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Abstract

Tha content of this Quarterly Report can be summarlzed as follows:
a} A brief study has been carried out on a retrieval rate control law with

no angular feedback in order to investigate the dynamic response of the system.

b} The initial conditions for the computer code which simulates the
satellite's rotational dynamies have been extended to the case of a generic

orkit.

c¢) The model of the satellite thrusters has been modified in order to
simulate a pulsed thrust (actual case), by making the SKYHOOK integrator
suitable for dealing with delta functlions without loosing computational

efficlaency.

d) Tether breaks have been slmulated with the high resolution computer code
SLACK3, Shuttle's mansuvers in order to avold the recolling tether have been

tested.

e) The electric potential (in vacue) around a severed conductive tether

with insulator, In the c¢ase of a tether breakage at 20 km from the Shuttle, has

been computed.

f) Preliminary evaluation of the electrodynamlc hazards due te the breakage

of the TS5 electrodynamic tether in a plasma has been carried out.

PRECEDING PAGE BLANK NOT FILMED
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1.0 INTRODUCTION

This is the fourth Quarterly Report submittad by SA0 under contract
NASB-36160, "The Investligation of Tethered Satellite System Dynamics," Dr.
Enrico Lorenzinl, PI, and covers the perlod from 15 May 1985 through 14 August

1985,

2.0 'TECHNICAL ACTIVITY DURING REPORTING PERIOD AND PROGRAM STATUS

2.1 Retrieval Using Rate Contrel

There are two basle types of retrieval contrel laws - tension control and
rate control.. The results reported In Quarterly Report #3 used tenslon control.
Tenslon contrel laws are easily Aintegrated into programs such as DUMBEL and
SKYHOOX which integrate the motion in inertlial coordinates glven the forces on

each mass polnt. In computer programs where the length of the wlre i1s one of

the integration variables, rate control laws can be easily implemented by using

a first order differential equation for the length with the rate of change of
length given by the control law. Such a system has a potential disadvantage in
that there 1s no guarantee of positive tension in the wire since the radial
aceceleration and the tension are not lnveolved in the integration, Rate control
laws can be implemented in programs such as DUMBEL and SKYHOOK by including the
natural length of the wire among the variables to be integrated. The rate of
change of the length is specified by the control law. The tensicn in the wire
is computed from the difference between the actual length and the natural
length. In this system one can set the tension to zero if the actual length is

less than the natural length so that there is no possibility of having negative
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tension in the simulatlon. This method of simulation has a high fidelity to the
actual physical sltuation where the reel motor pulls in wire, increasing the

tension and accelerating the end mass,

The DUMBEL program already has a facllity for Iintegrating the natural

* length of the wire. Under a provious contract o model of a damper was added to
the program in which the length of wire released by the damper reel is included

as an integration variable. The program has been modified to use thls variable

for rate contrel in the retrieval mode of the program, For a perfect retrleval

at a constant in-plane angle #., the rate of change of wire length is

£ = - wt (1)
where
3
= = wo cos fgsin f¢ (2)

and w, = the orbital angular velocity.

A rate control retrieval mode has been added to the DUMBEL program using
. equation (1) to speclfy the rate of change of the natural length of the wire. A
total of thirteen varlables are integrated in the wversion without rotational
dynamics. Six variables are required for the position and veloclty of each mass

and one for the variable giving the change in the natural length.

A test run has been done using equation (1) for retrieval in the DUMBEL
program without rotation., The integratlon was started wlth equlilibrium initlial
conditlons consisting of a 7 m/sec retrlieval velocity and a 12,1846 deg in-plane

angle with f#, = 12,1846 deg. The subsatellite was deployed downward on a 20 km i

é%ther. Flgure 2.1.1 shows a plot of the in-plane angle vs. time for the first

i
t
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15,000 seconds, The initlal angle of 167.8152 is 12,1848 dag from the vertlcal
positlon at 180 degrees. At 13,600 sec the subaatellite was 20.2179 dagrees
from the vertical. At 15,000 sec it is about to pass <through the vertlical at
180 degrees, As can be seen Ain the flgure the Lin-plane 1llbratlons are
increasing ln amplitude during the retrleval. The wire length at 15,000 seconds
was 104 neters. The run was continued to 20,000 seconds and a wire length of 18
moters, 'The maximum in-plane devlatlion from the nominal retrieval angle wvas
about 50 degrees. Although the run did not go unstable in the sense of haeving
the subsatellite wrap-around the Shuttle, it is clear that thls control law does
net provlde any damping to prevent the bulldup of JIn-plane llbratlens.
Non~equillibrium initial conditlons would presumably show more rapid duvelopment
of librations, A damping term could be added tu the rate control law using
angle feadback. However the necessary Informatlon L1s not expected to ba

avallable to the reel control system on the first mlssion,

2.2 Initial Conditlons Fer Inclined Crblts

The DUMBEL program has a facillty for generating equilibrium Ainlitial
conditions with the tether displaced from the vertical in the Lln-plane or
out-of-plane directlons, The original software was wrltten in a simplified
manner which could only be used for equatorial orbits. This facllity has been
updated by including an addltlional rotation <+to account for +the orbltal
inclination. This facility will be needed to do simulations to study the
effects of earth oblateness, etc. A short test run was done for a 28°
Inclination orbit with a 10 degree 4initlal in-plane displacement and no
out-of-plane displacement. Plots of the libration angles vs. time showed the

proper behavior. The software changes were made in subroutine LAUNCH which

W
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reads the llbration angles and modifles the state vector,

The format of the output on DUMBEL has been changed to label sach varliable
at each output point. The old format with a single headling at the beginning of ﬂ

the run was confusing to read on later pages.

2.3 Use Of Thrusters For Contreolling Librations
2.3,1 B8Software Implementation -

The TS5 1s expected to have thrusters in the In-plane and out-of-plane
directlions which can ke fired manually by commands from the Shuttie, In
addlition there will be an in-line thruster for use in malntaining wire tenslion
during the flnal stages of retrlieval, The thrust level for the transverse
thrusters is 2,5 newtons and for the in-iine thruster 2,0 newtons. The operator
can enter a command for the thruster to fire at a certain time for a glven
duration not 1less than about 50 mlilliseconds, In contrast to the tenslen
control algorithm which can operate in an automatic mode using data on leéngth
and length rate avallable to the deployer, the control of 1libratlons using
thrusters must be done manually since angle information avallable in the cockpit
is not transmitted to the deployer. Studies have been done to develeop a

procedure for using the thrusters to elimlnate llbrations during retrieval,

The work done by a thruster Lis proportional to the veloclty of the
subsatellite at the time of firing. Therefore the most efficlent technique is
te fire the thruster near the time when the system is swinging through the
vertical position and ls at maximum swing veloclty., The periods of the in-plane
and out-of-plane libratlons are about 3206 and 2776 seconds respectively at 400

km altitude. The times for one quarter of a cycle are 801 and 694 seconds
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respectively. 1In order to keep the firing near the maximum velocity nnd upper

limit of 100 seconds has beon used for the firing time,

If the velocity is low enough, the swinging motlon can be stopped with one
firing. The firing interval roquired can be computed, at lonst approximately,
from the amplitude and perled of the oscillation, Supposo the oscillation is
given by the oeguation:

% = A sin (wt) {3)
where x is the displacement of the subsatellite from the local vertical, A is
the maximum displacement and w ls the frequency of the libratlon. For the
in-plane componant, the frequency Ll 4/3 w,, and for the out-of-plane 2 w, where
W, is the orblital frequency. The velocity is

X = A w cos (wt)
The maximum velocity lis
v=Auw (4)
The time requlred to stop the motion is

T =v/a {5)

where a 1ls the deceleration. If the mass of the subsatellite is m and the

thruster force is F then the acceleration is
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n = F/m (6)
Combining equatiocns 4, 5, and 6 glves
T =mA wF (7

The computor lmplomentation of the firing commands must take Lnto account
the way the numerical integrator works. The integrator uses varieble step slze
to malntaln the Integration accuracy requested by the user, The user must
supply a subroutine that computes the forces on each mess as a functlion of the
extrapolated state vector computed by the integrator. Bafore taking a step, the
integrator will try various step slzes to see how large a step can be taken and
stlill malntaln the requlred accuracy. The times glven to the subroutine
supplled by the user are therefore not monotonic and the subroutine must be
prepared te deal wlth random input times. Tha stepsize varies greatly depending
on the nature of the functlon belng intagrated, At a discontinuity the astepsize
may be as small at 10°7 seconds. During periods when the behavior is smooth the

stepelze may be 25 seconds or more.

