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the tether. Part a) 1s the in-plane motion, part b) is the
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the in-plane axis expanded.
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rFigure 5. Last 15 seconds of a payload climbing the tether to an upper
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with an initial out-of-plane displacement. Part a) is the
in-plane, part b) the out-of-plane, part c) the in-plane vs.
radial, and part d) the out-of-plane vs. radial.

) Figure 7. First 2000 seconds of the deployment. Part a) is the tension
» vs. time, and part b) is the radial vs. in-plane configuration.
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p 1) and subsatellite (mass 2) plotted at 500 second intervais
during the deployment phase. The period from 18000 to 25000
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Introduction

This report presents the results of a study of "The Use of Tethers
for Payload Orbital Transfer"” and is Velume 11 of the Semi-Annual Report
required by the contract. This work was carried out under Modification §
of Contract NAS8-33691 originally titled "Investigation of Electrcdvnamic
Stabilization and Control of Long Orbiting Tethers." Or. Giuseppe Colombo
is Principa) Investigator on this contract. The Smithsonian Astrophysical
Observatory (SAO), studied the dynamic behavioi of the tether and the
Messachusetts Institute of Technology (M.1.T7.), under subcontract SVi-
52006, studied the facilities and systems required for "The Use of Tethers
for Payload Orbital Transfer." The results of the M.I1.T. study ére presented
in Appendix A of this report.

The general introduction to the nature and avplications of the present
work can be found in the initial sections of Appendix A. The body of
Appendix A contains detailed technical discussions of variopus tether
systams. A numericel verification of some of the crucicl dynamical calcu-
lations made in Appendix A 1s contained in the SA0 work presented in the
first part of this report.

Concurrent with this effory, SAO also performed, under Modification 4
of the same contract, "The Study of Certain Tether Safety Issues” also
with Dr. Colombo as Principal Investigator. The results of that study are
given in Volume 1 of this Semi-Annua) Report.

The body of this report has been assembled from the monthly reports
submitted under this contract revised and augmented where necessary for
clarity and completeness. This raeport is intended to stand alone as a
suriary of the work done on “"The Use of Tethers for Payload Orbita)
Transfer."

The author of this report is Mr. David A. Arnold. The author of
Appendix A 1s Dr. Manuel Martinez-Sanchez.



2.0 Study Approach to Dynamic Behavior of the Tether

The SKYHOOK program has been used to do simulations of two cases
considered in the M.1.T. study of the use of the tether for payload
orbital trensfer. The purpose of using SKYHOOK {s to provide more
detailed and realistic simulations of the cases considered in the
theoretical studies done at M.I.T. In particular, there is the need to
study oscillation of the system during the various operations. In the
case of transporting a payload along the wire, the radial velocity intro-
duces coriolis forces that could set up transverse oscillatiuns of the
system. These could be a problem especially as the payload approaches
the end of the wire.

The use of an orbiting tether system by the Shuttle involves the
coerations of deployment ancd retrieval which may excite osciilation of
the system. The SKYHOOK program has besen used to verify the theoretical
predictions of the orbits of the Shuttle, tether system, and payload
made by M.1.7. and to determine the extent to which the results are

influenced by Tibraticons of the system.

3.0 Payload Transport Along the Wire

One of the cases considered in the M.I.T. study is the transport of a
payload along the tether from a heavy lower platform to an upper launching
platform. A simulation has been done using the SKYK2NK program to study
the dynamics of the system as the payload moves along the wire. We assume
that the payload has a means o grasping the tether and controlling its
speed of trans| Since the net force due to the gradient of the gravi-
tational and centripital forces is away from the center of gravity of the
system, the payload will have to be dissipating energy for most of the trip

from & heavy lower platform to the upper launching platform.



The simulation which has been done integrates the motion of three
mass points - the base platform, the payload, and the upper launching
platform. The mass of the tether is neglected. A constant transport
speed of 10 m/sec has been used in this first simulation. The mass of the
base platform ic 300 tons, the payload is 30 tons, and the launching plat-
form at the top is 10 tons. The altitude of the base is 300 km and the wire
is 250 km long. The diameter of the wire was set to 2 mm, which is in fact
not sufficient to withstand the tension load. The only effect of this
assumption in the simulation is to make the wire more elastic than it would
be with a thicker tether. For simplicity the integration has been started
with the payload 1 km from the bottom moving at 10 m/sec. The startup
phase has been neglected. The radial velocity results in coriolis forces
that push the payload to the rear. Runs have been done for 100, 500, 24n0,
and 24000 seconds in order to approach the problem gradually in anticipation
of possible instabilities.

The climbing of the payload along the wire has been simulated in the
SKYHOOK program by makino the natural length of each of the two wire segments
a function of time. The inftial lengths of the lower and upper segments of
wire are chosen in such & way that they will be 1 and 249 km in length
respectively when the system is stretched to equilibrium. At later times
the 1ength of the lower segments is computed as 1, + vt and the iength of
the upper segment is 1; - vt, where v is the velocity of the payload and
1, and 1, are the initial lengths.

In the simulation, not too much happens in the first 100 seconds.
Figure 1 shows the results for the first 500 secc ds. Part a) is the in-
plane motion vs. time, part b) is the tension and part c) is the radial vs.
in-plane configuration at successive time intervals. Mass 1 is the lower
platform, Mass 2 the upper platform, and Mass 3 the moving payload. Coriolis

forces result in a displacement of the payload to the rear (positive in-plane
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Figure 1 Motion during tne first 500 seconds with a 30 ton payload
climbing at 10 w/sec starting 1 km from the bottom of a
250 km wire. Part a) is the in-plane displacement of each
mass vs. time, pmt b) is the tension and part c) (next
page) is the radial vs. in-plane configuration at 5 second
intervals.
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displacement of Mass 3 in Figure la). The upper platform {s generally moving
forward and closer to the lower platform during this time period. In Figure
1b we see that the tension in the lower secment is initially lower than that
in the upper segment. This is because the center of gravity is initially
about 7.44 km from the lower platform. The tension is greatest at the
center of gravity in equilibrium. The payload will initially have to expend
energy to get to the center of gravity and will then coast the rest of the
way up. As the payload moves up, the center of gravity will shift upward
and the payload will be at the center of gravity 8.06 ¥m from the
lower platform. The tension in the lower wire segment oscillates with de-
creasing frequency as the payluad moves up the wire. The natural period
for a 30 ton mass at the end of a 1 km Xeviar wire 2 mn in diameter is
about 73 seconds. At 5 km the period is about 164 seconds. These numbers
agree roughly with the periods seen in the piot. In 500 seconds the payioad
moves from 1 km to % «m from the lower platform. Figure lc shows the in-
plane ve. radial configuration at 5 second intervais plotted at equal scale
in the two axes. We see the slight bending of the wire to the right as a
result of coriolis forces.

Figure 2 shows the behavior during the first 2400 seconds plotted at
25 second intervals. Part a) is the in-plane vs. time, part b) is the ten-
sion vs. time, and parts c) and d) are the in-nlane vs. radial con“iquratiors
at successive time intervals. In part 2) we see that the upper mv:ss which
nad been moving forward for the first 1000 seconds has moved to fthe rear
and is almost in line with the payload climbing the wire. In part b) we
see that the tension is now greatest in the lower section since the paylosad
passes the center of mass of the system at about 700 seconds. The frequency
of the tension oscillations is continuing to decrease as the length of the
Tower section of wire increases. Part c) shows the radial vs. in-plane

configurations at 25 second intervals plotted at equal scale in both axes.
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Part d) shows the same thing with the in-plane axis exj.:ided to show the
in-plane movement with better resolution. The features described in part
a) can be seen in this plot, especially the swinging of the top mass to
the right near the end of the plot.

Figure 3 shows the behavior for the first 24000 seconds plotted at
250 second intervals. Part a) is the in-plane, part b) the tension, and
parts c) and d) show the in-plane vs. radial configuration. The period
for in-plane pendulum oscillations of a tethered system is the orbital
period divided by the square root of 3. For a 300 km orbit, the crbital
period is about 5430 seconds and the in-plane period is about 3135 secotds.
In 24000 seconds we would expect about 7.6 cvcles. This seewms to agree
roughly with the results seen in part a). The in-plane period is independ-
ent of 1ength, so we ao not see a change in period with time. Ir addition
to the pendulum motion of the system as a whole we aleo see transverse
oscillations of the payload on the wire and oscillations of the upper
platform with respect toc the payload. When the payload is close to the
lower platform, the period of transverse oscillations of the payload is
short, and the period of oscillation of the upper platform is the period
for oscillations of the system as a whole. As the payload climbs, the
period for transverse oscillations of the payload lengthens, and the
period of oscillation of the upper platform shortens. Part b) shows the
tension vs. time. The tension in the lower segment continues to increase
with time as the payload ciimbs the wire. The lengthening of the wire
seen in parts c¢) and d) is the result of using too small a wire diameter.
The computer run halted with the diagnostic that the stepsize was too
small as the length of the uppcr segment approached zero. The iast output

point was at 23750 seconds and the run ended at 23881 seconds. The last

10.
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130 seconds have been rerun using the last output state vector as the
initial state vector as tne initial state vector of the next run. The
results are plotted in Figure 4. The payload has been taken as the
reference point in the plots so that we see the motion of the upper plat-
form as viewed from the payload. Part a) is the radial component, part b)
the in-plane, and part c) the in-plane vs. radial configuration. In part
a) we see that the upper platform goes below the payload during the last
couple of seconds. To give hetter resolution, the last 15 seconds have
been plotted alone in Figure 5. Part a) is the radial, part b) the in-
plane, and part c) the in-plane vs. radial. Part c) clearly shows the
upper platform looping around the payload in the last few seconds. It

is remarkable that the behavior is stable for so long. The payload would
of course have to decelerate as it reaches the platform. The rate may
have to be controlled to eliminate oscillations during the approach to
the launching platform.

Since the dynamics of the out-of-plane component is different from
that of the in-plane, a run has been done with an initial out~of-plane
displacement for the wire. The platform at the top was moved 3 km and
the payload 12 meters placing it in a line between the upper and lower
platforns. The wire diameter in this run is 7.5 mm which is sufficient
to withstand the tension load. The results for the first 23750 seconds
are shown in Figure 6. The time required to reach the upper platform at
10 m/sec is 24824.7 seconds. Part a) of the Figure shows the in-plane,
part b) the out-of-plane, part c) the in-plane vs. radial, and part d)
the out-of-plane vs. radial. The in-plane is similar to the results seen
before without the out-of-plane displacement. The out-of-plane behavior

is very regular and does not show the transverse oscillation induced by

14,
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Figure 6(d).
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co~iolis forces in the in-plane component. Transverse oscillations could
be produced in the out-of-plane component by having the payload out of
line along the wire. The run was continued another 1070 seconds with out-
put every 10 seconds. At the last output point which is 4.7 seconds from
the end of the ascent, the platform is 20 meters above the payload in the
radial direction, and 42 meters displaced in the in-plane direction. The
behavior seems essentially the same as in the previous run with no out-of-
plane displacement.

In conclusion, tne simulations of payload transport along the wire
using the SKYMOOK program indicate that the process is quite stable. The
radia) motion along the wire introduces coriolis forces that produce trans-
verse asciliations in the in-plane, but not the out-of-plame dirsction. In
the case of a heavy payload approaching the and of the wire at high velocity,
unstable behavior would result in the last few seconds. A slowdown phase is
obviously required. Additional simulations would be needed to develop an
appropriate procedure and dete:mine if the rate needs special control at the

end to prevent the buildup of oscillations duirng the final approach.

4.0 Simulation of a Payload Launch Using an Orbiting Tether Facility

The M.1.T. section of the Final Report for this contract (Appendix A)
describes on page 29 a numerical example of the Snuttle launching a payload
using an orbiting tether facility. The Shuttle docks with the tether plat-
form, transfers the paylioad, deploys the tether, releases the payload, re-
trieves the tether part way such that when the tether system is released
its center of gravity will be back at its original altitude, and then un-
docks from the tether system at apogee. After undocking the tether system
continues the retrieval to the original state. The M.I.T. calculations

assume the center of gravity of the system remains constant during reeling
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processes and neglects the effect of librations that are generated during
the reeling. Simulations have been done using the SKYHOOK program tu see
the influence of these effects neglected in the theoretical calculations.

The deployment subroutine in the SKYHOOK program uses equations and
parameters given on page'9 of NASA TM-X-64963, "A tether tension control
law for tethered subsatellites deployed along local vertical." The com-
manded length is given by the table on page 10 of the report. The para-
meters on page 9 are computed for a specific subsatellite mass and orbital
angular velocity, and the table of commandvd lengths is for a specific
tether length and deployment sequence. The table of commanded lengths has
the undesirable quality of being discontinuous. In order to run the case
described above the deployment subroutine has been rewritten in a more
general form patterned after the retrieval subroutine. The parameters
have been rewritten to use the actual masses and orbital angular velocity.
Instead of using a table, the commaended length is computed as a fraction
f of the actual length. For retrievel a value of .93 for f gives a2 slow
stable retrieval. For deployment, f is greater than unity. It should be
possible for f to be substantiaily greater than unity since deployment is
an inherently stabie operation in contrast to retrieval which must be done
carefully in order to make sure there is no residual anqular momentum that
will cause the subsatellite to wrap around the Shuttle during the final
stages of the approach to the Shuttle.

The SKYNCOK program has an input parameter the ejection velocity to
be used on deployment. This ejection velocity may be large without intro-
ducing instabilities. In this way it is possible to quickly arrive at a
sufficient distince from the Shuttle to obtain an adequate gravity gradient

force for maintaining temsion during the rest of the deployment. During
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the ini. 11 phase the kinetic energy of ejection can be used to maintain
tension. This tension will eventually use up the initial kinetic energy,
but by then there is sufficient gravity gradient to continue the deployment
under positive tension. The tension control law uses the reel motor to
simulate a visco-elastic tether tuned to the libration frequency of the
tether system. The viscous part of the contirol law provides the tension
needed during the initial phases of the deployment. Test runs have been
done with different ejection velucities to determine a suita.ie value for
running the simulations of the launcn sequence studied at M.1.T. One un-
desirable aspect of <he dynamics is that the control law ends up slightly
retrieving the system after the initial kinetic energy has been exhausted.
In one test run, 8 wire mass point had just been deployed and the slight
retrieval caused the wire length to fall slightly beiow the natural ‘ength
of the wire segment. Since the program is not set up to eliminate mass
points during depinyment, there was loss of tension, and the tension control
law was unable to nperate properly. In lieu of pursuing a solution to this
problem, which would be beyond the scope of this study, the M.I.T. case has
been run without tether dynamics, integrating only the motion of the two
end masses. More study of the deployment process is necessary to useful
optimize the process.

In order to run the deployment, two sets of initial conditions need
to be computed. The program uses only the state vector for the Shuttle
initially. The DUMBBELL program is set up to compute initial conditions
for two or more masses. By making some changes in the program to avoid
singularities, it was possible to run the program with zero tether length
to get the initial conditions for the Shuttle. The parameters of the
system when fully deployed must be given for the other masses. Appendix A

gives equations for computing the parameters of the system at each stage
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of the operation. Since the SKYHOOK runs have no tether mass included,

the parameters had to be recomputed with MT set to zero. The equation

for 1/L on page 27 of Appendix A is singular for MT equal to zero. The
equation has been rederived without M, to get a non-singular expression.
The first parameter needed to compute initial conditions for the deployment
phase is the value of x, which becomes 21.18 km with no tether mass. This
places the Shuttle at 378.82 km after the deploymerit is completed with the
upper mass at 478.82 km. A tether diameter of .5 cm is sufficient to with-
stand the tension load, assuming a break strength of 2.7 x 10!° dynes/cm?
and a safety factor of 4. Equilibrium parameters for this phase have been
computed using the DUMBBELL program and used to do the deployment run with
SKYHOOK.

The deployment run has been done using an ejection velocity of 5 meters/
second. Figure 7 shows the results during the first 2000 seconds at 100
second intervals. Part a) is the tension vs. time, and part b) is the radial
vs. in-plane configuration. Figure 7b uses a new plotting package recently
developed in which the direction of motion has been reconciled with the
order in which the configurations are plotted. Successive configurations
have always been piotted to the right, but in the previous plotting package,
the Shuttle motion was to the left. For this and all future plots, the
direction of motion of the Shuttle is to the righi. This change was imple-
mented by reversing the sign of the horizontal (in-plane) component of each
individual configuration. This is equivalent to looking at the orbit from
the other side so that the direction of motion is reversed. In part a) the
tension is initially high because of the damping term in the control law.
The control law halts the outward motion of the subsatellite after about
500 seconds and there is a slight retrieval during the next few hundred

seconds as seen in Figure 7b. The deployment then resumes again.
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One of the parameters of particular interest in this case being studied
is the orbital altitude. This information is not contained in the standard
SKYHOOK output. It can be obtained from the state vector printed at each
output point. For convenience in restarting runs at a particular output
point, a special version of subroutine DMPZ is used which writes the state
vectors on a separate output file. A small program then reads this file to
find the time requested and formats the state vector for input to a new SKY-
HOOK run. This formatting program has been modified for this study to also
compute the radius vector and the magnitude of the velocity from the state
vector. The altitude is computed by subtracting the earth radius, and then
plotted along with the velocity using the printer page as a graph.

Figure B8 shows a condensed plot of the Shuttle altitude H1, payload
altitude H2, Shuttie velocity V1, and payload velocity V2 during the deploy-
ment. During the first 1300 seconds which is roughly one quarter of an
orbit, the Shuttle altitude increases from its initial value of 400.00 km
to about 400.75 km. The altitude of the Shuttle should, of course, decrease
during deployment. The initial increase in altitude is the result of a
slight eccentricity in the orbit introduced by the ejection velocity of 5
m/sec. This gives the center of mass of the system a radial velocity of
about 1,06 m/sec which should resuit in an altitude variation of about .94
km. Figure 8a shows the orbital eccentricity during the first revolution
superimposed on the decrease in altitude resulting from the deployment.

This eccentricity complicates the interpretation of the results. It couid
be eliminated by giving the Shuttle the reaction velocity that it would
actually acquire during ejection of a payloau.

Figure § shows the in-plane vs. radial behavior for the full deployment
run. The deployment is completed at about 1800 seconds. In the SKYHOOK

program, the tension at the Shuttle is computed from the control law during
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deployment. When tf: tether reaches its full deployed length, the program
switches to the steady state mode of integration where the tension is com-
puted from the tether elasticity and damping. In this run, the damping
parameter has been set to the vaiue required for critical damping of the
longitudinal oscillations of the subsatellite at the end of the tether.

