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Figure 4-1. Payload zelease using a half-period sinusoid: three
mass point model. Amplitule (length of tether reeled in during
maneuver) = 933 moters, peri;)d = 104.7 seconds, release time = 141.8
seconds from start of manecver. (a) Tension between mass points vs.
time (b) radial vs. in-plare configuration: mass point spacing 1.5 km

to show motions. h

Figure 4-2. Payload release using a half-period co-sinusoid:
: five mass point model, Amplitude = 533 neicrs. period = 209 seconds,
. release time = 230 seconds, reeling maneuver stop = 104.7 seconds,
{(a) Tension between mass po;‘.nts vs, time (b) radial vs. in-plane

1 behavior: mass point spaciz-'xg 2 km to show motions.

Figure 4-3. Payload release using a full-period co-sinusoid five
rmass model. Amplitnde—= 454 meters, period = 139 seconds, release
ttime = 159 seconds from start of maneuver. (a) Tension between mass
pooints vs, time (b) radiel VS, in-plane behavior: mass point spacing

2. km to show motions.

Figure 4-4. Payload release using a full-period co-sinusoid:
t:zen mass point model. All pa:mefers of run and figure same as Figure

4--3 (a) tension vs, time, (b) radial vs. in-plane behavior.

Figure 4-5. Payload release using a full period co-sinusoid:
txen mass point model with 3 rm diameter kelvar tether replacing 2 mm
dz.iapeter tether used in previous x'u;xs. Other parameters same as
Fiigure 4-3 and 4-4. Tension vs. time, (b) radial vs., in-plane

besehavior .
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1.0 Iatz Jootion

SAO studied a varioty of tether dynsmic and eilectrodynsmic issues
under this contract, NAS8-33691, beginning in Septeember 1979. This
vork is the foundation upon which present and futurre tether dynsmics
studies rest., Results are detailod in the followiang reports:

*The Skyhook Program: A Software P‘ckn.o for a

Tethored Satellite System, Including Electrodyrvnamic

Interactions” (May 1980 - Reprinted October -

1982 as Special Projeots Group Technical Roporcrt

TP80-01).

"Iavestigation of Electrodynamic Stabilizatioma )

and Control of Long Orbiting Tethers"” (March

1981).

“The Use of Tethers for Payload Ogbital
Transfer” (Maxch 1982).

"Study of Certain Tether Safety Issues® .
(March 1982).

#Study of Tethered Satellite Active
Attitude Control (October 1982).

This work was performed under Dr, Ginsc;pp Colombo, . Principal
Investigator, MNr., David A, Arnold was Chief Anslys:zt and
Co-Investigator. Dr. Mario D. Grossi, Radiophysiciist, was also a
Co-Investigator and contributed to the electfodynnn:ic studies. The
“lOso of Tethers for Payload Orbital Transfer” inclu=ded work st the
Massachusetts Institute of Technology (MIT), uander Dr. Manuel

MNMartinez- Sanchez, Co-Investigator.

The present report covers work at SAO and MIT during the period 1
September 1982 through 28 February 1983 regarding «:.at SAO) reel motor
contributions to tether system total enmergy during -payload retrieval
and the development of control laws for stable relecase of tether

deployed massive payloads and (at MIT) space-based tethers for orbital
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transfcr and satollite sorvioing. Dr. Martinosz-Sanchez headed the:
offort at MIT., The work was mansgped by Richard S. Taylor at SAO. The
suthors of this report are Mr, Davvid A, Arncld, Dr. Namuel

Martinez~Sanchez, and Mg, Richard S. Taylor.
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2.0 Scemary of Study, Concln;ionu. and Reoommendations

Sezpezy

This section p:esents: on the following pages, highlights of the study in the three
sreas of research undertaken,

1) The effect of reeling operations on the orbital altitude of the tether
system.

2) The development of control laws to minimize tether rebound upon payload
release.

-
3) 1The use of the tether for LEO/GEO payload orbital transfer.
Details of the study are given in the succeeding sections of the report and in
the Appendix.
Conclusiong

As a8 result of this work, we conclude that:

1) Reeling operations can contribute a significant amount of energy to the orbit
of the system and should be considered in orbit calculations and predictions.

2) Deployment of payloads, even very large payloads, using tethers is a
practical and filly stable operation.

3) Tether augmented LEO/GEQ transfer operations yield useful payload gains under
the practical constraint of fixed size OTV's.

4) Orbit-to-Orbit satellite retrieval limited by useful revlst times to orbital
inclinations of less ‘than forty-five degrees.:

Recommendations

Further evaluation of the payload orbital transfer concept demonstrated as feasible
in this study will lead to ;"fnll understanding of the capabilities of the appioach.
It is necessary to considét‘the practical limitations imposed by reasonable tether
lengths and masses, to determine the capabilities and requirements of the release end
teleoperator, and to determine its efficiency in comparison to OTV techaniques,
y;:ticnlatly it achieving p;yload orbit circularization from an elliptical Shuttle
orbit. Payload gains to GEO have been demonstrated in this study. It is reasonpable

to cxpect similar gains in lower Earth orbit operations.
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EFFECT OF ﬁg:me OPERATION OF POOR QUALITY
ORBITAL ALTITUDE

- OF THE TETHER SYSTEM

*STUDIED RETRIEVAL USING TWO EQUAL MASSES AND
A MASSLESS TETHER.

*REEL MOTOR ENERGY CONTRIBUTION ADDS TO SYSTEM
- FNERGY. ‘

*POST-RETRIEVAL SYSTEM ALTITUDE ALWAYS IS GREATER
THAN INITIAL CENTER-OF-MASS ALTITUDE.

*POST-RETRIEVAL SYSTEM ALTITUDE CAN BE GREATER
THAN INITIAL UPPER MASS ALTITUDE IN THIS IDEALIZED
CASE., |

2

V)
@) Smuthsoman Astsophysical Observaiory




Energy contriduted to the sys;ol douring retrieval, Or takea from
it during deployment, signifivantly sffe¢ects ordbital altitude., For
tetheres longer than about 3000 ks, the :cystem studied: two equal
masses with & massless tether, actually— was able to "pull itself up by
its own boot-straps” to above the initiaal altitude of the upper mass.
This effeot, while smaller, occurs in deeployment and tetrievs!
operations from the Space Shuttle and ias significant for lacge (10
ton) deployed payloads and rcalistic tecther lengths, It may also be a
factor in orbital calculations with smsill (0.5 ton) payloads such as
will be deployed by the TSS facility, -Inclusion of tether mass in the

calculation significantly redrces the ailtitude gains obtained (see

text).
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OF POOR QUALITY ALAN SKYHOOK

12:52::34 9 DEC 1982
@D Smithsonan Asteophysical Obacivaiory

PAYLOALD RELEASE STUDY
TENS:ZON VS. TIME
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‘This figure and the one followiag present the most important

result of this study: that stable deployment of large payloads (10
ton range) is possible using tethers. Displaying tether tension as a
function of time clearly shows the effect of the reeling maneuver on
the system. Reel-in causes an initial increase in tension followed by
an immediate dip to the projected peit-release tension, Payload
zelease at 159 seconds leads to maintenance of the post release
tag;ion attained through the maneuver with only relatively small post
rolesse tension oscillation., Tension plots for the five mass points
used in this rum are overlapped in this figure, Propagation delays in
the tother account for the curve spacing seen at each of the "turn
arounds” in the curves, Tether tension remains above zero at all

tines during and subsequent to the nancnver;
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Here the radial vs. in-plane behavior (a “side view") of the
systea during the deployment is showa, A mass point spacing of 1 km
was selected for use in the plot to expand both the ;ettlcnl and
horizontsl scales twenty times and clearly show. the behavior of the
tether during the maneunver., The orbiter is the bdbottom mass poiat:,
the subsatellite tke top n;s: point. Motion of -the released ?nyload
is not shown. Shuttle moﬁion is to the right, Tether confign;ltion
is plotted every five seconds with each plot displaced to ti; right .1
inches for clarity., In an unexpanded plot no tether motion would be
observed. This run used a 2 mm diameter Kevlar tether; a 3 mm tether

is actually necessary to insure an adequate margin of safety (see

Figuro 4-5).

Since stable deployment of large pavloads by tethers is possible,
it is essoential to continue study of this issue to fully define the
capabilities and requirements of the system. F¥For instance, the
maximum payload release mass with reasonable teiher diameters and
lengths, the capabilities and requirements to be pliuced on the releaﬁe

aud teleoperator (mass, thrusting capability, etc.), and the

efficiency of the system in relation to OTV use must be determined.

e

2

¥
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Tether assisted pl]lOl.ﬂ ozrbital transfer provides payload gains
to GEO and to a anl‘to: interp:lanetary transfer ordbit whes an OTV of
fixed size is considored. Wheen the Shuttle carries an OTV to a tether
doployer left orbiting as high. as the maximum Shuttle OMS fuel
capacity will allow, A paylosad gain of 12% per 100 km of tether is
realized at GEO, In interplamcetary transfer orbit injection, 8
payload gain of 280 kg is achizeved which is a 34% gain with the
smallest [D-15(R)] Contaur OIV and & 7% gain with the next largest
(D-1T) Centaur. Tether assist provides either no or only minor
payload gains when the deployerr must be carried on each Skuttle
mission or when the OTV capabiility can be configured for each mission

to just meet the Shuttle throwwweight capability.

Appendix A of this report is the MIT final report oa this effort.
It details the specific circumsstances in whicy tether assisted
deployment pto;ides payload gaiins, provides further di;cussion of the
satellite retrieval scheme, ancd considers tethered OTV-satellite

rendezvous dynamics,

ORIGINAL PAGE IS
OF POOR QUALITY
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3.0 Changes in Mean Altitude During Retrieval

3.1 Anslytical Study

Let us assume that a tethored satellite system is deployed and
stadilized in a vertical configuration in a circular orbit. The

condition of equilidriuvm for the system ia

[ew? dn = GNfdn/s3 (1)

-

where dm is an element of mass at distance r from the center of the
earth, GN is the gravitational constant of the eaxth and & i3 the
orbital angular velocity., The left side of the equation is the
centrifugal force on the system and the right side is the
gravitational attraccion, Retrieval of the sudbsatellite requires that
the reel motor do work on the system and therefore the orbital enerpy
will oot bde constant., Assuming there is no propulsion, the angular

momentum of the system must remain constant. The angular momentum L

before retrieval is
Lefrl udn (2)
The condition for equilidbriuvm in a ocircular orbdbit after retrieval is
Ra? = = Gim/R?
or
a? - awe’ (8)

where m is the total mass, R is the orbit radius, and Q is the ordital

sngular velooity. Tho angular momontum L after retrieval is

L = R0 (4)
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Ve want to solve for the orbit radius R after retrieval given dm as a

function of r in the deployed state,
Solving equation (4) for @ gives
2 _ .

Q = L/nR (s)

Substituting equation (5) into equation (3) gives
-
L2/n?8* = au/id (6)

or

R= l..zl(illll2 (6)

Substituting the value of L from qq\ution (2) into equation (6) gives

R = (frldm)%u?/cMn® N
Solving equation (1) for “2 we have

w? = (GMfan/2)/([rdm) C o (8)

-

Substituting equation (8) iamto equtio:i‘ (1) gives

R = [(fr?dm)? GMfan/r21/16M n2 [rdm] = [([r2dm)fan/2%]/(n?

