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1 Introduction

Given ships or sails adapted to the breezes of heaven, there will be those who will not shrink from
even that vast expanse.

— Johannes Kepler, letter to Galileo, 1610

Tether: a cord that secures something to something else

Tether propulsion systems: proposals to use long, very strong cables to change the orbits of
spacecraft. Spaceflight using this form of spacecraft propulsion may be significantly less expensive
than spaceflight using rocket engines.

— Definitions as found on Wikipedia, Jan. 2008

In this section the thesis objective is defined following a review that exposes the gap
between potential tether applications, on one side, and the flight experience so far, on the
other. A survey of the thesis structure is then provided.

1.1 Sustainability and the appeal of space tethers

Mankind's exploration of space has so far been severely limited by the difficulty to reach
Earth orbit. Our way into space is much the same today as it was originally in 1957, when
the first satellite Sputnik was carried into space by the R-7 rocket. The Soyuz rocket that
delivers cosmonauts to the International Space Station today is a direct descendent of that
original R-7 and still similar to a large degree. All rockets provide propulsion by expulsion
of matter, and have proven so far to be a highly inefficient means of transport. Whereas a
ship sailing an ocean is kept afloat by buoyancy alone, it requires a great deal of energy to
get a rocket into orbit and balance the Earth’s gravity during its ascent. Rocket science is to
pre-pack all this energy into a drum and release it in a controlled manner. Whereas a sailing
ship exploits the wind to propel itself, a rocket carries its energy along, plows through the
atmosphere and hardly benefits from the opportunities that the environment provides.
Worse, for this gargantuan and non-trivial task to succeed, a great deal of additional energy
and effort is required to build up the infrastructure for design, production and transport of
that rocket.

Once we are in space, for most purposes it becomes somewhat easier to travel around, and
there are numerous concepts, proven or under development, to ride the ‘breezes of heaven'.
The same type of high-thrust (or 'impulsive') rocket engines could be employed once more.
Alternatively, ion engines use the same principle of expulsion but they are characterized by
continuous, low thrust levels. More literally, solar sails, or, indeed, space tethers can ride the
breezes of heaven. Solar sails are propelled by the minute pressure exerted by the impact of
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sunlight. They are especially promising for use in interplanetary space where, over time,
low acceleration can accumulate to obtain significant changes in velocity. Space tethers are
long thin cables, primal structures that, like solar sails, can be used for essentially
propellantless propulsion, but also to build formations that would be very costly if created
in another way. Space tethers provide a unique outlook for sustainable space transportation,
because energy and momentum are not lost through exhaust gases. This may explain their
perceived elegance and appeal.

Th resulting attractiveness has made tethers an academic favorite. As will be illustrated in
the following sections, exciting concepts and the sometimes elusive tether dynamics have
been closely studied for decades by a great many scientists. Yet despite all this effort, there
is little flight experience and no tether application is in use today.

1.2 Examples of tether applications

The potential for space tethers to create a paradigm shift in the way we travel to and
through space is probably best exemplified by the 'space elevator'. This still futuristic
concept was created in 1960 by Yuri N. Artsutanov [Artsutanov 1960] when he proposed to
physically connect Earth to space by tether. The idea was an improvement of the visionary
orbital tower concept as conceptualized by Tsiolkovsky already in 1895 [Tsiolkovsky 1895].
A self-balancing connection would be necessary, i.e. a vertical tether in orbit around and co-
rotating with Earth while just touching its surface. A large endmass on the “space” end of
the tether, beyond geostationary orbit, could be used to achieve such a balance.
Alternatively a tether of 144,000 km length and without endmass would fulfill these
requirements [Pearson 1975].

In order to obtain access to space using the space elevator one would simply board a
delivery vehicle on the Earth surface, exert some patience as the vehicle climbs the tether,
then disembark at the altitude matching the desired orbit. The most popular orbits would
likely be geostationary and interplanetary orbits, although elliptical ones approaching Earth
in perigee would also be a possibility. The delivery vehicle would take on-board any
returning cargo and descend back to the Earth surface to pick up the next passengers.

The space elevator should offer access to space at a cost orders of magnitude lower than
possible today, changing the appearance and scope of space travel itself. The elevator has
two major conceptual advantages over rockets that should lower operational cost. Firstly,
the energy required to climb the tether does not have to be stored on-board of the delivery
vehicle, but can be e.g. transmitted from the ground by laser or by electrical power through
the cable. Secondly, the energy spent can be partially recovered as the delivery vehicle and
its return cargo descends. As a result of the steep drop in cost, rapid developments could be
expected, as have happened in recent years for personal computers and mobile
communication. For large multi-stage rockets it would mean they would become all but
obsolete. The use of satellites for any purpose would however become commonplace, and so
would commercialization of space as well as human exploration of the solar system.
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Many technical challenges are still to be dealt with before we can actually build the space
elevator. Work is needed to cover dynamic issues, delivery vehicle concept, power supply
and recovery, atmospheric interaction challenges, deployment and operational issues, and
so on. Not the least of the developments required is that of high strength low-density tether
materials such as carbon nanotubes [Edwards 2000, 2003].

Fortunately, tethers can also be used if they are much shorter and in orbit without a physical
connection to Earth. A large number of applications for space tethers has in fact been
proposed, ranging all the way from modest systems tailored for niche markets to grand
enabling solutions [for an overview, see e.g. Cosmo 1997, Cartmell 2008, Pelt 2009]. Tether
lengths range from hundreds of meters to hundreds of kilometers. These applications
generally make use of the tether as long-distance mechanical connection, and they may
exploit the ability of conductive tethers to interact with the Earth magnetic field.

One of the more futuristic of the proposed mechanical tether applications uses multiple
rotating tether systems, or 'bolos’, in orbit around Earth and the Moon or Mars to create an
interplanetary transportation system. Permanent habitation of Mars or mining of the Moon
for rare minerals and raw materials could then become a possibility. Each system would be
a hundred kilometers or more in length and feature a tip velocity with respect to the
system's center of mass of at least 1.0 km/s. The direction of tether rotation would be
prograde, i.e. identical to that of the orbital direction. By careful timing a payload on a
suborbital vehicle could be grabbed from the tip of a low orbiting tether as it approaches the
Earth atmosphere and temporarily matches the suborbital vehicle's position and velocity.
Half a turn of the tether system later the payload could be released and hurled into space.
The system would provide the payload with an altitude increase of twice the distance
between tip and system center of mass and with a velocity increase of twice the (relative) tip
velocity. Next, a similar and synchronized system would capture the payload and hurl it
onward. Eventually the payloads could be delivered all the way to the Moon or Mars. The
same infrastructure would be used to return cargo from those remote celestial bodies to
Earth. In this way, the energy balance would be largely maintained and a high degree of
efficiency could be achieved, be it that significant initial investment would be required to
develop the infrastructure [Hoyt 1999.1, Forward 1999].

Advanced mechanical tether concepts have also been recognized as some of the more
feasible alternatives to “clean” the busy lower regions of space around Earth [Bade 1993,
Bonnal 2005]. Hundreds of pieces of large debris, mostly spent stages, can be found in Low
Earth Orbit (LEO). If not removed, such debris is likely to eventually break up in collision
with a piece of the even more numerous smaller debris or, in some cases, with a functional
satellite. Not only would a functional satellite be almost certainly destroyed by such an
incident, the secondary debris generated in the collision would increase the incidence rate of
further collisions. A traveling system with a swinging or rotating tether could move from
debris to debris, capture each piece with the help of a suitable grapple system and deorbit it
subsequently by momentum transfer.
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The above concepts could be significantly enhanced by using also a conductive tether
material. Within the Earth's magnetic field and plasmasphere it is possible to convert solar
energy to orbital energy without the use of propellant. Using the electrical potential
generated by e.g. solar panels a current can be driven through the tether: electrons can be
collected from the Earth’s plasma on one end and be expelled on the other end. In the
magnetic field of the Earth a Lorentz thrust will result acting over the conducting part of the
tether and creating an electrodynamic form of propulsion [Johnson 1998, Estes 2000.1]. The
orbital lifetime of large rotating tethers in LEO could be increased by using this Lorentz
thrust for atmospheric drag compensation. The MXER concept for example is an
electrodynamically-enhanced bolo system [Sorensen 2001]. The above-mentioned debris-
remover systems could be moved from one debris object without propellant by properly
modulating the Lorentz thrust such that it would in a way sail the Earth’s magnetic field
[Pearson 2000].

Electrodynamic tether performance is dependent on the orbital, magnetic and plasma
environment which provides a limitation but also creates opportunities. Around Jupiter or
Saturn with their strong magnetic fields, high orbital energies and fast rotating, dense
plasmas unique conditions exist in which a tether could effectively convert the planet’s
rotational energy into both orbital and electrical energy without the need for solar power
[Gallagher 1998]. An electrodynamic tether could also be combined with an electric
propulsion system, which would act as efficient provider of electrons, such that the
dependency on the plasma density around the Earth would be reduced [Ockels 2004].

Such applications require significant investment in tether infrastructure. Furthermore, for
most of them a reliable rendez-vous and docking system would have to be developed. The
tether’s orbit would have to be kept clear of debris and other satellites to avoid collisions.
Although indeed carbon-nanotube materials could eventually offer extremely strong and
lightweight tether solutions and reduce the mass overhead and thus the investment cost, the
question remains whether emerging alternative technologies with equivalent capabilities
will be developed first, at lower cost and risk. However, not all proposed tether applications
are so remote.

For example, a rotating tether system with a baseline of about a kilometer is able to generate
a comfortable level of artificial gravity through the (apparent) centrifugal force. Exposure to
long periods of weightlessness has important reversible and irreversible effects on the
human physique. Humans traveling to Mars for six months or more would benefit from an
artificially generated gravity-like force to secure their physical fitness upon arrival. Little or
no viable alternative exists to tethers for artificial gravity [Clark 1960, Stone 1973, Cramer
1985].

For orbital transfer less ambitious than the bolo systems one can avoid the requirement of
spin-up that is inherent to a rotating tether system. A pendulum motion can be sufficient in
some cases and it is readily achieved as a side-effect of deployment. A well-timed payload
release from a swinging rather than rotating tether can be an effective way of changing orbit
for both endmasses through the principle of momentum transfer. An example is the delivery
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of samples from a Space Station back to Earth, or SpaceMail. Thin tethers of some kilometers
to tens of kilometers could be used to frequently deorbit small capsules from a manned or
unmanned station returning data, biological, medical or material samples for detailed
investigation on the ground [Aerospatiale 1986, Ockels 1995, Heide 1996.1]. At the same
time, the orbit of the Space Station would be raised and the amount of propellant required
for its orbit maintenance would thus be reduced. A similar system could be used to
efficiently remove waste from the International Space Station [Alenia Spazio 1995].

A vertically hanging tether without pendulum motion or momentum transfer could also be
of use, e.g. to investigate the Earth’s thermosphere in multiple, coordinated points, assisting
scientists in advancing its three-dimensional understanding [Heelis 1998]. Such coordinated
in-situ measurements for this altitude regime are very difficult or even impossible to obtain
with conventional techniques such as (Earth Observation) satellites or balloons.

Electrodynamic tether applications also have been proposed for the short term. The Mir
Electrodynamic Tether System (METS) has been designed to convert solar power into thrust
and compensate for the Mir Station's atmospheric drag. It would have significantly reduced
the station's orbit maintenance cost, and would have allowed Mir to orbit at lower altitude
in a higher drag environment, reducing cost of access by conventional means [Levin 2007].
Although METS has reached an advanced state of development, it was never launched due
to the decision to deorbit Mir in 2001. Nevertheless, the same system could be employed for
future stations or other large objects in a high-atmospheric drag environment [Vas 2000,
Blumer 2001].

An electrodynamic tether in LEO to which no electrical power is applied can still be
equipped to conduct a current, fed by the Earth's plasma and driven by the electromotive
force (emf), the latter induced by the orbital motion inside the Earth's magnetic field. This
current would generate electrodynamic drag (and electrical power) rather than thrust. Such
a simple “drag tail” or Terminator Tether could be used to deorbit a satellite after its
nominal lifetime and help maintain the cleanliness of the orbital environment [Forward
1998, Hoyt 1999.11, Vannaroni 1999, Dobrowolny 2000].

What these various tether applications, mechanical or electrodynamic, distant or more short-
term, have in common, is that with respect to conventional (rocket-based) solutions they
would significantly reduce the need for propellant, as they tend to keep energy and
momentum within the system of interest rather than lose those through expulsion of mass.
In addition, for some cases tether technology may indeed be enabling, e.g. for artificial
gravity, applications in high-drag environments, orbital debris removal or an operational
interplanetary transport system. The physical principles these concepts are based on appear
to be simple, whereas the cost of conventional alternatives has so far proven to be -and are
likely to remain- prohibitive. The question naturally arises whether the real application of
tether systems will be as elegant and technologically simple as their conceptual description
appears to imply and therefore, whether the investments required to make them operational
are indeed worth making.
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1.3 Flight history of space tethers

Table 1 provides an overview of the major suborbital and orbital tether experiments that
have been built and (in most cases) flown to date, as well as relevant references for each. For
convenience the list includes the Young Engineers' Satellites, YES and YES2, which are
subject of this work, as well as the recent T-REX experiment to which the author also
participated.

The earliest experiments took place in the sixties. In two separate experiments in 1966, the
Gemini 11 and 12 manned capsules were connected by a 36 m cable to their respective
Agena upper stage. With considerable difficulty the astronauts manually controlled the
tethered system they were a part of using cold gas thrusters, in order to bring the system
first in a gravity gradient stabilized position and then in rotation. During the Gemini 11
mission about 1 mgee of artificial gravity was created by a 0.15 rpm rotation. The Gemini 12
crew succeeded to achieve a somewhat stabilized vertical orientation.

The complex dynamics encountered during these bold trials with short tethers may have
been the reason it took 14 years before tethers were deployed in space again. Tether
experimentation in the eighties and early nineties was dominated by modest short
suborbital flights. Japanese, US and later also Canadian sounding rocket experiments used
conducting tethers to investigate their interaction with the Earth ionosphere. The first
Tethered Payload Experiments (TPE) suffered from deployment problems, but with
assistance from cold gas thrusters the various CHARGE (Cooperative High Altitude Rocket
Gun Experiment) and OEDIPUS (Observations of Electric-field Distribution in the
Ionospheric Plasma — a Unique Strategy) missions were completed successfully, with tether
lengths ranging from 400 m to 1174 m.

From these technically modest experiments it was a large step to the 19.6 km, 2 mm thick
and layered electric cable that was deployed from the Space Shuttle in 1992 as part of the
American-Italian Tethered Satellite System (TSS). Objective was to deploy the tether upward
out of the Shuttle, collect electrons at the far end using a 1.6 m diameter endmass as anode
and study the tether electrodynamics as a result of the current flowing through the tether.
The complex, actively controlled reel system got stuck after 268 m of deployment, but the
tethered satellite could be successfully retrieved and returned to Earth. In 1996, during the
TSS-1R reflight of the same equipment 19.6 km of tether was deployed exposing the
endmass to an emf of as much as 3500 V. A current of several Amperes caused significant
dynamics in the tether, and a significant Lorentz drag force must have acted on the Space
Shuttle. A clear skip-rope motion was observed in the tether. The experiment also provided
a wealth of information concerning the electron collection behavior of large charged
spheres in a plasma. Unfortunately, the tether was severed near the Shuttle end due to
sparking after damage due to debris or meteroid impact [Chobotov 1999]. This cut provided
the accidental opportunity to witness the dynamics of the free tether in space. It was seen to
create its own, artificial, lower endmass due to tether recoil in the low-tension end. The
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tether was tracked and re-entered within a few weeks, providing a first datapoint on tether
orbital lifetime.

A less ambitious orbital electrodynamic tether experiment was performed in 1993, the
Plasma Motor Generator (PMG), a 500 m tether attached to a Delta upper stage. PMG
succeeded in demonstrating that the Lorentz drag force can be turned around into a thrust
force, by actively sending electrons upward through the cable.

Highly successful mechanical tether experiments were NASA's Small Expendable Deployer
System missions, SEDS-1 and SEDS-2. They each deployed downward 20 km of a 0.78 mm
line braided from a special polyethylene fiber material, Spectra, again from a Delta
upperstage. A small subsatellite as endmass transmitted dynamics data to the ground
whereas the deployed length and tension were measured on the Delta side. SEDS-
1 deployed the tether with an open-loop control and ended in a swing and subsequent
release and re-entry of the tether and subsatellite. SEDS-2 took a step further with a closed-
loop controlled deployment to a stable vertical position of the tether. Unexpectedly, the
SEDS-2 tether was severed just 3.7 days after successful completion of the mission, most
probably by a debris particle. Thanks to Spectra’s high reflectivity, the SEDS-2 tether was
observed from the ground with the bare eye [Carroll 1995.1], passing through the sky as a
bright thin object with an angular dimension similar to that of the Moon.

The unexpected cut of the SEDS-2 tether increased concerns with regards to the limited in-
orbit lifetime of tethers. Tethers Unlimited Inc. (TUI) provided a reaction with the concept of
the Hoytether, a webbed tether believed to resist multiple impacts and securing very long
lifetime in space [Forward 1995]. The last of the large US tether experiments flown so far, the
ATeX (Advanced Tether eXperiment) by the National Reconaissance Office (NRO), intended
to demonstrate a meteoroid-impact resistant tape-shaped tether. Unfortunately, the actively
driven reel deployment of ATeX failed.

Recent data indicates however that the SEDS-2 cut must have been an anomaly. The Naval
Research Lab’s 4 km long, 2 mm thick tether of TiPS (Tether Physics and Survivability) was
unwound in May 1996, using also SEDS deployer technology. It has been orbiting for over a
decade in vertical orientation, with a slight oscillation, to be cut only in July 2006
[VSO 2010].

Nevertheless, especially the TSS-IR and SEDS-2 tether severings have resulted in the
evidently false, but widely-held belief that tethers in space are severely prone to failure.
Increasingly, the fear of accidentally severed tethers moving uncontrollably through space
and colliding with other satellites or even the Space Station, lead to mission cancellations. In
1997, the Young Engineers' Satellite (YES) was launched, but the tether deployment was not
initiated for fear of potential collision [Kruijff 1998]. The implementation of a tether as part
of the Shuttle-based SEDSAT [Lorenzini 1995] was cancelled. The electrodynamic
Propulsive SEDS experiment ProSEDS was built, but not launched [Vaughn 2004]. In their
wake new tether proposals became less frequent and less ambitious. The work reported in
this thesis was performed in this context.
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Year  Experiment  Length Technology Objective Success Remark Ref.
[km]
1966 Gemini 11 0.036 Mechanical link Artificial gravity YES Spin stable NASA 1967
between Gemini and 0.15 rpm
1966 Gemini 12 0.04 Athena upper stage Gravity gradient MOSTLY Manned with
stabilization manual control
1980 TPE-1 0.04 of 0.4 Conductive Plasma interaction PARTLY Suborbital
1981 TPE-2 0.07 of 0.4 and VHF wave PARTLY Sasaki 1987
1983 Charge-1 0.418 Cold gas assisted generation MOSTLY Sasaki 1994
1985 Charge-2 0.426 YES
1992 Charge-2B 0.4 YES
1989 Oedipus-A 0.959 Conductive Tonospheric science YES Suborbital Tyc 1995
Cold gas assisted Vigneron
1995 Oedipus-C 1.174 Passive reel YES 1997
1992 TSS-1 0.268 of Conductive, active reel Electrodynamic NO Shuttle missions. Dobrowolny
19.6 deployment Power generation Tether jammed 1994
1996 TSS-1R 19.6 MOSTLY  Tether broke after  Gilchrist
science success 1998
1993 PMG 0.5 Conductive insulated Power and thrust YES 7 hrs experiment McCoy
tether, passive spool piggyback on 1995
Delta
1993 SEDS-1 20 Mechanical, brake + Swing & cut YES SEDS-2 probably  Carroll 1993
1994 SEDS-2 19.7 spool Controlled YES cut by debris Carroll
deployment after mission 1995.1
completion
1996 TiPS 4 Mechanical, passive Study survival and YES Cut after Barnds 1998
spool stability 1 decade in orbit
2005 ProSEDS (13.1) Bare conductive/ Thrust - Cancelled for ISS Johnson
mechanical, brake + safety 2003
spool
1997 YES (35) Mechanical, double- Rotation, re-entry - GTO. Not Kruijff
strand, brake + spool deployed due to 1999.11
unsafe orbit
2007 YES2 317 Mechanical, brake +  Accurate re-entry of =~ MOSTLY Full two-stage Kruijff
spool a scientific capsule deployment. 2009.1, 11
Overdeployed.
1998 ATeX 0.02 of 6.2 Mechanical, tape, reel, Stability & control NO S/W stopped Zedd 1998
active deployment
2000 METS (5) Bare conductive Thrust (Mir station) - Cancelled as Mir ~ Levin 2007
tape/mechanical, was deorbited
passive reel
2007 MAST 0? of 1.0 Multistrand plus Study tether NO Minimal Hoyt 2003
inspector crawler survivability deployment
2010 T-REX 03 Conductive bare tether ~ Deployment and MOSTLY Suborbital Fuijii 2009
tape, passive folded current collection Successfully

demonstrator

deployed, video

Table 1. Ouverview of major tether experiments to date, by chronology of experiment family.

Experiments with length between brackets were not launched or deployment was not started.
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Only recently, nearly a decade after ATeX, new tether experiments have been launched, all
developed in educational context, and with mixed results. The MAST university project
(Multi-Application Survivable Tether) attempted in 2007 to deploy a tether between light-
weight cubesats but apparently without success. In the same year, as reported in this thesis,
the European Space Agency's 2™ Young Engineers' Satellite (YES2) deployed a 32 km tether
in two stages as part of a SpaceMail demonstration. This success for mechanical tethers was
complemented in 2010 as the Tethered Rocket Experiment (T-REX) of Tokyo Metropolitan
University featured the first and so far only deployment of a bare electrodynamic tether. An
innovative passive deployer system successfully unfolded a 300 m tape.

Of the 22 experiments listed in Table 1, 19 were in fact flown and a good majority, namely 14
of those, can be considered largely or fully successful. The flight experiments involved
essentially four types of deployers: the active reel, the passive reel, the passive spool and the
T-REX (passive) unfolding system. An active reel deployer unwinds the tether from a
motorized drum, in a direction perpendicular to the drum shaft. This in contrast to the
deployment from a passive spool, which is in axial direction over the head of the spool. The
more complex experiments based on active reel deployers, TSS and ATeX, have encountered
significant deployment problems. Virtually all the passive systems have lead to complete
deployment so far, with a notably good track record for the company Tether Applications
responsible for SEDS-1, SEDS-2, PMG and TiPS. The few spool failures (TPE and MAST)
suffered from a shared problem, i.e. insufficient initial momentum in relation to the
deployment friction. The importance of proper design choices is therefore apparent. Based
on flight heritage there is a strong case to move forward with the more simple, passive
deployment systems.

1.4 Objective of this thesis

Today, the concept of using tethers in space is still innovative but certainly not unexplored.
True, considering the current state of tether materials and technologies, sustainable space
transportation based on tether-assisted launch or bolo-based interplanetary infrastructures
is certainly still remote. However, tethers have been studied for many years, fundamental
principles have been demonstrated in orbit and several attractive applications have been
identified for the short term. Small development steps along the lines of such applications
could bring tether technology forward until a demand arises for more ambitious systems.

Nevertheless it has proven difficult to move beyond theory and concept demonstration
towards a first true application. Partly this is because development and operational risks are
generally judged to be high. There is a need to demonstrate that tether applications can be
effective, affordable, predictable and safe. Due to the very nature of tethers their
performance cannot be fully demonstrated in ground testing. Without a first in-orbit
demonstration of an actual tether application it seems hard to make a convincing case.
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Those perceived obstacles may be overcome through a systematic and targeted approach
over the full width of the matter. This approach should include a suitable application
selection, a solid mission analysis, a full system understanding and qualification, a thorough
coverage of safety aspects and, enabled by the results, an affordable, application-oriented in-
orbit demonstration. By going through this process, first a deeper insight is to be gained
about the challenges currently faced by tether initiatives. That achieved insight should next
allow to close the circle and shed light on the initial question regarding the effectiveness,
affordability, predictability and safety of tether applications and lead to credible
recommendations regarding near term tether initiatives on the road towards the first
applications and, eventually, a sustainable space transportation.

The objective of this thesis is to achieve and exploit this insight accordingly. The approach
can be thought to consist of three steps:

1. definition of the required tools and a suitable tether application for demonstration,
2. development of an adequate tether deployment system,

3. evaluation of its performance and extraction of lessons learned from the evaluation
process and its results.

Following this logic, the remainder of this thesis is structured in three parts, one part for
each of the above-mentioned steps.

1.5 Survey of this thesis

The three parts of this thesis consider respectively the definition, development and
evaluation of a tether application.

Part I of this thesis, the definition, provides the physics background and an analysis of
various concepts that could be candidate for a short term implementation. Chapter 2 first
describes the principles of tethers in space, both mechanical and electrodynamic, providing
insight into the physics behind their potential uses. In order to study potential applications
more closely, an extensive tether mission simulator has been developed. Chapter 3 analyzes
and discusses some of the candidate applications, their benefits and their limitations. Special
attention is given to the seemingly ambiguous role that tethers may play both in creation
and reduction of orbital debris. To take the step from concept to an application-oriented
demonstration focus will be on technology that is both low-risk and low-cost, and for which
significant heritage exists.

Part II, the development, therefore narrows down on the SpaceMail application. It focuses
on the design, development and qualification of a tether system for a demonstration
mission. Chapters 4 is concerned with the development and assessment of a suitable
material and tether design. As tether-induced collision risk has been identified as a primary
show stopper for past mission proposals, particular attention is paid to the design's
implications for safety. Possibilities are explored to decrease risk both during and after
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deployment, for example risk of entanglement with the deployment platform, and risk of
collision with other satellites after tether release. With the tether design eventually
consolidated, Chapter 5 continues by reporting on the development of the hardware and
software required for controlled deployment of that tether. It includes the tether winding
and unwinding facilities development, as well as SEDS-inspired designs for spool and
brake. Furthermore the chapter describes the deployment control algorithms, simulations
and ground-based deployment testing. Simulated performance versus actual deployment
results are compared.

Part III, the evaluation, final part of this thesis, reports on the construction of two space
tether experiments, the analysis of mission data and the extraction of lessons learned from
the exercise of actual implementation and from the mission results. Chapters 6 and 7
describe respectively the process leading to the development of the Young Engineers'
Satellite (YES) and the Second Young Engineers' Satellite (YES2). These space tether
experiments demonstrate the feasibility of actually building, qualifying and, in case of YES2,
operating the proposed system. Significant challenges had to be met, beyond the mere
production of the tether and deployer, in order to bring the experiments into space, and to
finally perform a tether deployment. An overview of the YES and YES2 systems and of the
management processes followed provide insight into these challenges. The YES2 mission
preparation, tether deployment results and problems encountered are analyzed and
evaluated in Chapter 8. A comparison of the flight data is provided against simulation
results, ground tests as well as the earlier SEDS missions. The suitability of the developed
tether system for the SpaceMail application is analyzed. Finally, the work is placed in a
broader context. In Chapter 9, conclusions are formulated and from the integrated findings,
recommendations are derived for further development, as well as implications for tether
applications in the near future that are to lead to a more sustainable transportation in space.
The Epilogue touches upon the same items, but more from the author's personal
perspective.

Following Chapter 9, a summary of the thesis is provided in both English and Dutch
language.






Part I - Tethers and their applications

Part 1 of this thesis provides a description of tether basics and a tether dynamics simulator that has
been developed. Armed with these tools, a number of possible near-term tether applications is
analyzed to finally make a statement on the safe niches that exist for tethers in space.
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2 Tether Dynamics

bx +ay=ac
axx + byy = bcc

— Christiaan Huygens, on 29 October 1651, writes down what may be the first ever physics
formulae, and will shortly after correctly define the conservation laws of momentum and
energy in “De motu corporum ex percussione”, 1652.

This chapter introduces the reader to the physical principles of tether dynamics in space.
The fundamentals behind the applications of mechanical and electrodynamic tethers are
worked out. A newly developed tool is finally described for simulation of detailed tether
behavior and real-world aspects that are difficult to take into account in analytical models.

2.1 Deploying a tether in space

This section discusses basic models for the dynamics of a hypothetical tether that is
massless, straight and non-conducting.

21.1  Gravity gradient tension for a hanging tether in circular orbit

The orbital period of an object orbiting a massive body depends on the orbit’s semi-major
axis a. A larger semi-major axis means a larger orbital period, as is e.g. obvious from the
Moon’s orbit around the Earth in about 28 days (a = 384400 km) as compared to that of the
Space Shuttle, in approximately 90 minutes (2 = 6700 km).

In the simple example of a circular orbit this can be easily understood. The motion of an
object in an orbit with constant radius r =4, around a homogeneous spherical body with
gravitational constant u - if viewed in a co-rotating frame - can be thought to be subjected to
a balance between a gravitational force F, and a centrifugal force F, which is apparent in
that frame. Whereas the force of gravity decreases quadratically with increasing r, the
centrifugal force is proportional with the product of r and the square of the angular velocity
w around the central body. In order to obtain said balance for an orbit with a larger radius,
the angular velocity must therefore be decreased, see Egs. (2.1) and (2.2).

| =mrﬁ2= E|=mro? @2.1)
7]

w= |5 2.2
5 @2

The implication is that if two objects are connected by a radially oriented tether, these so-
called “endmasses” are each forced to orbit with an angular rate different from that
belonging to the local circular orbit according to Eq. 2.2. Gravity force and centrifugal force
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on the endmasses can thus not be in balance. Suppose two endmasses m; and m, in circular
orbit at respective radii r; and r,, with r,>r; as depicted in Figure 1. Endmass m, will orbit
the Earth faster than its non-tethered companions at the same radius r,, whereas similarly
the lower mass m; will be moving slower at r; than its non-tethered companions there. Both
endmasses will share the same angular rate Q matching that of a circular orbit at a point
between the masses, the center of orbit 7o,

Y7
%;:?F’ 2.3)

where the term £/Q’ can be derived from the balance between gravity force and centrifugal
force for the system as a whole,

n dm n
u r—2=QZJV'dm, (2.4)

n

such that for a massless tether

3 nmn +n,t,

o =——F > 7 2.5
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For comparison, the radius of the center of mass r¢y is

mr, + m,r,

Tey = (26)

m, +m,

For a vertical tether with length L, r,=7,- L, it follows that reo’/re’ =1+ O(L/r,)*. Center of
mass and center of orbit can therefore be assumed to coincide for a vertical tether, if the
tether length is a mere fraction of the radius, L « r,. This assumption remains true for a non-
zero tether mass [Newlands 1994].