A subroutine has been wrltten to generate flring Antervals for the
thrusters, The subroutine operates in three modes. In the filrst mode the
subroutine tests the llbration amplitude to see Lf it has exceaded the deadband
speclfied by a parameter. If the amplitude of the libration has exceadad the
deadband a flag is met to search for the next maximum in the libration angle,
At each call, the amplitude ls ccmpared to that on the previous call and the
time and amplitude saved 1f the value is larger. If it has been more than 1/8
of the libratlon pericd since the amplitude has increased the subroutine sets a
flag indlicating that a maxlmum has been reached and the program goes to the next
mode, In the third mode the program searches for a zero crossing., 'This 1s done

by lookinz for a change in sign of the amplitude of the libratlion. Because of

e 2 T g S ET— -
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the way the Intoegrator works the time of the zero crosasing may Lw as much as 25
seconds awvay from the flyat time a change in. slgn is dotectoed. In this
proliminary versiovn of the software the dlfference has bean lgnorad, The
subroutine simply takes the flrst time there is a slgn change and sets this as
the on time for the thruster, Thoe flring interval is computed from aeguation 7
using the maximum amplitude A determined in mode 2 of the subroutine, If the
time T ls greater than 100 seconds the firing lnterval T is sot to 100 saconds,
This asystem does not center the firing time around thd zero crossing and the on

time may be off by an amount not exceading the Integrator stepsize.

2,3.2 Retrleval Simulation Using Thrusters -

As a first test of the thruster control software the tether was glven an
initlal in-plane displacement of 30 degrees. The in-plane thrusters were fired
aach time the subsatellite crossed the local vertical, The simulation was run
for 10,400 seconds with no retrleval., The subsatellite was deployed downward on
a 20 km tether, The thruster flred for 100 second Ilntervals beginning at 859,

2568, 4270, and 5968 seconds, The firlngs ware effective in reducing the

amplitude of the librations. The approxlmate times and amplitudes of the

maxlmum libratlon angles are llsted ln Table 2.3,1.

Table 2.3.1

Maximum llbratlen angles vs. tlime.

T (sec) Amplitude (km)
0. + 10.000
1700. - 9.768
3400. + 9.535
5100. - 9,305
6800. + 9.077
8500. - 8,850
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In the mecond test run, the tether waa glven an Ainitial out-of-plane
displacement of 10¢, The out-of-plana thrusters were flred for 100 second
intervals each time the outrof-plane displacement went through =zero. The
amplitude of the out-of-plane displacement decreased at each thruster firing,
However, the decrease was not sufficlent to keep the out~of-plane angle from
inereasing during the retrieval, At around B900 seconds, the radlal component
went from negative (downward deployment) %o positive (upward deployment). The
tether length at that tlme was about one kilometer. From that point on, the
subsatelllte was being ratrieved from above. The run was terminated at 19,500
seconds at a tether length of about 47 meters., At the beginning of the run, the
firing time computed from equatlon 7 was 1729 saeconds., The computed firing time
decreased after each thruster firing but by more than 100 seconds the largwst
decrease being about 337 seconds at atound the time the system flipped tu upward
deployment. Since the amplitude of the libration became very large, the tension
control law prokably provided slgnificant damping of the out-of-plane componant
since the coupling between the radial and out-of-plane components Iincreases with

amplitude. Toward the end of the run the firing Iinterval dropped below the

integratlon stepsize of 25 sgconds, and the program started skipping over the

firings, so that there was no further decrease in the out-of-plane component,

The plot of the in-plane angle in the previous runs was not satisfactory in
the case of downward deployment, The angle is 1B0° near the vertical, but the
usual normalizatlon is from -180° to +180° so that there is a change of 360° as
the in-~plane angle crosses the local vertical, The normalization was changed to
be from -90° to +90° when the cosline of the angle ls positive and 90° to 270°

whan the cosins of the angle is negatlve.

In the next test run, the system was gliven ann inltial out-cf-plane

displacement of 3° and the out-of-plane thrusters were used during retrieval,

o Rk v Ly ok ey w——
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The thruster were flred for 100 soconds at each zero crossing untll the firing
time required to stop the libration went below 100 seconds. The firing times

and the flring interval requlred to stop the libratlon are listed in Table 2,3.2

for each zero croseling.

Table 2.3.2
Start Time for Each Thruster Firing and

Firing Interval Requlired to Stop “he Llbratlon

Thruster Start Time Computed Firing Duration
660,1 521.1
1997.9 425.8
3432.5 345.3
4821.3 234.4
6208,3 136.5
7479,1 35.3

The computed firing duration decreases by roughly 100 seconds on each zero
erossing. The run was terminated at 7513.7 seconds because the Integration
stepsize became prohibitively small, In an attempt to understand the source of
the problem, the run was repeated with output intervals of 1 secend starting at
7480 seconds and continuing to the time at which the integratlion failed. The
output interval on the original run was 100 seconds whlch did not glve enough
time resolution to study what was happening. Plotting the out-of-plane
displacement vs. time showed that the libration veloclty was going to zero at
the point where the problem occurred. Erom Table 2.3.2 we see that the
libration was computed to go to zero at 7479.1 + 35.3 = 7514.4 seconds. If the
thruster had flred for the whole 35.3 seconds the velocity would have been
cancelled and slightly reversed. Since the thruster must filre in the direction

opposite to the velocity, the thrust direction must be reversed if the sign of
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the velocity changes. This reversal of sign caused the lntegration to get hung
up because the thruster started rapldly reversling dlrection at the peint vhere

the vealoeclty went to zero,

In order to so.ve the problem of the thruster reversing directlon, the
program was changed to terminate the thruster flring when the magnitude of the
libration velocity falls below & prescribed limit. The next run was done with a
lover limit of 1 em/sec on the llbration veloclity. The s=ame initlal
out-of~-plane angle of 3° was used. The thruster fired flve times for 100
seconds, The computed firing Intervals for each activation were 521, 425, 345,
234, and 136 seconds, On the silxth zero crossing the computed firing interval
was 35,2 seconds., The thruster fired for 32.4 seconds before shutting off at
the 1 cm/sec limit., Since the acceleration provided by the thruster is E/m =
2.5 newtons/550 kg = ,0045 m/sec?, it would have required another 2.3 ssconds to
stop the motion, for a total firing time of 34,6 seconds, Successive short
firings seem to have been elther missed by the Integrator or turned off by the 1
cm/sec lower veloclty limit. The run was ended at 20,000 seconds with a final

wlre length of 23,4 meters.

The abcove run was repeated, lowering the veloclty 1limlt to .01 em/sec.
There were 5 firings of 100 seconds followed by a 34,56 secend flring (computed
interval 35.28 sec). The seventh scheduled flring of 3.49 seconds was skipped
by the integrator. The eighth firing computed as 2.08 seconds was performed and
lasted 2.03 seconds before being terminated by the 0.1 cm/sec lower velocity
limlt. The ninth scheduled firing of .31 seconds was alse skipped by the
integrator, The run ended at 20,000 seconds and the final wire length was 23.5
meters. The ocut-of-plane libration had an amplitude of 6n1y 1.3 degrees at the

end of the retrieval.