In this way, the momentum of the subsatellite is arrested without reccil

at the end of the deployment. Although the tether itself has little internal
damping, the reel motor could simulate a damper if operated 'inder an appro-
priate control law. At the end of the deployment, the in-plane displacement
of the tether is about 15 km to the rear, which is an angle of about 8.6
degrees. After completion of the deployment, the system librates as seen

at the end of Figure 9. The libration could be avoizud by introducing a
control law that terminates the deployment with & slow-down nhase where the
deployment rate is controlled so that the wire returns to the ver’ical pcsi-
tion without overshoot.

The SKYHOOK program terminates the deployment phase at the first output
point where the tether length exceeds the natural wire length given on out-
put. The natural length is then recomputed based on the actual length and
tension at the output point. In this case, the computed natural length used
after completion of the depioyment was 100.105 km. At the equilibrium ten-
sion of .6939 x 10° dynes, the actual length of the tether is 100.6 km.

Since the system is Tibrating, the tension varies from about .592 to .836
x 10° dynes and the length from 100.54 to 100.71 km. The altitude of the

Shuttle varies from 376.2 to 378.8 km and the altitude of the payload from
476.3 to 479.0 km. The computed altitudes of the Shuttle and payload fully
deployed were 378.8 and 478.8 respectively. Comparison of the computed and
actual altitudes is complicated by the fact that the deployed tether length
is .6 km too long, the orbit has an eccentricity causing an altitude fluc-

tuation of about .94 km, and the system is librating with an amplitude that
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can cause an altitude fluctuation at the ends of about one km. The maximum
altitude of the system is about equal to the theoretically computed value,
but the average altitude seems to be on the order of one km lower. It
might be useful to do a more careful analysis of deployment, retrieval,

and librations to study possible interactions with the orbital dynamics of
the center of mass. The output from the SKYHOOK program contains the in-
formation necessary to compute the work done by the reel motor, the gravi-
tational potential, the kinetic energy of the center of mass, and about the
center of mass. The orbital angular momentum can also be studied.

In order to see the effects of libration, the rest of the study is
divided into two cases. In the first case, the payload was released during
the forward swing of the tether at the point where the tether is vertical
and ha; its maximum forward velocity. In the second case the payload is
relessed on a backward swing. The orbit of the payload after release
requires no numerical integration and can be calculated from the state
vector at release. The orbital parameters of interest are the semi-major

axis a and the eccentricity e. The semi-major axis is given by
& = 1/(2/7’ - V2/GM)
and the eccentricity is given by

e =/ - rzvf/GMa

where v; is the tangential velocity. The program for plctting the radius
vector r and the magnitude of the velocity v has been modified to compute
the tangential velocity from the state vector and calcuizte a and e 2t the
time requested on input. The apogee and perigee are giver. by a + ae and
a - ae.

The state vector at 18800 seconds has been used to calculate the
orbit of the payload released on a forward swing. The payload goes into

an orbit with a perigee of 478.4 km and a apogee of 1075.0 km. For the
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backward swing the state vector at 20400 seconds has been used. The payload
orbit in this case has a perigee of 476.7 km and an apogee of 896.1 km. The
apogee is almost 180 km higher when the payload is released on the forward
swing.

The state vectors at 18800 seconds and at 20400 seconds have been used
as the initial conditions for the second stage of the operation which is
retrieval of the subsatellite until the center of gravity of the tether
system is at the original altitude of 400 km at apogee. With the tether
mass included, the tether should be retrieved to a length of 50.56 km.

Without the tether mass, using the formula
VL =M (Mg + Myp) (Mg + M p)/ (MrgrMypMsy)

the system should be retrieved to a length of 47.068 km (the terms in

the equation are as defined on page 24 of Appendix A. Figure 10 shows
the results of two retrieval runs. Parts a) and b) are the tension and
in-plane vs. radial plots after release on the forward swiny., Parts c¢)
and d) are the tension and in-plane vs. radial plots after release on &
backward swing. The case for the forward swing was rur for 7400 seconds
until the tether was retrieved to a length of 39.17 km. The case for the
beckward swing was run for 7600 secnrds to a tether length of 39.38 km.
Interpoiating in the plots of tether length vs. time to obtain the point
where the tether is 47.068 km iong gives 5970 seconds for the forward case
and 6028 seconds for the backward case. In Figures 10b and 10d we see
that the initial librations have been damped out and the tether is being
retrieved at a steady angle which brings the sub.atellite slightly ahead
of the Shuttle. An appropriate control law could return the tether to

the vertical before ending the retrieval if this were desirable.
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The SKYHOOK runs have been done with output every 100 seconds. In
order to obtain the state vectcr where the tether length is 47.068 km it
is necessary to interpolate in the output. The program described earlier
for reading the output state vectors and formatting them for input has been
modified to interpolate between the output points. As a check, the tether
length is also computed for the interpolated state vector. The interpolated
state vectors at these times have been used as input to the third stage of
the processing which is steady state integration from the end of the retrieval
to the next apogee passage where the Shuttle undocks with the tether system.
In order to determine the orbit of the tether system after undocking from the
Shuttle the program for reading the state vectors has been modified to read
the masses of the upper and lower pallets, and compute the state vector for
the center of gravity of the tether system. This state vector is then used
to calculate the post release semi-major axis and eccentricity of the orbit
of the tether system.

The first runs done in the steady state phase were unsatisfactory because
of the linear interpolation used to obtain the initial conditions from the
output of the retrieval phase. Since both the position and velocity are
rotating vectors, the linear interpolation results in a systematic shortening
of the magnitude of the radius vector and velocity, which makes the orbits
too low. The perigee is reduced by approximately 7 times the error in the
radius vector which was about 10 km in one of the cases. The interpolation
has been modified by retaining the same linear interpolation for the direction
of the state vectors but obtaining the magnitude of the vectors by linear
interpolation between the magnitudes of the output position and velocity
vectors. This method should give much better results particularly for a
circular or low eccentricity orbit. For each of the two cases (payload

release on the forward and backward swings) the orbit of the center of mass
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of the tether system after undocking at apogee has been calculated
analytically from the state vector at apogee. The final retrieval run to
put the tether into its original condition has been omitted since it does
not appear to be essential judging from analysis of the runs up to this
point.

An assumption inherent in the theoretical formulas used to calculate
the state of the system at various stages is that the center of mass of
the system does not change significantly during deployment and retrieval.
In a long system, there is a difference between the center of mass and the
"orbital center" of the system defined as the point where the gravitational
and centrifugal accelerations are equal. For this case, the orbital center
of the whole system fully deployed is at 399.756 km when the center nf mass
is at 400 km. That is there is a difference of almost 1/4 km between the
two centers of the system. The angular velocity before depioyment in a
circular orbit at 400 km is .001131402 rad/sec. When deployed with the
center of mass at 400 km in a circular orbit the angular velocity is
.001131463 rad/sec. The program for computing the orbit of the center of
mass has been tested on a short equilibrium run in the fully deployed state.
The program computed an apogee of 401.46 km and perigee of 400.00 km. The
distance from the apogee to the orbital center at 399.757 km is 1.70 km
wh’sh is 7 times the distance of .243 km between the center of mass and the
orbital center. Since it is the orbital center of the system that orbits
the same as a free particle, it has been decided to use the orbital center
rather than the center of mass as a reference point for studying the motion
of the center of the system. The position of the orbi.al center of the
system r is given by the expression

r= [zmiri/(Xmi/r?)]]/3
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where the r's are measured from the center of the earth. The program has
been modified to compute the state vector at the orbital center and derive
the orbital parameters of that state vector.

In order to study the behavior of the center of the system as a
function of time, two additional plots giving the altitude and velocity of
the orbital center have been added to the program that reads the output
state vectors. Figure 11 shows the plots for the deployment phase of the
operation. The orbital eccentricity resulting in fluctuations of about .93
km shows clearly at the beginning of the run. There is a decrease in mean
altitude at the end of the run to about 398.5 km. The decrease in altitude
is larger than can be attributed to the difference between the center of
mass and the orbital center. The decrease of 1.5 km is on the order of
other minor effects and has not been studied to understand the underlying
reasuns. An approach for studying the problem is discussed earlier in this
report. Plots of the altitude of the center of mass have been done for the
other phases also. Since the other phases are all less than two orbits it
is difficult to determine a mean altitude from the plots. Orbital elements
have been computed at the beginniny and end of each run for the orbital
center. In addition, the elements for the tether system and the Shuttle
have been calculated from the state vector at the time the Shuttle undocks
at apogee.

Table 1 gives the apogee, perigee and semi-major axis (SMA) in km for
the times of interest in all the SKYHOOK runs. Run 1 is the deployment of
the system out to 100.6 km. Run 2 is the retrieval to 47.068 km after re-
leasing the payload at 18800 secoi ds on a forward swing of the tether. Run
3 is the retrieval after release on a backward swing at 20400 seconds. Run
4 is a steady state integration starting from the state vector after 5970

seconds of retrieval in run 2. Run 5 is a steady state integration using
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Figure 11. Altitude (cm) and velocity (cm/sec) of the orbital center

during the deployment phase and steady state integration
just after completion of deployment.
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Table

Time Masses Apogee Perigee SMA

0 B86+423,109 400.9365 359.0645 400,0005
18600 86+23.109 392.5803 296.9313 5)E£.2608
10800 19.109 1075.0220 47€.4437 776.7379
20400 B86+23.109 400.2854 397.2581 398.7717
20400 19.109 89.1484 476.7392 6€066.4438

[T R P S o

0 86 + 4 302.1875 265.7070 323,9473
5970 86 + 4 302.5229 266.0826 324.3028

W o
VTN o ad WW NN b e bt E

0 86 + 4 380.6198 301.6923 341.1%61

6206 86 + 4 380.9478 301.8230 341.3054

10 0 86 + 4 382.5229 266.0826 324.3028
11 5100 86 + 4 322.5223 266.0773 324.2998
12 5100 © + 4 404.€969 379.3752 392.0361
13 5100 80 380.3441 251.5480 315.9460
14 0 8 + 4 380.9478 301.8230 341.23854
15 4050 86 + 4 380.8854 301.8820 341.3327
16 4850 6 + 4 419.8848 396.5453 40c.2153
17 4850 80 378.7827 287.4%32 333.1385

Apogee, perigee, and semi-major axis at various stages

of the launch sequence. The values are for the orbital
centers of the masses listed in the fourth column, namely
e Shuttle (80 tons), lower pallet (6 tons), upper pallet
(4 tons), upper pallet plus payload (23.109 tons), Shuttie
pius lower pallet (86 tons), and payload (19.109 tons).

Run 1 is the deployment, runs 2 and 3 are partial retrieval
after release on the forward and backward swings respec-
tively, and runs 4 and 5 are steady state runs from the end
of the retrieval in runs 2 and 3 respectively to the next
apogee passage.
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as input the state vector after 6’06 seconds of retrieval in run 3. In
run 1, the lower mass is 86 tons and the upper is 23.109. In the other
runs, the lower mass is 86 tons and the upper is 4 tons. For runs 4 and
5 the state vector for the orbital center of the tether system alone has
been computed at the time of undocking. The mass of the lower pallet is
6 tons and the upper is 4 tons. Finally, the state vector for the Shuttle
(80 tons) at the apogee of runs 4 and 5 has been used to get the orbit of
the Shuttle after undocking from the tether system. The masses listed in
the Table indicate which configuration is being computed.

Line 1 in Table 1 is the orbit at the beginning of the deployment.
The computed eccentricity aqgrees with the plots of altitude in Figure 11,
Lines 2 to 5 are the orbital parameters at the time of payload release on
the forward (18800 sec) and backward (20400 sec) swings. The average semi-
major axis of lines ¢ and 4 is 398.5 km indicating a drop of 1.5 km during
deployment. This agree- with the results seen in the plots of the orbital
altitude vs. time. The semi-major axis of the orbital center is about .5
km higher on the backward swing (line 4) than on the forward swing (line
2). Lines 6 and 7 give the orbital parameters at the beginning and end
of the partial retrieval after release on the forward swing at 18800 sec.
The semi-major axis has increased by .36 km during the retrieval. Lines
g and 9 are the corresponding results for retrieval after release on &
backward swing. The increase in altitude here is .23 km. The semi-major
axts is about 17.1 km lower in run 2 than in run 3 as a result of the
nreater erernv given to the payload by releasing on the forward swing.
Lines 10 and 11 give the orbital parameters at the beginning and end of
the steady state run from the end of retrieval to tether system release
at apogee for the case of payload release on the forward swing. The semi-

major axis is nearly constant. Line 12 is the subsequent orbit of the
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tethe: system after undocking, and line 13 1s the fipal arhit of the
Shuttle. Lines 14 through 17 give the corresponding information for the
case of payload release on a backward swing of the tether. Lines 14 and

15 show no change in semi-major axis. The average semi-major axis of the
tether system after undocking obtained from lines 12 and 16 is 400.1 km.
This s within .1 km of the theoretically calculated altitude of 400 km.
The orbit of the tether system is 8 km higher than predicted for the case
of payload release on a forward swing and 8 km lower on the backward swing.
The tether system orbits are eccentric by 12.7 and 11.7 km for the forward
and backward cases respectively. The average perigee of the Shuttle after
undocking from the tether obtained from lines 13 and 17 is 269.5 km. This
agrees within .1 km with the theoretically calculated value of 269.4 km.
The final Shuttle perigee is 18 km iower or higher deperding on whether the
payload is released on the forward or backward swing.

In conclusion, the simulations done with the SKYHOOK program give good
agreement with the theoretically calculated results from the M.I.T. study
and indicate the order of magnitude of the perturbing effect of librations
not considered in the theoretical study. The results indicate some altitude
changes during reeling operations, and fluctuations within the libration
cycle. These effects are about an order of magnitude smaller than the

impact of releasing the payload on the forward or backward swing.
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1. Introduction

Rocket propulsion is a well established method for moving payloads in
space, and has thus far enjoyed a virtual monopoly in such applications.
This preeminence is likely to comtinue for the foreaeable future, but
with the advent of new and more flexible tools for accees tn space, such
as the Space Shuttle, and with the constant struggle for more payload per
unit cost, we are iikely to witness the development of alternatives and
supplements that will achieve the same mission with less mass (and cost)
expenditure. Planetary gravity assist can be regarded as one such alter-
native, in practical use today; other concepts, such as geomagnetic pro-
pulsion, interplanetary ramjets, etc., have been proposed 2s future develop-
ments.

In this report, we explore a relatively simple concept for enhancing
interorbital transfer capabilities. It is well known that in an extended
orbiting body only certain points (those on the Earth-centered circle
through the body's orbital center) are in centrifugal-gravitational egui-
iibrium. Other points in the body undergo a net resultant force (the
gravity gradient force), which, for elongated bodies, tends to align them
along the local vertical. Thus, if a satellite is joined to a larger
spacecraft in circular orbit by means of & long, lightweight cable (tether),
its equilibrium position would be directly above or directly below that
spacecraft, along the local vertical. A certain point (close to the system
center of mass), intermediate between satellite and spacecraft, would be in
true orbital equilibrium, while the two er’ masses would be pulling on the

tether. If the masses of the two bodies are m; and m2, the cable length



is L and the orbital angular velocity is i, the cable tension is

mim

= 2 M | em————
F 30°Lm, , ; m ——e—, (reduced mass)

which can he recognirzed as the local weight of a body of mass m;;
(close to the smaller of the two masses), times a factor SL/RORBIT'

This force arises because the linear velocity of the (outer) mass
(inner)

is (greater) than that required for orbital equiiibrium at its
(smaller)

location. Therefore, if the cable is cut, the upper body will enter

an elliptical orbit whose perigee is s3* the initial altitude of that

body in the compound structure; simultanecusly, the lower body enters

another elliptical orbit, this one with its apogee at the initial

altitude of this bedy.

We can now imagine the lower body to be either an orbiting Space
Shuttle or an orbiting space platform, and the upper body to he &
relatively light satellite; if the tether is long, the satellite will go
into a high elliptical orbit, while the platform will enter an orbit
with a slightly lowered perigee. 1 we want the system to be reuseable,
some thrust must be applied to the platform to raise it to its original
orbit. We will see in what follows that the total impulse required to
do this is at least equal to that whicl would be required to placc the
satellite in its high ultimate corbit using thrust instead of the tether.
However, and this is the crucial point of the system, the platform can
be raised using high specific impulse, low thrust, electric rockets in

the period between missions, while in each mission the satellite is

inserted in its orbit in & rapid, quaci-impulsive manner by the tether.



Alternatively, in the case where the Shuttle is the lower spacecraft, we

may choose to reenter after releasing the payload, with no need to reestab-
lish the orbit. Socme operational complications arise in this case, as will
be discussed in the text, but the maiteuver is feasible within certain limits.
The net effect in either case can be & large overall propellant savings in
the upper stage, or, equivalently, the ability to transfer significantly
larger payloads with a given amount of propellant.

In the present study we have identified and assessed & variety of
ways to implement these concepts. Given the limited scope of the effort,
the study has been restricted to conceptualizing each system, performing
first order orbital calculations to determine payload gains, and, at least
for a few of the most attractive systems, carrying out conceptual designs
that allow estimates of mass and power to be made. In addition, detailed
tether dynamical studies were made for one case where apparently no prior
work existed (see Arpendix 4 ) | and very limited cost estimations
were made for some of the systems in order to gain inseight on return-on-
investment times.

For the purposes of this final report we have chosen tn present the
material in what seems to be the most logical order, namely, from the
simpler and most clearly feasible systems to those whose implementation
offers difficulties, but which, by the same token, offer the greatest
potential promise in terms of performance. This is not the order in which
the work eveolved chronolegically, and some unevenness of detail may be
unavoidable as a consequence.

For the sake of clarity, we present here & brief description of each

of the systems studied, with some comments on their salient features. A



detailed discussion of each of them is to be found in the body of the report:

(a) Tethers as Shuttle facilities. The simplest implementation of

the tether concept is when che tether system is permanently attached to
the Shuttle and is flown into and out of space in each mission. Clearly,
this displaces some Shuttle payload, and its utility must be restricted. |
We found, however, that for high energy Shuttle missionse, such as polar
orbits, where payload is not limited by structural considerations, the
Shuttle flight envelope can be appreciably extended by a short, rewindable
on-board tether. For 28.5° ortits, no advantage was found using tethers.

(b) Space-based, low mass tether systems. Another

promising system is one where the tether and its associated hardware are left
in space after each reuse. For tether lengths not exceeding some 100-150 Km,
depending on payload, the lower mass can be provided by the Shuttle itself,
docked to the rewinding end of the tether. Payloads are brought up by the
Shuttle, each attached to its Orbital Transfer Vehicle; they are mounted

on the tether end, the tether is deplcyed and the payload is released, after
which the OTV fires to place the payload in its transfer ocrbit. The Shuttle
now enters a lower elliprical orbit, but not low enough to force reentry;

the tether is partially rewound and released at a condition such that, after
autonomous completion of rewinding, it is back in its original orbit. The
Shuttle now reenters.