[(m2 S rdm] o (9)

If the system is being represented by a sot of discrete masses, the

integrals can be replaced by sums to give
2_ .2 2 2
R=[(Ir,"0,)"Im,/z "1/ [(n)" Irm ] (10)

The value of R obtained from this equation may be compared to the

center of mass of the deployed system given by
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Ol = [zén/[dn (11)

Aszother measure of the comter of the system is the point T whore the

centrifugal and gravitational forces balance. This is given by

T = (a3 ¢

Schstituting equation (8) into equstion (12) gives
.

r = ([ran/fén/sH)}/3 (13)
3.2 Computer Simulstion

A computer program has beecn writtem to calculate the final state
after retrieval using the equations given in Section 3.1, In ruaning
tie program for a variety of tether lengths it was discovered that the
final altitude after retrieval can be greater than the alt;tnde of the

-  bhighest mass in the case of extremely long tethers. The case ruam ﬁas
ttat of tvo equal masses connected by a m;ssless tether. The
situvation of having the final altitude equal to the original aititndo
og'the upper mass depends on the ratio of the orbital radii of the
messos inltho deployed state, By iteration, the critical ratio has
been found to be 1.4513682256. This number is not exactly equal to
azy sinéli value such as v2, The result has been confimmed by setting
m. =m, and R = 73 in equation (10), above. Setting the mssses equal

gives |

R= (% + £,’m? (a2 + w2 t20? (rm v rm) (14)

- (:12 + :22)3/[4 :12 :22 (£, + £, (14)
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Setting R = T, gives, sfter simplification

.. 6 4 _4_ 8. 3_ _2 4, 6 18
0=z +3c" 1, LR TN AN (18)

If we set 5n=1, and tg= 1, the equation for the ratio of the zadii

is
0O=1+ 3:2 - 4:’ - :‘ + x‘ (16)

This equation is satisfied by the value r = 1.451368226 obtaisecl by

iteration,

The total energy TE of the system is given by summing the i:inetic

and potential energy of each mass in the system. That is

T =Y (1/28,v> - am /r)) (17)
i

whore A is the velooity of tho mass L at distaace T, from the center
for the earth, and GM is the gravitational consiant of the eartlh..
VWhen the system is retrioved the total emergy will increase as At

result of the work dome by the reel motor. The work W is given bY

w-f°'r¢u (18)

L=l
where T is the tension is the instantancous length and L is tkae

total length. The change in total emergy calculated from equat:ion
(17) before and after retrieval should be equal to the work calcculated
from equation (18). An exact solution of equation (18) would hasve to
take into account the change in mean altitude of the system dur:ing
retrioval and the non- linear dependence of tension on wire lencsth .
However for short tether lengths, the tcnsion is given approximaztely

by the expression
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where x is the distance of an end mass from the orbital center of the
system (defined as the point where there is no radial acceleration).
Let us assume that the retrieval is done slowly so that equation (19)
gives the tension at each stage of the retrieval., By gymmetry. the
vork is twice the integral of the work dome on either mass. Therefore

we can write

° 3 2,,4.3
¥~2 3GMmx/r3(-dx)  3GMmL2/ (42°) (20)

x=2/2
The program used to calculate the altitude after retrieval has

been modified to calculate the change in total energy of the system
snd the work domne ty the reel motor using equation (20). This program
has been run for a variety of initial altitudes of the masses. Table

4-1 gives the results of the runs,

Hy Hy H H He ATE W

200 225 212.5 212.476 212,618 .652702 x 107§ .652724 x 10}}
200 250 225  224.905  225.473 .259583 x 1013 .259618 x 1031
200 300 250  249.623 251.886 .102635 x 101% .102689 x 10)¢
200 400 300 °298.502 307.491 .400962 x 1015 .401803 x 101%
200 600 400  394.100 429.569 .152762 x 1017 .154010 x 107
200 1000 600  577.096  715.555 .551413 x 1017 .5G8683 x 1017
200 1800 1000 913.591 1446.204 .176493 x 1013 .197411 x 1073
200 3400 1800 1490.810 3518.652 .427558 x 1012 628308 1 10
200 6600 3400 2386.392 10264.198 .468826 x 101% 181884 x 1017

Table 4-1. Post Retrieval Altitudes of Tethered Systems

All altitudes are in kilometers, and energies are in dynes. nl is the
altitude of the lower mass, ﬂz is the altitude of the upper mass, H
is the center of mass, H is the orbital center (point of zero

accoleration), Rf is the final altitude after retrieval, ATE is the

increase in total energy and V¥ is work calculated by equation (20).
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Ib-ovnlnato the ef!ocf of the mass of the tether, consider a tothor:ot
length £ connecting two equal masses M in circular orbit. Let a be
the radius of the circular orbit of the point C, the approximate
conter of mass, and which is close to the center of gravity of the
system, Ve want to evaluate the lower limit for the mass of the
tothers under the limitation that the stress of the tether can not.bo
larger than a certain limit, o, in the stable state whioch we will

* .
assume is SO kg w/ma? including a suitable safety factor,

Ve have

T = 3/2(]0)(hlc)l (21)

where g is the acceleration of gravity at C.‘ Ve assume that & = 6800

kma. The cross section of the tether should be
A= </o=23/2g (b/a)(M/e) | (22)
The mass of the tether is
Mo = Abp=3/2 (Mg/o)(p) (b2/a) =M (23)
whers u i3 the density t;ken to be p = 1,5 ;/cn3

Tas. cosdfiaiont

W/% = a=3/2 (ug/a) (b%/a) (24)
May be evaluated now
. h =200 km a = 9/34
h =300 km a = 81/136
h = 400 km a = 34/36
h = 500 km a = 81/34
h = 800 km a = 144/34

L

“
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From this table we may conolude: that the computation of tho.tlnll
state of the system which has tocen done using a very simple model
should be redone taking into acccount the effect of the mass of the
tether for tether longths greatter than a few hundred km. Including
tother mass in the calculation will significantly reduce thq altitude

gains seen with tho massless tecther,

Fozr short tether lengths annd returning to massless tethers, the

_approximate formula for W agreees with ATE to almost § decimal places.
As the tether length increases, the formula for W becomes inadequate
as oxpected. The altitude lt arfter retrieval may be compared to
either lbi or ;; siving slightlyy different results for the increase in
mean altitude, The change in a;ltitnd; is small for short tethers.

The altitude at which Ef becomees greater than Hz is 3169 km since this
is where the ratio of the orbitzel radii is equal to 1.451368. For the
last two entries, H, is greater than H,. -From a practical point of
viow we must reitrict our attenrtion to tethers not exceeding l.fc'
hundred kilometers, because for longer tethers the mass of the tether

becomes significant.

In order to provide a direcct verification of the altitude sfter
retrieval, some numerical integrrations have been done using the

SKYHOOK program. The tbird case with a 100 kilometer tether has been
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zun in the getrieval mode on SKYHOOK. The ll.Otlt‘l in the SKYRHOOK
progzam caused a rather rapid zeeling in of the wire such that the
systom started iooping after a few thousand seconds. The damping ia
the algorithm prevented a buildup of angular velocity as the tet:tqval
continued but gravity gradient stabilization was never regaimed. The
retrieval vas terminsted after 54600 seconds when the tether lomgth
was down to 10 meters. The final orbit of the center of mass of the
-4

system had an ecocentricity of 2.1684 x 10 ~ and a semi-major azis

corresponding to a mean altitude of 251.8865078 km. This is very
close to the value of 251.8861960 km compnfod theoretically using
conservation of angular momentum. The differences between the
thooretically computed value and the result of numeriocsl integration
is due to tho eccentricity of the orbit intruduced by the rather rapid
retrieval. Conservation of angular momentum requires that the
quantity 1(1-02) be constant. The theoretical valus is for e = 0.

Thoerefore we should have 'theo a

-a (1-e2). Adding 6378 km for the

radius of the earth to the orbital altitudes above gives 'thoo'

6629.8861960 and &~ = 6628.8865078. Using ¢ = 2.1684 x 1074 gives
e . .
S um (1—ov) 6629.8861961 in agreement with the value for 8 iheo
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Some tests were done vuryin. tthe parameters in the retrieval slgoritha

to undeszstand why the retrievesl was unstadle. The prodl.m resulted .
from the method used to calcullate the equilibrium wire tension in the
roetrieval algorithe. T». temasion must of course be greater than tho'
oquilibrium value to achieve rretrieval. Nozimally the systom consists
of a heavy Shuttle and a relattively small payload. The acceleration h
on each mass depoends on the diistance from the ordital center of the
systoem vwhich is usually close 0 the Shuttie. The algorithm computes
the tension from the total lencyth of the wire. In the case being rum,
the orbital centor is in the rziddle of the wire since the masses are
equal. The tension computed tuvy the algorithm is therefore about a
factor of two too large., The =un has bdeen redone with the parameters
divided by two. This resulted. in a slow stable retrieval. After
60,000 scconds the wire lengtk_ was dowa to about .6 km. The
ecoentricity of the orbit of tz:e center of mass was 3.8694 x 10-5 and
the somi-major axis correspondss to an o:bital altitude of 251.8861189
kn. The eccentricity was loweer by more than a factor of five due to
the slower retrieval., Plots cc’ the orbit of the center of mass during T

the retrieval show that the ecccentricity is iantroduced at the

beginning of the retrieval,
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4.0 Release of A Heavy Payload From the End of the Tethesz
4.1 Discussion of Approach

One of the potential uses of the tether is for launching a
payload into a higher orbit by deploying it from the Shuttlg or a
space station on a ion; tother and then releasing it. ‘The releass
would cause a sudden loss of force on the end of the wire resulting in
recoil of the launching nociunls- remaining at the end of the wire,
Some initial analyses were done previously to study methods of
avoidiag recoil and loss of tension in thciwi:o efter payload releass.
A maneuver with the reel motor was simulated which pulled the payload
toward the Shuttle and released it while the wire was under a lower
tension spproximately equal to the equilibrium value for the remaining
mass., The initial study of this technique is descridbed in the report
“Investigation of Electrodynamic Stabilization and Control of Long
Orbiting Tethers,” G, Colombo, March 198i. In that study the payload
released was 10 tons and the mass remaining at the end oi the wire was
0.5 tous. The tether end mass therefore decreases by 8 factor ~f
twenty doring the release. To avoid loss of tension, the reel
maneuver used must reduce the tension to 3% of its original value with
sn unceztainty of less than 5% of the original value. In the initial
study the mancuver was simulated by having the change in wire length
given by the expression ~Asinwt where wt goes from 0° to 180°. 1In the
results presented in the referenced report there was loss of tension
in some segments of the wire after release of the payload, dut the

genezal approach seemed promising.

-
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The presont study is aimed at refining the algorithm wsed in the
reel maneuver so as to dovelop & workable pre-release mancuver with
pacticular emphasis on accounting for propagation delay and the
dynamics of the tether itself im order to reloase the payload with mo
loss of tension along the wire, The propagation delay is the time
roquired for a sound wave to travel the length of the nlro; Ia a
solid material the velocity lsfiﬁ} where E is the elasticity and p is
the density of the material. For Kevlar, E = 0.7 z 1012 dynes-cm,
and p = 1.5 grams/cc; the speed of sound is about 6.8 km/sec. The
propagation delay is thorefore about 12 seconds for an 80 ka wire.

The physical properties of s braided Xkevliar line couid be
significantly different than the ptopgxtiet of a monofilament line and
should be dotermined experimentally. The tether itself will oscillate
8s & result of a reeling mancuver and these oscillations will cause

tension variations along the wire and x«t both ends,

The reel control algorithe can be definod in various ways. The
proevious study also contained some results obtained with a ten;ion
control algorithm. This technique gave low excitation of wire
oscillations. However, such an algorithm does not give any disect
control over wire length, The length control algorithm used in the
previous study has the dissdvantage that the beginning and ending of
the reel maneuver are ibtnpt and result in needless excitation of wire
oscillations. Two variations of the original length control al;o;ithn
have been tried in the preseat study both of which represent length as
A(coset-1). In the first case wt goes from 0 to 360°, and the
mancuver pulls the wire in and then lets it out to the original

lengthi., Ia the second case, et goos from 0 to 180° and the wire is
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only pull=d iz; tle flual wiie longth is shorter, Ya cithos caze ihe
rate of cXange of wire lenjth is zero at the bojinning ind ond of the
maneuves 30 that the ficst dorivative is ccntlnuous cad thoexe 1 less

exciteticn ¢f vire oscillatious,

The objec-ive of the rcel mancuvor is to pull the cad mass toua.d
vhe Shuttle ani release the payload whon the wire tension has been
reduced to the value required for equilibrium after release. Tho scol
wareuver =ust ¢ conpleted before this minimum tewsicn is achieved to
avoid chznging the tension after release. 1he pexiod ox the resl
waneuver nust therefore be shorter than th: natural pé:iod of
svcillation of the subsatellite at the cud of the wire. In the
orevious study it was assumed that the equilibrivm tension is
pzopsrticnal to the mi., at the end. In the case of a heavy paylozcd,
this assuzptio= is pot adequatc because the centec of gravity of the
system urndergoes 8 significant shi¢t aftec rélease end the tension
depends on the distance from the center of ::ass. This eifect has been

accounted for in the present study with improved results.,

The resporse of the end mass to the ::zel mancuver cannot uLe
caiculated in 2 simple way. 7The approach used in this study is to
start with = sizcple two mass integration (neglecting wire dynmamizs).
From the ¢lastic properties of the wire we calculate the change ia
vire stretch rezuired t:- » .;ng the tension to the desirxed valne for
celease of tke _=2yload. ‘'he g.'piitude of the reel maneuvar is set ic
vhe desired chazge in wire st...:a and a test run done with a two-missy
nsdels, If the :unlitude of the respouse is 50 large so that il vire
zoes slac.  he macplitude is roduced ‘¢ the next runm to eliminacs loss

Potevsic . vee {drst parameter opt. . .d is the period of tha ol
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only pulled diz; the final wive longth is shoxter, Ta cithex caszo ihe
rate of charge of wire length is zero at the bojlinnlag and ead of the
maneuver 30 that the first devivative is contlnuous nnd thore 1s less

exciteticn ¢f wire oscillations,

The obdjec:zive of the recel mancuver is to pull the end mass townud

he Shuttle ani release the payload whon the wixe tension has beon
reduced to the value required for equilibrium after relense. Tho reoal
~areuver =ust “e¢ completed before this minimum tewsion is achieved io
svoid chznging the temsion after release., 1he pexiod of the reel
anenver =must tierefore be shorter thaa ih2 natural period of
»scillation of the subsatellite at the end of tho wire. In the
orevious study it was assumed that the equilibrivm tension is
prop.rticnal tc the ma:. at the end. In the case of a heavy payload,
this assumptio= is not adequatc because the center of gravity of the
system urncergoes a significant shitt after release and the temsion
depends on the distance from the center of ass, This eifect has been

accounted for ia the present study with improved results,

The respocse of the end mass to the rcel mancuver canunot Le
caiculated in 2 simple way. The approach used in this study is Lo
start with 2 sizple two mass integration (neglecting wire dynamioce),