R ‘.‘:H.,.,L-_u..
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Starting the thruster firing at the time the system crosses the vertlecal
has the disadvantage that the firling interval ls not symmetrically placed around
the time of maximum velocity. The center of the firing should ke at the point
of maximum veloeclty, The subroutine has therefore been changed to compute the
approximate time of the zero crossing by adding one quarter of the llbraition
period to the time of the last maximum. The firing interval can then be
centered about the predlcted time of the zero crossing., Thls procedure should
work well on the last firing by leaving the systca stopped at the zero crossing.
If the veloelty of the subsataliite is v, and the time required to stop the
subsatellite with the thruster ts dt, the sgatellite should travel a dlstance
dtv/2 during the deceleration pearlod, Since the thruster is flred at a time
dt/2 kefore the =zero crossing it should be at a distance vdt/2 from the zero
crossing when the thruster fires and should arrive at the zero crossing with
zero velocity. Stopplng the subsatellite at a point other than the zero
crossing does not eliminate the llbration since the point at which 1t stops

becomes the maximum swlng angle for the subsequent oscillations,

The next computer run was done with the same initial conditlons but using

the predicted time of the zero crossing to set the firing time., The start time

was set equal to the predicted time of the zero crossing minus the firing
interval of 100 seceonds (the program sheuld have used 50 seconds - half the
firing interwval). The run was satisfactory with the exception of the error
noted and the fact that short firlngs were still being skipped by the

integrator.

The next computer run Incorperated the followlng changes. Tha start time
was corrected to be the time of the zero crossing minus half the firing interval
to center the firing time around the zero crossing. 'In order to check the

actual time of the zero cressing, a section of cocde was added to compare the

Yak o
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successive values of the displacements from the vertlcal and print out the first
time where a change of sign occurred (this belng accurate only to within the
atepslze used by the integrater). The code was lati r changed to interpolate to
£ind the zero croasing., The final change was to rewrite the code governing the
start and step times for the thruster to prevent the integrator from skipping
over flring intervals shorter than the lntegration stepslize, To do this the
software was changed to save and make avallable to the thruster control
subroutine the time of the last step taken by the Integrator, The loglec was
then split into three sectlions depending on whether the time of the last step
was before, during, or after the commanded flring interval. In case 1, the last
step ls before the start time. The integrator may ask for the forces at any
later time up to the maximum allowable stepsize, If the time is before the
start time, the thruster force is of course zero, During the firing lnterval
the thruster 1is on. The critical change is for times after the stop time for
the thruster. In case 1 the program returns an "on" value for the thruster.
This has the effect of preventing the integrator from skipping over the thruster
firing, The integrator wlll try shorter stepsizes until it finds the start time
for the thruster. In case 2, the last step is during the firing interval., If-
the time requested 1s before the stop time the thruster ls on, and if it is
after the stop time it is off. For case 3, the last step is after the stop tlime

and the thruster is always off.

The results of the computer run were as follows, Table 2.3.3 lists the
start time, =zero crossing time, end time, and firing JAinterval (actual and
computed) for each of the thruster firings. In the intervals before and after
the last firing at 15,592 seconds, the out-of-plane angle was within the
deadband of .01l radians. Slnce the amplitude of the ocut-of-plane osclillation is

constant (as measured in length units) the angular amplitude keeps increasing as
2
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the wire length decreases. Therefore, any non-zero oscillation will eventually
exceed an angular deadband Lf the retrieval continues long enough, The stepslize
was about 40 seconds at the time of the last firing, but the new software

prevented the integrator from skipping over the firlings.

Table 2,3.,3

Start Time, Zero Crossing Time, End Time and Firing Interval
for Retrleval with an Initlal Out-Of-Plane Angle of 3 Degreas
and Out-0f-Plane Thruster Firings. Times are in seconds,

Toeg Tzero Tevp AT AT (COMPUTED)

644 652 744 100 521
1950 1987 2050 100 424
3359 3462 3459 100 343
4811 4881 4911 100 231
6243 6408 6343 100 132
7803 8465 7832 29 29

9889

11325

12756

14186
15552 16064 15593 1 1

17494

18924

In the runs described up to this point Lt has been noticed that the -

predicted times of the zero crossings do not seem to be very accurate, In the
run just described the zero crossings listad in Table 2.3.3 are cbviously not
centered in the firing Interval. The prediction is computed from the time of
the largest amplitude which 1s accurate only to within the stepsize used by the
integrator. For the 100 sec firing, the crossings occurred 8,37,103,70 and 165
seconds after start time. For the sixth firing of 29.4 seconds duration, the
velocity was reduced to a small value and the next crossing was 663 seconds
after the start time. In other words, the point where the thruster stopped
firing became the maximum of the next libration. The seventh firing at 15592

seconds also reduced the veloclty to a low value and the next crossing was 472

e 3,
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seconds after the start time. The extrapolated time of the =zero crossing
without a thruster firing was 15616 seconds which is 24 seconds after the start

time of the seventh firing.

The thruster firings obviously alter the dynamics of the llbratlons so that
it is difficult to draw any concluslons about the natural perlods from thruster
runs, A run has been done with retrleval but no thruster to look at the perlods
of the libratlons. The system was given an inlitlal out-of-plane angle of 3
degrees and noc in-plane angle. For greater resclution the simulation was run
with output every 25 seconds rather than 100 seconds as in previous runs. The
approximate time of the maxima woere tabulated for both the out-of-plane
displacement and the out-of-plane angle. The ampllitude of the out-of-plane
displacement was nearly constant during the retrieval, wlth some decrease toward
the end as the angle became large enough to provide coupling with the radial
varlable. The tilme for each quarter cycle was reasonable constant at around 710
seconds., The theoretical value for small oscillation is 694 seconds. For the
out-cf-plane angle the quarter cycle from the zero crossing to maxlmum angle was
systematically larger (about 795 seconds) than the quaiter cycle from the
maximum angle to the zero crossing (about 650 seconds). The numbers were
somewhat crudely calculated but the effect is unmistakable. There were
fluctuations in the times for each quarter cycle of the out-of-plane
displacement {as measured in length units) sufflicient toc explaln the errors
observed previously in predicting the =zero crossings. Coupling with the
in-plane compeonent may provide an explanation but the effect was not carefully

studied.

In order to see just the effect of out-of-plane to'Ln-plane coupling a run
was done with an inltial out-of-plane angle of 20 degrees and no thrusters or

retrieval. The ocut-cf-plane oscillation induced an in-plane libration of about
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3 degrees. A quarter cycle of the out-of-plane was around 705 seconds and there
was a fluctuatlon of sbout 10 seconds, It appears that varlous factors such as
thruster flrings, reeling cperations, and couplling between modes may compllcate
the dynamlcs of the tether librations so that the zero crossings are dlfflcult

to predict exactly.

As an alternative to trying to predict the time of the zerc crosslng, the
thruster control algorithm has been revised to use the tether displacement for
setting the start time of the thruster firings. In this mode, the peak veloclty
computed from equatlon (4) 1s multiplled by half the firing tlme from equation
(58) to determine at what point to start the thruster. When the tether reaches
that position the firing start and stop times are set. A 20,000 second run has
been done with output every 100 seconds. The tether 1is glven an Inltial
out~of~plane displacement of 3 degrees. The tenslon control algorithm is used
to control the in-plane angle and the thruster to control the out-of-plane
during retrieval. In order to better analyze the perlods of the librations the

plotting program has been revised to caiculate the times of the extrema and zero

crossings by interpolation between the output data polints. For the =zero

crossing, a linear interpolation is used. For the maxima and minima a quadratic
is fitted to the 3 points near the extremum and the time of the extremum
computed analytically from the equatien for the quadratic. The accuracy of this
procedure depends on the interval between the output points on the plot file.
Table 2.3.4 llsts the start time, =zero crossing time, end time, and firing
interval (actual and computed) for each thruster firing. For the 100 second
firings, the zero crossing occurs 50, 54, 57, 59 and 72 seconds after the start
time. For the last firing of 27 seconds duratlon the zeroc crossing is 371
seconds after the Ffiring. This L1s because the motion was essentially

neutralized by the firing. For the first firing the zero crossing is well
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centered in the flyring interval. The zero ¢rossings occur successively later in

the interval as the libration amplitude and veleoclty decrease with each thruster

firing.
Table 2.3.4
Start Time, Zero Crossing Time, End Tlme, Firlng Interval
(Actual and Computed), and Time of the Last Extremum for
the Out-0f-Plane Displacement. Times are in Seconds,
Tpeo Tenoss Teno AT AT Thax
(Computed)