For the lengths indicated for this and the previous system, the tether
mass is fairly small, and winding-unwinding operations, using rate controls
that have been studied elsewhzre (Ref. 1.1 ), should present little problem.
Payload increases of some 13% are indicat :d for a Centaur OTV used from LEO
to GEO with a 100 Km tether. Deep epace  iseions can also be significantly

enhanced.



(c) Platform-based intermediate tether systems. Higher perfo-mance

can be obtained with longer tethers. At this point, however, a lower platform
more massive than one empty Shutile becomes necessary to prevent reentry after
release of the payload. Orbiting space stations of the kind envisioned for
the 1990's are natural candidates. Now, the platform orbit must be restored
by application of low level, long duration, high specific impulse thrust.
This, in turn, establishes fairly high requirements for electrical power on
the space station, which may become the factor limiting achievable tether
length. In addition, the tether itself becomes too massive to be conveniently
rewound after each mission; an alternative concept that was evolved consists
of a "ferry" or elevator which travels the length of the tether (up to some
250-300 Km) to deliver the payload=0TV combination and return. The dynamics
of this travelling ferry was studied in some detail, and no real problems

were encountered, although, as in other systems, climbing rate must be care-
fully controlled. For Centaur transfers from LEO to GEO, & 250 Km tether

of this sort allows some 387 payload increase, but requires about 400 Kw of
electrical power in the space station (for orbit recovery in 14 days).

(d) Large-scale tether syetems for LEO-GEO tramsfer. We also studied

more smbitious syvstems involving two permarent tethers, one in LEO (radially
out) and one in GEO (radially in). The payload-OTV is released by the lower
tether and a first impulse is applied by the OTV to enter a Hohmann orbit.
At its apogee, a second impulse matchee speed with the lower end of the GEO
tether, and, after capture by it, the payload travels along the tether to
GEO orbit. By proper choice of parameters, the rendezvous can be attempted
again after an integer number of orbits. This system can in principle be

pushed to the limit where no_propulsion is needed on the payload, If the




initial LEO orbit is equatorial; however, this requires tethers with lengths
of the order of 1200 Km in LEO and 10,000 Km in GEO, and of great mass.
Intermediate solutions are possible using nonzero impulses in LEO and GEO;
for instance, a 430 Km LEO tether (weighing 7.5 times the 0TV mass) and a
5900 Km GEO tether (of mass 10 times that of the OTV) can be combined to

obtain a factor of 2.8 in payload capacity for a Centaur vehicle.

Ref. 1.1 Charles C. Rupp, NASA TM x-64963 '"A tether temsion control
law for tethered subsatellites deploy: ~“long the local
vertical."



~d4

2. Tethers as Shuttle Facilities

Use of a tether system &s a permanent facility ot the Shuttle does
not appear justified for missions that fall within the operational envelope
of the orbiter with its integral OMS tanks. This is because, even though
the tether allows derloyment of the payload from a lower Shuttie orbit
(typically an elliptic one), the payload cannot be increased due to other
constraints, such as payload bay structural integrity and c.g. location.
The only savings are then in the use of less OMS fuel, but the=: cannot
balance the loss of reveiwe from the payload displaced by the tether itself.
An example is shown in Table 2.1: & 47 Km .ather allows payload to re placed
in a 500/500 Km orbit from & Shuttle in a 185/453 Km orbit, with an OMS
fuel savings of $33,000. However, the mass and length of the tether
facility displaces payload worth $2.80 M. Similar results are shown for
a polar orbit.

There are some possible scenarios where a Shuttle based tether could
be cost-effective. These refer to low Earth orbits high enough (particularly
for polar orbits) that payload is limited by OMS fuel capacity, including
extension kits. A trade-off study is next presented to determine how far

the operating envelope can be extended by a permanent Shuttle tether.

1f the OMS fuel extension kits are not available to the Space Trans-
portation <ystem, then the relevant compariaoh is between the basic Shuttle
with only the integral OMS tanks and the Shuttle with the on-board tether
system. The advantages of the tether system are then apparent, resulting

in a flight envelope comparable to that afforded by the fuel kits.



TABLE 2.1

COST TO LOW ENERCY MISSION*#*

Space Telescope

Polar Orbit

Orbit 500Km/28.8°

wWeight of Payloar kg, 11,000
Length of Paviosad (m) 13.1
Diameter of Payload (m) 4.26
Cost to current Shuttle (S$M) 20.20

Cos% to Shuttle + Orbiter based
tether system (SM) 23.00

Lost revenue from displaced payload ($M) -2.80

OMS fuel savings ($SM) (0.033)
Benefit of using tether system ($M) ~2.77
*k

1) Cost per Shuttle flight = $27.3 at ETR
$46.9 at WTR

2) Elliptic Shucrtle orbit + tether transfer
perigee altitude = 185 km

1000 Kn/97°
3,000

9.0

23.07

29.8
-6.73
(0.083)

-6.647



Calculation of the Shuttle Mission Envelope with an On-Board Tether System.

We adopt as a prototype mission one where payload is to be delivered
to a circular orbit by releasing it from a tether which is ettached to a
reeling device carried on board the Shuttle, and which is subsequently re-
trieved by it. The Shuttle itself flies an elliptic orbit with its apogee
lower than the payload orbit (by an amount equal to the tether length). It
is injected into this orbit by & velocity increment applied by the OMS at
some point in a standard 185 Km circular parking orbit. After release of
the pavload, the Shuttle enters a new elliptic orbit with perigee lower than
the original 185 Km, and then de-orbits by application of an additional AV
(such as to give a theoretical perigee uf O Km). For calculations, one
further OMS firing of 30.5 m/sec (106.7 m/mec for WTR launch) is assumed
for insertion of the loaded Shuttle irnto the parking orbit, and a 12.8 m/sec
AV reserve 1is assumed.

An example launch sequence (for an intended payload orbit of 600 Knm
altitude and 28.5° inclination) is shown in Table 2.2.

Starting from the parking orbit at radius Rp (equal to the perigee
length of the transier orbit), the Shuttle enters the transfer orbit of

apogee RA by an OMS firing having a AV of

in
\/ v "RA

Av — -] (L
insertion \ v R + Rp

The angular velocity at apogee can be expressed as VA/RA' and must

be equal to that in a circular orbit at the final payload radius

Rf = RA + LT’ where L.r is the tether length. This gives
E. ___2__
R? \/ (2)

A
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which can be rewritten as

This equation is to be soived for the tether length L'l‘ in terms of

the parking orbit radius and the final orbital radius.

follows tfrom Eq. (1), using RA - Rf - L’I‘ .

AV

ins

then

(3)
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Table 2.2. Typical sequence of mission events
STS/on-board tether system

From ETR to 28.5° 600 km circular

orbit
Event delta-V(OMS) Resultant
m/ sec h /h_, km

8 p
Shuttle insertion 30.5 185/185
Injection burn 100.4 534.3/185
FPayload release orbit 600/600
Shuttle after P.L. release 516.2/68.8
Shuttle deorbit 55.1 516.2/0

(note: delta-V reserve = 12.8 m/sec)
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The tension T in the tether is constant if jits own mass can be ignored
relative to ' .e satellite mass. If we furthe: assume that the satellite
mass is small compared to that of the Shuttle (a conservative assumption),
and that the tension at perigee can be estimated as if the orbit were

circular with R = Rp, we can write (Ref. 2.1)

XR 3 A \f
L RN @

where M is the payload mass and )\ = LT/Rp'

For a Kevlar Aramid cable of 0.9 mm diameter the mass is m = 0.59 Kg/Km,

*
and the minimum break strength is TBr = 90 Kg = 882 Nt. Allowing a

safetv factor fn(fq = 5 was used in calculations), the number of strands

T.f

TBr

is

, and the tether mass is

L (5)

The mass of the reeling .ad other devices is expected to be proportional
to the tether mass. Based on Ref.(2.1),we estimate for the total tether

svstem

MTS = 4.7 MT (6)

Notice that, to this approximation, M is proportional to ML' the

Ts

Ref. 2.1 NASA CR-132780, Appendix D, p. 222.

Note that somewhat different values of the working stress have been used
in other sections of this report. The value used in each case has been
clearly identified, however. For & discussion of the uncertainties in an
estimate of this parameter, see Appendix 1.
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pavload muss; the quantity

Ty (7)

is therefore a function of the orbital parameters, but not of ML

The mass of the orbiter at ME burncut is

My = Mg + M+ My M (8)

where MOP is the empty mass and Mp the mass of OMS fuel carried (either
that in the integral OMS, or including an integer number of OMS kits as
well). The fuel required for insertion into the parking orbit plus
injection into the transfer orbit (total velocity increment = AV,)

is Mo(l-U1) where

The mass after releasing the payload is then Mou1 - ML ,» and &fter the

deorbiting burn (AV:), the mass is
(Moux - ML) M2 , with

by = e"'AVz/SIsp (10)

This mass is to be egquated to Moe " NTs’ since, by assumption, all

the OMS fuel has been used up:

[(Moe + ML + MTs M Mp)ul - MLJU2 = Moe* MTs (11)

and using MTs = ML L
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Moy = N - o
- '!1"“‘ 1oe(l Uyks)

mpg (1 = Lakz) + ua(l - W) (12)

This equation allows calculation of the maximum payload capability
of a Shuttle-tether system combination for a given paylcad orbit and &
given OMS option. An additional limitation was used, namely, that the
sum of the pavload, tether system and OMS kits should not exceed 29500 Kg,
the full load capability of the Orbiter.

The results of these calculations are displayed in Fig. 2.1 (for ETR
launch into a 28.5° inclination orbit) and Fig. 2.2 (for WIR launch into
a 104° orbit). The basic Shuttle envelopes shown for reference were
calculated from the same basic equations, modified to allow variable
"parking orbit'" altitudes and no tether.

Fig. 2.1 shows that the combination Integral-OMS-plus-tether has
substantially more payload capacity than the basic Integral OMS Shuttle
for a 28.%5" orbit; it allows,for instance, 21 Ton payloads to & 700 Km
orbit without any extension kit. The same is true when OMS kits are added
to both systems (without and with tether). When we consider the envelope
of the curves for the tether system with varying numbers of extension fuel
kits, we find that it does not exceed the corresponding envelope without
tethers. Thus, 1f extension kits were available, the usefulness of the
on-board tether would be marginal.

For the polar orbit case, Fig. 2.2 shows the same, and even more
pronounced, gains in payload-altitude performance for polar orbits. In
fact, even the envelope is now extended; i.e., certain missions which

are simply not accessible to the Shuttle with any number of extension
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kits now become feasible. This is the case for orbits between 500 and 700
Km, for which payload extension of some 2 tons become possible using the
integral OMS tanks plus a tether system. An example of the use of this
extended capacity would be the possibility of placing the 11 ton Space
Telescope in a 600 Km polar orbit. Similarly, while no payload can be
delivered by the Shuttle to orbits higher than 960 Km (even with two extra
fuel kits), the tether system with one single kit allows some 4.4 tons to

be placed in 1000 Km orbit (2 tons with the tether and no kit).
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3. Space-Based, Low Mass Tether System.

Preliminary Considerations.

The concept of leaving the tether in orbit for reuse was introduced
early in our study, and validated by simple orbital dynamics calculations,
which showed marked increases in payload capability both for orbit trans-
fers and for deep space missions. In these initial calculations, the
reaction mass attached to the tether base was assumed large for simplicity,
and no account was taken or tether mass (although the tether length was
restricted to less than 400 Km to keep its mass within reasonable limits,
see Appendix 1).

Table 3.1 shows some results of these calculations, assuming a two-
stage IUS vehicle is attached to the payload and usad for the initial and
circularization firings in a LEO~GEO transfer. The tether is attached
to a massive LEO base. Payload increases of roughly 20X per 100 Km of
tether are predicted.

Similar results for deep space missions are shown im Table 3.2, this
time in conjunction with & Centaur vehicle. The value of cy = 80 Km?/sec?
is typical of direct Galileo orbits, and, as shown, an 8% payload increase
is predicted per 100 Km tether length. For other excess hyperbolic

velocities, the results are given in Fig. 3.1.

3.{ System description.

While these calculaticns clearly show the desirability of such tether
systems, they ignore the complications due to the finite mass of the lower
platform. In particular, these can be important if this platform is simply

the Space Shuttle, plus possibly a lighter station at the lower tether end.
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Table 3.1

ORIMINAL PAGE IS
OF POOR QUALITY

PAYLOAD BENIPIT I'ON GEOSYRCIRONOUS ORRIT TRANSFER*

Tothy 1eo,th

(l.h.’

L
Cnqulation conditions:

Payload Weight
(ky)

2465
3122
3675
432¢

5100

1. SHUPTLE + Two stage I1UJS

Stage
Isp(sec)

f stru.

WT prop. (kg)

2. Parking orbit:

1 2
291.9 289.7
+946 .933
9707 (2722)

300/300 km

Payload increase
(%)

18
39
63

93

3. ‘''rther system dock with shuttle in parking orbit.
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Table 3.2

PAYLCAD BONEXIT FOR SOLAR SYSTEM EXPLORATYON®*

G3 Tether Jength Injected :masc Inereasc
(kw2/fruc2) (km) (kg) (%)
15 0 7693
100 8253 7.2
200 8857 15
300 9511 23.6
A% 400 10219 32.8
20 0 2246
-100 2413 7.4
200 25,89 15.2
300 2771 25.3
400 2963 31.9

*.Calculation conditions:

1. SHUTTLE + CENTAUR
Isp = 444 sec
WT of propcllant = 13608 kg
Dry WT = 1827 kg

2. Parking orbit: 300/300 km

3. Tether system dock with shuttle in parkino orbit.

2 _ 2 n,

4. C, =V -

3 - —

r
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This combination is quite attractive in that it reduces to a minimum the
needs for elaborate and costly space platforms, and is therefore amenable
to an early implementation. In the remainder of this section we describe
and analyze a reuseable, low mass tether system for use in conjunction

with the present Space Transportation System.

3.2 Space-based, low mass tether rvstems for orbjital transfer assist.

The core of this system is a pa.r orf relatively light space platforms
connected by a tether of up to about 100/200 Km length. The lower platform
can be quite similar to the pallets used as Airborame Support Equipment
(ASE) for mating the IUS rocket vehicle to the Shuttle payload bay. It
would be designed to house the wind/unwind mechanism and controlr, to house
the fully wound tether during initial launch and between missiors, &nd to
dock and interfac. with the Shuttle for subsequent missions.

Th2 second, or upper platform, has as its mission to receive the OTV/
payload package from each loaded Shuttle after its docking with the lower
platform, to hold this package during tether unwinding, and to release it
after stabilization at the fully extended position. Due to the low gravity
gradient forces involved in this system, this uvpper pallet can be consider-

ably lighter than the aforementioned ASE.
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After releasing the OTV, the tether would be rewound in stages as

discussed below, and the whole system would be left in orbit for reuse.

Since its total mass is of the order of 15 Tons, the system can be de-

livered by one single initial Shuttle flight. 1Its reuseability is in

principle only limited by tether wear.

FPollowing is s step-by-step description of the typical mission

for this system:

Stage 0:

Stage 1:

Stage 2:

Stage 13:

Shuttle flight delivers tether system to orbit (bertween
300-400 Km). System consists of a lower pallet, designed
to dock with subsequent Shuttles and to wind-unwind the
tether, 8 length of tether (100-200 Km, depending on pay-
load), and an upper pallet, or teleoperator, designed to
hold the OTV and pavload.

Later, another Shuttle flight docks with tether system.
OTV + payload is transferred to upper pallet. Tether is
unwound slowly, at controlled rate. After stabilization,
OTV is released.

0TV fires, places payload on tramnsfer ellipse. At GEO,
OrV circularizes.

Shuttle, docked to pallet and with extended tether enters
an elliptic orbit, with perigee above sensible atmosphere.
While in this configuration, tether is partially rewound,
until its c.g. coincides at apogee with original c.g.

altitude.
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Stage 4: Shuttle releases (at one apogee passage) tether system, which
stays in original circular . 't. After release, pallet
completes tether rewinding. Shuctle itself goes into slightly
modifi.d elliptic orbit, from which it reenters as desired.

Tether system is ready for reuse.

3.3 Performance analysis.

Nomenclature:

L = tether length

ML = mass of OTV + payload

Mup = mass of upper pallet

Mtot- sum of these

MT = mass of tether

MLp = mass of lower pallet

MSH = mass of lower platform (Shuttle)

RLEO = radius of orbit for autoncmous tether system. After Shuttle
docking and tether deployment, RLEO is the ordbit radius for
the overall c.g.

G = Overall c.g. before 0TV release

G' = Overall c.g. after OTV release

= = distance from Shuttle to G

x' = distance from Shuttle to G' before partial rewinding

= distance from Shuttle to G' after partial rewinding

Xpg = distance from Shuttle to tether system c.g. after partial rewinding
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Before payload release (but after tether deployment), the overal c.g.

(G) is at a distance x from the Shuttle-mated lower pallet:

] HL + Mup+ MT/Z

Mror

X

L é | M’!‘OT-MSH+MLP+MT+Mup+ML

After ML separates, the new c.g. (G') is at

c— e : : M+ 2
. " Rk 4]

o Mpor~ My

4  Point G' now enters an elliptic orbit

with apogee
Reo Ram RLEO- (x—=x")

and apogee velocity

N Va =V i"m (Rppo~(x-x")]

Using

2R

2 B
R+ R
a p

viel

a » and expanding
8

to 1% order in (x-x')/RLEo. we find from the above

- = -'7/ - '
R = Rgo x-x')
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Next, we slowly rewind, while G' stays in the same elliptic orbit.

When the new tether length is £, the distance between G' and the Shuttle

is

M +# /2
;' - _P.B._.—T—— 2
Mpor L

where ﬁ,r - M L/L
2
and ﬂLp"’H.P*’ (1—-17)&r

so that HT + RLP = MT + qu

- Also, the distance to the c.g. (GTS) of the

tether system alone is

M+ ﬂle
s "W AW, U L
MLP MT hup

R -R '
2 P . 6 X=*_  forces in-

= plane
Ra +R RLEO

The orbital eccentricity € =
oscillations of rhe tether at the orbital frequency and with amplitude e.

x - x'

Reo

end will not be included in this analysis (although they should be assessed

it
It can be shown readily that their effect\6} gseccnd order in

in a more careful study).

The forward speed of G, . at apogee is therefore

TS

S _In\ VY,
Vors® Va ¥ (s XD
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We want to stop rcwinding and release the DTV af apogee when VGTS

coincides with the orbital speed at the locatiua of G TS* i.e., at

o!