From the elasti: properties of the wire we calculate the change ia

wire stre:ick rezuired t© » :ng the tension to the desired valmne for
celease c¢f the ;ayload, .'he e plitade of the reel maneuver is set ic
the cesired chaiznge in wire st. .. .4 and a test ruon done with o two-mass

sodel, If the :mplitude of the response is so large so that the vire
goes sla. “g naoplitude is reduced '« the next rum to eliminats loss

¢ tensi ze [irst parameter opt :d is the period of tha o=l
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maneuver s0 that the maneuver fimishes, with aa adequate margin,
before the minimum wire tensjon is achieved. The payload release is
not included in these runs which we made for determining the time of
the minimum in the tension carve., For the two-mass model, either the
tension or wire length can be used to dotermine the release time iinoo
the tension is linearly related to the wire length. Once the period
is optimized, the amplitude is optimized by assuming that the response
cf the payload (that is, the change in distance from the Shuttle to
the payload) is proportional te the amplitude of the reel maneuver,
This assumption appears to be a good one when there is no loss of
tension and the period of the reellmancnvet is less than the natural
period for longitudinal oscillations pf the payload at the end of the
wire. With the period and amplitude optimized, the payload is
released and the tension variations examined in the post relesase time
period. Very good results have been obtained for the teniion
fluctuations in the two-mass model since wire dynamics are neglected.
In principle the tension fluctuations could be made arbitrarily small
in the two-gnss case by iterating the amp}itude of the reellnanenve:.
In attempting to eliminate any tension variations after release it was
found that the release time must bq interpolated quadratically between .
output points in order to assure that the radial velocity of thq
subsatellite is zero., . The velocity depends linearly on the error in
release time and is therefore more critical than the position (and

tension) which is a quadratic function of time near the minimum,

The next step in the analysis is to repeat the run adding the
wire masses and using the reel mancuver parameters from the two mass

runs, The presence of wire masses has various effects such as

oR'GfNAE P/\GE
OF POOR QUA,_""?
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shifting the center of gravity of the system (and altering the
equilibriuvm tension as a result), introducing a delay in the
propagation of to;sion signals detween the Shuttle and subsatellite,
s«nd adding modelling of the longitudinal stress waves along the wire.
For practical reasons it is not feasible to use large numbers of ilro
masses (such as 100) in the SKYHOOK program. Ruas with np.to 10 or 20
points can be done in a reasonable manner. The detailed results will
depend on the number of :;Ss points used in the model. The approsch
taken in the study is to use the difference in results with various
numbers of masses as a measure of the uncertainty introduced by the
discrete modelling of the physicnliy continuous wire. In particular,
the results with increasing number of_mass points should not diverge
in order to give éonfidence that the modelling of a particular problem
is adequate. Wavelengths shorter than the spacing between mass points
cannot be modelled. In the present study, the reel maneuver is of low

frequency and has no sharp discontinuitieés which would introduce short

wavelength effects.

In the multi:@ass runs the first simulation is run without
release of the payload to find the point of closest approach of the
subsatellite. The tension plots are not useful for finding the
release time because of.iﬁe confusing effects of the longitudinal wire
oscillations, A :nrpfi:ing result of the multi-mass run is that there
seems to be almost no effect of propagation time on the response of
the end mass. The time of closest approach of the subsatellite is
' only slightly 1later with the wire masses present than in the two-mass
case which gives instant transmission of tension between the Shuttle

and the subsatellite. The propagation time is short compared to the




ORIGINAL PAGE I8

OF POOR QUALITY h Page 31
pezriod of the reel mansuver. One may oonJoetu:o‘thut the time of
closest approach may depend on the root sum square of the period of
the reel maneuver and the propagatioa ‘il; rather than on the
algedraic sum of the two, Unfortunately, the preseat atudy does not
allow time to study tais effect ia detail and determine how the
bebhavior depends on the period and propagation time, The tentative
conolusion is that propagation time can de ignored as loug as it is
short compared to the period of the rxeel unnonvo;:

Two types of plots have bdeen used to analyse ;ho output of the
computer runs, In one, tension in each wire segment is plotted as a
function of time in order to see the magnitude of the tension
variations and make sure that there is no loss of teansion at any poiat
along the wize. In the other, the radial vs. in-plane configuration
of the wire is plotted at each output point in order to show the
dynamics of the wire and the uubtstollltg. In a direot plot of the
radial vs. in-plane coordinates, the dynamios of the res]l mansuver
does not show up because the motiuns are small compared to the length
of the wire. In order to make the notton; visible on a plot, the file
of radial components bas been processed to remove most of the constant
past of the radial component. When the plot is scaled to fill the
page. the motiuns in the radial and in- plane directiona are amplified
so that they can be iéen easily. The processing of the radial
vomponents consists of the following. The SKYHOOK program produces a
file of radial components RI(tJ) whexe I is the mass index and ty is

the time index. A modified file R' is produced where R' i3 given by

R‘l(tl) - xl(tl) - rl(tl) + (I-1) AR




: _ *swoj3om aoys o3 «uy §°1 Ssjovds jugjod
ssem :80}38Ia8}ju00 suv[d-s; °SA [SIPRI (q) oWl] °s4 sjujcd ssvm
S29A37°q OISESL (¥) °30A00UTE JO 1398 WO3I] $PNOIIS 8°Iv1 = oW1}
9880103 ‘SpuODeS L POl = pot3ed ‘312308 gE6 = (3oAnIuvE Ssjaup
u} pejeex 3eyj3e3 jo q318sey) epulj[dsy °jopow jujod ssvw 00343
:prosau}s poyzed—jyey s Fujss Isvafal peordsg 1~y 3ulyl

o~
-
-
[ ]
B (Q ®)
(SYIL I ININOJWOD INYTVI-NI Il
__00°0N2- 00°0C2- oowno.o_o 0C°0¢t~ 0008~ 00°0%~ 00°011, _Q.ODM Oo.om.m oo.oa..m Q0.0M— oo.oo»_ oo.o.m oo.ﬂu
A1 : ﬁ T - a
M I8 V o
H ." _ j
s i .
e b e o
e ' o o
o i 3 S
i m“ o
i i * s
i s > —
‘\ OW 1m
| 23 mm..
H ey
“ o G
. oc Z1a)
: < + € sa
: =2 v e g%
H o3 =
m MQN ! %
: S JOBHAS SSUNW | @z
m = 53
: S Wm
* 33 ™
: 2 =S
3 O
B m < | LY . o=
f Sx PR
w +€ | o5 8%
3 4 ! - <
o o1 ﬁ - -
) ! e 3x k
M m 908HAS SSUH & 3 P
-
- a- s o
w s
©0o W 3

00°0%¢




ORIGINAL PAGE |§ Page 33
OF POOR QUALITY

The constant AR is chosen to be just large emough to prevent th; plots
for each mass from overlapping. In the case being studied the value
of AR is on the order of 1 km and the original spacing between mass
points is on the order of 10 or more km depending on the number of

mass points used to represent the wire.
4.2 Results of Payload Release Study

This study has analyzed and compared four different cases of a
ilyload release, For a 2mm tether, one reel maneuver using the
equation -Asinwt has been done and two ruans using the equation
A(coswt—-1) have been done for the half wave and full wave cases.
Since the maximum tension during the reel maneuver was close to the
break strength, another run was done with a 3mm wire and a full-wave
reel maneuver. The principle effect of tether diameter is to alter
the natural period for longitudinal oscillations of the mass at the
end of the wire., This requires using a faster reel maneuver with a
smaller amplitude. Otherwise, the basic approach is the snno.. For
the 2mm tether with a full period reel maneuver simulations were done
with 2, 3, 4, 5, 6, 7, 8, 9, and 10 masses in the model. For the 2mm
half wave maneuver, 2 mass and 5 mass runs have been done. For the
""=Asinwt reel maneuver, runs were done with 2 and 3 masses., For the

3mm full wave case, 2 mass and 10 mass runs were done.

All of these runs are done for an 80 km tether system deployed up
~ with a released payload of 10 tons, a remaining payload of 0.5 ton and

an Orbiter Mass of 100 tonms.
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In order to simulate tke reel maneuver and payload release the
SKYHOOK subroutines DIFFUN and TENSION have been modified. Subroutine
DIFFUN reads the time for release of the payload and the mass
remaining at the end of the tether after release. For times pri§iono
to release the subsatellite mass given on the normal input is used for
mass number 2, After the release time the value for tﬁo ton:ini‘g
mass is used. Subroutine TENSION modifies the natural length of the

wire segment next to the Shuttle according to the equation
L = Lo -A sin (wt + ¢) + A sin (¢)

wers lo is the natural length value in the normal irput and the
constants A, w, and ¢ are read along with te by subroutine TENSION.

For times greater than tf the value of ¢ is computed with t = tf.

As a starting point for the current analysis a simulation has
been done with a reel maneuver given by —Asinwt with wt going for a
half cycle which corresponds to ¢=0. The amplitude A was determined
from runs with a two mass model taking into account the effect of the
shift in the center of mass on the eguilibrium tension after payload
release. A three mass simulation (one wire mass) was dome using the
parameters A = 933 meters, period = 104.7 seconds and release time =
141.8 seconds. As in the previous study, there is some loss of
tension as shown in Figure 4-1(a). The vertical axis is temsion in
dynes between eackh pair of mass points, The plotting symbol indicates
the lower numbered mass of the pair. For the highest numbered mass,
the tension is between that mass and the Shuttle which is mass namber
1. Figure 4-1(b) shows the in- plane vs. radial configuration of the

tether. The radial components have been altered by using a spacing of
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of 1.5 km between the curves for each mass point. This allows the
plot scale to be expanded so that the motions in the vertical and
horizontal direction are easily visible. The dotted lines indicate

loss of tension in the tether segment.

In the next case, the phase angle ¢ of the reel mancuver is set
to -90° so that the algorithm is basically a cosine function rather
thnn'; sine function., This eliminates the discontinuity in the first
derivative at the start of the reel maneuver., In this run the reel
maneuver goes for a half cycle so that the wire is pulled in but not
let out again, The parameters for the run are A = 543 meters, period
= 209 seconds, and release time = 230 seconds. The reeling maneuver
stops at 104.7 seconds. Figure 4-2(a) shows the tension as a function
of time with 5 masses used in the model. There is no loss of tension
and the tension variation after payload release is 27%. Figure 4-2(b)
shows the radial vs, in-plane behavior. The curves are spaced 2 km
apart in the vertical axis in order to obtain a convenient plot scale

for making the motions easily visible.

The third case was run with a full-wave reel maneuver. The wire
is pulled in and then let out again, The parameters of the run are A
= 454 meters, period = 139 seconds and release time = 159 seconds.
Figure 4-3(a) shows the tension as a function of time and Figure
4-3(b) shows the in-plane vs. radial behavior with the curves
separated by 1 km in the vertical axis. The tension variations after
release are approximately 23%. Since the wire is a physically
continuous system, which is being upproximated by a set of discrete
masses, it is important to provide an estimate of the uncertainty

introduced by the modelling. For this reason, a set of runs with
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different numbers of masses in the model has been done for this
part c=lar qase, The same parameters have been used for the reel
maneuver in all cases, The table below shows the tension variation

after payload release for each number of masses.

Number of Messes % Tension Variation

1
81
51
23
50
57
55
55

[
o~ LMaAWLN

The result for 2 masses is very low because wire excitations are not
modelled. The highest tension variation was for 3 masses and the
lowest for 5 masses. The value of 55% seems to be the best estimate
and is fairly consistent for the larger numbers of masses, none of the
runs sgov loss of tension in any of the wire segments., Figure 4-4
shows the results with 10 massec in the ~odel. Part (a) is the
tension vs, _time and part (b) is the in-planc vs. radial configuration

with 1 km spacing between the plots 1or each mass,

With a 2 mm diameter wire, the maximum tension induced by the
reel maneuver is close to the break strength of the wire., Therefore,
one final run was done with a 3 mm wire to provide results for a
physically realistic case., The wire diameter affects the stiffness of
the wire and therefore the natural frequency of the oscillations of
the payload at the end. The period for the reel manecuver had to be
reduced to keep it shorter than the response time of the end mass,
Figure 4-5(a) shows thé tension variation vs, time and Figure 4-5(b)

shows the in-plene vs. radial with the curves separated by 9 km,
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There is no loss of tersion put the parameters are not optimized and
there is an oscillation of the payload after releasse in addition to
the wire oscillation. Unfortunately there was not sufficient time to
find the cause of the problem and refine the paramectters. Omne prodlem
may be the fact that the tether mass is larger and :he wire mass was
not included in the center of mass calculations, TIze paremeters used

in the run are A = 176.6 meters, period = 114.5 secconds, and release

time = 117 seconds.

