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ABSTRACT

A space tether is eonducting chle attached to a spacecraft that can be ufeda variety of
purposes such asupplying power tothe spacecraftraisng or loweringits orbit, or transferringpayload
from Earth to high altitude orbits at a significantly lower cost than with conventiorehods This
project examineseveraldifferent types ofspace tethes with the object of trying to identify the ones
with the greatest promise for futurapplicatiors. It identifiesthe Momentum Exchange Electrodynamic
Reboost{MXERtether as a concept with a rich variety of applications that is worth studying further for

the impact it is likely to have on future space missions.
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PREFACE

This IQP, which analyzes the functionality, construction, limitations, and applications of space
tethers, is part of a larger group of space policy IQPs that are being conducted during th202006
academic year. This project is antgrowth of an earlierlQP on thepaceHevator, whichmay be
regardedas an extremekind of space tether. Even though this I@Roncerned witta technical subject,
it is presentedin such a way that should be accessible even to those without any specialized
knowledge othe field. The project focuses mainly on a particular type of space tethike
Momentum-Exchange/ElectrodynamiReboosfTether, which is a hybrid of the two main types of space
tethers. the Momentum-Exchange Tetheandthe Electrodynamic TetheAfter outlining the basic
concepts underlying the different types of tetherBigIQP examines those curreand future
applications thatre likely to have the greatest impact on future space missidims projectouldbe
used by future IQP teams as a stagtipoint for an irdepth examination of other issues involving the

space tether concept.
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1 PROJECOVERVIEW

A Space Tether is a long cable that connects two masses and uses fundamental laws of physics
to generate electric power, artificial gravity, and st or drag, among other thingsall without using
propellant. The concept of the space tether has been around for over a century, and was conceived by a
Russian scientist named Konstantin Tsiolkovsky in.18A%h later, in 1979, theciencefiction writer

Arthur C. Clark describegbaceHevators in hisovel The Fountains of Paradidd@siolkovsky, and a few

others after him such as Giuseppe Colomlibeorized that a large structure could be built that would
extend from the surface of the Earth to height above geostationary orbit and could be uaed as
convenient means of transporting objects from Earth into space. These seeminfg{cfad theories
were the basis of the concept of the modern Space Tether. The two most common types of Space

Tethers are the MomenturExchange Tether (MXT) and the Hiedynamic Tether (EDT).

The MomentumExchange Tether is a long, thin cable that attaches two masses together in
space and is capable of imparting momentum to objects that come within its grasp. This cable has a
large mass on one end and is intended todeployed into orbit around Earth. The cable will have to be
extremely resilient and therefore will be made out of either higjrength synthetic fibers such as
Dyneemaor carbon nanotube$ Dyneemads based oran ultra-high molecular weight polyethylene
which is fifteen times stronger than steel (~1.2 GPa) and 40% stronger than Kevlar (~3.6 GPa). Carbon
nanotubes are recently discovered allotropes of Carbon that have a cylindrical shape at the molecular
level, resulting in novel properties such as a tensitength of around 63 GPa. The material of the MXT

needs to be strong in order to perform its main functigmasp an incoming payload and send it into

KAIKSNI 2NDAGD® ¢KAad Oy 0S5 R2yS o6& GAYAYy3dI ndKS a-

vertically when a payload is moving towards it from the Earth. The tether will grab the payload and,

after half a rotation, release it into a higher orbit.

¢ Q
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FIGURE: MOMENTUMEXCHANGEE THEROPERATION

The limitations of the MXT are that the material of the tether needs to be extremely strong, the
cable is susceptible to being cut by micrometeoroids, and the capture of the payload needs to be
perfectly timed. As mentioned earlier, an MXilistbe strong @ough to withstand the stresses it is
likely to experience during operation. Micrometeoroids are small pieces of debris that fly through space
that could sever and destroy the tether of the MXT if they come into contact wiénither major
concern ighe aiming of the payload at the tether and the timing with which it is grasped must both be
very precise. If a payload were to miss its exact destination on the tether, it could be lost completely, or

in the worstcase scenaridt could crash into the tdter and destroy both objects.