The force required to have the endmasses orbit at the angular rate of the center of orbit is the
tether tension T. It can be expressed in terms of distance [ from m; to that center of orbit,
I=r,—r, (see Figure 1). By substituting this definition of ! and Eq. 2.3 into the force balance
on the mass m one obtains for the tension in the tether an expression for T,

1
= Az_ m QY (1o — 1) = m,Q* rciol ~1eo(1=—)
(teo =1 (1-—)? Tco

Teo

T=[F,-F.

2.7)

=3m,IQ% + O(L)2 =T ~ 3m, I
rCO
A similar result can be obtained for the tension on mass m,. As a typical example, a 10 kg
mass suspended from a massive platform (m,»m;) orbiting at 400 km by a massless 10 km
tether would generate a tension of 0.38 N. This tension is commonly but not fully
descriptively known as the gravity gradient tension. In fact it results from the stability
condition for a system for which with increasing radius not only the gravity force decreases,
but also the centrifugal force increases. In magnitude, the gravity gradient tension is
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approximately equal to three times that part of the centrifugal force that results from the
separation between endmass and center of orbit, under the orbital angular motion. The
equivalent “gravity gradient” is responsible for the tendency for a tether in orbit to assume a
vertical orientation and can help to drive a tether deployment, once an initial vertical
separation between endmasses has been achieved.

F.
T
2 Fe
Teo L
Fe T
11 Fy
Center of Earth Free body diagrams

Figure 1. Force balance in a vertical tether.

212 Equations of motion

In order to obtain a first insight into mechanical tether dynamics and tether deployment, a
set of simple equations suffices. For this purpose it is assumed here that m, is a massive
platform M from which a much lighter endmass m is deployed in downward direction, or
m,= M » m;=m. The orbit of M is not affected by the deployment. Such a platform coincides
with the center of orbit, with constant radius 7, =rco= R and angular rate Q. Furthermore, it is
assumed the tether is a straight line without flexibility, and its mass can be ignored with
respect to the endmass m. Finally it is assumed that the tether dynamics take place inside the
orbital plane only. The dynamics of the system are thus defined by the endmass m, the
tether length L =1 and its angle to the local nadir 6, as measured from M and depicted in
Figure 2. The generalized force on this system in é-direction is zero (no perpendicular forces
are exerted by the tether), in [-direction it is the tension T.

Ignoring higher order terms, the following equations can be derived, for exampling using
the Lagrangian - [e.g. Crellin 1994, Heide 1996.1]:

é+2§(9’—g)+292 sin20 =0 (2.8)

T ivi(6-0p -0*(1-3cos0) 2.9)
m
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Center of Earth
Figure 2. Simple model for tether dynamics.

These equations describe the relative motion of objects in orbit close together, expressed in
polar coordinates, in the familiar form of the so-called rendez-vous equations [e.g. Lorenzini
1996] however with the only force of influence being the tension between the masses. In
Eq. 2.8 a Coriolis term and a component of the gravity gradient perpendicular to the tether
can be discerned. Note that from Eq.29, for a non-deploying vertical tether
(i =0,0=0,6=0,0 =0) Eq.2.7 follows once more. The effect of rotation or swing on the
tension in a non-deploying tether can be recognized in a term of Eq. 2.9 relating to the
centrifugal force on the endmass. The gravity gradient contribution on tension can be seen
to decrease with increasing @ due to the decreasing difference in radius between m and M
and the reducing component of the gravity gradient force along the tether direction.

21.3  Pendulum motion of a swinging non-deploying tether

Eq. 2.8 describes the in-plane angular motion of the tether. The hanging tether of Section
2.1.1 is a special case, whereas, in absence of deployment, an oscillation around the local
vertical represents a more general situation, be it intentionally or accidentally achieved.
Such oscillation is driven by the gravity gradient force that acts to accelerate the tether
towards a radial orientation.

For small angular deviations 6 between tether and the local nadir direction, this oscillation
follows closely a pendulum motion. If [ =0, =0,60 <<1, Eq. 2.8 becomes an expression for a
harmonic oscillation, from which the tether's in-plane natural (radian) frequency oy can be
derived,

6+30%0=0 = o, =3Q. (2.10)

In LEO, at an altitude of 400 km, Q ~ 0.00113 rad/s, and it takes about 800 s for a tether to
swing from maximum (small) amplitude to the vertical. For larger angles, the difference in
radius between endmasses decreases significantly, and so too the gravity gradient.
Therefore the period of oscillation increases.
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The swing amplitude 6, and the maximum angular rate 6, at 6=0 are useful parameters

that can be easily derived from any arbitrary state in the swing by integration of Eq. 2.8,
taking the shape of an expression for conservation of energy:

0 +30%sin® @ = const = 0, > = 3Q0*sin? 6, . (2.11)

By integration of ¢ in this expression the time t,,,, to swing from an arbitrary maximum
angle 6, to the vertical can be determined. The following approximation can be used to solve
for the resulting integral [Heide 1996.1]:

T
Loine = —F7—— K K
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K =sing,
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K9 4,225 o (183:57)
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or ty,,~ 1200 s for 6,=60° in LEO. This result exceeds by 50% the earlier result for the
duration of a swing from a small initial amplitude.

214  Tether deployment

The trajectory of a deploying tether can be controlled in either of two ways, depending on
tether and deployer design:

1. by imposing a length profile I(t), or
2. by imposing a tension profile T(t) or torque

When designing a deployment trajectory, certain limitations are to be taken into account. At
any point in time, the potential for deployment acceleration is restricted by the level of
gravity gradient, whereas the in-plane angle development at a given tether length follows
from the deployment velocity profile and can therefore not be arbitrarily shaped.

For a deployment controlled by length, the deployment trajectory is described by Eq.2.8
alone and the resulting tension follows from Eq.2.9. A risk is that too high deployment
accelerations can lead to tether slackness (T = 0). As tension cannot be negative, a free orbital
motion will follow. Above equations can still be used with the understanding that I now
describes the distance between the masses, not the tether length. Control is only regained
when the distance between platform M and endmass m increases enough to reach the
deployed length, and tension will assume non-zero values again.

When controlling the deployment with tension, the length profile follows from Eq. 2.9. Next
the in-plane angle can be determined from Eq. 2.8. Such a deployment control is less prone
to slackness. However, if the tension is imposed through friction, there will generally be a
minimal friction level inherent to the deployment system that, if not properly planned, can
cause an early deployment stop. The tether then enters a pendulum motion. Tension is no
longer imposed by the deployer but follows Eq. 2.9. Unless the deployer friction is reduced
below the pendulum tension, deployment will not continue.

With regards to influencing the tether motion in &direction, a careful selection must be
made of the initial conditions and of the applied deployment velocity profile, no matter the
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selected means of deployment control. As shown in Eq. 2.8, for a given length and in-plane
angle, it is the deployment velocity that determines whether the in-plane angle will increase
or decrease, through the Coriolis-term. By controlling deployment velocity, the in-plane
angle can be affected. In return, the in-plane angle influences how the deployment velocity
develops, through Eq.2.9. A particularly low tension will lead to an initially fast
deployment, such that the Coriolis force pushes the endmass to a high angle from the
vertical, where the gravity gradient is smaller and deployment will slow down. For a
downward deploying endmass this angle will be in forward direction, as depicted in Figure
2. A tension maintained close to the gravity gradient force level would also lead to a slow
deployment, this time along the local vertical. The maximum deployment velocity can be
obtained at intermediate tension levels and angles. If a constant deployment angle is
somehow maintained (§=0,6 =0in Eq. 2.8), the gravity gradient force will increase with

length and so will therefore the acceleration, resulting in an exponential deployment:
! = EQsir12o9 . (2.13)
I 4

In this case the increase in gravity gradient force balances that of the Coriolis force.
Minimum deployment time is obtained at an angle of 45°.

215 Impact of tether properties
Tether mass and flexibility have an impact on the tether dynamics described so far.

Real tethers have a finite mass m;, that may be significant compared to the endmasses. Tether
mass density will lead to a variation of tension over the tether. Reconsider the case of Figure
1. If the tether has a finite and constant linear mass density p [kg/m] then according to
dm = p - ds tension can be integrated along the tether to yield a quadratic dependency:

H ~2 2 H " 2 1s 15) 2
T=m| S —Q% |+p-s| & ———Q% | 1+==| |~ 3| m, + ps(1-==) |- IQ
1[r12 ]] P [rlz P 1[ ZnD ( 1+ os( 2l) (2.14)

with s ranging from 0 to L. The maximum tension T = 3(m+¥2m,)IQ?* occurs in the center of
orbit where s =1. The center of orbit and Q are determined according to Eq. 2.3 and Eq.2.4.
Because the tether mass will shift the center of orbit in the direction of the halfway point on
the tether, a finite tether density can have a negative impact on e.g. momentum transfer
(Section 2.2.1).

Another relevant effect of tether mass density impacts deployment tension and thus
deployment dynamics. Suppose a tether being pulled from a resting, untensioned pile (or
coil or spool) a tension will be introduced in the moving part of the tether, which is called
the rocket term. The discontinuity that a tether experiences when making the transition from
being at rest on a spool to sudden deployment velocity causes a shock tension, equal to rate
of change in momentum of the moving section with mass pl and velocity di/dt. If that
velocity is constant the rocket term equals
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d . .
T=—(pl-I)=pl*
dt(p )=p". (2.15)

The tether will be tensioned even in absence of any gravity or deployer friction. This term
will influence deployment dynamics especially if control friction F,,, exercised by the
deployer is low. A tether of 0.001 kg/m deploying at 10 m/s from a spool without any
friction will as a result still have a tension of 0.1 N.

For the simple case of Figure 2, i.e. a small endmass and light rigid tether being deployed
from a large platform, the effect of the tether mass on the endmass dynamics can be taken
into account in a simplified way, Egs. 2.8 and 2.9 then become [Heide 1996.1],

(m +%p1) . (9 -r;Q2 sin20j +(m +%pl) : 2%('9 _Q): 0
” 1 | . (2.16)
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This equation shows how the instantaneous tether mass m,=pl participates in different
fractions to the various terms of the equation: linear and angular acceleration, Coriolis term,
centrifugal term, gravity gradient and rocket term.

Another complication with impact is that tethers, even under tension, do not behave like
rigid bars. Oscillations are relevant for tethers in space and they may have to be prevented
or dampened. Three major oscillations are distinguished: spring-mass, longitudinal and
transverse.

Sudden braking of the deploying tether may induce a longitudinal spring-mass oscillation,
which is typically quite slow (tens of seconds) and can stretch the tether for a few percent of
its length. The resulting oscillation in tension can influence deployment and cause slackness.
The period depends on length, endmass and stiffness (product of elasticity modulus E and
cross-sectional area A). By smooth braking, such oscillations can be avoided [Kruijff 1996].
For braided tethers, the stiffness should be taken for the braid rather than for the fiber
(Section 4.1). Especially if loaded at low fractions of tensile strength, a tether's braid stiffness
can be orders of magnitude lower than the fiber stiffness.

The longitudinal wave (or sound wave) is generally the fastest disturbance. It transports
tension disturbances. The wave velocity depends on stiffness and tether density - not on
tension itself. For a tether braided from uninterrupted fibers, these properties should be
taken for the fibers within the braid.

Transverse wave modes are lateral disturbances traveling along the tether, e.g. after a period
of slackness or bending when tether tension is regained. The period is determined by
tension and tether density. Initial lateral disturbances can be created during deployment.
Like the endmasses themselves, each segment of a deploying massive tether is susceptible to
an apparent Coriolis force p-dl-2i(€—Q), acting perpendicular to its motion. The distribution
of this force over the length of the tether will lead to a concave bending in case of downward
deployment from a platform. Upon subsequent deceleration of a bent tether transverse
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oscillations are created. Transverse waves can therefore be avoided by maintaining
sufficient tension in the tether, especially at high deployment velocities.

The first resonant mode periods for these three oscillations closely resemble those of the
typical string and suspended mass [Yost 2002, Misra 1986]:
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For a 10 km long tether of 0.1 kg/km under 1 N of tension, with an EA of 10000 N and a
10 kg endmass, the spring-mass period P, is about 20 s, the longitudinal period P, is 6 s (so

it takes only 3 s for a tension disturbance to travel along the tether), the transverse period P
is much slower (622 s). This range of two orders of magnitude for the various fundamental
frequencies makes for a highly stiff system.

2.2 How the tether becomes useful

With the tether deployed and its dynamics under control, there is the opportunity to apply
the newly obtained system properties such as length and tension to the benefit of the user.
Two major applications are momentum transfer and electrodynamic thrust generation.

221 Momentum transfer

The tether tension is an internal force, so it does not affect the system’s total momentum. As
the tether tension acts on the system endmasses during deployment and angular motion, it
however does affect the individual endmass motion and in this manner is able to
redistribute, or transfer, the momentum from one endmass to the other. By the simple act of
releasing the tether (or part of the endmass) this transfer is completed, and, if proper timed,
the release can lead to a beneficial orbital change for the objects on both ends of the tether.

Consider, for example, a capsule that is to return to Earth from a heavy platform in circular
orbit at 400 km altitude. It requires an impulsive deceleration by about 117 m/s in order to
reduce its perigee altitude to zero. A tether can provide this change in perigee altitude
through a combination of two mechanisms: the gravity gradient effect and the swing of the
tether.

The gravity gradient effect is explained in Section 2.1.1. During tether deployment, the
endmasses, platform and capsule, are forced by their mechanical connection to orbit the
Earth with the same angular rate. While connected to the tether, the capsule - being the
endmass with smaller radius - is kept artificially below the local circular velocity. If the
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tether is cut it is no longer forced to remain in a circular orbit and the capsule’s motion will
assume an elliptical trajectory matching its momentary radius and velocity. In other words,
its perigee will be reduced and the capsule will start to drop down. The upper endmass’s
apogee for the same reasons will be raised.

As explained in Section 2.1.4 the tether can be deployed at low tension to a forward angle
with respect to the local vertical direction and orbital motion. By next increasing the tension,
the tether and lower endmass can be brought into a swing back towards that vertical. Once
deployment has stopped, swing velocity increases according to Eq.2.20, reaching a
maximum at the platform’s local vertical. If the tether is cut near that vertical, the backward
swing contributes significantly to the deceleration of the lower endmass (i.e. the capsule).

The beneficial effect of a momentum transfer in circular orbit is described by the difference
between the initial circular orbit radius 7, i.e. the radius of the center of orbit, and, for the
lower endmass, the perigee radius r,, that results from the momentum transfer. This
difference can be expressed in terms of the length I, referring to the distance between the
center of orbit of the tethered system and that of the released object. It can be derived by
substituting the expression for velocity v, , of the lower endmass at tether release,

vl,n = Q : rl,a - Hmaxl 7 (2-21)

with émax from Eq.2.11, Q from Eq.2.3 and r;,=rc- I, the apogee radius of the newly
obtained orbit, into the equation for conservation of orbital energy,

2
R (2.22)
2a 2r r
in which a denotes the semi-major axis, here a = (v, +r;,)/2. Rewriting yields the desired
result:

h, =teo—(7+44/35ind, + O(L)) drty—(7+4+43sin8,)-1 (2.23)

co
The release of the lower endmass from a hanging tether impacts its perigee radius by seven
times the (effective) tether length I. The impact of a release from a swinging tether passing
through the local vertical depends on the initial swing angle 0,. The maximal impact is
achieved by a swing from 90°, equaling about 14 1. However, due to the impact of
deployment friction on deployment dynamics (Section2.1.4), a swing angle of about
60 degrees turns out to be more realisticc which would yield an effect of about 131
[Heide 1996.1]. These results are sometimes referred to as the “7I-rule” for hanging tethers,
and the “13l-rule” for swinging tethers.

Larger effectiveness can be obtained in eccentric orbits. Crellin has shown that in orbits with
eccentricity exceeding 0.44, such as GTO, the gravity gradient and angular rate vary so
much over one orbit that a tether is dynamically unstable and will start to rotate [Crellin
1996]. This feature can be exploited by a synchronized pumping strategy such that as much
as 40! change in perigee or apogee radius can be achieved [Ockels 1996].
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If required, the exchange of momentum can be boosted further by other means of increasing
the tether's angular rate, such as by thrusters or tether retrieval [Lansdorp 2003.1I] or by
making use of a planetary magnetic field [Dijk 2003.1]. Eventually an untapered tether will
break under its own weight at a limit given by the tether material properties. Suppose the
simple case of a tether without any endmass, under centrifugal load only, with constant
cross-sectional area A, tensile strength ¢, and volumetric density py. Its maximum allowable

o,
tip velocity v, m.« can be expressed in terms of the “characteristic velocity” v, = p—h :
v
N 20,
Tmax = o_hAt = %pVAI = vlip/max = p L = \/E ) vrh . (2.24)
Vv

For modern materials, based purely on theoretical fiber strength, vy is in the order of
1-2km/s (Table 18). If an endmass m is included, balancing centrifugal force and tether
tension yields

v —

vch
tpmax [ o
[m 1, (2.25)
m, 2

with m, the tether mass from center of mass to tip.

A tether operating at the limit of its performance can launch only payloads that are
relatively small with respect to its own mass, and therefore need to be used a large number
of times to become beneficial from a launch cost point of view. An untapered spinning
tether can be used for tip velocities up to \2 v,, in which case the allowable endmass, and
thus payload, has reduced to zero. By tether tapering the range can be extended, to obtain a
tip velocity of 2 v, the tether needs to outweigh the endmass by 18 times [Cosmo 1997].

For single-use applications, tethered momentum transfer can be more directly compared to
conventional, rocket-based, propulsion. The required tether mass per unit of endmass m,/m
can be taken from Eq. 2.25 and compared to the equivalent ratio of propellant over payload
mass m,/m, based on the rocket equation,

m o

—L—pw —1
m

, (2.26)

with w the rocket propellant exhaust velocity, and the velocity increment Av equal to vy, max-
Figure 3 plots such a comparison for a Dyneema® tether. One of the Dyneema® curves is
based on a theoretical v,=1800 m/s, the other includes a safety factor on tensile strength
Fs=4 or, alternatively, v,=900 m/s. Two curves representing rocket performance have been
added, with typical values of specific impulse I, depending on the exhaust velocity
according to I,,= 9.81 w. Ignoring differences in system complexity and overhead, single-use
momentum transfer tethers compare favorably against rocket propulsion for velocity
increments below 200 - 400 m/s. If a tether is used for a velocity increment of 1000 m/s, mass
benefits are obtained after about ten uses. The mass ratio curves as presented in Figure 3 are
independent of endmass and do not take into account environmental factors. The
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abundance of micrometeoroids in space however precludes the use of very thin tethers
(typically below 0.3 mm) that would otherwise be attractive for very light endmasses (see
Section 4.3.1). Still, in conclusion, disposable tether systems for single-use momentum
transfer do have an application niche. They are currently mostly suitable for low Av
applications, such as orbit maintenance, circularization and re-entry, and with payloads
heavy enough such that the tether is to be dimensioned primarily for strength.
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Figure 3. Comparison between single-use tether
mass and rocket propellant

222  Electrodynamic tether principles

Another feature of long structures in space is exploited by conductive tethers for
electrodynamic (ED) applications. An orbiting conductive tether crossing the Earth’s
magnetic field B with relative velocity v will be subjected to an induced potential or
electromotive force (emf) V,, varying over the tether length,

V= j (vxB)-dl (2.27)

e

In low equatorial orbit the emf per unit length equals about 200 V/km, increasing in radial
direction. The emf can therefore reach a kilovolt or more over a tether longer than 5 km. This
emf can drive an interaction between the conductor and the Earth's plasma and enable an
electrical current to flow through the tether. The presence of this current in the Earth
magnetic field gives rise to an electrodynamic effect that can be put to use, i.e. the Lorentz
force.

Electrons can be collected from the plasma by an anode at the end of the conductive tether
that is positively charged by the emf. A large conductive body (e.g. an inflatable conductive
balloon) can for example be used as collector [Dobrowolny 1994, Dobrowolny 2000]. Also a
dedicated system like an ion-engine can generate electrons and thus has the benefit of being
independent of ionospheric (plasma) electron density [Nicolini 2003]. If left uninsulated (or
“bare”) the conductive tether itself can function as anode to collect electrons from the
plasma [Dobrowolny 1976].

At the cathodic end, electrons can be emitted back into the plasma. A special plasma
contactor device can be used here that provides effective emission at low cathodic
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potentials, typically below 100 V. Examples of plasma contactors are the Hollow Cathode
(HC) and the Field Emitter Array Cathode (FEAC). For Hollow Cathodes the required
potential is lower than for FEACs, but a small continuous flow of ionized gas is required.
FEACs require no consumables, but the hardware is delicate and suffers from erosion
[Williams 1992, Morris 2000]. Such a plasma contactor at the cathodic end essentially shorts
one end of the tether to the plasma such that most of the V,,, can be utilized at the opposite
end as anodic potential for electron collection. The emitted electrons follow the Earth's
magnetic field lines to be eventually absorbed by the Earth's plasma reservoir.

The Lorentz-force F, will result from integration along coordinate s over the tether
according to Eq. 2.28. This force is transferred by tether tension to the endmasses and can be
used as a propellantless form of thrust.

F, = [I(s)-(dl(s) < B) (2.28)

For a passive conductive tether in Earth orbit, the emf-generated current and Lorentz force
act to deorbit the tether and its endmasses. The induced current can be used as an electrical
power source but at the expense of orbital energy and only as long as the tethered spacecraft
remains in orbit. Alternatively, if a large enough voltage is actively applied over the tether,
e.g. using solar cells, it is possible to drive the electrons in opposite direction, such that a
propulsive thrust is produced that raises the satellite’s orbit. In this way, solar energy can be
converted into orbital energy. This is a powerful and promising application of tethers in low
Earth orbit. For this case, the emf acts to reduce the system performance and must be
overcome by the added power supply.

Bare tether performance model

The bare tether anode has a number of notable advantages over the mentioned alternatives.
It allows for a system design without complex endmass and a more effective collection
mechanism [Dobrowolny 1976, Sanmartin 1993]. Simply put, through its potential a thin
tether exerts electrical influence within a cylindrical volume around the tether that is large
compared to the tether's own dimensions. The charged bare tether can attract and collect
much more electrons from the plasma than just those that happen to be in the path of the
tether itself. A highly simplified performance model can be derived, from which some
numbers on bare tether current collection and Lorentz force generation can be obtained and
typical tether shapes (cylinder and tape) can be compared.

Suppose a cylindrical tether, biased positively with respect to the surrounding plasma and
attracting electrons by a cylindrical force field. If the tether radius is smaller than a certain
quality of the plasma called its sheath thickness, the electron flow from the plasma into the
conductor can be expressed as a function of the conductor’s bias through the so-called
Orbital Motion Limited model (OML) [Schott 1968]. The OML is based on the conservation
of energy and angular momentum of the attracted electrons, as they orbit magnetic field
lines. According to the OML, the current increment dlo,,; collected by a piece of tether at a
constant bias reads:
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(AR eV =V )Y”
dIOML - dIm (;] [1+T] (229)
where V,-V, is the potential bias of the tether with respect to the plasma,

k=1.3807 - 10 ®m’kgs’K" the Boltzmann constant, T, the electron temperature (a typical
value in LEO being T, = 2000 K) and I,, is the random thermal current, according to

1/2
dl,,,:i cn,,,[i’;ﬂ i,y -dl (2.30)
with 7, the plasma’s electron density, e=1.6022-10" C the elementary charge and
m,=9.1094 - 10”' kg the electron mass. Within the OML regime, for long tethers with
concave cross-sections (i.e. without indentations), the collection of electrons is proportional
to the exterior surface of the tether, which can be represented by the product of cross-
sectional perimeter p and length increment dI [Sanmartin 1999]. Analogous to the diameter
of a cylinder we can define for an arbitrary concave cross-section shape an “effective
diameter” d.z= p/m, such that the exterior surface is described in Eq. 2.30 as nd,y dl.

0 Vems

Plasma

0A I
Figure 4. Principle of bare conductive tether in orbit, plasma contactor in m,

Consider a vertically oriented bare tether around Earth, configured for deorbit. It is
performing passively apart from a cathodic plasma contactor operating at plasma potential
placed at the bottom of the tether, Figure 4. For simplicity, magnetic field and velocity are
assumed horizontal, perpendicular and constant over the length of the tether. Also the
plasma density n, is assumed constant. The tether itself is assumed straight and with
negligible electrical resistance, such that the potential of the tether is constant. In this case,
Vi- V=V, Finally the potential is assumed highly suprathermal (V. » kT./e), which will
typically be true if the tether is much longer than 1 m, such that the unity in Eq. 2.29 can be
ignored. In Figure 4, to the right of the system schematic, the development of plasma
potential and current are plotted against the tether length. The positive potential of plasma
with respect to the tether is shaded. The shaded area highlights the potential to be used in
Eq. 2.29 to compute current collection. Integrating Eq. 2.29 over [ we find for the maximum
current:
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with B the amplitude of the magnetic field vector B. Similarly we can integrate for the
Lorentz force and obtain an expression for its amplitude F,,

33 8ev 2
Fo= g Brend, [ L2 (2.32)

It can be seen that both the current and thrust force are strongly dependent on the length of
the tether. A typical system at n,, = 10" m?® B =26 pT, L = 10 km, d = 1 mm (cylindrical), at
400 km altitude results in an emf per unit length of 186 V/km, a current I = 2.7 A and a force
F;=0.42 N acting against the orbital velocity vector. If the tether is made of aluminium, its
mass is 21 kg. Magnetic field amplitude B decreases rapidly with radius. Apart from rather
strong dependencies on solar cycle and diurnal variations, the plasma’s electron density 7,
peaks around 300-400 km altitude at a level in the order of 10”m®and decreases rapidly at
higher altitudes to level off to around 10'°- 10" m™ (Figure 5). At altitudes higher than some
2000 km applications and designs for systems relying on these parameters are therefore
much more restricted.
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Figure 5. Magnetic field and an occurrence of electron density in
LEO (equatorial plane, IGRF and IRI95 models)

Now suppose a plasma contactor is placed at the top of the tether and a relative potential
Vi - Vyusma = Vi is applied there, as shown in Figure 7. If the supply voltage is smaller than the
total emf over the tether length L (or V,<V,,; =vBL), only a fraction V/V,,, will be at
positive potential with respect to the plasma and collect electrons. Then similarly, the
following equivalent relationships can be derived,

3
2 3
I =end, /8;7”3[‘/‘4 J r, (2.33)
m, emf L
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Such a tether configuration can make for a highly capable propulsion system. Suppose the

supply is selected such that V=V, then the same system as described above would yield
a continuous thrust of F,=0.28 N along the orbital velocity vector tether. This thrust can be
used to counteract atmospheric drag or to raise orbital altitude. The impact of continuous
thrust on the orbit semi-major axis a of the total system with mass M. can be quantified
from the increase in orbital energy (Eq. 2.22) as a result of the power input F,-v (ignoring the
influence of atmospheric drag),

da 2a’Fo
da _ o 2.35
dt M,p ( )

The above-mentioned tether would raise a system with M,;=10000 kg by 4.3 km/day. At
the expense of 5 kW electrical power consumption, this performance is comparable to that of
contemporary ion engines [Saccoccia 2000]. Apart from some gas released for cathodic
plasma contactor performance, the tether system requires no consumables. Furthermore, the
system in this example can still be significantly enhanced by proper tether design.
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Figure 7. Principle of bare conductive tether in orbit under
supply voltage and plasma contactor at m,
Tape tethers

A tape tether offers a higher effective diameter than a cylindrical tether and thus higher
collection surface per unit of mass. A tape can thus be an attractive design option. For a tape
of dimensions a X b, the effective diameter equals

2
e = —(@+D). (2.36)
T
The design limit for a tape is primarily the tape tickness b. Compared to an equal-mass
cylindrical tether with diameter d, if b<<d, a relative increase in effective diameter follows
according to Eq. 2.37. Equivalently this ratio can be read to express a thin tape’s reduction of

tether mass for the same effective diameter.
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A 10 pm thick non-resistive conductive tether tape (about the thickness of aluminium
kitchen foil) would ideally achieve the same thrust of 0.42 N from above example at only 2%
of the cylindrical tether mass, representing a 50-fold efficiency increase (in terms of thrust
per kilogram of tether).

In practise however, at high current density levels, so especially for a thin tape tether, Eqgs.
2.32 and 2.34 turns out to be oversimplifications. Ohmic losses due or potential drop V; due
to the tether impedance must be taken into account. Dissipative tether heating further
increases the tether's electrical resistance. The tether potential can no longer be assumed to
remain constant. The resulting reduction in bias voltage of the tether with respect to the
plasma can reduce the extent of the tape advantage significantly [Lorenzini 1999].
Furthermore, for tape widths outside the OML regime (typically much wider than a few
centimeters), electron collection will become less effective than the OML model of Eq. 2.30
[Estes 2000.11].

Although these considerations may drive optimal tether tape design towards less extreme
cross-sectional dimensions, a tape design does provide a mass-effective solution with
significantly increased thrust levels as compared to a cylindrical tether. The ohmic losses are
taken into account by the advanced simulator ETBSim described in the next section. For the
deorbit configuration example described above, with a tape of 4 cm X 10 pm rather than the
1 mm diameter cylindrical tether, a thrust force of 2.0 N is obtained, compared to the 0.42 N
for the cylindrical case. Furthermore, the tape tether has a mass of 11 kg versus the 21 kg of
the cylindrical tether. All things considered therefore, the thin-tape design does not quite
provide the 50-fold increase of efficiency over a cylindrical tether as predicted by Eq. 2.37,
but still a respectable 9-fold improvement.

