OF SATS & OF SATS # OF WAITING ORBITS PERIOD,WO A.W0 kO ALT ABV
SERVICED IN PLANE HRS KM EARTH, KM
3. 144, 1. 0.166955200d+01  0.714487395d+04  0.733457686d+03

n.-l’IlIQGi!lﬁ&!!I*ﬂl*!!l*ﬂll!*!!***l*lil!%!*

R

{



W0 ALT ABV DELTA V.0 DELTA V,RESUP
EARTH, KM KM/HR KM/HR

733457885d+03  0.125063556d+03 0.245542030d+04




PROGRAM NAME: vorbcs.f
EXECUTABLE FILE: vorbcs

THIS IS FILE data2. ADDITIONAL INFORMATION MAY BE FOUND IN FILE datal.

DOUBLE PRECISION MODEL
ALT]TUDE OF SATELLITE CLASS IS 800.000 KM AND INCLINATION OF CLASS IS O.

DEGREES -
ALTITUDE OF PARKING ORBIT IS  185.200 KM AND INCLINATION IS 0. DEGREES

THIS PROGRAM WILL CALCULATE TOTAL DELTA V,
’ TIME OF FLIGHT, AND (IF DESIRED) PROPULSION FUEL MASS
5 MECESSARY FOR A MISSION SERVICING  5.00000 SATELLITES OUT
] OF A TOTAL CONSTELLATION OF 144.000 SATELLITES

0SV STRLCTURAL MASS IS  2000.00 KG

OSV FUEL Isp = 450.000 SEC

AVE PAYLOAD OFFLOAD AT EACH SATELLITE = 250.000 KG
FUEL MASS 1S TOTAL OSV FUEL USED FOR PROPULSION IN KG
PERIOD OF THE WAITING ORBIT IS IN HOURS

THE s OF WAITING ORBITS INDICATES THE NUMBER OF
REVOLLTIONS REQUIRED TO TRANSIT FROM OME SATELLITE TU THE
NEXT AOTE THAT THE MORE WAITING ORBITS USED BETWEEN
SATELLITES. THE LESS DELTA vV AND PROPULSION FUEL NEEDED.
DELTA V IS IN KM/HR

WAAAALAELLEEESEEEEEEE 2 LTI ER RS T FVE N R R PR RV NV VIR vies

2 (0F SATS 3 OF SATS & OF WAITING ORBITS TOTAL DELTA V TIME OF FLIGHT FUEL Mass
SERVICED IN PLANE KM/iR HRS KG
3. 144. 1. 0.2935b68253d+04  0.825260333d+01 0.530880867d-02

LEE X 2 3 ialabaRa R 23 2 2 2 2 232232 ETT YT LTRSS RS S vRgey




JGHT FLEL MASS
hG
»d=01 0.330880867d4+03
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