Rops™ Rgrt Xpg= X7 = Rypg¥ Xpe= %

- x4+ x'

This leads to the condition

: U - . V) - - ! I T .
\/:‘mzo+ Xpg~ X + %' - x' -\/Rf.so [Rigo(x = =01+ 7y R k0 e

or, after expansion and simplificationm,

iTS - X'z x - x

In words, the c.g. of the tether aystem alone must be made to coincide
with the original overall c.g. If this condition is setisfied at the instant
the Shuttle detaches from the partially rewound tether system, the latter
(its c.g.) will remain in the original circular orbit. Final rewinding after
this time will not affect this result, and so the fully retracted tether
system 1s ready for reuse.

Using the formulas derived for x, x', iTS and X' , we can now calculate

the required partial rewinding length:

"'rz My g ,
GM + 5 Lz Mup+ -2-—-1:R=M.L4»»»1““”1.1./2L MuE+MT/2

”*ror M Mgy Mpor M Mror " Mporm M

L

or, after simplification

2
_2_~_;gg+\/(__n)+2u(‘ M'rs Moyt Mpp* Mo/

T M'I'OT MSH

= +
where MTS MLP MT + Mup (tether system mass).

[
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After relearing the tether system, the Shuttle itself enters a new

elliptic orbit with apogee ac

-~ | -
Ry = Rgr = X' = Rpg = x*+ %" =X

with apogee velocity

Hence its new perigee is &t

- - { - ' L i'
Rp,Sﬂ R ko T(x - x )

This may in some cases be actually higher than the altitude of the Shuttle
in the first perigee passage after payload release, but before any rewinding.

Inus, one should also check this altitude.

= - ' —-— = - °
Pyin,su. = Rpgr X' "Rg = hpgo - 7x 4 6x

.+ Numerical Example.

Consider the case where the system is orbited at RLEO= RE + 400 Km,
the tether length is 100 Km and the loaded Centaur mass is 19,109 Kg.

0f this mass. 5009 Kg are payload.

For these conditicens the tether mass is (See Appendix 1).

MT = 0.140 x 19,109 = 2675 Kg
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We find for this example AVP = 2235 w/sec , AV, = 1448 m/sec .

Using the Centaur data Mp = 10870 Kg, M_ = 3230 Kg, I.p = 444 sez,

the payload mass then is

M y = 4935 Kg
and fhe loaded OTV mass 1is

HL = 18,992 Kg

These are indeed close to the assumed values. For comparisom, if the
tether were not used, one would need AVa = 2398 m/sec, &VP = 1456 m/sec,
giving M___=~ 4356 Kg. Thus, the tether system allows & 13.3% increase in

pay

payload to GEO.

The same calculation was repeated for L = 150 Km, ML- 19,412 Kg

of which 5312 Kg are payload), MT = 0.711 ML = 6910 Kg and, on account
of the higher tether mass to be rewnund and stored, MLP = 13,000 Kg.

The results are now

Miopay ® 123,322 Keg Mg = 23,910 Kg
x = 32.68 Km x' = 10.76 Km

£ = 105.76 Km M, = 4,892 Kg

X' = 6.56 Km Kpg= 28.51 Km

byry sy = 235-8 K hgy p = 200.6Kn

Thus, 150 ¥m is still feasible with a full Centaur payload, allowing a payload
increase of 20.5%7 over the unassisted Centaur. However, the tether system is

now bulky and heavy enough that rewinding operations may begin to be cumber-

some.
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3.5 Estimation of Pallet Masges for the 100 Km Case.

From the masses and c.g. locations of the previous examples, the
tether tension can be cilculated. After payload release, but before

significent rewinding, we find
F = 980 Nt
whereas immediately after Shuttle detachment,
F = 530 Nt

A rewinding velocity of 1 m/sec is assumed. This should causze librations
of no more than 2-4° amplitude, provided appropriate damping and terminal ten-
sion control is exerted, and implies sowe 14 hrs. for each of the two rewind-
ing phases (under Shuttle power and own puirer respectively).

With these data, the power required on board the lower pallet for the
autonomous rewinding phase is 530 watt. Allowing for mechanical losses
and some maneuvering margin, a 1 Kw power supply is adequate. This can be
provided in a variety of ways; perhaps the most compact for this application
would be a H2—02 fuel cell similar to those in the Shuttle itself. The mass
and volume of cryogenic fuel needed is minimal, and tLe length of time when
cryogenics must be stored on the pallet is only the duration of the rewind-
ing phase. The mass of the 1 Kw fuel cell caun be about 10 Kg, plus about
5 Kg for reactants and tankage.

The rewinding motor itself must also be on the lower pallet. It must

also be used as a generator to absorb the mechanical power generated during

the deployment of the tether with the OTV and pavload at its end. Since
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this operation is done while the pallet is mated to the Shuttle, the
generated power (about 5 XW peak), can be used to supplement the Shuttle's
own power supply, or can be radiated from a resistor bank. Allowing for
losses, an 8 KW DC motor-generator seems adequate; at a conservative
25 Kg/KW, this implies a mass of 200 Kg, to which we should add another
200 Kg for gearing to the low RPM required.

Additional mass items for the lowe- pallet include the reel drum and
supporting structure. The volume of the Yully rewound tether is about
2.1 m’; an aluminum drum 1.2 m. loung with a core diameter of 0.4 m and
end plates of 1.6 m, using 2 cm Al. thicknes: has a mass of 200 Kg. A
similar mass can be assumed for the drum supports.

Tre main scructure of the pallet itself, including its Shuttle inter-
faces, can conservatively be likened to the Airborne Support Equipment
for the IUS vehicle, which has a mass of 4160 Xg. After adding the items
just discussed (power, motor-generator, reel and reel support), the lower
pallet mass comes to 4975 Kg. Thus, even allowing for 10%Z growth, the
6000 Kg used in the calculations seems conservative. Regarding the upper
pallet, its main features may :¢gain be likened to those of the ASE, except
that, since launch loads need not be absorbed (only the approximately 1/20
g gravity gradient force), it must be possible to lighten its structure
considerably. Some attitude contrel propulcion should be added, mainly
for control of rotation about the tether line and of out-of-plane oscil-
lations; no estimate of these needs is available, but it is unlikely thai
the required thrusters and fuel would exceed 500 Kg. Altogether, the

figure of 400 Kg for the upper pallet appears reasonable.
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3.6 Estimated Economic Percormance.

It is clear that a detailed assessnent of the economies of adopting
the scheme under discussion would require a much more thorough design and
systems stuay. However, some péeliminary considerations can be advanced
at this point,

First, the initial development and deployment of the tether system
requires some up-front investment. Since dﬁly 2 medium level of technology
is involved, an R & D and procurement cost of $40 M can be estimated. Tco
this we mu:st add the initial launch cost; assuning the Shuttle flight can
be shared, the 13,000 Kg tether system would displace cargo revenue of
abont $18 M.

Let co be the cost per Kg for transportation to LEO ($1000/Kg for

the Shuttle) and Co the procurement cosz of .the OTV (estimated at $50 M

tv

for the Centaur). Let also MOTV , Mpay.o and M be the OTV mass, pay-

pay
load mass with no tether used and payload mass with the tether system.

Then, the costs per Kg of payload to GE0 without and with tether are

M c
c = c (1L + oIV ) + OV
w/o o M
pay,o pay,o
Moty Corv

c -c, (1 + T ) + i
pay pay
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The cost saved per £light due to the extra payload allowed by the

tether is then
(cw/o- cw) Mpay - (coMOTV + cOTV)

and, denoting by Ccap the initial capital investment, the number of

flights required to pay back that investment 1is

CeY

¥
. pay

(e Moy * Corv? (1
pay,o

N=
-1)

Using Ccap = 40 + 18 = 50 M$, ¢, = $1000/Kg, MOTV = 15,000 Kg,

COTV = $50 M and a 13.3% payload increasse, we find

N= 6.9

which indicates a very rapid payback, and justifics ignoring discounting

considerations at this stage. Other issues that nead a deeper examinatlon

are the possible increcase in missiu. support costs due to the added

complexity of the transfer maneuver, and the impact of this maneuver on
the overall Shuttle flight costs. Some compensation may occur due to

the reduced deorbiting AV needed after the tether release.



4. Platform-Based Intermediate Tether Svstems

4.1 Introduction

as shown in Appendix 1, the mass of a tether with a given mass at
its end increases about quadratically with the tether length up to some
250 Km, after which, even with an optimally tapered cross-section, the
mass increases much faster. The numerical examplee of Sec. 3 showed that,
for pavloads consisting of a fully loaded OTV of the Centaur or IUS type,
a free-flyving, re-windable tether that uses the Shuttle as reaction mass,
is 1imited to about 150 Km in length. Beyond this length, a8 larger
reaction mass is necessary, with a means of restoring its orbit after a
launch, and rewinding becomes undesirable. 1In this section we consider
systems of this type, anchored to an orbiting Space Station. Insertion
of payloads into a LEO-GEO trar fer orbit is the mission studied in detail,
however, other missions may be possible for a Space Station-based permanent
tether facilitv, including capture and release of higher near-Earth
satellites for inspection and repair.

4.2 Tether—Assisted Insertion into GEO Tramsfer Orbit

The system to be considered can be summarized as follows:

a) A Low Earth Orbit space station is assumed to have a radial
outward tether deployed as a permanent facility. It must
also have some electric thrusting capability (over and above
that required for drag make-up).

b) This tether is restricted to lengths below 300 km, in order
to keep the tether mass from becoming dominant for its own
tension. This length aleo provides a reasonable extrapolation

of already planned tether technology (~100 km).



URIGIAL PAGE 18
OF POOR QUALITY

36

¢) Payloads (attached to an OTV vehicle, such as Centaur or IUS)
are delivered by Shuttle flights to the space station, and are
attached to a sliding '"ferry" for transportation to the other
end of the tether. The ferry must have a braking system, a
radiator for disposing of the brake heat, controls for speed
and some power generation capacity for return.

d) After release from the tether end, the OTV engines are fired
to supplement the velocity up to that required for insertion
in a Hohmann ellipse leading to GEO altitude. vircularization in
GEO is made with a second OTV firing.

1
Let L be the tether length, M the mass of the combination space

PL

platform--deployed tether and R the orbital radius of the platform before

LEO

payload deployment. After deployment, the payload is at a radius RP = RLEO‘
M
L-—~T—E£———— , where m is the mass of payload, OTV and ferry, while the plat-
M + m
PL

m

form sinks to R,, = R, .. - L ——————— . The velocity of the payload just

PL LEO M . m

Pl

R
L P
after release is | ¥ and after adding a perigee impulse AV,, it becomes
\Rieo Riko P P P

the perigee velocity of the transfer ellipse, with apogee at RGEO’ namely

N *Reeo B
Rp Rp + Repg
Thus ‘
BVp = /g“ RZR?Eg - /Ru ip
p Rp * Reeo  / Reeo Rreo

or, in dimensionless form,

AYP 2p ‘
ronNRE ¢ 2w vy B ()

C, LEO
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R
GEOQO A L
s, P =—=—— , and f = 1 + i3y with A = —5—

RLEO L+v RLEO

where v

= o
C,LED . Ripo

=

m

1
"pL
The usuil expression for the Hohmann transfer is recovered for f = 1,

At the apogee, the circularization jmpulse must be

U ZRP where v = i

= - - »

8V, = Vegro T, Rozo & * Ropo C.CE0 R,y

or
a2 (2)
Ve ,GEO Bt

The platform mass must be large enough to prevent too low a platform

perigee after release; as shown in Section 3, this perigee is at

AV
1 - 1+v) W
Rp p” ~ Reo = A7 %) Rego 3
2 -1 -7)°
14V

Ar; example of calculations for this system is shown in Table 4.1.
The space statiorn is taken to be in a 400 lkm orbit (RLEO = 6770 km),
while RGEO = 42200 km. The values of VMax shovn are those that would
give a 250 km platform perigee; a reduction by 1/1.5 is assumed for safety,
snd is given as the v adopted (heavier platform). The tether mass is
calculatea for tapered Kevlar Aramid (p = 1.44 g/cm®, 0 = 1.397x10°NT/m?,
safety facter = 4). The payloads and inicial OTV loaded masses are for

an assumed Centaur vehicle (structural mass = 3230 kg, propellant mass =

10870 kg, exhaust vell- ity = 4355 m/sec). No orbital plane change was



considered.

As the table shows, there is a

tether, and a 38% gain for a 250 km tether.

varies from 0.14 to 1.27 of the maxisum end
of t.. rder of 25 ton in this example, the
250 km) is about 32 tor.
the end mass (as a minimum); i.e., from 130
would include the empty Shuttle attached to it.

reasonable, and appear to be within the scale of the contemplated Space

The platform mass

Operations Center, or expansions of it.

mass.
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All these figures are

The mass of the wire itself
Since this mass is
maximum tether mass (for
varies from 5.3 to 14.7

to 370 ton; presumabdly, this

Tether length (km) 0 100 150 200 250
A= L/R £ 0 0.01477 0.02216 0.02954 0.93693
MAX 0 0.273 n.167 0.120 0.0937
v (adopted) 0 0.182 0.1i1 0.080 0.0625

M(Tether)/m 0 0.140 0.356 0.711 1.269
M(Platf. eonly)/m . 5.35 8.65 11.79 14.73
£ 1 1.0125 1.0199 1.02735 1.03476
AV, (m/sec) 2398 2233 2133 2035 1938
avV_ (m/sec) 1456 1447 1442 1437 1432
BV (m/sec) 3854 3680 3575 3472 3370
M, (kg) 4409 5009 5312 5684 6076
IMO floaded OTV) (kg) [18,509 19,109 19,412 19,784 20,176

Table 4.1 Performance of tether-assisted LEO-GEO system.

R = 400 + 6370 knm.

LEO

207 gain in payload for a 150 km

Centaur
otV
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4.3 The Platform Propulsion System.

The climbout of the ferry would lower the platform c.g., and the
release of the payload/OTV woulid send the platform into an elliptic orbit
with perigee well above the atmosphere. A propulsion system is required
on board the platform to restore its orbit before the next launch. The
thrust can be applied either after or during the ferrv excursion.

“ercurv bombardment ion engines have been developed to the poirnt where
confident performance and mass estimations can be made. Byers (Ref.4.l)
presented a mechodology based on excrapolations from existing thrusters
which can serve as the basis for our analysis. Specific impulses (Isp)
from below 2000 sec to over 4000 sec are possible by adjustment of
voltages. Very low values of Isp lead to high propellant resupply reates,
as well as to low efficiency of the thrusters. On the other hand, very
high ISp implies high power requirements, with attendant mass increases.
We present next a study to determine the appropriate specific impulse for

our application.
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The input power to a battery of ilon engines operating at exhaust

velocity ¢, with propulsive efficiency ﬁp and thrust F is
P = Fec/2r
P

and in terms of the velocity increment .V to be imparted to a mass

Y in a time tb R

= Me! r
P = MclV/2 ptb
In Appendix }, an expression (Eq. (28) of that Appendix) 1is
derived for the .V required to re-establish the orbit of a space
station at R‘EO after release of a payload from the end of a tether
L
line of length L:

& HE )

Vo= 2,352 v
¢ Rro Mrotal

where m' is the mass released (OTV + payload), L is the tether length,
and v, is the circular velocity in LEO. If the engines operate after
pavload release, the mass to he accelerated is M = MTOT- m' . Also,
Eq. (5) gives the average power during orbit recovery, but, as shown

in Appendix 3, the thrust must be applied in a modulated fashion,

F=F_ (1 - 3 cos 9)

0 2
where € is orbital azimuth from perigec. This leads to a2 ratio
P |F|
max _ max _ 5/2
<> <|F|> 1.176

Therefore the peak power required is

5¢c w L c
P o.o=5sT- nl-5 Mz )T
max 2 np 1TOT E0 %

(4)

(6)

(75

(8)

(92
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Some modification is needed if platfora thrust is also applied
A

m .

during the ferry climbout phase, but since ﬁ& is typicaliy ~ 0.1,
oT

the impact on Pmax is minimal. Notice the small sensitivity of Pmax

to M , and the proportionality with tether length.

platform

The amount of propellant (Hg) used foilows from Eq. (6):

MAV m' L Ve
=—= 2352 n'"1 -7 )E )—
Hg c Mo Rpo © (10)
The propulsive cfficiency of ion engines increases as the
specific impulse at which they operate is increased.
In general one can write
n = ncD (
11)
P 2eV
LOSE
1+ )
g ©
wvhere ncD is the power conditioning and distribution efficiency,
VLOSS is the thruster power loss per ampere beam currcent and e and
m, are the ion charge and mass respectively. From the detailed
analysis of Byers (Ref.4.1) one can use for existing and near term
mercury ion engines at 0.95 propellant utilization fraction the
values
ncD = 0.752 , VLOSSB 133 Volts
this gives
n = 0.752
P (12)

1+ 1.282x10%/c?

(an almost equally good fit can be obtained for the more physical

value VLOSS = 150 Volts if nCD is raised to 0.765).
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The cost per mission includes some components that are sensitive
to the choice of exit velocity ¢ for the ion cngines. These are

(n) A recurring cost ¢, M ,» where C} is the cost of

H H 1
& & £
mercury per Kg (in orbit)

(b) Non-recuvring costs, mainly the cost CP Mp of the power
s 's

system, where Hp = Pmax and o is the specific mass of
s

the power system (Kg/watt). Other non-recurring costs that
r.ay depend on ¢ are those associated with the ion engine
hardware; higher specific impulse implies smaller fuel
tanks and olher fuel-related components, but larger power
ccnditioning and power-related components. Overall, Ref. 4.1
concludes that the engine system mass is insensitive to
specific impulse, so we omit this from our discussion.

Ve are thus led to choose the engine specific impulce c/g by

minimizing the partial cost

o =cy My + 22 o p (13)

where N is the number of reuses of the power system. Using Egs. (9,

(10) and (11) this can be rewritten as

aC c; + c;
¢ = 1.063 ETP'E' (c + ~——=) (14)
b ‘e
where
2e V
LOSS
cy, = —— (15)
£ m1
c t. n
2 _ 1 Hp b ¢ 16
€a 1.083 ¢ N o (16)

ps
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Differentiction gives

-\ /“;_:—::— (17)

Corr T\ %2 a

. Cq s f
i.e. c, for no recusability, but c P\ N for many reuses.

£ 0

» Sopr ©

An estimate of the cost of a multi-hundred Kw solar array can be
obtaincd from Ref.4.2 ,where detailed design and costing is performed
for several types of arrays in the 400-600 Kw power range. The
lowest cost (for low concentration ratio GaAs cells) was found to be
326 $/Avg.Watt, of which about 90 $/Watt corresponds to launch costs.
The array specific mass was zlso found to be about 10 Kg/Kw(BOL). For
an assumcd ratio of average to BOL power of 0.85, this leads to
27,700 s/kg array cost (7630 S/Kg for launch).

