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There have been a number of proposals for using tethers in space. One such proposal
involves deploying an electrodynamic tether, at the end of a host spacecraft’s mission, in
order to reduce the spacecraft’s post-mission orbital lifetime. However, a space tether
is particularly vulnerable to the orbital debris environment. When fully deployed, a
tether may have a very large cross-sectional area and, unlike most spacecraft, they are
very susceptible to small debris impacts. It has been estimated that a debris fragment
with a diameter smaller than half the tether diameter can cause a single strand tether
system to fail. Therefore, a good understanding of the interactions between the space
debris environment and a space tether is of vital importance.

The Tether Risk Assessment Program (TRAP) has been developed as an extremely flex-
ible tool with state-of-the-art capabilities in tether collision and sever risk assessments.
The integrated structure of the developed software enables a wide variety of analyses
to be conducted and simulations of both historic and potential future fragmentation
events to be performed. The model is also capable of modelling the historic, current
and future background orbital debris environment. A highly novel aspect of the TRAP
model is the implementation of the Probabilistic Continuum Dynamics (PCD) method,
enabling the debris density to vary over the length of the tether system, providing a
more realistic collision risk assessment. This method is an improvement over other
traditional methods, which simply take an average debris density for the whole tether
system. Another novel aspect is its capability to determine debris penetration depths,
producing an accurate method of determining tether sever probabilities. This approach
is much more advanced than current methods that simply use a lethality coefficient in
order to determine a minimum fragment diameter capable of severing the tether. The
TRAP model has undergone a vigourous validation programme to assess its accuracy.
This has included simulating past tether missions and comparing with actual flight data.
The validation exercise has greatly improved the confidence in the TRAP model for the
prediction of realistic and accurate collision and sever risk assessments, for both single
and double strand tether systems.

The validated TRAP model has been used for a number of case studies. The collision
and sever probability risks associated with space tether systems arising from the orbital
space debris environment have been extensively simulated. These simulations have
considered both single and double strand tether systems, of various length and thickness,
and should be of considerable interest to tether mission designers.
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Chapter 1

Introduction

Since the launch of Sputnik 1, in 1957, man has continued to launch satellites into
Earth orbit. These launches, nearly 4,000 in total, have resulted in an over-populated
environment, referred to as the orbital debris environment. The consequences of such a
debris growth has resulted in an increased risk of satellites colliding with debris objects,
causing significant damage or degradation. There exist two regions of near-Earth space
that are most commonly used, Low Earth Orbit (LEQ) and Geosynchronous Earth
Orbit (GEQ), and as a result it is these regions that contain the most orbital debris.
Estimates of the current orbital debris density have suggested that the collision rate
between large objects in LEO is about 1 collision every 10 to 20 years [1]. The collision
rate in LEQ already exceeds that in GEO by about two orders of magnitude, due to
the LEQO region being used much more. Assessing the threat posed to satellites from
the space debris environment is not made any casier due to detector limitations, which

prevent objects smaller than 10 ¢cm in LEQO, and 1 m in GEQ, being tracked.

The number of objects in Earth orbit has continued to increase due to the presence of
spacecraft and spent rocket bodies, solid rocket motor burns, nuclear reactor coolant
leakages, surface material degradation, other mission-related objects, and on-orbit frag-
mentations. The latter has been the primary source of orbital debris in the past, the
majority of which have been caused by explosions. Such fragmentation events can gen-
erate hundreds of large debris fragments, all of which contribute to the current debris
density. It is believed that this debris density may already exceed a critical density in

some regions of LEO, where random collisions will begin to occur and produce even



more debris fragments [1]. Once the rate of fragments being produced by random colli-
sions begins to exceed the rate at which they are being removed, by atmospheric drag,
the debris population will begin to grow exponentially, as fragments produced by these
random collisions generate even more fragments. This process is referred to as collisional
cascading, and it is the potential dominance of these uncontrollable random collisions
over explosions as the main source of orbital debris that has prompted an increase into

future orbital debris evolution studies.

The future trend of the orbital debris environment depends upon many different factors,
such as the rate of future launch traffic, the rate of explosions/collisions, new space ac-
tivities and the efforts made by operators to reduce and control the debris population
growth. Such mitigation methods for reducing and controlling the debris growth is to
de-orbit spacecraft and rocket bodies at the end of their mission lifetime. This can be
achieved by performing a burn to either de-orbit the spacecraft or by placing the space-
craft into an orbit with a reduced orbital lifetime. However, due to the extra propellant
required to perform such a manoeuvre this can be costly. This cost is exhibited by the
need for increased propellant at launch or by a reduction in the payload’s mission life-
time (due to the remaining propellant being used for performing de-orbit manoeuvres).
However, a relatively new strategy for de-orbiting spacecraft has been proposed. This
involves attaching a tether system to the spacecraft before launch, in order to de-orbit

the spacecraft either by electrodynamic means or by momentum transfer.

Space tether systems have potential in offering a quick and elegant method for the de-
orbiting of spacecraft. With the mass of a tether system being just 1 or 2 percent of
the host spacecraft, an efficient de-orbiting device is possible, reducing a spacecraft’s
post-mission orbital lifetime, in LEQ, from a few years to just a few weeks. Tethers may
also be used for increasing an object’s orbital altitude. One proposal is to deploy an
electrodynamic tether from the International Space Station (ISS) to re-boost its orbit,
removing the critical and constraining dependency of propellant supply from Earth.
However, space tethers are particularly vulnerable to space debris impacts, with just
one impact resulting in the possibility of mission failure. This, combined with their
large cross-sectional areas, is a major concern regarding space tether systems. Hence,
the interaction between a space tether system and the orbital debris environment must

be well understood before such missions are carried out.



1.1 Objectives

With the large number of possible applications of space tethers, there is a growing need
to develop a model that accurately predicts the collision and sever risks associated with a
tether system arising from the orbital debris population. Most collision risk assessment
models use a suitable ‘binning’ method, which allows the model to calculate the debris
density within a given volume occupied by the ‘target’ spacecraft. However, since a
space tether is typically many kilometres in length, the debris density may vary quite
significantly over the length of the tether system. Hence, a suitable method is adopted
to allow the debris density to vary along the length of the tether system, providing a

more realistic, and accurate, collision risk assessment.

The objectives of the PhD are to:

e Review the current state-of-the-art knowledge of the space debris environment

and the impact risks posed to orbiting spacecraft and tether systems.

e Develop a model that can predict the collision and sever probabilities associated

with an orbiting space tether system arising from the orbital debris population.

e Assess and improve the model accuracy by a process of validation, involving com-

parisons with the literature and actual tether flight data.

e Apply the model to study the effects of the debris-induced failure rates of space

tethers.

1.2 Model Overview

In fulfilling the PhD objectives, the Tether Risk Assessment Program (TRAP) has been
developed at the University of Southampton, UK. The TRAP model is implemented in
Visual C++ with a Microsoft Windows-OpenGL graphical user interface (GUI). Thus,
a user friendly model has been developed, hiding the program’s complex infrastructure,
with a number of simple pop-up menus providing easy access to amend input variables.
The integrated structure of the developed software enables a wide variety of analyses
to be conducted, and simulations of both historic and potential future fragmentation

events to be performed. The model is also capable of modelling the historic, current and



future background orbital debris environment. In combination, this allows the model to
be applied to study the collision and sever risks associated with an orbiting space tether
system, arising from such debris environments. The TRAP model has been rigorously

developed and validated to ESA PSS-05 Software Engineering Standards [2].

The TRAP model consists of four main programs, Breakup, Tether, Analysis and Back-
ground. The Breakup Program uses the IDES breakup model [3] to simulate low or
high intensity explosions, and catastrophic and non-catastrophic collisions. The Tether
Program models the orbital dynamics of a rigid or non-rigid tether system. The tether
is represented by a number of ‘beads’ that are connected by straight inelastic strands
and can be used to model either single or double strand tether systems. The Analysis
Program employs the method of Probabilistic Continuum Dynamics (PCD) to enable
collision and sever risk assessments of the tether system when the debris cloud is encoun-
tered. Although the PCD method has been applied to study collision risk to satellites in
the past [4], its application to space tethers here is novel. This method offers a distinct
advantage over more traditional models by allowing the debris density to vary over the
length of the tether system, providing a more realistic collision risk assessment. The de-
termination of sever risk can be calculated using one of two methods. The first involves
using a lethality coefficient which determines if the tether is severed by using the debris
fragment diameter only. The second method, on the other hand, takes into account
the relative velocity of the impact along with the object’s mass. The calculation of the
impact energy can then be used to determine if the tether was able to withstand the
impact. Finally, the Background Program is able to model the historical, current and
possible future orbital debris environments, providing collision and sever risks of tether
systems exposed to such environments. In addition to the determination of collision
and sever risks to a tether system, the TRAP model is also capable of modelling double
strand tether systems. This allows comparisons to be made between single and double

strand tether systems, providing a more detailed understanding of their relative merits.

1.3 Thesis Structure

The next chapter, Chapter 2, reviews the literature in order to describe our current
knowledge and understanding of the orbital debris environment across the entire object

size range. Firstly, the sources and sinks of the orbital space debris environment are



introduced and categorised. Then, the risks associated with such debris is discussed,
paying particular attention to the formation of debris clouds. The discussion then looks
at the future trends of the space debris environment if it were to develop unchecked, and
mankind fails to take any mitigation action. This is often referred to as the ‘business
as usual’ scenario. Appropriately, the discussion then looks at the various mitigation
methods that can be implemented to help stabilise, or even reduce, the growth of orbital
space debris. Finally, the prediction of the orbital space debris environment is presented

showing the effects of suitable mitigation methods.

Chapter 3 introduces the space tether system concept while reviewing the literature. The
different types of space tether systems are introduced along with a description of possible
applications. The discussion then proceeds to past tether missions, outlining what has
been learnt from such experiments. A number of future proposals are then introduced,
before moving on to discuss how a space tether system could be used for performing
de-orbit manoeuvres, as an aid to reducing the orbital space debris density. However,
space tether systems are particularly vulnerable to space debris impacts. Hence, the
chapter concludes by discussing a number of risk assessments that have been performed

throughout the literature.

Chapter 4 outlines the equations of motion of an orbiting object and a space tether
systemn that have been implemented into the TRAP model. The chapter begins by
summarising the set of equations used to describe the ideal orbital motion of an object
in Earth orbit. This then leads to the introduction of orbital perturbations, in particular
Jo, J3, and atmospheric drag, all of which are implemented into the TRAP model. The
orbital motion of a tether system then follows. The dynamics of a general non-rigid
tether system are introduced, before discussing some simplifications which lead to the
rigid tether model. The massless tether model is then introduced which forms the
basis for the ‘bead’ model that is implemented into the TRAP model. The method of
validation is also discussed throughout the chapter in order to assess the accuracy of

the implemented model.

Chapter 5 presents a full and comprehensive description of the TRAP model, developed
during the course of the PhD programme. The four main sub-programmes are intro-
duced, which are responsible for modelling - the fragmentation of an object due to an

explosion or a collision; the dynamics of an orbital tether system; the collision and sever



risks associated with a debris cloud; and finally the collision and sever risks associated

with the background debris population.

Chapter 6 applies the TRAP model to predict the collision and sever probabilities asso-
ciated with an orbiting space tether system arising from the orbital debris environment.
The predictions calculated cover a variety of past and future missions and considers both
single and double strand tether systems. The chapter concludes by discussing a scenario
closely resembling a specific reference case, which was discussed at the 21st Inter-Agency
Debris Coordination Committee (IADC) meeting held in Bangalore, March 2003, pro-

viding some valuable insights into the benefits and risks of using tethers in space.

Chapter 7 provides a summary of the research undertaken, and the principal conclu-
sions that have been reached, throughout the PhD programme. The points of discussion
include the assessed accuracy of the TRAP model and its validity for making collision
and sever predictions, and the implications of the debris-induced failure rate forecasts
for space tether systems. Finally, recommendations for future research are summarised,
including possible improvements to the TRAP model and suggestions for further simu-

lations.



Chapter 2

The Space Debris Environment

Since the space age begun with the launch of Sputnik 1 in 1957, nominal space opera-
tions and on-orbit fragmentation events have resulted in a large number of man-made
objects orbiting the Earth. Together with natural objects (meteoroids) they contribute
to the space debris environment. As of 31st January 2002, 4,693 launches had resulted
in 27,061 objects which have been tracked and catalogued by the United States Space
Command (USSPACECOM) [5]. The corresponding catalogue of objects at this time
had 8,993 entries, of which about 43% had resulted from one of the 170 fragmentation
events up to May 2001. The USSPACECOM catalogue covers trackable objects larger
than approximately 10 cm in LEO and objects larger than about 1 m in GEQ. Figure
2.1 illustrates the USSPACECOM’s radar and optical capabilities for tracking and cat-
aloguing orbital debris. The smaller debris population, such as paint flakes and residue
from rocket motor firings are also known to contribute to the debris environment. Cur-
rent estimates suggest that the man-made debris environment, in most LEO regions is
assunied to dominate the natural meteoroid contribution, with the exception of objects

_ less than around 0.1 mm in size [5].

The current space debris population poses a collision threat, and hence a risk of damage
to any orbiting objects exposed to the environment. The collision probability can be
assessed by applying debris flux models for various sized objects and for specific target
objects of interest. In general, the current risk from debris to a target object is not yet
unacceptably high. However, for some operational spacecraft, and particularly manned

missions, protective measures may be necessary to enable safe operations.
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Figure 2.1: USSPACECOM’s capabilities for tracking and cataloguing orbital debris [6]

If space flight operations continue as they have done in the past, then it is expected
that these operational practices will lead to an onset of interactive collisions among the
larger catalogued objects. Hence, fragments from such collisions, to date an insignificant
source of debris, will grow and begin to dominate the environment. This could lead to a
so called ‘critical density’ at some altitudes, resulting in a process of collisional cascading
(i.e. fragments from collisions resulting in further collisions). However, before such a
process begins, the debris population will grow and, due to the increasing number of

objects, the collision risk to operational spacecraft will grow correspondingly.

To continue future safe operations in space, the uncontrolled growth of the space debris
population must be avoided. A number of computer simulation models have been im-
plemented to provide insights for different types of mitigation methods that limit and
control the future growth of the space debris population. The outcome of such inves-
tigations suggest that mitigation methods stabilise and possibly reduce the number of
future objects being released into the space environment. This can be achieved directly

(e.g. by reducing mission related objects), or indirectly (e.g. by removing stored energy



from rocket bodies avoiding subsequent explosions). The implementation of such pas-
sive measures would help reduce the contribution to the debris environment arising from
on-orbit fragmentation events - the dominant source in the past. Ultimately, only the
removal of spacecraft and upper stages can suppress collisions as the dominant source of
debris in the future. The ESA DELTA model has been used to show that this objective
could be achieved by reducing the post-mission orbital lifetime of massive objects in
LEO to 25 years [5]. This 25-year post-mission orbital lifetime has shown to signifi-
cantly benefit the near-Earth space environment by reducing long-term collision risks.
If lifetime reduction and de-orbiting of the spacecraft is not practical, then manoeuvring

of the spacecraft to a disposal orbit (e.g. above LEO or GEO) is recommended.

2.1 The Current Situation

Since the launch of Sputnik 1 in 1957 the USSPACECOM bhas catalogued a total of
27,061 objects, as of 31st January 2002, that have been released into Earth orbit. The
continuing increase in space activity and the various sources of debris have resulted
in a continuous increase of the space debris population. This section discusses the
current situation of the space debris environment and the mechanisms responsible for

the creation and removal of orbital space debris.

Launch History

The USSPACECOM is responsible for collecting data on the space debris population
using its Space Surveillance Network (SSN). The network consists of a number of optical
and radar (mechanical and phased array) sensors responsible for detecting, tracking,
cataloguing and identifying man-made objects orbiting the Earth. The USSPACECOM
catalogue contains information on objects larger than approximately 10 ¢cm in LEO,
and larger than about 1 m in GEG. In October 2001, a total of 8,993 objects were
recorded in the USSPACECOM catalogue resulting from 4,693 launches, approximately
one third of the 27,061 objects that have been catalogued to date. The remaining two
thirds of these objects have either re-entered the Earth’s atmosphere, in a controlled
manner (ie. a de-orbit burn) or in an uncontrolled manner (i.e. natural decay), or

have left near-Earth space (i.e. deep space missions). The current number of on-orbit
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Figure 2.2: History of the on-orbit catalogue population [5]

catalogued objects versus time for debris and payloads is shown in Figure 2.2.