The MomentumExchange Tether has some applications that could benefit both the technical
and commercial communities. One scientific application is the concept of a lunar or interplanetary
transport system that requires veryilii £ S LINB LISt f I yid ¢KS a/ Aafdzyl NI ¢Si
conceived by Dr. Robert Hoyt of Tethers Unlimited, Inc., is an example of su¢bra aywre one

0 S G KSNJ drbft wibtosslaipsyiad to lunar transfer orbit, where another tether iraluorbit will
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catch the payload and deliver it to the surface of the mé@ncommercial application ¢fie MXT is to
provide a cheap and efficient way to launch satellites into space, most likely Low Earth Orbit (LEO).
Tethers can theoretically reduce tloest of launching spacecraft into LEO by more than 50%, making it
possible for communications companies to launch satellites in a much less expensive manner, or for

them to launch more satellites overall.

FIGURR: THE GSLUNARETHER TRANSPORTTENB

(1) A payload is launched into a LEO holding orbit; (2) A Tether Boost Facility in elliptical, equatorial Earth orpithecks u
payload (3) and tosses it (4) into a lunar transfer trajectory. When it nears the Moon, (5),\atariEether (6) captures it and
delivers it to the lunar surface.

An Electrodynamic Tether is a long, conducting wire that extends from a spacecraft. The fact
that the tether itself is a conductor means that it will have a voltage induced in it as itstbraugh
GKS 9FNIKQa YIFIySGiAO FASEtRd® 2KSy | 0O02yRdzOGAYy3I 46 AN
force (EMF) develops across its ends as aliesl? ¥ CIl NI} R & J%rhefEMBcadsd aA Yy RdzO (G A 2
current to flow through the wire, with theohospheric plasma providing a closed loop outside the wire.

¢t KS OdzNNByiG Ay (GKS 6ANB AYyiGSNIOla ¢gAGK GKS 9F NIKQ
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create thrust, a battery is added to the circuit which is able to overcome the induced cutrergfore

creating aforce in the opposite directiah

Y
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Coliected /

/

£

FIGURB: PRINCIPLE OF ELIRQDYNAMIC TETHER PROSIORN

One limitation of the EDT is that the induced current creates many vibrations in the tether. If
these vibrations ar@ot damped, they could grow so large that they eventually wear down the tether
from mechanical stress. Another limitation is the possibility of high current surges through the tether,

which could cut it or damage its electronits

Theprecedingexplanation of EDTSs hints at some of their possible applications. EDTs are able to
ONBIGS St SOGNROIE LI26SNI YR GKNHz2G 2NJ RN} 3 2dzad
applications of EDTs is power generation. Spacecraft and space stations, like thationatrSpace
Station (ISS), can use EDTgedoeratepower that they can use onboard. A-Rfh tether in LEO, for
example, has the potential to produce up to 40 kilowatts of power, which is enougmtmanned
facilities in spacé Another potential apptiation that employs the ability to create drag force is

Py z

FGdFrOKAY3a +y 95¢ G2 | aladSttAGS a2 GKIFIG G GKS
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atmosphere and be burned up, instead of floating around in LEO as space debris. A possilatgospplic

of the thrust generating ability of an EDT is to keep the ISS in orbit in a cost effective way. In the current
design, the ISS needs about 77 tons of propellant to keep itself from lowering its orbit. If it had been
built with an attached EDT, it wiionly need about 17 tons of propellant or less to be able to stay in
orbit, depending on how much power the EDT is uSifigis would cut the cost of keeping the ISS and

other spacecraft or space stations in orbit by a significant amount.

The focus of tls project will be on the hybrid combination of both the MomentiErchange
¢SGKSNI FyR GKS 9f SO0 NR RS2 Yy kEXchadge/ElEcirddypadieSlof2f2 3R ¢ 0 K S
(MXER) systerThis combines the best of both types of tethers to create a cheap andtigffaipper
stage launch station. The MXER uses the Momertxechange properties to catch and release
spacecraft, while subsequently using the Electrodynamic properties to create thrust that can restore its
orbital energy after a payload transfer. The et@al current that will be run through the wire to react
GAGK GKS 9FNIKQAa YIF3IySGiAO FASEtR OFy 0SS adzl)X ASR
time of a few weeks, making it possiltiehave monthly trips to the Mon.” The National Aeronatics
and Space Administration (NASA) is currently doing research on the concept of the MXER and once it is
launched, tle system will extend a 100 to @Xkilometer long tether. The tether would be made out of a
high-strength, yet lightweight material, pagf which would be an insulated conductive metal that
would allow the current to flow.If this system is used, there is no need for an upper stage vehicle,
substantiallyreducing the cost to launch the spacecraft. The major challenge to achieving as EDT i
finding a material that is both conductive and strong. Once this concept is realized, though, it will have

great economic benefits and could help boost the ability to further travel through and explore space.