The high array launch cost just mentioned is related to the special
arrangements for pressurized Shuttle »ay stowage and self-deployment.
By comparison; supply of mercury propellant to the space station is
likely to be a simple operation: we assume a cost of mercury in orbit

of ¢y = 2000 $/Kw (including a comparatively minor allowance for
g

purchase price),

The power system specific mass a includes not only the array itself,
but also other component:c, such as gimbals, regulators and battery systen
for eclipses. For the first two itcms we follow Ref.4.3 and assume the
follewing masses:

Gimballing system 4 Xg/Kw

Regulators 5 Kg/Kw
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For the batteries, we assune Niuz type, with energy density
17 " att hr/Kg and charpe-discharge eificicncy of 0.77 (Ref. 4.3).
The total encrgy storage aceded can be calculated using the thrust
profile of Lg. 77y if the eclipse time is specificd. The worst casc
for shadowiny occurs vhen the sun lies in the orbital plane, and

gives a shacow time

/Rauzo -1
tsh= i\ ~E-- sin ) (18)

(‘f’*"‘
RLro
wvhere RE is the Earth radius.

An additional consideration to be made pertains to the relative
location of thc eclipse zone and the orbital perigee; this is
important, since, according to Eq. (7), the perigee power demand is
only 1/5 of the peak demand (at apogcc). Apogee for the perturbed
platform orbit occurs at the location of payload releaze, aund one can
in principle place it at orbital noon to minimize energy storage.
Since the fuel cost of moving the payload within a GEO orbit is small,

it seems reascnable to assume such a releasc strategy. With this

assumption, the mean power demand during eclipse is given by

sh/2 .
Pon” 2 |2-3 cos 6| 2 0.2216 - 0.6 FE/RLE0 9
—sh _ 2 a6 = 2 + (1
P 5 5 5 =
max sh “0 sin ( )

EO
-1
= i i . i
where Gsh 2 sin RE/RLEO is the orbital arc in shadow. A similar
calculation can be made for the rapacity excess during the sunlit phase

of an orbit for an array dimensionecd for peak power.
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Some results of these calculations are shown in Table 4.2.

Table 4.2

Ortit altitude (iU 100 200 300 400 500 e -
Masx., Shadoe time (minutes) 38.37 37.26 36.56 36.08 35.73 35.46
<p /P 0.1353 0.1279 0.1232 0.1201 0.118) 0.116¢
T sh max

Ideal storage req'd (pop/py 0.08652 0.07943 0.07507 0.07222 <7033 < 1689]
p ’
max

Excess capacity during sunlight , ;o4 3 909 3,516  3.976  4.402  4.799
storage required

The last row of Table 4.2 shows that no extra array area is required for

hattery charging. The storage required is only weakly dependent on orbital
altitude. Using the value 0.07222 (for 400 Km orbits), and including a

battery efficiency of 0.77, the battery mass needed is

Battery mass _ 0.07222x1000(Watt hr/Kw) _ 5.52 Kg/Kw

Peak power 0.77x17 (Watt hr/Kg)

Thus, including the array, gimballing, regulators and battery system,

we arrive at a power source specific mass

_ (10 + 4)

o8y tS5+5.5=27.0 Kg/(Kw to engines) (20)

where the factor of £.85 accounts for the extra BOL array area required to

accommodate ¢¢ll degradation.
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For the case where the Centrur OTV is used, the mass released is of
the order of 20,000 Kg (See Sec. 3), varying slightly with LEO altitude
and tether length. For power estimation purposes, the ratio m/MTOT will
be assumed to be 0.06; this is compatible with a safe platform periges
height, and in any case, is an insensitive parameter (Eqs. (9), (10)).
Finally, we choose a total lon engine firing time of 14 days; as we will
see below, this is about twice the fervry roundtrip time adopted in this
study, and should therefore set the maximum misslon frequency for the

tether system.

With thes= parameters, Eqs. (17), (9) and (10) read

Copp= V 1.282x10° + 2.289x10° N

(30L) _ 3.884x1077 ¢

MAX 0.85 n c ék )
) P KL.EO

P

. L vc
MH = 44200 <

g Reo ©

Table 4.3 shows calculated results for a 250 Km tether

-

g 1 10 30 100 300
¢ opp (M/5eC) 11,420 12,290 14,030 18,300 28,550
(1) gpr (se€) 1,166 1,254 1,432 1,928 2,913
n 0.380  0.407 0.455 0.5533  0.6498

at (EOL/BOL) 331 332.3 338.8 115.5 483
c Pmax(Kw) —389 _ ——T —
OPT 390.9 398.6 441.8 568.2
My (Kg/mission) 1,095 1,018 891.9 662.2 §38.4

g

Table 4.3 Optimized propulsion system parameters as a function of
number of reuses, for a 250 Kn tether and a 400 Km LEO
orbit,
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and a 400 Km platform orbit. These results are insensitive to orbital
height, while PMAX and MH scale in proportion to tether length. As
shown, the range of speci%ic impulses from 1500 to 3000 sec is optimum,
depending on reusability. The tradeoff between power and propellant
mass is apparent from the last two rows of Table 4.3.

1f we adopt 1sp = 2000 sec (optimum for about 115 reuses), Byers'
analysis (Ref., 4.1) can be rather directly applied. The accelerating
voltage and net voltage (including the decel electrode) are 2000 and 443

Volts respectively. The individual thruster diameter was selected at

50 cm. The results are summarized in Table 4.4 (for a 250 Km tether).

Table 4.4 Platform propulsion system characteristics

Type Hg ion bombardment
Diameter per thruster 50 cm
Specific impulsc 2000 sec
Thrusting time 14 days
Thrust ﬁer unit 0.546 Nt
Thrust power per unit (including
distribution losscs) 9.56 Kw
No. of thrusters required 41 (+ 4 extras)
Mercury mass per mission 632 Kg
Solar array power (LCOL/BOL) 384.2/452 Kw

Thrust systew mass (thrusterc, thermal
rontrol, power supplies, interface

module structure, etc.) 5464 Kg
Solar array mass 4520 Kg
Xolar array gimballing mass 1808 Kg
Solar array regulators mass 2260 Kg
Battery system mass 2113 Kg

Total propulsion related mass 16,165 Kg
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4.4 The Ferry Drive Syster,

u this scction we calculate the required power gemeration and power
dissijotion cipacities of the ferry vehicle that transports the payload
and 0TV to the end of the tether line.

Let w be the outbound travelling mass, made up of the 0TV, the pay-

load and the rcturnable fervy
m=mn'+ MF . (21)

vhere m' = b + M and MF = ferry mass. When the ferry is at a

'oTvV ' LOAD

distance y from the lower platform, its distance from the (moving)

overall center of mass is y—y,_g = (1 -V)y - vT L , where

M M
v = B v T v —pr (22)

Mo +m+MN ' T M +m+ M, "M +m N
' P " P T
and Mp and MT are the lower zand upper platform masses respectively.

Hence, tlie mechanical power being generated when the upward velocity

dv

j 5 'E‘JL“ 1S
= 302q (Y - - :
Pup 3°m (dt)[(l v)y vT L) (23)
AY)
Notice Pup< 0 when y < 1oy L ; 1.e., external power must be

supplied to reach this point (at which time the ferry is at the overall
v

c.g-). For vy > 1§v L, power is being generated.

A similar expression applies for the return trip, when the travel-

ling mass is the ferry alone:
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) = 1)? SLV_ _ 4 _ r
Id(\‘m 32 NF (dL)[ (1 V') y \)T L] (24)

}.‘
wher vF and Vpoare analogougs to Vv, Vo but with M replacing m.

F

d
Here, sincc €Y« . P‘oxm is negative (external power needed)
L84 /
¥
Y
vhenever y > T , 1.e., most of the time.
1)

The first question arising is the disposition of the mechanical
power available during most of the asceut phase; this power can be
conveniently and controllably cenverted to electrical form by driving
a DC wotor-generator in the generator mode from the (non-sliding)
guiding pulleys which engage the tether line. Three options will be
considered here:

(a) Storage of enough energy for the return trip, radiation

of the rem:inder.

(b) Use of the gcnerated energy to power ion cngines on the
ferry, thus contributing to the orbital recovery of the
platform,

(c) Radiation of all the generated energy.

Regarding option (a), we nntice that it would allow elimination of

a separate power source for the return trip, such as a solar panel
(supplemented b, batteries for eclipse times). Thus, the option can be
assessed by comparing the required battery mass needed to that of the
dispiaced power supply.

For the power supply, if one is used, the BOL array power required,

acsuming 857 degradation at EOL, 75% DC motor efficiency, 777 battery
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eff .ciency and 36.1 win. shadow time/56.4 min. sun time (400 Km orbit),
nust be

down,max

1 36.1 ,
> = ¢ - . ”
Psa, 0L 0.75 5785 ' 0.77x56.4) " 28 Paoun,max (25)
The mass of this power system is then
E
, Batt
Mps asnpsa,BOL B (26)
where, following Ref. 4.3, A " 12 Kg/Kw (blanket) + 5 Xg/Kw (regulators)
+ 4 Kg/Kw {gimballing) = 21 Kg/Kw.
Also, Ebatt is the energy to be stored in the batteries for the
eclipse time, and B = 17 Watt h/Kg is the energy density of the assumed
Ni»HO batteries, sc that
F‘batt - Pdown,max x 3€.1 1 - 61.3 P (27)
R 0.75x0.77 60 0.017 ’ down ,max
Altogether, then,
Mps = 118 Kg/Kw (28)
P
down,max
Tte mechanical energy needed for ferry return can be calculated by
integration of Eg. (24). This leads to a battery mass estimate of
24 2 {l"\J' - (]
. i 3L M (55 v,r) (29)
batt 0.77x0.75 B
and comparing to Eq. (24),
M 1-v'
batt < L 1 2 T
P v 0.77x0.75 B 1-v'-v}!
down ,max

(3)
T
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For a constaut velocity return, L/v is the return time. Using

B = 17 Watth/Kg, vt = 0.02, v! = 0.01, we obtain

T

Mhaee

P = 1,20 t(days) (¥g/Kw)
down,max

~
(VL]
!-‘

~-

Comparison of (28) and (31) shows clearly that, except for
unreasonably fast returns, storage of power requires much more mass
than direct generatior via an on-board solar array system.
Regarding option (b) (propulsive use <i power generated),
a simple calculation will show that the contribution to the required
AV for recovery of orbital platform is too small to be worth considering.

The thrust that can be generated with & power P is F = 2inic, Also,

T
& = 3 Fdt
TOT !
0
Thus, using for the power P = 0.75 Pdown and using Eq. (24),
we obtain
M
%L? F, 1 3
= LA, p——— — 1T o e ]
AV = 225 LS (G + 3 VL T3 v,r] (32)

For values of the variables comparable to those used in other parts
of this report, this AV amounts to less than 1 m/sec. For comparison,
typical required AV values for platform orbit recovery amount to 50-170 m/sec.
Therefore. it does not seem advisable to include electric thrusters in
the ferry for primary propulsion. On the other hand, one can expect a need

for attitude countrol and out-of-plane libration control of the ferry; these

< 2
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needs have not been quantified yet, but the reaady availability of the brake
electric power may make it attractive to parform these tasks with ion
thrusters.

Following the above arguments, only option (c¢) (vadiation of all
(or most) of the brake power) remains. This would appear to pose no
special problems, since the power is in electrical form and cun be radiated
from resistive loads whese design temperature can be quite high.

Coésistent with this design concept, a solar srray power supply is
neceded for the return trip, with a mass/power ratio of 113 Kg/Kw
(Kq. (28) ). The peak power needed depends directly on the mass of the
ferry, which has not yet been determined prec'sely. For an OTV-payload
combination of 20,000 Kg mass, a preliminary estimate is MF = 3000 Kg
(DC motor-generator, controls, guiding pulleys, OTV attachments, trussing).
Following Eq. (24), for a tether length of 250 Km, and & ferry aspeed of
1 m/sec (return time - 2.89 days), this gives & psak mechanical power
requirement of 5.6 Kw, and therefore & solar array-battary sysies mess
of 670 Kg. This can be easily reduced, however, by operating the ferry
at a lower speed near the end of tue tether, where the gravity gradient

force 1s largest.

4.5 Dynamics of the tether system during ferry transfer.

When the tether system is permanently deployed and payloads, with
their orbital transfer vehicles, have to travel along the cable, new
dynamic effects may arise which have not been dealt with in the literature.
For instance, the ascent velocity v of a ferry of mass m gives rige to a

backward Coriolis force 2mQdv, which leads to oscillatory in-plane motion



of both, the ascending mass and the two end masses (the main platform
below and a small terminal platform above). At least some of the modes
of oscillation have the feature of a rapidly increasing frequency as the
distance between two of the masses approaches zero; there is therefore
the potential for a wrap-around tvpe of instability when the ferry
approaches the end of the tether., Similar effects can arise due to the
tether elastic’ty, and here the risk 1s that of greatly enhanced tension
due to dynamic ~ffects.

Two lines of attack have been followed in this problem. On the one
hand, an analvtical theory with some simplifications was worked out, first
for the in.plane oscillations (Appendix 4), and then for the stretch
o cillaticne (Ref. 4.4). This separation of the problem into two individual
problems 1is allowable because, due to the linearization used, the two types
of motion decouple to the order retained. Independently, the same problem
was treat.d at the Smithsonian Astrophysical Observatory (SAO) using
nunerical methods which bypass the need for many of the approximstions used
in the analysis; these SAD calculations will be reported separately.

Both studies reached very similer conclusions: for a tip mass of the
order of 10% of the platform mass, enough tension exists in the tether to
prevent instabilities and maintain oscillations within fairly small bounds
for climbing speeds of the order of 1 m/sec. The only time when a divergence
may occur is the terminal approach phase; and even there, careful speed
contrel in that phase can ensure a smooth maneuver. The detailed analysis
for the in-plane case is given in Appendix 4; & WKB approximation was used,

together with an inner-outer matching procese near each end of the climb.



4.1

4.3

4.4

53

References

t

Byers, D.C., "Characteristics of Primary Electric Propulsion Systems,'
AlAA paper 79-2041 (1979).

Woodcock, W.G., and Mann, J.A., '"Multi-Hundred Kw Solar Arrays for
Space." AIAA paper B0-9271 (1980).

"Space Operations Center, a Concept Analysis.'" A presentation by the
Johnson Space Center (paper JSC-16277), Nov. 29, 1979.

Kolota, L., SM Thesis; to be submitted in March 1982 to the Derartment
of Aeronnutics/Astronautics, MIT.



e

ORIGINAL PAGE I8
54 OF POOR QUALITY

The principal intevest in orbital transfar volates to low-towgeo~
syvchronous cases. We considared the possibility of performing such
transfers without any transfer propulsion, or with small AV's at most.
This requires a tether to be attachad to a low Earth ortiting platform
for release into the transfer alipse, and asnother tsther attsched to a
‘geosynchronous platform, to acquire the payload and circularise its
orbit.

hl N
y 2 ‘ A
P s
R R o e L R R P Tt PE R - rom e J e e it

o ' H
! . )\

L",...-..-.._- —————

rigure 5.1. Geometry for a two-tethey sysion.

The Jongth B of the upper tether depends only upon the period Pz chosen
for the orbit of the paylond (after application of an apogeu velooiiy incre-
mea i AVC . This is Pocanse two elsuents of that oxbit are proscribed,

¢
nareldy, the zewdmaior axis (by the period) ard the angular monemtawa (by the
requirancnt. that the anguloy velegity ot apogee must cgual that in the geo-

synohrenous oridt) . Shors comditions cin be exprossed as

2 Vv -(, 372
P~ "_ (i 2y /2 (1)
2 ‘,/T v,
Ve
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i vbe parigee of the orbit wnd ),
2
of Luktiy onad

(wheae R
‘4

‘\
" "
Vidag ) o (e ey o VR (89 (2)
2 ¢ R R+ N GE R
P:‘ I\ G8

vhar e the subuotapt ©F refews to the qrozynchrvonous oxbit. Using

2
Ves

to giwve

, Boee (1) and (2) eaa b eorhined by climination of Rl*

S L ;

;\ ()'z) ‘,:(;n‘ * "‘T. 2/3
..‘u....&- [0 S v T
."(RQ/I‘\G,,,\ 3 Ro (g,— Ty (2)

which can hao nolved sox ﬁQ onue 1'2 is praseribed, e tethor length

follows thon irown

H o= F‘Gss - RQ (4)

and tha porigoa R, from

2
4
RQ
RP BT o o - o
p 3 k) (5)
2 - R
2"(33 N’Q

the gravitational constant
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The suhserint 2 has beon uvaed 2o “Lrx 1o dndicate condilions
aftar op,tication of AVQ . For the agoent oebit (before AVQ), the

apogee velorily i

kO
V(apngrcl) - V(upogpuz) - AVQ o VcS T AVQ 6)
GS
and g, () can bo modtified to ealeunlats the precigee Rpl of this
ascent: orbit:
. “ R
My %;; . x“z;’)"la-"ﬁ“g’ " (Vg EIZ-S - AvQ)z (7)
Cnce RP ie so @otoewnined, the volocity at perigee can be exprescod
(frow couacriaiium of angular momontun) as
k R
v - ,-Sl Viapo.,) = R (Vg f‘i; - bvg) (8)

This veleeity conteins, in general,a propulsion-derived incroment

LV, , applied at or imsediatcly efter release. The velowity of the

P

end of the low-Farth teothaxr ic therefore

vtetbct = vbl - AVP 9

end
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and tho @bita) veloslity Vc' L of the platform at RLE
(or, w.re proclscly, of the orbital contey of thw tother paylond svstom)
ig therefore
- oh mom R
YA _LE 10
Ve i ‘_(‘r') Avy) T, (1o
L )
froo vhich J"‘IE car bo calenlated casidy. PFinolly, the Jow-Barth tethoy
longth is
w R - 11
h ’;?] Ree (1)

Pig. 5.2 and Table 5.1 show calculated results for the case of
Av, - AV.Q = 0. If we imposs the requirement that, in case of docking
failure, the payload and the lower platform of the GEO tether should
rendezvous &gain after a‘n‘ integer number of orbits, then the pericd P;

(T in Pig. 5.2) must be a rational fraction w/n of a day (m, n dntegers).
Thus, appropriate values of P, , for low m and n, are
1/3 day = 8 br., 3/6 day = 9 hr., 2/5 day = 9.6 hr., 1/2 dey = 12 hr.