For the propulsive case of Figure 7, it is noted that the current level rises steeply near the
cathodic end of the tether. Ohmic losses will therefore be concentrated here, and in a very
thin tape only a small fraction of the tether, close to the cathode, will be charged positively
with respect to the plasma and conduct current. Although this current will be very large, as
the Lorentz force is generated only over that section of the tether that actually conducts a
current, the ohmic losses will have a significant and negative impact on the generated
Lorentz force. It is therefore suggested to limit the current but increase the length over
which it flows and over which the Lorentz force is generated. This is achieved by inclusion
of a large section of insulated, but highly conductive, tether between cathode and the
exposed (bare) tether tape. The electron collection at the tape will then be reduced, but it
will take place at much increased distance from the cathode. The full collected current will
now flow through all of the insulated tether section and the Lorentz force will be generated
over its full length (Figure 8). This design does not only improve tether efficiency for the
propulsive case, but also is found to reduce the dependency of thrust level on plasma
density [Johnson 1998, Lorenzini 1999.1, Estes 2000.11I].
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Figure 8. Current collection for resistive tether, with and without
insulated section

2.3 Tether mission simulation

This section summarizes the rationale and features behind the development of a BeadSim
tether mission simulator family (referred to in the following as MTBSim/ETBSim), Figure 9:
Mechanical Tether Bead Simulator (MTBSim), the Real-time Tether Bead Simulator
(RTBSim), the Young Engineers' Satellite mission Simulator (YESSim) and the Electrical
Tether Bead Simulator (ETBSim). MTBSim has been developed to simulate mechanical
tether deployment realistically but fast (i.e. computing hours of simulated time within
minutes). From this starting point, the development is split into two directions. YESSim
includes functions for momentum transfer, re-entry capsule dynamics, mission planning
and post-flight data analysis. ETBSim also builds on MTBSim but focuses on electrodynamic
performance and stability of already deployed electrodynamic tethers. The executable and
source of these simulator tools is available for research purposes on request.



40 Chapter 2

BeadSim — MTBSim — ETBSim

RTBSim

YESSim

Figure 9. Tether simulator evolution

2.3.1 Advanced tether models

Without the simplifying assumptions and when taking into account real-tether properties
such as finite stiffness, tether mass, tether bending, tether dynamics become naturally more
complex than e.g. those described by Eqs. 2.8 and 2.9. For realistic simulation, particularly
when designing an actual mission, non-circular orbits around the non-spherical Earth with
proper environmental models are to be taken into account. As far as electrodynamic tether
applications are concerned it was already mentioned that ohmic effects on the tether
potential and dissipative heating of the tether have a significant impact on tether
performance. The distributed forces on the tether will cause it to deform and remain neither
vertical nor straight. In an inclined orbit, the magnetic field is no longer perpendicular to
velocity, causing out-of-plane dynamics. The current collection and Lorentz force
distribution depend on many parameters that in reality vary over a satellite’s orbit and over
the length of the tether in a non-trivial manner. These effects combined make real-life tether
electrodynamics significantly more complex than described so far.

A multitude of tether dynamics models, each with its own strengths and limitations is
available in literature [Misra 1986, Tyc 2001, Cartmell 2008]. Simulators are typically built on
numeric integration of a discretization of the model, be it of the physical continuum of the
tether (finite elements or lumped mass) or of the nonlinear partial diffential equations that
jointly describe the various modes of the tether motion (e.g. by finite difference methods).
Problems to be overcome by simulators are the non-linearity for large amplitudes and the
large stiffness of the system (Section 2.1.5) [Schagerl 1998]. Some of the models and
simulators that have been encountered and/or compared during the development of
MTBSim/ETBsim are listed in Table 2.

Most of the encountered simulators that take into account complex environmental
influences are based on lumped mass (or “bead”) models that represent the tether as a
chain of beads or pointmasses connected by massless springs or spring-damper elements.
The validity of bead models has been demonstrated e.g. by Biesbroek and Crellin
[Biesbroek 1999].

Simulation performance comparisons between various models are provided by Van der
Heide & Kruijff [Heide 1996.1, Heide 1996.1I]. These comparisons show that straight and
inextensible tether models (e.g. Egs. 2.8 and 2.9) can well represent deployment at medium
tension levels, but in the cases of low tension deployment and heavy deceleration tether
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flexibility can no longer be ignored. The various lumped mass models give comparable
results although at significantly different computational times, (at the time) ranging from
minutes to hours for a full deployment. BeadSim was found to be the fastest simulator, with
no appreciable difference in predicted dynamics compared to the alternatives [Heide
1996.11]. No publicly available simulator was identified that handles bare electrodynamic (or
hybrid) tethers.

Simulator Model Features and Assumptions Reference

BeadSim Lumped mass Newtonian force and acceleration model, trapezoidal integrator with Carroll 1993
bead redistribution for larger stepsize, extensible massive tether, 2D,
SEDS deployer friction, US standard 1976 atmosphere

Tether Simple Endmass dynamics Inextensible massive tether, free moving endmasses, 3D, differential Crellin 1994
Simulation equations derived from Lagrangian in matrix form
StarTrack matlab Endmass dynamics Inextensible massive tether, free moving endmasses, 2D, differential Heide 1996
equations derived from Lagrangian in matrix form, Runge-Kutta
integrator
ACM/LRTeth Lumped mass Circular orbits, 3D, various environmental models, re-entry, finite Sabath 1996

differences discretization, various integrators

Matlab Blanksby Lumped mass Finite element discretization based on Kane's equations. 3D, various Blanksby 2000
elasticity and environmental models, insulated electrodynamic tether

Matlab Williams Lumped mass Based on Kane's equations. 3D, basic elasticity and environmental models ~ Williams 2009

Smirnov Continuous 2D circular orbit, heavy platform, open loop tension control only, no Smirnov 2010
environmental models, longitudinal wave propagation

Table 2. Some tether deployment models and simulators

2.3.2  Simulator Overview
BeadSim

BeadSim, one of the simulators evaluated, has then been selected as the starting point for the
MTBSim/ETBSim development. BeadSim is a basic tether simulator written in Turbo Pascal
and developed and successfully used for SEDS-1 and SEDS-2 in the early 1990s by the San
Diego company Tether Applications [Carroll 1993]. The model is limited to tether dynamics
within the orbital plane (here referred to as “2D”), which has been shown to be a reasonable
assumption for mechanical tethers [Crellin 1994]. The endmasses are regarded as
pointmasses. The tether is approximated by the lumped mass model, with fixed-mass beads
connected by massless springs. Damping between the beads is only taken into account when
the tether is not deploying. Initial conditions are freely and conveniently definable in the
local horizontal, local vertical frame. During deployment, additional beads are inserted at
deployment velocity on the deployer side. For every bead inserted, deployer endmass is
reduced. The deployment can be controlled in open loop by introducing a profile of
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deployer friction (or more specifically, SEDS brake settings) versus deployment time or
tether length. For each timestep, individual bead accelerations are derived directly from
Newton'’s force balance in an inertial Cartesian frame. The ordinary differential equations
are solved numerically using Heun's method. The timestep is automatically adapted based
on a user-defined stability criterion. In this way it is straightforward to extend the model
and add environmental forces and complex, nonlinear mechanical properties. For these
reasons BeadSim is rather suitable to assess quickly various mission concepts and tether
behavior.

A key feature of BeadSim as compared to other lumped-mass tether simulators is its
approach to deal with the system's stiffness and enable large timesteps and fast integration.
Conventional simulations of flexible structures like membranes or tethers using lumped
mass models are computationally intensive. They require a large number of elements to
realistically represent tension changes that move through the continuous flexible structure
at very high speeds of potentially kilometers per second. For convergence of the solution
very small timesteps are required, multiple orders of magnitude below the time it takes for
such a tension change to traverse the distance between two mass elements (see also
Eq. 2.18). BeadSim prevents unrealistic discontinuities also for large timesteps. Following
each integration step, a redistribution of beads is applied, under the artificial assumption of
a continuous tension distribution within the tether, taking into account the gravity gradient,
much as it appears in Eq. 2.14. This approach essentially removes the fastest oscillation - the
longitudinal or sound wave - from the tether behavior. Typical deployment dynamics and
associated spring-mass, swing and transverse modes are hardly affected as they are much
slower and are simulated in accordance with non-simplified models [Heide 1996.1].

MTBSim

In a first extension step, BeadSim has been developed into MTBSim, to perform end-to-end
mechanical tether mission analysis, i.e. to study and design deployment and control of
flexible tethers and understand the behavior of endmasses before and after release. The tool
has been moved to the fully graphical environment of Borland Delphi Pascal, to allow better
real-time visual evaluation of tether and orbital dynamics aspects. Features, inputs and
outputs of MTBSim (combined with those of ETBSim) are presented in Figure 10, Table 3
and Table 4.

The two-dimensional (planar) BeadSim algorithms have been extended to three dimensions.
In addition to the Cartesian inertial and Local Horizontal Local Vertical (LVLH)
coordinates, the classical six orbital elements can now be used to describe the initial
conditions and output states over a rotating Earth. This 3D approach is also a necessary step
to include realistically out-of-plane dynamics and environmental influences. The Earth
oblateness for example impacts inclined orbits through its J2 effect on gravity and through
fluctuations in atmospheric drag — as around an oblate body orbital altitude varies even for
circular orbits. Relative positions of the Sun and Moon are also calculated such that gravity
effects, thermal heat input, lighting conditions and solar pressure forces can be taken into
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account. For the study of deployment control and robustness, the tether deployer hardware
has been modeled, including uncertainties and performance limitations.

A development environment is provided for design and evaluation of tether deployment.
Like BeadSim, MTBSim includes a model of the SEDS-type static spool deployer and friction
brake (see Sections 1.3,5.1.1). With this simple system deployment is passive, by inertia and
gravity gradient, controlled by an adjustable friction (translating into tether tension
following Eq. 2.16). Unwinding length or rate cannot be controlled directly (such as with a
motorized reel) and retrieval is not possible. Tables specifying the nominal (target) tension
or friction brake settings as a function of length or time can be used as input for the
simulated control, as well as reference profiles for deployment length and velocity against
deployment time. As in BeadSim, deployment to other angles can be developed manually
with some level of intuition, by adjusting the spool and brake hardware parameters and the
brake reference profile. One common need for trajectory optimizaton is provided by
MTBSim, namely to obtain a robust deployment to a stable vertical state, based on a control
algorithm method devised by Beletski & Levin [Beletski 1993]. Due to the large number of
variables and effects to be taken into account, the parameter optimizer is based on genetic
algorithms [Biesbroek 1996]. In order to develop other (optimal) reference profiles, off-line
Matlab tools are available [Williams 2009]. Trajectories resulting from such optimization
tools typically are verified in MTBSim in order to evaluate flexible tether behavior, impact of
environmental effects and control hardware performance. Any of a variety of feedback
control algorithms with variable or constant parameters can be selected. The impact of the
numerous parameters mentioned above and robustness against environmental and
hardware parameter unknowns and disturbances can be investigated stochastically using
the Monte Carlo feature. This feature allows a large number of simulations to be performed
autonomously with the required parameters disturbed in each simulation according to a
user-defined probability distribution. In Section 5.5 a detailed description is provided of the
described control and analysis features.

RTBSim

A real-time version of MTBSim, dubbed RTBSim, has been created to be used in a hardware-
in-the-loop set-up. RTBSim takes actual measured deployer friction measurements as input,
rather than using a simulated deployer performance. The resulting deployment can be
studied, and the simulated velocity can be communicated to the deployment test facility
such that closed-loop deployment control can be tested realistically on the ground
(Section 5.2.2).

YESSim

In addition, MTBSim has been further extended to YESSim in the context of the Second
Young Engineers' Satellite project [Kruijff 2003.1, Kruijff 2007], particularly with regards to
endmass attitude dynamics, integrated re-entry simulation and extended environmental
models. Apart from dynamics simulation, a number of mission support features have been
added to YESSim, such as ground track and ground station contacts and tether visibility
opportunities from the ground [Stelzer 2006].
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The YESSim Deimos module [Stelzer 2006] propagates the attitude for the tethered
endmasses based on pre-ejection initial conditions, ejection system induced pitch-off rates
and tether torques after ejection. Euler angles with respect to an inertial frame are
computed, as well as relative angles of the endmass with respect to the attached tether.
Through the arm from tether attachment point to endmass center of mass, the tether tension
applies a torque and thus affects the endmass dynamics. Knowledge of the attitude of the
deployer with respect to the tether improves tether tension estimates: a different bending of
the tether around the deployer exit will cause a different level of deployment friction
(Section 5.4.1). Attitude simulation of the second, suspended endmass during deployment is
also relevant, namely to identify the conditions at which the endmass will start to rotate and
potentially wrap itself into the tether. MTBSim does not yet take into account the inverse
influence of how dynamics of the suspended endmass may affect the tether tension. Fast
endmass oscillations may introduce tension fluctuations propagating through the tether, just
as it does in a rope on Earth from which a dangling stick is suspended. Due to the low
stiffness of long tethers, this effect is relevant only when the tether is short compared to the
torque's arm (Eq.2.17). Nevertheless, based on an observed discrepancy between YES2
mission results and simulation (Section 8.3) this interaction may have significant impact on
early deployment .

YESSim can be used to simulate SpaceMail-type capsule re-entry by endmass release from a
tether. YESSim's integrated Re-Entry Simulator Tool (or REST) is an extensive re-entry
module that tracks the endmass trajectory as it enters the atmosphere, as well as attitude,
external and internal temperature. Apart from the already present US 1976 atmospheric
model [U.S. 1976], sophisticated atmospheric models were included through dynamic link
libraries (dil files) to study seasonal and diurnal effects on the re-entry capsule landing area:
MSISE-00 for density [Picone 2002], the horizontal wind model HWM93 for average winds
[Hedin 1996] and the Naval Research Laboratory's Ground to Space model G2S
[Drob 2007], the latter for the inclusion of meteorological predictions at a resolution of 60
km, kindly made available by NRL. For the purpose of validation against other tools, the
(Russian) standard atmospheric density model GOST [Cefola 2004] has been added to the
already present NASA standard. REST includes a Monte Carlo mode to calculate the
landing area. Detailed investigations using these models are reported by Calzada
[Calzada 2004]. Furthermore REST takes as input a 2D or 3D (panel) model of the re-entry
capsule, and computes (hypersonic) drag and lift coefficients and the impact on trajectory,
as well as aerodynamic torques using the modified Newton approach [Calzada 2004,
Lyaskin 2004]. REST attitude propagation can be used e.g. to determine at which altitude in
the atmosphere a re-entering endmass (or capsule) will stop rotating and what will be the
amplitude of its oscillation around the velocity vector during peak heating. To this purpose
REST includes shockwave and heatflux models valid in the stagnation point, and heat
transport computation inside a 2D capsule (panel model, integrated) and a 3D capsule
model (finite elements model, off-line) based on the heatshield design and materials'
properties [Lyaskin 2004, De Pascale 2006, De Pascale 2008, Asma 2008]. REST thus supports
heatshield and capsule design in addition to landing area determination.



Tether Dynamics 45

ETBSim

A development from MTBSim parallel to that of YESSim is ETBSim. This tool aims to study
performance and dynamics of complex, user-defined designs of electrodynamic tethers
[Kruijff 2001.1, Dijk 2003.1]. This tool extension is as yet limited to non-deploying
electrodynamic tethers.

The user can combine three different types of tether segments: insulated, bare and
mechanical. The insulated part serves to conduct a constant current, and obtain a significant
Lorentz force acting over a large distance (Figure 8). The bare part acts as a collector surface
for electrons and/or ions. The mechanical part can be added to ease initial deployment and
to increase the distance between the endmasses and thus improve gravity gradient
stabilization of the tether as it is subjected to the lateral and distributed Lorentz force. Each
segment has its own dimensions, electrical properties such as ohmic resistance and thermal
dependancy of the ohmic resistance, as well as mechanical properties such as stiffness and
mass density. The cross-sectional shape of these segments can be chosen to be either round
or flat (tape-shaped). Cross-section shape impacts not only collection of charged particles,
but also atmospheric drag and reflection of sunlight.

In addition to the cylindrical or tape-shaped bare tether elements that act as anodic electron
collectors, a spherical anode can be inserted into the tether system design, similar for
example to the TSS-IR satellite [Dobrowolny 1994, Vannaroni 1998]. Spherical anode
electron collection is modeled according to [Dobrowolny 2000].

At the cathodic end of the tether a Hollow Cathode or FEAC plasma contactor can be added
to emit electrons back into the plasma (Section 2.2.2). Such devices have a certain current-
voltage characteristic to accelerate the electrons away from the tether. For hollow cathodes
the required voltage is low and little dependent on current. It is modeled in ETBSim with a
fixed voltage drop relative to the plasma. FEACs are more complex and have a strong
dependency of ejected current on voltage. It is modeled using a typical exponential
dependency [Dobrowolny 2000].

Additional environmental models included into ETBSim are the International Reference
Ionosphere 1995 [Bilitza 1997], the International Geomagnetic Reference Field (IGRF) and
the T96 External Magnetic Field model [Tsyganenko 1995].

The computation of current and Lorentz force in ETBSim follows the approach suggested by
Dobrowolny & Vannaroni [Dobrowolny 2000]. An estimate of the current in a bare tether
with ohmic resistance can be obtained iteratively through a discrete tether model with a
high number of individually straight elements. Each element is biased with respect to the
plasma by the combination of local emf, ohmic losses and, if applicable, the applied voltage,
as sketched for example in Figure 8.

The initial current profile estimate for a bare tether is produced by the assumption of a non-
resistive, straight tether. If an active cathodic device is present, the dominating contributor
to the current will be electron collection. Each positively charged segment of bare wire
supplies to the tether an increment in current that is computed by Eq.2.29. A simple
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representation as in Figure 4 or Figure 6 can be used to derive the initial estimate of the
current profile through the tether. The bias estimate can then be improved. In the following
iterative steps, the ohmic losses are more and more refined until convergence is achieved.

For a floating bare tether without active cathodic device, ion collection on the cathodic side
of the tether cannot be ignored. Current in the tether then results from the balance between
ion and electron collection. Because ions are much heavier and more difficult to divert from
their paths towards the tether, they are much less efficiently collected. The current will be
rather limited and ohmic losses can typically be neglected. Ions are collected over a much
larger part of the length than electrons [Estes 2000.111].
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Effective yield can differ by a few percent from that predicted by the OML mode], e.g. due
to secondary emission of electrons on impact of the ions [Estes 2000.1II], but such second
order effects are ignored by the model. Under the simplifying assumption of a straight
tether and constant environmental conditions, a closed solution can then be used as initial
estimate [Dijk 2003.I].

The ETBSim user can define any of various types of control laws for the system, through a
text file. A maximum in applied power or voltage can be applied, or the cathodic current can
be forced to track a predefined level versus time. This control is assumed to be effectuated
by an adjustable resistor in series with the cathodic device. A second iterative loop adjusts
the level of the applied resistance to match the control target.

The forces on the tether segments and dynamic behavior of the generally non-straight tether
in complex environmental conditions is determined after these two layers of iteration have
converged.
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Chapter 2

Main features

Impact on behavior

Model

Features

Tether modeling

Integration

Electrodynamic
tethers

Tether temperature

End mass attitude

Hardware and

controller

Re-entry

Error models

Other

Dynamics

Integration stiffness

Propellantless thrust,
instability

Electrical resistance,
melting, expansion

Stability of deployment
and end mass

Tension, resonance,
robustness

Capsule

Robustness

Spring-mass elements, damping during
bounces

Newton’s law in inertial coordinates,
constant acceleration assumed per interval

OML collection

Optical properties, radiation balance,
aerodynamic heating, resistive heating

Tether torques during tether phase, 3D
aerodynamic torques during entry. Impact
attitude back on deployment and tension,

drag etc.

Barberpole brake, spool deployment,
feedback controller.

Drag and lift (modified Newton), heatflux
(using Fay-Riddle based Stanton number,
Chang dissociation, Rankine-Hugoniot
shockwave, Sutherland viscosity), thermal
propagation inside capsule

Configurable standard deviations and
noise distribution on all parameters

Unlimited segments, typically 50-200
used.

Self-adjusting time step. Smoothing
using infinite speed of sound
assumption

Complex tethers (bare, insulated,
mechanical), types of cathodes. Control
laws. Temperature dependent electrical

resistance

Sun, Earth, albedo, thermal radiation,
reflection models,

3D endmass panel model. Possibility to
include thrusting schemes.

Feedback uses optical loop detection
simulation, velocity filter, reference file
of time, length, velocity etc. with
variable feedback gains

3D capsule model, drag and lift
integrated with attitude simulation

See Table 50 for typical disturbed
parameters. Monte Carlo runs.
Simulation of control/hardware failures.
Typically normal distribution used.

Day/night, groundtrack, ground station
visibility, 3D graphics, tether geometry
and brightness as seen from ground.
Run modes: controlled deployment,
reference file maker, manual control,
trajectory optimiser, Monte Carlo, real-
time hardware-in-the-loop etc.

Table 3. MTBSim/ETBSim dynamic and interface features
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Environmental Impact on behavior Model Features

factor

Gravity potential of Out of plane motion, First harmonic Newtonian + ]2-J4

Earth altitude variation

Gravity of Sun and Tidal effects on orbit, Newtonian -

Moon lifetime

Earth bulge Altitude variation Ellipsoid Distinction between geodetic and geocentric

coordinates

Atmosphere Lifetime, tether dynamics, Exponential US and GOST have solar activity dependency,
capsule trajectory US standard ‘76 MSISE also includes seasonal, diurnal, and long
term trend
GOST
MSISE 2000
Wind Capsule trajectory HWM 93 Horizontal wind averages
Weather Capsule trajectory G2S 100 km resolution daily weather prediction
Magnetic field Potential and Lorentz force Dipole -
on tether IGRE
T-96
Ionosphere Electron/ion collection Simple model Day/night, seasonal effects, longitude, latitude,
affecting potential and IRI-95 altitude effects.

current, neutral
temperature affecting
atmospheric density

Table 4. MTBSim/ETBSim environmental models
2.3.3  Validation and comparison to other models

Early MTBSim developments have been validated against reference cases from a dynamics
and integrator point of view. For a fully deployed tether, frequencies of oscillations and
swing period have been verified against the simplified equations (Section 2.1.5) and other
simulators [Heide 1996.I, Heide 1996.1I]. Deployment dynamics were compared against
those predicted by three alternative simulators in the context of the StarTrack SpaceMail

study:

1. Simplified equations of motion for a straight 2D tether based on Lagrangian
models by Heide & Kruijff [Heide 1996.1]

2. The LRTeth simulator by Sabath [Sabath 1996.1] and Heide [Heide 1996.1]

3. The simulator of Royal Melbourne Institute of Technology, based on Kane’s

equations, by Blanksby [Heide 1999, Blanksby 2000].

In all cases, deviations of only 0.01-0.1% were recorded in length and time parameters,
which is well within the targeted accuracy range of about 1% (Section 5.5).

In the context of the YES2 mission, independent comparative works were commissioned by
the European Space Agency and the Russian design bureau TsSKB in order to further boost
the confidence in the proposed deployment and control based on YESSim. These analyses
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by Ishkov & Naumov, Sazonov, Crellin, Smirnov and Yolkin' generally were based on open
loop rather than closed-loop control laws but all resulted in positive recommendations
[Ishkov 2006, YES2 2006, Smirnov 2010].

For ETBSim, the electron collection performance has been confirmed by exact duplication of
results published by Dobrowoly & Vannaroni [Dobrowolny 2000], using also the same input
conditions. Long term dynamics and the occurrence of instability in the tether motion has
been qualitatively compared with analytical work in [Kruijff 2001.I] and ProSEDS
simulations [Estes 2000.IV].

YESSim re-entry dynamics were successfully verified for a spherical capsule in the context
of the YES2 mission by TsSKB [Stelzer 2006, TsSKB 2006], using the GOST atmospheric
model, and for the T-Series project by the French space agency CNES [Hyslop 2006].
Heatflux estimates were found to coincide with those of Computational Fluid Dynamics
(CFD) results, for continuum conditions, and Direct Simulations using Monte Carlo (DSMC)
for the rarefied regime [Lyaskin 2004, Asma 2008].

Although it has not been possible to do a full verification of some of the more advanced
features also due to lack of comparison material, sufficient confidence has been obtained for
the primary simulator functionalities. In Section 8.5.3, the applicability of simulator results
to mission planning will be further evaluated, based on comparison against flight results.

' YES2 datapackage, containing technical reports and notes from Prof. Ishkov (SSAU, 2003), Prof. Sazonov (KIAM, for
TsSKB, 2006), Prof. Yolkin (TsNIIMASh, 2006), Prof. Smirnov (Moscow M.V. Lomonosov State University, for ESA,
2007), Dr. E. Crellin (ESA, 2007).
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3 Analysis of Tether Applications

Any good engineer can build a mechanical tether system and it will work as planned. But an
electrodynamic tether is a different story. You may have done everything right and it still won’t
work.

— Joseph A. Carroll, builder of four successful space tether experiments

In co-operation with several co-authors, a number of technical investigations has been
performed into possible near-term applications that provides a taste of their potential,
particular challenges and concerns. The original, referenced work has been re-evaluated and
elaborated, the results are summarized in this Chapter. An overview of the investigations is

provided in Table 5.
Tether Question investigated Reference
Application
SpaceMail Is there a feasible tethered alternative to the retro-rocket option? Ockels 1996
Heide 1996.1
Launch assist &  Is there an application niche for mechanical tether-assisted launch of small Hyslop 2006

spent stage

payloads and deorbit of upper stages?

Heide 2001.1

deorbit
Multipoint What options exist for low-cost lower thermospheric missions? Heide 2001.11
sensing
Artificial gravity Would the tether system mass be a prohibiting factor for a manned Lansdorp 2003
demonstrator in Low Earth Orbit?
Lansdorp 2004
Electrodynamic ~ Can OML electron collection be confirmed for a realistic tether application Kruijff 2001
tether deboost environment?
How does system design affect dynamic instability? Kruijff 2001
Can electrodynamic tethers contribute to a mitigated debris environment? Heide 2001.1
How could a simple passive tether system be put to use - around Jupiter? Van Dijk 2003.1
All applications Which are the safe orbital regimes that should be observed for tether Heide 2001.1

mission design?

Table 5. Analysis performed for a selection of near-term tether applications
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3.1 Mechanical tether applications

3.1.1  SpaceMail and waste disposal from a Space Station
The case for tethered SpaceMail

SpaceMail is a frequent sample return capability from Low Earth Orbit that aims to enable
in-space research to progress at a significantly higher rate. It is particularly applicable to an
orbital space station. The 1986 SpaceMail study for Columbus [Aerospatiale 1986],
performed in the context of the (then) International Space Station Alpha (ISSA), foresaw that
in-orbit research would require a bi-weekly sample-return capability, involving a re-entry
capsule of 88 kg. Payload of a sample-return capsule might consist of e.g. research samples
(for on-orbit iteration after ground based analysis), data carriers with large amounts of
video, or blood samples of astronauts for medical examination.

It has been proposed that a solution involving tether assisted re-entry through momentum
transfer could provide a simpler, safer and lower-cost solution than the conventional retro-
rocket or cold-gas propelled deorbit system, through the following advantages:

* If the re-entry of a capsule could be achieved by a transfer of momentum to the
station this would provide an elegant, propellant-efficient solution. A re-entry is
achieved by taking away orbital momentum from the system that is to be
deorbited. At the same time, the station itself will be supplied with (much of) that
momentum. This is beneficial since a Station in Low Earth Orbit loses orbital
energy gradually but continuously through atmospheric drag. Apart from
SpaceMail capsules also heavy cargo vehicles can be deorbited by the same system
to the benefit of station altitude. In the case of the International Space Station,
several times per year a vehicle such as Progress or ATV is deorbited.

*  Capsule and deorbit system design requirements will be more relaxed compared to
a conventional system. The latter requires dedicated safety measures for on-station
storage of solid propellant or pressurized gas. With a tether system, multiple
capsules can be conveniently stored within the manned environment, such that
astronauts can easily access and load a capsule when necessary.

*  The energy requirement for the initial separation system can be reduced by about
an order of magnitude when comparing to the conventional system. The same
holds for the shock disturbance that results from the system’s activation. Before a
rocket deboost system could be activated, for safety, sufficient initial separation
with the station needs to be secured for which an initial ejection velocity of about
4 m/s is required, about 700 ] for an 88 kg capsule [Aerospatiale 1986]. For a tether
deployment an ejection energy of about 40 | suffices, equivalent to about 1 m/s for
the same capsule (see also Section 4.2.1).

*  The tethered capsule can be ballistic and completely passive or, for reduced g-loads
and increased landing precision, can have a certain amount of lift controlled by an
aerodynamic guidance system. A retro-rocket or cold-gas firing would require
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thrust vector control and an attitude determination and control system. A capsule
deorbited by a tether obtains its velocity vector and orientation through the control
of tether dynamics which naturally take place inside the orbital plane
[Crellin 1994].

A consideration against the use of tethers on a space station may be the disturbance of the
microgravity environment on the station as a result of tether tension and, possibly, station
attitude control torques during the several hours of deployment. With a typical maximum
tension of 20 N and a station mass of 200,000 kg the disturbance will however remain below
10 pg. This level is still compatible with the best available research environments today.
However, in order to limit the consumables required to maintain the attitude of the station,
the tether system may need to be placed close to the station’s center of mass.

Swinging tether approach

A number of SpaceMail studies have been performed in the United States [Carroll 1995.1I],
as already discussed, but also in Europe.

Following the Aerospatiale study in which the tethered SpaceMail option has first been
identified, design work towards a tethered SpaceMail system was done for the European
Space Agency by the TATS/TARGET study team under the lead of Alenia Spazio [Alenia
Spazio 1995]. This study aimed for a demonstration using a Raduga capsule deployed from
the Progress vehicle. It also looked into the deployment of a Raduga capsule, Progress or
ATV directly from the International Space Station Alpha. A swinging tether was proposed
to decrease tether length. As part of this study a hybrid spool-reel system breadboard and a
deployment test facility were produced [Licata 1995].

Performed in support of TATS, the StarTrack study (Swinging Tether Assisted re-entry
Through Robust Actively Controlled Kinetics) contains innovations intended to overcome
basic concerns with respect to tether dynamics and capsule landing accuracy, as achievable
with a swinging tether [Ockels 1995, Heide 1996.1]:

1. A two-stage deployment, for improved landing accuracy and control.

2. A non-linear tension feedback control, based on length measurements only,
towards a reference deployment profile.

3. The Flex-End Brake, a method to stop the deployment, at a large in-plane
deployment angle and without residual spring-mass oscillations.

4. A release time optimized for minimal landing error, based on end-to-end
evaluation of sensitivity of deployment and re-entry to disturbances.