Of the current catalogue population only 6% can be assumed to be operational payloads.
The remaining 94% of the catalogue can be broken down as non-operational payloads
(24%), rocket bodies (17%), operational debris (10%) and payload and rocket debris
(43%).

Historic Fragmentation Events

The primary contributor of orbital debris has been on-orbit fragmentation events. In
total, 170 fragmentation events have been recorded up to 31st May 2001 [7]. The
major causes of such fragmentation events are summarised in Table 2.1. The majority
of fragmentation events have resulted from deliberate actions and propulsion related
events. The cause of about one third of all fragmentation events, however, remains

unknown.

One of the most severe fragmentation events to date occurred on the 13th November
1986, when the SPOT 1 Ariane third stage exploded violently into some 465 detectable

fragments [8]. This explosion was believed to have occurred due to the mixing of residual
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Cause Events
Unknown 56
Aerodynamic 9
Deliberate Explosion 48
Propulsion Related 49

Electrical 7
Collision 1
Total 170

Table 2.1: Historical fragmentation events as of 31st May 2001 [5]

propellant.

The probability of collisions between catalogued objects is very low, but is becoming a
greater threat as the number of orbiting objects continues to increase. To date there
has been one validated case of such a collision. A French military research satellite,
Cerise, was struck and partially disabled on the 24th July 1996 by an Ariane booster
fragment [9, 10].

Non-Fragmentation Debris Sources

Non-fragmentation debris includes such objects as solid rocket motor particulates and
slag, sodium potassium (NaK) reactor coolant liquid droplets, paint flakes and clusters
of dipoles which formed after the ‘Westford Needles’ experiment in 1963 [11]. The
knowledge of such debris, mainly in the sub-millimetre size range, is achieved by in-situ
impact measurements, by on-orbit detectors, and from post-flight analysis of returned
surfaces. NASA’s Long Duration Exposure Facility (LDEF), for example, was covered
by more than 30,000 craters visible to the naked eye. Approximately 5,000 of these had
a diameter larger than 0.5 mm. The largest was 5 mm in diameter and was probably
caused by a particle 1 mm in diameter [12]. As for ESA’s European Retrievable Carrier
(EURECA) the largest impact crater diameter was 6.4 mm [13]. However, the returned
solar array of the Hubble Space Telescope (HST) gave data for the highest orbital
altitude. An interesting finding was that the impact flux for the HST was considerably
higher (by a factor of 2 to 8) than for EURECA for crater pit sizes larger than 200
to 300 pm [9]. The cases described above give some indication of the sub-millimetre
debris population below 600 km altitude. Unfortunately, very little information is known

about this debris population above this altitude, especially in the regions of high spatial
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density (altitudes of about 800 to 1,000 km) as well as GEO. The launch of GORID
(Geostationary ORbit Impact Detector) in 1996 was aimed at rectifying the situation in
GEO, and although some initial results have been published by Drolshagen et al [14],

investigations are continuing.

Atmospheric Drag

The orbital decay effects arising from atmospheric drag only affects objects orbiting in
LEOQ below an altitude of about 1,000 km. The process is very slow and can take several
months to several years before an object re-enters the Earth’s atmosphere and burns
up. For any objects orbiting above this altitude, the effects of atmospheric drag are
considerably less effective. It can take hundreds or even thousands of years for orbits
to decay to re-entry altitudes. An unfortunate attribute of atmospheric drag is the
threat arising from an object as its orbital path decays and passes through lower orbital

regions, resulting in interaction with other orbiting objects.

2.1.1 The Orbital Debris Environment

Orbital space debris generally refers to material that is left in orbit as a result of space
activity, and is no longer serving any useful function. Studies have suggested that there
is approximately 2,000,000 kg of orbital debris mass below an altitude of 2,000 km [6].
The mean number of objects in the LEO, MEO and GEO regions, according to the ESA
MASTER-99 model [15, 16, 17], are highlighted in Table 2.2.

Figure 2.3 shows the spatial distribution of the catalogued population as of 21st August
1997 [9]. It clearly shows three pronounced peaks in LEO, MEO and GEO. The first
of these peaks mostly relates to objects in near-circular orbits in the densely populated

altitude region of around 1,000 km. In the MEOQO region, peak concentrations occur

Debris size Objects in LEQO Objects in MEO Objects in GEO

> 0.1 mm 1.03 x 1010 1.6 x 10* 2.5 x 1010
> 1 mm 3.8 x 107 1.6 x 108 2.1 x 107
>1cm 121,289 173,244 20, 703

> 10 cm 13,207 2,191 564

Table 2.2: Space debris population breakdown with size according to the ESA MASTER
99 model [5]
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Figure 2.3: Spatial density distribution of catalogued objects as of 21st August 1997 [9]

around an altitude of 20,000 km relating to the 12 hour orbits (e.g. Molniya, GPS) and
the GTO transfer orbits of 10.5 hours. The final peak around an altitude of 36,000 km

is caused by the 24 hour orbit periods (e.g. near-GEQ missions).

For the smaller debris population, space debris models have been developed to provide
a mathematical description of the objects in Earth orbit. Figure 2.4 shows the spatial
density for various size objects as predicted by the DAMAGE (Debris Analysis and
Monitoring Architecture for the Geosynchronous Environment) model [18, 19] as of
1st May 2001. Note that the peaks for the objects greater than 10 cm, and 1 m, closely

correspond to the catalogued spatial density values shown in Figure 2.3.
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Figure 2.4: Spatial density distribution of predicted objects as of 1st May 2001 as
predicted by the DAMAGE model

2.1.2 The Meteoroid Environment

The meteoroid environment encompasses particles of natural origin only, and nearly
all of these meteoroids originate from either comets or asteroids in orbits around the
Sun. There are two main meteoroid populations - stream and sporadic. The stream
meteoroids are remnants of decaying comets, which retain their parent body orbit and
create periods of high flux. The sporadic meteoroids, which randomly occur with no
apparent pattern, are remnants of meteoroid streams that have dispersed throughout
the solar system over many years as a result of gravitational perturbations. It has been
estimated that approximately 200 kg of meteoroid mass is always moving through a
volume within 2,000 km of the Earth [6]. They travel at exceptionally high speeds and
have an average velocity, relative to an orbiting spacecraft of 20 km/s, although this

can be as high as 70 km/s.

The meteoroid environment is defined as the average total meteoroid environment. This
is composed of the average sporadic meteoroids and the yearly average of stream mete-
oroids. Figure 2.5 shows the relationship for the representative meteoroid and orbital de-
bris environments for the Small Expendable Deployer System (SEDS-2) mission, which

flew in March 1994 [20]. The graph clearly shows that the meteoroid environment
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Figure 2.5: Cumulative particle flux as a function of particle diameter [20]

consists of higher particle flux levels for particles less than 0.1 ¢m, with orbital debris
contributing higher particle flux levels for particles larger than 0.1 cm. A spacecraft
encountering such meteoroid fluxes will mainly be subjected to surface degradation and
should not suffer any serious consequences, such as mission failure. However, with the
introduction of a space tether system into such an environment, the meteoroid popu-
lation may cause substantial damage and even mission failure to single strand tether

systems.

2.2 Risk Analysis

The probability of a collision with orbital debris depends on altitude, inclination, size
and the length of time in orbit of a target object. For example, altitudes from 800 to
1,000 km contain an average population of 100 catalogued objects per 10 km altitude
bands [21]. It has been estimated that a spacecraft in LEO is 100 times more likely to

experience a collision than those in semi-synchronous and geosynchronous orbits [22].
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The following sections consider the consequences of a debris fragment impacting an
operational spacecraft in the LEQ and GEQ debris environments. The formation of,

and potential risks associated with debris clouds are also considered.

2.2.1 Debris Classification

Although orbital debris have a number of different sources, sizes, and compositions,

LEO objects may be classified using the following definitions:

e Degrading - objects with a diameter of less than 1 mm. The number of degrading
debris objects in orbit has been estimated to be in its trillions, and information
about this population has been gathered by examining the damage caused to
returned surfaces. These in-situ measurement techniques have shown that damage
from such collisions are reduced to component damage, craters, spallations, and

degradation of spacecraft surfaces.

e Damaging - objects with a diameter between 1 mm and 10 ¢cm. The number of
damaging debris objects in orbit has been estimated to be of the order of tens
of millions. Collisions with such debris can cause serious damage to a spacecraft,
and the possibility of mission failure. It also results in the creation of a significant
amount of small debris, increasing the local degrading debris population. The risk
associated with this debris population is increased further by the fact that current

technology is unable to adequately track, and hence catalogue such debris.

e Catalogued - objects with a diameter greater than 10 cm. The probability of
collision with a catalogued debris object is very low because most of this population
is monitored and catalogued by the USSPACECOM. However, such an impact
would be catastrophic, with something of the order of 10® fragments 1 mm or

larger being created.

The three debris populations introduced above can be found in all orbital regions.
Frequently used regions, that offer benefits to spacecraft designers such as providing
high-resolution images or retaining a constant longitude over the Earth, suffer from
high debris density levels. The most densely populated regions are in LEQ in the

altitude range bands 800 to 1,000 km and 1,400 to 1,500 km.
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Figure 2.6: The damage sustained to a Space Shuttle window from a fleck of paint [24]

The average relative velocity of an impact in LEO is approximately 10 km/s, where
even the smallest of objects can contain an amount of kinetic energy and momentum
sufficient to damage a spacecraft. Figure 2.6, for example, shows a 4 mm diameter
crater on the Space Shuttle window after a 0.2 mm diameter fleck of paint impacted

with a relative velocity of about 3 to 6 km/s [23].

For GEO altitudes the average relative velocity of an impact is considerably lower than
that of LEQ, typically around 200 to 300 m/s in the GEO ring because of objects
occupying similar orbits. However, relative velocities can be as high as 2 km/s, due
to objects in highly eccentric (transfer) orbits crossing the GEO arc, and as such any
collisions would still cause considerable damage to spacecraft. For example, a 1 cm
fragment in GEQO will have roughly the same damage potential as a 1 mm fragment in
LEO. This can be shown mathematically using the kinetic energy equation, given by
Imuv?, where m is the mass (kg) and v is the velocity (m/s). Hence, a 1 cm fragment in
GEO with a mass of about 1.14 x 1073 kg and a relative velocity of about 300 m/s will
have a damage potential of about 51.3 Joules. While a 1 mm fragment in LEO with a
mass of about 2.1 x 1078 kg and a relative velocity of around 7 km/s will have a damage

potential of 51.45 Joules. However, at GEO altitudes only objects 1 m or larger may be
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tracked, making it impossible to detect and avoid some large debris objects. This could

result in a catastrophic collision resulting in the possibility of mission failure.

2.2.2 Debris Clouds

A debris cloud is a large concentration of debris fragments in a well-defined region of
space. They are formed when a space system fragments, caused either by an explosion or
a collision. A debris cloud consists of three phases of evolution and continues to evolve
from its formation. The first evolution phase occurs immediately after the original space
system fragments, when the cloud is compact, dense and roughly spherical in shape,
assuming that the fragments are ejected more or less isotropically - see phase 1 of Figure
2.7. The cloud will then quickly elongate along the space system’s original orbital path
because of the different velocities of the ejected fragments. Eventually the leading edge
of the debris cloud will catch up with the trailing edge, hence encircling the Earth. It
takes hours to days for an ensemble of fragments to reach this phase - see phase 2 of
Figure 2.7. As the cloud continues to evolve it will wrap around on itself, taking the
form of a spiral which is pinched at two locations. Two kinds of ‘pinch’ phenomena

occur:

e The pinch point occurs at the original fragmentation point since all the debris
will return through this point. Over time, the effects of orbital perturbations will

tend to disperse the pinch point.

e The pinch line occurs along a radius in the original space system’s orbital plane
180° from the pinch point, because all the debris must pass through the orbital

plane along this line.

The effects arising from orbital perturbations greatly effect the evolution of the debris
cloud. The zonal harmonic J3, which represents the polar flattening of the Earth (also
known as the equatorial bulge), for example, causes the right ascension of the ascending
node to precess and the argument of perigee to recess in a secular fashion. The rate of
change of Q and w will depend on the semi-major axis, inclination and the eccentricity of
a fragment’s orbit. Hence, the slight differences in the orbital elements of each fragment
will result in different rates of changes in @ and w. This causes the values of © and

w of the clouds fragments to spread out over time, thus having a smearing effect on
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Phase 3

Figure 2.7: The evolution of a debris cloud [22]

the pinch locations. The continuing spread of the argument of perigee has the effect of
transforming the pinched spiral into a torus. Meanwhile, the dispersion of the nodal
positions causes the cloud to evolve into a band which encircles the Earth [25]. This
last phase will be reached months to years after the initial fragmentation event - see
phase 3 of Figure 2.7. Each evolution phase of a debris cloud will pose a different threat

to an orbiting space system. These are outlined below.

e A short-term threat exists immediately after the original fragmentation event
where the debris is very localised. An orbiting space system passing through the
cloud, while it is still compact, will experience a very high debris density posing

a significant threat to the space system’s functionality.

¢ An intermediate threat exists when the cloud has evolved and wrapped around
itself forming a torus. An orbiting space system encountering the cloud will ex-

perience a reduced debris density level.

o A long-term threat (of small magnitude) exists when the debris cloud has com-

pletely dispersed around the Earth and has become part of the background debris
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environment.

A brief discussion will now focus on some case studies involving debris clouds that

have been performed in the past demonstrating the three evolutionary phases of debris

clouds.

Case Studies

Two case studies were performed by Swinerd et al [26] involving debris clouds. The
first scenario described a constellation that was similar to that of the Iridium system,
containing around 70 satellites in near-polar orbits at an altitude of around 800 km. The
second was a Globalstar-like configuration consisting of 56 satellites at an altitude of
around 1,400 km, distributed in orbit planes inclined at 52°. The case studies examined
the collision risks associated with the two systems after one of the system satellites
fragmented. The collision hazard assessment was completed using the Space Debris
Simulation (SDS) suite [4]. The study showed that no major encounters occurred after
about 20 days, for the worst case. However, with a simulation run period of just 30 days
it was not possible to deduce that a further significant collision occurred at a later stage.
However, given the fact that the cloud density had dropped below the background level

(for debris > 1 mm), it was thought unlikely.

Figure 2.8 shows the density of the simulated debris cloud and clearly shows the debris

density reducing with time. This coincides with the three evolutionary stages of a debris

Debris density {fragskm**3)
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Tirre sincg breakup {min) x10%

Figure 2.8: Density of simulated debris cloud [26]

20



cloud with a short-term hazard existing at the point of fragmentation and the long-term
threat existing at the end of the simulation where the cloud density has dropped below

that of the background density for that particular altitude.

2.3 The Future Situation

The future trend of the space debris environment will depend on whether the creation
or removal of orbital debris dominates. In the past, the creation of orbital debris has
dominated. Before we are able to determine the most effective mitigation measures to
help in solving the space debris problem, it is essential to quantify the problem not only
in terms of the current debris environment, but also in terms of its future growth. If the
orbital debris population continues to grow, as it has done, then a critical level will be
reached resulting in a number of random collisions, each producing even more fragments.
When the rate of random collisions begins to exceed the removal rate, caused by natural
decay, then the orbital debris population will begin to grow exponentially, as collision
fragments themselves cause more collisions. This process is referred to as collision
cascading [1] or as a chain reaction [27]. It is because of this potential dominance of
uncontrollable random collisions that the need to establish guidelines on limiting orbital

debris [28] and international debris mitigation practices [29] is paramount.

The following section discusses the space debris problem over the next century if mankind
neglects to take any action on the problem. This type of scenario is usually referred
to as ‘business as usual’, when no mitigation methods are implemented and the recent
space traffic increase continues into the long-term future. A full breakdown is given in
the next subsection of the debris source population for the ‘business as usual’ scenario
as predicted by the ESA DELTA (Debris Environment Long Term Analysis) model [30]
for both the LEO and GEOQO environments.