As shown in Pig. 5.2, a period of 1/3 day implies -an upper tether
length of over 10,000 Km, and s lower tether length of about 1200 K=
from & low Barth orbit st 1200 Ka as well. Increasing the period to
1/2 dsy lowers the length of the upper tether tc about 6000 Km, but it

also requires the low Barth orbit to be at some 9000 Km altitude, with
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LT B \ VO )
2\‘.. },1‘.«'(’ &.‘.Ll ‘ahd(s 01 ,.’J.llo
L\ _ v period of transfoer orbit
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FIGURE 5.2. 'fUO=-YETHER SYSTEM CHARACTERLISYLICS WITH !\VP - AVQ = 0,
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The very leng tethers required for this comcep: are, msturally quite
heavy, and will have to be permsmently deuployed. Thare is & strosg incen~
tive to expleit the exponential depemimuce of mses on leagth by applying
partial impulsive thrust at the ends of the transfer.

. The tether mess calculation is contained in Appendix 1. It is of
iatrrsat that the much lomger CEO tether is of about the same mass.

The effect of iatroducing both periges and apuges firings (Aﬂb and
AVQ respectively) wes next imvestigated. The results for a wide range of
paramsters are listed in Tables 5.2 through 5.5. PFor the cases of the 1/)
and 1/2 day period, the results are also displayed graphically in Pigs. 5.3
end 5.4. The effects are generally as follows:

(d)  Inerenriog AVP at conttani. pariod incxeases the altitude o 100,

and decorcaras the tower tethoy Jongth, h.

(LY Incrcasing AVO at constont poriod deereascs the altitanls of 1U0,

v

p increasus of Is\’p resull in a shontor lower toth.oy,

ot the rovarne is trewo at high valucs ot Avp (> 800 n/sae)

For low AV

(¢) Ao discuryed beforoe, the dength H of the uppoor tether i vnn€fioc-

tued by cither AVP or AVQ, but is yediced if Lhe poried is ziloved

? to incrueasa.

. {(¢) TForx cach iranster time and cach valne of AVP , thexe 305 a muxi-

muin I\VQ foero vhielh the lower Barth orbit lecowas too low (a lindv

of 20C ¥ vas answmad here) . Sindlarly, for each AV, theve is

Q

& miniwum AV, for Lhe sare reason,

(@) The leugth of the dewer tether can be reduced to zero by incvencin
. g

( AVP ror cadd AVQ . Thz effcct of AVQ on h is minor.

yow R e

.
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AL an anevpin of o eombinbdtion which conld he usefu), we see in Fig,
4 that, fron ¢ 00 Km LB ovhit, weing o Jerer tether of length 390 lon and
supptying & veleoiby inerimnt M", L R I 2‘“5 after ro)oame, a poyload
cah be put dutlo a tranafer eldipre leadiry 1o Gaptere by the lower ond of
& CRO toethar of £913 ¥n dengih, if an apogue velogity inerewmoent
AVQ & 125 w/noe iz epolied priev to douhing. If ducking failws, another
sttoempt can bo wad aftor one Apy (tvo orbitn of the payload). " Hotice

thot for this Jower toiher length, ito mass can be of the order of ithe

payload nise.
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khite) pertuvhations of tha X0 plotform

——

In the caleulations no fax ve have luplieitly assumed vory heavy

Platioves beth $1 N0 oud in 6RO, I the mass of the LEO platfora is

dominated 1y that of the Shattle orbiter (dacked to a light frze-flying

tethr facidity, thoe catio M

(8:1 For a ¢ Wonne paylwid).  The roselt may
of the post-relersn thutlle perigec.

effoct, while sii)l ansuning & moesive GEO platform.

Pls i.i-m:m,/"'p::y.?.o;u‘.

In Lhis

may not he vory laren

Lo en excensive lowering

scetion wo eonsider this

The aow geuwotrieel arrsngerent for the lower teches is shown in

rig. 5.5. ¥he crbital conte: 46 at R, , given by (Ref.5.1)

e o com— .-v.”/\ﬂ.« ——— b9 > WO Gy 4o

'Y
- —— A4 - — —
(4
- .- .B'v’ - A
X |

orinvial

d
Coatinre

M“W
h

"

Tigure 5.5. Geometry for a finite lower platform mass.

/
\? dather end

Me

Ref.5.1, Study of Cortain Launching Techniques Using Long Orbiting Tothors

by Givsuppe Colombo, ¥inal Report on grant NAC-8008, fxom the
S0 Lo YasSA, Peb, 1981, ’ ’
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and is located at a distance h' » Rp - Re from the transfer orbit
1

perigee. Thus, h' replaces h and Re replaces ‘RLE 4in our previous

-analysis (Bgs. (10), (11) ). The new RLE must bs obtained from the

explicit form of Eq. (17); for example, .accounting only for two end

masses H[. !‘lz (Fis- 505)’ we have

S Rypo Mt Ry, Mo M
R, - - - (18)
M /R + M/
K LBO BP’

which can Ve -solved for 'RLEO .

The perigee of the post-release platform orbit can be calculated

from Bq. (6) of Ref. 5.1, which for our case reads

82 = = Rypo + 2/(2/R g = REgo/RY) (19)

The effect of this modification is to require a longer lower tether |
and to make high AVQ values unfeasible (negative perigee). As an example,
Tables 5.6 and 5.7 show a comparison (for 1/3 day period) of two cases,
one with a massive LEO platform (M = 5000 Tomne for Mz = 10 Tonne).

In the first case, where only a slight perturbation is introduced to
the orbit, a tether length h = 998 Em can be used from a 521 ¥m orbit,
which becomes a 521/511 orbit after release. Velocity increments AVy= 300

" m/sec. AVQ = 100 m/sec are required. In the case with the light platform,

the AVQ = 100 is not allowable, and sc, for AV?- 300 w/sec, only AVQ- )
is possible. The result is a longer tether (1155 Km) and a ‘higher orbit

b, 8 e PRI U AR S <5 S 0 5 o S, AR S g s b T 8B LG Y g e sk et g
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(- TABLE 3.6, PUATRORM TN 170

BN g e

M1 = 5,000,000 ki (platform)

M2 = 10,000 ko (sntedlite)
r = 1/3 doy 0= 10,390 ko
]
AV-Q'--Q-( v--nw[}- Pt e Ny vt pew »‘2."{,. - 0 b By , .rt-mnqlznot-(l- C ATy ”"“'-M»-D.‘—Mnrﬂl»:)/ ‘3
[} ; J * " u"
av,, | 1229 1452 \\ N S
0 . / N\ . / parigen
131237 367 R /"‘" TN aliltade
‘ /7 ' \ negative
//I.e(m /356
1168 1101 | :
100 Ja278 s 7
‘ s /
(o Azm // 408
/ /
, 1107 1050
200 | 1330 409
' 1326 /458
1043 998
‘ 300 1;403/' | 52 /
we | 719 /—su
: Z... ra
Incries are h in km

apogee altitude y
(km) ' - perdgee altitude (k)
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TABLE 3.7, syutiLn IN 1RO

¢ M1 ~ 80,000 kg  (slmttle)
M2 = 30,000 kg  (sacellite)

P« 1/3 day H = 10,390 km
H av m/ s
4 pecigoe
! o- . altitude
; | nerative
100
(
200
i 300
E,
" n/s
¥ -

Entries are h din km
apogee altitude /
(km) perigee altitude (km)
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Appendix 1

Tether Properties and Tether Mass

1. Calculetion of Tethsr Mase

For a radially deployed constant stress tether (etress = g, density = p)
the croes saction A(r) must be maximum at the orbital center (approximately
the c.g.) of the orbiting assembly. Let Apax be this maximum section and
RLBO the orbital radius out to the c.g. We can then essily find from atatics

that

Alr) = - 3y )

el (i - S
zamo R0
Expanding and retaining only quadratic terms (or, alternatively, start-

ing from a constant gravity gradient approximation),

A Ruzo
A(r) = A'«m exp[" D) GRL &LBO )

At the upper and lower end of the tether, the tagpact1ve concentrated
nasses MTIP and uPL must be in force equilibrium between tether tension

and gravity gradient force:

3 MeP L-xc 2
3 -iz' H (L-xcg) -0 Amx exp[~ 3 Fﬁ: (EL;O&) ] (3)
3 22 -0 A - 3 3% (—ﬁ) ] (%)
aim“n Xeg max **P 2 OR ;0

where L is the stretched tether length and xcg is the distance from the

lower platform to the overall c.g. of the system.
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Equations (3) and (4) can be solved for A . and X Unfortunately,

'.
except for limiting cases, this solution cannot be obtained in closed form.

To fecilitate discussion, let

N -

L 3 u.o
Yo - 33% (5)
Rigo /29 Rigo |
M %
\)--—t—i‘-n; E-—%& (6l.b)
L

Then, by division of (3) by (4), and after eimplification, one obtains
an equation for § (c.g. positiom):

-v2{1-28)

VG -1 = Q)
For short tethere (Y << 1), this has the approximate solution
~-—Y—»
T (8)

Por other conditions, Table 1 lists values of £ obtained from Eq. (7):

v=0 0.05 0.1 0.15 0.2 i
| Y -‘94E 0 0.04761 0.09091 0.13043 0.16667
0.5 { 0 0.05869 0.10843 - 0.15150 0.18937
1 | 0 0.10011 0.16380 0.21097 0.24823
1.5. 0 0.17652 0.24201 0.28396 0.31499
2 0 0.25775 0.31139 0.34371 0.36697
3 E 0 0.37446  0.39562 0.41393 0.42694
4 i J 0.41687 0.43608 ’0.b6732 0.45531

X
Table 1. Values of § = -%&
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The mass H.‘. 0of the tether cen be cbtained by integration of Eq. (2):

L=x

(T3 -
My P Apag Ly oxpl=y* @ 1dy = 0 A, TS (YE)+ erf(Y(1-E))] (B)

vhore y - ¢ - RLEO . The value of Ahnx is obtained from Eq. (3).

After sote rearrangement, we cbtain

; 2 2
;T-i o my-pe’ 87 [(are(vE) + erf(y(1-£)] (9)
tip

For small vy (short tethers), Eq. (8) can be used approrimatley for £,
with the result

2

M O e A (T§§9 £(=LY) + erf (=i-
(.J..)2
.2 T}-% o IV an

The last form, valid roughly when T% < 0.3 , indicates a
quadratic dependence of mass on length for short tethers, where the tip
mass dominates clearly over the tether mass. When Y approaches unity, this
changes to a much stronger expouential dependence, as the mass of the tether

itself becomes dominant in determining its cross-section.
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Table 2 lists values of MT/H for more general conditions (from

tip
Bq. (9), using Bq. (7) for £).
ve0 0.05 0.1 0.15 0.2
=0 0 0 0 0 0
0.5 0.5923 0.5491 0.5135 0.4834 0.4573
(0.5923) (0.5570) (0.5259) (0.4315)
1 4.0602 3.2900 2.8218 2.5485 2,3136

(4.0602) (4.3256) (3.6496)

1.5 24.370 12.195 9.4296 7.9975 7.0632

2 192.640 35.7113 25.530 20.920 18.140

3 43.090 239,68 163.17 130.85 112.10

4 6.30x107 1888.5 1286.2 1032.2 884,7

Table 2. Values of M ™M

tether’ tip

The figures in pareniheeis in Table 2 are calculated according to
Eq. (10), for comparison. These results are presentaed graphically in
Fig. 1 ‘for y < 1.1) and Fig. 2 (for higher Y).

For purposes of calibration, let ue assume the following properties

(appropriate for Kevlar tethers):
p = 1.44 g/em® = 1440 Kg/m®
o= 1/4 140 Kg/mm® = 1/4 1.4x10°N/m?

and also R po™ Rp + 400 Km = 6.77x10°m. We then calculate

- L . LG
Y = 19.5 o " 347
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From FPig. 1 we see now that the tether mass incrsnses like 1? tor

L <

< 200 - 300 Em; for longer tethers in LEO, the mass escalates rapidly,

a8 shown in Fig. 2. For L ¥ 1200 Km, as required for no-propulsion
transfer to GEO, wa ses that M/Mup e 200 , while if this length is reduced
to 60D Km by use of pertial propulsion, then M/Mtipﬁ 15. A gimilar
reduction occurs if the working strength could be doubled (see discussion

below) .
1f RLEO is replaced by RGEO = 42200 Km, then

Yoo = LD
GEO 5500

showing that much longer tethers can be deployed in GEO orbits.

Properties of Tether Materials.

The single most important property of a desirable material for our
application is a high specific stress (o/p). Fig. 3 compares the o/p
data of many high-strength materials, including steel, fiberglass, boron
and graphite fibers and the fibers kmown under the trade name of Kevlar 29
and Kevlar 49 (Dupont). The latter are clearly the best candidates, unless
high modulus is important to minimize stretch (in which case boron or
graphite fibers are superior). A similar comparison, this time in terms of
the direct stress-strain curves for several fibers, is shown in Fig. 4.
Values of 0 up to 3.6x10°N/m? are shown for Kevlar in the form of impregnated
strands (360 Kg/mm?).

Physically, thesz strands are made if a bundle of very thin fibers
(diameter ~12 um), and the values quoted refer to tests made on semples of

a few inches in length. Clearly, the probability of a flaw increases with
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ricuse 3. SPECIFIC” TENSILE STRENGTH
. AND
SPECIFIC® TENSILE MODULUS
OF REINFORCING FIBERS
“TE’NS!LE STRENGTH OR MODULUS DIVIDED BY DENSITY

108 cMm
] {0 11-]
1 | | | 1 1 )
kevtaAR® 20 kevLAR® g9 =
RESIN IMPREGHRATED
STRANDS -
(ABTM 0D2343)
a — re—
™ @ i
“S"-GLASS HT GRAPHITE |
BORON
2 ORG) @
OTHER ORGANICS M GRAPHITE -
® “E"-GLASS
© STEEL -
® ALUMINUM | -
| i i i . | ] |
1 2 3 ) 5 6 7

SPECIFIC TENSILE MODULUS, 108 IN.

28

20

15

10

108 cm
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FIGURE 4. STRESS —STRAIN BEHAVIOR OF
( REINFORCING FIRERS
600 .
RESIN IMPREGNATED -4 000
STRANDS
(ASTM D~2343)
500 ROVING OF =13 500
BORON KEVLAR® 49
FIBER ARAMID
GRAPHITE (TVIST ADDED) =13 000
- YARN L~
400} ' o
“SLGLASS /
o ROVING - 2 500
3 TYPE HM /
=  IGRAPHITE
® YARN
( @ 300}
>
= “E"-GLASS
w ROVING
#
0
-4
W 41500
200
11000
100}-2}
< 300
e NOMEX ®
ARAMID
N 1 ) |
( & o 10 2.0 3.0 0
' TENSILE STRAIN (%)
ASTM D2343-67 RESIN IMPREGNATED :
STRAND TEST (REV12/77)

TENSILE STRESS, MPo

et L e TR . y
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the length of the fiber, and this is reflected in a lower expscted strength

for longar tethers. Some data for a limited range of L/D fiber values are
shown in Fig. 5. For Kevlar 49, the data can be represented as

0.06)0'051

o = 340 (L(m)

and if we tentatively extrapolate to the very long lengths contemplated,

we calculate the results shown in Table 3:

L(m) 0.06 1 10 100 1 Km 10 Km 100 Km 1000 Km

UnQ(Ks/uma) 340 295 262 233 207 184 164 146

Table 3. Extrapolated Fiber Stremgth for Kevlar-49

Clearly, the extrapolation used is questionable, and much more
experience with iong tethers ie required before a firm design strength
value can be identified. For most of the calculations in this report
ve have adopted 140 Kg/mm® as the ultimate (break) strength, and uased
a8 factor of safety of 4.

Other relevant properties of Kevlar-49 are listed in Tables 4a and
4b. Note iu particular the velatively small elongation (2.5 to break,
or about 0.6% at the design strength used here).

Finally, one area of some concern is the observed UV degradation
of Revlar-49 fibers. Here, agsin, the data are inadequate. Table 5
shows a few examples. The data for the 1/2" rope indicate partial self-
screening, with the outer layers protecting the inner ones from the UV
radiation. This also hints at the possibility of protective layers,

which could also serve as a matrix for enhancing inter-fiber frictiom.
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By contrast, electron radiation damage is minimal,
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ricure 5. TENSILE STRENGT+ UNIFORMITY
OF REINFORCING FIBERS

kevLAR®a9 ARAMID
soofF™ 44140
soo|- -3 450
400} -2 760
300} 42070
200} 13803
z
100 |- -4 690
X -1" GAGE LENGTH
5050 | | t § 1 ] 345

100 200 800 rIOOO 2000 $000

GAGE LENGTH /FiLAMENT DIAMETER RAT0 -10%x L/D C\
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PROPERTY VALUE | REFERENCE
TENSILE STRENGTH, S, -
RESIN IMPREGNATED STRANDS | 525,000 LB/IN2 -
. (ASTH D2343) 3 620 MPa
DRY YARN 400,000 LB/INZ
(TWISTED TEXTILE TEST) | 2 760 MPa
VARIABILITY CV. =4
TENSILE MODULUS, E, 18 x 106 LB/IN2 -1 | @
. 124 000 MP;, -2 e
VARIABILITY l c.v, =5 s ¢
UNIFORMITY - 11-3 ;.
[55-]
ELONGAT I0N-T0-BREAK 2,5% 11-1 =
(]
o
DENSITY 0.052 LB/IN® 11-4
1.44 G/CM3
FILAMENT DIAMETER 0.00047 IN 11-5
0.00119 CM
CROSS-SECT 10N ROUND
SPECIFIC TENSILE 10 x 105 1N - 11-6
STRENGTH, S;/DENSITY 25.4 x 106 M
SPECIFIC TENSILE 3.5x 10 In 11-6 ¢
MODULUS, E_/DENSITY 8.8 x 108 CM ,

TABLE 4a.

(REV. 10/77)
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PROPERTY VALUE REF.
KNOT STRENGTH 35% TENSILE STRENGTH
on
‘o |FLEXURAL FATIGUE 200 CYCLES AT 56,000
= | RESISTANCE PSI OVER 3 MIL DIA,
& PIN
n (386 MPa; 0.08 tn)
§ CREEP, 90% ULTIMATE 0.0011 IN/IN, INITIAL |I1-7
S| TENSILE STRENGTH 0, SECONDARY @
g =
= |COEFFICIENT OF !
£ | FRICTION 2
YARN-YARN 0.46 =
YARN-METAL 0.41 =
prs o4
o |FABRIC DEPENDENT ON FABRIC 11-8
o |  STRIP TENSILE STYLE
<|  TONGUE TEAR
©|  TRAPEZOIDAL TEAR
lé
D
=
=
AR ———— h

TABLE 4b.