The two-stage deployment is perhaps the most defining element of the StarTrack approach.
It is recognized that during the first, inertia-driven stage of deployment, for some hundreds
of meters, tether tension must be low to maintain deployment velocity. Typically, tension
will approach the system's minimal friction level. As a result, large errors in the deployment
profile can be introduced in case of off-nominal friction levels or errors in initial (ejection)
velocity. Those early errors in length and in-plane angle can significantly impact gravity
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gradient levels compared to those foreseen. Off-nominal levels of acceleration will then
result, and, if the deployment is performed in only one (single) stage, the deviation builds
up further over time. If, however, a stage limited to a few kilometers of tether is first
deployed and stabilized around the vertical, its control would not be time-critical. Time is
available to achieve the proper length, dampen any residual oscillations as necessary and
assess the achieved state. Then, at the appropriate time, and now with a well-known gravity
gradient level, which is also much larger than the system friction, the second stage of the
tether can be deployed quickly and robustly. In this way, the sensitivity of the overall
deployment to initial disturbances is strongly reduced.

The deployment is controlled towards the desired final state with the help of the Energy
Feedback. This non-linear feedback, as proposed by StarTrack, is based on estimation of the
system's kinetic and potential energy from length measurements. Excess energy is then
dissipated using a friction brake (Section 5.5). The second stage of deployment lasts less than
one hour, and in this time, sufficient in-plane angle is to be achieved for an effective

momentum transfer.

The deployment is completed by a Flex End Brake [Kruijff 1996], a rapid deceleration
performed in such a way as to avoid residual spring-mass oscillation. The full length of the
tether is about 25-35 kilometers. The exact required length depends on the station altitude,
target swing angle and the required entry angle, the latter typically in the range from 1.3-
1.8 degrees. By decelerating quickly, much of the built-up in-plane angle is maintained and
available for the swing back, such that a shorter tether is required (Section 2.2.1), whereas
mission duration is minimized. Using the Flex End Brake profile, the intensity of the braking
can be set with a free parameter, o> 1. For this method, the minimal length increment
between final length I, and initial length [, when decelerating from initial deployment

velocity I, down to zero can be determined to be:

j
I,-1,=1.45761-c = 3.1
-~ - (3.1)
with o= 1 for maximum brake intensity, and k is the tether stiffness, k = EA/l,. The Flex End
Brake deceleration strategy brings the deployment velocity down within a few minutes from
a maximum of 15-25 m/s to zero, after which the swing towards the vertical is initiated.

Release from a swinging tether is best performed around the first passage of the vertical. In
subsequent passages the error in phasing can build up due to the integrated effect of initial
errors and transverse and longitudinal tether oscillations. Also the tether can get slack
during the retrograde part of the swing, which would lead to unstable endmass behavior
and further uncertainties in the endmass trajectory [Heide 1996.1].

The optimal time of release during the swing is determined through end-to-end Monte
Carlo simulations, covering the complete mission from capsule separation from the station
to its landing on Earth. This end-to-end approach can be contrasted against a segmented
optimization of multiple mission stages towards intermediate but rather arbitrary targets,
for example an accurate achievement of the capsule's atmospheric entry point, which
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happens to be a well-defined target but has no clear relevance. The end-to-end approach
however optimizes towards a single and final parameter of undisputed relevance, in this
case, landing accuracy. The end-to-end approach obtains its benefit from the fact that some
disturbance sources may be coupled such that their effects cancel each other out when
integrated over all stages of the mission.

An optimal in-plane angle for capsule release is found to be several degrees before the
vertical [Heide 1996.1], the exact value depending on the magnitude of the errors expected.
A striking example of a cancellation of effects occurs at this optimum. Consider for
comparison the case of a retro-rocket deorbit system. If the deorbit burn is delayed by one
second, due to the orbital velocity, the position of the landing site is consequently affected
by about 8 kilometer. For the tether case however, if the release of the capsule from the
tether is delayed by one second, in that second the tether swings further towards the
vertical. Swing velocity and gravity gradient both increase. A steeper entry angle results,
which cancels out much of the progression over the one second due to the orbital velocity of
the system. The remaining sensitivity is only about 1 km per second of delay (Section 5.5.2).

StarTrack performance evaluation

Sabath has compared the StarTrack approach to his concept of a hanging tether release
[Sabath 1996.1]. The advantage of the hanging tether is that once the vertical state has been
achieved, the landing accuracy is mostly determined by release timing. It is also suitable for
multiple release applications (see e.g. Section 3.1.3). The hanging tether is heavier than the
swinging equivalent. Tether exposure to meteoroids and debris, as expressed in kilometer-
hours (Section 4.3.1), is increased significantly, therefore a larger diameter may be necessary.
Although the loads encountered for hanging and swinging tethers are comparable, the
hanging tether is significantly longer (Eq. 2.23).

In the uncontrolled ballistic entry case, the StarTrack 3o landing accuracy will typically
remain below two hundred kilometers, comparable to a retro-rocket deboost
[Schonenborg 2000]. Heide & Kruijff describe various methods to improve the landing
accuracy further, e.g. by adjusting the second stage start time or by real-time selection of the
release time based on a look-up table and GNSS measurements at the endmass
[Heide 1996.1].

System operation on the space station

Most of the system complexity and cost of any SpaceMail system will lie in the effort to load
the capsule, inside the station, and next to place the readied system outside. A typical
operational procedure could run as follows.

Astronauts on the station load up to 5 kg of samples in a container which may be thermally
isolated or cooled depending on the contents. The container is placed inside a small re-entry
capsule that the astronaut may pick from a storage rack inside the station. The size of the
capsule is limited by the dimension of the available airlock hatch, typically about 70 cm. An
inflatable or deployable capsule can be used if larger payloads need to be returned to Earth.
There are several options for integration of the capsule with the tether system.
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A mass effective option involves a reusable deployer system with a retrievable tether
installed beneath the station, including an autonomous system for arming and release of a
spring-loaded ejection platform Figure 12a. The astronaut delivers the capsule to the airlock,
from where it is picked up by a robotic arm and mounted to the ejection platform. The
ejection platform is designed to be deployed together with the capsule and includes a
functionality to release the capsule at the required time. It is equipped with a GNSS and
communication system. The tether is stored on a reel and deployed to a hanging tether
configuration for capsule release and controlled retrieval afterwards. From many
perspectives this is a complex system that will require significant flight experience before
start of service.

An alternative concept reuses the deployer, but expends the tether. In this scenario, the
astronaut mounts both a tether spool and a capsule onto the deployer system. In an ideal
situation, the station module design takes into account the necessity of these manual
operations, and the tether can be deployed directly from the airlock, Figure 12b.

A retro-rocket or cold gas system deboost would typically require a configuration as in a.,
however for each capsule deorbited, a retro-rocket orientation system, the retro-rocket itself
and possibly a cold-gas separation system would be disposed. In terms of operational
complexity the two systems are therefore, at first glance, comparable.

a. b.
[ \ > sample
E @U E @ U spool
l Q capsule
Mﬂm R ﬁl gjection system
airlock
5 o~

Figure 12. Sample configurations for a SpaceMail system on a Space Station (see text). Deployer: left
(a.) - retrievable tether on reel; right (b.) - expendable tether spools.

Mass comparison

The StarTrack study [Heide 1996.I] compares the system mass of the proposed tether system
(configuration b.) to the retro-rocket case, based on the 1986 SpaceMail study
[Aerospatiale 1986], taking into account expendables (propellant, tether, retro-rocket & GNC
systems) and reusables (deployer, ejection system), for an 84 kg re-entry capsule. The
reusable systems are comparable in mass. For the swinging tether option, a mass savings of
23 kg on system expendables is quoted, per (ballistic) re-entry. For a hanging tether, this
advantage reduces to 8 kg. In addition however, for each tethered re-entry, about 4 kg of
propellant for station altitude maintenance is saved. A retrievable tether would save a
further 10 kg per sample return (configuration a.).
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Various projects and studies since have suggested that indeed a ballistic capsule can be
simple and lightweight, if it relies on the tether system for safe separation, orientation and
accurate deorbit [Carroll 1995.11, De Pascale 2008]. For more complex (controllable, non-
ballistic) capsules that already contain active guidance systems, the mass advantage is likely
to be smaller. In any case, only if the sample return is indeed frequent, and the station is
adapted for use of tethers (as in Figure 12), the quoted mass advantages become significant
compared to the operational cost.

Much more significant benefits in terms of saved propellant mass can be obtained if heavy
cargo vehicles would be returned using a tether. According to the TATS study, a tethered re-
entry of 2-3 Progress and 1-2 ATV by tether could be foreseen for the ISSA, and would save
about 3 ton of propellant cargo to the ISSA [Alenia Spazio 1995] per year, compared to the
4.7 ton propellant cargo capacity and 8 ton total cargo of a single ATV or the 1.95 ton
propellant cargo and 2.2 ton of total cargo capacity for Progress M1. These data include both
the propellant savings for Progress/ATV deorbit and for ISSA orbit maintenance. During a
typical operation of the ISSA a tether system therefore saves about one in two Progress
launches or, alternatively one in four ATV’s. In order to reduce required tether length,
deployment tension, tether diameter as well as the amount of energy to be dissipated by the
brake system, such a heavy vehicle would be deployed at low velocity towards a large
forward angle, close to 80° (Section 2.1.4), and in a single stage.

Challenges of tethered SpaceMail

Although a retro-rocket may pose a risk for storage, tether operations are not without safety
issues. Unimpeded deployment must be secured. A contingency action (due to e.g. tether
jam) or unexpected cut can leave a tether in space, free to collide with other spacecraft
(Section 3.3). Reliability of tether deployment is not easily confirmed based on limited the
flight data and ground-tests only.

In light of the current reality of International Space Station operations, with goods transport
and crew activity heavily reduced as compared to the ISSA planning, the call for a frequent
sample return has all but disappeared. It could be sufficient for a sample return system to
hitch a ride on an ATV or Progress and decouple before re-entry. It may however still be of
interest to deorbit ATV or Progress itself by tether.

3.1.2  Tethered upper stage for a launch assist and upper stage deorbit.

The SpaceMail tethered momentum transfer, with some adaptations, can be used in the
opposite direction, as a means of assist for launch rather than re-entry. As an added benefit,
the rocket upper stage, acting as a countermass, can at the same time be deorbited in a
controlled manner, thus contributing to best practice in debris mitigation [ESA 2000,
IADC 2002, NASA 2007, Jablonsky 2008]. The T-Series case study involving a yet-to-be
developed micro-launcher indicates that a tethered upper stage can indeed service an
increased payload mass when compared to a conventional liquid upper stage alternative
[Hyslop 2006]. A detailed analysis is here summarized that highlights the peculiarities,
possibilities and limitations of such a system. In addition, a first analysis is reported of the
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existing launcher market to gain insight into the wider potential for such a mechanical tether
application [Heide 2001.1I].

Analysis approach T-Series case study

The T-Series case study starts from a simple and low-cost micro-launcher concept under
development at CNES, as shown in Figure 13. This micro-launcher aims to deliver a payload
of 150-175 kg into a circular highly inclined Sun Synchronous Orbit (S50) at an altitude of
600 km. The launcher is based on three solid stages (designated by P9-P9-P2, the numeral
describes the amount of propellant in tons). The third stage, a P2, can bring the payload into
an elliptical orbit with 100-200 km perigee altitude, and apogee within LEO as required.
From there, a tether system placed on the P2 can deploy and release the payload into its
circular destination orbit. At the same time it delivers, through momentum transfer, a
controlled deorbit of the P2. The tether system will provide the required AV for payload
circularization, and can be used to correct for the solid stage orbit insertion error.

Conventional alternatives would need to include a re-ignitable liquid stage and would be
more complex. Possible conventional solutions are a P9-P9-P2-L0.02 using a small fourth
stage of 50-100 kg with about 20-30 kg of hydrazine propellant, or a P9-P9-L2 design
replacing the P2 (and tether) completely by a capable L2 liquid stage (2 tons of N,O,/MMH).

2-ton
solid

stage

Mission
9-ton .| Payload
solid |
stages

(2x)

"N Canisters

Figure 13. T-Series suggested configuration

The difference in the launch process for the conventional and tethered alternatives is
illustrated in the following example (Figure 125). Starting from the same initial orbit (here
150x560 km) the conventional system would require three burns to reach a target orbit of
600x600 km, with a total of 138 m/s. The tether system would achieve the same final
situation in a different manner. It would be deployed between payload and P2 third stage,
and release the payload in apogee, 40 km above the system’s center of mass. The P2, below
the center of mass, would be deorbited. One could say the tether applies to the payload first
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a change in apogee altitude of 40 km, then a AV of 95 m/s with respect to the center of mass
of the tether system to circularize.

Apogee burn Deployment,
-@0-—..Delta-V=127m/s g @--Altitude Gain=40km
PP~ N e 2. cand™.
R é . ., Ve ~. . N .
Spent-Stage fRétro-Burn 7 Swing&Orhjtal Rate
Detta-V=60f1j/s 3 / Effects,

/ Delfp-v=95m‘l§

\\\ Perigg‘burn ,
DeltacV=1im/s” R g
Conventional Hohmann Transfer Tethered Momentum Transfer

Total Pavload Delta-V Reauired=138m/s| Total Payload Delta-V Required=95m/s

Figure 14. Comparison between conventional and tethered payload circularization

The proposed system is to be dimensioned such that mission payload mass is maximized
and nominal P2 perigee is minimized. The mass of the empty P2 is 287 kg.

A number of system parameters can be determined straightforwardly. Following a certain
launch, the tether length that needs to be deployed depends on the difference between
target altitude (600 km) and the apogee altitude h, obtained by the third stage, in
combination with the mass ratio of payload and P2. With higher payload mass a longer
tether is required to achieve the same effective length from the center of mass and put the
payload at target altitude (Figure 15). From the 13-L rule (Eq. 2.23), the +30 allowable
extreme of h, can next be determined (%,,,,), above which the tether would be too short to
deorbit the upper stage. The P2's 30 burn-out accuracy was analyzed to be —32/+24 km on
apogee, from which the nominal (#,,,, -24 km) and minimal altitude (%,,,, -56 km) can now
be derived. For a perigee of 150-200 km and 150-175 kg payload, the maximum feasible
altitude is about 560 km. Following this reasoning, a typical tether length range that covers
the quoted launch uncertainties is between 60-150 km. At perigees below about 175 km
however, MTBSim simulations show that the atmospheric drag on the tether will bring the
system down significantly during deployment. To compensate for this altitude loss, a tether
longer by some ten(s) of kilometers is then required.

Correction of off-nominal orbit insertion by the P2 is performed using two controls. Firstly,
the deployed length of the tether is selected to bring the payload to the altitude of the target
circular orbit. Secondly, the deployment is controlled in such a way that at apogee, where
the payload will be released, the proper swing velocity for circularization is achieved. A
proper deployment profile and start-time of deployment have to be selected to make sure
the desired state of the tether system is obtained exactly at the apogee of the tethered
system’s center of mass (Figure 14). The +30 apogee-error case features the shorter deployed
tether length, selected such that only a maximum swing can deliver the required AV for
circularization. For the -3c case, the tether must be deployed much more, just to reach
apogee altitude, in fact to such a length that even release from a hanging tether would
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increase the payload perigee above the target circular altitude. Therefore, the payload must
be released only on the return swing, when the tether rotates against orbital direction
(514.5 km case in Figure 17).

Spool Length Required (to circularise from 3-sigma low apogee)

Tether Spool Length {km)

120

Mission Payload (kg) 100 140 Perigee Altitude (km)
Figure 15. Tether length required vs. payload and perigee
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Figure 16. Deployment velocity profile for three ~ Figure 17. In-plane trajectory for the same three
cases cases

Matching deployment profiles can now be determined (Figure 16 and Figure 17).
Deployments are performed in single stage rather than two-stage for several reasons.
Atmospheric drag and eccentricity prevent a properly hanging tether, required as part of the
two-stage approach. Furthermore, a single stage deployment is faster and can achieve a
higher deployment angle, at lower tension levels and with a more effective swing
[Ockels 1995]. There are further constraints to deployment design. Firstly, ejection cannot
take place shortly before perigee, in the true anomaly range of 345-355 degrees, because in
that case drag will dominate over the gravity gradient and a proper deployment becomes
impossible. Secondly, the deployable tether length before perigee passage is limited, as the
P2 should not be dipped into the dense atmospheric region below about 145 km. Such a
situation would cause excessive drag losses, heavy tether bending and even melting. Finally,
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after perigee, only an additional 30 km of tether can be deployed due to the constraint that
deployment shall be completed in apogee. As a result, if the required tether length is to be
successfully deployed for the -3¢ case, there is an upper limit to payload mass and a lower
limit to initial perigee altitude.

Mission Perigee Altitude km --—- -
Payload
kg 160 165 170 175 180 185 190 195 200
100
110 - FEASIBLE —=
120
130
140 <. UNFEASIBLE -—>

Figure 18. Feasibility envelope for T-Series (287
kg P2, 600 km target orbit)

For a given tether length requirement, deployment profile, survivability and safety factor,
the tether system can be designed (including deployer and brake) and its mass estimated. In
order to obtain the useful payload mass, the tether system mass is subtracted from the
launcher performance.

From these performance limits, the resulting feasibility envelope for the P9-P9-P2 plus T-
Series can be derived, as shown in Figure 18. Table 6 lists the optimal system design
parameters as they were identified in the study.

Parameter Value

Mission payload 127 kg

Target orbit 600x600 km, i =97.79°

Tethered stage total mass YES2 type, 34.65 kg of which 17.9 kg tether

Tether 1 spool Dyneema: 0.4 mm 2 spools Zylon: &0.35 & 0.3 mm, all 6 kg

Zylon is heat resistant, required during braking phase

Tether safety factor -30 tensile strength as measured (1450 MPa - 3x130 MPa)
must be larger than
1.25 x stress from +30 tension level, as simulated (100 N)

Tether survivability 99.10%

Reliability insertion from eccentricity <0.002 : 99.52%

Monte Carlo SMA error <12 km : 98.94%

P2-burnout perigee/apogee 175 (+4) km x 542 (-32,+24) km

Tether length 47-159 km (nominal 81 km)

Deployment duration typically 7000-10200 s

Max. deployment velocity typically 30-57 m/s

True anomaly of ejection typically 232° (nominal or lower apogee), 25-84° (higher apogee)

Spent stage re-entry 1.78+0.13° entry angle, dispersion area 2200x350 km over mid-Pacific (Kourou launch)

Table 6. T-Series design parameters for a 600x600 km target using P9-P9-P2 launcher.
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Applicability range for T-Series

As far as the payload target orbit is concerned, the proposed concept is shown to be valid
for circular orbits from 300 to 1800 km altitude (Figure 19). A lower limit is provided by
atmospheric drag interfering too heavily with the tether dynamics. High target apogees can
be served by long tethers, at the expense of payload mass. The upper limit is provided by
the decrease in payload mass below the level of commercial interest (set to 100 kg in this
study).

Alternative Orbits - Feasibility Map (175km Perigee Assumed)
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Figure 19. Tether length and payload vs. circular orbit altitude

The tether system can in principle be used also for heavier rockets and consequently, larger
payloads. These systems will be less affected by atmospheric drag, but there will be
significant additional engineering challenges, such as high brake tension and high heat
dissipation levels.

Extension to existing upper stages

Spent stages are considered to have a prime share in catastrophic collisions and the future
debris environment [Anselmo 1999]. If the spent stage deorbit for debris mitigation
purposes is the primary objective, and if the payload has its own means of obtaining its
(exact) target orbit, the mechanical tether application will be less restrictive than for the T-
Series case.

A mechanical tether for spent stage deorbit has some advantages over deorbit by
electrodynamic tether (Section 3.2). Mechanical tether deployment and momentum transfer
can be completed within hours, the dynamics are bound within the orbital plane. The
deorbit can be controlled straightforwardly and accurately. The tether will be designed to
deorbit with the debris, limiting collision risk.

A rough analysis has been performed to compare estimated tether system mass to the fuel
mass saved for a representative population of launchers [Anselmo 1999]. Assumed is a
specific impulse of I,,=300s, a Dyneema® swinging tether, deorbit of the spent stage to
60 km perigee and a safety factor on tether strength of 6. The assumed tether system is using
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a SEDS type deployer as a starting point. An approximate mass relation is assumed by
curve-fitting through a small number of rough system design points [Heide 2001.1I].

Based on the available launch data, about 28% of all launches to (near-)circular Low Earth
Orbits are found to be good candidates for tethered deorbit, with on the average about 3% of
mass reduction (or increase in available payload mass). These are upper stages that are
relatively light compared to the payload mass, at relatively low altitudes, using relatively
short tethers. For more extreme cases, the situation is generally not favorable (Table 7).
Tethered momentum transfer can thus be seen as a candidate for reducing low LEO debris,
if the payloads find advantage in the extra orbital height or (perhaps alternatively) mass
budget. On the other hand, spent stages in such orbits often have already a sufficiently short
lifetime to meet the current international standard of 25 years.

Also spent stages in Geostationary Transfer Orbit (GTO) might be deorbited via a tether
system [Ockels 1996]. Of the investigated upper stages 30% are a candidate for this type of
deorbit. Stage deorbiting is of special interest for Ariane 5, since it has a very high perigee of
620 km (lifetime of hundreds of years) and will be the major contributor to space debris in
GTO. The tethered spent stage deorbit from GTO has been investigated for all upper stages
[Heide 2000.I]. A deployment on the arc towards apogee has been assumed at 2 m/s, with a
release in the second apogee passage. The safety factor on the tether design is assumed here
as 4, which is considered conservative, because of the less demanding deployment in a
highly elliptical orbit [Kruijff 1998]. It is found that the advantages of a tether are only
significant for Ariane 5, mostly because other upper stages in GTO have a perigee altitude of
only about 200 km. Controlled excitation of the rotation [Ockels 1996] almost doubles tether
performance, equivalent to a further payload gain of about 60 kg. However, this gain comes
at the considerable cost of an additional 3 days or more of launcher operations and delay for
the payload.

A more exotic use of mechanical tethers for debris mitigation could also be considered. A
large traveling system has been proposed, that would rendez-vous with existing debris
using conventional propulsion, whereas a tethered momentum exchange between the
system and the debris is then used to deorbit the debris [Bonnal 2005]. The system would
not necessarily have to make very large orbital changes to make a noticeable impact. About
half of the debris mass in LEO is clustered in a 83 degree inclination at around 1000 km
altitude [Carroll 2002]. One of the advantages of using a mechanical tether system could be
the possibility of docking even at significant distance and relative velocity between the
system and the debris (i.e. harpooning). This would greatly reduce the mission complexity
and duration.

For the near term however it can be concluded that, although for many upper stages in LEO
a mass benefit can be obtained from mechanical tether deorbit, only for a fraction of those
there is a need from a debris mitigation point of view. Spent stage deorbit is certainly of
importance to Ariane 5 GTO launches, but a mechanical tether provides relatively little gain
considering the impact on system, operations and payload. The T-Series is an example
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where the requirement for deorbit is imposed by the developer and where a suitable tether
solution has been worked out in more detail.

All suitable Zenit NewElint Delta-II Tselina-2 Ariane 5
Case Circular Circular Circular Circular Circular GTO single
Scaled average ~ Lowest Highest = Loweststage  Highest launch,
orbit orbit mass stage mass  Best case
Mass upper stage 1954 1976 4185 924 8300 3138
& payload [kg] 3678 6500 5000 1050 3250 6800
Perigee altitude [km] 642 275 2125 1000 850 620
Tether length [km] 69 22 292 136 216 20
Payload target perigee 951 340 3853 1827 2868 35869
& apogee altitude 666 280 2258 1064 1005 878
Fuel savings stage 113 43 760 83 638 62
& payload [kg] 110 45 601 77 574 60
Est. tether system mass [kg] 111 20 2978 161 1696 28
Est. advantage tether [kg] 112 68 -1617 -1 -484 94

Table 7. Tethered momentum transfer statistics for common spent stage deorbit: scaled average and
extreme cases. Mass advantage, if present, indicated in bold italics.

3.1.3  Multipoint sensing in the lower thermosphere

There is a gap in our access to the Earth’s atmosphere. The mesosphere (50-90 km) and the
lower ranges of the thermosphere (90-250 km) have hardly been accessed. Although
satellites can perform in-situ research above 250 km, at lower altitudes atmospheric drag
severely limits satellite lifetime. Prolonged access from below is precluded as neither
airplanes nor high altitude balloons can reach these layers. Our knowledge of this
atmospheric region is poor and based only on incidental measurements from sounding
rockets or remote sensing.

The thermosphere for one is of considerable relevance to atmospheric processes. It
represents the upper layers of the atmosphere, from about 90 to 2000 km altitude, and is
named so because the gases here are heated by solar radiation to temperatures of up to
thousands of Kelvin. Its behavior and structure is highly dynamic and heavily influenced by
solar activity, diurnal and tidal variations. The gases are also ionized, leading to effects such
as the aurora, which occurs where Earth’s magnetic field lines concentrate and penetrate the
thermosphere. The thermosphere is the final barrier to the exosphere from where (mostly
light) molecules, atoms, ions are able to escape into space. Throughout the thermosphere
there is little mixing of the different species of gas. Each species features its own scale
height, causing a layered structure with the heaviest species concentrated in the lower
thermosphere. These processes and interactions have a directly observable impact, such as
when ionized gases affect radio signals that are passing through, but may also have a more
intricate influence, e.g. on weather and climate. Such effects are not all equally well
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understood. In particular there is a need to study in-situ the relationship between the ion
and neutral dynamics, as well as composition variations in the charged and neutral
atmosphere [Heelis 1998].

From a scientific point of view, it is advantageous to have multiple atmospheric
measurements at the same instant, spread in altitude along a certain multi-kilometer profile.
Although it is possible to infer such a profile using penetrating remote sensing techniques, a
multi-satellite mission would provide in-situ measurements. Compared to a single satellite
at low altitude, a constellation provides the possibility for faster revisits and resolve better
for thermosphere dynamics. Even low-cost satellites could provide significant scientific
return [Muylaert 2010]. Data with significant added value can be collected for the scientific
community even inside a time-frame of days, especially if global coverage is achieved. For
such short mission durations a dedicated launch may not be attainable, instead a piggy-back
opportunity may be considered [e.g. Kruijff 1999.111].

Heide, Carroll & Kruijff report of three piggy-back concepts for synchronized multi-point
measurements over tens of kilometers in the lower thermosphere. Two of those use a tether.
For each, the use of multiple 30-40 kg research probes is proposed with a selected set of
instruments [Heide 2001.1]. The first concept, the Dynamic Wheel, uses a single 35 km tether
to drop many research satellites into eccentric co-planar orbits with complementary perigee
altitudes and phases. The second concept, LADDERS, consists of a vertical string with small
satellites distributed along the length. The combined tether provides passive station-keeping
and 2-axis attitude control. In both cases the tether technology can be fully based on SEDS or
SpaceMail technologies. These tether options are compared to a third concept, without a
tether, that involves the release of multiple satellites at the apogee of a geostationary transfer
orbit (GTO) into orbits with different perigee heights.

Dynamic wheel tether concept

In the dynamic wheel tether concept, a dispenser of small satellites is deployed by tether
from a massive host, such as an upper stage, in circular Low Earth Orbit at about 400 km
altitude. The dispenser is stabilized to a vertical, 35 km below the host. From there, it drops
the satellites one by one into eccentric co-planar orbits with a perigee altitude of about
150 km, and complementary argument of perigee and true anomaly. The tether deployment
is very similar to that of SEDS-2 [Carroll 1995.1]. Figure 20 depicts the concept.

Consider the case of a total of 6 satellites that are released 200 seconds after each other.
Figure 21 shows the altitude of the research satellites as a function of a planar angle for the
first orbital period of the mission, referenced to the true anomaly of the satellite that was
first released. Each angle value represents a specific vertical column in the Earth
atmosphere. The vertical spacings of the sub-satellites at the angle of -60 degrees are 2, 7, 14,
20 and 25 km respectively. This atmospheric column is crossed by the subsequent satellites
within 60 s of each other. In this example, two subsequent measurements at a single inertial
angle will have a variance in time that is less then 14 seconds. Assuming an atmosphere co-
rotating with the Earth, this time interval will induce a horizontal atmospheric spacing
between the measurements. For example in a (worst-case) polar orbit, at the equator the
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horizontal spacing between the two measurements amounts to 6 km. The horizontal spacing
between the first and last satellite will thus remain below 5x6 km = 30 km. During half of
their orbital period, the satellites are in the interesting region between 150 km and 250 km
altitude. Due to the rotation of the atmosphere along with the Earth every new orbit another
slice of atmosphere will be mapped. In several weeks a large part of the atmosphere can be
mapped in three dimensions which is in line with the expected orbital lifetime.

Release of first satellite

Release
subsequent satellite
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Figure 20. Dynamic wheel concept
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Figure 21.Passage of atmospheric probes released by Dynamic Wheel

It will be necessary to include active control to maintain synchronization of the orbits during
the decay. This is partly due to finite tether control precision, partly due to finite host mass
(causing the system to rise after each release), and partly the result of atmospheric bulges
due to the diurnal effect and the Earth flattening. In particular, the Earth flattening creates a
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significant altitude difference at equator versus pole of 21 km at the same radius, three times
the Earth atmosphere’s characteristic height. Ground control or on-board GNSS will be
required, as well as a drag control system or thrusters for drag compensation.

The LADDERS concept

LADDERS, or Low-Altitude Daisychain-Deployed Expendable Research Satellites, is an
alternative concept brought forward by J.A. Carroll in [Heide 2001.1]. In the LADDERS
concept, a series of probes is connected to the next by a vertical tether, with a spacing
between the probes of 5-15 km, i.e. in the order of the atmospheric density scale height yet
finer at the bottom in the higher density regions.

The LADDERS is deployed in stages from a central massive platform, possibly an upper
stage or interface cone. From the platform, a full set of probes is deployed downward using
a tether. Each probe is equipped with its own small and passive tether deployer. Once the
first tether is deployed, the remaining probes decouple from a first operational probe, and,
as a group, they are lowered further using the tether and deployer that is inside this first
probe. This process repeats until all probes of the first set have deployed their tether and a
vertical daisy chain configuration has been achieved. A second set of probes could then be
deployed upward in the same manner. With the platform centrally located, the maximum
tension level, occurring in the tether attached to the platform, is minimized.