dz
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2 MOMENTUMEXCHANGHEETHER

2.1 FUNCTIONALITY

The primary function of MomentumExchange TethdMXT) is to transfer a given amount of
momentum and orbital energy from the MXT to a spacecraft, launching it into a higher orbit. This is
accomplished by using the principle of conservation of angular embam. The MXT would be orbiting
the Earth in LEO, with a perigee of 3000 km and an apogee of 508000 km. A typical payload would
be launched into a circular orbit around Earth at an altitude o300 km, enabling it to rendezvous
with the MXT wherit is at perigee. This is the fundamental idea that makes the momersxichange
possible, since the specific energy (energy per unit mass) of an orbiting object is proportional to the
distance between its perigee and apogee. Thus, a MXT in a 400 x 8@dbikhas much more orbital
energy per unit mass than a payload in a 400 x 400 km circular orbit and can transfer energy to it

without having its own orbit severely modifiéd.

As the tether passes through perigee, it will be at its greatest orbital ¥glacd will be moving
faster than a spacecraft in a circular orbit at the same altitude. For example, if the tether is moving at a
speed of 8.9 km/s at perigee, a spacecraft in circular orbit would be moving at a speed of 7.7 km/s at the
same altitude. 2 NRSNJ T2 NJ G KS (S { Kefadivalydt neieds ko berétating@tio& itsLI- & € 2 |
centerof-mass at the rate that woultbrceits tip velocity equal to the difference between its centdr
mass velocity and the velocity of the payload; since titational motion of the tip is opposite to the
motion of the payload, the relative velocity of the tip and payload is then zero and a smooth catch can
be effected. It is required that both the relative position and relative velocity of the tip of the tethe

the payload be zero ahe moment of the catcH’
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FIGURE: TETHERFAPPROACHING\PLOABEFOREENDEZVOUS

Once the payload is caught by the tethelhédgins to be accelerated centripetally by the tension
in the tether. The MXT loses energy and assumes a lower orbit, while the payload gains energy in the
process. The payload gains a velocity equal to twice the velocity of the tip, and this gain is almost
instantaneous (and faster than conventional chemical upper stage propufSibnthis case, the
LI @f2FR ¢g2dZ R IALAY Hdn {Ykad Ay @St20A0G8I 6KAOK
orbit (GTO) through perigee bufhThe catch mechasm is placed at the tip of the tether so that there
is room for some error in the process. One concept involves a hook on the payload that latches on to a

net-like structure at the end of the tethé¥.
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2.2 CONSTRUCTION

With the current construction concepts, the tether facility would consist of a rotating; 120D
km long tether with a variety of masses and other mechanisms in place along its length. The tether tip
would have a mechanism that would assist in hooking up the tetiha suitable payload aimed at it.
The other end of the tether would consist of a ballast mass, which would probably be the spent stage of

the launch vehicle that would put the MXT into orbit before any use of it can be Made.

The 100120 km tether woud be a composite material with an extremely high tensile strength
that is then coated or treated in some manner to protect the tether from ultraviolet radiation and
atomic oxygen. The material used would most likely be one of two materials: Dyneemaan carb
nanotubes. Carbon nanotubes are one of the strongest and most rigid materials known to mankind in
terms of both tensile strength and elastic modulus. In 2000, a mualtied carbon nanotube was tested
to have a tensile strength of 63 GPa. This can I&paped to highcarbon steel, which hastensile
strengthof only about 1.2 GP&.Carbon nanotubes also have a very high elastic modulus, up to 1 TPa,
and their specific strength (tensile strength divided by density) i #3y/cni, givingthem the best
specific strength of any known material. Dyneem@anparatively is a readilyavailable synthetic fiber
with a high tensile strength that has been in use since 1979, when it was invented. Dyneema, formally
known asUltra-High MolecularWeight Polyethylene(UHMWPE, has some defects that may limit its use
in atmospheric or neaatmospheric temperatures as its melting point is only about 144 degrees
Centigrade, while its use is not recommended above 100 degrees Centlg@aidon nanotubes seem
to be the afest and strongest choice, but the cost of a tether of such size constructed out of a new and

untested material make some engineers uneasy.