(REV. 10/77)
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‘ ULTRAVIOLET STABILITY OF “KEVLAR" 49

84

BREAK 1.0AD STRENGTH LOSS
MATERIAL » EXPOSURE (LB) ¢4)
l( pR—
770 DENIER | CONTROL 37.8 -
TWISTED CORD FADEOMETER
(530 FILAMENTS) 100 HRS : 22,2 41
200 HRS 20.1 47
WEATHEROMETER o .
100 HRS DRY 21.3 uy
100 HRS WET 22,2 41
. 200 HRS DRY 18.1 52
:7\ | 200 HRS WET 18,3 51
| 1/8" DIAMETER CONTROL 1322 -
CABLE* WEATHEROMETER
~ 100 HRS DRY 1030 22
172" DIAMETER CONTROL 11,400 -
3-STRAND ROPE* WEATHEROMETER ,
260 KRS DRY 10,600 7
e
FLORTOA SO 10,260 10
j 12 MONTHS 9,240 19

2 WEATHERCMETER EXPOSURE - SUNSHINE CARBON ARC
q} FADEOMETER EXPOSURE = XENON LAMP |
' FLORIDA EXPOSURE - HIALEAH

"data indicates self-screening influence of . ‘ i
outer layers of “"Kevlar" 49 : (REV. 11/74)
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(O Appendix 2

Platform Orbit Recovery Using Impulsive Thrust

Consider a platform of mase M carrying & satellite of mass m, both

u
of them in an orbit at RL (orbital speed v, " Ef ). If the satellite

is deployved on & light tether of length L, the platform descends to

Rh - RL(I - XP) i A= ey

e

and it trevels there at

Va = VL(I - Ap)

1f the payload is nov released, Rh and Va become the apogee radius
and speed for the platform in its nmew elliptic orbit. Since the apogee

velocity is

{
Y 2R
v - —2 ———E—
a | R _+R
8 '8 p
we can now solve for the perigee radius Rb » To firast order in Ap.

we find Rp = 1«7 Xp « The velocity at thie perigee is

R
- —a— &
Vp Va Rp VL (1 +5 Xp) .

In order to return the platform to its original orbit using impulsive

thrust, we apply first a perigee impulse

-V, -V
Avp p' P

u 2
. £ RF- is the speed at the perigee of the new (transfer)
/ Rp RL+RP

orbit that will reach apogee at the intended radius R = RL .

where V! =
P
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' 21
Approximstely, then, Vp VL(I + % Ap) , and

When the platform reaches apoges at RL’ a circularization impulse
R

AV. =V is needed, vwhere V‘. - Vp. o We find

b

L Var

« 1
Ny =gV A

The total AV required is therefore

. L
AV = 2V A= 2V R o

and the total impulse is

L Mm_
L RL M+

MAV = 2V
1t is of interest to compare this impulse to that which would be
required to place the satellite in its post-release orbit with no tether

assist. Such an orbit has as its perigee the release radius

L M
fp = R 3 AR

and as its perigee velocity, Vp - VL(l + As).

In order to raise the satellite impulsively from RL’ VL to this
elliptic orbit, the optimum impulsive maneuver concists of two firings,
the first one applied at the point in the circular orbit opposite the
eventual perigee, and such as to produce & transfer orbit tangent to the

final orbit at that perigee (which is itself the transfer orbit apogee).
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This firing is found to be

The second firirg is applied at the point of tangency of transfer

and finsl orbite; 4t is found to be

This iz exactly the same value found for the impulse spent in
re-~astablishing the platform orbit after satellite release, a
result perhaps not unexpected on the basis of along-the-orbit overall

momentum conservation.



Appendix 3

Platform Orbit Recovery Using Low Thrust

In this appendiz we examine the orbital dynsmics of platform orbital

restoration by means of high specific impulse, low thruet engines. The

results will be of use in calculations of power and propellant require-

nents for these platforms.

1. Ozbitsl Perturbations of the Platforms. For the LEO platform releasing

& payload/engine coubination, the sequence of operations can be as follows:

(a)

(b)

()

The 8Shuttle docks with an orbiting platform which has a radial out-
ward tether dsployed. Payload and OTV are transferred to the plat-
form (including Hg for the upper platform).

The payload/engine combination travels along the tether to its top.
Travelling rate must be controlled t& éﬁau:c radial position at the

end and to minimize oscillations. The platform loses altitude, but,

. to f4irst order, the system c.g. remains in the original orbit.

The payload/engine combination 1s released. The platform (plus
tathérz.cnter a perturbed elliotic orbit with apogee at the release
point. The platform mass must be sufficient to prevent reentering

at the perigee.
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(d) Lov thrust engines on the platform are activated to slowly raise

and circularize the platform orbit to its original cunﬁguution.

Let R. be the apogee 'of the platform perturbed orbit, h the tether length
and ¥ and ® the platform and payload/engine masszes. The radius of the o::l.giul

(and eventual) platform orbit is thdn
j

- 2. A ~
8 =R +mh=R 1+ (1)
{
vhers
A= -‘-L- AV ] n (2,
R, ° M B ‘

Scme simple dynamical calculations show that, for ml:l. A , the perigee
_ RP of the perturbed orbit is given by

- -

P o1 _3Xv | (3)
R 4R 2 21w
8 p
Thus, the eccentricity is
R _-R ‘
es 2P 2&2 ’ (a)
R 4R 1+v
a p
and the semimajor axis is
R ";R -
-2 P - 3w,
' % z Ra(l i+
or, combiniug wita (1),
& AV

q‘l*‘m (s)
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A very similar developmant can ba made for the upper (GEDO) tether manau-

vers. The sequence is novw

@

) (b)

(c)

The station with a radially inward deployed tether is initially in
GEO orbit. The payload (after separation from the OTV last stage)
docks with the tethor lower end.

The c.g. of the nystem is now in an elliptic orbit with apogee some-
what belsw GEO (by -;__%4- H, where H is the tether langth). The payload
is made to climb along the tether at a controlled rate. At the end
of the climb, both, the payload and the platform are in the same
orbit occupied by the c.g. after docking (to lst order).

Low thrust cnginer«' on the platform are activated to raise and

ecircularise the platform-payload combinetion to GEO.

It can be shown that equations (4) and (5) still describe the perturbed

orbit in this case, with the obvicus redefinitions

H m (payload

A= Repo V ® ¥ (GEO platform)

2. Low Thrust Steering Law. Since th.e action of the platform engines is

quite gradual, we will describe their effect using the orbital perturbation

equations (Ref. 1). If f ¢ is the applied zangmntial acceleration and no

. normal acceleration is applied, the rates of change of semimajor axis a,

eccentricity e and periapsis azimuth w are

ds . 28°

at " 5V @
2f .

%%--v—t-(e+cos 0) : (8)
2f

dw t

ac "~ o sin 6 . (¢)]

Ref. 1 Modern Spacecraft %namics and Control,by M.H. Kaplan,
L] ey & J0NS 1 b » Ch- .
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{ vhere ¢ is azimuth from periapsis. The vehicle is in s slowly evolving

elliptical path described instantanecusly by

| 1.1 6 o
‘ T ate (10)
and such that =~ . SN

' r? %-2- G-Jua(l-e’) (11)

For small eccentricity e, we can use (1l1) to eliminate time from (7),

(8) and (9) :

%5 2: £, (1-e cosd) (12)
de _ 2a? 2

TR £ _[cos® + a(1-3c0s%0)] Q3
:; 2‘ £, 8ind (l-e cosb) Q14)

The simplest steering lew allowing similtaueous control of eccentricity
and orbital enargy is a modulated ;ceeleuuon law of the form

ft-fo+f

1 cos(6-0 o) ‘ (15)

Substituting into (12) to (14) and averaging over one pericd of 0, we

obtain (for long times, neglecting products of e and f o °F fl):

2a’f
da o
af.cos 0
de ) [
r i T Qa7
v, o, sing, (18)
e ° o 1
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For fastest reduction of eccentricity, and in order to avoid psriapsis
rotation, we chose O = 0. Eqs. (16) and (17) integrate immediately to

ae 2 - (19)
4t a
eveo +-f-1"—-9. — .
o 3 I TuraT : (20)
u

If at a certain azimuth 0, we impose both a = a, aud e = 0, ve obtain the

condition

- W com— 21
£o fn (':-L) 0
0

So that, using equations (4) and (S) for e, and l1/l° » »a find to

1st order
H..3
o 2
and so, the acceleration law is
£ s £ (1-3cosd) (22)
t o 2

This indicates retrofiring at perigee (f e ™" %— £ o) and maximum

forward thrust at apogee (ft - -g- fo).
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3. ZPropellant Consumption. The usual law

»

'!.hul -e _%}'_
Binitial
appliss, with
teinal
/ |£, |at (23)
(]

wvhere the absolute value of the applied acceleration is used, since propellant
consumption is independent of thrust orientation. Eq. (11) is used again to

eliminate dt in favor of d0. To first order in e, the velocity increment

per turn is then found to be

Avlwa |(2J+zw-a cos™t 2)+u(l°r+31r-6 cos %-)]

—
-f dﬁ- (7.381 + 7.360 e) (24)

Also, to the lowest order in e, the number of tutrns in time t is

N= -—ﬁ‘ t » 80 that, to that order

&V = 1.176 £t . (25)

‘The product f ot can be related to the -mission chéracteristics by
integration of the time equation (Eqs. (1) and (10), combined with Eq. (19)

for a). Iguoring the cyclic part snd retaining only the secular term, we

obtain’

3/2
a
de °
.

e "
d rl- 4f

3/4
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which integrates éo .
: 4 a =
te=VE(1-a-—22 .y -4-‘21 (26)
[+ 1] . 0 .

vhere (19) has been used once more. Thus, if t refers to the £inal time,

vhen a = a, (and e = 0), we obtain
a
. o - ‘
l £t - \IE (1 -4;—1-) " Ve " Ve, (27)

where vc is the final orbital velocity, while Ve would be the velocity
) 1 - o
in a circular orbit with the same energy as the initial (elliptic) orbit.
a
Using now Eq. (5) for :g » We obtain finally(tb: lowest order in e)
, 1
2AV !
AV = 1.176 vcl iw (28)

It can be seen by comparison to ;he results of Appendix 2 that the
4V reguired with low thrust is 1.176 times that required with the optimal
combination of impulsive firings. However, since the specific impulse

can be quite high using ion or other electric thrustors, the propellant

use can still be significant.
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Dynuiics of the tether syntem durving fervy transfer.

1. Fowrulation of the Problien

' We congider in this scerion the dynamical effects that occur duving
ascent of a loaded ferry vhich translates along a tether line deployed
from an orbiting platforwm. A termina) handling facility is also assuuied
to exist at the upper end of the tether; this upper platform also scrves
to provide tension for the tether, due to the gravity gradient f{orce
acting on it.

The system to be studied is showm in Fig. 1. We will assume sumall
angular deflections from the vertical, and ignore the mass of the tether

q, itself. The latter assumption implies
| ; ' tether lengths below some 200 Km, while
: | the small deflection assumption will
'~ lﬁ be well satisfied for sufficiently small
| |a” L ferry velocity (v), provided no dynamical
; ORNTAL \ Hﬁh instability is cncountered. These are
w ! 67"——._-1'— precisely the issues to be clarified by
J u/ mT Y the analysis. '
TGMJ
IAQIL_F"'4: '——t-—1_.  The gravity gradient forces on the three
Qnéiygggf masscs depend on orbital angular speed,
vie 4 ! and distance to the overall center o£

mass CM.
With the origin of coordinates fixed at the lower platform, as shown,

these distances are

. Xop = VK Vaxe 5 Y, = VY + v, L (1)
x-x, = (l-v)x-v,\rxT Py - Yoo (l-v)y-vTL (2)
¥p = K o= (l-vT)xT- v L -y.r (l-vT) L - vy 3)
where ‘
v E %’Wﬁ; . ?@ﬁ; (4a, b)

1
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M

s P - = ..-P o
and Vp E Yy DI : )

The gravity gradicnt forces are then (positive upvords)

GG
I"

£ - 2 1
p W Hy Ve 6)
GG - 2 4 e Y
Fﬁ! = 30° M(y }cm) (7
GG F 3 2 -
Fo 0% M (L ycm) (8)

In addition to these forces, the Coriolis forces must bLe considered,
since the axes rotate at speed . When the ferry is travelling upwards
at speed § relative to the platform, since the center of mass must re-
main (to first order) at a fixed altitude, the other maegses (and the
tether) must travel downwards to compensate. The absolute velocities are
then (1 -V)y (ferry) and —v§ (upper and lower platforms). The correspond-
ing Coriolis forces are then (positive backwzards)

c .

FC = 220 M

P 1) . vy (9)
Fo= 20M QA -v) y . (10)
C e

FT = 20 MT vy (11)

We will assume the vertical accelerations aré s:all enough that the

tenéione T and T of the upper and lower tether segments respec-

upper lower
tively are equal to their quasi~-stat’c values:

GG
Tuppel'_'= FT

GG
Tlowet ’-Fp

With the small-angle assumptions

sin o = a = x/y jcos & = 1

xT - X
L-y

sin 8 = B. =

;jcos B =1
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the horizontal components of these tensions contribute forces

T GG x
Fos e - 2
P Yoy (12)
T 66 x . 66 F1 - x
F ooyt Ty Ty (13)
T GG Xy~ %
Fy Yo [ v (14)
The equations of motion for the threc masses are then
o8 o - - 2 - ’ - N -\} - ?_:. - *
Mp(\m + Vo, 30 {M[(]lv)) VL] + M [ (1=v, )L ;»y]}), 29:1pvy (15)
M[(1-v)E-v ¥ 1= 30 fM[1-v)y-v, i) + M [(1 VeI L=vyl}s +30%M 1
g y- y } M (1-v,)L- vy)L_y
(16)
. - L .
MT[<1°VT)xT"““] = =30 MT[(I-vT)L-vy] -y -ZQMTvy (17)

It must be noticed that only two of these equations are independent,
since the linear combiuqtion representing the motion of the CM wust be
satisfied. The motions of ferry and upper mass relative to the lower
platform can be extracted by the combinations (16)/ - (15)/’!4p and
(17)/MT - (15)/M respectively. After simplification,

1-Vg 2 Ep=X .
% = -307 —=t (vy+v, L) x +3sz2 o [ (1-vp)L-vy] ——— - 20y (18)
Y 2 ‘ X 2 xT-«
Ky = -30° (uytvl) o - 32" [(A=vp)L = vy L-y (19)

A useful variation is obtained by difference of these equations.
Defin;ng

§ = Kp = ¥ (20)
this equation 1s

1-v
6=3€z2-2(v)+v1)-—-3$'2’———1’-[(1v)1. vy] (21)



GFIGIMAL PAGE 15

% OF POOR QUALITY

Theve arc at fcast two charactecistic times involved in this problem:
the firut is thc‘tr:nsit time T of the ferry; the sccond is 1/Q , the in-
verse of the orbita) angular velocity (of the same order as the period of
the gravity gradient oscillations). Typically, in the sfituation being
considered, T ~ 1 - 3 doys, while 1/Q = 14 min., Hence, the non-dimensional

parameter

€= (22)
is vi .y smali, and can be used as an expansion paremazer for an approximate
solution. We nake this parameter explicit by introducing o dimencionless

time .
t
0= T (23)

and rewriting Eqs. (18) and (21) as

<

g2 4% g 1"\’T( +ul) E4 3 =L (v, L-vy] ——+ 26 &¥ (24)
a2 v Wyl oy v Vp)L=Vy) 755 F ¢€ 48
2 \Y 1-v
246 . .. P E_ 9P r(1-v )i-uv] =9 - 2¢ &Y
€® 392 3 v (vy + vTL) y 3 v [(1 vT)L vy ) =y 2¢ 36 (25)

1n addition to the two widely different time scales, which indicates
the likelihood of a slowly modulated gravity gradicat oscillation, Egs.

(24) and (25) contain the factors %- and i%; s These will cause

singularities near the initial and final times. Physically, such
singularities arise because of the high frequency of relative oscillation~
vhen two of the messes come close to each other; .for the condition y =+ L,
there is the possibility of a divergence of & as the ferry approaches the
upper platform.

Although Eqe. (24) and (25) are 1linear in (x%,8), their complex struc-
ture (particularly since ;(t) is arbitrary), indicates the necessity of
approximate methods of solution. The plan of attack will be to use a WKD
golution away from y=0 and y=L, and to mat<h it asymptotically tc "inner"
solutions valid near each end.
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2. The Wi solution (ferry net near the ends).

Except for the very fast oscillations ncar the ends of the trip, wve
anticipate the solution to consist of slowly modulntcd (on a scale 8 - 1)
fravity gradient oscillations (of poeriod ~ €). Theve should be actually
two gravity gradient "moades,"” rvoughly corresponding to & collective, ucay
straight-line oscillation of the threec masses, ond a "bending" oncillation
vith x opposing xp and Xy The WED ﬁcthod is well suited to this lincar
problom; we represent the homopencous approximate solutions as ¢xponentials
of truncated series in ¢, the leading term (of orvder 1/e) being imaginary

to represcent the oscillatory behavior:

e ol B A + ec(0) + . ) (26)
5o olt B2+ 50) + en(o) + ... ) (27)

vhere the functions K, A, B, C, D are presumed to be smooth on the scale
of 6. Differentiating snd substituting into Eqs. (24), (25) we obtain

2 . . [3 .

K
e .
l—v.l. Vo (1—v.r)L-vy

1
v (vy+vTL) v + 3 =

- -3 v 1y

cB-A e(Bn?)E.., (28)

K
€

® |72

2 » . ] o s . Py 2

WL A-B _(C-Ble..._ , 1Vp UTVploVY

y v L-y

L]
w
quc

(29)

vhere the 1nhomoggncous terms * 2¢ %%‘have been omitted, in the under-
standing that a particular solution will have to be added later in order
to obtain the general solution. Herec a doi is meant to represent d/d6.
We first observe that these two equations can be compatible to order
eo only if the two right hend sides are identical (with the exp ((C-B)¢€)

terms omitted). This condition leade to a second order algebraic equation
A-B
for X Ze " :
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J LAWY, [ p oy, Uy I, ) MB L QupLewy Yy 0 (30)
v L-y vy % vlh AU L=y vy + vTL \Y
viilch lins the (wo solutions
+ 4 y
Ao A-B T
X £ e y (31)
_ - -V, (1-v,)L.-vy
p T
1f this condition is satiasfied, the zero't)l, order part of, for
instance, Fq. (29), reduvces to
, Vytgl i-v_ (1-v )L-vy
K2 = -3 -2 AP 3T (33)
y \Y L-y.