Deployment of the full system will take several hours. The platform-mounted tether
deployer is designed for low friction. The deployment is actively controlled when gravity
gradient levels are still small. In contrast, the deployers on the probes would be simple and
similar, with a mass below 1 kg. The tether mass per probe would be 1-2 kg. Deployment
velocity is passively kept below 5m/s, making use of the spool’s tendency to increase
friction with deployment velocity (Section 5.3.5). A thicker tether near the end and built-in
damping system in the tether (Section 4.2.3) could be used to terminate the deployment in a
smooth manner.

The total tether length might be between 40 km and 100 km with 4-8 probes. The useful
lower altitude limit is 120-130 km, below which atmospheric heating and drag threaten the
integrity and stability of the system. The lower ~15 km of tether will experience over 85% of
the total atmospheric drag and will govern the exponential decay of system altitude. If the
initial altitude of the lowest probe is 150 km, and the platform mass is 1000 kg, MTBSim
predicts a lifetime of 2 days, just sufficient to obtain a rough global coverage with a ground
track spacing of about 1250 km. Lifetime can be somewhat increased to about 3 days, if the
lowest tether segment is released every time the bottom probe has reached an altitude of
120-130 km. The reduced daisy-chain system will then get an upboost due to momentum
exchange. Active drag cancellation by a thruster on the platform would require about 100 kg
propellant per day of mission extension. Alternatively, an electrodynamic tether system on
the top probe, including solar panels and power supply with a mass of about 300 kg could
provide sufficient Lorentz thrust to maintain altitude and can extend the mission by months
(Section 2.2.2).
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A preliminary trade-off has been made to select tether diameter and material. The trade-off
takes into account survivability for the tether exposed to atomic oxygen and
micrometeoroids, lifetime in the presence of atmospheric drag, while limiting mass and
complexity. The lower tether segments should be very thin yet resilient. They could consist
of a single strand 0.3-0.5 mm tether of oriented PTFE (Teflon) or quartz. For the upper tether
segments a Kevlar or Dyneema double-strand caduceus tether could be used (Section 4.3.1).

The main advantage of LADDERS over the Daisy Wheel is that the probes can be very
simple. Instrumentation can be oriented in yaw direction towards the gas flow using
aerodynamic torques, assisted by magneto-torquers. Pitch and roll can be handled by the
torque from tether tension.

Solution without tethers: probing from GTO

From a highly elliptic orbit it is possible to enter the lower atmosphere region multiple times
over a sustained period. A suitable orbit to make deep dips into the Earth thermosphere is
the Soyuz GTO (200 x 35786 km). Contrary to the dynamic wheel concept there will be
virtually no planar phase shift for subsequently released satellites. However, the perigee
height, and linked to that the orbital period, can be selected differently for each satellite. In
the apogee of such a GTO, a change in perigee altitude of 10 km is obtained by a AV of
approximately 1 m/s. The AV required for this mission is about 6 m/s and can thus be
accomplished with simple springs. The interesting altitude region (135-250 km) to acquire
data will be passed by the satellites within approximately 6 minutes of a total orbital period
of 10.5 hours. In this time, a slice of atmosphere of about 500 km length can be examined.

A release strategy that maximizes the amount of vertically synchronized measurements is as
follows. In the first orbit, the first satellite is ejected with the weakest springs and gets into
the highest orbit. It is the first of the set to pass perigee. The time between subsequent
releases is such that the interval between the passes through the atmospheric target column
remain well within a typical time scale for atmospheric change. In the orbits to follow the
measurement delay will at first decrease, because a lower satellite orbits faster and
overtakes the higher ones. A rule of thumb for the GTO orbit is that a difference in perigee
of 10 km will lead to a difference in orbital period of 12 seconds.

Assuming an acceptable delay time of hundreds of seconds, acquiring nearly-synchronized
vertically spaced data will thus only be accomplished for several orbits. By applying a small
AV in apogee of less than 3 m/s using a small cold gas system, the lowest satellite could be
brought into an orbit higher (and slower) than the other ones and vice versa, in order to
extend the multi-point coordination. In any case, the satellites can be designed such that
they will keep operating and thus can still continue gaining single data points that, though
not simultaneous, provide a useful long-term complement to the coordinated measurement
data-sets collected in the first few days.

The real value of this concept, over the Dynamic Wheel, is the excess energy, which allows
far more low-perigee passes (and far lower altitude perigee passes) before re-entry. The
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disadvantages are the difficulty of managing the orbits to get complementary traverses and
the small amount of time spent at perigee.

Comparison

Table 8 summarizes the findings. The Dynamic Wheel mission time is limited to days
without reboost and up to 1 month with reboost; the individual satellites need to be rather
complex. LADDERS mission time is limited to days but can feature very basic probes. Its
tether operations are more complex however. The mission can be extended with the help of
an electrodynamic tether and further added complexity. The GTO satellites provide
coordinated traverses for only a few days and less than one hour of relevant mission data.
Further data of the individual satellites can be collected for months thereafter, at the cost of
additional satellite capability, to deal with the longer mission duration and higher exposure
to radiation. Furthermore, since GTO orbits typically have a low inclination, the atmosphere
can only be studied at equatorial latitudes. Also for other highly elliptical orbits there is a
limited range of latitudes within which the relevant altitude interval of 150-250 km is
visited. For a Molniya-type orbit with 150 km perigee, for example, this range remains
below 30 degrees - the exact value depending on inclination and argument of perigee.

The final selection should be driven by a proper analysis of scientific user requirements.
From above comparison the LADDERS concept seems most promising if the tether
operations can be dealt with. The GTO and Dynamic Wheel options are more
straightforward and low-risk in terms of deployment, but the satellites need to be more
capable than the LADDERS probes. Compared to the GTO option, the Dynamic Wheel
provides wider coverage within a shorter mission time. More generally, the Dynamic wheel
concept can be used to efficiently, and based on only a single launch, distribute within an
orbital plane multiple small satellites without propulsion.

Concept Lifetime Synchronous Fraction of Ground Probe Tether
measurements time in region coverage simplicity simplicity
of interest

Dynamic Wheel weeks +/- >0.5 + - +
LADDERS days + 1 +/- + -
LADDER years + 1 ++ + -
electrodynamic

GTO release months - >0.01 - +/- no tether

Table 8. Qualitative comparison of lower thermosphere investigation concepts with 6 probes.
3.1.4  Artificial gravity
The need for MARS-g

Artificial gravity in orbit, through structural rotation, is the only known and most direct
method that can be expected to fully prevent the known consequences of long-term
exposure to weightlessness [Lansdorp 2003.1]. After residing in zero-g for half a year, the
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Martian gravity may proof too much for the weakened astronaut bodies to perform
effectively [Hall 1997]. Furthermore, if a crew member should fall ill during the trip to Mars,
he can not always be treated properly as some common medicines like antibiotics have little
or no effect without gravity [NASA 2001]. Finally, it is not yet known how the human body
will respond to a reduced gravity level like that on Mars. Some negative and chronic effects
to the human physique known from weightlessness experiments may persist under a
martian gravity level. It may be unwise to leave humans on the surface of Mars for a
sustained period of time.

Thinkable ways to mitigate the consequences of zero-g during transit could be through
medicine, a man-rated centrifuge within the habitat, or a habitat which is part of a giant
centrifuge. So far, medicines can only partially mitigate the symptoms and some not at all.
The small man-rated centrifuge inside a spacecraft is uncomfortable and the periods spent in
it are necessarily limited. Typical disorienting effects in a centrifuge are Coriolis force,
gravity gradient and gyroscopic cross-coupling. A tether system however may yield a
lightweight solution to rotate the whole habitat with a radius large enough to provide a
comfortable environment.

It is unlikely that an interplanetary flight would be undertaken without a demonstration in
Low Earth Orbit (LEO). A LEO precursor to interplanetary travel can be used to help
understand effects of simulated gravity on human physiology (i.e. by having a rotating
reference). The effects on human physique, psychology and performance of living and
working in a reduced gravity environment such as on the surface of a planet can also be
studied. Ideally a LEO research facility would provide the full range of artificial gravity
levels from the benchmark case of one-g down to lunar-g. The optimal artificial gravity level
during transit can then be selected. It is assumed that the LEO test facility should be able to
spin and despin multiple times, retract the tether for crew access and perform a succession
of different gravity levels. These requirements are significantly more demanding than those
for an operational artificial gravity system for transit to Mars [NASA 1997].

The purpose of the analysis presented here is to evaluate whether indeed the tether system
development challenge and the projected system mass is likely to be a show-stopper for
manned missions to Mars. The tethered artificial gravity solution for a man-rated test
facility in LEO presented here is dubbed “MARS-g” (Manned Antecedent for Reduced and
Simulated Gravity).

The comfort zone

The artificial gravity level experienced in a rotating system is determined by:

2
Ui

ag=ro* =m0 o (32)
r

where the system's angular velocity is @, rotational radius is r and v,;,, = r@ is the velocity of

the point around the center of rotation The gravity level as a fraction of terrestrial level is

expressed by the ratio o : @yn=1.0, X0, =0.165 and auars=0.381.
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Table 9 provides a number of expressions and derivations for side effects and variations of
artificial gravity that can be experienced as disorienting or otherwise uncomfortable by
occupants of the MARS-g system [Clark 1960, Hill 1962, Gilruth 1969, Stone 1973,
Cramer 1985, Lansdorp 2003.1I]. For comparison the effects are expressed, for a given
artificial gravity level, in terms of single possible design parameters, v,,, r and . The
acceptable limit levels are subject to interpretation and based on the quoted references and
below discussion.

Eq. Side effect Description, effect Estimated Relationship
on artificial acceptable level
gravity

1 Radial Difference at r+Ar 0.05 Ar og ?
gradient relative to r 2

2 Motion effect Variation due to 0.08 ( ‘o )2 . 0 0
tangential velocity rim im

v; relative to Ui Dsim

..
standstill 2 ]

rim

1

acceleration due to =

3 Coriolis effect Sideways 0.08 [

radial velocity v, ag
relative to
standstill

4 Cross- In case of rotation 0.42 s
coupling rate @ po= (0\/7 \/— =9
perpendicular to @
there is a
gyroscopic angular
acceleration
perpendicular to
both

5 Cyclic Relative variation 0.01 2 4 2 2
variation per rotation due to 4.5[2) + O(gj ~ 4.5{Qh] =4.5 or
Earth gravity ag
gradient effects

6 Crew safety Altitude difference 200 km . \/7 ¢ 1
in case of tether 4 =43 = =475 .
issi Q o

scission

Table 9. Limitations and relationships for artificial gravity side effects

In a rotating system a relative change will be experienced when varying the distance to the
center of rotation by Ar (Table 9.1). This change should be kept within limits for scientific
purpose, as subjects can spend time at different radii within the habitat, and therefore
experience slightly different g-levels over time. Study results should be valid for the
nominal gravity level within a certain margin. Furthermore, radial gradients within the
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human body can cause internal stresses and disorientation and ‘tidal effects” if the body
changes orientation. Little is known about long term effects, but it seems that on the scale of
the habitat or a human body, a 5% variation would be clearly noticeable and should be
avoided. This puts a direct minimum on system radius, albeit not a very stringent one.

An effect not previously considered in the referenced literature is the variation in gravity
experienced by an occupant moving at velocity v,in tangential direction within the MARS-g
habitat (Table 9.2). The acceptable level of variation is 8%, as adopted from elevator design
parameters [Lansdorp 2003.1I], considering a typical velocity of 1 m/s. Crew inside a habitat
model can be considered significantly more active and prone to disturbing forces compared
to passengers in an elevator, who are generally immobile and spend little time there.
Limiting the motion effect means setting a lower limit to the rim velocity.

The Coriolis acceleration, well-known from centrifuge tests, will mostly cause disorientation
and motion sickness, as well as disturbing tangential accelerations when moving in radial
direction (Table 9.3). To account for relative disturbance compared to the gravity level, a
similar limit is used as for the motion effect. Even if these levels are physically bearable,
even much smaller variations (1 %) compared to the background gravity level would likely
affect the motor control and manual precision that an inhabitant can achieve. One could also
argue for an absolute constraint on such acceleration, as the accelerations perpendicular to
the direction of motion affect directly the sense of orientation. Such an absolute constraint
could be directly applied to the angular rate  of the system.

The cross-coupling effect depends on ¢, the angular velocity of the occupant's head
perpendicular to w (Table 9.4). Also cross-coupling effects can be limited by an absolute
constraint on the system angular rate. These effects cause acceleration or torque in a non-
intuitive direction when for example turning one’s head, or when handling a large object.
Human performance studies generally put a limit for human comfort at 4 rpm [Hill 1962].

If the system rotates in LEO and in the orbital plane, there will be a variation in artificial
gravity level, as a result of Earth gravity gradient effects, reaching a maximum at vertical
orientation of the system (Table 9.5). Contributions are the gravity gradient effect (see
Eq. 2.7) and variation in centrifugal force due to variation in the system's angular rate as a
result of the action of the Earth’s gravity gradient (as in Eq. 2.16). A minimum on the
allowable angular rate can be derived from this, which turns out to be a not very strict
requirement.

Finally, a maximum rim velocity may be introduced for safety reasons, as in case of
accidental tether scission, the habitat may reach a significantly different altitude
(Section 2.2.1). It should be avoided that the habitat in such a case will approach the
atmosphere or altitude increase will be such that safe crew return would be made
impossible (Table 9.6).

An envelope of these limits can be created (Figure 22), named the comfort zone. Even
though the limits as discussed are not conservative, the envelope is tighter than those set in
previous work, as summarized by Hall and revisited by Lansdorp, Kruijff & Van der Heide
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[Hall 1997, Lansdorp 2003.1I]. This difference is in particular due to the rim velocity
limitation. It can be seen from Table 9 that for a certain level of gravity (indicated as Moon,
Mars, Earth in Figure 22), the significant side effects (i.e. excluding the cyclic variation effect)
improve with increased radius and, alternatively, with increased v,,,,.

Note that the crew safety improves as radius and rim velocity decrease. In order to maintain a
feasible comfort zone, crew safety considerations will drive a trade-off between launch cost
and crew return capability versus minimal mission altitude. An altitude of 400-500 km
seems sensible.

Limits arising from radial gradient, cross-coupling and absolute Coriolis levels approach the
boundaries of the envelope near the Earth gravity design point. Although the definition of
acceptable comfort levels remains subjective, its objectivity is increased near this particular
design point, because at least at levels near Earth gravity data is available from ground-
based research on human subjects. Therefore the comfort zone as in Figure 22 is adopted for
the MARS-g design.

Moon Mars Earth Coriolis and cross coupling (absolute)
10000
1000 -
T v_rim=25m/3
- Motion effects (relativé
2 v_rim = 56 m/s
© > Cyclic variation 0.05% Crel spfgty n LEO
100 ~
ﬁRadiaI gradient 5%
10 T
0.1 1 10

Angular rate [RPM]

Figure 22. Revised comfort zone for artificial gravity in Low Earth Orbit, arrows indicate the
direction of improved condition; note that v,;,, = ro.

From analysis of Figure 22 the design points for the three gravity levels can be selected. If a
single system is to be designed that can generate all three gravity levels, it would be of
interest to be able to reel the tether in. When gravity level is to be increased, the ability to
reel in the tether would keep the radius minimal - while remaining within the comfort zone.
The minimal radius reduces the amount of tether exposed to the higher artifical gravity
levels such that total tether mass can be reduced. Furthermore, propellant for spin-up and
spin-down can be saved by selection of the minimal rim velocity at each gravity level,
which, as can be seen in Figure 22, is equivalent to a design for minimal radius. The design
points Moon, Mars and Earth are indicated with radii ranging from many tens to hundreds
of meters. Perhaps counterintuitively, the preferred rotational radius increases for
decreasing g-levels.
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All operations will be carried out at a minimized rim velocity of v, ;= 25 m/s. The MARS-g
design will be driven for tether strength by the Earth level at radius r,= L Qi) and
for tether length by the lunar level of gravity at radius r,= o Cloon)-

MARS-g system concept

For the MARS-g module design, Lansdorp has performed a trade-off [Lansdorp 2003.I],
from which tentative system dimensions can be derived. The system is proposed to consist
of a manned module and a countermass module, connected by a tether system. For the
purpose of the design exercise, the manned module could be an inflatable module (e.g.
Transhab-type, Bigelow Aerospace [Lansdorp 2003.I, Sorensen 2005]). Its mass, M, is
estimated at 40 tons. The artificial gravity experienced is generated as a function of the
distance from the rotating system’s center of mass (radius r), which relates to the system
dimension L by ratio of endmasses. A heavy countermass increases the effective radius for
the manned module. To reduce cost, this unmanned countermass should however be
preferably an expendable, already available in orbit, such as an ATV loaded with waste.
Based on these considerations, the countermass M, is assumed to weigh 25 tons. An
advantage of the ATV as countermass is that it can be active and provide spin-up thrust
(Figure 23). This system leads to a tether dimensioning as presented in Table 10.

The MARS-g system dimension of 1017 m is large compared to the largest beam structure in
space. For comparison, the main truss sections of the International Space Station stretch
about 100 m. However, design load levels for the MARS-g system are many orders of
magnitude higher than for the ISS. A tether therefore presents itself as an enabling solution.

g level (9.81 m/s?) Rotational radius [m] System dimension
(Ma/Mc = 1.6) [m]

Earth g 1 64 (r1) 166
Mars g 0.38 167 434
Lunarg 0.16 391 (r2) 1017

Table 10. Rotational radius 25 m/s rim velocity

The MARS-g tether deployer shall include reel-in capability. Although it will result in a
more complex system, as already explained, tether mass and propellant required for a single
spin-up will be reduced. Furthermore, a reeling capability will allow for conventional crew
docking and access to the countermass module. A tethered endmass, even if the system is
not spinning, will not be in traditional Keplerian orbit. Therefore, in between two
experiments at different g-level, it is assumed that the spin is stopped and the tether is
reeled in.
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o

Figure 23. MARS-g concept
Spinning up the system, propellant and tether mass

Both propellant mass and tether mass required are dependent on the approach to
deployment and spin-up.

It was investigated to spin up the tether without use of any propellant, based on
conservation of angular momentum, by deploying the tether, next inducing a swing -much
as in the SpaceMail application (Section 3.1.1)-, then converting this swing into rotation by
rapid tether retrieval. This solution was found not feasible for the reel system design due to
the required retrieval velocity, about 1 m/s at a power of 500 W [Lansdorp 2003.1].

Another method for spin-up requiring little propellant and a smaller retrieval velocity
would be to increase the spin rate by phased pumping, i.e. reeling in near vertical
orientation and reeling out near horizontal orientation. This method requires about 10 days
to spin-up even with demanding system design parameters, namely a 0.4 m/s reel-in
capability and a 3 kW power consumption.

It is therefore proposed that a conventional thruster is used that exerts a torque around the
center of mass of the system. With exhaust velocity w, burn time At and the amount of
propellant required m, the thrust equals m,/At w. The torque induces an angular
acceleration that can be maintained until the required rim velocity is achieved. The most
efficient way of spinning up the system is obtained when the effective arm of the thrust is
maximized. As M.< M,, the thruster should be placed at the countermass.

The minimum mass of the tether is determined, given a material’s break strength o and
design safety factor Fs, based on the minimal allowable cross-sectional area for each section
of tether and thus based on the maximum load experienced by those sections:

m = [ pALyaL= p[l r JTA(Y)dr - p[M +ﬂjyfg (r)ir (33)
' 0 M, )5 ! M, )o 4 "~ ’ '
in which the maximum distance from the center of mass to the habitat 7,,.,= MJ/(M+M,) L,
A(r) is the cross section of the tether at any point, and g,.(r) the maximum gravity level that
any point on the tether experiences. This level is dependent on the selected method of
system spin-up.
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Table 11 and Table 12 compare the propellant and tether mass requirements for three
deployment and spin-up strategies. In this and the following calculations, the effect of the
mass of the tether itself is neglected because it is found to be very small compared to the
endmasses.

1. The simplest strategy, the “Single Length” method, would be to deploy the tether to
achieve 7,,="1, the radius required to satisfy the rim velocity requirement even at
minimum gravity level a,.g then accelerate the endmass to obtain the required
artificial gravity level, following a horizontal line in the comfort zone (Figure 22),
towards a greater rim velocity v,;,> ¥, at constant radius r=r, as in Eq.3.2.
Neglecting the tether mass and reduction of manned module mass due to ejected
propellant, we can derive m, (Table 11.1). The tether mass is determined from Eq. 3.3
with ¢, = @g applicable to the full tether length (Table 11.2).

2. A strategy that will be more fuel efficient is the “Minimal Rim Speed” method. In this
scenario, the system is operated at minimum rim speed v,,,,;, for every target artificial
gravity level. It is spun-up only after the tether length matching the required artificial
gravity level and minimum rim speed has been achieved by deployment or retrieval.
As in the Single Length method, an important advantage is that the required deployer
would not have to carry high structural loads: the deployment loads and structural
forces during rotation can be decoupled. Propellant mass is independent of the artificial
gravity level per mission (Table 11.3). The mass of the tether is determined for a basic
part of the tether for maximum gravity (equivalent to r;) plus a tapered part for lower
gravity levels (Table 11.4).

3. A final alternative that is considered is the “Overdeployment” method. The tether is
deployed to a radius r;=k r,, with the overdeployment factor k>1. An especially tuned
but low angular velocity will be introduced by the thrusters. While rotating, the tether
will be retracted to reach the desired end situation prescribed by the limits of the
comfort zone, using the principle of conservation of angular momentum to increase the
angular velocity and artificial gravity level. The final rim speed is, as in the Minimal
Rim Speed method, again the minimal rim speed v,,,, .., required for comfort. The initial
rim speed v,;,, relates to the final rim speed v, ;, as the final radius to r;, from which
the required propellant mass can be determined (Table 11.5). Main disadvantage of this
alternative deployment strategy is the fact that a high tension tether retrieval system is
required and spin-up/spin-down operations will take about 1.5 days. For the section of
the tether from r =0 until » =r, it can be reasoned that the optimal tether diameter will
be identical to that of the Minimal Rimspeed tether Additional tether mass results only
from the additional tether length required for overdeployment and retrieval. During
retrieval from r;to r,the g level increases. Integration of Eq. 3.3 from r=r, to r=kr, leads to
the total tether mass (Table 11.6).
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M’ depends on the location of the thruster, respectively at M, or (baselined) M.: M; =M, + M M; =M, +M,

c

Table 11. Propellant and tether mass relationships for likely deployment methods

Mass case Single length ~ Minimal Rim Speed =~ Overdeployment
(propellant for spin- [kgl [kgl [kg]
up+down or tether)

Propellant &0 930 930 190
Propellant s 1420 930 80
Propellant G 2300 930 30
Tether mass 1140 520 610

(for range Qoo ~Cteartn )

Table 12. Mass comparison for likely deployment methods (see text for assumptions)

1000 — Tether mass
Propellant mass per cycle (Earth)
800 \ — Propellant mass per cycle (Mars)
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Figure 24. Impact of Overdeployment on MARS-g propellant and tether mass
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Comparison

A comparison of the mass properties resulting from the different deployment strategies is
provided in Table 12. Assumed parameters values are w =3500 m/s at M, p =536 kg/m’,
F=6, 0=1.13E9 N/m?, k =5, v,;,,= 25 m/s. Note that the values in Table 12 refer to the required
propellant for a spin-up plus spin-down cycle and to a tether capable to deal with the full
range of @pn ~Oum. For comparison, the total mass required for tether plus propellant to
obtain only an @, g-level only once (as may be considered for a manned mission to Mars),
is only 230 kg. From the dependency of mass on the overdeployment factor k (Figure 24) it is
seen that the additional tether length does not add significantly to the system mass, because
the additional tether experiences only little stress. The mass gain of the overdeployment
method with respect to the more simple alternatives is significant, and even more so for the
likely case that multiple spin-ups and spin-downs will be performed.

It should be noted that in an actual application in LEO, and in particular for the
Overdeployment method, the deployment and spin-up strategy described above are
somewhat oversimplified. Rim velocity will vary during the initial retraction period due to
the action of the gravity gradient (Figure 1). For an in-plane spin-up from a vertically
deployed tether in LEO, an initial speed v,;,,,> \3Qr; is required in order to end-up in a
rotation rather than an oscillation (Eq. 2.10). On the other hand, much of the initial rim
velocity can in principle be obtained from the swing obtained during deployment, saving
some propellant. To make full use of this possibility would require selection of an optimal
value for k value for each g-load case, and a more critical deployment control. The ,,4g-
level would be obtained with k =2.2 (max. 70 kg propellant rather than 30), &, with k=3.6
(max. 110 kg propellant mass rather than 80 kg). Alternatively, an out-of plane rotation can
be considered with free choice of k. Stability and dynamics for this case have not yet been
investigated. The tether mass is heavily dependent on the minimal rimspeed selected, but
for a multi-mission scenario it is not the dominant factor. The Overdeployment method is
therefore baselined for the initial design of a suitable deployer.

Tether and deployer

A tether and deployer design for a LEO demonstrator has been made for Delta-Utec by
Lansdorp [Lansdorp 2004] based on the Overdeployment scenario. The tether is assumed to
be made of Dyneema®, a high strength fiber produced by DSM in the Netherlands. The
tether is proposed to be a very flat tether of ~1 mm thickness and ~1 m width. Such a
“Dyneema UD” tether can be produced using standard sheet production methods
(operational at DSM). It is a safe-life design to prevent serious damage by space debris and
meteoroids and is compatible with the proposed deployer, as it provides a large area of
contact, thus reducing pressure loads. Dyneema® has a fiber tensile strength of 3.9 GPa and
a density of only 975 kg/m’. Because of losses in the UD design’, it will have a tensile
strength of 1.3 GPa and a density of 634 kg/m®. A safety factor Fs=6 for the tether was
chosen as the product of a number of contributions [Lansdorp 2003.11], see also Section 4.3.4.
Resulting total tether mass is 622 kg.

*C. Dirks, M. Jacobs, J. Kersjes, Personal correspondence, Meeting at DSM, Heerlen, the Netherlands, 2003.
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The tether deployer has the task to reel the tether in and out, before and after each crew
swap. The requirements on the deployer are quite severe. The selected deployment strategy
demands that it must reel the tether while artificial gravity is being generated by the
rotation of the system. The most severe conditions occur during the one-g mission: the
tension in the tether, just before the reeling phase is over, equals 400 kN, comparable to the
performance of a medium sized crane. An unconventional deployer design is proposed to
simultaneously meet the requirements of high tension and low mass. A system has been
worked out for which no tribology or transmission is required. Instead a solution with
structural hinges is proposed and high force linear translators are used. The storage system
is always decoupled from the tether tension. Figure 25 illustrates two separate sets of flat
friction plates that automatically squeeze the tether when tension is applied, a so called self-
braking structure. As one pair of plates is squeezed and moves the tether in the desired
direction, the other pair moves in position to take over. The reel that collects the tether is in
this way not exposed to a (significant) tether load and can be lightweight. A first design of
the deployer indicates that the deployer mass will be comparable to the tether mass, i.e.
some 600 kg [Lansdorp 2004].

The MARS-g system combines comfort and capability of multiple deployment and retrievals
under full g-load, with a mass of only some 3% of the total system, or some 2400 kg (based
on 14 cycles). Propellant to maintain stability of the endmass is not included in this analysis.

Tether Flat tether
reel /
Linear translator -? ‘?

Squeeze plate

5|

Figure 25. Hingeless moving plate high-load tape deployer concept (see text)

3.2 Electrodynamic deboost

Electrodynamic tethers are able to provide propulsion with little or no consumables, as they
conduct electrical current and interact with a planetary magnetic field. If equipped with
appropriate power supply, they can provide continuous thrust that can be modulated to
change any of the orbital parameters [Cosmo 1997, Levin 2007]. These capabilities make
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them attractive for demanding long term applications such as repetitive deorbiting of
defunct satellites or atmospheric drag compensation of a space station.

Some uncertainties are to be resolved before such applications can be reliably implemented.
Bare tether design and confirmation of electron collection performance is one aspect that
will be described below. Beyond that, a crucial challenge for electrodynamic tethers is that
of long-term stability, in particular with reference to light systems where electrodynamic
forces may become comparable to gravity gradient forces. Simulations have been
undertaken to find out how system design can help provide sufficient stability. Two
example applications for relatively simple systems, without high voltage source, and thus
oriented at deboost only, are studied in more detail. The effectiveness of an electrodynamic
tether for mitigation of debris-related risk is critically considered. An application of an even
simpler system is analyzed, a fully passive electrodynamic tether system, which may prove
useful in orbit around Jupiter.

321  Assessment of OML performance in bare tether electron collection testing

No in-orbit data is available for long bare tether performance at this time. To support
representativeness of the ETBSim simulations, a series of electron collection tests has been
defined and performed [Kruijff 2001.I] with the following objectives:

*  to test the validity of the OML theory,
*  to assess orbital tether current collection capability from plasma, and

*  to assess the applicability of the OML model to tethers with other than cylindrical
geometry.

The approach applied exists essentially in measuring the I-V characteristics of several
specimens of tethers, with various geometrical shapes and dimensions, exposed to a
simulated space environment of ionospheric parameters. The specimens of various shapes
and sizes are summarized in Table 13. This selection has been made to represent various
design options: a simple cylindrical tether, a tape for increased mass efficiency and a dual-
strand tether (for increased resistance against micrometeoroids and orbital debris). All
samples are 10 cm in length, so much larger than the sample diameter. Each specimen has
been placed between two guards of equal dimensions, such that the measurements are
made in a cylindrical plasma geometry without significant edge effects. The experiments
have been designed to investigate the impact on the current collection caused by
perturbations due to both the ambient geomagnetic field and the magnetic field self-induced
by the current flowing in the tether, neither of which is included in the derivation of the
OML model. They are compared to those of Gilchrist e.a., who has performed electron
collection tests on (unguarded) cylindrical and tape samples of 10-30 cm length, in a plasma
generated by a Hall thruster, however without geomagnetic and self-induced field effects
[Gilchrist 2002].

The large plasma chamber facility of IFSI-CNR has been selected as a suitable facility for the
proposed tests. The tests were designed, performed and analyzed by F. de Venuto & G.
Vannaroni [Kruijff 2001.1], the results are summarized here.
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Type of electrode Dimensions

Single wire Diameter 0.8mm

Single wire Diameter 2mm (with current carrying wire in center)
Bifilar wire Diameter 0.8mm, center-to-center 2.8mm

Tape Width 3.6mm, Thickness 0.05mm

Table 13. Dimensions of tether samples used in the plasma tests

Test chamber geometry and conditions are provided in Table 14 and Figure 26. The Debye
length Apis a fundamental plasma scaling parameter in terms of which the OML validity can
be expressed [Sanmartin 1999]. The test conditions can be considered typical for a Low Earth
Orbit tether operation. Although the voltage bias applied (200 V) is lower than the typical
potential of kilovolts for space applications, it is still highly suprathermal with respect to the
energy of ionospheric electrons (= 0.2 eV), and therefore can be considered representative
for the electron collection process in high potential regimes (see also Eq. 2.29).