The tether would be constructed using a multiple strand, civdsd configuration that would

be able to providedvels of redundancy for the tether modules should any event occur in which portions

38
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of the tether were damaged or severed. Possible agents that cause this damage will be discussed in a
later section of this chapter. Part of this higlrength tether, abou#0-80 km in length, could be

integrated with a conductive material, such as aluminum, that would allow for the tether to conduct
enough electrical current to power control modules and mechanisms along the tether that do not
require a greater deal of poweFor mechanisms requiring larger amounts of power, smaller spacecraft

like units would collect solar power and deliver it to them in the form of electrical cuffent.

2.3LUMITATIONS

While carbon nanotubes provide a higlrength material from which the MT can be
constructed, space debris and other hazards can compromise the security and integrity of a tether
structure that is permanently in orbit above the Earth. Micrometeoroids currently pose the greatest
threat to space tether structures and the spae¢her itself. These small particles of rock, which usually
weigh only a gram or less, pose a major threat to not only the tether, but to space exploration in
general Thisis already evident from the care that NASA expends inrizgay spacewalks from the ISS.
Small particles are extremely common in space and their velocities relative to spacecraft in orbit are on
the order of kilometers per secorfd According to theSpace Tetherndandbook typical micrometeoroid
velocities are bout 20 km/s, withan average density of about 0.5 kgt impact speeds above the
speed of sound, solids become compressible and the shockwave due to impact produces effects
analogous to those of an explosi6hToput the large number of micrometeorasdaround the Earth into
perspective, it is estimated that micrometeoroids comprise most of the 30,000 tons of space debris that

impact and deposits itself upon Earth every year.

¢KS ad0NBy3aIGK 2F GKS YIFIGSNRAIFf & dzalyRstellgsthe KS & LI O
length of the tether is made longer and longer. There exists no better real world testament to the

damage that can be inflicted by micrometeoroids than in SE[S94, where an important experiment
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which tested the second longest sttuce ever deployed in space was cut short during the extended
mission phase when a micrometeoroid cut the tether at the 7 km point. Even when the thickness of a
tether is increased beyond 10 mm or more, depending on the altitude, the risk does go notnuastm
Even with a decrease in micrometeoroid risk, the debris risk dominates and the tether is likely to fail if

any part of the debris passes near the center of the teffier.

In terms of survivability of a space tether, the T{P&her Physics & Survivility) program was
organized to research just such a question. Their findings, while limited because of time and financial
constraints, nevertheless suggest that a tether technology could be successfully deployed irospace f
future operational mission§. However TiPS notes that considerable technological development will still

be required before an operational system can be field tested.

2.4 APPLICATIONS

The main application of thBlomentum-Exchange Tethés as one of the primary components
of the MXERMomentum Exchange Electrodynamic Reboost Tetl&ince the MXT loses some orbital
energy in the process of throwing a payload into higher orbit, it must benergized so that it remains
in the same orbit and may be used multiple times. The best way tihid is to incorporate the
electrodynamic reboost properties (described in more detail in the next chapter) into the design,
enabling it to be raused as many times as needed. The ideal application of the MXER is to provide an
extremely inexpensive wawpif payloads to be launched into higher orbit (mainly GTO to GEO) from LEO.

The details of the MXER will be discussed in a later chapter.