The major problem in the cases studied is the z:ension variations
cansed by longitedical osciliatioas of the tether. The techniques
developed in this study give satisfuctory behavior Zor a case whick is
difficult tecause of the large ratic of the temnsiom Dbefore velease to
the tension after release, The technique could be ~—efined if
necessary by developing an algorithm whereby the ree:1 motor is used to
damp longitudinal oscillations of the tether. Such an algorithm would
have to be writtenm as a function of the observables =available at the
reel motor such as tension and deployed tether lenmgr:=h. The
derivatives of these quantities could also be availazbdle by measuring
the quantities at appropriate intervals., Such an al_gorithm would be

of gene 'al usefulness in many tether operationms.

The most unexpected feature of the simulations is the apparent
absence of propagation delay in the response of the end mass. It
wonld be interesting to study this effect in more dec:ail to understand
how it depends on the various time constants in the <Zynamics of tlLe
system such as the natural frequency of oscillation of the end mass,
the period of the resl maneuver, and the speed of socund along the

wire. A one-dimenszional program exists which could be fairly easily
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modified for use in such a study. By adding the gravity gradient
force to this program, the propagation delay could be efficiently

studied with the increasod resolutiom provided by the larger number of

mass that can be handled.
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General Introduction

This Report is a continuation and a:plificattion of our previcus Report
entitled The Use of Tethers for Paylond Orbital T:ransfer (March 22, 1982,
Subcontract SV1-52006 from the SAO to MIT). The general topic is still the
exploitation of very long, lightweight 51 ice tethecers to gupplemen: rocket
propulsion in specific transfer missions. A prelliminary examination is also
made of a related application, namel;', the retrierval of high-flyvirg satellites
from a space station for servicing.

Three orbital transfer appli-ations are exam=—ined in depth in Sectioms
1, 2 and 3 of this Report. The : "re:

Section 1: In an effort to extract the maximum Si:nuttle payload czpacity to
Geostationary orbits, planned operations- will invyolve very low altitude Shuttle
flights, with reduced OMS fuel load, and, at leasct ideally, OTV vehicles de-
signed to fill the allowable payload bay load capzacity. The ques=ion posed

in this section is whet-her the alternative of red-ucing the OIV size in favor
of a permanent on-bozrd tether facility for inser-tion assist can Increase the
GEO payload. For the specific case of LOX-LH2 OT7V's, the questio= is answered
in the negative. The analysis shows that this is because some of the efficient
OTV fuel is being replaced by the less effirient OMS fuel. Thus, either if

the OMS fuel were replaced by LOX-LH, on the Shut=tle, or if the 0TV's used low

2
Isp solid propellants, the results would have beez=a different. Thz same thing
would happen if the comparison were made (as in S:ection 2) to a fixed-size

OTV which does not fill the throw weight limit.

Section 2: In our earlier work we had identified a possible systex whereby a

small automated space station houses the tether fzacility, which i= this way
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does not have to be flown up and down on board the Shuttle. The dynamics of
the operations required to leave the facility in its initial orbit were also
worked out. We reexamine here that concept under two different assumptions.
First, if we limit the throw weight as in Section 1, the payload does increase
relative to the on-board tether system, but is still slightly worse than that
of an enlarged OTV that would replace all but the OMS fuel needed to reach
minimum orbit. Second, if we assume a fixed-size OTV and compare its payload
capacity to that of a system which uses the space-based tetner as an auxiiiary
booster, there are definite gains due to the tethers (despite the extra Shuttle

climb required).

Section 3: Here we examine again the Shuttle on-board tether, this time used
with four different Centaur vérsions for an interplanetary mission, exempli-
fied by the Jupiter Galileo probe. Payload increases of up to 400 Kg are
found for all cases before the Shuttle perigee becomes too low, but the throw
weight limitations restrict these gains to some 280 Kg for the small Centaur
versions, and precludes the use of a tether facility in the larger ones. The
280 Kg boost makes one of the small Centaurs nearly capable of performing the

Galileo launch.

Section 4 of this report examines br;efly the use of long tethers from a
permanent space station to retrieve and service satellites in higher orbits
of the same inclination. The differential orbit precession rate due to the
different altitudes is found to be too small to allow periodic revisits to
Sun-synchronous satelli{ies, but is quite adequate at inclinations up to ~45°,
including the important 28.5° case. Two possible schemes are examined: one

involves a platform in circular orbit and exploiting the possibility of induced

i1
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tether librations to effect rendezvoug between thhe tether-end teleoperator
and the high satellite; the other scheme involvess a platform in an elliptic
orbit, with the tether sized to match teleoperatcor and satellite altitude
and velocity. The docking phase is analyzed and some logistic considera-

tions are advanced.

iii
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1. An Asse=sstent of Shuttle-based Tethers for Geosynchronous Transfer Assist

1.1 I-troduction

. T=e possible use of long tethers carried on board the Space Shuttle
as facilities for orbital transfer was briefly examined in Ref.l.l. It was
recogrnized there that the mass penalty for the Shuttle-carried equipment
associzzed wité_the deployment and retrieval of the tether made it difficult
to obt=in a net advantage from the scheme, except for high or very inclined
orbits. The alternative of basing the tether in space was found superior,
although issues such as orbit decay and Shuttle-tether rendezvous were
not exa=ined sufficiently.

lc=g ra;ge mission planning for the STS contemplates as much as 90%
of all ého Shuttle cargo as payload en route to Geosynchronous orbit.

Given t=e relative inefficiency (both propulsive and structural) of the
Shuttle as an orbit raiser, it makes sensé to release the transfer stage
at the =inimum altitude consistent with orbit maintenance and avoidance
of strc=g aerodynamic torques on the Shuttle. This is generally taken to
cean a ib-loo nm crbit for the Shuttle. Shuttle operations belcw this
altitucde are probably unacceptable even for a fraction of an orbit, mostly
because of attitude hold problems.

Tke questiﬁn we wish to investigate in this report is whether the mass
saving Ia propellant for the Orbital Transfer Vehicle (OTV) which can be
obtaine< by releasing the OTV-payload combination from the end of an upward:s
ceployve< long ;ether is sufficient to compensate for the added on-board
O“S fue. required for the Shuttle to fly to the correspondingly higher

initial orbit, as well as for the mass of the tether system itself. In
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this study, the payload capability of the Shuttle is considered limited by
either (a) A marximum throw weight of 90,000 1b, or (b) A maxirum OMS tankage
capacity of 24,000 1b of propellant. Within these limits, the OTV itself

is allowed to vary in size to reach one or the other operational boundary;
the OTV structural fraction and specific impulse are taﬁen to be those of

an advanced LOX-LH2 vehicle.

-

1.2. Analysis
Consider the fully loaded Shuttle initially placed in an elliptical

orbit of perigee Rpo and apogee Rho . A tether of mass MT and length
L is released from a Shuttle-attached lower pallet, of mass HLp « The
upper end of the tether carries an upper pallet of mass Hup » pPlus an OTV
with its true payload Mpay attached (MoTv + MpayE HL).

As the tether is deployed, the c.g. of the overall system stays

(to 1st order) in the original orbit, while the Shuttle itself descends by

1
+M_+3
xc SHL up ZH'TL (1)
g MTOTZ
where MTocz = “sh + HT + ML + Mup (2)
- .and Hsh is the mass remaining in the Shuttle (including the lower tether

pallet). In particular, at perigee passage, the Shuttle attitude (radius

vector) is

. R -Rpo (1 -1X) (3)

sh

1
with i} ML + Mup + 2 MT

L
A - (4)
M'rot2 Rpo
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This perigee passage is the most favoratle location for payload release

(maximum kinetic energy). The Shuttle has at this point a speed .
) 2R

V, =V _(1-1), withv: -2 22 __

sh po po Rpo Rao+ Rpo

After release, the Shuttle

enters a new, lower elliptical orbit; assuming the initial eccentricity

- R0~ %o
R + R
a0 po

€ (5)
is low enough, the Shuttle will reach its minimum altitude RP at the
opposite point in this new orbit. For the new system after payload

release, the initial radius vector of its c.g. at the initial perigee

is ) Rpo(]' - A+ B)
M+ -é- M,
with gmetP 2 2 L (6)

-

oy T,
and its velocity is, correspondingly, Vpo(l - X+ 8. Let Rl: be the

radius vector of this c.g. at its minimum altitude; then

i 2R \ " zn'p -
—22 (1 -1+B)?%= ; - (7
Rpo R‘o + Rpo Rpo(l - A+ B8 R > + Rpo(l A+ B)
R_ -R'
Defining n' = —LR.—-P- (8)
P

Equation (7) can be solved to lst order to yield

n' =7\ -2 - 78 (9)

This n' gives the fractional loss of altitude of the Shuttle from its
initial perigee to its final one, after rewinding is complete. If rewind-

ing is slow, there will be even lower perigee passages; in particular,
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{4f no rewinding is done for the first half orbit after release, the lowest
SShuttle altitude will be R, » given by
R " R
ne—-2——Pa7-2 -68 (10)

R
P

Whether R% (Eq.(9)) or Rp (Eq.(10)) is to be identified with the
r=inimum altitude of 100 nm depends on a more detailed mission study.
Wwe use here the slightly less restrictive choice of R; -

The next- task is to evaluate the amount of OMS fuel needed for the
SShuttle to perform the different portions of the mission. Let Ispf' the
sspecific impulse of the OMS engines (313 sec. in the present configuration),
aanﬁ let AV be one of the several velocity increments involved (injection
iznte the nominal 100 nm orbit, transfer to the initial elliptical orbit,

~ rreserve and maneuvering, and deorbiting). Then we define for each of them

- AV
gl
Hel-e ""=%‘11 (11)
- Sp1

a=nd find, tc first order, that the total OMS fuel consumption is
; MOMS b (Hs + MTs)(uinj+ utr * He.om. b udeorb.) *

waunere Ms is the empty Orbiter mass and MTs is the mass of the complete

tzether system.
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For flights to high enough orbits, this MOMS may come tO equal
the on-board tank capacity, assumed to be 24,000 1b., and thus it
would constitute one operational boundary limiting payload. Other-

wise, the maximum throw weight,defined here as

chrov - MoHl + ML + HTI (13)

is limited by structural considerations to 90,000 lbs, and this
constitutes the operational boundary for low orbits.
The velocity increments themselves are evaluated as follows:

first, AVi is directly fixed at 30.5 m/sec (injection into a 100 nm,

03
23° orbit), and AV_  is fixed at 62 n/sec. Next the AV

for transfer to a (Rpo’ Rho) orbit, starting at Rp = 100 nm is
easily calculated as the sum of a perigee and an apogee impulse,
where the terms perigee and apogee refer here to the transfer orbit

itself; insertion is made at the lowest point (Rpo) of the destination

orbit. The result is

- N E+0'y o e+n’
Avtr Avtr1+ Avtrz v. 7tV (2 +% ) =v (14)

where € is given by Eq.. (5), n' by Eq. (€) and ch = v'u/R.p is the
parking orbit velocity.
The deorbiting maneuver is assumed to start from the eventual

Orbiter apogee, (Eq.8), since a direct calculation shows this

to be the location requiring least AV ~ The AV is calculated

deorb.

as the impulse that will place the Orbiter into an elliptic orbit
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just grazing the ground. A simprle calculation yields, to first order,
= a ‘
Avdueorb. vcp 4 (15)

where & 18 the ratio of minimum  zltitude to Earth radius:

R-
(16)

— = l+a

R“".‘
The advantage of the use of ° tethers is, of course, the reduction

of the propulsion requirements fzor the main LEO-GEO transfer; this

reduction comes about because thne payload starts out from

1
M. + 3
, S T e
Ro = Ro+hp) 3 A = -an
(18)

with velocity
\ S——
) = /R are) @+
P

- Vpo(l + A -

Y0
Denoting by p ‘the ratio of Geosynch-onous to Low Earth radii
.
-~ R (19)
po

we can calculate the total AV rezsuired (to be supplied by the OTV
a perigee and apogee impulse.

- 1 2¢
v, = Vep {1+n& TR (AP0 (144, )y 14e } (20)

P
2(1+AL)

[ 1 r
V% = Vep \V THmIE | i"\\ T+ 2

propulsion system) as the sum of

J (21)
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mass HOTV' the payload delivered to GEO is

M
R2 9
Mpay © A5 1, = Moy (22)
e P2 )
where I is the specific impulse of the orbital tranifer vehicle.

Sp2
size
The approach taken in this study was to allow the OTV/to be dictaced

by the operatioral envelopes of the Orbiter (throw weight or OMS tankage) .
Thus, only the s:zructural ratio and the specific impulse were prescribed,
with the assumpt<on that an optimized vehicle design could be made to

fit the available total weight. The ratio adopted was that of the proposed

Wide-Body Centaur.