604 654 704 100 521 0
1945 1599 2045 100 423 1311
3408 3465 3508 100 342 2733
4818 4877 4919 100 230 4168
6259 6331 6359 100 113 5583
7727 £098 7754 27 27 7024

9331
104559
1.:389
13819
15249
16679
18109
15539

The zero crossing times in Table 2.3.4 are from the printout of the program
and have been determined by interpolation between steps taken by the lntegrator.
These steps are shorter than the output Interval of 100 secunds. In Table 2.3.5
the results from the plotting program are tabulated. This program uses the
output at 100 second Iintervals for lnterpolatlon. Table 2.3.5a 1Lis the
out-of-plane displacement and Table 2.3.5b is the out-of-plane angle. The zero
crossing times differ somewhat between Table 2.3.4 and Table 2.3.5 because of
the different time intervals used for interpolation. Table 2.3.4 should be more
accurate for thls gquantlty. The largest difference 1s for the fifth =zero
crossing vwhere the dynamlcs is strongly affected by the thruster firing. The

times of the extrema given in Table 2.3.4 and Table 2.3.5a differ by a few
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seconds. The values in Table 2.3.4 are not lnterpolated and are probably less
accurate. Tho times for a quarter period glven'in the last column of Tables
2,3.5a and 2,3.5p show substantial fJuctuations, In Table 2.3.5a the
fluctuations arec only during the perlod of thruster firings. After the last
flring the length of a quarter cycle ls consistently close to 715 seconds. FEor
the out-of-plane angle, the quarter cycles are asymmetric after the end of the
thruster firings. It takes about 786 seconds to go from the zZero crossing to
maximum angle, but only about 643 seconds to go from the maximum angle to the
zero crossing, Apparently the displacement Le slmpler to model than the angle

during retrieval,
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Table 2.3.5a

Times (sec) of the Extrema and Zero Crossings
for the Out-0f-Plane Displacement. The Last
Column Lists the Time for Each Quarter Cycle,

Turn Tenosa Thax Thier
0
657 657
1315 658
1999 684
2728 729
3469 742
4166 697
4881 715
5889 707
6349 761
7029 680
8098 1069
8814 716
9531 717
10245 714
10959 714
11674 715
12390 715
13108 715
13819 715
14534 715
15249 715
15964 715
16679 715
17394 715
18109 715
18824 715

19629 7.5
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2815

5665

eas?

11746

14605

17485

Times (sec) of the Extremn and Zero Crossings

Table 2.3.,5b

for the Qut~0f-Plane Angle,
Lists tho Time for Each Quarter Cycle,

Tencos

657
1999
3468
4881
6348
8098
9530

10958
12389
l3nl9
152486
16679
18109

19538

Thax

1352

4227

7098

10315

13176

16035

18895

Thoe Last Column

Torer

657
695
647
ele
653
759
653
785
6083
749
1000
788
644
785
643
788
643
786
643
786
643
787
643
787
643
786
643
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Flgure 2.3.1 shows plots of tho results for the run abova, Part a) shows
the wire length va. timo starting from 20 km and going to 23 meters. The
subsatellite i1s Inltlally stationary end =slight deviatlions from u porfoect
exponential rotrlaval can ba seen in the plot resulting from the actlon of thae
tension control law, Part b) of the figure shows tha tonsion as a funetlion of
time starting from 5,6 x 10% dynes and going down to 4.5 x 103 dynes. The
action of the control law ls ovident in the plot., Plot ¢) shows the in-plane
displacement va. time, Part d) shows the irn-plane angle vs. tima. Under the
actlon of the tenslon control law the in~plane angle approaches the oquilibrium
angle of 167.82 degrees with the amplitude of the angular osclllatlons
decreasing by about a factor of two on each cycle. The angla of 167,82 degrees
is 12.18 degreos from the vertical at 180 dagrees, Part o) shows tho
out-of-plano displacement vs. time, Tha amplitude of the o=clillation iz raducad
by the chruster firings at oach zero croasing., After the sixth flring the
remalning osclllations are not visible on thla scale. Part f) shows the
out-of~plane angle vs, tima, Although the amplitude of the out-of-plane

displacement is always decreasing as seen in part a), the out-cf-plane angle can

Increase wilth time as the length of the wire decrecases. The angle is stlll

growing after the first four thruster firings but is nearly eliminated by the
last twe firings. The small remalning osclllation produces a notl¢eable angular
oscillation by the end of the run., The amplitude was within the deadband used
of ,01 radlans (.57 degrees) so there were no further thruster firings, Part g)
shows the out-of-plane vs. in-plane displacement, The line starts at the lower
laft corner with an out-of-plane displacement but no in-plane displacement, The
line ends in the bottom center of the plot wlth virtually no out-of-plane
displacement and a contlinually decreasing in-plane displacement. Part h) shows
the in-plane angle vs. out-of-plane angle. The line starts at the upper left

corner with an in-plane angle of 180 degrees (local vertical) and an out-of-
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Flgure Captlons

Figure 2,3,1. Roetrieval of a subsatellite deployod downward on a 20 km

a)
b)
)
d)
a)
£)

9)

h}

1)

tether using tension control and outrof-plane thrusters,

Wire length (em) vs. time (Bec)

Tension (dynon) vs, time (mec)

In-plane displacement (cm) vs. time (sec)
In-plane angle (deg) vas, time (sec)
Out~of-plane displocement {cm) vs. time (sec)
OQut-of-plane angle (deg) va, time (soc)

In-plano displacement (cm) va. out-of-plane displacoment (cm),
0-20000 sec,

In-plane angle (deq) vu. out-of-plane angle (deg), 0~20000 sac.

In~plane angle (deg) vs, out-of-plane angle (deg), 7800-20000 sec.
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plane angle of ~3 degrees., The iIn-plane angle converges to 167.82 degrees and
the ocut-of-plane angle approaches zero because of the thruster firings., Part L)
is a blow-up of the last part of Figure 2.,3.1lh after the last thrustar firing.
This plot covers tha time periocd 7800 seconds to 20,000 seconds, The line
begins in the lower center of the plot with an osclllation that is primarily in
the in-plane direction, The sixth thruster firing has largely eliminated the
out-of-plane oscillation. The tension control law continues to damp the
in-plane angular osclllations, but the ocut-of-plane angle increases because the
out~of-plane oscillation has a fixed amplitude (in centimeters) and the length
of the wlre Ais continually decreasing, At the end of the simulatlon the

osclllation is primarily in the ocut~of-plane direction.