2.3.1 Business as Usual

If there were no debris mitigation measures implemented for future space activities then
a continued growth of the large debris population will be expected over the next century.

This is illustrated in Figure 2.9. The causes of such a growth would be attributed to the
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the ESA DELTA model [5]

22



400,000
All sources == -- - - o
350,000 § Launchobjects. ..... |- T ——— b, S— R
Explosion frags ——— | | ’_’ ‘
300,000 Collision frags sesmemmsmsenn | :‘ """"""""""" : -------- ;-'-;g-;-;-,‘-'g- .....................
é 250,000 SRM slag = « —« — : ; . :
o) ' NaK droplets
O
© 200,000
@
IS
g 160,000
2 190,
100,000
50,000 freeeeeeeeeeeeees
A
02000

Figure 2.11: The evolution of the number of objects in LEQ > 1 cm in size [5]

accumulation of launch and mission related objects and fragments produced from on-
orbit fragmentation events. Unfortunately, such an increase would be sufficient to result
in a growing number of collisions between these large objects in the LEO environment
over the next century. These collisions would be most common in the highly-utilised 800
to 1,000 km altitude band, at near-polar inclinations - see Figure 2.10. The increase in
collision activity over the next century would generate enough fragments to overwhelm
all other debris sources in LEO. As a consequence, the population of the smaller debris

objects would experience long-term exponential growth - see Figure 2.11.

Although no collisions were predicted by DELTA in the GEO region over the next
century, the absence of any natural removal mechanism for debris objects can only
result in an increase in population over time. Hence, if the increase in population

goes unchecked over the centuries, then the onset of collision activity in GEQO is to be
expected.

The long-term evolution of the orbital debris environment is very sensitive to variations
in the future traffic (launches and explosions), the introduction of new satellite constel-
lation systems and nano-satellite swarms, and alterations to various aspects of satellite

breakup models [31]. For example, if the future traffic rates increased by a factor of
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two or more, then (without mitigation) the lethal centimetre sized debris population in

LEQO may increase by an order of magnitude or more over the next century.

The relationships used to model an on-orbit fragmentation event have been found to
play a crucial part in the outcome of results produced by long-term debris environment
models. These differ from one another, dependent upon the breakup model used. For
example, the combination of different number, area-to-mass, and additional velocity
distributions over fragment size can have a profound effect on the projected debris
population over the next century. This was observed when the NASA 1998 breakup
model [32] was used to generate fragments from explosions and collisions in the DELTA
long-term projections. The results of the NASA breakup model produced many more
collision fragments, and many more small explosion fragments compared to the older
breakup models employed by DELTA. This led to significantly higher future population

levels for the ‘business as usual’ scenario [5].

2.4 Mitigation Guidelines

In recent years there has been an increased awareness of the threats posed by the space
debris environment. This realisation has resulted in the development of a number of
mitigation guidelines [28, 29]. The aim of these mitigation guidelines is to help stabilise,
or even reduce, the growth of orbital space debris. The most common categories of debris

mitigation include:
¢ the prevention of on-orbit explosions and operational debris release,
¢ the reduction of particulates ejected from solid rocket motor firings, and
¢ the post-mission disposal of space systems.

The evaluation of such debris mitigation measures are associated with three major

criteria:

e Benefit - The future collision rate must be stabilised, hence avoiding collision
cascading and future exponential growth of the debris population. The population
growth in operationally popular regions must also be brought under control by

achieving stabilised or reduced levels of debris.
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e Risk - The collision risk should be minimised over the long-term by keeping

population levels as low as possible for all altitudes.

e Cost - The cost of mitigation measures should be kept to a minimum for all future
space missions. This should also include the additional propellant requirements

for post-mission disposal options.

The benefits of mitigation measures to the debris environment are clearly of primary
concern, but at what risk and cost? Risk and cost are very important, but competing
criteria. For example, a relatively low collision risk in the future will cost relatively
more to achieve, and vice versa. Thus, a balance between them is essential to obtain an

optimum, and to encourage commercial operators to implement such measures.

The consequences of performing mitigation measures such as passivation and post-
mission disposal manoeuvres are considered in the following sections. Particular at-
tention is paid to post-mission disposal manoeuvres, such as de-orbiting, directly or

indirectly (placing the space system into a reduced orbital lifetime), and re-orbiting.

2.4.1 Passivation

The implementation of passivation would greatly reduce the amount of on-orbit explo-
sions, which has been the dominant contributor of orbital debris in the past. Passivation

procedures may include:

s burning or venting any residual propellants,
e venting all pressurised systems, and
s discharging batteries.

It is recommended by all space agencies to perform these mitigation measures, prevent-

ing further on-orbit explosions.

2.4.2 De-orbiting

The orbital lifetime for an object in LEO can be many thousands of years. Hence, to
avoid the accumulation of large objects in LEO, a post-mission de-orbiting manoecu-

vre should be performed, either removing the spacecraft from orbit or placing it into
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Figure 2.12: Orbital lifetime of LEO objects [5]

a reduced orbital lifetime. The ideal, and preferred method (as far as debris reduction
is concerned), would be to perform a post-mission de-orbit manoeuvre completely re-
moving the object from orbit. However, this can require a large amount of propellant,
resulting in a shorter mission lifetime, and is not always feasible. Therefore, placing
the spacecraft into an orbit with a reduced post-mission orbital lifetime is the next best

solution and one that could significantly help in freeing-up the already over-populated
debris environment.

Figure 2.12 illustrates the orbital lifetimes of near-circular LEQO orbits (a constant
medium solar activity defined by Fig7 = 125 x 10722 W/m?2/Hz is assumed) [5]. For
ESA’s European Remote Sensing satellites, ERS-1 and ERS-2, that have near-circular
orbits at altitudes of about 780 km, and mass-to-area ratios of about 75 kg/m?, a post-
mission orbital lifetime of about 100 years or more is to be expected. An analysis of the
French SPOT-1 satellite, which operates at a similar orbit as ESA’s ERS satellites, was
shown to have a considerably shorter post-mission orbital lifetime of just 5 years when

a number of apogee burns were performed to reduce its perigee altitude to 300 km.

A study by Walker et al [5] was performed to compare the de-orbiting capabilities of
chemical and electrical propulsion systems in near-circular LEO orbits. The study also

considers two different mass-to-area ratios of 20 kg/m? and 200 kg/m?. The results

26



-
£

[ 800 km, 200 kg/m? === i

| 800 km,20kg/m* ==

i
12 i
£ 10 i
c
2
8 8
[TH
1
L S S N S,
< s
©
>
g PR SO SRR SRS
O H H i ‘ i T T e ey .
0 10 20 30 40 50 60 70 80 90 100

Post-mission lifetime (years)

Figure 2.13: Fuel mass fraction versus post-mission lifetime for chemical propulsion [5]

i | 800 km, 200 kg/m® === }
'] 800 km, 20 kg/m? —— e 7
1,400 km, 200 kg/m®

Fuel Mass Fraction (%)

Post-mission lifetime (years)

Figure 2.14: Fuel mass fraction versus post-mission lifetime for electrical propulsion [5]

27



indicated that electrical propulsion systems consumed nearly an order of magnitude
less fuel (in terms of mass) than chemical propulsion systems to place the space sys-
tem into the required post-mission orbital lifetime orbit - see Figures 2.13 and 2.14.
This is particularly significant for altitudes around 1,400 km where the chemical fuel
mass fraction is on the order of 8 to 11% of the host spacecraft. However, an electric
propulsion system requires a more massive electrical power system which will have to
be traded against fuel mass savings. Therefore, the net fuel mass savings plus any extra
costs to achieve a reliable reduced post-mission orbital lifetime will be one of the main

determining factors for choosing electric propulsion over chemical propulsion.

An interesting attribute from Figures 2.13 and 2.14 is the exponential characteristic for
post-mission orbital lifetimes of less than 25 years. However, a reduction of post-mission
orbital lifetime from 100 to 25 years requires just a low gradient linear increase in fuel
mass fraction. Hence, a post-mission orbital lifetime of 25 years is recommended to

prevent disproportionate increases in the fuel requirements.

2.4.3 Re-orbiting

Performing an orbital manoeuvre to reduce the post-mission orbital lifetime for a space
system operating at an altitude of 1,400 km can be quite costly. Hence, the re-orbiting of
such systems into a higher disposal orbit, around 2,000 km, was studied by Walker et al
[5] - see Figure 2.15. They concluded, at the time of writing, that the collision activity of
such re-orbiting procedures would be negligible over the next century. However, due to
the lack of any natural removal mechanisms at these higher disposal orbits, these objects
would remain long-term collision hazards for many centuries to come, allowing the region
to reach a state of collisional instability easily, through overuse or by poor passivation.
It is advised therefore to perform this manoeuvre only in exceptional circumstances,
when placing a space system into an orbit with a reduced post-mission orbital lifetime
is not feasible. However, re-orbiting is the only manoeuvre possible in GEQ, at present.
The DELTA model has shown that such re-orbiting mitigation measures can help to
stabilise the potential collision risk in GEQ, with no collisions being recorded by the

DELTA model in the GEO ring over the next century [5].
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2.5 Forecasting and Protection

With the increased awareness of the threat posed by orbital debris, spacecraft design-
ers and mission operators are learning that mission lifetime collision risks are already
moderate in some regions of LEO. Hence, for future mission success these risks must
be properly assessed. If the mission collision risks are unacceptably high, then they
must be effectively mitigated through changes to the mission (e.g. orbit selection) or

spacecraft shielding.

The following sections consider the collision risks associated with spacecraft over the
next century in LEQ and GEO. The discussion also considers the various methods of

protection that could be implemented to aid with reducing such risks.

2.5.1 Long-Term Forecasting

Two scenarios were considered by Walker et al [5] using the DELTA model to consider
the effect of various mitigation measures on the future impact flux of LEO objects
over the next century. The first was a low altitude manned mission at 450 km, with an
inclination of 51.5°. The second was a remote sensing type mission in a sun-synchronous

orbit inclined at 98.5° with an altitude of 800 km. It was found for the ‘business as
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usual’ remote sensing mission, that the impact flux arising from the centimetre sized
objects, was initially dominated by explosion fragments and NaK droplets. However,
with relatively high decay rates these were quickly overtaken by the rapidly growing
collision fragment source. For objects greater than 10 cm in size the impact flux to the
remote sensing mission is initially dominated by explosion fragments and launch related
objects. However, by the end of the century, large collision fragments may begin to
dominate. Therefore, it was concluded that post-mission disposal is the most effective
mitigation measure for such remote sensing mission scenarios, because it stabilises the

risk from launch related objects and the rate of collisions.

For the manned mission, it was found that the impact flux arising from the centimetre
sized objects was dominated by SRM slag particles and explosion fragments throughout
the simulation. However, at the end of the simulation, fragments produced from colli-
sions had grown to a similar level. For objects greater than 10 cm in size the impact
flux is dominated by launch related objects and fragments produced from explosions
decaying through the 450 km altitude band. Therefore, the most effective mitigation
methods, for a low altitude man mission, would be passivation, SRM slag prevention
and post-mission disposal to aid in reducing the smaller collision fragment population
- see Figure 2.16. An unavoidable side effect of post-mission disposal of LEO objects,
by lowering perigee altitude to ensure decay within a limited lifetime, is the increase of
impact flux from larger objects along the lifetime limitation timescale (e.g. 25 years),
which then stabilises at a higher level. It was found that longer post-mission orbital
lifetimes produced higher stabilised flux levels - see Figure 2.17. The stabilised impact
flux for the 25-year disposal de-orbit only slightly exceeds the ‘business as usual’ case
scenario over the next half a century. Thereafter, the relative risk is lower. Any increase
in the population due to de-orbit manoeuvres will not present an increase in collision risk
since these large objects can be tracked and easily avoided by implementing the usual
collision avoidance manoeuvres for manned missions. Hence, a 25-year post-mission
orbital lifetime was found to provide a good compromise, for higher altitude missions,

between:

e a 100-year post-mission orbital lifetime, of higher station manoeuvre cost and

lower de-orbit cost, and

e a 10-year post-mission orbital lifetime, of lower station manoeuvre cost and higher

30



2.4e-05
2.26-05 J Business as usual =« = —
J Passivation == —.
2.0e-05 i 10 year de-orbit «wmeerns
0 j 25 year de-orbit =====--"
1.8e-05 100 year de-orhit .
o 1.6805 ferreen S SR e
£ : Loty
E 14605 /i
5
o 1.2e-05
k3]
8 1e-05
£
8e-06
6e-06
4e-06
2e-06 ; : : :
2000 2020 2040 2060 2080 2100

Year

Figure 2.16: Total impact flux to a manned mission orbit for objects > 1 c¢m in size
using various mitigation methods [5]

1.8e-06 r -
' Business as usual =« -~ |
1.6e-06 ! Passivation — -« =« = ) ............ e meeeeemr e eame e e eeeeae e e geesrees
i 10 year de-orbit oo [ : i
1.4e-08 |-/ 25 year de-orbit -------- ; ............ e AN ASEL A ]
= | 100 year de-orbit | { :
> 1.2e-06 ‘
£
5 1e-06
T
5
8e-07
E e
6e-07
4e-07 [ 7 -
2e-07 - : : -
2000 2020 2040 2060 2080 2100

Year

Figure 2.17: Total impact flux to a manned mission orbit for objects > 10 cm in size
using various mitigation methods [5]

31



de-orbit cost.

For GEO missions, it was predicted that the impact flux concerning the centimetre
sized objects, such as slag particles from solid motor firings, would dominate. Hence,
introducing SRM slag prevention as a mitigation measure would help to contain the fux
levels. For objects greater than 10 cm in size, the launch related objects are predicted
to dominate. Hence, removal of space systems from the GEO region via re-orbiting
to higher altitudes, combined with passivation, would be the most effective mitigation

measure to control the growth in debris flux levels.

2.5.2 Spacecraft Protection

Protection of a spacecraft can be achieved using either passive or active protection.
Passive protection strategies physically protect the spacecraft during a debris encounter
by the use of shields. Current methods involve shielding the entire spacecraft or vital
spacecraft components which if damaged may result in mission failure. Shields vary in
design from the simple Whipple bumper, located at the front of the spacecraft wall,
to complex layers of metal and ceramic/polymer fabrics that are designed to absorb
the energy of particles resulting from the initial impact. A space station, for example,
may use a stand off aluminium shield approximately 0.16 cm thick, with 30 layers of
Mylar thermal insulation covering the structural wall. Such designs have been shown
to protect against a collision of debris particles up to 0.5 cm in size [33], although this

will also depend on the impact energy.
Active protection involves the spacecraft performing a burn to physically avoid a debris
encounter. However, collision avoidance is not an easy procedure and involves the
following requirements:

1. debris detection,

2. debris orbit determination,

3. spacecraft preparation for manoeuvre,

4. manoeuvre execution, and

5. returning spacecraft to normal operations.
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Identifying a debris fragment that will actually threaten the spacecraft in question whilst
allowing time to perform an avoidance manoeuvre is a very difficult task. One method
is passive sensing using optical or infrared sensors. For example, a visible light sensor
with a 0.1 m? aperture will be able to detect a 1 cm object illuminated by the Sun
100 km away {depending upon albedo) . For objects hidden by the Earth’s shadow, an
infrared sensor with a 0.5 m? aperture would provide adequate detection at a range of
100 km. Another method involves the use of a space-based system for tracking objects
and relaying their position and velocity to other satellites. The advantage of using this

method over on-board sensors is the ability to provide an early warning [33].

For the US Space Shuttle Orbiter, an alert box measuring 5 km x 25 km X 5 km (radial
x along-track x out-of-plane) is centred on the Space Shuttle position. A debris object
predicted to pass within this alert box initiates increased sensor tracking and improved
orbit determination. If an improved fly-by prediction indicates that the object will pass

through a manoeuvre box measuring 2 km x 5 km x 2 ki, an avoidance manoeuvre is

performed.

The probability of a collision between an object greater than 10 cm and the Space
Shuttle (in the case of no avoidance procedure) is of the order of 1 in 200,000 for a 10
day mission duration [5]. For objects that can not be tracked (i.e. less than 10 cm) the
probability is of the order of 1 in 2,000. The impact velocity for objects greater than 1
cm and the Space Shuttle is typically of the order of 9 kim/s. Between the STS-26 and

STS-85 missions, a total of six collision avoidance manoecuvres were performed.