Moy 44,146 1b _ ¢ goc
Moy | 6,467 1b - °°

An importan: element in the present calculation is the mass model
for the tether (of length L) and associated elements. The tether itself
is dimensioned using equations derived in Ref. 1.l.

2

n? T
HT - (Hup+ HL) iy ® (23)
where
T RVE £ (26)
P P
M+
Vv = ._‘_"P__Ml‘. (25)
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and where 0 and p are the working stress and the density of the tether

material, respectiively. We assumed the material to be Kevlar-49, with

= 9 2
Oy reak 1.4x10" N/m* (long fiber)

and p= “40C Kg/m®

A variable sacfety factor SF (nominal value = 2.5) was incorporated
in the calculatiorns.
The upper anc:i lower p.dlet mzgses were assuced to vary with tether

mass according to the schedule shown in Figs. 1.la and 1.1b

Moy (%) M)

2000 = = = = 2000

°
o
o
H

1000
500 500 |
I
- |
o 1000 2900 M. (n:) o 1000 2000 M (rg)
¥\Gs 1l.la £\&6 1.1b

These pallet ' masses were derived from simple scaling considerations,
with no specific ccesign worked out. The miniwum weight of the pallet
was made consistern=: with that of the small éallet designed in Ref. 1.2.
Within reasonable limits (factors of 1.5 up and down), the precise choice

of Mup and HD did not affect the main conclusions of this study.
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1.3 Results

A computer program was written to calculate the payload capab>ility
of a Shuttle-tether system using the equations described in Section: 1.2.
The inputs are tether length, minimum Shuttle altitude, eccentricitry of
the initial orbit and whether throw waight or fuel tankage limits poayload.

For the case where throw weight is the limiting factor, and fo:cr
circular initial orbit, Fig. 1.2 summarizes the variations of the prrincipal
masses involved with tether length. The main :esult is that the pavylcad
mass (MPA) continuously decreases with tether length. This negativee result
can be traced to two main reasons: (a) For short tethers (below ~ 1200 K=m),
where the mass of the tether itself (MT) and of the overall tether systen
(MTS) is still moderate, the increase of the OMS fuel mass required to
acquire the initial higher Shuttle orbit is the dominant factor. (.b) For
longer tethers, the tether and tether system masses increase at leaast
quadratically, and further reduce payload capability, despite a grzaduzl
levelling of the OMS fuel curve. Of course, the tether does reduce the
fuel (and, correspondingly, the structure) needed for the transfe- " vehicle
(MP2), and this by a substantial amount. Thus, if an OTV is not av=zailable
that would actually £ill the allowable throw weight, the use of tet=ners
may still be a viable alternative to the construction of a larger OTTV.

The effect of starting from an initially eccentric orbit (paylcoad
release at perigee) is shown in Fig. 1.3, for a tether length of 1070 F=
(similar trends apply at other lengths). Clearly, no advantages acccrue
from eccentricity, essentially because of the extra OMS fuel needed fcr

the Shuttle to reach that initial eccentric orbit.

wdl
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The underlyving reason for the incieased OMS fuel requirements associ-
ated with the uuse of tethers is illustrated in Fig. 1.4 (for circular orbits).
Here we can see the additional Orbiter altitude reqqited of the initial
orbit over and . above the minimum of 100 nm, versus the tether length. For
short tethers, t this amounts to about 1.8 Km per tether‘xm. This rate is
gradually reducced for longer tethers, as the mass at the end of the tether
(mostly OTV fueil) decreases and that on the Orbiter increases cJ;renpondingly;
however, even fcor a 150 Km tether, an additional initial altitude of 175 Km
is required.

Results for- the case where the on-board OMS fuel is performance-limit-
ing are similariiv negative. This limitation arises, in the present context,
for very long teethers, where the Shuttle is forced into a high initial
orbit; we have : already seen that for such long tethers, OMS fuel is no
longer the domin-ant Tactor, this role having been taken by the tether system
mass itself. .

1.4 Discussion of Results

In summary, . we can see from the preceding results that replacing OTV
fuel by an equivvalent mass of tether facility always incurs some (although
not much) perforrmance loss. The emphasis is on the word "replacing";
basically, the ::ether imparts to the transfer vehicle a part of the momentum
of the Shuttle - -tsel?, in an amount equal to that lost by the Shuttle as it
goes from the rcclease orbit to the minimum perigee orbit. This momentum was
acquired by fir:i:ng the 0MS on-board engines, with a specific impulse of only
313 sec. Becaus:=ze of the restriction we imposed that the full throw weight
be always utilizzed, this extra OMS fuel displaces a similar amount of OTV
fuel, which has a higher specific impulse in our examples, and the result is

a net loss.
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From the preceding discussion several avenues can be seen that can
lead to an advantageous use of an on-board tether facility:

(a) Extension of Main Engine LOX-LH2 burn to reach a high parking orbit.
This would displace the inefficient OMS fuel from its role as orbit-
raiser.

(b) Combination of tether facility with lower specific impulse OTIV vehicles,
such as the IVS or the PAM family. These have even lower Isp than the
on-board N204 - A50 engines, and the tether would then prove an advantage.

(c) If a given OTV is to be used and there is still a load margin before the
throw weight limit is reached, this margin could be exploited by using

an on-board tether, as an alternative to developing a larger OTV.
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2. Space-based Tethers as Extensions of the

Space Transportation System for LEO-GEO Transfers

2.1 Introduction. In Section 1, we examined in

some depth the possibility of using a tether system on board the Space Shuttle
as an aid in launching satellites into GEO-bound transfer orbits. {t was
assumed that the maximum throw-weight of the Orbiter was always utilized
(including the OTV with its payload, the tether system and the on-board
pOHS fuel), and that the Shuttle delivered the payload using the on-board
tether to as low an orbit as possible, without itself being forced to altitudes
below 100 n.m. The full tether system (lower and upper pallets plus rewound
tether) was returned to Earth after each mission. It was concluded on the
basis of the calculations perfo?med that this system could not deliver as
much payload to GEO as the baseline system without tethers. The difficulty
was traced to two main points: (a) For short tethers (below some 100 km),
tﬁe dominant effect was the extra OMS fuel required for the Shuttle to achieve
the required delivery height; since the throw weight was limited, this extra
was reflected in a smaller payload. (b) For long tethers, the need to carry
a massive tether system to and from orbit became dominant a#d, again, detracted
from payload.
In this section we investigate the effects of removing one of these
"constraints, namely, the transportation of the tether system. This is accom-
plished by leaving this system in orbit, in a manner described and analyzed
in Ref. 2.1. We perform the corresponding calculations for two limiting cases:
(a) Full throw weight utilization (similar to our study for the Shuttle-based

- tether system). This implies a different OTV size for each choice of tether



(b) Fixed Orbital Transfer Vehicle, maximum OMS fuel use.

not completely used up by this OTV plus its payload.

2.2 Notation.

L
L

R Eo*MLEO
Rv1n, PMIn
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length or other parameters; as such, it represents a maximum payload envelope,

and is appropriate for system definition studies.

This case cor-

responds more closely to a practical situation where a particular OTV, such

as some modified Centaur, is available, and the Shuttle cargo capacity is

Here the tether can

be viewed as a boost to the OTV, rather than a partial substitute.

The following notation is used in the analysis:

tether length (full)
tether length (partially rewound)

for a deployed tether, distance from its lower end to
the c.g. of the tether-platform-payload system

same, but to the c.g. of the tether system alone
same as x', but after partial rewinding

radius and altitude to the initial (and final) orbit of
the tether system

Minimum radius and altitude for the Orbiter (set at 100 n.m.).
For case (a), this is also the altitude from which the Orbiter
will reenter.

AVi Shuttle velocity increments from MECO to attain parking orbit
nj,rm
at hMIN’ and for reserve and maneuvering. Taken as 92.5 m/sec.
AVtr AV for transfer from parking orbit to tether system orbit,
at hipo
Av Deorbiting AV for Shuttle
deorb
=1 - e-Av/COMS = AV/e where ¢ = g(I ) is the effective
oMS ° OMS sp’ OMS
jet speed for the OMS rockets (taken as 9.8x313 m/sec)
MOMS Mass of OMS fuel needed on the Shuttle. Limited to 24,000 1lb
ML Loaded OTV mass (including payload)
Mthrow Shuttle throw weight, limited to 90,000 1b. Since the tether

system is left in orbit, we take M

throw -~ Joms * Mp
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Hup' MLP masseg of the upper and lower pallets at tcthe tether ends.

\

Hup taken to be 2000 Kg. MLp variable.

"Ts - ML + “ﬁp + MLp tether system mass

Avy, AV, AV perigee, apogee and total velocity increaments supplied
by 0oTV. No change of plane assumed

sz g MOTV.B » M - OTV propellant, OTV structural tmass and

carsied payload (to Geosynchronoous orbit).

(SF) - safety factor for tether material. Nomina:l value = 3.
o - break strength of tether. Taken as 1.4x1C'® N/m*
p - donsity of tether material taken as 1440 ¥ig/m’

Discussion and Results for Case (a) (Full Throw Weight:)

The sequence of events here is:

The tether system has been orbited to the appropriate altitude
(corresponding, as will be seen, to a given tether lezngth, and

other system parameters).

The Shuttle goes from MECO to parking orbit, then to :=:zhe tether orbit,
and docks with th2 Lower Pallet.

Tether unwinds with the OTV at its end. Aftar stabili:zationm, OTV

is released.

Partial rewinding of tethHer (to length £ < L) from the Shuttle,

then the Shuttle detaches. Rewinding completed from __ower Pallet.
Tether system is back in original orbit.

Shuttle, after detaching, is in elliptic orbit with pz:crigee at hMIN'

Deorbiting burn applied at one apogee passage.
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The size of the Orbital Transfer Vehicle is here assumcd variable,
and is alvays selected such as to fully utilize the available throw weight

\

capacity:
Mous * M = Menrowmax (1

The payload, fuel and structural masses making up HL are then
apportioned according to the required AV for transfer to GEO and the
prescribed structure/fuel ratio for the OTV. The AV itself depends on
the altitude and speed of the payload at the instant of release from
the tether; thus all of the variables interact with each other and an
iterative calculation is required. The algorithm used was as follows:

(1) Select inputs: M

(chtow)MAx * “Shuttle,empty ’ Avinj.tﬂ ’

€oms- * Corv °* "ow.s/“pz » Mp » L

up
x'=5"
(2) Guess x/L , I
x x'-x
3) RLgo = Rmin +71L (f -1 ) (from Ref. 1)
(4) £=1+% (1_%);0_&;50 : n-l-Rmin . ¥ _.y/‘;e
- Rko RLEO RLEO = min
Voo [ T2 N Vep 2f \
AV, = T ~f' § Mpe =SB {1yt ]
/T VEE) i Ve )
AV = AVy + AV2 (from Ref. 2.2)
AVi v v h
(5) wu - 1P : — a3 n U = S L min
inj,m CoMS ET  Comg 2 deorb CoMS 4 RE
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M hrow” HSH,E(uinj,rn * Mer * Yieorb)
6 M -
1+ Uy, m ¥ Ver
(7) M_ =M(1- -av/e o) M - (HLTL—'-) M
P2 H'I. = oTV,s sz P2
Hoay "ML =¥, = Mom,s
2 . 2 M +
8 y?= %—WL = 6.14x10* LS v = —“&—“L
oR;Eo RLEO sh

2

VL
hT = (Mup o ML) 1+v € \hets A
(9) HLP = 2000 + 1.5 MT

(10) My =M+ M+ Mo 3 Mgy = Mgy + M+ M

g My fMep 2 M Mpg Mgy gt Mpp +Mp/2
1y ;=-g2+ \—1’-/ +258 o T (Ref. 2.1)
T My Tor ‘T SH,E
+M_ +M/2 =4 (1-2/L)
(12) £-= o M“p " ; "';" -% — (Ref. 2.1)
TOT Tor” ML

(13) Compare to assumed values; iterate to convergence

The results of these calculations are summarized in Figs. 2.1, 2.2 and 2.3.

Fixed parameters were

hMIN = 182 Km (vcp = 7793.9 m/sec)

Myp = 2000 Kg , SF=3
(M‘h‘°")nAx- 90,000 16, Mg, . = 80,000 Kg
Mo Mory g = 6826

I ye =313 sec , I.ry = 460 sec
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The most lmportanut result iz Fig.l. 14is the fact that the payload mass
HPAY decreases with tzether length L, a:éhough much less than was the case
in the similar calculactions for Shuttle-carried tather systems (Sec. 1).
Increasing L does alloww a reduction in >oth fuel and structural OTV masses
(seeFig.2.1),but the iincrease in required OMS Shuttle fuel is still enough
to offsat thcse‘gainl. Also shown in Fig.2,lare the tether and tether
system masses; this mmass is not a penalty in t;;s case, cince it will stay
in orbit. Depending on:n tether length, zhe mass of this "mini-space station"
goes from 4000 to some 15000 Kg. It ca= also be seen that throughout the
rangz investigated (L .7 160 Km), the assumed OMS tankage capacity of 24,000
1b. is not exceeded.