Another possible application is the Station Tethered Express Payload System (STEPS), which can
provide a way to get b&csmall payloads from the ISS without having to use rockets. A payload would be
tied down inside a mini capsule that can be ejected downward through a robotic airlock. TheB3a 30

km tether would deploy from the capsule and orient the capsule for reefing tether is eventually cut

10
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and burned up in the atmospher@The technology used in this application was proved to be possible
by the NASAponsored Small Expendable Deployment System (SED3993"° Many other

applications like this, involving ¢htransfer of payloads, are possible wittomentum-Exchange Tether

11
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3 ELECTRODYNAMIETHER

3.1 FUNCTIONALITY

AnElectrodynamic Tetheor EDT for short, is a long conducting wire extended from a
spacecraft, such as a satellite. The gravity gradieltt, sometimes referred to as the tidal force, will
GSYR (2 2NASYy(d GKS GSGKSNIAY | @GSNIAOIE LRAAGAZ2Y D

magnetic field lines at a velocity of approximatel Km/s® A diagram of the EDT in orbit amuaithe

SINIKEZ AyOfdzZRAY3a (GKS 9FNIKQa YIFI3aySiAad FASER fAySa

seen below irFigureb.
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FIGURB: EDTORBITACCORDING TQURRENPOLARITY
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While EDTs have multiple uses, one of their prindiyphetionsis to generate electric current
that can supply power to a satellite for dsoard experiments or other purposes. The motidrttee
G§SGKSNI §KNRdzZIK (G KS 9 vEL&edtIforcé’f oA ticSeledtrGns i ik, &afisig ab | dza S &
electron current to flow in the tether towards the planet (with the charged ionosphere outside providing
a closed loop for the current). The cent flowing in the tether causes it to experiencd® force from
GKS 9IFNIKQa YIFIIySGiAO FASER GKIFG NBGIFINRa Ada Y2aAz2
electromagnetic brake that exerts a drag force on the satellite and slows it dowsinggit to drop to a

lower orbit. This is illustrated iRigure6.

INDUCED CURRENT

When a conductor moves through a magnetic field, charged particles
feel a force that propels them perpendicular to both the field and
the direction of motion. An electrodynamic tether system uses
this phenomenon to generate electric current. The current,in turn,
experiences a force, which opposes the motion of the conductor.

Magnetic

@/ \ field line
o Magnet
w . J

Direction
“ - of motion
Conductor

4 "

Electron
current
Force

FIGURB: HOWINDUCED CURRENT PHOBS DRAG

This change in orbitalltitude can be reversed when a battery is added to the circuit of the EDT

¢CKAA O0FGGSNE OFy 2@0SND2YS (KS AYyRdzsSdemBigaeNBEy & | YR

13
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EXTERNALLY DRIVEN CURRENT

A battery added to the circuit can overcome the induced current,
reversing the current direction. Consequently, the force changes
direction. An electrodynamic tether exploits this effect to produce
thrust. (Technical note: These diagrams show the electron current,
which is opposite the usual currentconvention.)

/ .\‘

o o

-

FIGURE: HOW ADDING A BATRE WILL COMBARBG
¢tKS FT2NDSa (KS G(SGKSNI SELISNASYyOSa INB y26 Ay
OKIFy3Sa GKS (S ébysasingihe 2 A he advantadgeiraisingdie orbital altitude
of the tether is to reboost a tether facility that incorporates momentexchange principles, also
knownas a MXER, back to its original orbit. The specific applications of the MXER tether will be
discussed in a later chagat The principles discussed in this section were proven by the NMp&#sored
Plasma Motor Generator (PMG). The PMG was a tethered mission that successfully used a 500m

Electrodynamic Tethdp convert orbital energy into electrical energnd raise andower its orbit?®

14
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3.2CONSTRUCTION

The basis of aklectrodynamic Tethes theinsulated,conductive wire thaknables current to
flow through the length of the tethefTheoreticallyany kind of conductive material would work, but
aluminum, copper, and silver fibers are most commonly used. The length of an EDT is primarily

determined by the function it is intended to serve.

An EDT designed to dabit a 10002000 kg spacecraft woulgrobably be about 80 km long
and would have a mass of -BB kg (typically around 1% of the host spacecratte tether would be
wound on a spool ani$ deployed at a rate of several meters per second, once the spacecraft has

reached the end of its if&"

To power a manned space station would require an EDT of about 20 km in length. This tether
could provide upwards of 40W of power, which is enough to rumostresearch facilities in space.
Like the EDT designed for-debiting a satellite, this wodl attach to and deploy from a spacecraft in a
similar manner. Unlike the previous type of EDT, however, it would stay deployed throughout the life of
GKS aLJ O0S aidlFidAz2y aAYATIFINI G2  az2ftFNJIFNNFe&zx 3ISySN

lonosphere.