2,4 8lack Tether Studles

Durlng the reporting period SAQ has modifled SLACK3 to include avoidance

maneuvers using Shuttle thrusters and run several simulatlons. A number of

approximate crlteria were also daveloped toc estimate the total possible downfall

of tether onto the Shuttle under various cilrcumstances.
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2,4.1 BSLACK3: Shuttle Thruster Avoldance Maneuvers -

The SLACK3 input and setup routine was modified to accept a Shuttle
thruster maneuver with parameters: diroction (mpeclfied as pltch and roll
engles); acceleration (cm/Bec?); Ainiltial delay (mec) and cutoff (sec), Theseo
paresmeters are passed in commopns to BOOM, the subroutine generating the
deployment boom tip's poslition; the Shuttle center of mass positlon la
computed, to which are added any rotation maneuver and boom vibratlon,
Experlionce led us to add an option to produce Pplot output relative to the
instantaneous Shuttle center of mass, rather than the coordinate origin at the
origlnal Shuttle c.m., passing the c.m, position in commons to the output
routine, This 1is, after all, what we wish to see snd otherwise the overall

system motion dominates the tether/Shuttle motlon, confusing the plot,

We derlve a Shuttle acceleratlion adequata for our purposes as follews: The
Shuttle has four forward and three reverse thrusters, with thrusts Iin the ranga
800-900 pounds thrust; use an average of 850, Now, one "pound thrust" in
aevaryday units becomes (1 pound) x (1/2 kllogram/pound) x (g = l0m/sec2) = 5
Newton. Thus one thruster produces asbout 850 x 5 = 4x103 N thrust. Taking the
mass of the Shuttle as 10°® kg, the acceleration produced per thruster is then

4x103/10% = 4x10°? m/sec? = 4 cm/sec?,

To examine the utllity of varlous thruster maneuvers in avolding the recoll
of a broken tether wWe took one of the cases presented in the last quarterly
report and added several different maneuvers, The case used was that of a 20 km
tether cut at 1 km (see Figure 2,3,1 of the previous quarterly), This was in
some sense the most "dangerous" of the cases considered: high recoll velocity
(220 cm/sec) due to full deployment, with a long remnant. {Longer remnants,

a.9. 20 km cut at 10 km, might prove more dangerous or less amenable to
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avoldanco, duo to the way in which tha tethor does not simply fly by the SBhuttle
but "bounces" up and down by a fractlon of a kllometer, but as detalled in the
laat report thesa are difficult to simulate due to the tether coming Ainto full

tenslon.)

The avoldance maneuvers all burned thrae thrustors, &.,e, had an
accoleration of 12 em/sec?®, The thrust was initiated at 5 seconds after the
break; this allows (2.2 m/sec) x (5 soc) = 1l meters of tether to downfall onto

tho Shuttle before Ainltlating avoldonce, bhut =some delay was ragarded =us

inevitable to avold false mlarms. Tho two other parameters oach had two
possibkble values, 1eadlﬁg to four nases! Tha dlrection was elther stralght
forward or 90° to one sidej the acceleratlon was either cut off after 20

seconds (lL.e. at t = 25) or simply allowed to run. The 20 sec cuteff was chosen

to give a 20 meter displacement (about 2/3 Shuttle length) =at cutoff: dlstance

at? = 0,03t? meter,
The results are shown in Figures 2.4.1 to 2.4.4.

The two runs with no thruster cutoff terminate on excess computatlon time
after having completed only a part of the requested simulatlon (Figures 2.4.1
and 2.4,2), This is probably due to the tether's trying to come into full
tension, which as discussed in Section 2.3.1.3 of the last report, ils a
dlfficult situation for SLACK3 to cope with: At attempts many closely =paced :
bounces, and may simply fall, Effectlvely we are placing an artifliclial

| gravitational field on the tether by constantly accelerating the Shuttlae.

:
]
5 Overall, the runs with out-of-plane thrust are more successful in avolding
l
the tether, Thrust in this direction eliminates the complicatlons of drag and
Corlolis forces. Flgure 2.4.3 demonstrates that a brief impulsa, 20 seconds of

thrust, is adequate for inltial avoldance of the vast majority of the tether, b
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Flgure 2.4.1. Thruster avoidance maneuver. Original 20 km tether cut at 1 km,
resulting in receil velocity of 2.2 m/sec. Three thrusters,
acceleration of 0,12 m/sec, inltiated at 5 seconds after the break,
perpendicular to orblital plane, with no thruster cutoff., Output at 25 second
intervals, total run of 200 saconds. Model has 25 tether mass peolnts.
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(It seems unlikely that we can totally avold downfall onto the Shuttle; what is
desirable, and possibly achlevable, is to minimize this downfall and avolid
wrap-around,) However, after recolling by the Shuttle and bouncing at full
extenslon in the downward direction, the tether tip "whips" around and on
rebounding the tether comes arocund the other side of the Shuttle, wrapping
around 1it. A more complicated maneuver appears necessary to avold this
wrap-around (the fact that it happens in the out~of-plana directlon as well as
in-plane Indlcates that we cannot simply modify the initial burn parameters),
Two possibillities are: {1) when the tether ls fully extended below, apply
another brief burn (in a combinatlon of in-plane and out-of-plane directions) to
match the Shuttle velocity with the tether tip velocity, with a bit extra for
avolidance, and (2) rotate the Shuttle to match the average wrap-around angular

veloclty,

2.4.2 High Resolutlon Loss~0f~Tenslon Model -~

There has been nce effort on this task in the repovting period.

2.4,3 Analytlcal Studles Of The Slack Tether Problem -

There has been no effort for thls contract on this task during the

reporting perled,

SA0 has acqulred a separate contract with Martln Marietta Corporation (MMC)
for theoretical and innovative modeling studies of the detensioned tether. The
majority of the analytical studies wlll now be performed under the MMC contract
(wvhile lumped mass studles such as SLACK3 will continue under the current NASA
contract). Speclfic applications to electradynamic tether éafety studies may be

made when appropriate under the current contract and will be reported on at that

i
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time.

2.4,4 Feasibllity Arguments For Tether Impact On Shuttle =~

In the last quarterly report, Filgure 2.4,2, we saw that not all saveared
tethers will recoll fully to the Shuttle, even ignoring ﬁhe Coriolis and drag
foreces whlch displace them from the direct path. In the particular case
Lllustrated there, a 20 km tether cut at 10 km merely "bounced" toward the

Shuttle and away by & half kilometer or so.

In this section, we present some crude, "back-of-the-envelope" arguments
addressed to questions such as: Will the tether go slack at all? How much of

the tether might concelvably impact on the Shuttle?

Throughout, we assume that the tether is lnitially deployed stralght up (or

down) and 1ls in equlilibrium. The following notation ls used:

£ = original tether length
r = remnant tether length (after cut)
D = downfall tether length (possible impact on Shuttle)
m = subsatellite mass
H = tether mass per unit length
EA = tether elasticity
c = tether speed of sound (= \/EA/p )
2 = orkital angular veloclty
In genaral we make the crudast possible assumptlons; e.g. we use only the

subsatellltes mass, and not the tether mass, when computing the gravity gradlent
force before the break, We also assume throughout that the amount of tether
stretch is small compared to the natural length. In numerlcally evaluating the
formulae, we use f1 = 1,2 x 1073 sec™, m = 500 kg, # = 1.1 x 103 kg/m, EA = 0.6

x 105 kg m/sec? (c = 2.34 x 10? m/sec).
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For our first criterlon, we ask the gquestion "Is there enough storaed
elastlec energy in the tether remnant at the moment of the cut for the entire
tether to move far enough against the gravity gradlent £fleld to bocome
detensioned?" = The significance of this question is based on the observatlon
that the wave of slackenlng proceeds along the tether from the pelnt at which it
was cut, as seen 1n Section 2.2.4 of Quarterly Report #2 with tha hlgh
resolution loss of tension model, That simulation did not include gravity
gradient forces, but in thelr presence we should expect that the sharp tension
profile would become smoother as the wave propagates toward the tether; as the
gravity gradlent potential energy dominates the alastic energy, the detenslonlng
wave will at some point merely be reduclng the tenslon to some positive value

{rather than zere) by the time it reaches the Shuttle,

To guantlify this argument we need two energles: The stored elastic enargy
in the remnant, Eg,. The energy, Es,, neaded to move against the gravity
gradlient force from the initlal configuration to one in which each element of
the tather ls just barely detensioned. For Ez., we assume a massless tether;
this simpiifies the tension calculation and alsc means that sach tether element
is stretched by the same amount. The tether spring constant of the segment

which will become the remnant is then k = EA/r and the gravity gradlent force is

2méy

F = 3{124m. The total stretch of the remnant portion ls then Ar = E/k = EﬂfﬁéL.