The resulting I-V characteristics (Figure 27, Figure 28) show the collected current I,,, at the
applied bias voltage V, normalized to the electron thermal current Iy, (Eq.2.30), Lm=lew/In.
Due to the proportionality of both currents with both plasma density 7, and the electrode
surface this normalization eliminates the effects associated to the plasma density variation
resulting from the sample’s current collection as well as the effects due to different
dimensions of the various tether samples. Two curves (in solid lines) indicate the OML
uncertainty (Eq. 2.29) due to the spread of the electron temperature. A first observation is
that there seems to be a systematic tendency to exceed the predictions of the model. The
discrepancy from theory can be approximately evaluated about 25%, the largest deviation
being associated to the tape sample. The tape and multi-strand tethers have been initially
oriented with minimum cross-section towards the plasma beam. When oriented
perpendicular to the flow, the tape shows a 20% reduction in current, probably due to wake
effects. Gilchrist e.a. observe quite a similar trend, with up to 15% increased collection
efficiency with respect to OML above 50 V. They find however that the perpendicular tape
collects 5-10% more than the parallel, possibly due to sample end effects, due to the lack of
guards, or source drainage, which seems to particularly effect the parallel sample.

In any case, the OML does provide a good first guess estimate of electron collection
performance, for all tested tether shapes, including tapes and multi-strand tethers, at least
for a sample width less than or equal to 2 — 3. A useful lesson from this is that multiple (1)
wire tethers of diameter d can be treated (as far as electron collection is concerned) as a
single wire of diameter n*d. Note that Gilchrist e.a. have performed tests to as much as 154,
tape width, and although some reduction in efficiency is observed, possibly due to source
drainage, the results for these samples do not go more than 12% under the OML prediction
at 300 V [Gilchrist 2002].
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Facility SIM.PL.EX at IFSI-CNR
Ambient plasma electron temperature 2000 K
Ambient plasma density 5e12m™>
Sample bias for I-V curve measurement 0-200V
Ambient geomagnetic field B 0and 0.3 e-4 T (orthogonal to both plasma flow and tether
sample)
Debye length Ap ~l.4mm
Current for self-induced field test 0-10A
Sample length 10 cm (plus 10 cm guard on either side)
Sample distance to plasma source 2.25m
Plasma reference monitoring Langmuir Probe for plasma density, electron temperature
and plasma potential

Retarding Potential Analyzer (RPA) for ion beam energy
lon source Synthesis A" accelerated to ~8 km/s
Electron source Filament heated at thermoionic temperatures

Table 14. Test conditions
Z
Figure 26. Experimental set-up of plasma tests
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Figure 27. IV characteristics at B=0 (left) and B=0.3 10°*T (right)
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Figure 28. I-V characteristics at various DC tether currents.

The geomagnetic field is found to not perturb significantly the current collection from the
plasma, which is plausible when considering that the electron gyroradius at LEO
environmental conditions (about 5cm) is appreciably larger than the cross-sectional
dimensions of the tethers under test [Sanmartin 1999]. For large tapes (centimeter scale)
additional tests are required, but in the SIM.PL.EX. facility such a large sample would lead
to draining of the electron source.

As far as the self-induced field is concerned, the effect of self-inducing DC current has been
tested in the 2 mm cylinder sample. A reduction proportional to the DC current is found of
about 10% at its maximum level (10 A) corresponding to the maximum potential (190 V).
Such a reduction is in line with expectations: the current produces a crossed system of
magnetic and electric fields, causing an E X B electron drift along the tether that tends to
reduce the collected current. For likely mission currents of 1or2 A this effect can be
considered negligible.

3.2.2  Tethered deboost and dynamic instability

Occurrence of long term instability of electrodynamic tethers has been evidenced in
numerical simulations [Estes 2000.IV], connected with the ProSEDS mission. It is found due
to the longitudinal component of the magnetic field and increases with inclination. Several
investigations [e.g. Levin 1987, Pelaez 2000.L1I, Dobrowolny 2002.L1II, Levin 2007] have been
undertaken with the aim of clarifying the various underlying instability mechanisms for
electrodynamic tethers. Energy is continually pumped into the system, which causes lateral
oscillations and eventually tether slackness or uncontrolled motion. The long term
instability severely limits mass-critical electrodynamic tether applications. For these cases it
must be characterized and appropriately tackled, either by system design or by active
control methods.

Dobrowolny developed a linearized analytical model, simplifying the environmental
conditions and decoupling transverse modes from endmass librations [Dobrowolny 2002.I].
The modeled system is operating at maximum obtainable current level following OML
theory. An instability is observed, as an exponential growth in transverse modes. Out-of-
plane endmass librations, coupled to in-plane librations, show a wave-packet behavior. The
result indicate that there is a maximum current level for stability.
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For comparison, a simulation of the same system was performed by ETBSim, which is based
on a more general, non-linear model (Section 2.3.2). The environment was initially set to
match the Dobrowolny simulations, featuring a simplified dipole magnetic field and
sinusoidal plasma density. As in Dobrowolny's findings, ETBsim produces in-plane and
out-of plane endmass librations [Kruijff 2001.I]. General behaviour is similar, e.g. wave-
packet modulation is recognized and the libration seems stable, although the amplitude and
modulation period differ. These differences are thought to originate in several
simplifications in the applied linear theory with respect to the numerical simulation, such as
series truncation. In addition, cross-coupling between libration and transverse modes was
found to be significant (e.g. Figure 30). At the integration timesteps used, it was found that
the system becomes instable beyond numerical accuracy within about 2 weeks, although the
libration mode is as yet hardly excited.

Fluctuations of electron density and magnetic field strength as they occur in orbit around
Earth further worsen the situation. For a typical case (7 km, 1 mm bare tether, h=1000 km,
i=50°, 700 kg and 15 kg endmasses) including also the ionospheric irregularities (IRI-95
model) and the Earth's 436 km magnetic dipole offset, ETBSim shows that within about a
day's time, transverse waves severely affect tether tension, which does not occur without
these effects.

These results trigger the question whether system design choices or other solutions can be
identified that contribute to stability for the full duration of a typical electrodynamic tether
application. Simulation results addressing a variety of design options are here described.

As a case study, a relatively simple deboost application has been selected, intended for
satellites that have failed or completed their nominal mission (“defunct”, Section 2.2.2). It is
initially assumed that the tether endmass is deployed downward. The endmass contains not
only a cathode but all active systems including the tether deployer itself. In this way the
interface to the defunct satellite is minimized. The tether is assumed bare. Based on test
simulations the following reference tether is defined (used for all simulations in this section
unless specified otherwise):

* 6 km fail-safe mechanical part, 1.2 kg.

*  6km fail-safe conductive part, built out of two strands bare aluminum (each
0.32 mm diameter, treated for a=¢=0.3), two mechanical strands, total 5.3 kg.

Stability was investigated for tethered deboost of a defunct satellite of 700 kg at 700 km
initial altitude and 11.5 degree inclination. A lightweight endmass of 15 kg has been
assumed initially. As a practical, objective measure for instability, the (simulated)
occurrence of tether slackness is proposed (i.e. zero tension), which is assumed to coincide
with loss of control (Figure 33). This occurrence can be expressed in mission time, however
the more pragmatic measurement used here, referring to the mission objective, is the drop in
altitude achieved.

For the full range of parameter settings reported here, even at currents limited to as little as
0.2 A, the simulations showed a process of excitation of skip-rope (combination of first in-



Analysis of Tether Applications 85

plane and out-of-plane transverse modes). The tether eventually starts to resemble a whip
with the light endmass on its tip, cyclically inducing tension shocks and further transverse
waves, that finally cause the tether to become slack. Such behavior has also been noted
during the simulations carried out for ProSEDS’. Consequently, all simulations show a
nearly identical tension development, where only the onset of the instability differs in time
from one simulation to another.

A typical example for the deorbit behavior is shown in Figure 29, which highlights the
impact of inclination. The runs are stopped at occurrence of tether slackness. Shown is the
in-plane transverse mode. It is measured in degrees as the angle from the line between
endmasses to the line between defunct satellite and middle of the tether. At larger
inclination the onset of instability is delayed due to the lower electrodynamic force resulting
from a lower perpendicular magnetic component. Descent rate is also reduced for the same
reason. Despite the fact that out-of-plane dynamics are more pronounced at higher
inclination, the tether in such a highly inclined orbit achieves a somewhat greater altitude
drop before instability occurs.
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Figure 29. Effect of inclination on stability (1" transverse mode and achieved SMA drop)

Simple control laws do not reduce the onset of instability, due to the coupling between
librations and transverse modes, as illustrated in Figure 30. A current control is applied to
dampen the in-plane librations. The control is an anti-phased current modulation
superimposed on a constant current (0.3 A), assuming perfect knowledge of the in-plane
and out-of-plane angles (e.g. through GPS or phase reconstruction from tension
measurements). Although the control is, briefly, effective in damping the in-plane libration,
the first transverse mode is excited and eventually cross-excites the in-plane libration mode
beyond control as well. Similarly when a current control is applied that dampens both in-
plane libration and first transverse mode, the second transverse mode is excited, with
similar disturbing results on the lower modes.

Note that in recent years Levin has developed a method based on tether modes and phase
estimation that, although not able to fully subdue the instability appears successful at
postponing it significantly [Levin 2007].

3 Enicro Lorenzini, Private communications, February 2001
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Figure 30. Damping of in-plane libration (left) excites first transverse mode (right).

In support of such active current control further design options were considered. Most of
the system adaptations that tend to improve time to instability increase the ratio of tension
(Eq. 2.16) versus Lorentz-force (Eq. 2.28), although not always the achieved altitude loss is
improved as well.

Current limitation for example reduces the cyclic variation of the Lorentz force and of its
distribution over the length of the tether. This is particular true if at a level sustainable by
the lowest plasma density within one orbit. Most simulated cases ran at such a level, of
0.2 A. The current level can be increased as the orbit gets lower due to increasing plasma
density, such that the deorbit rate improves. In the simulations, tether current is assumed
limited by ohmic dissipation through a variable resistor near the cathodic end. Such a
system has the advantage that, due to the ohmic voltage drop the tether will be negatively
biased over a large part of its length (Figure 31). In the negatively biased section no
electrons are collected, thus resulting in a nearly constant current over much of the tether
length. Under such current limitation, additional bare tether length leads to simultaneous
increase of both gravity gradient and Lorentz force. The fraction of tether that features
constant current is also increased and simulations find stability improved.

(Y Vews-Vr

Plasma

Ve 0A e
Figure 31. Current limitation due potential drop Vi by
resistor at cathodic end
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Increase of cathode endmass is a costly solution but contributes to stability improvement. If
endmass and current are both increased by the same amount, as expected the system will
still drop faster in altitude, but will also outlast the lighter, low-current reference system
before instability occurs.

A mechanical tether segment has been included in addition to the conductive segment in the
reference design. This has been done for two reasons. On one hand, it ensures a low
deployment friction during the initial part of the deployment. Secondly, although inclusion
of a mechanical tether segment represents some extra system mass, for the simulated
application it increases the tension and system’s passive long-term stability more effectively
than an increase of endmass by the same amount would do.

An even more effective use of extra mass is achieved when the tether is deployed upward,
with a dummy endmass -the extra mass required for this concept-, whereas the cathode,
deployer and electronics remain at the defunct satellite, now the lower end of the tether
system. In such a case, for a bare tether or mechanical/bare tether combination, the torque
arm around the center of mass (near the defunct satellite), available to the resulting Lorentz
force, is reduced. The case presented in Figure 32 is based on the reference 12-km tether with
a 15-kg endmass limited at 0.2 A. This adapted system is eventually destabilized when the
second transverse mode overexcites. Note that it was found that the electrodynamic tether
needs not to be deployed accurately to a vertical. A non-zero in-plane angle before cathode
activation has no negative impact on stability.

Finally, as an alternative way to maintain stability, a prograde rotating tether system has
been proposed (see also Section 3.2.4). To achieve the desired system spin, the 15 kg
endmass needs to be provided with an initial AV of about 30 m/s against the direction of
orbital velocity. The spin-induced centrifugal force will increase with time as the spin
accelerates due to the Lorentz torque and this increase helps to maintain stability. The
spinning tether solution will operate on the average at a 30% of the Lorentz force of a
vertical tether, due to the unfavorable angle of the tether with respect to the magnetic field
lines during much of the spin. If a second cathode is added on the opposite side of the
tether, this fraction is increased to about 60%. The additional complexity and loss in Lorentz
force may be compensated for since current limitation is no longer required.

Apart from these measures that directly affect the balance of Lorentz force and tension,
more subtle design trade-offs, such as for tether material properties, can have a significant
effect as well. A low stiffness/viscosity ratio has been found to be specifically powerful for
postponing instability, Figure 33. Note that a significant effect of tether internal (Coulomb)
damping as evidenced by TiPS [Barnds 1998] will likely have a beneficial effect on stability
also if there is no spring-mass oscillation, but is not represented by ETBSim.

Some non-trivial effects are reported in [Kruijff 2001.1]. It is for example found that tether
cooling that occurs during the eclipse period of an orbit has a favorable effect on stability. A
decrease in ohmic resistance due to tether cooling balances the negative effect on current
collection as a result of the decreased plasma density on the eclipse side of the Earth. The
equilibrium temperature of the tether depends on the ratio of optical properties a and ¢ (Eq.
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4.30). A ratio of a/e close to 1 with low values both for a and ¢, for gradual temperature
change, will further increase the system’s passive long-term stability.
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Figure 32 Cathode location impact on stability (in-plane libration), Reference has the cathode on the
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Figure 33. Effect 16-fold decrease stiffness/viscosity ratio on transverse mode and instability (gray).

With the toolbox of possible measures described here tether oscillatory behavior can be
constrained during the duration of the deboost. Table 15 provides an overview. The most
effective system design tools are system spin-up, upward deployment direction of the
endmass, increase of endmass and mechanical tether length, selection of a proper current
level that can be maintained over tether length and time, high viscosity and low stiffness.

Note that when the high plasma-density ranges of the ionosphere are reached, below
600 km, it is no longer recommended to use a tether for deorbit, rather disconnect the tether
altogether (Section 3.2.3). A deboost with limited current takes up to a month, during which
active collision avoidance may be required, e.g. by ground control of descent rate. The
benefit of a release at this altitude is not only that total collision risk is reduced but also the
requirement for maintaining stability. This less ambitious approach in fact makes the
tethered deboost application both more safe and more practical.
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Parameter Finding

System spin (centrifugal force) Requires spin-up of endmass. Effectiveness decreases by 70% (single cathode) or
40% (with second cathode) but no current limitation required (Section 3.2.4).

Tether release Reduces stability duration requirement.

Tether viscosity / stiffness ratio Dampens modes.

Current control State estimation method [Levin 2007]. Has not been verified in this work.
Defunct satellite and endmass Torques are lower when endmass is up, tether is higher in orbit.
location

Additional mechanical tether Increases gravity gradient force at low mass cost.

Current limitation Limit below level of minimum within orbit to reduce fluctuations. Further

reduction increases time to instability, but reduces the attained altitude drop.

Tether length Increases gravity gradient force and Lorentz force.
Optical properties Reduces diurnal cycle effect.
Endmass Increases gravity gradient force but increases system mass.

Table 15. Recommendations for maintaining stability for bare tether deboost application with light-
weight non-functional endmass

3.2.3 Tethered deboost and collision risk

Tethers can contribute to the debris mitigation effort. In Section 3.1.2, a niche has been
identified for mechanical tethers, particularly for a combination of launch assist and spent
stage deorbit. Electrodynamic tethers however can be employed for active and
propellantless reduction of many types of space debris, including for example defunct
constellation satellites [Forward 1998]. An electrodynamic tether system requires no deorbit
burn propellant, and, especially if passive, can keep the deorbit module simple.

However, also the risk that such tethers themselves pose to other satellites in orbit must be
recognized. The extended collision area of a tether sweeps through a significant volume of
the orbital environment even for fairly brief operations, such as for example a two-week
deorbit of a defunct satellite. Consideration of tether collision risk has already led to several
cancellations of missions and experiments over the past decade (Section 1.3).

The question rises how benefits and risks compare to each other for the case of debris
mitigation by electrodynamic tether. In this section electrodynamic tether applications for
deorbit are considered while taking into account the added risks caused by the tethers
themselves. First, the conventional alternative, deboost by retro-rocket, is briefly considered.
Then, more extensively, the tethered deboost net risk is compared to that of the “Business
As Usual” (BAU), which is a completely passive approach.



90 Chapter 3

The conventional retro-rocket deboost system, with little doubt, is superior over
electrodynamic tethers in terms of collision risk mitigation. In a worst case, the system will
malfunction and the defunct satellite ends up in a BAU situation, just as the tether system
could if deployment fails to initiate. A preference for an electrodynamic tether system, if
found comparably reliable, will thus primarily depend on system mass and cost. Tether
deorbit systems of very low complexity have been produced, albeit not demonstrated yet
[Hoyt 2000]. Also from a perspective of system mass an electrodynamic tether system could
be of interest.

A system mass comparison is provided by Heide & Kruijff [Heide 2001.1] based on estimates
for the tether system mass from Forward & Hoyt [Forward 1998] versus a rocket mass
based on Schonenborg regarding an autonomous system for typical constellation satellites
[Schonenborg 2000]. It is concluded that electrodynamic tethers offer considerable mass
advantage for deorbit of heavy objects, by up to an order of magnitude for multi-ton objects
such as spent stages, and even for small satellites of only hundreds of kilograms if the
orbital altitude is sufficient, larger than 400-600 km.

Given the choice for a tethered system over retro-rocket deorbit, the electrodynamic tether
system performance shall be compared to Business as Usual. Heide & Kruijff propose a
simplified methodology for such a comparison in which three major parameters need to be
evaluated [Heide 2001.1]:

1. Probability of break-up collision with debris and non-guided operational satellites

A collision with debris that would lead to cutting of the tether, no matter what the
secondary consequences may be, is assumed to be catastrophic by itself. Such a strict
assumption is likely to be imposed for tether operations [APEX 1997]". Tether
robustness against impacts is to be achieved by failsafe design (multi-strand tethers
such as the Carroll Caduceus [Kruijff 1998] or Hoytether [Forward 1995]) or a safe-life
design (tapes, Section 4.3.1). A multi-strand tether with a width of 10 cm is assumed.
Catastrophic is considered impact with any debris of diameter >10 cm or any non-
guided operational satellite.

For comparison to the BAU case, a collision with the defunct satellite is considered
catastrophic if the impacting particle is large enough to lead to break-up of the satellite.
Critical impact energy of the particle is assumed to be 40 kJ/kg, for a typical case this is
a particle of about 10 cm [Anselmo 1999]. No further risk assessment is performed on
the parts after break-up.

2. Active avoidance requirement

If it is operationally viable and the tether system deorbit rate is controllable (e.g. by a
variable ohmic resistance, Section 3.2.2), active avoidance can be considered. Note that

* This is perhaps a conservative approach. It can be reasoned that a tether cut does not lead to a significantly worse
situation than BAU. The impacting debris may only be superficially damaged due to the tether’s low ballistic
coefficient. If it is also assumed that the remains of the tether can be disconnected from the endmasses when the tether
is cut, the free-floating parts will deorbit quickly and risk is thus contained [Heide 2001.1I].
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all objects larger than 10 cm are being tracked from the ground. If the number of
actions to avoid these objects is limited, it may prove feasible to reduce tether-system
collision probability to (near-)zero. For active avoidance, a safety box around
operational satellites or debris shall be considered. The expected number of tether
maneuvers is to be determined required to avoid passing through these safety boxes.

When considering active avoidance by tethers, the probability of loss of control, or a
transition from the controlled case to the uncontrolled case, should be taken into
account, e.g. in case of an unplanned endmass release. If, for a particular tether system,
probability of such failures is found significant, the active avoidance should not be
solely relied upon and the other two parameters presented here should be considered
with more relative importance.

3. Burden on operational satellites

The expected number of avoidance maneuvers required by operational satellites is to
be determined. If the tether system descent rate is uncontrolled and many operational
satellites need to avoid the tether system it would be at the least a burden to be
considered in the trade-off, and perhaps a cost driver. Also the BAU for defunct
satellites will accumulate dangerous approaches. A sensible comparison can thus be
made.

In the evaluation of these parameters, tether-tether collisions will not be considered. It seems
unlikely that tethers become so abundant that tether-tether collisions will be an issue. Even
if multiple constellations would be electrodynamically deorbited in overlapping periods of
5 years, 40 deorbits per year could be a reasonable maximum occurrence, equivalent to
about 4 tethers in space at any time. It should be possible to coordinate the deorbits of these
to avoid inter-tether collisions.

Failures of the tether system are in principle also not taken into account. A failure before
deployment does not affect the comparison between the several scenarios. An alternate
scenario with some likelihood is an intentional tether release from the remaining system in
case of contingencies such as inadvertent deployment, partial deployment, erroneous
upward deployment, excitation of large oscillations or last minute collision avoidance. In
such a case the debris would fall back into the BAU situation, whereas the lifetime of the
tether, depending on whether the cathode is still attached and operational, is either reduced
or increased by no more than a single order of magnitude (Heide 2001.I). Since that would
be a second order failure with limited probability the resulting risk will not affect the
comparison.

Useful estimates can be most conveniently produced with the help of a scaled sweeping area
A (rather than the tether's orbital lifetime or area-lifetime product) [NASA 1995]. The
sweep area is the averaged projected area around the debris (plus tether) under
investigation, through which operational satellites or other debris should not pass. This area
moves at orbital velocity v,,; assumed constant during the degradation time t,g.,. The
product of the averaged values is the sweeping volume V., from which the collision or
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avoidance probability p can be estimated taking into account debris or satellite density .
for the appropriate object size range:

P =fpol7jcufs {/szufep:fpobjects Asweep Dorbit tdegmdf (34)

Although Eq. 3.4 would be accurate only under the hypothetical assumption of a uniform
and constant spreading of objects and thus represents no more than a rough first order
estimate for the actual value of p, it is considered sufficient for a quantitative comparison
between the tether and BAU operational approaches. The factor f is used to take into both
the effect of averaged relative velocity between object and debris as well as the projected
future increase of the debris environment.

Since the latter effect is assumed of predominant influence on the relative results for the
alternatives, f is dubbed the Future Factor, and fV.,,, the scaled sweep volume. The future
development of the space environment is relevant in particular for evaluation of the
Business As Usual case, where satellites are left to be deorbited mainly by atmospheric drag.
BAU deorbit times can span as much as centuries. Future use of space is predicted as an
almost linear increase in number of operational satellites with about a factor 3 uncertainty
[Anselmo 1999, ESA 1999]. Considering the future number of spent stages and debris, a
more moderate increase can be considered than the worst case (exponential) scenario. A
runaway effect of debris-debris collisions is not foreseen. In line with current trends, future
users are expected to take increasing responsibility to carry deorbit systems or launch stages
into reduced-lifetime orbits. For this comparison a linear increase of both debris and
operational satellites with a factor 3 in 100 years is assumed.

Finally, a subjective assumption of critical impact is included namely that propagation of
risks over degradation time is limited to a 150 years horizon in view of huge unknowns in
developments of access to space and alternative debris removal techniques. The choice of
150 years is rather arbitrary and this should be considered when evaluating the results,
however it serves to create awareness of the lack of meaning of indefinite risk propagation.

A schematical representation of the methodology can be found in [Heide 2001.1].

As an example the method has been applied to a range of tethered deorbits, for a typical
700 kg constellation satellite [Forward 1998, Schonenborg 2000]. For estimations of orbit
degradation, ETBSim has been used as well as rough lifetime evaluations based on
Vannaroni e.a. [Vannaroni 1999]. The tether is supposed to be bare for efficiency, while its
endmass librations are assumed to be maintained within 30 degrees. For typical tether
lengths of 5 - 10 km and effective diameter of 0.8 mm the Lorentz-force is some decinewton
at maximum plasma density altitude (300 km) to millinewton level at high altitudes
(1500 km). This force will reduce the semi-major axis (and hence the mean altitude) of the
tethered system orbit at rates from 2 to 50 km/day, decreasing with increasing debris mass,
inclination or altitude. The tether is assumed to have a linear mass density of 2 kg/km.
Stability is guaranteed by a viscous tether design and current limitation (Section 3.2.2). The
tether is equipped with an additional 3 km mechanical tether (1 kg) to assist deployment.
The atmospheric density profile is characterized by an average exospheric temperature
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T,,= 1050 K. The effect of decoupling of tether and cathode from the debris is evaluated as
well. The decoupling is simulated by introduction of a momentum transfer decreasing the
tether semi-major axis 5L, while satellite semi-major axis is increased by 0.3L. After
decoupling, the thrust of the tether is conservatively reduced to 20% of maximum
obtainable thrust to account for instability effects.
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Figure 34. Descent rate of 700 kg satellite

For the resulting system and two electrodynamic tether lengths, Figure 34 presents the
descent rate of the defunct satellite as a function of altitude, for an equatorial orbit.

Uncontrolled deorbit

The simpler tethered alternative to BAU is to have an uncontrolled deorbit. For such a tether
solution to be of interest, the total number of avoidance or alert situations for guided
operational spacecraft should be of equal or lesser order of magnitude than in the BAU case.
Also, collision probabilities shall be compared. This can be done directly through sweep
volumes in this case. A >10 cm debris object is presumed catastrophic for a defunct satellite
[ESA 1999] as well as for a 10 cm wide multi-strand tether. Identical debris or operational
spacecraft densities would have to be multiplied with the sweep volume to come to a risk
estimate.

For the tether case lifetime is much shorter than for BAU and the Future Factor f=1, but the
sweep area A, is larger. The sweep area for BAU is taken as the defunct satellite or spent
stage's typical dimension squared (2.57m for a satellite, 3.1m for a spent stage
[Anselmo 1999]), whereas for the tether it is approximated as the product of tether length
and average object diameter. From data presented in Wertz & Larson the average diameter
of objects >10 cm was determined to be about 1.7 m [Wertz 1993].

In Figure 35 and Figure 36 the scaled sweep volume is plotted versus the initial altitude for
deboost systems with an electrodynamic tether length of respectively 7.5 and 12.5 km. In the
figures is indicated the sweep volume for the electrodynamic tether deorbit system
including the defunct satellite as well as for the decoupled system, i.e. the sum of individual
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sweep volume of the defunct satellite and of the tether plus endmass after decoupling at the
indicated altitude. For comparison, the contribution to the latter sweep volume of just the
defunct satellite, after decoupling of the system and without the tether, is included. This
contribution is approximately equal to the BAU case and is used here for both purposes.
Finally the target sweep volume is shown, namely for a satellite with a reduced lifetime of
25 years [ESA 1999], including adjustment for Future Factor.

Both graphs show that it would be advantageous to decouple the tether and debris once a
certain altitude has been reached. The figures show that a tethered system, if it remains
attached to the defunct satellite till re-entry, will at no altitude be able to achieve the desired
sweep volume of a piece of debris with 25 years lifetime. As expected, the longer tether has
the better performance (see also Egs. 2.32 & 2.35). Yet for both tethers the critical length for
decoupling is around 700 km altitude. Unfortunately, the decoupled satellite at 700 km is
still above the suggested reduced lifetime orbit of 25 years. Releasing the debris only 100 km
later, at 600 km, decreases the remaining sweep volume by a factor of 2.5. This seems to be
the better solution for an uncontrolled tethered debris mitigation system.

It is also suggested that maybe unnecessary risk would be taken for use of tethers at
altitudes above 1100 km (for a 7.5 km tether) to 1400 km (for a 12.5 km tether). If a tether is
used at such altitudes a larger length is recommended. This conclusion depends on the
imposed maximum of orbital lifetime of 150 years that is recognized from the sharp bend in
the curves that include a decoupled satellite. Without the assumption of a maximum
temporal horizon the tethered system would be favorable even at high altitudes.

Depending on initial altitude and mass of the debris, a maximum inclination will exists
where the collision risk will still be acceptable. The deorbit behavior of the above cases, as
quantified in Figure 34, refers to an equatorial orbit — the most favorable inclination.
Maximum obtainable descent rates scale roughly with the angle between the system’s
velocity and the (co-rotating) magnetic field. Time needed to deorbit satellites or spent
stages increases significantly with inclination, and, with it, the sweep volume and collision
risk. An increase in inclination from equatorial to 45° decreases the recommended
maximum altitude for a 12.5 km tether deorbit from 1400 to 1100 km.

The comparison of tether vs. BAU presented here depends on a number of strong
assumptions. In case future space will be more populated, the Future Factor should be
raised, the BAU scaled sweep volume (approximated here by the decoupled debris) would
be significantly higher and the effective range increases. The same would be true if particles
smaller than 10 cm would be considered to lead to break-up of the debris but not to break-
up of the tether.

The actual risk of a catastrophic event for a tethered deorbit is dominated by the risk of
unexpected cut of the tether. There are many more pieces of large debris than there are
operational satellites. With about 15000 debris objects in LEO, or a density of approximately
Pobjects= 1.5 10*km™ from Figure 35 and Eq. 3.4 it can be found that about 0.013 impact can be
expected during the tethered deorbit from 1500 km. So there is about 1% chance of mission
failure.
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For an uncontrolled descent, probability of impact on an operational satellite - assuming
about 500 active satellites in LEO - is about 0.04%. It is here assumed that those satellites are
distributed equally over the LEO volume, i.e. a density of approximately 5x10™"km™.
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Figure 35. Sweep volume vs. initial altitude for 0.8 mm 7.5 km electrodynamic tether (+ 3 km
mechanical) without avoidance (deorbit time from 1500 km is about 70 days)
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Figure 36. Sweep volume for 0.8 mm 12.5 km electrodynamic tether (+ 3 km mechanical) without
avoidance (deorbit time 1500 km ~30 days)

Controlled deorbit

One could try to avoid the debris objects actively through current control by telecommand,
but this seems an impractical approach. Due to the limited knowledge of the tether position
because of librations the sweep width is then to be increased from 1.7 meters to about
5000 m, leading to 5000/1.7 x 0.013 or about 40 evasive maneuvers during the descent of
approximately 70 days. Considering the descent rate of about 20 km/day and a total tether
length of 10.5 km, this is barely possible. Some extra time should be taken into account since
the avoidance of one piece of debris should not lead to getting too close to another. The 1%
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risk of tether cut should thus be accepted. If the broken tether pieces are disconnected from
their endmasses, consequences of such a cut should be minimal.