2.6 Discussion

Before discussing the implications of introducing a space tether system into Earth orbit,
it is worth highlighting the important findings from this chapter. The first point to note
is that collision risks associated with orbital debris in LEO is now considered to exceed
the collision risks from the meteoroid population, with the exception of smaller objects
less than around 0.1 mm in size. However, the opposite is probably true for GEO
[84, 35]. The spatial density in LEO is altitude and inclination dependent with peak
densities occurring at altitudes of 800 to 1,000 km and 1,400 to 1,500 km and at near-

polar inclinations. These are popular operational orbits, and this trend will continue
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into the foreseeable future. As such the impact risk in such orbits will continue to
increase. However, with the implementation of appropriate mitigation measures, such

as post-mission de-orbiting, the growth of orbital debris may be controlled.

There exists a certain amount of uncertainty in the long-term evolution of the orbital
debris environment, although it is possible to predict collision fluxes with specific satel-
lites over a range of scenarios using debris models such as SDS, DAMAGE and DELTA.
Although these models can give estimates of the collision flux a satellite may experience

during its mission, the probability of mission failure is still uncertain.

In recent years, a number of proposals regarding space tether systems have been con-
sidered. However, the introduction of such a device into the space debris environment
comes with a new set of problems. Unlike a typical satellite, a space tether system may
be many kilometres in length, resulting in a very large cross-sectional area. A space
tether system would also lack vital shielding material, making it susceptible to the small
debris population, where just one impact may result in mission failure. Hence, a good
understanding of the interaction between a space tether system and the space debris

environment is of exceptional importance.
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Chapter 3

Space Tether Systems

The concept of using tethers in space was first proposed by Konstantin Tsiolkovsky
after secing the Eiffel Tower in 1895 [36]. He imagined a space tower extending from
the Earth’s surface to a geosynchronous orbit. Tsiolkovsky envisaged a ‘celestial castle’
orbiting at 35,800 km at the end of a spindle shaped cable with an elevator riding up
the cable to the ‘castle’. Almost 100 years later, Arthur C. Clarke [37] gave the concept

of Tsiolkovsky’s space elevator greater public awareness.

A ‘spin-off’ use of Tsiolkovsky’s tower would be the ability to launch objects into orbit
without the use of a rocket. With the elevator attaining orbital velocity as it rode up
the cable, an object released at the top of the tower would also have the orbital velocity
required to sustain a geosynchronous orbit [38]. However, constructing such a tower
proved to be an impossible task, since it was determined that the material required
to build such a tower would be twice the strength of any existing material including
graphite, quartz and diamond [38]. Hence, Tsiolkovsky’s space tower will remain in the

realm of science fiction until new materials can be developed.

Although Tsiolkovsky’s idea is somewhat impractical, the use of tethers in space offers
a variety of practical applications. In recent years a number of proposals regarding
the use of tethers in space have been put forward. Such proposals have included using
such devices for boosting the International Space Station’s orbit, removing the need for
the expensive procedure of delivering the necessary propellant supply. More advanced
proposals of using space tether systems for Jovian exploration are also being considered.

Another concept is the use of space tethers to help relieve the space debris problem. The
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idea is to attach an electrodynamic space tether system to a satellite which would be
deployed after the mission has been completed. The interactions between the current-
induced magnetic field of the tether and the Earth’s magnetic field causes a Lorentz
force, which opposes the motion of the tether. This would result in the satellite having a
reduced orbital lifetime, freeing up the space it once occupied. It has been predicted that
a tether system weighing just 1 to 2% of the host spacecraft may de-orbit an Iridium-type
satellite, from an 850 km altitude, 50° inclined orbit, within about 3 months. Without
the electrodynamic tether system, such a satellite may be in orbit for hundreds of years
before atmospheric drag finally reduces the satellite’s orbit height enough to cause re-

entry and subsequent burn-up.

The introduction of electrodynamic tether systems to help resolve the space debris prob-
lem sounds like the ideal solution. However, space tethers are very susceptible to debris
impacts. A single strand tether system introduced into the space debris environment,
for example, has been predicted to have a lifetime of just a few days. This prediction
was justified during the Small Expendable Deployer System (SEDS-2) mission when
the tether was severed, allegedly by a micro-meteoroid, 3.7 days after deployment. A
number of tether system designs have since been proposed, such as double strand and
multi-strand tether systems, increasing a tether systems overall survivability in the space

debris environment.

3.1 Tether Basics

A simple space tether system consists of a long cable that is used to couple two satellites
to one another allowing the transfer of energy and momentum from one to the other.
The tether is usually composed of thin strands of high strength fibres such as Spectra

or Kevlar.

The following sections discuss two types of tether designs, mechanical and electrody-
namic, with particular attention being paid to momentum transfer by mechanical tether

systems, and propulsion and drag by electrodynamic tether systems.
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3.1.1 Mechanical Tether Systems

A mechanical tether system consists of a long cable that is used to couple two objects
together. The tether is deployed by pushing one of the objects up or down from the
other. Once the two objects are separated by a sufficient distance, the gravitational force
difference at the two locations will cause the objects to be ‘pulled’ apart. This is referred
to as the ‘gravity gradient force’. The tether can then be released at a controlled rate,
pulled by the tension caused by the gravity gradient force. Once deployed the tether will
have an equilibrium orientation that is aligned vertically if no other forces are acting on
the tether. A mechanical tether system offers the possibility of multi-point atmospheric

research and momentum transfers.

Momentum Transfers

A momentum exchange tether system allows momentum and energy to be transferred
from one object to the other. An analysis performed by Lee-Bapty [39] demonstrated
that the separation distance between two objects, half an orbit after tether release, is

about seven times the initial length of the tether. This analysis is outlined below.

Consider two satellites, of equal masses, in a circular Keplerian orbit, connected by a
tether. The two objects are then forced to orbit with an angular velocity equal to that

of the tether system’s centre of mass. This is given by

H
n = MR#S’ (3.1)

where Rg is the position of the centre of mass and p is Earth’s gravitational constant.
Therefore, the upper mass has an orbital velocity, V,,, which is higher than its local

circular orbit speed, given by
Vu = n(RO + Tu) = nhy, (3'2)

where 7, is the distance from the tether system’s centre of mass to the upper mass.
Similarly, the lower mass would have a velocity, V}, which is lower than its local circular
orbit speed, given by

Vi=n(Ry — ) =nR, (3.3)
where 7, is the distance from the tether system’s centre of mass to the lower mass. Note

that r, + 7 = L, where L is the total length of the tether. Hence, disconnecting the
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tether would cause the two end-masses to become ‘free-flyers’ and would release them
into new elliptical orbits. The upper mass, with its higher than local orbital velocity, at
the disconnection point, would be at the perigee of its new orbit, while the lower mass
would be at the apogee of its new orbit. The upper mass perigee position and velocity

would be given by
Rup = R, (3.4)

and
_ _ H
Vup = Vu - —Ru- (35)

Similarly, the lower mass apogee position and velocity would be given by

Rla - Rla (36)

ety | H
Wa =V = R"'gRl (37)

To obtain the apogee position of the upper mass, Ry,, and the perigee position of the

and

lower mass, Ry,, we use the energy equation

2 1
2— _
v “‘(R )

% (2a — R), (3.8)

where a = (R, + R,)/2 is the semi-major axis. Thus at perigee we have

2uR,

Vie T 3.9
P Rp(Rp + Ra) (39)
or conversely )
2u -
= —1 . 3.10
r=|(am) 1] ® (610
Similarly, at apogee we have
. 2uR
yvi=___"P 3.11
a Rg,(Rp + Ra)’ ( )
and .
24 B
= -1 . 3.12
NGAR 612

Therefore, substituting for B, and V,, from Equations (3.4) and (3.5) into (3.10) for the
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upper mass we get
-1

Ry

Ro\?®
2(37) -1

T 3 -
= f2{1 =%} _
[( R) 1| R,
L 2

since Ry, = Ry + ry. Similarly, substituting for R, and V, from Equations (3.6) and

(3.7) into (3.12) for the lower mass we get

3
Ry = |2 (%) -1 R
3 -1
- Yy
= [2 (1 + Rl> 1 R,
L 2
= Ry—Tr+0 B/ (3.14)

since Ry = Ry — ;. Hence, the distance between the apogee of the upper mass and the

perigee of the lower mass is

I 2
Ry, — Rp = 7(Tu+n)+0(§>

- o(4) o

Hence, the separation distance between the two end-masses half an orbit after discon-
nection is approximately seven times the length of the tether. Equations {3.13) and
(3.14) also show that objects released from a hanging tether will have an apogee or
perigee approximately seven times its initial height above or below the tether system’s
centre of mass, respectively. This distance can be significantly increased by introducing

a swinging tether for additional boost.

A momentum exchange tether system could significantly reduce the launch cost by
allowing the transfer of energy and momentum between an upper stage and its payload.
While the payload gets an additional boost into a higher orbit, the upper stage will be

placed into a lower orbit, resulting in a quicker re-entry and subsequent burn-up.

3.1.2 Electrodynamic Tether Systems

An electrodynamic tether system consists of a long conducting wire that is extended

from a spacecraft. The tether system will then interact with the Earth’s magnetic field

39



lines during its orbit. This motion of a conductor across the magnetic field induces
a current along the length of the tether. The associated voltage can be up to several
hundred volts per kilometre. Electrodynamic tether systems can be used for reducing

or increasing the altitude of an object’s orbit.

Drag System

In an electrodynamic drag system, the tether can be used to reduce the spacecraft’s
orbital altitude. This is achieved by collecting electrons from the ionospheric plasma
at one end of the tether and expelling them back into the plasma at the other end of
the tether. This allows the voltage to drive a current along the length of the tether.
The current will produce a magnetic field which, in turn, will interact with the Earth’s
magnetic field causing a Lorentz force. This opposes the motion of the tether (and
whatever is attached to it) so reducing the orbit height. Essentially, the tether converts
orbital energy of the host spacecraft into electrical power, which is dissipated as ohmic

heating in the tether. Figure 3.1 illustrates an electrodynamic drag system.

An electrodynamic tether drag system could provide an excellent resource to aid in
the reduction of orbital debris, while providing potential cost savings. For example,
attaching a tether and deployer system onto future satellites will remove the need to
preserve on-board fuel for de-orbit manoeuvres at the end of its operational lifetime.

This will result in longer mission lifetimes and lower operational costs.

orbital
- velocity

magnetic
field line

Figure 3.1: Electrodynamic drag system [40]
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Propulsion System

In an electrodynamic propulsion system, the tether can be used to increase the altitude
of the spacecraft’s orbit. This is achieved by introducing a power supply to the tether
system. The power supply is then used to drive the current in the opposite direction to
which it would normally flow, hence ‘pushing’ against the Earth’s magnetic field, raising
the orbit of the tether system. The major advantage of propulsion tether systems over
conventional space propulsion systems is that they require no extra propellant. This
however must be traded against the cost and mass of the required power system. For
example, a high voltage power supply (HVPS), producing 10 kW of electrical power to
a 10 km long tether, would have an estimated mass of about 80 kg [41]. Figure 3.2

illustrates an electrodynamic propulsion system.

Provided that the cost and mass of the HVPS can be minimised, an electrodynamic
propulsion system could significantly reduce launch costs, by reducing the amount of
propellant required to deliver a payload to orbit. For example, a payload could be
launched into LEO, where it would then deploy the tether system, producing electro-
dynamic propulsion, to deliver it to its final destination, This form of propulsion would

also reduce the launch mass of the payload, reducing launch costs even further.

orbital
-, velocity
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"% e voltage

current

magnetic
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Figure 3.2: Electrodynamic propulsion system [40]
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3.2 Tether Missions

The first use of tethers in space occurred during the Gemini XI and XII missions in
1966. Gemini XI was attached to an Agena rocket by a 30 m tether. Its thrusters were
then fired perpendicular to the line of the tether, creating a cartwheel motion of the two
spacecraft and producing a small amount of artificial gravity (0.00015 g). The Gemini
XII mission made use of a tether to assess the feasibility of using a gravity gradient force

to stabilise a manned spacecraft in a similar way to a dumb-bell type satellite [39].

It was not until 1974 when Giuseppe Colombo and Mario Grossi first proposed the
Skyhook project that the use of extremely long tethers (hundreds of kilometres long)
were seriously considered [42]. The proposal was for the Space Shuttle to deploy a
satellite attached to a 100 km long tether. The Space Shuttle would be in orbit at
an altitude of around 200 km with the satellite deployed vertically below. This would
provide a platform for experiments to investigate the atmosphere, magnetosphere and
gravity field at a height of 100 km, a region only attained by other means for limited

periods.

The following section considers past tether missions, paying particular attention to those
missions that have proved vital for laying down the foundations for future missions.

Some future proposals for using tethers in space will also be discussed.

3.2.1 Past Missions

There have been a number of tether missions to date, and these are summarised in Table
3.1. As part of these missions, important milestones for tether research were achieved.
In particular, the Tethered Satellite System, the Small Expendable Deployer System,
the Plasma Motor Generator and the Tether Physics Survivability Spacecraft were very
important missions in demonstrating a space tether system’s ability to function in the

harsh space environment.

The Tethered Satellite System

The Tethered Satellite System (TSS) [44] was first proposed to NASA and the Italian
Space Agency (ASI) in 1974 by Giuseppe Colombo and Mario Grossi. Two missions,
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Name Date Orbit Length | Comments
Gemini XI | 1966 LEQO 30 m | spin stable, 0.15 rpm
Gemini XII | 1966 LEO 30 m | local vertical, stable spin
H-9M-69 1980 | sub-orbital | 500 m | partial deployment
S-520-2 1981 | sub-orbital | 500 m | partial deployment
Charge-1 1983 | sub-orbital | 500 m | full deployment
Charge-2 1984 | sub-orbital | 500 m | full deployment
ECHO-7 1988 | sub-orbital ? magnetic field aligned
Qedipus-A | 1989 | sub-orbital | 958 m | spin stable, 0.7 rpm
Oedipus-2B | 1992 | sub-orbital | 500 m | full deployment
TS8S-1 1992 LEQO < 1 km | electrodynamic, partially deployed,

retrieved
SEDS-1 1993 LEO 20 km | downward deployment, swing and cut
PMG 1993 LEO 500 m | electrodynamic, upward deployment
SEDS-2 1994 LEO 20 km | local vertical stable, downward de-
ployment
Oedipus-C | 1995 | sub-orbital | 1 km | spin stable, 0.7 rpm
TSS-1R 1996 LEO 19.6 km | electrodynamic, severed
TiPS 1996 LEO 4 km | long life tether on orbit

ATEx 1999 LEO < 1 km | partial deployment

Table 3.1: Past tether missions [43]

T8S-1 and TSS-2 were planned, the second of which closely resembled that first envis-
aged by Colombo and Grossi. However, due to a malfunction in the deployer mechanism
of TSS-1, the second mission was cancelled and replaced with a re-flight of the first, TSS-
1R. The purpose of the TSS missions was to provide a method of deploying a satellite
on a long, gravity gradient stabilised tether from the Space Shuttle, providing a research
facility for investigations in space physics and plasma electrodynamics. Figure 3.3 il-
lustrates the T'SS-1 satellite and tether attached to a 12 m boom extending from the

Space Shuttle Orbiter.

TS8-1 was launched on July 31st, 1992 on STS-46, into a nominal orbit of 297 km
altitude. Due to a malfunction in the tether deployer mechanism, however, the satellite
was only deployed 268 m away from the Shuttle instead of the allotted 20 km. Despite
this setback, over 20 hours of stable deployment in the near vicinity of the Space Shuttle
Orbiter was achieved, the operational mode of greatest concern prior to the mission.
The TSS-1 results conclusively showed that the basic concept of long gravity gradient
stabilised tethers was sound, and settled several short deployment dynamics issues.

They also reduced safety concerns and clearly demonstrated the feasibility of deploying
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Figure 3.3: TSS satellite and tether attached to 12 m extendible boom [45]

the satellite to long distances [45].