From a fundamentail point of view, =he result that the payload is reduced
by the use of a tether could be anticipzted. InRef.2.1 it was shown that,
to first order, the amcount of fuel used zo recover the perturbed orbit of the

tether reaction mass arZter payload relezse is the same as that saved by the

payload propulsion systrzem due to the tether boost if the two propulsion

systems have equal spec:-ific impulses. Sere we do not exactly restore the

perturbed orbit, since the Shuttle eventually reenters from an elliptic

orbit different than thne initial, circular one. However, we can expect that
the use of the low spec:-ific impulse OMS rockets 'to supply the required orbital
boosts for the Shuttle will always be disadvantageous when compared to the
capabilities of enlargc=d OTV engines, with their higher specific impulse.

Once again, this points at the desirability of using high specific impulse
electric propulsion for restoring the perturbed orbits, such as discussed in
Ref. 2.4.Alternatively, tethers can be used as supplements %o, rather than

as substitutes for chem:ical propulsion stages (see Section 2.4 of this Report)
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The underlying reason for the l;rgc OMS fuel increase is the need to
fly the Shuttle to higher orbits than the minimwm altitude orbit at hHIN'

This is illustrated in Fig.2.2, which shows the altitude required for the
tether system - for each tether length.

As indicated in the discussion, the tether is barti&lly rewound from
the Shuttle before the latter detaches, in order to restore the tether systec
to its original orbit. Fig,.2.3 shows the fraction /L left for autonomous
rewinding. It can be seen inFig.2.3 that for lengths beyond some 123 Km,
it becomes impossible to restore the initial tether orbit, unless some
additional unwinding is done after tether release. This would probably be
only a minor difficulty, however.

Some additional calculations were performed to learn about the sensitivi:y
of these results to various parameter variations. A brief discussion is give:
of each of these.

(a) Assuming the OMS system could be made to operate on LOX~LH: fuel
(Isp = 460 sec), just as the OTV itself, we find for tether lengths of 0 and

100 Km the following results:

L (Km) 0 100
Hp‘y(xg) 12,413 12,276
Thus, ev . th this favorable assumption there is a slight performance

loss due to the tether. This must be ascribed to the incomplete restoration
of the reaction mass to its initial state, j.e., the Shuttle actually takes
away some extra momentum that could have gone to the payload.

(b) With IOMS back at 313 sec, if the upper pallet mass is increased

from 2000 to 4000 Kg, for L = 100 Km, the payload is reduced from 11,340 Kg



ORIGINAL PAGE IS
23 OF POOR QUALITY

to 11,30: Kg, while the fraction /L decreases substantially (from 0.948
to 0.739).
(¢) With Mup back at 2000 Kg, variations in the assumed tether safety

factor hzve the following effects (for L = 100 Km):

SF 2 3 &

Hp‘y(Kg) 11,334 11,340 11,345
HT(Ks) 1,932 2,929 3,946
tha("“‘) 383.8 383 382.3
/L 0.877 0.948 0.995

Thus, curZously enough, heavier tethers ensure higher payload mass.

(d) A similar effect was found by arbitrarily increasing the lower
pallet mass from 2000 + 1.5 MT to AOOQ + 1.5 MT . This increased the
payload from the basr value of 11,340 Kg to 11,353 Kg. At the same time

it required /L = 1.068 (up from 0.948).

2.4 Disc.:ssion and Results for Case (b) (Fixed OTV)

Here the propellant and structural masses of the Orbital Transfer
Vehicle were arbitrarily fixed at the values (corresponding to one version
of the Ceztaur vehicle)

M = 10,870 Kg Mory,s = 3230 Kg

Givez this condition, the largest payload to GEO can be secured by
using the Zull OMS fuel complement of the Shuttle, for any tether length
(or withous: tether). This was therefore assumed for the calculations in

this section. Correspondingly, the perigee altitude of the Shuttle after
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releasing the tether is no longer constrained to be hMIN » only to be

above this level (at an altitude called h ). Also, the throw weight

deorb
is in this case below its maximum value, corresponding to the notion
of a partially loaded Shuttle.

The calculation procedure used in this case was as follows:

(1) Select fixed parameters (as in Case (a), except that Mous®

sz and HOTV,s are fixed, and Mthrow is not)
x x'-x'
(2) Guess T I and hdeorb .
x , x'-x'
3 Rpo " Rgeorp ¥ 7L G+ 7T )

(4) calculate f, p , n , AV, AVz, AV , as in case (a)

Av v v h
(5) My . _dinj,rm s p =SB g. P Myeorh _cp georb
nj,rm CoMS tT  Cove eor coms 4 Rg
(1) M C(2) _
ye Moms™su,E Hdeorb
1 -e 0TV inj,rm tr ’
(7) Compare (1) to (2) If not equal, select new h
¥ "L "L ) G deorb,

iterate.

@) Mgy =M My, ~ Yor,s

Steps (9) and beyond are as in Case (a). Eventually a new set of values

x'-x'
L

is ensured by an outer iteration loop.

of % > is generated, which must agree with the initial guess. This

The results using M = 24,000 1bs are presented in Figs. 2.4, 2.5 and 2.¢

OMS
In Fig.2.4 the essential result is the increase of Mpay with tether length.
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This is as expected, since the tether system acts now as a supplementarry
booster over and above the fixed OTV. The inc¢rease amountn to a 12% peer
100 Km of tether, 2nd may make this a practical option for expanding thte
capabilities of an otherwise fixed Space Tranuportation System.

The other masses of interest are also diapla;ed in Fig.2.4. As

indicated, the sum of ML and M, o never exceede the maximum throw weightt

S
of 90,000 1b. Fig.2.5shows the required orbital altitude for the tethecr

system (hLEO) and the corresponding minimum perigee (h ) of the Shuuttle.

deorb
This latter altitude is always above the minimum of 183 Km. Also, the
tether system altitude ranges from 425 to 489 Km, which is high enough to
make drag effects negligible on tﬁe orbiting system.

The partial rewinding length £ is shown in Fig.2.6. In this case t=he
fraction 2/L is always less than unity, which makes it always possible

to restore the tether system orbit.

2.5 Summary and Conclusions

(a) Unless high specific impulse engines can be used to restore t=he
orbit of the tether platform, tethers cannot advantageously be used to re-
place part of the chemical propulsion capacity of an OTV.

(b) For a system where the Shuttle is fully loaded with either thae
largest possibie OTV, or a smaller OTV plus additional OMS fuel to reacch a
tether system at its minimum altitude (compatibleAwith no Shuttle reent=Ty
upon release), there is a loss of 4.7% payload per 100 Km of tether.

(c) However, tethers can be used to extend the capacity of a fixe=zZ OTV.
For a system where the Shuttle carries a Centaur OTV, to a tether systect=
orbiting as high as the maximum OMS fuel will allow, there is gain of 112%

per 100 Km of tether.
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Fig. 2.1 Case with Throw Weight Limited to 40,770 Kg.
Variation of payload, tether and tether system masses (left scale),
and of loaded OTV and OMS Orbiter fuel (right scale) with tz=ther
length. Minimum altitude 100 nm.
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Fig. 2.2 Shuttle Altitude Loss (Left) and Tether
Parking Altitude (Right), versus Tether
Length (for case with maximum throw weight).
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Fig. 2.3 Fraction of Tether Length Left Deployed
at Shuttle Detachment (case with maximum

‘throw weight) .
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Fig. 2.4 Case with limited OMS fuel, fixed OTV vehicle variation of
payload, loaded OTV mass and tether and tether system masses

with tether length.
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Fig. 2.5 Tether system parking altitude (hLEg)

and lowest shuttle altitude (h
versus tether length for case
with fixed OTV, maximum OMS fuel also
shown is minimum allowable altitude.
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Fig. 2.6 Fraction of tether length left deployed

at Shuttle detachment (case with fixed
0TV and maximum OMS fuel).
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3. Shuttle-based Tethers for Deep Spaace Launch Assist

High energy, deep space missions, such as the Galileo Jupiter mission
or the potential Saturn flyly, for instrance, stretch to the limit the capa-
bilities of existing launch vehicles. The situation is Zllustrated in
Figure 3.1, wﬁere an assortment of vehiicle payload-energw ernvelopes is
presented and a few representative misscion require=ents zre shown. The
quantity in the abscissa is

Zl.IE

P‘c’-vzo -

or twice the total energy in a hyperboilic geocentric ~rtit (cs = C would be
the Earth-escape condition). The notattion (EGA) in some of the missions
stands for Earth Gravity Assist, a manezuver that greatly lengthens the
flight time. As the figure shows, oﬁly" the modified widz=-body Centaur can
accomplish the direct Galileo flight. This is the prese=t baseline for the
mission, and it does require developmentt and qualificaticn of the Shuttlc-
compat‘ible wide-body Centaur.

We examine in this section the posssible alternmative of extending the
capabilities of a less powerful transfecr vehicle by mears of a tether de-
ployed from the Shnttle in a manner ent:irely analogous t:> that discussed in
Section 1 of this Report, with the modiZifica*ion that maximum on-board fuel
(OMS fuel) and not necessarily maximum throw weight, is :zhe limiting factor.
This means that a fixed OTV, smaller tk=zan could be accor—odated by the
Shuttle's limited throw weight capabili:ty, is supplecentzd by an on-board
tether facility instead of being replac:ed by a modified, larger mass OTV.
The length of tether to be used is limi-ted by either:

(a) A minimum post-release Shuttle perzigee of 100 n.=., OT
(b) The sum of the OTV and tether fac:i_lities exceeding the throw weight

limit.
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Clearly, tthe extrs boost (1f any) to the payload due to this maneuver
will be coming from a more efficient use of the OMS fuel in the Shuttle.
In a conventi&mngl deployment, this fuel would fly the Shuttle as high as
possible, the COTV would be released, and the momentum added to the Shuttle
itself would bes lost. The tether will transfer a part of that mumentum to
the OTV, while . sending the Shuttle to a lower orbit.

3.2 Analysis. Most of the equations and concepts cf Section 1 can be

-~

directly used iin this calculation. A list of Symbols is included here as

Table 3.1.
Table 3.1 Notation
L = tethez=r length
xc‘ = for a- deployed tether, distance from its lower end to the c.g.
of éhne shuttle-tether-payload system
xés - = game, but to c.g of shuttle-tether system alone

RLEO = radiu.s to the initial orbit of the shuttle tether-payload

systeenm

R‘ = apoge=e of Xcg of the shuttle-tether system after the payload
is recleased. (Also deorbit radius of Shuttle)

RP = perigzee of xcg of shuttle-tether system after the payload is

relea:=sed.
Rypco = radiuzs of Shuttle at MECO.
ROTV = radiuzs of OTV at the end of the fully extended tether.
R.J = radiuwzs of Jupiter to the sun.

RE = radiu.s of Earth to the sun.
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M = total mass of OMS propellant = conltlﬁt 28,000 1bs.

\

“38 = gtructural mass of shuttle (empty)
M

= total mass of OTV propellant

80TV = gtructural mass of OTV (empty)

= loaded OTV mass (including payload)

PA payload mass
HT = tefther mass

-

“up'“o = masses of upper and lower pallets at the tether ends

HTotx = total mass of shuttle-tether-payload system after reaching

criginal orbit RLEO

Mihrow = shuttle throw weight, limited to 90,000 lbs.
Vee = OTV escape velocity from earth (at RLEO)
Avinj = gshuttle velocity increment to circularize after MECO
AVtr - = ghuttle velocity increment from standard minimum orbit

to desired earth orbit RLEO
Avdeo «~ ghuttle velocity increment to deorbit

-AV/e .

U 1-12 oms = AV/coms _
By ™ S(Ilp)oms = effective jet speed for OMS rockets
Cory - g(I'p)OTv = effective jet speed for OTV rockets
AVOTV = 0TV velocity increment to escape and-enter a heliocentric orbit

to Jupiter

ZuE

cs3 = 2E = y? - renn (twice the total energy in a hyperbolic geocentric

orbit).
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The OTV, after its releasn, produces s burn that performs an Oberth maneuver;
i,e., it imparts to the vehicle enougch excess hyperbolic energy to, not only
escape Earth's attraction, but to entter a heliocentric Hohmann transfer orbit

to Jupiter as well. The required AV :is easily calculated as

v?
- v el -
Aoy = /@, "+ 1ex - A+ 1) v
"L - X,
where A = ——=& y V and v arrs the escape and orbital velocities
RLEO ex LEO

at RLEO and anl is the hypothetical first impulse in a heliocentric Hohmann

transfer:

an 2p
sun , == / J
VsV C gtV

After selecting a tether length L, thr: calculation proceeds in an iterative
way: a guess is made of Rh’ the Shut:z:le post-release apogez, as well as of
the distances ¥ _ and ¥ _ - X' (see Table 3.1). This is tantamount to
cg cg cg
- = - ! §
gtessing the radius RLEO R, + Xcg {cg to which the assumed full OMS
fuel supply will 1ift the loaded Shutt:-le. It also allows calculation of

the post-release perigee Rp = RLEO -3 (xcg- xég) , which should not dip

min
below 100 n.m. These data then can bec:= used to calculate the AV values for

Shuttle injection into parking orbit, for Shuttle transfer to the desired
(RLEO) orbit, and for eventual deorbi:zing from the apogee (Ra) of the post-
release orbit. The calculations are =35 in Section 1, except the eccentricity

€ 1s zero in this case.
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The OTV velocity increment AVOTV can now be caiculated, as shown

before, and from the given characteristics of the OTV (Hf ~ H. ’
oTV oTV

COTV)’ the payload capacity “pA can be found. This then allows a first
calculation of the loaded OTV mass, HL‘) = H + M, + M, ’ and

oTV oTV
completes the first leg of the iteration. For a separate calculation of

HL , we first evaluate the tether and tether system masses using the

equations of Secs. 1 and 2, and impose the condition that the full OMS

fuel HOHS is burnt:

w2 Mows = (Mpe + Mgy) gy + Ver + Hgeorn)
u1nj £ Mer

f M{z) and M{') do not coincide, a new value of R.a is selected,
and xcg and xég are updated using their definitions (see Eq.(12) of

Sec.2).