If it would however be possible for the tether system operators to at least actively avoid
operational satellites, the tether option relative to BAU risk could be made rather attractive.
In order to determine the feasibility of such a scheme, the number of avoidances is
determined. The safety envelope around an operational satellite now becomes the relevant
sizing parameter for the sweep volume. As the exact position of the full tether cannot be
predicted, an avoidance maneuver has to be initiated if the tether is expected to sweep
anywhere through the safety envelope. Due to orbital elements estimation limitations, such
envelopes are typically several times longer (related to true anomaly estimation) than wide
(inclination), and range from hundreds of meters to several kilometers. In the future the
safety envelopes can be expected to go down, because of technical advances, but also higher
risks may be accepted to reduce operational cost. An average width Sy, of 100 m is assumed.
The envelope is assumed to be a box with dimensions S,=S;=0.45, [Heide 2001.1]. The height
of the sweep area is then determined by the sum of tether length L and height Sy of the
safety envelop. The width of the sweep area is determined by the sum of the tether's
oscillation amplitudes (half the tether length for a 15 degree libration) and the aspect-
average of width Sy, and length S; of the safety envelope, or approximately 2/7z (Sy+S;)
(compare Eq. 2.36). Approaches of active satellites are assumed to occur in the horizontal
plane, but from a random direction. We thus find the following approximate measure:

Aswecp = (L+SW)(05L+ZSW) (35)

The maximum acceptable rate of evasive maneuvers may first be estimated. Evasive
maneuvers in the most extreme form can be performed by electrically disconnecting the
cathode thus stalling the tether descent. The total amount of maneuvers should not exceed
that which is physically possible: one at a time. Nor should it significantly decrease the
descent performance. An evasive maneuver for a 10 km tether might take several days at
800 km, and about a day at 400 km. The acceptable number of evasive maneuvers is thus
likely to be once every 3-10 days, depending on the accepted delay in descent time.

In fact, for the environment and system described here, only about one avoidance can be
expected per deorbit, which seems entirely feasible from an operational point of view. Heide
& Kruijff find in [Heide 2001.1] that this result does not depend strongly on tether length.
Again a decoupling of the tether from the debris at 600 km would reduce the need for
avoidance maneuvers. Even if the tether descent is controlled, it may be more attractive
from an operational point of view to release the tether from the defunct satellite at this
point.

From a point of view of debris mitigation and compared to BAU, controlled tethered
descent thus seems an attractive option. It should be taken into account that the number of
avoidance maneuvers per descent will increase in the future, especially when more
constellations will be brought in place. Around 1000 km there is a peak in satellite density,
and it is not unlikely that several evasive maneuvers will be packed in a small timeframe.
This possible complication remains to be assessed.
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Conclusion for dedicated deorbit systems

Uncontrolled deorbit by electrodynamic tether is less effective for debris mitigation than the
retro-rocket and momentum transfer (limited to upper stages) alternatives, because of the
electrodynamic tether's much larger orbital exposure. With respect to Business As Usual
collision probabilities and avoidance needs are within the same order of magnitude, and
suitable niches exist, depending on altitude and inclination. A rough application range is
found for the investigated example case of 700-1500 km and 0-65° inclination. In this altitude
range there is also a significant mass advantage with respect to rocketed deboost. Longer
tethers could be used to extend the application range to higher altitudes and inclination.
Outside LEO (>2000 km) the plasma density and magnetic field strength should however be
considered insufficient for electrodynamic tethers. Note that also applications for upper
stage deorbit from GTO [e.g. Yamagiwa 1999] are not recommended, since performance of
electrodynamic tethers relative to BAU will be reduced by a further order of magnitude
[Heide 2001.1]. In all cases it is recommended that the tether is disconnected at around
600 km altitude. Such a release would also ease design measures to prevent dynamic
instability.

Descent rate control can make the tether solution more attractive. If descent rate control is
applied for avoidance of operational satellites, only about one avoidance maneuver per
descent needs to be made. At the cost of several weeks of additional operations this could
tip the scale and make the tether system comparable in safety to retro-rocket systems. The
control of avoiding catalogued debris (>10 cm) is not feasible and here a certain risk may
have to be accepted. A safety disconnect system should be implemented on the endmasses
for the case of tether failure, in order to reduce the remaining collision probability to one
close to that of the BAU case.

Travelling debris removal systems

Apart from dedicated deorbit systems mounted on single satellites, a powerful and
essentially propellantless possibility for removal of existing debris could be provided by a
hybrid form of the travelling tether systems of Section 3.1.2, which would combine
electrodynamic propulsion and momentum transfer. This system would travel through
space toward a selected piece of debris and use electrodynamic drag to move towards a
sufficiently low orbit. It would then release the debris into the atmosphere (or into a short-
lived orbit) using momentum transfer. The system’s orbit itself would be raised, and with
the help of electrodynamic propulsion it would maneuver itself close to the next piece of
debris. It is not a major problem if such a system is very heavy, because of reusability. A
long and wide tape tether would then be required to limit deorbit times with the larger
system mass (Section 2.2.2). Stability issues (Section 3.2.2) would need to be solved, potential
reeling (to reduce the sweep volume between deorbit activities) and the rendez-vous and
docking with debris would be major challenges.

In the TERESA concept [Bade 1993] it is claimed that about 100 objects could be removed in
a timespan of 7 years using a 93 km tether. So deorbit times per satellite are comparable to
that of the dedicated deorbit system described in this section, but the tether is about 10 times
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longer. If the tether would be continuously exposed during this period, the sweep volume
would be 10 times as large and possibly not competitive with BAU. It should therefore be
attempted to significantly limit the tether exposure between debris dockings, leaving a
major challenge to quickly adjust orbit.

Carroll notes that about 1500 objects in LEO account for over 98% of the 1900 ton of debris in
orbit [Carroll 2002]. A very significant fraction of debris mass in LEO is represented by
mostly Cosmos upper stages in a 83-85° inclination at about 1000 km altitude. In his Debris
Shepherd concept Carroll proposes an interesting possibility that deals with some of the
TERESA problems, namely to use the tether system to collect these masses rather than
deorbit them. This would create a single very large mass that could be very useful for
advanced tether applications (Section 1.2).

New insights have been obtained in the EDDE study [Pearson 2010]. The main innovation
here is that the tether is spinning. The spin greatly improves dynamic stability, allowing for
greater currents to flow, and, with proper selection of the spin plane, unimpeded
performance at high inclination can be achieved. A control has been developed by Levin
[Levin 2007] that allows for highly efficient change of orbit. It is claimed EDDE can climb
about 200 km/day and change inclination by 1.5°/day. A dozen 100-kg EDDE vehicles could
remove about 99% of LEO orbital debris within 7 years. The system contains multiple solar
panels distributed over the length of the 10 km tether in order to collect the required 7 kW of
electrical power. The overall system is claimed to be only a few hundred kilograms. Rendez-
vous and docking also for this system is still essentially unresolved, although some concepts
have been proposed.

3.2.4 A rotating tether around Jupiter

Tethers around Jupiter have been proposed for thrust and power generation purposes
[Gallagher 1998, Castronuovo 2002, Sanmartin 2003, 2005, 2008]. Jupiter is an interesting
case to explore the potential of tether applications. Section2.2.2 describes how the
effectiveness of an electrodynamic tether depends on the magnetic field strength of the
central body, the orbital velocity and the plasma density. A planet where these parameters
are particularly pronounced, is Jupiter. At the same time, the strong gravity field demands
significant AV for orbit change. It may not be easy to obtain the energy required for this
from solar power since the solar radiation intensity is 25 times lower at Jupiter than at Earth.
Furthermore, gravity gradient forces are low at typical distances from Jupiter whereas the
predicted electrodynamic forces and current levels are so high that stability issues and heat
dissipation will become dominant. High levels of radiation may prohibit complex control
electronics.

It is investigated in this section if using a rotating tether, a simple, mostly passive, system
operating around Jupiter could be a possibility, that may be launched as piggy-back on a
larger “host” mission to the large moons of the planet.

The proposed mission of the system is to provide in-situ data of the Jovian plasmasphere
and a (multi-)probe release into the Jovian atmosphere at relatively low entry velocity with
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little impact on the host orbiter. The concept is based on a bare aluminium tether, without
insulation, and does not require an active plasma contactor such as a hollow cathode. The
Lorentz drag force on the system is to be used to lower the orbit from initial highly elliptical
to near-circular atmospheric entry. It is proposed that stability is guaranteed by the Lorentz-
torque, which is found to act such that if the system is given a modest initial rotation, this
rotation will self-accelerate, keeping the tether taut through centrifugal force and stable
through the gyroscopic effect. The rotation will also provide an accumulated AV capability
at time of probe release. The assumption is introduced of a straight tether, spinning within
the orbital plane.

In order to obtain a quantitative expression for the targeted performance, an equatorial orbit
is assumed. Jupiter is assumed to have a non-inclined dipole magnetic axis. The orbit is thus
not necessarily circular, yet perpendicular to the local magnetic field direction, see Figure 37.
The Jovian plasmasphere and magnetic field characteristics are modeled according to
[Divine 1983, Gallagher 1998].
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Figure 37. Tether in simplified orbital configuration around Jupiter

In the absence of a cathode, the circuit is closed through ion collection (Figure 38). Ion
collection is much less efficient than electron collection, due to the mass ratio of electrons
and ions, which is why e.g. in Figure 31 it is not considered. A stable current will flow when
space charging effects create an equilibrium balance between regions of electron and ion
collection”.

To estimate ion collection according to the OML model, in Eq. 2.30, the electron mass m, can
be substituted by an equivalent ion mass m,,,. If several species of ions are available, the
total collection is assumed to be the sum of individual contributions, so that the equivalent
ion mass can be derived to be

, (3.6)

5 Note, around Jupiter this proposed approach is in fact a conservative oversimplification. It is assumed here that there is no
secondary emission of electrons due to impact of ions on the tether. Such an emission would increase current and Lorentz force
and should not be ignored for a tether bias above 1 kV [San Martin 1993], such as is the case for a 10 km tether around Jupiter. For
further evaluation, it is recommended that this effect is experimentally quantified.
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with f; the fraction of ion density (0..1) for component i, 1., ; the ion valence and m; the ion
mass in atomic mass units (number of protons and neutrons).
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Figure 38. Bare conductive tether electron (e') and ion (A") collection without active cathode
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Figure 39. Resulting Lorentz force distribution on bare tether, prograde circular orbits around
Jupiter. The force acts as drag below 2.24 R; and as propulsion beyond 2.24 R,. Averaging the force
over one revolution leads to a net force in the direction opposite to the relative velocity V.. The v,

equals the difference between the orbital velocity and that of the co-rotating plasma v,y = Vo, — Vp.

A relationship between the part of the tether that is collecting ions (I;) and the part collecting
electrons (I.) can be found from the current balance in the point of the tether that has reached
zero potential with respect to the plasma (Figure 38, Section 2.2.2, based on Eq. 2.31),
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73 (3.7)

Figure 39 shows a schematic of the current collection for the bare tether in a circular
prograde orbit around Jupiter. Note that for r>2.24 R; Jupiter’s co-rotating plasma moves
faster than the local circular velocity. Furthermore, the direction of the Jovian magnetic field
is opposite to that of the Earth magnetic field. As a result, for circular prograde orbits
around Jupiter, the Lorentz force acts as a drag force inside 2.24 R;jand as propulsive force
outside of 2.24 R;. For retrograde orbits, the force will always act as a drag force [Dijk 2003.1].

An overall quantification of resulting currents and forces can be deduced for the system.
The prevailing ions for the Jovian inner plasmasphere (r<3.8 R are S" (f=0.7) and O"
(f=0.2). The resulting equivalent ion mass ,,, of 26.5 u in this region leads to a ratio L/I; of
approximately 0.01. This fraction could increase to a maximum of ~0.1 at large distances

from Jupiter, where cold protons become the dominant ions.

Figure 40 shows the maximum achievable bare tether current for a circular prograde orbit
around Jupiter. The tether mass is 100 kg. The dip in both collected current and Lorentz
force around r = 2.24 Rjoccurs where the velocity of the co-rotating plasma equals the orbital
velocity for a prograde circular orbit, beyond which the Lorentz force changes direction.
Apart from the dip, a steady rise can be observed as we get closer to Jupiter, to milliamps
and more. The magnitude of the Lorentz force itself rises from micronewtons by several
orders of magnitude. The dependency on length is also plotted, for a fixed tether mass. A
longer narrower tether is more effective at the same mass than a shorter wider one.
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Figure 40. Maximum achievable current (top graph), magnitude of Lorentz force (lower graph). Bare
100-kg aluminium tether in prograde circular Jovian orbit, width inversely proportional to length.

In the case under study, the tether will rotate so the plasma potential along the tether,
induced by the electric motive force, becomes a function of the rotation angle ¢. Both the
orientation and the magnitude of the Lorentz force is changing during a revolution of the
rotating tether system, with the maximum Lorentz force (in equivalence with Eq.2.32)
acting on the tether when oriented perpendicular to v, i.e. ¢ =0. The component of the
Lorentz force perpendicular to v,, becomes zero when integrated over an entire revolution,
leaving only a net force in the direction of F;max (i.€. opposite to v.),
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Figure 41. Definition of the rotational arm for the calculation of the Lorentz force induced moment
on the bare tether.

Consider now Figure 41. The co-ordinates y,- iy are measured always from the lower end of
the tether, y, refers to the center of rotation and y; refers to the work point of the total force.
Independent of the angle ¢, the work point of the resulting Lorentz force for each of the
tether sections collecting electrons resp. ions can be determined to be at 5/14th of the length
of these sections [Dijk 2003.1]. If we neglect the Lorentz force contribution of the collected
electrons F;;<<F;;, we can equal the torque W to the product of the Lorentz force F;; and the
moment arm being either y,- y, (¢ in [Yart .Vamt]) or (L - y,) - y; (@ in [Yart ..1%m]). As changes
in y; (due to different composition of the ion population in an elliptic orbit, Eq.3.6) are very
small (<3%) y; can be assumed constant. For the increase of the energy of the tethered system
per rotation AE,,, we can now write,

27 _ %
AE,, = [¥-dp=2Bd,en, seﬂl?-z(uzw-] cosg-dp~+F, L (3.9)
0 M 4y 0 ~

It follows that the increase in rotational energy per rotation is proportional to the Lorentz
force and does not depend on the location of the center of rotation y,. This can be explained
because of the anti-symmetry of the resulting torques in the two halves of the tether rotation
with respect to the center of rotation. The resulting moment on the tether always acts
counterclockwise (as seen from the ecliptic north pole). The rotation of the system will
therefore continuously accelerate once an initial rotation is provided in this direction. An

averaged torque ¥ acting over a full rotation 2n adds a AE,, =22V =27-]-¢, with ] the

moment of inertia of the tethered system and ¢ the average angular acceleration, an

expression for the trend of increase in angular rate is found:

AEy

rot.

2 Fnl
S —Lma” (3.10)

LT

This increase in angular rate with time is thus persistent and proportional to the maximum
Lorentz force. Through Eq.3.10, an intermittent angular rate measurement through e.g.
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Doppler-shift of a simple on-board carrier signal or even a radar reflection can provide
information on the local plasma conditions.

One example is worked out with the use of the tether simulator ETBsim. The different
parameters for this example are described in Table 16. The 200-kg system is in a low circular
orbit. A significant angular acceleration can be noticed which is virtually constant on the
timescale of a single day (Figure 42). The descent rate (500 km/day and increasing) is
significant as it will lead to atmospheric entry of the system within weeks.

Orbit Circular prograde Jovian orbit at 10.000 km
altitude (1.14 R)
Tether dimensions 10 km x100 mm x 0.038 mm - 0.065 m effective
diameter
System mass 200 kg (100 kg tether, 2x50 kg endmass)
Initial rotational velocity at tip 0.17°/s, i.e. 30 m/s relative tip velocity

Table 16. Simulator values for Jupiter tether example case
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Figure 42. Increase in angular rate over time for a rotating bare tether in Jovian orbit

The angular acceleration can be used to prevent instability of the tether dynamics
(Section 3.2.2). To maintain stability, the ratio between lateral force (Lorentz force) and
centrifugal force (CF) is the decisive parameter. For the simulated configuration Van Dijk,
Kruijff & Van der Heide find empirically that stability is maintained in a circular orbit as
long as (approximately) F,<Fq [Dijk 2003.1I]. With rotational energy E,, proportional to
L-Fevia J-¢*+L-L¢*+L-F, and AE,, proportional to L - F; according to Eq. 3.9, a useful
measure for stability is AE,,/E,,, which must be kept small to remain stable. So as long as the
increase in Lorentz forces is gradual (less than a doubling) over the timescale of a rotation,
and given a stable initial rotation (E,;,>>AE,;,), stability of the system is inherently
guaranteed in any orbit. The tether break strength thus becomes the physical limitation for
the system. Even if the tether is reinforced with modern materials such as Dyneema®, in a
low circular orbit, the tether would break under the steadily increasing centrifugal force
within weeks.
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A simulation of the system at 1.14 x 10 R; provides some insight into the dynamics of the
system in a more realistic initial elliptic orbit (Figure 43). The steep tension increase in
perigee is obvious, the tension problem will quickly become serious also in this orbit.

An alternative concept is worked out [Dijk 2003.1] in which deorbit from an 1.14x50 R; is
performed in a timescale of months, using a gas-release system as passive cathode for
improved deorbit performance [Gilchrist 1998]. The complexity of the system is increased,
but the concept could allow for a basic control limiting the angular velocity. Van Dijk,
Kruijff & Van der Heide provide detailed models and derivations, as well as consideration
of further system and mission aspects in [Dijk 2003.1I].
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Figure 43. Tension and Lorentz force for a rotating tether system in 1.14x10 R; elliptic initial orbit.

The concept investigated here is meaningful in Low Earth Orbit. A bare aluminium tether
experiences a Lorentz drag and a broken piece of tether will therefore have the tendency to
remove itself from orbit. This property provides a level of inherent safety to the use of bare
tether that is not shared by insulated tethers. The self-accelerating effect guarantees long
term stability for a tether if brought into sufficient initial spin. The angular acceleration itself
provides information on the plasma and tether interaction.

3.3 Responsible orbital niches for use of tethers

Various tether applications have been discussed that are technically feasible today. Such
applications, especially in LEO, will however only be considered if safety can be
demonstrated in case of contingency (Section 1.3). If for some reason the tether deployment
or control system malfunctions, and the tether would become a hazard, or as a last resort to
avoid a collision, it should be possible to disconnect the tether completely on either side by
an autonomous system or telecommand. This will decrease the tether’s ballistic coefficient
or alternatively, the ratio of mass to drag-area. The decoupled tether remaining in orbit is
eventually re-entered primarily due to the combined mechanism of atmospheric drag, solar
pressure (see also Section 6.4.1) and ion/electron currents (Section 2.2.2).
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For these orbit-degradation mechanisms to be sufficiently helpful in risk mitigation
approximate limits to orbit of choice have been determined, using ETBSim (Table 17). It is
assumed here, based on discussion with the debris community in the context of the YES
experiment [APEX 1997], that catastrophic mission failure is equivalent to tether system
failure followed first by tether release and then by a collision of the free-floating tether with
an operational satellite. The acceptable probability of this chain of events is assumed to be
0.0001, equivalent to a probability of collision of 0.001-0.01 in case of a seemingly reasonable
tether system reliability of resp. 90-99%.

Because of the low ballistic coefficient for the mechanical tethers described here (about
0.1 - 1 kg/m®) atmospheric drag is sufficient to get a free tether out of lower LEO (<500 km)
in a matter of days [Warnock 1993]. Electrodynamic tethers are more dense, but the tape
concepts offers in a mass-efficient manner not only a large collection but also a drag area
(0.2-1 kg/m”). Note that the solar cycle can affect the atmospheric density by a factor of 10 at
350 km to even 30 around 700 km altitude, equivalent to an altitude range for similar drag
conditions of +£50 km at 350 km to £200 km at 700 km.

Lunar-solar perturbations are independent of tether drag area and are relatively small
disturbances for tethers. They are periodic and non-dissipative and their main effect is on
the perigee altitude of GTO orbits with tens of kilometers, depending on the constellation of
Sun and Moon [Cook 1962]. The density increase from a perigee reduction can however
have a significant effect on orbital lifetime (factor two for a 5-10% reduction in altitude)
[Bergamaschi 1987].

As atmospheric density decreases exponentially with altitude, in high orbits (above about
600 km) drag solar pressure is the dominate force affecting the perigee and apogee altitudes.
Here the momentum exchange between the Sun’s radiation (1370 W/m?) and the spacecraft
can become dominant. It is essentially independent of height. The induced acceleration asp
can be approximated using the following relationship [Wertz 1993]:

asp= 4.57E-6 (1+f,) A/m, (3.11)
with A/m the area to mass ratio, and f, (0..1) depending on the type of reflection.

For (near) circular orbits, solar pressure is essentially non-dissipative when averaged over
one orbit: over the course of one orbit, the solar aspect angle with the velocity vector rotates
once as well. It can however still cause lifetime reduction. Solar pressure will then tend to
affect eccentricity through equal and opposite effects on perigee and apogee. If the solar
aspect angle with respect to the line of apsides remains consistent, a perigee point will
become more pronounced and as it is lowered, atmospheric drag will increases
exponentially. The solar aspect angle depends on the rotation of the Earth around the Sun,
nodal and apsidal precession. For median inclinations, around 45+15°, this consistency is
maintained long enough to create a beneficial effect. For tethers with ballistic coefficients
typical of mechanical tethers, MTBSim simulations indicate that the safe application altitude
can be extended from about 550 km to 800 km [Heide 2001.1].
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The effect of solar pressure in GTO was extensively studied for the YES satellite, with
multiple solar pressure models and orbit propagators. YES carried a 35-km long Dyneema®
tether on-board (22.3 m% 5 kg, see Section 6.4.1). In GTO, if the Sun is properly positioned
with respect to the line of apsides, solar pressure can be very effective in bringing down
perigee, because of the large fraction of the orbital period spent in apogee. The GTO of
Ariane 5, the launcher used for YES, has a perigee of 600 km, and is in principle unsafe for
tethers as it is too far out for a rapid, drag-induced re-entry. The solar pressure was however
found to work favorably for a range of RAAN (Right Ascension of the Ascending Node) of
about 150° equivalent to a daily launch window of 10 hour duration. The free-flying tether
lifetime could for these cases be reduced from decades to only 1-3 months.

For the case of bare electrodynamic tethers, there is another mechanism that helps reduce
lifetime in LEO (Section 3.2.4). A free flying tether with its (light-weight) cathode still
operational will re-enter quickly due to the high Lorentz drag combined with the
significantly reduced ballistic coefficient resulting from decoupling of its major endmass.
The tether is likely to start spinning or tether dynamics may become instable. Resulting
performance losses can be compensated to some extent as current limitation will not be
required. For a typical mission below 1200 km, most proposed bare tethers will deorbit
within 10 days [Heide 2001.1].

If for some reason the tether is not or no longer connected to a cathode, even without a
device to emit electrons, a small current will still flow due to ion collection (Section 3.2.4). In
LEO the ion environment is dominated by atomic oxygen. In a conservative case,
disregarding electron emission, I/l;=(m,/m)"”=0.0324. Integrating the current, and
calculating the (maximum) Lorentz drag force (equivalent to Eq. 2.32) the total maximum
drag for the free tether becomes, as compared to the cathodic case with electron emission:

F

F e (3.12)

typically in the range of millinewtons. This does not mean that the lifetime of a free tether
will be 200 times worse than that of the nominal mission. The Lorentz drag is significantly
smaller than gravity gradient tension for an aluminium tether of several kilograms and
several kilometers length (Eq. 2.14). The tether will thus tend to tend to stretch at least the
center part of the tether vertically. Inherent safety is provided because of the fact that the
ion-driven current will flow, no matter which side of the tether happens to be at the top end
or at the bottom. Due to the loss of both endmasses the ballistic coefficient will be improved
by at least an order of magnitude. For a 1200 km mission, a typical deorbit time of several
months can thus be expected, which may be acceptable for a contingency case.

Table 17 summarizes the results in the form of a recommended window for safe use of
tether systems, under the assumption that those systems have similar design parameters
and safety features as described. It is noted that the International Space Station represents a
particular case of concern. To avoid approach to the International Space Station in case of
failure, for experimental tether missions a lower inclination (under 51.6°) or altitude below
300 km is recommended.
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Atmospheric Solar pressure Ion/electron Lunar-solar Combined
drag only current
Mechanical tether LEO: <550 km LEO, i=45°: - GTO perigee: LEO: <550 km
GTO perigee: <800 km <500 km LEO, i=45°:
<400 km GTO perigee: <800 km
<800 km GTO perigee:
<800 km
Bare conductive LEO: <500 km LEQ, i=45°: LEOQ, i<65°: GTO perigee: LEOQ, i<65°:
tether GTO perigee: <700 km <1500 km (*) <500 km <1500 km (*)
<400 km GTO perigee: LEQ, i<75°: LEO, i<75°:
<700 km <700 km <700 km
GTO: perigee GTO: perigee
<600 km <700 km
Free tether -0.5 [150 km] +10° -10* [400 km] +10° -
acceleration [m/s’] -10° -10° [1500 km]
[700+£200 km]
Note Depending GTO: 60% (*) Upper range Depending on -
strongly on solar reduced launch for >15 km tethers Sun-Moon
activity window only orientation

Table 17. Free tether deorbit mechanisms, indicative altitude limits for safe use (see text), excluding
spinning electrodynamic tethers.

These windows allow for most of the applications discussed in this Chapter. Tether systems
that aim to counteract atmospheric drag, operate in the upper atmosphere, or deliver
capsule deorbit services would typically focus on a 200-1200 km altitude regime.

Momentum transfer could be considered for deorbit of a good fraction of upper stages,
including future small launchers and, more questionably, since depending on a suitable
RAAN, Ariane 5 in GTO. Since below 500 km lifetime of spent stages is not considered a
debris issue under current guidelines, and above 800 km mechanical tethers are not safe,
tether systems would be only of real interest for spent stage deorbit in a narrow region of
perigee altitude, or, alternatively if also a significant service for the payload can be obtained
(Section 3.1.2).

Whereas mechanical tethers have perhaps been sufficiently demonstrated to justify an
application, even for the simpler electrodynamic applications there are important open
development areas such as stability control, manufacturability, deployability and in-orbit
testing of fail-safe multi-strand or tape tethers. Bare tethers are assumed to be used since
they require no dedicated electron collector, are simpler in design and provide inherent
safety. The recent successful passive deployment of the T-Rex bare aluminium tether
[Fujii 2009] stems hopeful, although this 3 cm wide tape tether was only 300 m in length.
Longer tethers may be required for debris mitigation purposes than proposed in the past,
often based on idealized performance [e.g. Hoyt 1999.I]. Some measures to obtain dynamic
stability have been proposed, of which spinning is a particularly potent option. The risks of
tether deployment, complexities of the operation and likely orbital exposure should be well-
weighed against the potential benefits for debris mitigation.
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Electrodynamic deorbit offers a cleaning service not only to spent stages but also to satellites
after their useful life is completed. It delivers a very quick deorbit with respect to BAU, but
very slow compared to momentum transfer or retro-rocket deorbit. Typically
electrodynamic tethers provide however a significant mass advantage. From a risk
mitigation point of view, a system with descent rate control seems particularly attractive.
For a simpler, uncontrolled system the resulting collision risk seems perhaps to offer only
marginal improvement with respect to the BAU approach, but it should be considered that
removing satellites directly after use is not only good custom, but also an important way to
make the risk of debris manageable and independent of future trends. An uncontrolled
electrodynamic deorbit system should only be considered between about 700 and
approximately 1500 km altitude (depending on the system design and inclination). For risk
minimization, at an altitude of 600 km the tether should be disconnected from the payload.
A fail-safe or safe-life tether is recommended, the possibility of intentional or accidental
tether cut is to be taken into account. Tether cut is not likely to significantly contribute to the
debris environment if attached heavy endmass(es) are released in response.

Various simplifying and generalizing assumptions have been made in the analysis, usually
conservative, that should be reviewed on a case-by-case basis, including the Future Factor,
solar activity, a maximum temporal horizon, the definition of catastrophic events and
current limitation related to dynamic stability.



Part II - Development of a SpaceMail system

Part 1I of this thesis describes the design of a safe tether and the development and testing of a tether
deployer system, including spool, brake system and controller.
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4 Design Aspects of a Safe Tether

My name is Riesselmann, and I don’t like tethers.

— Werner Riesselmann, one of the people that helped forward the YES2 project
within ESA, as he introduced himself to the YES2 team in 2001

The development of the SpaceMail system, subject of Part II of this thesis, requires design of
both the tether itself and its deployment system. This Chapter will focus on the tether. The
prime material of choice, Dyneema®, is described and the Dyneema® tether braid is
characterized. The tether material properties and dimensions affect the risk factors
introduced by the tether deployment, such as recoil and meteoroid risk. An appropriate
mitigation strategy is developed.

4.1 Characterizing the tether properties

Dyneema® SK65 is selected as material of choice for most of the tether length and the
material and tether properties are discussed or determined in this section. Ultra high
molecular weight polyethylene, like Dyneema®, is known to display complex mechanical
properties, that are also temperature dependent (generally decreasing with temperature)
[Kromm 2003]. For the SpaceMail flight, room temperature tests are therefore considered
worst case.

4.1.1 Material selection

Various requirements are relevant for the selection of a tether material. The material shall be
suitable for winding and deployment. It is advantageous if a tether can be wound and
unwound without significant bending and torsional stiffness or shape memory. That
enhances deployment performance and predictability of the endmass dynamics. Materials
that can be produced as thin uninterrupted fibers can be loosely braided to improve
integrity and combine the individual fibers’ break strength while retaining sufficient
flexibility. Also, braids maintain better integrity under torsion than twisted wires. Another
critical parameter is that the tether material should interact gently with guides and other
structural parts or mechanisms as it rubs along them at high velocity during deployment.
The material should ideally display low friction levels and little abrasion. Polymers are good
candidates to display such properties.