T8S-1R, a re-flight of the first, was launched on February 22nd, 1996 on STS-75. How-
ever, after about 19.5 km of deployment the tether broke due to overheating of a weak
spot in the tether’s insulation. The satellite was intended to have been deployed 20
km above the Space Shuttle on a conducting tether where it would have remained for
more than 20 hours to perform scientific experiments. This was to be followed by a
second stop for an additional seven to nine hours of experimentation at a deployed
distance of 2.5 km. However, during the deployment phase, which lasted more than
five hours, significant science experimental activities had already been accomplished.
Such activities included the measurement of the electromotive force (emf) generated by
the motion of the tether through the Earth’s magnetic field, satellite potential, tether
current, charged particle distributions, and electric and magnetic fields [45]. The mis-
sion also demonstrated, inadvertently, the orbit raising capabilities of a tether when

disconnected.

The Small Expendable Deployer System

The Small Expendable Deployer System (SEDS) [46] begun as a Small Business Inno-
vative Research contract awarded to Joe Carroll by NASA. Two missions, SEDS-1 and
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Figure 3.4: SEDS-2 tether in orbit with Delta II second stage at the top and end-mass
at the bottom [47]
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SEDS-2, were planned to fly as secondary payloads on board a Delta II launch vehicle.
The purpose of the missions was to demonstrate the capabilities of de-orbiting a 25
kg payload from LEO (SEDS-1) using momentum transfer, and to study the use of a
closed-loop control law to deploy a tethered payload along the local vertical (SEDS-2).

SEDS-1 was launched on March 29th, 1993, into a 195 x 705 km elliptical orbit, inclined
at 34°. The mission was a complete success and demonstrated that SEDS hardware
could be used to deploy a payload at the end of a 20 km long non-conducting tether.
The re-entry prediction, after tether disconnection, was so accurate that a pre-positioned

observer was able to videotape the payload re-entry and subsequent burn-up [47].

Following the success of SEDS-1, SEDS-2 was launched on March 9th, 1994, into a
circular orbit at an altitude of 350 km. The mission successfully demonstrated that
using a closed-loop control law, the tether could be deployed in a controlled manner
reducing the libration along the local vertical. Afterwards, the tether was left attached
to the Delta II second stage to study long term tether stability and micro-meteoroid
impact risks. Unfortunately, the tether was severed, allegedly by a micro-meteoroid, 3.7
days after deployment which resulted in the payload re-entering within hours (due to
increased area to mass ratio and momentum transfer). Approximately 7.2 km of tether
remained attached to the Delta IT second stage, and this survived with no apparent
further breaks until re-entry on May 7th, 1994 [45]. SEDS-2, shown in Figure 3.4

before the sever event, was an easy naked eye object when viewed from the ground.

The Plasma Motor Generator

The Plasma Motor Generator (PMG) [48] experiment was designed to test the feasibility
of using a hollow cathode assembly (HCA) to provide a low impedance bipolar electrical
current between a spacecraft and the ionosphere [45]. The purpose of the mission was to
demonstrate that such a configuration could function as either an orbit-boosting motor

or as a generator converting orbital energy into electricity - see Figure 3.5.

PMG was launched on June 26th, 1993, as a secondary payload on a Delta II launch
vehicle into an elliptical orbit of altitude 193 x 869 km, inclined at 25.7°. The PMG
experiment duration, in terms of plasma contactor operation and consequential active
environment interaction, lasted for about seven hours, until the batteries died. The

experiment showed that a current can be fully reversible, operating either as a generator
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Figure 3.5: PMG system configuration [45]

system with electron current flow down the tether or as a motor with electron current

driven up the tether.

The Tether Physics and Survivability Spacecraft

The Tether Physics and Survivability Spacecraft (TiPS) [49, 50] was designed to study
the long term dynamics and survivability issues of tethered satellite systems. The
experiment was a free flying satellite consisting of two end-bodies connected by a 4 km
non-conducting tether - see Figure 3.6. The purpose of the mission was to study long

term orbit and attitude dynamics and tether survivability issues.

TiPS was launched on June 20th, 1996, into a near-circular orbit at an altitude of 1,022
km, inclined at 63.4°. TiPS has provided a great deal of confidence in our ability to

model tether dynamics. The experiment has also shown that tethers can be designed
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Figure 3.6: TiPS experiment in deployed configuration [50]

to survive the harsh space environment for long periods of time.

3.2.2 Future Proposals

Space tether systems have a strong potential for providing significant reductions in the
cost of propulsion for a number of important applications, including spacecraft deploy-
ment, post-mission disposal, and satellite orbital maintenance. Such future proposals
include the planned Propulsive Small Expendable Deployer System experiment. This
will make use of the flight proven SEDS deployer system to deploy a 5 km bare copper
tether, with an additional 10 km of Spectra, from a Delta II second stage. Hence, the
interaction between the bare wire portion of the tether and the Earth’s magnetic field
will result in a drag force, thus, de-orbiting the Delta II second stage. This experiment
is a precursor to utilisation of the technology on the International Space Station for
re-boost and the electrodynamic tether upper stage demonstration mission, capable of
orbit raising, lowering, and inclination changes. In addition, some consideration will be

given to using this type of propulsion for future missions to Jupiter.
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Propulsive Small Expendable Deployer System

NASA’s Propulsive Small Expendable Deployer System (ProSEDS) has been planned
for launch in 2004. The experiment will demonstrate the de-orbit capabilities of an

electrodynamic tether system.

ProSEDS will be deployed from a Delta IT second stage using a 5 km long, ultra-thin
bare-wire tether connected to a 10 km long non-conducting tether composed of Spectra.
The interaction of the bare-wire tether with the Earth’s ionosphere will produce a drag
effect, lowering the altitude of the Delta II second stage. During normal deployment
a Delta II second stage will slowly be pulled back from 400 km altitude to Earth by
atmospheric drag. This process will take on average around 120 days, when it eventually
re-enters the atmosphere and burns up. ProSEDS is expected to de-orbit the Delta II

second stage in about two weeks.

International Space Station Re-boost

The value of an electrodynamic tether re-boost system for the International Space Sta-
tion (ISS) lies in its ability to couple power generation with thrust. Hence, attaching an
electrodynamic tether re-boost system to the ISS does away with the most critical and
constraining dependency on Earth - propellant supply. The station can supply its own
power but not its own propellant. Add a tether and some additional storage capacity

for supplies, and a self sufficient ISS is born.

For an electrodynamic tether re-boost system capable of delivering 0.5 to 0.8 N of thrust
to the ISS at a cost of 5 to 10 kW of electrical power, a 10 km long aluminium tether with
a width of about 0.6 to 10 mm will be required [51]. This would counteract the effects
of atmospheric drag and greatly reduce the cost of launching the required propellants

into orbit.

Re-useable Upper Stage Propulsion

An electrodynamic tether system can allow for cheaper launch costs by introducing a
fully re-usable system in LEQ. Such a system will require no propellant and little re-
supply and will behave as an upper stage, delivering the payload to its final destination.

This can be achieved by launching the payload into LEQ, where it will rendezvous with
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Figure 3.7: Electrodynamic propulsion system performance [51]

the tether system. It is then delivered to its new location before the tether system
de-orbits to wait for the next payload arrival. Such a system could perform several
orbital manoeuvring missions without re-supply, making it a low cost space asset. The
performance of an electrodynamic propulsion system varies with orbital altitude and
inclination. Figure 3.7 illustrates the performance of a 10 kW, 10 km tether system
over altitude at various inclinations. The high voltage power supply required to deliver
the 10 kW of electrical power is estimated to have a mass of about 80 kg [41]. Although
this mass is quite high, the fact that the tether system is fully re-usable, and can deliver
a number of payloads to their final destinations, results in a very cost effective payload

delivery system.

Jovian Exploration

Following the success of the Galileo Jupiter-orbiter probe, there has been considerable
interest in follow-on missions to Jupiter. For Galileo and all past deep space missions, ra-
dioisotope thermoelectric generators (RTG’s) were used for generating electrical power.
However, the risk of releasing plutonium into the terrestrial environment may rule out
RTG’s on future missions. The possibility of using solar arrays for electrical power gen-
eration has been considered. However, it is expected that due to high levels of radiation

in the Jovian system solar arrays will rapidly degrade as a result of extended exposure.
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Another disadvantage of using solar arrays is that Jupiter is in excess of 750 million
km away from the Sun. It is also typical of any extended mission that an expendable
propellant for orbital manoeuvring is required. This will inevitably lead to a high ‘wet’
spacecraft mass at launch and/or limited lifetime in orbit. It is this reasoning, and be-
cause of the relatively strong Jovian magnetic field, that electrodynamic tether systems
are being considered for use in the Jovian system. Preliminary results have indicated
that a megawatt of power can be theoretically generated by a 10 km tether in near-
Jupiter space. Specifically, an electrodynamic tether operating near the planet would
experience induced voltages greater than 50,000 V, currents in excess of 20 A, power

levels of approximately 1 MW and thrust levels of the order of 50 N [51, 52].

3.3 Tethers For De-Orbit Manoeuvres

Present methods for de-orbiting spacecraft in LEO recommend that the vehicle is placed
into a reduced lifetime orbit at the end of its operational mission. This can lead to a
reduced mission lifetime, since the propellant required to place the spacecraft into this
reduced lifetime orbit could be used to sustain the spacecraft’s orbit and extend its
mission.

An electrodynamic drag system, weighing just 1 to 2% of the host spacecraft, would
permit the spacecraft to extend its operational mission lifetime by allowing the expen-
diture of all its propellant. When the mission is complete, the tether system can then
be deployed, allowing the Earth’s magnetic field to interact with the long conducting
tether, and de-orbiting the host spacecraft. This would result in a reduced post-mission
orbital lifetime, de-orbiting the spacecraft more rapidly than atmospheric drag alone.
This could help free-up over-populated regions of space and minimise the collision threat
the spacecraft poses to operational spacecraft. However, The NASA Safety Standard

[28] recommends that:

“If drag enhancement devices are to be used to reduce the orbit lifetime,
it should be demonstrated that such devices will significantly reduce the

area-time product of the system...”

Hence, for such an electrodynamic tether system to be viable for operation it needs

to demonstrate its ability to significantly reduce the area-time product of a satellite
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system. For example, a spacecraft in LEO could take hundreds or thousands of years
to de-orbit due to atmospheric drag alone (i.e. a small area exposed for a long period of
time). Whereas, an electrodynamic tether could de-orbit the spacecraft within weeks or
months reducing its post-mission orbital lifetime (i.e. a large area exposed for a short

period of time).

The following section considers the Terminator Tether™, developed by Tethers Unlim-
ited Inc., which is speciﬁéally designed for de-orbiting spacecraft. The discussion places

particular emphasis on its advantages, disadvantages and its de-orbiting capabilities.

3.3.1 The Terminator Tether™

The Terminator Tether™ is a small lightweight tether system that will use passive
electrodynamic tether drag to de-orbit a spacecraft from LEO (relatively) rapidly [53].

The advantages of such a system include:

o It is small and lightweight, so it can be attached to a satellite without greatly

effecting the overall satellite mass budget.

e It represents mass savings compared to rocket based de-orbit systems (i.e. no

propellant required for de-orbiting).

e Its ability to de-orbit, even if the host spacecraft has lost power and control. For
example, a 5 to 10 km long tether weighing about 2% of the host spacecraft mass

can de-orbit a typical LEO spacecraft within a few months.

Figure 3.8 shows the rate of perigee decay for the Terminator Tether™ over a range of
inclinations. Comparison of the curves clearly shows that the rate of descent decreases
as inclination increases. This is because the interaction between the tether and the
Earth’s geomagnetic field at inclination’s above 75° is much less. The descent rate for
a polar orbit does not go to zero completely, because the Earth’s magnetic dipole axis
is tilted relative to the spin axis, and a spacecraft will therefore cross the magnetic field

lines at some stage during its orbit [54].

Figure 3.9 illustrates the de-orbit time of the Terminator Tether™ as a function of
inclination. Hence, using a tether with a mass of just 1% of the host spacecraft, an

Iridium-type satellite could be de-orbited from an 850 km altitude, 50° inclined orbit
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Figure 3.8: Descent rate for the Terminator Tether™ at various inclinations [54]

)

350 /900 /750 o
] / %
] / /
N / e
N /S S
. S S

/ s

[ ==

Deorbit Time (days)

50

O T T 4 T 3
200 400 600 800 1000 1200 1400 1600

Altitude (km})

Figure 3.9: De-orbit time for the Terminator Tether™ at various inclinations [54]
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within about 3 months, and a SkyBridge-type satellite from a 1,475 km altitude, 55°
inclined orbit in about 1.2 years [54]. These results suggest that a Terminator Tether ™

could effectively de-orbit satellites in orbits with inclinations up to about 75°.

The primary purpose of the Terminator Tether™ is to de-orbit satellites and rocket
bodies at the end of their operational lifetime, removing the collision threat they pose
to other orbiting objects. However, when the Terminator Tether™ is deployed from a
satellite, it greatly increases its cross-sectional area. This, in turn, greatly increases the
probability that the system will suffer a random collision within a certain time period.
However, the probability of collision not only depends on the cross-sectional area of
the space system but also upon the time spent in orbit. A satellite left to de-orbit
by atmospheric drag alone may have a relatively low cross-sectional area, but because
the atmospheric drag effects are so small, the time spent in orbit may be hundreds or
even thousands of years. So, even though the Terminator Tether ™ increases the cross-
sectional area of a satellite system, it may still reduce the chances of a random collision

since the amount of time the satellite spends in orbit may be sufficiently reduced.

3.4 Survivability Issues

One of the most concerning aspects surrounding space tethers is their large cross-
sectional area. The Tethered Satellite System, for example, if fully deployed would
have had a length of 20 km and a width of 3 mm, giving a total cross-sectional area of
60 m2. The combination of this with operational hazards and meteoroid risks results in
a space tether system being vulnerable to impacts and subsequent mission failure. The
ESA/Dutch 35 km tether deployment of the Young Engineers’ Satellite (YES) [55, 56]
from the Technology, science and education Experiments Added to MaqSAT (TEAM-
SAT), for example, was abandoned in 1997. It was realised, due to the high perigee
altitude of the Ariane 5 GTO (580 km), that a mission failure would cause the tether to

remain in orbit for tens of years, thus endangering operational satellites in LEO [57].

Space tether systems are also more vulnerable to smaller debris impacts, unlike a typical
spacecraft which can be shielded against such hazards. Estimates have suggested that
particles half the diameter of the tether may cause a single strand tether to fail [58].

The lifetime for a single strand tether system has been estimated to be just a few days,
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and this was demonstrated during the SEDS-2 mission, where the 20 km long tether
was severed, apparently by a micro-meteoroid, 3.7 days after deployment (see Section

3.2.1).

The following sections consider three types of tether designs, paying particular attention

to the risks associated with each design.

3.4.1 Single Strand Tether Systems

Single strand tether systems are the simplest of tether designs, consisting of a long, thin
strand connecting two objects together. Such designs are very vulnerable when intro-
duced into the space debris environment and are basically single point failure structures.
Since the strands are thin, they are very susceptible to the small debris population. With
our lack of detection capabilities for small debris populations, combined with large cross-
sectional areas, the probability of failure of such tether systems may be unacceptably

high.

3.4.2 Double Strand Tether Systems

A double strand tether system consists of two strands that are interconnected by a
number of ‘beads’ (or ‘knots’) that ultimately join two objects together. Figure 3.10
illustrates a double strand tether system. The introduction of the second strand doubles
the cross-sectional area compared to a simple single strand tether, increasing the collision
probability. However, and more importantly, the sever probability of a double strand
tether is greatly reduced since two strands in one segment both have to fail. Hence,
increasing the number of ‘beads’ along the tether will reduce the sever probability even
further because the cross-sectional area of each of the segments decreases, reducing the
risk of both strands in one segment failing. However, there comes a point where too
many ‘beads’ will result in an increase in the sever risk. This is because the ‘beads’ are
effectively single point failure structures. Hence, to optimise the tether performance in
terms of minimising sever risk, each tether system will have to be assessed individually,

because of varying tether lengths.
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3.4.3 Hoytether™

A Hoytether ™ [59], illustrated in Figure 3.11A, is a multi-strand tether system that has
been developed by Tethers Unlimited Inc. It consists of a number of ‘primary’ strands
that are interconnected by ‘secondary’ strands that are used to distribute the load, if
a ‘primary’ strand is severed. A magnified section of an undamaged Hoytether™ is
shown in Figure 3.11B. If a ‘primary’ strand fails then the load of the tether system
is redistributed using ‘secondary’ strands, effectively localising the damage - see Figure
3.11C. Ground analysis of a Hoytether™ system has shown that the lifetime is greatly

increased from just a few days, for a single strand tether system, to several tens of years.