The fixed parameters used in the calculations were:

hoin = 182 Km éOMS = 3,038 m/sec

Mup = 2000 Kg Rmeco = 6479.3 Km

MOMS = 28,000 1b Vmeco = 7796 m/sec

Msn(ﬂmpty)-.80,000 kg Avinj = 92 m/sec
Results

Four different versions of the Centaur vehicle were examined. Their
characteristics are.listed in Table 3.2. The results are presented graphi-
cally versus tether length in Figures 3.2, 3.3, 3.4 and 3.5. In these
graphs, the line corresponding to each OTV is truncated at the point
where the post-release perigee dips to 182 Km.

Figure 3.2 shows that the payload capability of each of the vehicles

examined can be increased by about the same amount (~ 400 Kg) before the
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Table 3.2 Comparison of Centaur Versions

Total Dry Welght, 1b
Liftoff Welight, 1b
Installed Length, ft
Max Diamcter, {n,
Payload to Sync Eq, 1b
Nominal Solo Flight, nr 6.9 24

, © 30 36
Number of Burns 4 S 5 ~ h
Dercentage Exdsting Hardware 100 85 69 -+ 50
Propcellant Capacity, 1b ' 30,000 23,000 47,000 $2,000
Mixturc Ratlo 6. 0:1 6.8:1 5. 8:1 5.0:1
Igpe 8cc 444 439, 8 439, 8 444
Dolloff Vented, 1b 187 298 468 661
Pressurization, 1b leliun 14 18 amb 15 amb 28 cryo
Chilldown and Start Losscs,

b0y &,y 416 175 188 210
ACPS Propellants, 1b 482 Hy0p 626 HpOg 482 Hy0, 690 NoH,
Cumputer Memory, k bits ‘ 16 24 24 48 (triple)
Guidance Updato N. A, Ground Ground Autonomous
Electrical Power Batteries DBatteries Fuel Call Fuel Cell
Rolfabl)ty 0,984 solo 0,951* 0. 27 Solo 0,9751
Dovelopment Cost, M$ 75 63,3 77, 2%* 122
Production Unit Cost, M$ 5.2 8.1 ~. 8.5 11,9
Eaunch (Turnaround), M$ > % | 1.7 0.9 1.2

* A 22-foot version s included for 35-foot payloads
**With Kick Stage
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perigee limit is encountered. In terms of percentage, the largest effect
is on the smallest vehicle, the D-1S(R), where'a 34% extra is achieved.
Notice that, in this calculation, the RC and RLTC versions are always
capable of delivering the approximately 2500 Kg Galileo payload, while the
D-1S(R) 1is always below this capability. The D-1T version has a payload
capacity of 2000Kg with no tether, but is very close to achieving the re-
quired payload with full tether length (172 Km). &

These results are, however, put in pgrspective by Fig. 3.3, where the
resulting throw weights are displayed. The larger versions (RLTC and RC)
exceed the 40900 Kg limit as soon as the tether system is added to the
Shuttle (in fact, the RLIC seems to exceed it even without the tether
faciiity). The smaller vehicles, however, allow lengths on the order of
110-120 Km before this limit is met. With this restriction (which is shown
by a =ark on the corresponding lines in Fig; 3.2), the payload increase for
both the D-1T and the D-1S(R) is 280 Kg.- Any future relaxation of the throw
weight limit would be clearly beneficial to the tether assist.concept.

Notice that, although the non-zero mass of the tether facility at zero tether
length is clearly'visible in the throw weightigraphs in Fig. 3.3, no such
jump is apparent in the payloads shown in Fig. 3.2. 1In fact, there is some
decrease of payload due to this fixed weight, but it is too small to mattef.
Basiczlly, this extra.weight restricts the achievable Shuttle height, but does
not reduce its stored momentum, which is partially imparted to the OTV by the
tether. Also, the direct effect of a variation in release height for this
interczlanetary launch is minimal .

Tigs. 3.4 and 3.5 show the evolution of loaded OTV mass and tether-related

masses, respectively.
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In conclusion, then, a Shuttle on-board tether ffacZlity can be used to
increase the Galileo payload of the existing Centaur veZicle by some 280 Kg.
limited by the gross payload bay load allowable. Th:is Zigure can be taken
as a first apﬁroximat:lon for other high energy missicons, such as Saturn

flyby or Tempel-2 rendezvous.
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Fig. 3.2 Payload versus tether length
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Fig. 3.4 Loaded mass of transfer vehicle versus tether length
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4. Tether Servicing of Intermediate Altitude Satellites

4.1 Introduction

Cutrenfly, intermediate altitude satellites (400-1000 Km), such as
earth observation satellites (E0), cannot be serviced easily by the
Shuttle, since it is only capable of reaching low orbits (LEO). It would
be necéssary therefore either to send up a repair/refurbishment vehicle
from LEO, or use the propulsion unit on the EO satellite itself to bring
it down to a reachable orbit. There may be an alternate method of re-
trieving and servicing satellites, however; This is the concept of de-
ploying a tether from a vehicle or space station in low orbit to rendezvous
with the EO satellite in a higher orbit.

A key feature of such a system is the fact that orbits precess about
the earth's spin axis because of earth oblateness effects, and this preces-
sion rate is a function of orbital altitude. Thus, a station in LEO will
precess more rapidly than a satellite at.an intermediate (higher) altitude,
and the orbital planes will coincide only when the lines of nodes (defined
by Q) are superimposed (assuming identical inclinations). See Figure 4,1,
This prope;ty can be exploited most effectively if there is a family of
satellites to be refurbished at identical orbital inclinations, but different
2 and possibly different altitudes (H). A single station could then be used
to sequentially Qgrvide each satellite in turn, by precessing until the
orbital planes coincide and retrieving the satellite by means of a tether

extended up to the proper altitude.
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precession
of orbit

Figure 4.1 Definition of Terms

Two sample systems of practical interest are the following:

(a) Servicing of sun synchronous, earth observation satelliéea in high
inclination orbits.

(b) Tending of science or commercial satellites (autonomous material
processing, fabrication of pharmaceuticals . . . ) by a manned space
station. This would probably be in a low inclination orbit (say
28.5°).

4.2 Orbital Precession Rates

The precession of the line of nodes of a satellite (per orbit), due

to earth oblateness, is given by (Ref.l)
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RE 2
dQ/orb = - 37 J, (—;9 cos 1

where J2 = 2nd order coef. in Legendre ceries

For Earth's gravitational potential
RE = earth radius
P = semilatus rectum = r (for circular orbit) = RE + H
H = altitude

i inclination

To obtain a time rate of precession, this expression must te divided

Sy the orbital period of the satellite in circular orbit at altitude H:
3 kRE + H)5
’r
P = 27 m 2m "

aa | _ (9.98°/day) cos 1 (1 + )

dt RE

Tigure 4.2 illustrates this relationship of precession rate to altitude for

with the result
-7/2

various inclinations. There are a few things to note from this graph:

- All of the precession rates are quite slow, the maximum being
only ~ 10°/day.

- The greater the inclination, the lower the precession rate.

- The higher thg altitude, the lower the precession rate, at any
given inclination.

- Sun synchronous satellites are those which precess around the earth,
at the same rate as the 2arth orbits around the sun. This gives a
precession rate of 360°/365 days = 0.99°/day. Only satellites with
orbital inclinations between 96° and 100° can achieve this precession

rate, and the necessary orbital aititude is very strongly dependent

P Y ) N
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The differential precession rate of two orbits of the same iinclination,

but differing in mean altitude by AH can be obtained to first orader by differ-

entiation of the d2/dt expression:

-9/2
iQB-)=—310.93'Aﬂ cosi(1+%) '

de Rg £

Also, the angle A¢ between the orbital planes of the same innclination

o~
i, but with nodal longitudes different by AR is A ¢ =~ (AQ) sin 1 . Thus,
although the orbital precession is fastest for near-equatorial orzbits, the

rate of relative rotation of the orbits at their crossing is pror-ortional

to (sin 1) (cos 1), and is maximum at {1 = 45°.

Notice, finally, that the orbital precession rate depends or: eccentricity

only through the semilatus rectum p = a(l-e?). For any near-Eart=h orbit of
interest, e < 0.05 and the effect of eccentricity can be ignorea., if the

mean radius is used for a.
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4.3 Servicing of Sun Synchronous Satellites

Consider the following system: .

0 A sun-synchronous (SS) satellite with 1=98° , H=700 km .

o A repair/refurbishment retrieval station with tether,
at 1 = 98°, H = 400 km.
Assume both orbits are circular or near-circular: The difference in

precession rate between these orbits is (according to Figure 4.2):

A (dQ/dt) = 0.1°/day

The time period between one superposition of the orbital planes and the

following one (360° later) is:

- _360° _ .
T 0.1°/day 3600 days = 10 years

This is much too long a period between visits, for this to be a practical
system. The problem is due to the fact that the curve of precgssion rate
vs. altitude is very flat for i = 98°., As a result, the difference in pre-
cession rate between the two satellites 19 simply too small to be practical.

Things are different however for lower inclination orbits.

4.4 Servicing of Science Platforms in Low Inclination Orbits.

Consider the following system:
o A science platform in an intermediate orbit with i = 28.5°,
H = 800 km

o A (manned) space station in LEO with i = 28.5°, and H = 400 km

O -F
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From Figure 4.2, we can see that we have the following difference in

precession rates for these 2 satellites:
MG = - 5.8 - (- 7.1) = 1.3°/day

With this differential in precession rate, it will take much less time for

the ¥ orbits, initially with same Q and i, to repeat this configuration:

360° _ -
T = 1.3%7day 277 days = 9 months

If the satellite is at 700 Km, the revisiting time interval is about
1 year. This seems very reasonable as a time period between refurbishment
visits for many types of scientific platforms.

If one now augmented the system by putting multiple platforms in orbit

at the same inclination (i = 28.5°), but different 2, one could use the
same space station to sequentially precess into position under each platform
and service it. For example, 3 platforms, spaced with AQ = 120° between
each, could be serviced - one every 3-4 months. Of course, one could also
think of more complicated systems consisting of multiple satellites at
multiple altitudes (but all at the same inclination), all being serviced by
the same space station which might be kept busy almost full time reeling

spacecraft in and out.

An alternative system which may offer advantages would consist of a space
station placed in an eccentric orbit selected such that the end of a radial
tether deployed outwards from it would travel at apogee at the same altitude
and at the same speed as the satellite to be serviced. As was mentioned in an
earlier section, this slight eccentricity would not affect significantly the

precession rate for a given AH. However, as we will se in what follows that
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:his scheme requires a higher mean alititude for the platform in order to
mairtain a reasorable perigee height.. Thus, the time between re-visits
must be longer in this case.

In the following sections we expulore in a prelimipary way the dynamicse

of these systems, with particular attcention to the rendezvous requirements.

4.5 Rendezvous Dynamics for a Circuilar Platform Orbit

The exact rendezvous dynamics or{ the end of the tether are beyond the
scope of this report, but a few prelinminary calculations can help quantify

potential problems.

One first requirement for a rencdezvous is that the tether station and
the satellite must be on the same radiial vector from the Earth, at the time
of the transfer. Normally, this wouldd not be the case when the orbital planes
line up (once every 9-12 months). But: this problem can be solved by expending
some energy before rendezvous to 'wall.' the uprer, low-mass satellite along
its orbital path so that it is in posi:ticn whez rendezvous is attempted.

This translation along the orbit dces no: entail a large fuel expen-

diture, as time can be easily traded ooff for AV. A small AV, modifies the

orbital semimajor axis according to %‘i—-‘- = %Qf- , and since the orbital period
varies as é.rl - - % Q:. , we obtain %.1 = - 3 é‘}—L . As an example, a 10 m/sec
impulse will lead to A—TI = 5-150- , implyi.ng that a change in position by half

a revolution within the orbit can be p-erformed in ~ 120 orbits (about 1 week).
Of course a recircularizing AV, of 10 ' m/sec is necessary at the end of the

maneuver, for a total AV cof 20 m/sec.
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Another requiirement for a successful rendezvous is that the velocity of
the end of the tethrther be matched to that of the satellite for a bri—ef moment
(~ 1 minute), so thhat docking can occur smoothly. Assuming the lenth of the
tether can be accurirately controlled (radial velocity), there are 2 components
that have to be commnsidered: (a) velocity along orbital path; and (b) out-of-
plane velocity due to a differercce in orbigal inclination.