An EDT can also be integrated inthlamentum-Exchange Tethdo create a MXER tether
facility. The total length of the tether would be 120 km long, 480 km of which wouldhclude a
conductive wire, which would enable the reboost of tiagifity."” The specific construction of the MXER

will be discussed in a later chapter.

One way to think about aRlectrodynamic Tethds that it is a closed electrical circuit with a

battery in series. When the tether passes through the ionosphereatilesto collect electrons, allow

15
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them to flow through the conductive wire, and emithem back into the atmosphere. At each end of the

EDT will be a plasma contactor, with an anode collecting electrons and a cathode emitting them.

3.3LMITATIONS

The critcal limitations of the EDT are that they are subject to power surges and large vibrations
in the tether.Micrometeoroids and space debris present another concern to the EDT, as is the case with
the MXT Micrometeoroidspose the danger afeveingthe tether, andthe only way tacounter that

eventuality is tchave redundant current pathhat can make up fosingle string failure.

A power surge, or electrostatic discharge, through the EDDecamrunexpectedy. This can
make a multitude of functions go awby cutting the tether damagingts electronicsor welding parts
of the machinentogether. The only way tsurmountthis obstacle is to refine the technology to better

cope wih the dangersposed by theEdNJi K Q& | (Y2 & LIKSNB @

95¢a KIS | GSYyRSyOeée (2 o0dzZAfR dzLJ GAONI GA2Y A
Unless these vibrations are damped, the tether will eventually fail from mechanical stress. One way to
prevent excessive vibrations is to iaitradio or inertial sensors in the tether, aadry the current in it

suitably to damp out the oscillatiors.

3.4 APPLICATIONS

There are two primary applications of the EDT. As discussed in the functionality section, the EDT,
when equipped with a battery to maintain its orbital altitude, can generate electrical power without

falling into lower orbit. This would reduce the need &ther sources of power for thattachedsatellite.

The other use of the EDT is to-debit a satellite at the end of its useful life and prevent it from

6302YAYy3I | LASOS 27 aLl OS RSoNRao® ! GKS SyR 27
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installed in the object, could be unfurled. When the antenna is in place, a current could be made to flow
through it and the resultingBRNJ 3 F2 NODS 2y Al FTNRY (GKS 9F NIKQa Yl
alaSttAiSQa aLISSR | 2RDGIIdZE S WSl (id2 { R NR LO | (24 Aly 3f 2A41S NI

atmosphere and burn uff. This isllustratedin Figure8.

1 Satellite atorbital SeploIRE T on
altitude of 1,000
kilometers would 2 Satellite reaches

ordinarily take about end of its design
2,000 years to sink back &' E life and deploys tether. Eventually drag
tothe dense atmosphere i'"ﬂ Tether produces drag, induced by the
RS I lowering the satellite’s tether lowersthe

and burnup onreentry =
@ W attitudeinto denser satellite to an altitude
layers of the atmosphere sufficiently low that it
rapidly falls into the
lower atmosphere and
burns up onreentry

FIGURB: EDT APPLICATION REMOVE SPACE DEBRIS

Abrilliant application of an EDT would be to stabilize the orbit of the International Space
Station. The ISS, over the period of the next ten years, will require 70 tons of propellant to keep a non
decaying orbit around the Earth. Bhi LINR LISt f | y(Gi Qa O2ald Aa PtZnnann ! {5 1
given, the total amount spent, just to keep the ISS in orbit at its current orbital altitude, comes out to
$980,000,000 USD. The idea of an alternative method of keeping the ISS at its Gitithd becomes a
viable option with the EDT. Deployed properly, the EDT could utilize the same electromagnetic forces
that held itself in orbit to hold the ISS in orbit, pushing itself forward on the magnetic field of the Earth.
This planwould callforsn LINR LISt f I yGxX 2yt & Iy FRRAGAZ2YIE L3 éSNJI

load did not affect its ability to maintain orbital altitud@.