Considering this segment as a simple spring, the stored elastlc energy is then
aq2

Eg, = kk{Ar)? = % _B_E%__ riz, To compute Eg,, we first compute the energy

required to raise each mass element of the +tether from its poslition in the
initial configuratlon to that in the "barely slack" configuration. Let s be the
natural (detensioned) length along the tether from the Shuttle attachment to a
given element. The tethar has been yunlformly stretched byian amount € = Ar/r =

3MN*mé/EA. Consider an element of length ds and mass dm = puds at coordinate s,
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It was originally displaced by an amount ¢s, and now must move by this amount
against the gravity gradlent force, which in E(s) = 302sdm, The energy required
is thus dE = (eg)F(s) = 3efl2us?ds, where we have used dm = uds. The total
energy required to move from the initial conflguration to the zero-tension
configuration is +then obtained by Aintegrating dE from s=0 to s=r and
substituting for €: Eg = 2 HQ%%&_ r3 £, Note the r? dependence of Ep, (in
uniform gravity field it would be r2) and the simple r! dependence of Eg,; this
implies that for a given original length £, the energy required to go completely
slack will be negligible compared to the stored elastic energy for short
remnants, but as the remnant length is increased the elastlic energy will at some
point be unable to overcome the gravity gradient forces. Thils cross-over point

is found by equating the two energles:

i
]
pjw
==

¢ (L)
= 4/75km £

For shorter remnant lengths, the tether has enough elastic energy to go
completely slack; for longer remnants, there 1s not enough elastic energy to go
completely slack. (A short remnant, howaver, Ais not guaranteed teo go slack.)
As discussed above, if a remnant doves not go completely slack, lt seems likely
that the portion near the Shuttle will remain taut., Note that any remnant from
a tether with original length less than 75 km will have the energy toe go slack,

since the critical remnant length will be longer than the orlginal length.

Our next two criteria respond to the questlion "Assuming the tether becomes
slack, how much of the tether could concelivably impact on the Shuttle?" In both

cases wa lgnore drag and are only concerned with whether or not such impact is,
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in some sense, gnergetically allowable.

For criterion number two, wae imagine that at the moment the tether goes
completely slack it is cut up Into infinlilteslmal mass elements. These elements

will all be moving toward the Shuttle with & uniform veloclty given by igurvi =

Egr, leading to v = 30?mé€/uc vhere c = VEA/u In a Shuttle-centered
. coordinate system with the x-axls polnting radlally outward and the y-axis

forward along orbit, the governlng equatlons for a glven mass ara:

vhich can be solved (see Sectlon 4.2.1 of the Final Report for NAS8-35036,
"Investigation of Electrodynamle Stabllization and Contreol of Long Orbiting

Tethers," PI G, Colombo) to give

x(r) = s (4 — 3cos(r)) — Vsin(r) "

y{r) = 2V (L - cos(7)) + 6s (sin(r) - 7)

for » mass element with initial conditions x(0) = s, y(0) = 0, %x(0) = -v = -}V,

. v(0) = 0; 71 is a dimensionless time, 7 = 0t.

We are interested in which elements cross the Shuttle's orbit, i.e. have

x(r) < 0 for some r. The maximal s for glven recocil veloclty V which allows

this is the downfall D. x(r) = 0 can be written

Y
5

and by finding the value of V/s for which the curve on the left is Just tangent i

4 -~ 3cos(r) = sin(r) .
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to the curve on the right we achleve the downfall D, Thls is

! = -\[7
D
which glives rise to

3fim )

L= e

= 0,026 & (2)

Note that this estimate of the downfall is independent of where the tether is

cut.

For the thkird criterion, we assume that the elastlc energy Eg is much
greater than needed to achieve full slacknees, Once slack, we assume that the
tether moves toward the Shuttle uniformly, and that any tether impacting on the
Shuttle is retalned. We neglect drag and Coriolls forces, so that the tether
continues to fall directly on the Shuttle. How far can the entire tether move
toward the Shuttle against the gravlity gradient force before exhausting the
stored elastic enerqgy which has been converted to kinetlc energy? The potentlial

energy of a tether of length £ in the gravity gradient field is Eg(L)

~:02y £3, We then wish to find the downfall D from a tether cut at length r
such that Egp = Egg(r-D) - Egs(r). If we assume that the downfall is only a

emall part of the remnant length, then we have

f12m2 L2
HEA r (3)

2
= 1,6 x 103 £
r

Now this criterion, in contrast to the free orbit crlterion (2), depends on both
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the original length £ and the romnant longth r. We can put two limits on this:

first, let the tether be cut at its full length, r = ¢, which gives directly:
D = 0.0016 ¢

and second, after noting that the downfall increases as the remnant length

decreasas, suppose that the entire remnant becomes downfall, leading to D2 =

0,.0016 £2 or

D = 0.040 ¢

This latter estlmate agrees well with that of (2) numerlically, and indeed ls

only different by a factor of +/3/7 .

How do these compare wlth the behavior observed in the last report? There,
a 20 km tether cut at 0.5 and 1,0 km recolled fully, When cut at 10 km, Lt only
bounced up and down by about % km or so. For a 20 km tether, the varlous
estimates of downfall are 0.6 and 0.8 km for complete downfall [free orbit (2)
and D = r in (3)] and 0.07 for a long remnant [r = 10 km in (3)]. Our estimates
appear somewhat conservatlve, though not excessively so. They could probably be
somevhat refined by different or more sophlsticated arguments. Perhaps, for
instance, one could include "flyby" as well as "downfall": much of the tether
actually bypasses the Shuttle, and as it falls down the gravity gradlient
potential on the ether side it effectively pulls the remaining remnant behind it
rather than slmply vanlshlng from the equations as in the derlvation of (3).

Also, it would be interesting to conduct a serles of simulations for remnants

between 1 and 10 km to determine where the difference in behavlor occcurs,
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2:.4.5 Concluding Ramarks -

The slack tether simulation program SLACK3 has baeen oxtended to include
Shuttle thruster maneuvers. Simulations have been made incorporating thrusters
for avoldance maneuvers, Simple brief burasts perpendicular to the orbit plane
provide good initlal avoidance, but preventlon of long-term wrap-around will
require more complex maneuvers. Design and slmulatlion of thaese long-term

avoldance maneuvers is an approprlate task for the next reporting pericd,

Several criteria for the impact of tether remnants on the Shuttle, based on
energy arguments and slmlilar general conslderatlons, have been derived, The
numerical results appear somewhat conservatlve when compared with the
simulations reported in the praevious quarterly report. The arguments leading to
the criterla should be refined, and further simulations should be run to gain
more preclse knowledge of the transitlon from the complete downfall/flyby of

short remnants to the bouncing behavior of long remnants.

Detalled thecretlcal {non-ball-and-spring) studles of tha slack tether are

nov belng carried out under separate contract., Approprlate results of these

studies may be applled to speclific cases of interest to the current contract,

e g s T T T e e O S T L R e B T e T e T
i
|

T o S




Pago 50

2.5 Numerleal Calculation Of The Electrle Field Around An Electrodynamic Tether
Aftar Breakage

2.58.1 GQGaneral -

In Quarterly Reoport {3 we described theo development of a numorical pregram
which molves Laplace's equation by the Liebmann net method. It was explained
there that a geaometrically varying grid was used to span a large reglon of space
while allowing for a fine mesh spaclng in the nelghborhoecd of the end of the
tothar, The potential at the boundary of the grld was inltlallzed by an
analytical calculation of the fleld of a metallic prolate spherold, This
potentlal 1s expressed in terms of the Legendre function of the second kind of

order one, Qi(f) where, as explained in Quarterly Report {2

Q1 = £Q:.(£) -1 (1)
and
- §+1
% (€) = In (e 1) (2)

The prolate sphercidal coordinate £ is defined as

rL 4+ ra
] ———r—— 3
¢ -+ (3)

The distances from the two focal points of the spheroid to any polnt in space,

ry and r3, are given in terms of the carteslan coordinates (x,y,z} by

ro=vxE £y F (z-0)f (42)
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r2 mA/x? 4 y?* 4 (z4¢)? (4b)

In this analysis as a result of axial symmetry we have roplaced x and y by r,

where:

: Y T (5)

Thus

ry = a/ri o (2-c)? (6a)

ry = \ré 4 (z24c)? (6b)

The numerical instablllity we raeported in Quarterly Report i3 is a direct result f
of the square root oparation. When r is small with respect to (z+c) or (z-c) ;
then large round-off errors occur, and when z approaches c for large r equation

(6a) causes large round-off errors,

When one term is much smaller than the other one can use the approximatlion

1+ 4

14

=

-+
nIp

(7)

* which is easily tested by squaring both sides of (7). If we substitute (6a) and

(6b) Lnto (2) we find that the argument of the log functlon becomes

r1 4+ ra 4+ 2c
8
ry + ra - 2c ()

R T

It 1s essentlal that care be taken to distingulsh between the two cases z > ¢

et bl g
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and z < c when using the approximation (7) with (8). Since ri; and r; are
positive numbers, in tha limit as r —~ o, +/(z-¢)? — |z-c|. Whon |z-c | is

smeller than r we find that (7) results in

rie|z=-c| + L (9)

! 2|z ~c]
When A in approximation (7) 1s not sufficiently small the error introduced by
the approximation is unacceptably large, We have resolved thls difficulty by

replocing /1 + % wlth its Taylor serles expansion.
If:
£ =31 + x (10)

then:

x? 15 x4

- = X4

31 16 41 (12)

_ X x?* 3
£ =1+ ) 5 + 8

This procedure accurately calculates y/1 + A even when A — %. In the following

computation up to 30 <terms 1in the serles are used. This technlque has

completely removed the numerical instablility from our computer model,
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2.5,2 Computer Model Of Tho Electrodynamlc Tether -

2.5.2.1 Grld Calculations =

Ihe mash box width A(n) are increased in a geomotric progreasinn such that

A{n) = a A(n~1) (12)

Thus n mesh boxean span a distance ¢ where

L= AQ) [2+a+a2 +ad 4., ai] (13)
C ah =1
£=aQ) == (14)

To specify £ and n and calculate a would reiulre the solution of a high order
polynomial, We devised a simple numerical algorlthm to calculate a given £ and

n; such algorithm is implemented in this software code,

2.5.2.2 Contour Plots -

The grlid chosen to model the toether covers a reglon # 2 kllometers from the
and of the tether in the z direction with a radius of 2000,00L meters. It is
daefined as an array of 91 x 161 polnts for a total of 14,400 mesh boxes. An
equipotentlial contour plot of the analytlcally calculated field of a conducting
prolatae spherold which models approximately the tether embedded in an axial
field of 0.189 volt/m i1s shown in Figure 2,5.1. The region of the grid occupled
by the tether was then set to =zero and an Aindex array which Ainhibits the
calculation of poteni.lals on the tether was initialized. A contour plot of the

potentlals calculated numerically by the Liebmann net method for the cylindrical
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tother (l mm radius and 20 km long) are plotted for the outermost 2 km of the
tether in Figure 2,5.2., These two calculations are compared by superposing the
tWwo contour plots in Figure 2.5.3, Because of thoe nature of the hlgh yatin
geomotric grild used for thle calculatlion the shape of the fleld at the end of
the tether Lis obscured in these plots. To resclve thls difficulty the plots
algorithm was modified to "zoom" in on the end of the tether, The first stage
grid conslsted of 90 x 160 mesh boxes, the second stage 50 x B0, the third stage
30 x 40 and the fourth 20 x 20. Thus the axial lengths of the grid in these
four stages are 4 km, 1,9 m, 40 mm and flnally 5 mm, Stages 2 through 4 are

shown in Flgure 2.5.4 through Figqure 2.5.6,

2.5,3 Numerlcal Results -

This calculation was performed for the 28° orklt in which the 20 km tether,
2 mm in dlameter, ls exposed to a magnetlcally induced field of 0,188 v/meter
(the worst case). The result of the calculation (vacuum case) are best shown in
Flgure 2.5.6, The vcltage drop across the Insulator, 2.5 mm from the tip of the
tether (point B), is about 100 volts whlle the radial and the axlal component of

the electric fleld are respectively glven by:

E, = 330 Kvolt/m (15)

At the corner of the tether tip (point A), whers we have assumed a squared edge

and a flat top of the wire, the electric field is:

E, = 1139 Kvolt/m (16)
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Figure 2.5.1. Analytlically calculated electrlc potential (in vacuo) around a 20
km long tether, 2 mm in diameter cut at 20 km from the Shuttle. This Figure
shows the last 2 km of tether (Stage 1).
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Figure 2.5.2. Numerically calculated electric potential (in vacuo) around a 20
km long tether, 2 mm in diameter cut at 20 km from the Shuttle. This FEigure
shows the last 2 km of tether (Stage 1).
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Figure 2.5.3. Comparison between analytlcally and numerically computed electric
potentials around a 20 km 1long tether. This Flgure is generated by
superimpesing Figure 2.5.1 and Figure 2.5.2,
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Figure 2,5.4,. Zooming of the last 100 m of tether (Stage 2) with the same
assumptions of Eigure 2.5,2.
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Figure 2.5.5. Zooming of the last 2.1 em of tether (Stage 3) with the same
assumptions of Figure 2.5.2.
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ORIGINAL PAGE (9
OF POOR QUALITY
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LONG WIRE ANTENNG PLCT, STRG
aV: 50.C ZSPAN: 5,LCS3E-

Flgure 2.5.6. Zooming of the last 2.7 mm of tether (Stage 4) with the same
assumptions of Figure 2.5.2.
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Ex = 1350 Kvolt/m

These are also the maximum values for the electrlic fleld in the case under
investigatlon., At the very tip of the tether (point C), where the tether Ais

assumad to be flat, the electric fleld ls:

2]
-

]

o

(17)

Ey = 700 Kvolt/m

This computation takes into account the effect produced by the finsulator around

the conducting wire. The insulator characteristics for the TSS first mission,

provided by MMA, are as follows!

insulator thlckness =~ 0,36 mm

n

dielectric constant 2.1 (18)

]

dielectric strangth 1200 volt/mil = 47 Kvolt/mm = 47000 Kvolt/m
It is therefore interesting to notlce that {in vacuc)} the dlelectric strength of
the insulator is never exceeded even after the tether breakage, It 1is also

* interesting to see how the value of the electric fleld computed by this high
fidellty model compares to the simpllified single-dimensicnal computation
performed in Quarterly Repart #1. In that Quarterly Report we prellminarly
computed the electric fleld at point C in Fligure 2.5.6 assuming that the tether
was a prolate spheroid, The prolate spherold however has a too small radius of
curvature at the tip so that we corrected that value by a factor of 2 x 107 that
raelates the radius of curvature of the prolate spheroild to that of a tether with

a semlispherical tip. The result was as follows:
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E, = 4.5 x 10%3/207 = 225 Kvolt/m (19)

This value l# of the same order of magnltude of that computed with the high

fidolity model.

2.6 Prellminary Estimatlon Of The Electrodynamlc Hazards Due To The Breakage Of
A Tother Embedded In A Plasma

2.6, Introductory Remarks -

A preliminary analysis 1s underway of the mechaniems by which a
Shuttle-borne long electrodynamic tether, broken at a certain point along its

deployed length, may produce harmful effects.

2.6,2 Effects Of Bresk -

Assuming a break occurs near the Shuttle, two of the possible hazardous

effects are the following:

a) Appearance of high voltage across the break, which can accelerate
electrons toward the Shuttle, so that the Shuttle is bombarded by high-energy

electrons,

b} Arc drawn in vacuum between separating contacts extinguishes abruptly,
radiating a pulse of electromagnetic energy that may be powerful enough to

produce EMP-type effects.