Total system mass is a prime driver behind material selection for space systems. Low tether
mass can be achieved for mechanical tether applications if the tether material has a high
specific strength ¢,,/py or, alternatively, breaking length ¢,/gpy and characteristic velocity
V(0,/pv), i.e. be both strong and light to provide high AV without succumbing under its own
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weight (Section 2.2.1). For more modest applications such as SpaceMail (AV=120m/s) a
decisive parameter can be the maximum payload size that can be deorbited for the same
tether mass, and also this parameter improves if the tether is made from a high specific-
strength material.

A low material density can provide benefits as well as disadvantages. A low-density
material can well have high specific strength but requires a relatively large volume for
storage. Fortunately, due to its cubic dependency on dimension, mass benefits will generally
outweigh the additional cost of volume, such as increased encasing structure. This may not
hold yet for the small systems of early applications. However, for thin tethers with modest
strength requirements, the dominant design driver will often be survival probability, i.e.
resistance to meteoroids and debris particles. This probability is governed primarily by the
average projected width of the tether (Section 4.3.1). A low density will thus in most cases be
a favorable property.

Other properties could be relevant depending on the exact application and position within
the tether. This may lead to a hybrid tether design. For a certain single application different
materials can be utilized at different places within the tether. A material’s melting point,
heat capacity and general thermal dependency are relevant properties particularly on those
sections of the tether that are in contact with hot parts (such as bare aluminium structures in
sunlight) or where large braking forces are applied by friction. There these properties can
dominate selection of material or tether diameter (Section 4.3.3). High optical reflectivity
makes it possible to observe tethers optically from the ground. Low absorption coefficient
and high emissivity help keep a tether cool once deployed. For long duration missions with
high strength requirements, environmental resistance to Ultra Violet radiation (UV) or
atomic oxygen could play a role. Stiffness and damping affect tether dynamics. A stiff tether
can be well controlled as long as it is under tension but it is more prone to slackness and
resonances. Viscosity is a beneficial property to dampen longitudinal oscillations and
increase dynamic stability (Sections 3.2.2, 4.1.5, 8.4.3). These properties depend also on the
manufacturing procedure. Non-linear behaviors such as creep and hysteresis will limit
predictability of the behavior and are therefore undesirable.

Table 18 provides some tether material properties. Some other materials are added for
comparison. Newer and stronger variants of these materials are continuously appearing on
the market, therefore this data is only indicative.

Polyaramid (marketed as Kevlar and Twaron), is a classic candidate for space tether
materials, known from bullet-proof vests. It is high-strength and heat resistant up to 500°C.
There are some disadvantages to the use of Kevlar for tether deployment [McKenna 2004]. It
has a rough surface and high yarn-to-yarn friction coefficient of 0.15. It tends to crack and
flake when bent repeatedly around a small radius (<10 tether radii). Under repetitive wet
yarn-on-yarn abrasion or buckling abrasion Kevlar has a limited lifetime. For example,
detectable strength loss occurs after 1000 bucklings, severe strength loss after 20,000.

More recent superfiber developments such as the experimental polyketon Carilon (not in
production, Section 4.4) and the heat-resistant Zylon have been found sensitive to material
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degradation under ultra-violet. Vectran is in many ways similar to Kevlar, it is rough and
sensitive to repeated buckling. M5 strength properties are promising, but it has not been
available for this project.

Dyneema® is a ultra high density polyethylene with a crystallinity of 97% or higher. A gel
spinning process produces a high molecular alignment responsible for the material’s high
tensile strength. Its volumetric density is less than water. Very smooth to the touch and
flexible, it has a yarn-to-yarn friction coefficient of only 0.06. This is one of the reasons it is a
popular material for kiting. The material has a fatigue resistance about 10 times better than
Kevlar and hardly gets damaged under repetitive bending and rubbing [McKenna 2004].
Tethers from the same material, though branded in the US as Spectra, have been used
successfully in the SEDS and TiPS missions. Due to a high reflectivity these polyethylene
tethers could be observed optically from the ground [Carroll 1995.1]. Their high emissivity
€=~0.8, and low absorption coefficient at~0.2 guarantee a low temperature in a space
environment, at which its mechanical properties further improve (Section 4.3.3). The
material becomes brittle only below -150°C.

On the other hand, degradation of strength and other properties starts at 70°C and its
melting point is only 150°C. The mechanical properties have been found relatively sensitive
to UV radiation, although this does not necessarily preclude safe use (Section 4.4). The fibers
are coated with an anti-static film of about 1% mass fraction for smooth behavior on guides
during the various winding and unwinding processes.

Dyneema® SK65 by DSM High Performance Fibers in the Netherlands has been selected as
primary material of choice. Despite recent availability of higher grades such as SK75, for
consistency the SK65 grade has been used exclusively throughout this project.

Material Tensile strength Density ~ Characteristic Modulus of  Melting point
[GPa] [g/em®]  velocity [km/s] elasticity [Heat
[GPa] resistance] [°C]
Polyethylene (Dyneema SK65) 2.8 0.97 1.70 77 150 [70]
Polyethylene (Dyneema SK75) 3.6 0.97 1.93 116 150 [70]
Polypropylene 0.6 0.91 0.81 2 160
PPT Aramid (Kevlar, Twaron) 2.8 1.44 1.39 109 [560]
PBO (Zylon) 5.8 1.56 1.93 270 [650]
PIPD (M5) >5.8 17 1.85 350 [530]
Aromatic polyester (Vectran) 3.2 14 1.51 75 330 [220]
Aluminium 0.6 2.7 0.47 70 660
Steel 2.8 7.8 0.60 200 1500
Carbon nanotubes (experimental) 3.6 to 150 14 1.60 to 10.35 800 >1000

Table 18. Fiber and wire material properties. Values are indicative only.
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4.1.2  Braiding of the tethers

Dyneema® SK65 tethers have been specifically produced for the project. A tether is typically
braided from fiber bundles. Through the braiding process the strength of the thin fibers can
be combined while a highly flexible cable is obtained with good integrity and resilience
against torsion [McKenna 2004].

A braid will not reflect one-on-one the fibers’ properties. The braid, depending on braiding
angle, the level of tension and compression, will have about 10-20% lower density than the
pure polyethylene density of 970 kg/m’. The linear density on the other hand may be
increased by 3-10% compared to a equal-length bundle of straight fibers, due to the angle of
the braid. Due to internal rubbing, also viscosity of a braid is increased. Elastic behavior of a
braid or rope is non-linear, specifically low when tension levels are low, whereas in addition
recoverable and non-recoverable elongation is observed under consistent loading. The
strength of the braided tether is reduced with respect to the sum of fiber strengths
(Section 4.1.3). Loads are not distributed perfectly symmetrically over all fibers, the fibers
are necessarily under an angle with the tether direction and they receive additional bending
and stresses from the pressure of adjacent fiber bundles. As the selected Dyneema® material
is very smooth and already has an antistatic coating on the fibers as delivered, no oily
substances or further additives are required in the braiding process. The main effects of
braiding to take into account as compared to the fiber properties are reduction in break
strength and reduced stiffness at low tension.

Commercial Dyneema® braids undergo a thermal prestretch of about 20% at 140°C to
remove the play due to braiding, stiffen and stabilize the behavior for high tension
applications. The prestretched tether will display stronger shape memory when wound onto
a spool creating a coil shape in a low tension unwinding, with its own spring behavior that
displays very low stiffness (Section 4.1.4). Loading or heating can lead to some relaxation to
the previous, unstretched state.

Figure 44. Dyneema® (R) 8x200 braids, 3 mm,
vs. 7.5 mm stroke, 20.1 g/100 m vs. 18.5 /100 m

For this project some particular treatments have been implemented. In addition to thermal
prestretch, a cold prestretch of about 30N is considered. During the initial inertia-driven
part of deployment, the performance at very low tensions (<0.1 N) is critical. Behavior of a
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stiff thermally prestretched tether would then be governed by the shape memory effects.
The selected “plaited length” or stroke of the braid (due to braiding angle) impacts tightness
and suitability for splicing, bending stiffness, linear density, shape memory and general feel.
For this project mostly a tubular braid of 8 bundles of 200 denier linear mass density
(“8x200”) has been selected with a large stroke of ~7.5mm, for maximum handling,
flexibility and easy splicing (Figure 44). To speed up the manufacturing process, the tether is
sometimes produced in a number of equal pieces that are manually spliced together,
typically without loss of strength.

413  Break strength

Break strength of Dyneema® tether samples has been determined by pull test in the context
of the TSE, YES and YES2 projects, for various braids and treatments.

Tensile strength of the sample braid is hard to reproduce reliably and can deviate
significantly from the manufacturer’s value of 2.8 GPa for fibers. It is recommended to
express the strength of a tether in terms of actual load, rather than as tensile strength o,
This is because the cross-sectional area of a tether is ambiguous. The fibers are not aligned
with the tether, the cross-section is not circular and it is partially void of fiber material. The
fiber cross-sectional area Ag,, should ideally be used, which is simply computed as ratio of
linear and volumetric density:

Aﬁber’:p/pv- (41)

However, as it is common practise to use a circular cross-sectional area A based on the
unstretched diameter of the tether, a tensile strength is calculated here based on this
definition.

Tensile test results are presented in Table 20. For Dyneema® SK65 braids, the resulting
tensile strengths range from 44-73% of the fiber strength, with an average of 56%. Thermally
prestretched tethers should show a somewhat higher strength, but the improvement was
found to be not significant. When dealing with braids rather than fibers, a significant
correction factor must be thus taken into account. A proper fixture involves wrapping of the
ends of the tether sample various times around a shaft of ten to twenty times the tether
diameter. Clamping by squeezing of the fibers or through a knot results in stress
concentration and fiber damage, significantly reducing the performance further, about by a
factor 2, as evidenced in Table 19.

Break
Break StDev diameter strength
Project  Tether braid Fixture Test location # Force[N] [NI [mm] [MPa]
YES2 8x400 SK65 knot mid Reggio Emilia 5 256 20 0.7 665
YES2 8x400 SK65 knot edge Reggio Emilia 5 284 20 0.7 737
YES2 8x400 SK65 clamped Reggio Emilia 5 210 20 0.7 546

Table 19. Pull test results for YES2 projects (weakened tether)
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Tensile
Break StDev  Diameter strength
Project  Tether braid Fixture Test location # TForce [N] [N] [mm] [MPa]
7x100 Dyneema
YES ® SK66 wound onrod Tether Applications 3 165 - 0.3 2334
YES 11x215 Spectra ~ wound onrod  Tether Applications 3 800 - 0.6 2829
wound on
TSE 8x400 SK65 25 mm rod EuroCord 1 692 - 0.7 1799
10% thermal wound on
TSE prestretch 25 mm rod EuroCord 1 782 - 0.7 2031
21% thermal wound on
TSE prestretch 25 mm rod EuroCord 1 708 - 0.7 1838
wound on
YES2 8x400 SK65 8 mm rod Reggio Emilia 5 567 20 0.7 1474
YES2 8x200 SK65 wound on rod Krefeld 2 300 - 0.5 1528
8x200 SK65 4%
YES2 prestretch wound on rod Krefeld 2 240 - 0.5 1222
8x200 SK65 6%
YES2 prestretch wound on rod Krefeld 3 337 - 0.5 1715

Table 20. Pull test results for the YES, TSE and YES2 projects

414  Stiffness and viscoelastic effects

Stiffness EA, with E the Young's modulus of elasticity, has been measured for various
tethers with different prestretch and load histories, in three ways.

The first method (A) is using a pull bench on a sample of approximately 20 cm to measure
the strain versus the tension, until breaking. Break strain is found to be about 3.5% of full
length for a non-prestretched tether, and reduces for freshly prestretched tethers yet
increases again if such tethers have become flexible following one or more winding and
unwinding cycles. A disadvantage of this rather standard test is that it provides information
on stiffness especially for tension levels close to the break strength, but not for the low
tension levels that are typical during deployment (2-10 g for most of the deployment, 100-
500 g for final braking), see Figure 45.

The second method (B) involves a hanging tether of about 3 m. A suspended mass is
changed in steps, and the length change is monitored each step. Detailed effects at low
tension can now be studied. The suspended mass is first increased then decreased.
Stabilization effects due to the load history are apparent. Even a limited dynamic preloading
(winding at 1 N, Figure 46) plus static preloading at 5N is found to have a significant
impact on low tension stiffness.
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The third method (C) is a combination of A and B, in which a pull test set-up is used at low
tension levels. Repetitive testing can be performed on the same sample. This testing has
been performed on the YES2 tether by University of Modena and Reggio Emilia. The load is
selected to approximately match that of a final shock at the end of deployment and has been
applied 20 times. Between loading 10 and loading 11, the load is completely removed and a
new data sampling is started. A complex behavior is observed (Figure 47), that is typical for
ropes [McKenna 2004]. Multiple loadings stiffen the tether by removing flexibility due to the
braiding. At the same time a creep-like behavior is visible as the braid is compacted and
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(bundles of) fibers and possibly molecules are being more aligned, increasing the sample
length. Full release of the tension lets shape memory dominate and the tether returns much
to its initial state. The resulting stiffness starts at EA = 1000-2000 N for the very first loading
(the “awakening” of the braid) but reaches already a near-stable value during the second
loading, EA =4000-5000 N. As the flight tether is wound under 10N pretension, the
awakening can probably be assumed to have already occurred by the time of deployment.

A stretch and relaxation test was also performed (Figure 48). At various points during the
stretching process, the tether sample is allowed to relax at constant length. The fractional
relaxation appears rather constant. Upon continuation of the pulling the original curve is
quickly followed again. A hypothesis for this behavior is that the fibers or molecules inside
the fibers get slowly aligned when under static tension, causing them to lengthen a bit, and
strain to drop, yet stiffness to increase, until strain is increased again to a higher level then
before, where a new reservoir of fibers or molecules is "unfolded and stretched". The fibers
lengthen a bit this way but from cycle to cycle the relaxation reduces because the percentage
of un-stretched molecules decreases.

Note that it also has been consistently observed that, after tension is fully removed, a tether
shrinks even below its original length. This is probably an additional effect related to
memory from before braiding or 30 N cold prestretching during the braiding process.
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Figure 47. Cyclic load-displacement diagram  Figure 48. Relaxation test 100 mm and 300 mm
100 mm and 150 mm Dyneema® tether Dyneema® tether

Table 21 summarizes the results. The case B data represented here focuses on the
wound/preloaded case for low tension which is considered most relevant for flight. Data
points are plotted in Figure 49, assuming a break strength of 300 N for 8x200 and 700 N for
8x400 braids. The general trend of increasing stiffness or decreasing braid contribution for
increased loads is clear and can be estimated within about 30% accuracy.
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It can be seen how for thermally prestretched tethers at very low tension the coil shape
memory superimposes on the braid and fiber stiffnesses and the tether behaves as a very
weak spring in the regime of deployment tensions. The rigidity of the prestretched tethers
may also lead to irregular behavior on the brake system at low tension (Section 5.4.4). For
these reasons, for flight a tether is selected with only cold prestretch, with an assumed

EA = 5000 N in the range of deployment tensions.

Project Tether braid Test location Method Load[N] n EAIN] d[mm] E[GPa]
YES2 8x200 SK65 Krefeld A 300 2 8570 0.5 43.6
YES2 4% thermal prestretch Krefeld A 240 2 12000 0.5 61.1
YES2 6% thermal prestretch Krefeld A 337 3 14670 0.5 74.7
TSE (*) 8x400 SK65 Delta-Utec B 0.1 1 616 0.7 1.60
TSE 8x400 SK65 Delta-Utec B 5 1 4109 0.7 10.7
TSE 10% thermal prestretch Delta-Utec B 0.1 1 62 0.7 0.16
TSE 10% thermal prestretch Delta-Utec B 5 1 6214 0.7 16.1
TSE 21% thermal prestretch Delta-Utec B 0.1 1 174 0.7 0.45
TSE 21% thermal prestretch Delta-Utec B 5 1 6216 0.7 16.2
YES2 8x200 SK65 Delta-Utec B 1.2 1 4000 0.5 20.4
YES2 8x200 SK65 Delta-Utec B 17 1 6200 0.5 31.6
YES2 8x200 SK65 Reggio Emilia C 20 2 4700 0.5 23.9

(*) TSE tests with method B were performed on 1 N wound, 5 N preloaded tether

Table 21. Stiffness tests on Dyneema® tether
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Figure 49. Modulus of elasticity vs. load (Dyneema® tether)
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415 Damping

The amount of energy dissipation that occurs due to friction between fibers and bundles
within the braid during stretching and relaxing of the tether (and to a lesser extent between
molecules within the fiber) can be expressed using the damping ratio C. It has been
estimated by a drop test, involving a variety of tethered masses (40 g to 1.7 kg) dropped
from a range of heights (2.5 to 8 m).

For an underdamped system (C<1, leading to oscillatory response) two successive
amplitudes x; and x, will have a ratio of

X, Ce’gw)xtl
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with 70 = P and w, = @,4/1—¢?* (Figure 50). The logarithmic decrement 6 is defined for
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I3

In a drop-and-bounce the tether will be tensioned only through (approximately) half of an
oscillatory period (Figure 51). No damping will occur during the ballistic drop from known
initial height /; and during the bounce up to maximum altitude h,. Consequently the full-
period logarithmic decrement for which Eq. 4.3 is defined will be twice that as would be
indicated by the deepest points of successive bouncings x’; and x’,. Furthermore, in the
ballistic phase, the potential energy mgh takes the role of the spring energy kx’/2. The
logarithmic decrement may thus also, and more conveniently, be estimated from the ratio of
heights:
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Note that in reality, due to the effect of gravity, there is some additional damping as the
tether loses stretch and tension between the equilibrium point to the actual slack point. So
the effective damping period is somewhat larger than half a harmonic period. The impact
will, however, be small if the ratio 1 between equilibrium extension x, and maximum
extension x;” due to the bounce is small:

=5 _8
X, Jx

, (4.6)

since kx, =mgand k(x'\+x,)=mg +m|§é , and, from the (damping free) energy balance,
x'1= vV (2mgh/k), n~ Wmg/2kh) << 1 for the tested cases. Alternatively, Eq. 4.5 can be said to
hold if the peak tension is much larger than the weight of the test mass (or equilibrium

tension).

All experiments are filmed by camcorder and results have been deduced from analysis of
the footage. Generally, the first bounce of the end-mass is very clean and straight as the
center of mass of the end-mass is then still aligned with the tether direction. At the
maximum amplitude, velocity is zero, so a clear image of the maximum amplitude can
easily be found within the footage. The results suggest a damping coefficient C =0.06-0.09
(Table 22). A value C =0.08 is assumed. No significant dependencies have been found within
the investigated range of drop height, maximum acceleration, peak tension or tether length
[Ishkov 2006].

hi[m]  mlkgl 1[m] # Approx. max tension  C [%]
[N]
0.13 1.72 2.5 4 95 8.9
0.15 0.12 2.5 4 27 6.7
0.20 0.12 7.8 3 18 74
0.27 0.12 7.8 7 21 6.3
0.36 0.06 7.8 4 17 7.8
0.34 0.02 7.8 1 9 7.5
0.48 0.02 7.8 1 11 8.4

Table 22. Damping coefficient drop tests
41.6  Outgassing and extraction

Outgassing of Dyneema® SK65 samples has been performed for YES2 by ESTEC’s TEC-
QMC laboratory (Materials Physics and Chemistry Section) according to the ECSS Q70-02a
standard (Materials Report Number: 4604). Measurements of 3 samples are averaged at
125°C, after outgassing of each sample at 125°C for 24 hours at a pressure below 10° mbar.
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The material is compliant with the limits defined by the standard. Total mass loss averages
0.34% (including), 0.03% is collected as condensable volatile on a 25°C plate. The recovered
mass loss of 0.29% provides the estimate of the fraction of outgassed material other than
water, for which ESA’s upper limit is defined as 1%.

An extraction in chloroform has also been performed, removing any soluble substances,
including esters and carbohydrates to about 1.9% by mass. A significant amount of the
extracted matter is thought to originate from anti-static coating that is applied on the
Dyneema® during the fiber manufacturing process.

4.1.7  Friction behavior

Tether friction has been determined in combination with the planned contact material. An
aluminium pole of 13-24 mm diameter is used as main contact surface for the SpaceMail
tether deployment system (Section 5.4). The exact value of the coefficient depends for a large
part on the surface coating and roughness of the pole. The rationale and influence of the
barberpole design and surface treatment is discussed in detail in Section 5.4. Friction is
estimated from fitting of tension measurements of a deploying tether against a brake
performance model for various brake settings. Other, simpler, methods have been crudely
explored for tests that aim to identify a priori whether friction may be majorly dependent on
tether thermal prestretch or atmospheric density.

To determine the effect of tether heat treatments on friction, the drop time for a small sliding
tethered mass has been used. A drop test is performed on the tethers over a drop of
3.08 meters. A mass m; of 32 g attached to one side with a countermass m, of 10 g causes the
tether to slide over 2 horizontal aluminum 12.7 mm diameter bars at 9 cm distance (Figure
52). The masses are small, representing deployment tension levels. The radius of the bars is
selected to represent the foreseen pole, whereas their separation is necessary to prevent the
lines on either side from interfering. Twenty handclocked measurements have been made
for each tether (Figure 53). Such crude measurement method of about 0.1 s accuracy is
judged sufficient considering the qualitative test objectives as well as the actual spread in
drop times.

The friction coefficient f is estimated using the following simple model that assumes
exponential friction increase with the bend angle (Section 5.4.1):

2h
14"
Inl mZ( gtzj

il [ o J (4.7)
1+—
gt

f= 0

with @ the total deflection angle in radians, m in this case. In this model the tether mass,
about 0.5 g, is neglected.

The estimated friction coefficients turns out to be 0.28+0.015 for the untreated tether, 3.2%
higher for the 10% prestretched tether and 6.5% higher for the 21% prestretched tether.
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Possibly the observed effect of prestretch is not so much related to different surface
interactions but more to increased dissipation as the more stiffened fibers are being bent
around the pole. This dissipation is not represented as a separate parameter in this simple
friction model.
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Figure 52. Friction droptest set-up
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Figure 53. Droptest histogram for various tether types to estimate friction

To assess whether vacuum conditions significantly affect (static) friction, a drop-mass set-up
including a barberpole engineering model has been built in a vacuum chamber (Samara
State Aerospace University, Samara, Russia, Figure 54). The tether is draped over suspended
metal rods to obtain a safe distance to the pole box, and to allow for smooth sliding, thus
obtaining the possibility to test the barberpole in horizontal configuration as displayed. A
known mass is attached to each side, 2 and 20 grams, the larger on the outgoing side. The
tether is wrapped a number of times around the barberpole, keeping the masses from
dropping. The pole can be driven (turned) by a controller set-up outside the vacuum
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chamber. If the number of wraps is reduced, at a certain point, the masses will start to drop

and this critical position can be converted to a friction estimate (Section 5.4.1). Vacuum level

achieved is about 5.10°mm Hg. There is an observation window on either side.

The test is performed 6 times in ambient atmosphere, and 4 times in vacuum according to

the procedure in Table 23. Each test in vacuum, with only minimal equipment and access

requirements, can establish one measurement for friction coefficient. The results show

virtually the same friction coefficient in both cases , 0.26+20% ambient vs. 0.24+33% vacuum.

Either of the extremes of measured friction coefficients can be recovered by a controller

correction of only 0.2 wraps (ambient) or 0.4 wraps (vacuum).

Figure 54. Set-up in vacuum chamber test. Incoming side on left, outgoing on right. Masses are
suspended from the tether on either side (not visible). The tether path is highlighted for clarity.

5

The pole is turned to 3 turns initially

The set-up is put in identical and stable configuration. By manually pulling the heavy mass down some 10 cm,
the tether is pulled through the barberpole and reaches a consistent equilibrium helical shape around the pole

Establish vacuum

Turn the pole back in small steps from three turns until the heavy mass slides down, but the light mass does not
slide up. This indicates that the slack created by turning of the wheel on the incoming side is taken by the heavy
mass on the outcoming sign, so the friction in the system has lowered close to the weight of the heavy mass.
Before that level the light mass may move down but the heavy mass remains in position.

Turn in small steps back until not only the heavy mass drops but the small mass starts rising. The friction level
now equals 50 - 2 =48 grams. The downward motion will yet be irregular. Note the value of turns. This is the
main measurement.

Turn the pole back 0.5 turns at once. The mass will start dropping more smoothly. The drop time and behavior
(smooth or interrupted stick-slip) is noted and provides the second, qualitative measurement, which is also used
to verify that indeed the pole was in a critical position earlier.

Table 23. Friction in vacuum test procedure
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Figure 55. Friction coefficient ambient vs. vacuum. The
black lines indicate average value

4.1.8 Twist and internal braiding torque

A tether can exert a torque as a result of twisting of the tether as a whole or due to build-up
of twist in the fiber bundles during the processes surrounding the braiding. This torque
affects the tether sliding behavior when it passes the brake system (Section 5.4.1), and may
in extreme cases also impact the tether shape and end mass motion after deployment in
weightlessness. Preliminary tests indicate a torque level in the order of about 1le-8 Nmm/°
for a single meter 0.5-mm diameter tether at deployment level tensions [Kruijff 1999.1].

A log of tether twist and a twist control strategy is therefore introduced. Axial deployment
from a spool leads to introduction of one full twist per deployed loop (Figure 56). Clockwise
unwinding is defined to introduce negative twist in a tether. As the loop length is dependent
on the spool diameter, the amount of introduced twist per meter varies over the full
unwinding. As the tether is captured on another spool for a subsequent unwinding, a
further varying twist, or one in opposite direction could be superimposed. A simple
effective method to manage this potentially complex matter is to wind the tether from a reel
(perpendicular from its shaft) onto a spool core installed with alternating orientation for
each winding cycle (Section 5.2.1). In this manner, no twist is introduced during winding,
and each unwinding the opposite twist is introduced compared to the previous, keeping the
total amount of twist in check.

A tether braiding torque sometimes becomes apparent when the tether is bent or tensioned.
Untwisted tethers regularly have a natural tendency to curl up when compressed, but not
always. Manual twisting generally leads, as expected, to a curling tendency, which can be
superimposed on the natural tendency, and can also be used to cancel out a natural
tendency. The direction of the internal torque can be determined from the curling tendency
(Figure 57): if two ends are brought together, the tether assumes a shape of minimum
energy. The braiding torque within the tether can be quantified by twisting the tether in the
proper direction until the curling tendency has disappeared. The relevance of this effort is
that the (negated) number of twists applied per meter can help to predict the tether dynamic
behavior when in contact with a pole friction surface (see Section 5.4.1).
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Figure 57. Curling tendency on tether compression indicates positive (left), zero (mid)
or negative internal torque (right)

Tether torque results from a twisted tether through the combination of two effects: fiber
torsion and torque from tether tension components around the tether core. Let 7 be the
number of tether twists per meter. Beam theory predicts torque W, for a beam of diameter
D purely due to shear forces,

2

Y, =271GI, =2 GD*, (4.8)
"6

with I, the polar moment of inertia and G=0.177 GPA, the modulus of rigidity of

polyethylene.

A circular bundle with diameter D of fibers of diameter d=D/n will contain, taking into
account the filling degree of tightly packed cylinders, about 7*/8V3n*fibers. Each fiber in the
bundle will be torqued by the same amount, 7. If there would be no transfer of shear forces
between the fibers, the shear-forces induced component of the the total torque W, for the
bundle would then be,

¥, =L 2mGl = 16(2)4— o
83 "o83 83 n) 83 .- (4.9)
2
T

For 7=100/m, D=0.75 mm and n =50, the resulting torque would only be about 6e-7 Nm.
Measurements of torque under a 10 g load have been performed and suggest a significantly
stronger torque for these conditions of about 5e-4 Nm [Kruijff 1999.1], close to the value that



Design Aspects of a Safe Tether 127

would be expected for a uniform thread. This indicates that as a result of a finite bending
stiffness contact pressure transfers the shear stress between adjacent fibers and lets the
bundle act much as a single wire, n = 1.5.

Figure 58. Simple model of torqued tether as bundle of twisted fibers

The tension in the tether will also contribute and this contribution will depend on tension.
Assume for simplicity that all fibers in the tether are parallel (Figure 58). If such a tether is
twisted, the central fiber will stay in place and only experience torsion. Fibers on the outer
rim of the tether at radius r describe a helical shape with angle 6 for which will hold:

tand =

pp (4.10)

In reality the fibers are bundled and braided, so they change position within the tether. The
simplified assumption of parallel fibers can be seen as an average. If the tether is carrying a
load T in axial direction, one should however take account of the braid, and one can assume
the axial load is distributed uniformly over the fibers spread uniformly over the (total)
cross-sectional area A. Note that in contrast, in a twisted tether of parallel fibers, the highest
strain would occur in the outer fibers, which have the most increased path length compared
to the original length due to the helix shape (an analogous situation is presented in
Section 5.4.1). In our simplified mode, a fiber at radius r will carry a load dT under angle 6,
with a component in tangential direction dT;

T
dT, =2zrr—dA
=2mrlda. (4.11)

The stress related torque can now be calculated as follows.
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This simple result shows strain-based torque is linear in tension and depends only on the
twist and radius of the tether. For our example a torque of only 6.3e-8 Nm would result. At
low tension levels this is a rather negligible contribution. The total torsion for the twisted
tether thus becomes:

(4.13)
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as mentioned with n = 1.5 from experiment [Kruijff 1999.1].



128 Chapter 4

419  Tether length effects: shape memory, viscoelastic recovery and creep

In a Dyneema® braid, shape-memory type behavior occurs at three levels. First, the braid
can assume a coil shape after a winding process, especially thermally prestretched braids
(Section 4.1.2). Second, fiber bundles that make up the braid can be aligned and tightened or
angled and loosened up, as the braided tether is stretched, relaxed or compressed, affecting
the braid density and diameter. Thirdly, the highly stretched and aligned long molecules of
polyethylene may have a memory of a more natural, coiled configuration, that is for
example triggered under untensioned heating. This multilevel behavior provides for
complex creep and shrinkage characteristics. An attempt has been made to quantify the
behavior under relevant conditions for space tether deployment.

Subjecting the tether to a number of 10-N load cycles can lead to a shortening of the
Dyneema® tether with respect to initial length (Figure 59). This seems to be more true if the
tether is squeezed (between rollers or plates) to obtain the tension load than if it is subject to
a suspended load. The friction and possibly heating and defo