3.5 Impact Assessment of Space Tether Systems

To deploy a space tether system successfully in orbit, a thorough understanding of the
risks posed to them from the space debris environment is of vital importance. In an
attempt to achieve this goal a number of hypervelocity impact tests were performed by
McBride et al [61] to predict the expected failure rate of single strand tether systems
in LEO. The model successfully predicted that the SEDS-2 tether system (20 km, 0.75
mm) would fail in less than two weeks. The model also suggested that thicker, shorter
tether systems would be less susceptible to failure, and predicted that the TiPS tether
system (4 km, 2 mm) would have a lifetime of around 1 year. However, the TiP8S tether

system survived unscathed for more than 4 years.

Further work to assess the lifetime of space tether systems have been carried out by
Anselmo and Pardini [58, 62]. They performed a collision risk assessment for a single
strand tether system for six circular orbits, spanning three altitude regions (600, 800
and 1,000 km) and two inclinations (30° and 50°) [58]. The results showed that for the
orbital regions considered, and for particles larger than 1 mm in size, orbital debris was
the dominant contributor to impact rates. For particles less than 1 mm, meteoroids
gave comparable fluxes, but above 1 ¢m they contributed 10 to 30 times less to the

impact rate [58].

Anselmo and Pardini [62] performed a second collision risk assessment to examine the
survivability of a double strand tether system, in particular for de-orbiting satellites.

The aim was to find a suitable design that would guarantee overall mission success.
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It was predicted that a 5 km double strand tether system (0.7 mm diameter strands)
would require a total of 501 ‘beads’ (‘knots’) to guarantee a survival probability of at
least 95%. For a survival probability of 99% a total of 2,001 ‘beads’ would be required.
However, the ‘beads’ are effectively single point failure structures and this seems to
have been overlooked in the study. Including this probability into the analysis could
significantly effect the overall survival probability of the tether system, reducing the

chances of mission success.

A further study by Chobotov and Mains [63] was performed to determine the collision
probability of the Tethered Satellite System (TSS) after it became separated from the
Space Shuttle Orbiter. The results showed that the TSS would have expected to have
been impacted by several particles larger than 0.1 mm in size. For objects 10 cm in size
or larger the collision probability was on the order of 10~% per month. It was concluded,
however, that because the TSS re-entered within one month, after deployment, that the

probability of collision with other objects, while in orbit, was small.

The following section considers the hypervelocity impact tests performed by McBride et
al [61]. The case studies examined by Anselmo and Pardini [58, 62] are also considered,

along with the TSS case study performed by Chobotov and Mains [63].

3.5.1 Hypervelocity Impact Tests

Seven experiments were performed by McBride et al [61] in total, five on a tether com-
posed of Spectra 1000 with a diameter of 0.75 mm, and two on space-grade aluminium
tethers with a diameter of 1 mm. A glass sphere projectile was fired at each of the
tether strands with a speed of approximately 5 km/s. With the findings of these ex-
periments and using a suitable penetration equation, an adequate prediction of tether
survivability was developed. For example, a 0.3 mm diameter projectile fired at a 0.75
mm Spectra tether strand at 5 km/s would have a penetrating depth of approximately
0.82 mm, thus destroying the tether strand. However, a 0.2 mm diameter projectile
would only penetrate about 0.53 mm, only damaging the tether strand. These results
were confirmed by experimental data and are illustrated in Figure 3.12. Figure 3.12a
shows that one of the tether strands has completely severed, with another damaged.

Figure 3.12b shows no severed strands but that considerable damage has been done.

These initial results were then utilised to develop a model, which was used to predict the
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Figure 3.12: Impact tests on Spectra 1000 (0.75 mm) fired at 5 km/s. (a) 0.3 mm
projectile damage. (b) 0.2 mm projectile damage [61]

tether system lifetime (and expected upper and lower prediction limits) of two tether
missions, SEDS-2 and TiPS. SEDS-2 (20 km in length and 0.75 mm in diameter) was
deduced to have a typical lifetime of 11“_%6 days. The tether was actually severed about
3.7 days after deployment. The remaining 7.2 km tether left in orbit was then deduced
to have a lifetime of around 31752 days. The actual tether was observed in orbit, with
no apparent further breaks until re-entry around 50 days later. For the TiPS tether
system (4 km in length and 2 mm in diameter) a prediction lifetime of 2957555 days
was deduced. The TiPS tether system has survived in orbit for over 4 years. Therefore,

although good agreement was achieved for the SEDS-2 tether scenario, the TiPS tether

system survived for more than twice its prediction lifetime.

3.5.2 Space Tether System Lifetimes

A number of case studies were performed by Anselmo and Pardini [58, 62]. These
involved assessing the impact risk to single strand space tether systems for six circular
orbits, spanning three altitude regions (600, 800 and 1,000 km) and two inclinations

(30° and 50°) [58]. A second case study examined the survivability of a double strand
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0.80-0.90 02278 -03 0251E-03 0.323E-03 0371E-03 0443E-03 0.682E-03
0.90-1.00 0.197E~03 0216E—-03 0.272E-03 0309E-03 0.366E —-03 0.553E—-03

0.10~-1.00 0.674E—-01 0916E—-01 O0.164E+00 O2I13E+00 0.286E+00 0.528E-+00

1.00-2.00 0.780E—-03 0.829E-03 0.975E-03 O0.I07E-02 O0.122E-02 0.J7IE~-02
2.00-3.00 0.171E—~03 O0.177E-03 0.197E—-03 0.210E—-03 0.230E~03 0.295E-03
3.00-4.00 0.11SE—-03 O0.1I18E—~03 O0.128E—-03 0.134E—-03 0.144E-03 0.176E—03
4.00-5.00 0.688E — 04 0.703E—-04 0.747E-04 0777E-04 0822E-04 O0972E-04

1.00-10.0 0.123E—-02 0.129E—02 0.148E—-02 0.160E—02 0.178E —02 0.240E—-02
10.0-100 0.758E~03 0.761E—03 0.768E-03 0772E-03 0.779E -03 0.802E - 03

Table 3.2: Impact rate (yr'km™!) as a function of orbital debris size and tether diam-
eter (orbit altitude = 1,000 km; inclination = 50°) [58]

tether system while varying the distance between each of the ‘beads’ (‘knots’) along the

tether system [62].

Single Strand Tether System Case Study

The six circular orbits chosen by Anselmo and Pardini [58] provide an overview of
the expected impact rate for space tether systems in LEQ. Table 3.2 summarises the
results for a 1 km long tether system, operating at an altitude of 1,000 km and an
inclination of 50°, as a function of orbital debris size and tether diameter. The impact
rate for a particular tether system can be obtained by multiplying the length of the
tether (km) by the entries in Table 3.2. Hence, applying the results of Table 3.2 to the
TiPS tether system (4 km in length and 2 mm in diameter), and assuming that all the
debris diameter intervals (in Table 3.2) are capable of severing the 2 mm tether strand,
we find a severing impact should be expected once every 4 years. However, a 20 kin long
tether with similar characteristics as the TiPS tether system, and in the same orbit,

would have an expected average survival lifetime of about 1 year [58].

The results confirmed the concern over the issue of survivability for single strand tether

systems. However, it was noted that electrodynamic tether systems, used for satellite
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Initial altitude 1,500 km
Orbital inclination 55°
Impedance 280 Q
Payload mass 2,000 kg
Tether length 5 km
Electron collector diameter 10 m
Year of mission 2003

Table 3.3: Tether system reference case [62]

de-orbiting, could help in reducing the space debris problem, providing they could be
made to survive the harsh debris environment. These conclusions resulted in a second

study looking at double strand tether systems.

Double Strand Tether System Case Study

The purpose of this study [62] was to examine the impact risk of an electrodynamic
tether system proposed for satellite de-orbiting. A reference case that defines the overall

tether system and its performance is given in Table 3.3.

The average residence times were then calculated for a set of altitude bands depending
on the amount of time the tether system spent in each of the altitude bands. Assuming
that a particle with a diameter % of the tether diameter causes it to be severed, a number
of computations were performed to estimate the tether system’s survival probability as

a function of tether diameter [62].

Firstly, a single strand tether with a diameter of 0.6 mm was considered. It was quickly
realised, however, that such a system was not a viable option, with an average lifetime
prediction of just 3 months. It was predicted that for a 95% mission success rate to
be achieved, a single strand tether system would require a diameter of around 4 to 5
mm. However, such a solution would be impractical, being too heavy and bulky [62].
Hence, a new tether system consisting of two strands, each 0.7 mm in diameter, was
considered. The aim now was to determine the number of ‘beads’ (‘knots’) required to

guarantee the specified operational lifetime.

A distance of 100 m was considered between each of the ‘beads’ for the first study. How-
ever, the probability of tether failure, 35%, was still too high. To achieve an acceptable

sever risk, the distance between each of the ‘beads’ had to be reduced to just 10 m. This
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Altitude interval | Residence time | Probability of tether
(km) (yr) severing
1,500 — 1,400 0.104 0.00186
1,400 — 1,300 0.112 0.0012
1,300 — 1,200 0.126 0.0015
1,200 — 1,100 0.110 0.0014
1,100 — 1,000 0.096 0.0017
1,000 — 900 0.107 0.0182
900 — 800 0.093 0.0058
800 — 700 0.090 0.0023
700 — 600 0.071 0.0010
600 — 500 0.055 0.0005
500 — 400 0.044 0.0002
400 — 300 0.036 0.0001
300 — 200 0.030 0.0001
1,500 — 200 1.074 0.0356

Table 3.4: Double strand tether system (0.7 mm) survivability analysis for a ‘bead’
distance of 10 m [62]

gave a sever probability of 3.6% and is detailed in Table 3.4. It was predicted that, for
a 99% survival probability of operational mission, the ‘bead’ distance would have to be

reduced to just 2.5 m [62].

The results presented by Anselmo and Pardini [62] demonstrate the possibility of using
tethers for long duration missions, provided that an adequate design is adopted to
survive the harsh debris environment. However, the probability of a ‘bead’ failure
seems to have been over-looked during the study. For a 99% chance of mission survival,
a distance of 2.5 m between each of the ‘beads’ was predicted. This would result in a
total of 2,001 ‘beads’ along the 5 km tether system. However, the cross-sectional area
for each ‘bead’ along the tether system is very small and will result in a low probability

of failure.

3.5.3 Tethered Satellite System Collision Study

The TSS collision study performed by Chobotov and Mains [63] considered the collision
probability of the tether component of the TSS-1R after it broke away from the Space
Shuttle Orbiter in February 1996. In particular, the collision probability arising from

the small debris population and the larger catalogued objects were considered.
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Particle size (mm) Flux (No/m?/year) E = FA;T (impacts/month)

> 0.1 0.4 1.88
>1 4.0 x 1074 1.88 x 1073
> 10 1.0 x 10~ 471 x 1078

Table 3.5: Estimated tether impacts with small particles for the TSS [63]

Firstly, the collision risk associated with the small debris population was considered.
The NASA EVOLVE model [32] was utilised to estimate the cumulative cross-sectional
area flux of the small debris population - see Table 3.5. The estimated number of

encounters for the tether was then calculated using
E = FAT, (3.16)

where F is the particle flux, 4, is the tether projected area (56.6 m? for the remaining
TSS tether component), and T is the time. The estimated number of encounters are
given in Table 3.5.

Secondly, an analytic collision risk associated with the large debris population was
considered. A gravity-gradient stabilised tether, of length L, deployed in orbit as shown
in Figure 3.13 was considered. Over time a number of objects would repeatedly pass
through the area, A, swept out by the tether. Hence, the probability that an object,
of diameter D, in a circular orbit would pass through the shaded region around the
deployed tether in Figure 3.13 is given by

kL

Py = —= a7
5= 5 Rl (3.17)

where k is arbitrary and R is the radius of the circular orbit. The actual geometry is

not considered in this formula because of the complexity of objects sizes and shapes.

The probability that a large object, of diameter D, impacting within a distance D of

the tether is given by
P==" (3.18)

Hence, the overall collision probability is given by

D
P, (col/pass) = P; x P = - (3.19)

For N, penetrations over a given time interval, At, the probability of collision is given
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Figure 3.13: Tether geometry [63]
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The simulation, which covered six months beginning from 1st March 1996, predicted

P,(col/At) (3.20)

58,646 objects passing through the TSS’s orbital path by 24 different satellites. Hence,
assuming an average diameter of 5 m for each of the objects, the probability of collision
in a six month period is given by

58,646 x 5

Pi(col/6 )= ———————
t(col/6 months) = e 05
or 2.32 x 1072 per month [63]. A statistical approach was also utilised in the study and

approximated the probability of collision to be 1.527 x 107 per month.

The results presented by Chobotov and Mains [63] showed that the TSS was vulnerable
to several impacts by small particles greater than 0.1 mm in size. The collision prob-
ability with large objects was in the order of 107° per month. Since the severed TSS

re-entered within one month the collision hazard to other objects was generally small.
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3.6 Discussion

There have been a number of proposals for the use of tethers in space, such as ISS re-
boost, re-usable upper stage propulsion and for Jovian exploration. Space tether systems
have also been proposed for a cheap and effective way of cleaning-up the space debris
environment. It has been proposed that an electrodynamic tether system, weighing just
1 to 2% of the host spacecraft, could de-orbit an Iridium-type satellite, from an 850 km
altitude, 50° inclined orbit, within about 3 months. However, these de-orbiting devices
do not come without their own problems. Space tether systems are very susceptible
to the space debris environment. It has been predicted and demonstrated (SEDS-2)
that single strand tether systems have a survivability lifetime of just a few days. These
survivability issues have been the focus of a lot of research and a number of tether
designs have been proposed. The Hoytether™ design, for example, has been predicted
to have a lifetime of several tens of years. If tethers could be designed to withstand the
space debris environment, then a cheap and effective means of de-orbiting satellites and

spent upper stages would be available.
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Chapter 4

Orbital Motion

In the early 17th century Johannes Kepler set about the task of understanding the
orbital path of Mars. Finally, after struggling for almost a year to remove a discrepancy
of just 8 minutes of arc, he came across the solution in the form of an ellipse. Thus, the
Martian orbit was found, and in 1609 Kepler published his first two laws of planetary

motion, with the third law following in 1619. Kepler’s laws of planetary motion state:

1. The planets move in elliptic orbits, with the Sun occupying one focus.
2. The line joining the Sun to a planet sweeps out equal areas in equal time intervals.
3. The square of a planet’s orbital period is proportional to the cube of its mean

distance from the Sun.

However, Kepler’s laws were only an empirical description of planetary motion. The
underlying theoretical explanation of the planets motion fell to Sir Isaac Newton who
presented his results in 1687 in the “The Mathematical Principles of Natural Philosophy’,
or as its most commonly known, the ‘Principia’ [64]. It was here that Newton introduced

his three laws of motion:

1. Every object in a state of rest or uniform motion in a straight line continues in

this state unless it is acted upon by an external force.

2. The rate of change of an object’s momentum is proportional to the force acting

upon it and is in the same direction as that force.
3. To every action there is an equal and opposite reaction.
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Newton’s second law of motion can be expressed mathematically as
F = mf (4.1)

where F is the force acting on a mass m and ¥ is the acceleration of the mass measured

relative to an inertial reference frame.

The purpose of the proceeding discussion is to introduce the orbital motion formulae im-
plemented into the Tether Risk Assessment Program (TRAP) used to model the orbital
debris population and an orbiting space tether system around the Earth. The TRAP
model is capable of determining the collision and sever hazards, posed by the orbital
space debris population, encountered by an orbiting space tether system. However, in
order to produce meaningful assessments, the debris population and tether system have

to be accurately modelled.