We consider, first, effect (a), then (b).
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2,6,3 High Voltage Across Break -

When a clrcuit carrylng current is interrupted, oither intentionally by a
switch or inadvertently by a break as in the present case, an arc ls drnwg
between the separating contacts (Cobine, 1958). The present problem reprasents
the casc of a vacuum arc (Lafferty, 1980)., As the contacts separate and the gap
length increases, a polnt ls reached where the avallable voltage is insufficlent
to sustaln the arc and the arc is extinguished, If there were no inductance in
the external clircult, then at this gap length the post-extinctlon voltage across
the gap would rise from its normal operating value (vicinity of 20V) to the
circult driving voltage or e.m.f. (Cobine, 1958), which is about 4 kV in the

case of the glectrodynamic tethar,

If there ls inductance in the c¢ircuilt, then the current continues to flow
vhile the contacts continue to separate further. At some (presently unknown)
point the arc extinguishes, and the voltage across the gap simultaneously rises
to its ‘"extinguishing" wvalue, which depends on the arec current-voltage
characteristic, The extinguishing voltage can be much larger than the clrcuit

driving voltage (Cobine, 1958),

In addition, because of stray capacitiance In the vicinity of the are, the
interruption can give rise to high translent voltages across the contacts. This
is because the magnetic energy stored (LI2/2, where L is the inductance and I is
the current) flows Into the capacitance In the form of electric energy (CV:2/2,
where C 1s the capacltance and V is the resulting translent voltage). This
enerqgy subsequently cosclllates between the two forms. If all the energy is
tranasferred Iin this way (no losses) then, equating the two energles, the
resulting voltage across the capacitance (and therefore acress the contacts)

would be:
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V= I (L/C)Y3

where (L/C)*/? La the "surge impedance,” and I is the current flowing prior to
interruption. Thus, the voltage can be large Aindependently of the driving
voltage Lif the surge lmpedance is large, There ls alsc a resonant frequency f

determined by the relatlon:

2nf = (LC)1/2

Honce a small stray capacltance resultes in a large surge voltage, and an

oscilllation at high frequency.

Wi .sed therefore to addreas the problem of the evaluation of how much
voltage can appear across the contacts and thus glve rise to accelerated
elactrons that can bombard the Shuttle. Some rough numerical estimates will he

given later.

2.6.4 Pulse Of Electromagnetic Energy -

As the contact separatlon Ancreases, the arc (drawn Lln vacuum} grows in
length. At some point (not presently known) the arc extingulshes. The
interruption of current results in electromagnetic radiatlon, the properties of
which depend on the detalls of the time and space behavior of the current.

Rough estimates of thls radiatlon pulse are given in the next sectlon.
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2,6.5 Numerical Estimates Of Bombardment -

Assume the following parameters:
Tother langth = 2 % 10' m
Conducting wire radiuss 0.5 mm {r;)
OQuter radius of wire Lnsulation: 0.75 mm (ra)
Inductance of 20 km tether: 0.012 h (L}
Capacltance of 20 km wire (with respect to rz): 2.8 x 106 F
Tether current: 1A
Breuk separation velocity: 4,2 m/s

Electron conical beam seml-anglae: 3¢ degrees

We may obtain estimates of the surge impedance (L/C} and therefore of gap
voltage if wa know the values of C and L. 8ince the probklem is a dynamic one
involving neot only the arc itself but also the tether wlth finlte propagation
times and attenuations of waves moving along it, the appropriate effective
valuas of I and C are difficult to estimate. One extrema limit is obtalned by
treating the whole tether as a lumpaed clrcuit element with L = 0.012 h and C =
2.8 x 106 F, This glves an underestimate, namely, a surge impedance of 65 03,

and therefore a low surge voltage of only 65 V.

At the other extreme, an overestimate is afforded by taklng the capacltance
as that of the wire tip, namely, 5.6 x 101 F, whlle retaining the whole tether
inductance, 0.012 h. This gives a surge impedance and voltage of 4.6 x 10% {1
and 460 kV. While admittedly thls overestlmate of V results from using teo
large a value for inductance, namely, the whole-tether inductance, it is useful
ag a worst-case since the appropriate valus of inductance is unknown. A
reasonable compromise value for V may be obtained as the geometric mean between

the lower 1limit, €5 V, and the upper limit, 460 kV, namely, 5500 V. (Note that
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this value is comparablo with the normal driving voltage, 4000 V,)

2.6.6 Bonbardment Of The Shuttle -

The time during which electrons would be accelerated at this voltage is
given by 1/2 of the perled of the high-frequency oascillation, namely, m(LC)}¥/?,
or 80 na. During this time period, 5-kev electrons, moving with veloclty 4.2 x
10% cm/s can travel 3,4 m. However, henceforth we will assume a dlstance of the

ordar of 1 meter.

To estimate the partlcle energy flux onto the Shuttle, we assume that 1
ampere of electrons, confined teo & conical beam of semi-angle 30°, strikes the
Shuttle one maeter away. The angle 30° is characteristic of bsams emitted from
the cathode spots in vacuum sres (Reece, 1963). Assuming that one ampare of
Svkev electrons hits one square meter of Shuttle surface, we obtain 6.25 x 101
alectrons/cm? /s, This 4is orders of magnltude larger than the fluxes of
radlation-belt oelectrons of comparable energy. Hence, some damage may be done

Iy the pulse, but this needs yet to be quantiflied.

2.6.7 Numerical Estlimates Of EMP -

The electromagnetic radlation depends on the detalils of the time and space
behavior of the current, In partlcular, the current dlstribution in the arc is
of interest, but this is an unsolved problem to date (see e.g. Lafferty, 1980).
For example, a conical jet of metallic vapor is emltted from a cathode spot.
Electrons are also emltted by thermolonic fileld emlsslon. Avalanches occur,
producing lonizatlon of the metal, Some of the lons, but not all, bombard the
cathode releasing more electrons. The dense metallic vapor moves at high speed,

dragging along the ions. At some polnt, tha jet has expanded until lt is so
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rarefied that the lon mean free patha are long and the lons are no longer
dragyasi along, Thus, the plasma i1s highly collision-dominated near the cathoda,
and becomaes collinlonless downstronn, This transition betwaen
collislon-dominated and collisionless regimes is partly responsible for the

difficulties of modeling this phenomenon,

However, we will make a rough estimate, as follows, Assumo that the are
current is one ampera, and thot Lt is one meter in length bafore (it
extingulshes., Agsume that the extinctlon of current I occurs over a perled of
10-100 ns (Farrall, in Lafferty, 1980, p. 194-5), We will use a dipole
approximation, Assume the length of current s h = 1lm. The radlatlon electric

fleld at a distance of r may be approximated by
E = h dI /4t
4meCey

If I changes by 1 A in 10 ns, dl/dt = 108 A/s, Using this, together with h

= 1lm, € = 8,85 x 10" F/m, C = 3 x 10® m/s, we obtain
E =« 10/r (V/m)

Hence, at r = 1 m the induced electrlic fleld ALs about 10 V/m, i.e.,, a weak
field. This may ke an indication that the EMP-type threat ils weak. However,

the model is too crude, and needs to bo exXamined more carefully,

It should be noted that the energetlc electrons discussed above may

liberate x-rays due to the surface bombardment. These x-rays may posgibly be a

hazard that warrants further examinatlion.
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3,0 PROBLEMS ENCOUNTERED DURING REPORTING PERIOD

None,

4,0 ACTIVITY PLANNED EQOR THE NEXT REPORTING PERIOD

The simulation activity on the satellite's rotztional dynamies will
continue by performing retrieval simulations with and without out-of-plane
tether libration and thruster libration control, An investigation of the
coupling betuse4 thrusters' activation and tether dynamics, in the case of

constant tether length, will be initiated.

The anzlysis of Shuttle's maneuvers in order to avoid the recriling tether
after lts severance will be further developed. Simulation of most Limportant
cases, as agreed upon by NASA/MSEC experts, wlll be carried out. Optional

solutions to minimlze dangers to the Orbilter will be looked for.

The study of electrodynamic hazards caused by the breakage of the TSS
electrodynamic tether embedded in a plasma will continue by ilmproving on the

understanding of the most likely consegquences.
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