Substitution of either Eq. (31) or Eq. (32) here, leads to
the two possible instantaneous frequencies:

& = 23 | (34)

vy, L '
- i'\/ [Q-v)L-vy] y(L 7) (35)

These expressions are valid for arbitrary climbout laws. The phases
K+, K~ are obtained by time integratiocn, and depend, therefore, on the
particular choice of climbing law:

KN =t (36)

f‘\/ [(1=-v, )L -vy] y(L y) a6 37

The first of these modes is recognizabie as the ordinary gravity

gradient oscillation, at frequency\/;.ﬂ $ we expect both X end XT to
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be in phase i thie mode.  The second one has a more complex structure,

with frequoney increasing as ~}i near y = 0 and as -éLz near y = L;
y 1/;-y

as will be scen in the next scction, there “inuner 1imits" of the “outer
solut.ion” indceod nateh the outer limits of the {uner solutions near cuach
extreme,  This uwccond wode, therefore, can be expected to be the bending
rade, and X and € should Le in counterphase.

To continue the solution, we write down the order-e parts of Eqn.
(28) and (29):

v, (1~vT)L-vy

T B-A

24KA + 4l = 3 GF —p = ¢ (B-C) (38)
ce e VoouytvoL
29KB + 1K = 3 2 + B (c-p) (39)

By division, we can eliminate (D-C) and obtain the required

connection betveen A and B:

oy o VR VIV § 0 (he
'2'!.(_.&'"% - ;,'2' = (l-vT)L-v 2(A~8) (40)
2RAHK T Y /LYY
e A-B

For the collective (+) mode, K = 0 (see Fq. (34)), and e
is given by Eq. (31), from which

ool - oo L
AT = B + -1--—-? ) (41)
as’

substituting in (40), we cen solve for o (afger cancelling dt)
as ' .

d§+ (Vy+vT)L , .
-_—= -\)p m s S(y) = T(l-VT)L‘-Z\)TvLy + v(1-v)y° (42)

dy
+ Vo {1~V ) ‘
& - an VIt (43)
+ /v (1-v.) ' e
‘;A =y —I-g-z;:s-.l—‘— , (4’0)

vwhich integrates to

and, after Eq. (31),
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Thie shows that in the collective gravity gradient mode, the amplitude
of the oscillations of X increases nearly linearly with y (o amplitude about
constant), while those of XT-X decrease in amplitude about linearly in L-y

[F1s}

(8 about constant). ‘The X-amplitude approaches a finite limit asy » L,

and eince X(y « 0) = 0, § approaches the same limit as y -+ 0, X and XT-X
oscillate in phase.

For the "bending" (-) mode, for which K~ is given by Eq. (35) and
ﬁ’ does not vanish, a somewhat more elaborate procedure is required.

Notice that the left hand side¢ of Eq. (40) can be written as

o8 o ) 3 [ 3éd ldgn 2 g—— ’
KB _ 2RZBEK _ 25+ S5 285 K _ gy (28+nlkD)
MR 2RPANRK  2a+ 498m gz 4 (2a+8n|K])
246 dy
247+ n|K"| = F ; 2B+ an|K"| =G (45)
so that we have, from Eqs. (40) and (32)
v (1-v, )L-vy
2 Loy 3
( )/( -9 Y VL + vy (45)
P T
and, from (32) and (45)
- Vg (1=vg)L-vy
F-«G+2(A -B)=2fn[~—
v Vg L+vy
dy " dy ~ TA-vL-vy] (V1Y) '

Equatione (46) and (47) can be solved for g—l;- and g: » which can

then be integrated to obtain F and G. A™ and B~ ¢hen follow from

Eq. (45), using (35) for |K~|. The result of this calculation is
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- 1/4 1Q -v,,.)l.-vylgll'ylﬂ' (I-y) 1/4

ALY — 48)
e = (%) T (4
3 (v 14vy) TS
4, I/ ,
R R e S A e
LR J (%) (49)

[ (J -\)T) L-.\’y] ] /({/"S‘i-}—'.)-

where S(y) 15 as defined in Eq. (42). These formulae show that X and
XT—X indeed osciliate in counterphase ("bending" mode). Both variables
have auplitedes varying roughly as [y(L-y)]llb. vwhich indicate augular
amplitude for a like 1/y3/4 (uear y = 0) and for £ like 1/(L—y)3/6
(near y = L). Although this looks like a divergent bchavior, matching
to the near-end solutions will show that at least one finlte angle
soluéion exists at each end.

Having determined eA, eB and e1 K/e

for each of the two gravity
gradient modes, we have a good approximation to the homogeneous solution
and can truncate the expancion in powers of ¢. The remaining task is to
gencrate a particular solution of the complete equations; mnone can be
identified by inspcction, and so, the method of variation of parancters
must be resorted to. To this end, let us represent the homogeneous

solution in the form

X=C) f1 + C2 £2 + C3 £3 + Cy £ (50)
e gy + C2 g2 +C3 g3 + Cy 8y (51)
wvhere
+ - -
+, K+ + K - K - K
£ = M e ; f2 = A e ; fa = e g ; fu = e g
+ + - -
+, K + K -..K - .K
= —im- . B = -i=—
gr=ed e g =ef T gy =P e o= (53)

(s2) .
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Co are voparded now as functions ot tiee, the

oGy, Cooy Uy,
vioni) process of differcatiation, enforcerent of auxtliavy conditfons

Ane Buhal bt oo jnto the vornlete egquat fous (Ve (24), (24) Jeady
toororvaton ol egnatious oy Gy oy Groy Gy Gy

foa 63 L I Y Ca fu G v 0

fy Oy

gL G 4 2 Colpy G4 gy Cy =0
(54)

fyCi b £ Co 4y CaAd fy Cy v ?%
g1 Ci + 82 Cp + 52 Cy + gy Cy u-2§

+ .+
, and

Notice, from Kgs. (52), (53) that g1 /0y = gafis = e
B-A thus, the {irst two equations of

sfnflarly ga/fa = pu/fy v ©
(54) ednit the single solution

s
L

£ C + 1, Cy « 0
(55)
fy Cy + £, Cy =0

Elimination of éz and éu botween these equaticns and the bottom two

equations of (54) then gives

“) fs Cy = 2%
(56)

£ _ i TN &
(f) fz) tl C 4 (fg

it.

B

. . . ol _ . . .
BBy g o v B -5 60 -]

Noting that
. . . . + ! + .+
Bl _ B2y » (BL _ B2y B A, 1L _ f2y B.,A .
(fx fz) (81 8:) ¢ (fa fa) ¢

and, similarly,
B2 _ Buye fu . fuy BT-A"
Gy "8 G~ ) ° ’
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Egs. (8G) can be solved to
» -2 . ] - 1/\.‘
Ch = —y— (57)
A & n
€ fl(( n f,/f )( l;)
X
Lo 2 1xt
Gy = ¢V d fn fq/;v 1 (38)
F3C——45 3¢ v L)
X X

where X+, X~ are as in Eqs. (31), (32). Also, then

Cz'*%’ca 5 Cu';%f'cu (59)

From Eqs. (52), (53) it follows that __ﬁﬂagllﬁz = %i ﬂ

and d_2n ge/r" Ei K . Also, f2 1ie the complex conjugate of £,

*
fo = €
. « f2 1
and, similarly, f, - f3 . Therefore, Eqs. (57) and (59) imply

*
. « C2=C . (60)
and, similarly, C4 = C3 .

Using the exprecsions fnund before for X, K, etc., one can now

calculate
Yy _ 3 v L (1-v)y
€1 = Ky + —2 f et I gy (62)
Vavpa-vp J \/S(y)

vhere K; is an arbitrary (complex) comstant and 0 is to be regarded
for integration as a function of y, which implies specification of
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a particular elimbout lav. Similarly,

y k(o] y (L-y)
- K f 7 iy 1/4 _dy _ .
Cs = Ko - 1v,L J[ vooe Iy (VglAvy) [ (1-vgp)1=vy) (s )
0

vhere K (0) is given by Eq. (37).

) %
Finally, since C f, = (C;f;)“ and Cyfy =(C3f3) ’

X = 2 Re(Cgfx) + 2 Rc(C3f3) (64)
2 Re(ijx) 2 Re(Cgfs)'
= — +  —— (65)
X X

or, after some reduction,

D G A v{'i' cos (le":'i'ﬁ-l-d») +-\Lf sin-'y-c-g-(ﬂ-'-o) w“)d}"} +
(v}

VEW vE) NECR

3/4 - | ety o
+ 2 0RON (8 Xy U p cop KO 4 y) v j' Tin (K (8D-KT(8))

[_
\[-S-G)- 3 Q(y ) €

v _ vy (L-y") 1/4 dy' . |
x I3 o @y _L_m} - (66)

6-’2;('1'.—-1) {P cos (;VE;-G¢)+ ------ e cesssee ooocooooocoa}-
s(y) - ' "
Yp @ v yaoy) 14 gy | |
- 2-{;2 [.5L‘Q(y) ] {R cos ( ) .aoooo-ooc-b--.oo.} (67)

T {/S(y)
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Here we have defined
Qly) = vTL + vy (65)

and P, R, ¢ and ¥ are a new set of arbitrary (rcal) constants, to

be found by iwposinyg the correct boundary couditions.

3. Boundary conditions. Behavior vien the ferrv is nchr one end.

For our problem, we will assume ;he tethicr is initially deployed
along the redial direction, and that the ferry starts out from the
lover platform with a relative velocity y(O) = Vg in a direction
fig (% ta the local vertical. Thus, the
initisl conditions are

moking en angle o =

ax

X(0) = 0 Fry 0) = Uovy
(68b)
80) =0 9 (o) =-a_v
dt 00
We first notice *hat, from Eq. (67), for §(0) = 0 we need
? cos ¢ = 0, and since P ¢ 0 is required for later matching, we
take
6=-1 (69)

V3 V3
such that cos C—E— 0+ ¢) = sin (—Er-ﬁ). The limiting behavior

of the solution for small 9 is then

1-v,,
,‘g___.z.._{l’ \’354-"\/ fm (e'-e)ay}+
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(
-V, ,
. % o 13 (_T‘__'_J.)]]./» RPN ;0) . o -
1'
( y1/4 e - |
» S 377 (y')l/"siu K (07)-K (9) dy' } 69Y)
l l"’V‘ ] 's €
1=V 0
21
6 & —— {.................... }-
Y Vp(1-Vg)
\Y)
-2 P QA Ya a0
3/4(1 — )3/1. 3 v }

Here, the limiting form of K (€) can be found from Eq. (37) as

( K30 2\/% (1-v )( 2oVe 1)

-
The :lntegral in the first bracket is simply -vo'r = (1-cos l% 8),
and vanishes like 02 for small 6. Thus the whole firs '3tem in the
expression for x (the collective mode) is at least of order 02'. and
 does not contribute either to X or to -g—’ti near ® = 0. The integral
in the second bracket is mcre involved. As suggested by Eq. (71),
ve can define a time scale for the fast "bending" oscillations near

y=0 as

' v
v 0
T, * - 3 (72)
0 .3\),1.(1 vT) Q2L .

-9

X

L . : ( .
Such that -!-‘-Eﬁ) s 2 ,-: = 2% = . The integral is then

YoTo
y
1 .f (v %e1n | (-\/— W ay' @3)

. (]

B A s o LA A DT PN 33 ey B NS -
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Yhe time T, is much shorter thnn even the ";ast“ gravity gradient

time ~ 1/9, since, from (72), 910 3v (1-v 5 ( T ) € ~ €. Therefore,
' an intermcdiate tine scale exists such that ;~* o but still O = %‘# 0.

0
Ve are thus justificd dn covaluating (73) in au asywptotic form, for

large valucs of n = ;X?_ :
(1]

1= (voto)S/loj () ain(zy/ni- 23 mayt + ~(ugr ) 4ntl4
0 e

—VOS/4T 1/2t3/& (74)

0

Ve thus oBtain

’ v v
v (1-v )_g 1/&Rtl/4

2
2 T 0

* £30 J3/4 (3 Q-vp)i7) cos “\Ec; +Y) +2 3v' vy ot (75)
z T

and

6_{_; 0 21’ ..... sin\/ 3 0t + S

-; v (l-v )

2vL
3\) Qr

(1-cos\5~9t) -

2v " v, 1/4 1/4 2V v vit

P v 0 t 0

- (=) t Rcos(2 F-O- V)~ -—P-—_ e 2 (76)
[VT(I-VTIBIa 3L To 3vT(1 vT)2 L

Now, to complete the determination of constants, we need to
- exanine the behavior on the very short time scale To ~ ezT.
vwhere our WKB epproximation must fail. For this purpose, we go
back to the basic equatioms (24) and (25). In (24), for very short
time after the start of the climb, we can replace

v,
§ =0, %§-= 59, y=0 :

vT(l-vT) N/

adz X 0 -
{ , ‘doz“’ v oo vT - 2€3 - an
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The houogencous part of (77) is n Beusel cquation in the viriable
\'/0 . A particular solution is obtaincd by dnspection, with x - 0.

altegether, then, ene ohitains the solution

T oevEy s et @/t
X n A,Tat + D.Jjt Jy (2 T0) + Ey/t Y1 (2% T ) (78)

vhere T, is as defined dn Eq. (72)., Near the origin,

—— -

T et 1 - o Lt .
\/L Y. (2'\ ?0 ) + ’.!I‘\‘TO , While .\,t. J1 (27 -t-o) + —— . Thus, to
ensure x = 0 at t = 0, E must bc zero, and we¢ have
I"" ' N
x = 20 1t + Dt 312V E ) » 2ovr, +-2) ¢ (79)
00 \ Ta |
t+0 Vo

Equating the coefficient of t in Eq. (79) to vo%o {See Eq. (68))

gives
D= \/?ovo(ao - 201,) (80)

Now, in the intermediate limit :?- *> ® (but_ still %-' 0), valid
for very small €, we can use the knowg asymptotic expansion of the
Beesel function J; to obtein from Ey. (79)

S D__ (pr yL/4 JE o
v % t/'to‘: w HevgTot + -\/? (£75) ™" "cos (2 T - (81)

This is the outer limit of the inner solution (Eq. (79)), and it
must coincide with the inner limit (Eq. (75)) of the outer solution.
It can be seen that the term linear in t is already nmatched; matching .

of the oscillatory term requires the two condicions

v -3 (82)
wnd — )
R=~2— 7\ 1 (83)
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.4 ' \’ 3/1 0
.- 93 s ) (84)
- o § -
/1?“ -y, VT ’I N 3 \‘,j,(J Y )QL‘
\
Only the constant P remaing to be detormined, and this must be
done uscing the re:nining initianl condition Q_@_(,__)_ = = OV 0 ° Start-
ing from EBEq. (76) onc can follew a matching pxocedmc similar to
that vhich led to (84). The result, after some algebra, is
v \/ Vr Voo (85)
TV 1-y, 0
3 T

The final expressions for % and 6 = X

VLG

)
= vL\ "“":-!'-—--' { - _'T—_ 0
*T 5(y) \1-—\)T L

3/4 1/4
T ¢ L 16 D Ay 4¢ F 2 1

T‘ ‘I;G—)- 3 Q)

Yo 3/2 2y
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T

- X are therefore

Y

9)cos (aTK™(8) - 2L )
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0 sin( {30t) + 2 ssmt ﬁﬂ(t'-t)r‘——iﬁ?—;-)dy' } +
(4] y

} (86)
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* 4. DNiscussici ef the reselis,

Examinatin of these expressions for y approaching L shovs that
(8) the laz » of the fervy approaches roume finite limit, with giavity
! gradient collective oselllations, also of finite amplitude. The
"bending" rode oscillations decay as (L—y)l/a.
(b) tThe diffcrential lzcg Rp~ ¥ has a lincarly vanishing componont corves-
ponding to gravity gradient oscillations which tend to a consitant angular
() awplitulde. It also has a "bending' mode oscillation which decays
dn auplitude as (L-y)lla; as ve have found from the similar analysis
near y = 0, these constitute the asymptotic "tail" of & near-end behavior
characterized by either &8 J; o & ¥; Bessel function.
While near y = 0 the Y; component was absent duc to the finite
initial conditions, there is mo guarante.. cf a similar absence near

y = L. A deteiled analysis shows solutions of the same sort a2s near

y= 0, i.e.,
65 QL - 20V 1) (T-t) + FoTo 512Dy + cfTr 2B (88)
_ Y Sl 3 1) 12

where Xp and VT are the values approached by x and %% near y = L,
and, similar to the definition of To , the fast local time scale is

"
Tr " a5y P (89)

The values of the constant F and G would now be entirely
- determined by asymptotic matching to the known solution given by
Eqs. (86) and (87), and would therefore depend on the climbout law
y(t) adopted. While the J; part leads to oscillatiomns of finite
angular amplitude, the Y part would give a finite limit for the
amplitude of & oscillations, and hence an angular divergence.
The object of speed control in the terminal phase of ascent should
be to ensure the absence of this divergence. Ve can easily match
(87) and (88) in their common region of validity, by noting that

®

I

4 s 4t
i o
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[.?.:.--, ) ()
Ji(X) » 77 cos (X- 3 ) while Y () = \/:?-: sin (X - an . Thus,
. ¥ o 1 WX 4

R0 Y

by comp:tison to Eq. (86), in order to ensurc the absence of the Y, term,

the phase §F () wust approuch an integer number of cycles:

TR =210 (20)
or
/3 {0IAW 4 -
/“/v 1=y)y dt = 2 T n (21)

Since this phﬁae is varying rapidly ncar the end, fine contrel
of y(t) in that phase should bc sufficient to ensurc this condition,
and hence to prevent wraparound. .

It may also be noted that even the hounded fast oscillations may -
be aveided altogether near both ends 1if the angle of depsrture, Y
and of arrival BT are related in the asppropriate way to the corresporid-

. ing velocities Yo and Vi For the departure phase, this is obvioue

by inspection of Eq. (80); the condition for smooth take-off is

<
o

v

-“T(1°“T

(92)

= Il-g-
2 R To ™ 3

2
=

%
For the arrival phase, a similar simple expression can be arrived
at: fast terminal oscillations are avoided if
v

'-....Z‘i.—_.—-y-m-;-l 4
B = T3 A @ ¢

5. Some numerical estimates.

'The order of magnitude of the various quantities involved ~an best
be appreciated by means of a representative numerical example. Consider

the fellowing case:
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L » 200 Knm
1~ 1.158::1()-3 rod/sce (300 KEm orbit)
Ve o= 0,1, v = 0,8
1 5 P
T = 2,592x107 sec (3 days)

1 _ 2 augern”™3
€ 7 3.332x10 3
tlean asccut velecity V= 0,7716 m/sec

3yad « 0.141°

Angle G for smooth starting {at V) : ¢ = 2.468x10"
Fast initial time scale TO (at V) : TO = 1,006 sec

2T . 3133 sec = 52.2 min

\/'3'9

Gravity gradient period
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