4.1 Orbital Debris Evolution

The TRAP model was developed to enable accurate collision and sever risk assessments
for orbiting space tether systems, resulting from the orbital debris background popula-
tion, and also from debris produced by a recent fragmentation event. Hence, accurate
determination of the positions and velocities of the debris population at a given time
is fundamental. The orbit propagator, implemented into TRAP, was not designed to
produce the most accurate orbit propagator possible, but one which offers the optimum
compromise between computational efficiency and accuracy. Orbital perturbations due
to Earth’s oblateness, Jo, and atmospheric drag are modelled because these are the
dominant perturbation forces for the orbital regions being considered for future planned

tether missions. The orbital perturbation effects of J3 are also considered.

The following section considers the ideal orbital (Keplerian) motion of an object around
the Earth. The discussion then focuses on the effects of orbital perturbations, which
can significantly alter an object’s orbital motion around the Earth. Attention is paid to
Earth gravity perturbations, and in particular to the first order J2 (second harmonic)
secular variations, and the long-period oscillations of the third harmonic J3. The effects

of perturbations due to atmospheric drag are also discussed.
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4.1.1 Ideal Orbital Motion

Along with his laws of motion, Newton also formulated the universal law of gravity, by
stating that any two bodies attract one another with a force proportional to the product
of their masses and inversely proportional to the square of the distance between them

[65]. This can be expressed mathematically by

)] w

where F is the force acting upon the mass meo due to mass m; and r is the position vector
of mo with respect to m1. The universal gravitational constant, G, has a numerical value

of 6.670 x 10711 N m?/kg?.

Kepler’s three laws of planetary motion and Newton’s universal law of gravitation form
the basis of ideal orbital motion. The equations assume that the two attracting bodies
are point masses, and that one of the bodies has negligible mass compared to the other
(e.g. an Earth-orbiting satellite). This is a reasonable first approximation and can be
applied for the majority of bodies in the solar system. The equations describing ideal

orbital motion, as shown by Roy [66], are given by,

a(1~62)
4.3
" 1+ecosf’ (4:3)

2 1
= - — = 4.4
v \U(r 0,)7 ( )

_ a® 93

T = 2r , (n%e® =y, (4.5)
E—esinE = M = n(t—tp), (4.6)

AYEE E I+e
tan (—2-> = tan ( 2) T (4.1

Here p = Gmy, where m; is the mass of the primary body, r is the satellite’s distance
from the centre of Earth, v is its orbital velocity, a is the semi-major axis of the orbital
ellipse, 7 is the orbital period, n is the orbital mean motion, e is the eccentricity, @ is the
true anomaly, E is the eccentric anomaly, M is the mean anomaly, ¢ is time and £, is the

periapsis (perigee) passage time. The equations outlined above, describe the state of an
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orbiting body within the plane of the ellipse. However, to fully describe the state, the

orientation of the orbital ellipse needs to be specified using a suitable reference frame.

Specifying The Orbit

The requirement, for the purpose of this discussion, is to accurately model the orbital
debris population. Hence, the following discussion will focus on the motion of an object
orbiting the Earth. Firstly, an inertial reference frame is introduced, XYZ, located at
the centre of the Earth with the X-axis pointing to the First Point of Aries, the Z-axis
pointing to the north celestial pole and the Y-axis completing the right hand set. The
parameters most commonly used to specify the orbit orientation, for Earth orbiting

objects, are as follows:

¢ The orbital inclination, i, is the angle measured between the orbit plane and
the equatorial plane, measured at the ascending node (i.e. the point where the

satellite crosses the equator, going from south to north).

e The right ascension of the ascending node, ), is the geocentric angle mea-
sured eastwards from the First Point of Aries, around the equator, to the ascending

node.

e The argument of perigee, w, is the geocentric angle measured in the direction

of motion from the ascending node, around the orbit, to the perigee position.

Hence, ¢, {2 and w, along with a, e and 8, make up the six orbital elements that describe
the current location and trajectory of an orbiting satellite relative to the Earth. Figure

4.1 illustrates the orbital geometry.

Conversion of Orbital Elements to Cartesian Co-ordinates

In order to successfully propagate the orbital debris population, the six orbital elements
have to be converted into Cartesian elements and vice versa. To achieve this, the
orbital elements, a, e, 7, , w and 8 can be mapped uniquely onto r and v vectors. The
Cartesian vectors, r and v, are the position and velocity vectors, respectively, of the

orbiting satellite with respect to an inertial reference frame, located at the centre of the
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Figure 4.1: Geometry of an Earth orbit [67]

Earth. The position and velocity vectors are expressed respectively as

r = r{cosQcos(w+8) - sinQsin{w + ) cos i) ik
+ 7 (sinQcos(w + 8) + cos A sin(w + 8) cos 7) iy (4.8)

+ 7 (sin{w + 8)sin) i,
and,
v o= —\/g (cos Q(sin(w + 8) + esinw) + sinQ(cos(w + &) + ecosw) cos 1) ix
- \/g (sinQ(sin(w + 8) + esinw) — cos Q(cos(w + ) + ecosw) cosi)iy (4.9)
+ \/g (cos(w + 8) + ecosw) sini) i,

where p = a (1 - 62), and iy, i, and i, are Earth centred unit vectors with iy pointing
to the First Point of Aries, i, pointing to the north celestial pole and i, completing the

right hand set. The conversion of the r and v vectors back to the orbital elements is
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also required. This is achieved by the following set of equations,

rom
N T A
e = - [( T) r—v(re v)] , (4.11)
i = cos™? ([h_z[> , (4.12)
Q = cos™? (———:h—y—— (4.13)
| = hylx + hady| )7 '
w = cos! (%E) , (4.14)
g = cost (r;ee) , (4.15)

where N is the unit vector that points towards the ascending node from the centre of
the Earth, e is the eccentricity vector that points from the Earth’s centre to the perigee
point and h is the orbital angular momentum vector (i.e. h = r x v), which is normal

to the plane in a right-hand sense.

The set of equations outlined above describe an ideal Keplerian orbit of a satellite’s
motion around the Earth. However, when considering ‘real orbits’, there exist a number

of additional forces that can significantly perturb a satellite’s orbital path.

4.1.2 Perturbed Orbital Motion

The equations introduced thus far, although ideal for a first approximation, do not
accurately predict a satellite’s orbital motion about the Earth. Small deviations in a
satellite’s orbital motion are experienced due to external forces other than the central
gravitational force of Equation (4.2). These perturbations to the ideal orbital motion
occur because the two bodies have shape and density distributions, that can not be
modelled as simple point masses. Also, the assumptions used in the two-body problem
are violated when the Sun and Moon are introduced. These bodies exert additional
perturbing forces upon the satellite. A satellite in low Earth orbit, typically below

1,000 km, will also experience a drag force resulting from Earth’s upper atmosphere.
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To predict a more realistic orbit the variations in a satellite’s orbital elements, due to
the major perturbation effects, are determined over a given time interval, At. The rate
of change in these orbital elements, from each perturbation effect, are then accumulated,
resulting in an overall change to the satellite’s orbital elements. The orbital elements
affected by the major perturbations include the semi-major axis, Aa, eccentricity, Ae,
inclination, A¢, argument of perigee, Aw, and right ascension of the ascending node,
AQ. The satellite’s orbital elements are then updated, by adding each change to its
original value, at every time interval. Orbital perturbations due to Earth’s oblateness,
Jo, and atmospheric drag are modelled because these are the dominant perturbation
forces for the orbital regions being considered for future planned tether missions. The
orbital perturbation effects of J; are also included. These major perturbations are

outlined below.

Geopotential Gravity

The geopotential gravity perturbation equations used in the TRAP model are sum-
marised by Roy [66]. Table 4.1 shows the magnitude of some of the lower-order geopo-

tential harmonic coefficients. It is apparent that the Jp term is some three orders of

Harmonic Magnitude

Ja 1082.6 x 107°
J3 —2.53 x 1076
Ju —1.62 % 1078
Js —0.28 x 1078
Js 0.54 x 105

Table 4.1: Magnitude of Earth’s geopotential perturbations

magnitude larger than the others, and to a first approximation dominates the geopoten-
tial influences of the Earth. The first order J2 (second harmonic) secular variation, due
to the polar flattening of the Earth, causes the right ascension of the ascending node,
2, and the argument of perigee, w, to drift over time. The secular changes in {} and w

can be modelled using the following equations,

3 JoR? ,
AQ = ““2"" (w) n ((,()b Z) At, (416)
3( LR 5,
_ 3 , _2 417
Aw 5 (a2(1_e2)3>n (2 5 5in z> At, (4.17)
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where R is the Earth’s mean equatorial radius.

The long-period oscillations due to the third harmonic J3, are also accounted for, and
cause the eccentricity and inclination to change according to the variations in the argu-

ment of perigee. The small variations in e and ¢ can be modelled using [66],

3 nJyR3 L. 9 . 5.
Ae = —=—22" s 1—- 18
e 5 (a3 - 62)2> sin{ ( 2 507 ) cos wt, (4.18)
. 3 (nJsR3 e : 5 . 4.
Ai o= O _2 s WAL, 1
i 5 ( o ) ((1 _62)3> cos i (1 2 S cos wAt (4.19)

Atmospheric Drag

Taking into account the effects of atmospheric drag on a satellite’s orbital motion is
considerably more difficult than determining the perturbation effects of geopotential
gravity. Along with the required expressions describing how the orbital elements vary
over time, the atmospheric drag model alsoc requires some form of atmospheric model.
Hence, the CIRA (Cospar International Reference Atmosphere) of 1972 is utilised, for
its computational efficiency, providing values of atmospheric density and density scale
height according to the perigee height of a satellite’s orbit and the exospheric temper-
ature, T, (K) [68]. CIRA was derived by studying the long-term atmospheric decay

profiles of satellites with known cross-sectional areas, masses and drag coefficients.

The atmospheric density, p, at any given time, is dependent upon the chosen atmo-
spheric model. The atmospheric model, which is completely independent of the element
variation equations, can either be analytical or empirical in nature, and as simple or
as complex as desired. The atmospheric model used in TRAP is a simplified version
of the CIRA-72 model, with atmospheric density taken to be solely dependent on al-
titude. Figure 4.2 shows the density for an altitude range from 70 to 1,000 km, for a
number of values of Tp. If a satellite’s altitude drops below 70 km it is assumed to
have re-entered and is subsequently removed from the simulation. For altitudes above
1,000 km, the atmospheric density is assumed to be negligible, and therefore has no
effect on the satellite. The atmospheric density value at a given altitude, generally,
increases with exospheric temperature, T,;, which in turn is strongly dependent upon
solar activity. The atmospheric density profile observed in Figure 4.2 appears to be

anomalous for T,; = 500 K. However, this anomaly is due to the way atmospheric gases
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Figure 4.2: CIRA-72 density versus altitude profiles

mix at that temperature. In the CIRA-72 atmospheric model, hydrogen is not present
below altitudes of about 500 km and at low exospheric temperatures is the dominant
substance. This results in a levelling-out of the density versus altitude profile. However,
with the increase in exospheric temperature, the number density of hydrogen falls below

that of helium and atomic oxygen, and as a result its influence on p is diminished.
The exospheric temperature is determined using

Top = 1.15(379 + 3.24F1g.7) . (4.20)

Here the 30-day mean solar flux, at a wavelength of 10.7 cm, Fig.7, is used as an indicator
of the level of solar activity in the model. The solar flux, and hence orbital decay rate,
is therefore determined by the 1l-year solar cycle, with maximum orbital decay rate
occurring during the peak solar cycle. The Fig7 value is user defined, in the TRAP
model, and can vary from around 70 (10* Jy) at the solar minimum to about 200 (10*
Jy) at solar maximum. The Fig7 value can be determined from Figure 4.3 which was
produced using average monthly solar flux values [69] and future predictions calculated
from the NASA Goddard historical records [70]. Equation (4.20) is also dependent
upon the diurnal factor, which varies daily due to solar heating. This periodic variation
ranges between 1.0 (at nighttime minimum) and 1.3 (at daytime maximum) over the

course of each orbit according to the local solar time. However, this has been set to a
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constant value of 1.15 in the TRAP model, allowing the diurnal density variations to

be smoothed out.

Extensive research by King-Hele [71] has shown that for a spherically symmetric at-

mosphere, which is assumed in the adopted model, the changes to semi-major axis and

eccentricity, with respect to the eccentric anomaly, are governed by,

where

da
dE

de
dE

o 23 d(1-e)]*
_ i, _dld-e) 421
2bpa ﬁ [1 ito | and (4.21)
= —2bpa (1—¢?) /" 4= 2cosE (4.22)
- yl (e | '
CpA
b= oo (4.23)
d = 1-¢ <M> (4.24)
n
z = l+4+ecosk, (4.25)
y = 1—ecoskE. (4.26)
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Here, Cp is the drag coefficient, A is the cross-sectional area of the satellite, m; is the
satellite’s mass, w; is the Earth’s sidereal rotation rate and E is the perturbed (by Jo

and J3) eccentric anomaly.

The atmospheric drag model employed by TRAP can be computationally expensive
if the changes to the semi-major axis and eccentricity are calculated at every time
interval. However, this is resolved by using average changes over one orbit. This is
achieved by numerically integrating the derivations around a nominal reference orbit

(e.g. a Keplerian orbit perturbed by J; and J3) and dividing the integrals by 2m. For

example,
— 1 /%" (da
AG. = % o <d—E> dE,
— 1 (%7 [ de
Ae = — — | dF
¢ 271' 0 (dE) d ’

where Aa and Ae is the average change in semi-major axis and eccentricity over one
orbit. With the continuing change in semi-major axis and eccentricity, due to atmo-
spheric drag, the values for the satellite’s mean motion, n, and its orbital period, , have
to be re-calculated using the updated values of a. If the number of orbital revolutions
considered is large, then Aa and Ae can be periodically re-calculated to ensure the

desired degree of accuracy.

4.1.3 Validation of Orbital Perturbations Methodology

Validation is of crucial importance when implementing a new model of such complexity.
It is the purpose of this section, therefore, to discuss the validation methods that were
used in the development of the orbital motion equations applied to accurately model a
satellite’s (perturbed) orbital motion. A number of case studies were performed using
the TRAP model and compared with results produced by Walker [3] and Barrows [4].

Here we will discuss one of these case scenarios.

An object, with known initial orbital elements from a 1993 epoch, was selected and
modelled using the orbital perturbations model. In this case, the object chosen was
an Ariane 4 third stage, with COSPAR ID 1991-050F, that was used to launch the
ERS-1 spacecraft. The third stage was left in a high inclination, near-circular low

Earth orbit. Although the mass of the Ariane 4 third stage is well known, there exists
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an uncertainty in the knowledge of the cross-sectional area projected normal to the
direction of motion. This uncertainty can cause discrepancies in the representation
of the atmospheric drag perturbation. An area-to-mass ratio of 0.0196 m?/kg was
assumed during this simulation. The results produced by Walker [3] were validated by
comparing the long-term orbital evolution predictions of the Ariane 4 third stage with
the variations recorded in its two-line element (TLE) history, which was obtained from

weekly USSPACECOM catalogues.

Figures 4.4 and 4.5 show the evolution of the semi-major axis for the TRAP and IDES
predictions. Figure 4.5 also contains the TLE data. The TRAP model predicts a
decay rate of semi-major axis similar to that of the IDES model with slight differences
occurring because of the constant value of solar flux, Fyg.7, assumed in TRAP, 125 (104
Jy) for this particular simulation. Walker [3] indicated that the rate of decay, which
is approximately three times faster than the TLE data, was caused by an incorrect
estimation of the area-to-mass ratio. However, the maximum difference in semi-major
axis after six years of propagation is about 2 km, which is not unreasonable at an

altitude of 770 km where the atmospheric density is low.

Figures 4.6 and 4.7 show the periodic fluctuations in eccentricity as predicted by the
TRAP and IDES models, with good agreement. The TLE data, seen in Figure 4.7,
shows a much smaller amplitude than both the TRAP and IDES predictions because
the odd zonal harmonics in Earth’s gravitational field (such as J3) are known to be
poorly represented by the TLE data. Hence, given the deficiencies in the TLE data,
the TRAP perturbation orbit propagator produces an acceptable representation of the

eccentricity fluctuations of this object.

Figures 4.8 and 4.9 show the long-term variations of inclination as predicted by the
TRAP and IDES models. The decrease in inclination over the six years is around 0.2°,

with both models and the TLE data agreeing very well, in both trend and magnitude.