17



PKASBO7

The implications this tether could have on missions to other planets, most cur{2omy)
Mars, would be that th need to carry expendable propellant would be negated. The EDT could be used
in a similar manneto boost a spacecraft into a transfer orbit that would take it to a distant planet or
destination. Upon reaching its destination, the reverse current coulddmtied to utilize the resultant

drag force to decelerate a spacecraft into the desired final orbit.
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4 MOMENTUMEXCHANGE_.ECTRODYNAMREBOOSTETHER

4.1 FUNCTIONALITY

The MomentumExchange/ElectrodynamReboostTether utilizes and combines the major
functions of theMomentum-Exchange Tethend theElectrodynamic Teth&r ¢ KS a- 9wQ&a Y2YSy
exchange abilities involve launching a payload from LEO to a higher orbit. Its electrodynamic properties
AyOf dzRS GKS FoAfAdGe G2 feMihgksamd of isfoditaliereigKtd tNdpaylo@dND A G |

Combining these two features is the key to creating a successful hybridahaipen up a new

approachto space travel.

Themomentumexchangeportion of the MXER functions in the same way as was desciribed
Chapter 2.1. The tether will be in an elliptical orbit watherigee of 306600 km, ancanapogee of
50008000 km. The payload will be launched into a circular orbit around the Earth, which has
significantly less orbital energy at the same altitudehastether. The tip of the tether will have a zero
relative velocity to the payload when they meet and will be able to safely grasp onto it using a catch
mechanism. The example used previously was that the MXER moves at 8.9 km/s, while the payload
moves & 7.7 km/s. The tip of the tether, however, is moving at a relative velocity.@fkm/s, which

makes the difference in velocity zero between the payload and the tip of the téther.

The catch mechanism that will grab onto the payload is a very impopmiof the entire
process. The grapple mechanism must be very strong and have room for error. A connection must be
made between the tether grapple and the payload as they come into proximity within abbbit 5
seconds” Even though this type of short ped capturehas not yet been tested in space, there are
other systems that have perfected capturelsthis sortthat are used ilmany applicationsLanding jets

on an aircraft carrier involves high relative velocities, unpredictable relative acceleraimhsmall
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capture of film canisters that are dropped by surveillance satellites, which have 2 second rendezvous

windows and high relative velocities, yiedve a 100% success rate.

Part of the MXER tether will have a conductive wire incorporated into it, which will provide the
facility with electrodynamic propulsidoy using the9 | NI K Q& Y .[Pawenill heCroll@cted dsiRy
several solar panels #t are stationed periodically on the tether and stored onboard to be used at the
appropriate time.This stored energy is used to create a force in the direction of tether movement by
inducing a current flow through the conducting wire. The force will rtex as the tether passes
GKNRdzZAKSE FyR NBIFIO(la 6AMKENGKSE BbADK QeSS IgaRIBHIIK Q A5 &

the payload into higher orbit through momentum transfer, the orbit of the tether willdveered.

)¢

However the force createdd @ G KS NBIF OlAz2zy 06SG6SSy GKS (4SGKSNDa

can be used to reboost its orbit back to its original altitude.

If the MXER tether facility caught and released a 2000 kg payload, the apogee altitude of the
tether would decreasdy over 2000 km anid would need a Delt&/ of about 242 m/s to boost badk
its former orbit* It would take about 45 days to complete this proc&ssince the EDT can only create
thrust near perige& and each individual thrust is very slight. Thigighlaunch of the MXER tether
employs the same strategy to initially raise itself to the appropriate altitude. Once the tether facility is
launched and the tether is fully extended, it will use the electrodynamic propulsion to raise the apogee

altitude to approximately8200 km, which may take up to 6 months to complete.