(a) Velocities aloong orbital path -

L = tether length

In order to ma—z=ch forward veslocities, a combination of two techniqu;a
can be used. First_, the tether Zs reeled in and out ahead of time so that
it starts librating - with a fairly large amplitude. Thus rendezvous is
timed such that the tether end reaches maximum backswing velocity when the
docking occurs. The.z remaining velocity difference (if any) can then be

provided by a propur’ision unit on the teleoperator at the end of the tether.
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This remaining AV can be found as follows:

\

o 1if the tether were not librating, the velocity at tﬁe tip would be:

_vt-(R+L)un-(R+L)J¥; _

o but the natural in-plane libration of the tether can be written:

¢ = a sin "% t . wiiere 0 = amplitude of swing

+ Iﬂx-a JTI-;I;‘ - (V)/L

o at the peak of the backswing, the tether tip velocity is thus:

Ve = (R+1) %'“L ng

0 this is to be compared with the circular velocity at the higher orbit:

- 1
we - ffa-3

o the remaining &V {excess forward velocity of the tether teleoperator)

)

|t

is therefore: -
. ) , {;‘ J at
6\-\t-\:'L ia(-3v3+

SooRmw osroperlv cheoosing o (: 0 2,37 rad), this can bYe made as small as

)

W

necessare.,  The rracticalizv ef this 397 libration amplitude Aéeds to be

v assessed.  The tether tension {s larze in the cases considered,
sO0 no ~a‘or dvnamic prohlems are to Se expected: however, the tethers are
also verw massive at these lencths, and reeling them repeatedly in and

out mayv pose operational problems.
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A more detailed analysis can be made tto estimate the length of time
available for docking. At a time t measuredl from the peak of the back-

swing speed, the excess f.eleoperator velocitty is
&V = QL [-g--a.'sc:os (/3T )] =
s 3 -a/3+a /3P

where = I%: and a small angle expansion hnas been used. It is instructive
to represent the behavior of this relative wxotion in a phase plane with &V
as the ordinate and 8x = S(8V)dt as the absccissa. Here we assume that the
libration has been properly phased, such thaczt maximum backswing velocity
occurs at the time of perfect radial alignme:=nt.

Fig. 3 shows a schematic of this behaviior. Case 2 is that just examined,
when perfect rendezvous is achieved at one p-articular time (t = O in our scale).
Case 1 corresponds to excess libration ampli:-tude a; the teleoperator first
passes the satellite at A, slows down and rew-verses velocity at B, passes
the satellite again {this time going backwarrds) at C, reverses once more at
D and passes the satellite one last time at . A. The parameters of these key
points are easily found to be .

/3 a5-3/2 ; 8V =
3/2 /3

+1

Point A: it = (/3 - %) QL

L]

3/2

o3 - 3/2 . . 2 (a3 - 3/2)
: Sx =23 /2 -
3/2 o/3 (3/2 a/3)

(upper sign for B, loweer sign for D)

+1

Points B,D: Ot =

Point C: Qt=0 ; 6V=- (a3 - %) GoL



57

ORIGINAL PAGE IS
OF POOR QUALITY

Sv {

v 3
E
) o 5 Sx
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Case 2: a-%s-
.Cose S a<£

Fig. 4.3 Relative velocity versus separation along
flight path between tether teleoperator
and satellite.
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Ccrve number 3 corresponds to insufficient libration. The relative
veloczity remains positive throughout, and the teleoperator paeses the
satelllite at E with &V = (% - av3 ) QL.

It is clear that a proper choice of excess libration (curve 1) will
proviide zhe longest residence time in the vicinity of éhe satellite. For
examp:le, the time to "loop" around the origin (time between passes through

point:- A) is

2 V3
At a 2(1-5)

and t=he Taximum distance during this looping is OB, or

Ax_(2)3/2 o3 (@ - /5 y3/2 ¢ \[“‘(1 73 ,3/2

where a = ',% has been used in an insensitive place. Elimination of a

gives tk= relationship

At_z/‘( 3 ALx 1/3

Foc- an orbital angular velocity Q = 10-3 rad/sec and if ithe tether
lengt=n is L = 300 Km, we calculate At = 100 sec if Ax = 10 m. , and
At = 50 see if Ax = 1.25 m. This seems to ensure an adequate time in
the neeig=borhood of the satellite, probably sufficient for latching to it
using terminal f;.pe control and some form of manipulator arm.

Tr.z required exc‘ess libration can now be calculated from the At

/3

expresssiza; we find in our example, for At = 100 sec , a = 7 1+ 1.2x10-3),
namel v, =z 0.12% excess amplitude. The maximum relative velccity during
this orcricity loop occurs at A; using the given expressions, this is 1.1

m/sec fcr Lt = 100 sec and 0.28 m/sec for At = 50 sec.
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(b) Out-of-plane velocities -
One can obtain an estimate of how much proppulsive capadility is
necessary on the teleoperator at the end of the tetheer to take csre of .mil

inaccuracies in orbital inclination.

V ( tether - end velocit y )
‘mb‘\'/’ (catrililite \Idoo’d] )

We have: AV = Va2 . AL

Thus, for example, to be able to tolerate a A1 = 1°, at H = 800 km,

would need the following AV capability:

AV = I%—‘ 1—150—“-- 130 w/sec.

Alternatively, given a AV capability, one can easily calculate the allowable
error in i,
Note: The natural out-of-plane libration motion of thne tether is not
exploited here, because it cannot be excited simply try¥ reeling tether in
and out, as with in-plane librations. Of course, an oscillation will occur
after a AV is applied to end of tether as above.

If an inclination error is unavoidable, it appezars that only an
appropriate propulsion capability on the teleoperator - can compensate for
it. Assuming for example a 1° inclination error (13C m/sec cross-range
relative velocity), the mass of hydrazine required tc be burned assuming

a teleoperator mass of 1000 kg is

_ M AV _ 1000x130 _
p ™ "o 2230 58 Kg
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If this is used in a 2 min. burn, a tarust of 240 1b results.
Hydrazine thrusters in this range are readily available. Note that it
would then be necessary to apply a similar stabilizing impulse to eliminate

lateral libration after the maneuver is completed.

|
4.6 Orbital and Rendezvous Dynamics for the Case of an Elliptic Platform
Orbit.

—

Consider a satellite in a circular orbit at R'. to be serviced by a
platform in an elliptic orbit with apogee at Ri and perigee at Rp' by means
of a tether of length L. The relationship between R. » R.p - R. and L can
be found by expressing that the teleoperator at the tether end reaches Ri
at apogee:

and that it has there the orbital speed {;ﬂi . Including the small

contfibution from the forced libration due to eccentricity (a forward

velocity which peaks at apogee with the value 2eworbL)' we can write
f e e

- R . 2R R -L -R
W/-E -8 u P + 2 -8 P 8y i L
R~ R-L -VRB-L KT8 R, L+ \[RL+R)

If we expand to 2nd order in L/R. and (R‘ -RP)IR.. this expression

can be reduced ta.

R _-R

2L o L L
- 2T (@)-6G) (4.6-2)
s s s

(notice that without the libration contribution the (-6) coefficient

would have become (-30), which amounts in typical cases to a 3/4%

difference).
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Thee perigee Rp for the platform is to be selected on the basis of
thi usuzal tradeoff between performance and iifetime. In this applica-
tion, a . lower perigee would allow more rapid differential orbital pre-
cession,, as well as lower AV for each Shuttle visit, but would eventually
lead to ' unacceptably high drag. We tal.e here the approach of selecting
a perigeeg height that would guarantee the same orbital lifetime as a
circular: orbit at 400 Km altitude, a value that has been found to be a
good commpfomise in zpace station studies.

Frcom the thecry of parameter perturbations (Ref. 4.1), and after
averaginng over one orbit, the rates of change of semimajor axis and

eccentriicity due to a specific force f along the trajectory are

4 ‘3/2
u

]g—:-feE

and, by ' division,

dine
itna 1/2
and sincze Rp = a(l-e),
dz d d e , d
P w (1-g) BB .82, (-2 88
at (1 e) dt adt (1 2)dt
R . da
Givven the norczal drag uncertainties, we will simply use == = 3+

for the rate of perigee variation. Following Ref. 4.2, with miror

simplifi- cations, the effect of drag on semimajor axis is
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Ac, -2
:—: 2 - 2 pa pp ﬁq e h [Io(%‘!') + 2e Il(%‘!')l

where pp is the air density at perigee, A is the frontal area,

' CD the drag coefficient, and M the mass of the vehicle, h is the

local atmospheric scale height, defined by
R-R
—r

h

-
P Dp e

and Ip and I, are the Bessel functions of imaginary argument.

(4.6-3)

(4.6-4)

Notice that, although e << 1 in our case, the group 28 4s not small.

h
Using the typical scale height h = 40 Km (valid at about 400 Km

altitude),

7000
40

e. -~
Pl 0.02 x

= 3.5

This allows us to use the asymptotic approximations (for x >> 1)

e X Io(x) = e X I,(x) = 1/V/2mx

and, neglecting 2e vs. 1,

~ p AC
da, . __/uh _p D ea
Ge) = me M § > D
elliptic

On the other hand, for a circular orbit, from Eq. (4.6-3)

p_AC

W e = 0)

da —
(3t Wi Xp.
cire.

(40 6-5)

(4.6-6)

Thus, the elliptic orbit will have the same lifetime as the circular

orbit if tlieir respective perigee densities are related as

Pplern. _ ./, ea
() ™ h

m

(4.6-7)
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which leaads to a perigee altitude given by

ea
np o WS Lu( J 2n T) - (4.6-8)

Takiing Rc = 6370 + 400 Km, h = 40 Km, e = 0.02, a .= R_,

we calcul.liate Rp = 6370 + 329 Km - or altitude hp = 340 Km.

Once:= the station perigee is fixed, the tether length L follows
from the velocity condition already derived (Eq. 4.6-2). For hp = 340 Vn,
Table 4.1 _ lists the results for various altitudes of the satellite to be
serviced. .

Table 41. Tether Length, Station Apogee and Station Mean Altitude
versus Satellite Altitude (all for hp,- 340 Km)

b (Km) 500 600 700 800 900
L (Kn) 22,9  37.3  51.0  66.2 0.8
b (Ka) 477 564 648 736 820

Flh +n)Ka) 394 452 454 537 580

Noti-ce the short length of the required tethers. This is a definite
advantage for the eccentric platform scheme, together with the fact that
no large =zmplitude indﬁced libration is required. On the other hand, the
mean alti-zude (4#th row in Table 4.1) is relatively large for each satellite
radius. “his has two unfavorable comsequences;

(a) A reduction of the differential precession rate.

(b) An increase of the AV required to reach the station from,

for instance, the Shuttle parking orbit.
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Regarding the first point, the re-visiting period is listed in Table 4.2

for the same conditions as Table 4.1:

h.(kl) 500 600 700 800 900
Re-visit time (days) 923 687 507 409 346
Table 4.2

-With respect to the second point, notice chat the least total AV
required to transfer from a parking orbit at Rb (with orbital velocity
vco) to one with apogee Ra and perigee Rp is, to first order

R.a +

R
AV = v P
co 4 R°

-ZRb

(4.6-9)

so that reaching the(Rp ’ Rh) orbit involves the same fuel expenditure
R, + R
as reaching a circular orbit at Rc = -2 B 2 .

With reference to the last row of Table 4.6-1, this means an '"equivalent"

circular orbit of 494 Km for a satellite at 700 Km altitude, for example.

Suchk high orbits strain the payload capacity of the present Lhuttle.

4.7 Logistics of Servicing. Once the satellite is engaged by the tele-

operator, at least twp options are available.

(a) Retrieve the tether with the satellite for refurbishment on the
space station. This implies a minimum of a few days to weeks before the
satellite can be returned to its altitude, and so a relatively large change
in line-of-nodes orientation will result (10-30°). This may or may not be
critical, dependiag on the application. If the system being serviced con-

sists of a constellation of identical, equally spaced (in longitude)
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\

to schedule maintenance such that each satellite is retrieved, serviced

\

and returned to the next longitude, where the next satellite is now picked

up for service.

(b) Alternatively, the teleoperator could be upgraded to a repair
station, possibly manned, and the servicing operations could be all performed
while the satellite is ccnnectedpto the tether, but at its own altitude.
This would have the effect of saving one full up-down tether cycle (with
the associated savirgs in energy and system wear), and would materially
reduce the time to satellite redeployment. The change in orientation of the
line of nodes may then be only a few degrees, and may be tolerable for most

systems.
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