The main function of th#IXER tethefs to capture a payload that will rendezvous with the
tether at perigee, throw the payload into a higher orbit, and subsequently reboost itself using

electrodynamic propulsion. These steps are summed Upgare9:
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Rotating tether picks payload @ Tether current pushes
up from suborbital launch and against Earth's magnetic field

\ tosses it into orbit

Tether's orbit drops Electrodynamic
as it transfers thrusting restores
energy & momentum tether's orbit

to the payload

FIGURB: STEPS INVOLVEIMXER PAYLOAD TRANSRRID REBOOST

7 A

InthisF A 3dzNB X (K eSftt2g tAYS Aa GKS a-9wQa 2NRARIA

FFGSNI Y2YSylddzy NI ya¥FSNE (K oftdzS tAyS Aa GKS LJ @&

fAySa NBLINBaSyid GKS 9FNIKQa YIFI3IySGiAO FASEROD
4.2 CONSTRUCTION

Before delving into the construction of the MXER, it is important to take note of prior effibrts
MXER architecture. The concept of the MXER originated in the 1990s and has evolved a great deal since.
The process of using an electrodynamic reboost systera propellantless system and related studies
were @mpleted by the end of 1992. Agencies such as NASA and Forward Unlimited as well as the
Smithsonian Astrophysical Observatory and Boeiace involved in these efforighe latter
investigatinghe feasbility of a momenturmexchange facility for LEO to GTO payload tran$tee.
recommendatiorof allthese studiesvasforr Y2y 2t AGKAO¢é aeadsSy I NOKAGSOIU
deploy mechanism, the power systems, and the additional components are integratea single

O2y GNRf adldArz2y t20FGSR G SAGRSNI SyR 2F GKS (SdK
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¢ KS LINB@OAZ2dza aY2y 2t hal mdnpinitatiodshat @Md ble dl@dorhdl S O i dzNB
only by introducing a new architectur€he new architecturéhat wasproposed®”is a modular tether
boost facilityin whichthe tether consistsf a large number of small, identical modules. This is illustrated

in Hgure 10, below:

Deployers

Deployers
& Truss & Truss
Power Power Power Power Power Power Power Power
Upper Stage Module 1 Module 2 Module3 Moduled4 ModuleS Module& Module 7 Module 8 Grapple
1 | J J | | | | | |
| | I Twa 5 km
Bare Wire High-Strength Insulated Bare Wire Tether
Haoytethers Zylorn® Hoytethers  Conducting Hoytethers Hoytethers Modules

AGUREL(: CONCEPTUAL LAY@FTHE MODULAR MXBRTHER ARCHITECTURE

The five basic building blocks for this new modular architecture are not completely foreign to
previous tether desigrn As in previous architectures, a highestgth tether module is required and, as
in the EDT, a conductiEectrodynamic Tethanodule is required. A deployer reel assembly with ability
to deploy and retract both kinds of tether modules is a new additionpmesentin the MXT or the EDT
designsFinally, there is a power module and a truss structure that supports the deployer module and

power module at each junctiofi.

As can be seen igure 10, the propogd architecture calls for the 100 km tether structure to
be divided intaten sections, each 10 km in length. Further, each 10 km section is composed of several
parallel pairs of 5 km tether modules that are attached bexkack to form the total lengthThis is
illustrated inFgure 10on the right most side. The truss structure serves as a support for each of the
tether deployer modules, sitting in between each sewtof the tether.Eight of the junctioawill

contain power modules which will supply thegh voltageneeded for the electrodynamic reboogt.
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An important feature of the 10 km segments, comprised of two 5 km tethers, is that it affords
the tether deploynent or retraction mechanism to be placed at both ends of the tether. With this
system, in the case that one end become damaged or severed, both halves of the tether can be
retracted which will prevent the generation of orbital debris and allow stowindpeftroken pieces to

facilitate replacement?

While some features of this architecture borrow from other tether constructs such as the MXT
and the EDT, the deployer module is relatively new. In this modular architecture, each of the 5 km
lengths of higkstrength tether and conductiv&lectrodynamic Tethewill be deployed by its own

deployer module. A design concept illustration can be fourieigue 11, below

. [nve Motors

Tansioning
-~ Shewws

_Termmnation
" Clarvg

FIGUR11: CONCEPT DESIGN FER DEPLOYER MODULES

These deployer modules have a design requirement that they must be able to stow 0.1 cubic
meters of wound tether for deployment and be able to retract the tethers under low tensiath to
securely terminate higistrength tethers prior to the system spin up. Preliminary tests with Zylon

Hoytethers, a type of hightrength tether material, show that the tether modules can be wound up with
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