Figures 4.10 and 4.11 show the secular precession of the argument of perigee due to the
Jo second harmonic as predicted by the TRAP and IDES models, with good agreement.
A secular variation, with a frequency of around three revolutions per year is visible,
and typical of a near-circular low Earth orbit. The evolution of the right ascension of
the ascending node is shown in Figure 4.12. An increase in a secular manner through a

range of 360° with a period of 1 year is visible, agreeing with that presented by Walker
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[3], and in keeping with a sun-synchronous orbit.

4.2 Tether System’s Orbital Motion

The equations of motion for an orbiting satellite around the Earth have been introduced
in the previous section. However, unlike a typical spacecraft, space tether systems are
often extremely long and flexible and as such very complex to model. Typically, a space
tether system will consist of two objects that are coupled together by a tether. In 1996
the Tether Physics and Survivability Experiment (TiPS) (see Chapter 3) was launched

to provide a better understanding of tether dynamics [50].

The following sections will introduce the equations of motion for an orbiting space tether
system consisting of two end-bodies connected by a flexible tether. A general model will
be discussed first followed by a simplified model, which can be used to reduce the tether
model’s complexity. Finally, the massless tether model will be introduced providing

the foundations for the ‘bead’ model, implemented into TRAP, which will be discussed

further in Chapter 5.
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4.2.1 General Model

There exist a number of sophisticated tether models that account for the tether bend-
ing stiffness, internal friction and the dimensions of the end-bodies. However, for the
purpose of this discussion a tether system consisting of two point masses connected by
a flexible thread will be considered. This is the model most commonly found in the

literature [72].

In the general model, the length of the tether AB may vary due to tether deployment
or retrieval from the end-bodies. Therefore, assuming the tether is completely deployed
and unstrained, a parameter s is introduced that measures the arc length along the
unstrained tether from A to B, such that 0 < s < [, where [ is the total length of the

tether. Hence, at time ¢, three tether segments can be considered:

1. 0 < s < s4(t), tether retracted into the body A.
2. 34(t) < s < sp(t), tether deployed between the bodies A and B.

3. sp < s <, tether retracted into the body B.

Equations of Tether Motion

The position of a point s between A and B at a time ¢ is specified by applying a geocentric
reference frame, at the Earth’s centre, where the X-axis points towards the First Point
of Aries, the Z-axis points to the north celestial pole and the Y-axis completing the
right-hand set. Thus, the position of a point s between A and B is given by the position

vector R(s, t) - see Figure 4.13.

The tether tension force T(s, t) is introduced as an internal force acting upon the
segment Rz to R(s, £) due to the segment R(s, t) to Rp, and the distribution of mass
per unit length, along the tether, is given by p(s). Thus, we consider a small segment
of tether from s to s 4 ds, where its mass is given by p(s)ds. Hence, the forces exerted

at the ends of the segment are T(s + ds, t) and —T(s, t) - see Figure 4.14.

The effect of Earth’s gravity is given by

uR
pdsg = —p(s)dspr,
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where R = R(s, t) and R = |[R|. The influence of other gravitational perturbations
from the Sun, Moon and other celestial bodies are represented by an overall perturbing
force F per unit length. Thus, the small segment, ds, will experience a perturbation

force Fds. Hence, the equation of motion for the tether segment centre of mass is given

by
R

p(s)dsw =T(s+ds, t) —T(s, t) — p(s)dsﬂ1

i + Fds,

which reduces to
R _ 0T iR
P oz ™ s PR3

By definition a flexible tether will not resist bending, and its tension force will always

+F. (4.27)

be tangential to the line of the tether,
T =Tn, (4.28)

where n is the unit tangent vector given by

_OR|oR[™

AP
T 9s

Os

The magnitude of the tension can be specified by adopting an appropriate law of elas-

ticity, such as Hooke’s law [73],

where v = |[0R /33| and E, = E;(s) is the tether extensional stiffness [72].

Motion of The End-Bodies

The position of the end-bodies, 4 and B, at a time ¢ are given by the geocentric radius
vectors Ra (t) = R{sa, t) and Rp(t) = R(sp, t). The masses of the end-bodies along

with the retracted tether at a time ¢ are given by

SA(t)
my = m%‘i‘/‘ p(S)dS,
0
(4.30)

SB(t)
mp m$ +/ p(s)ds,
0

where m% and m% represent the end-body masses without the tether.
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The rate of change of the masses, m4 and mp, depend on the tether deployment or

retrieval velocity. Thus,

dma dsa dm%
RS e
(4.31)
de _ dSB dm%
LSl e

Equation (4.31) also accounts for any mass reduction to m% and m% due to the expen-

diture of fuel as a result of any possible thrusting.

The velocity vectors of the end-bodies are given by

vA = dRa
A = dt )
e = dRp
B = &

Assuming the tether is deployed from the two end-bodies, we can assume that the value
of s4(t) decreases, and for sp(t) to increase over time. Therefore, over a period dt,
a segment —dsy of mass —p(s4)dss will be deployed from A, and a segment dsp of
mass p(sg)dsg will be deployed from B. Hence, the tether velocities, relative to the

end-bodies, at the points of deployment will be given by

JR\ d
wo = (%), %

IR\ ds
wi = ~(5), %

The calculation of the variation of momentum in the systems ‘end-body A + segment
—ds 4’ and ‘end-body B + segment dsg’ in a period dt, neglecting any possible thrusting

and retaining terms linear in dt, gives

ma(t +di)va(t + dt) — plsa)dsa[va(t) + ua(t)] — ma(t)va(t)

R
= {TA - mA(?f)HR:a,j + FA} dt,
(4.32)
mp(t + dt)ve(t + dt) + p(sg)dsp [ve(t) + ug(t)] — mge(t)ve(t)
= [—TB — mp(t) “II;B 1 Fg| d,
B
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where Ta = T(s4, t) and T = T(sp, t) are the tether tension forces at the attachment
points, and Fa and Fp are the overall perturbing forces on the end-bodies [72]. Thus,

in the linear approximation of dt,

dva

ma(t+ dt)va(t +dt) — ma(t)va(t) = ma (t)d—tdi + p(sa)dsava(t),
ms(t+ dt)va(t+ dt) — mp(tve() = mB(t)d;—tht — p(s5)dspve (D).

Finally, substituting into Equation (4.32), gives the equation of motion for each of the

end-bodies,
dQRA dsa 2 pRA
77?',4(15)"“&?2‘“ = NA [TA - P(SA)'YA (_gt—> - mA(t) R?«l +Fa+Wa,
(4.33)
d’Rp dsg\? uRgp
mp(t) w2 = 1B |(Th- p(sB)VB <E> —mp(t) o +FB + Wg,
where

Ta = Eg(sa)(ya—1),

oR

YA = 95

?

A

Tp = Ey(sp)(ys—1), and

oR
Os
Here T4, p represents the tension at the attachment points, and W, s the thrust forces,

if any [72].

YB =

B

4.2.2 Simplified Model

The partial differential equations governing a tether system’s motion, are complex, and
their solution is far from straight forward. Here we will discuss how these equations can
be simplified, producing the rigid tether model. An inextensible tether model ignores
longitudinal strain in the tether, and instead of using the law of elasticity, the following

constraint is assumed,
R

| = 1. .34
s 1 (4.34)
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This results in the tension, T, now playing the role of an indefinite Lagrange multiplier,
depending both on time, ¢, and the arc length, s. This constraint leads to the ‘dumb-
bell’ model of two point masses with a rigid rod between them. The model with a
massless tether implies that p = 0 and F = 0. Hence, Equation (4.27) is reduced to the
condition of constant tension, 9T /ds = 0, while the unit tangent vector, in Equation

(4.28), is expressed as
ne Rp - Ra
~ |Rp —Ral’

The law of elasticity, in Equation (4.29), is modified to allow for tether slackness, since

(4.35)

the tether, on the whole, never withstands compression,

(4.36)

By(y—-1) ify>1, |Rs — Ra|
T = y= 2 Al

0 if v <1, §B — SA
The tension of an inextensible and massless tether is determined as an indefinite La-
grange multiplier associated with the constraint
|Rp —Ra| < sp — sa. (4.37)

The motion of the end-bodies are governed by Equation (4.33) with

T4y=Tp=T,

np =ng=1n.

The motion of a dumb-bell type tether system is described in more detail by Lee-Bapty
[39].

4.2.3 The Massless Tether Model

Historically, models with a massless tether were first applied to investigate a tether
system’s orbital motion. They have resulted in a number of qualitative and quantitative
discoveries, regarding a tether system’s orbital motion. Many more advanced models
have since followed, but the massless tether model still retains its significance as a

relatively simple method for calculating a tether system’s orbital motion.

The general equations of a non-rigid orbiting tether system have already been introduced
in Section 4.2.1 as a particular case of the general motion equations. Consider a tether
system consisting of two end-bodies, A and B, where B is a massive satellite and A

is a sub-satellite of relatively small mass, i.e. mp 3> m4, where m4 and mpg are the
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end-body masses of 4 and B, respectively. Therefore, the tether system’s centre of mass

will coincide with the satellite, B.

The tether system’s centre of mass is modelled by firstly introducing a geocentric inertial
reference frame (xyz) with the y-axis pointing along the horizontal component of the
velocity vector, the z-axis along the normal to the orbit plane and the x-axis completing
the right hand set. The equations of the relative motion of the sub-satellite, A, tethered

to the origin of the moving reference frame can then be derived from Equation (4.33),

. . , - R
ma |[FA+7XraA+2nxTFa+nX(nxra)+Re+ MRSA:l =Ta +Fa (4.38)
A

where ro = Ra — Rgp is the radius vector of A with respect to the orbital frame, Ra
and Ry are the geocentric radius vectors of A and B, n is the orbital angular rate,
Ta is the tether tension force and Fp is the non-gravitational perturbations of the
sub-satellite. Note that the time derivatives of ra are calculated with respect to the
orbital reference frame xyz, whereas the vector Rp is differentiated with respect to the

geocentric reference frame XYZ.

The Keplerian motion of an Earth orbiting object is given by

Therefore, in the linear approximation of ra, the difference

Rs
ROB'

Ra BRp TA
'__—:__3(I'A.RB>
R} Ry Ry

Ultimately, the equations of relative motion for the sub-satellite are given by

i—2yn —ny— (1+2p 1) n’z Ty + Fy
1
5 ; : -1} ,,2 - =
y—i—an—nw—(l—p )n 1y = a T, + Fy (4.39)
54+ pin?z T, + F,

where p = 1+ ecos 8, and Fy, F, and F, are the components of the perturbing force

Fa [72}.

In accordance with Equation (4.27), a massless tether (p = 0) is not subject to gravita-
tional forces. Therefore, once they are ignored, the next logical step would be to neglect
non-gravitational forces also, i.e F = 0. These assumptions, predict that a taut tether

will always be stretched along the line AB, see Equation (4.35), and the tether tension
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Figure 4.15: Relative position of a sub-satellite, A, tethered to a satellite, B, of greater
mass

force will have the components

T
(Twa Tya TZ) = _; (-’L‘7 Y, Z),
s
T = I (7—1),

ro= VzZ+y?+4 22,

where [ is the unstrained tether length and Ej is the tether extensional stiffness.

The motion of an inextensible tether system, is conveniently specified by the spherical
co-ordinates, 7, a, ¢, where 7 represents the distance from the object, « is the in-plane

and ¢ is the out-of-plane rotation - see Figure 4.15. If we substitute

T = —rCcosacos g,
y = —rsinacos g,
z = -—rsing,
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into Equation (4.39), we obtain

L 2 3n® | F
&+n+(@+n) (—T - 2¢tan¢> + ™ sinacosa = . S
r P AT COS ¢
. 925 3n2 F,
¢+_r¢+ [(d+n)2+icos2a} singcos g = ——2—, (4.40)
T P mar
. 2 F,
F—r l:ng + (& +n)?cos® ¢ + L (3cos® pcos® a — 1)} + T _ -
p ma ma
where the disturbing force components, given by Beletsky and Levin [72], are
F. cosccos¢  sinacos¢g  sing Fy
F, = ~ Sin cos o 0 Ij"y . (4.41)
Fy —cosasing —sinasing cos¢ F,

If we now take the true anomaly, 8, as an independent variable we get

; ing . 3
&+2(a+1) (;_es;n —¢tan¢>+z—7sinacosa = Qu

b+ 2¢ (;_esm >+sin¢cos¢[(a+1)2+5c082a} = Qg (4.42)
. .esinf
T_Qresm rO—w) = @
where
v . 1
u = ¢2+(d+1)20082¢+1—7(3COSQ¢>COSQC¥—1),
F,
Qa = —270[‘,
man2r cos o
Iy
@y = man?r’
F,
Qr = "—‘I‘“g,
man
T
A= 5= 2 0.
man?r

Here dots indicate differentiation with respect to true anomaly [72]. Therefore, with

true anomaly as an independent variable, and after the substitution of
(w 7, 2, ;\) =p(, ¥, 2, A)
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Equation (4.39) takes the form

é—2gj+(7\—3)p—155 F,

: P - D

§+ 2%+ Ap7lg =z | ool (4.43)
i+ (1+7\p—1)2 F,

The massless tether model has provided a number of qualitative and quantitative dis-
coveries, regarding a tether system’s orbital motion. Although many more advanced
models exist, the massless tether model is still a very significant method for calculating
a tether system’s orbital motion. Hence, it is the massless tether model which is used to
provide the foundations for the ‘bead’ model, implemented into TRAP. This is discussed

further in the following chapter.

4.3 Summary

The equations introduced in Section 4.1 have been successfully implemented into the
TRAP model and thoroughly validated using work by Walker [3] and Barrows [4]. They
provide an accurate method for propagating the orbital space debris population, whilst

taking into account the major orbital perturbation effects of an Earth type orbit.

The equations introduced in Section 4.2 gave an account of a tether system’s orbital
motion. Although a number of sophisticated tether models exist, the most commonly
published model was adopted. Here the tether system is modelled as two point masses
connected by a flexible tether. The first part of this discussion introduced the equations
of tether motion and the motion of the end-bodies for a general tether model. A number
of simplifications were then discussed which produces a rigid tether model. This removes
a lot of the complexities in the model and is ideal for a first approximation. Finally,
the massless tether model was introduced. In the past this model has resulted in a
number of qualitative and quantitative discoveries, regarding a tether systems orbital
motion. The massless tether model provides the foundations for the ‘bead’ model that

is implemented into the TRAP model and is discussed further in the next chapter.
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Chapter 5

Tether Risk Assessment Program

The first deployment of a tether in space was performed during the Gemini programme
in the mid 1960’s. A number of proposals for using tethers in space have since been put
forward. Such proposals offer a wide range of applications, such as de-orbiting satellites,
re-boosting the International Space Station and conducting atmospheric experiments.
However, introducing a long thin structure, such as a space tether, into Earth orbit
produces a number of problems. One major concern is the interaction of a space tether
system with the orbital debris environment. A space tether is typically a few kilometres
in length and just a few centimetres, or smaller, in diameter. This type of design
produces very large cross-sectional areas which is very susceptible to debris impacts, with
just one impact resulting in the possibility of mission failure. It is crucial, therefore, that
a good understanding of the interaction between the orbital space debris environment

and a space tether system is achieved.

The purpose of this chapter is to provide a comprehensive description of the Tether Risk
Assessment Program (TRAP), which is capable of performing collision and sever risk
assessments for an orbiting space tether system as a result of the orbital space debris
environment. The TRAP model was implemented in Visual C++ with a Microsoft

OpenGL graphical user interface, and consists of four main programs, namely:

o The Breakup Program, which determines the physical properties (e.g. mass,
size, area) and Aw’s for each breakup fragment generated. The Breakup Program
can model either a low or high intensity explosion, or a catastrophic or non-

catastrophic collision.
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94




e The Tether Program, which determines the position and velocity vectors for

each of the ‘beads’ used to model the tether system.

e The Analysis Program, which models the collision and sever risks of an orbiting
space tether system arising from a debris cloud produced by a fragmentation event

(modelled by the Breakup Program).

s The Background Program, which models the collision and sever risks to an
orbiting space tether system arising from the background orbital space debris
environment. It is also used for predicting the future background debris population

based on recent space activities.

The architecture, data and control flow of the TRAP model is illustrated in Figure 5.1.

5.1 The Breakup Program

The Breakup Program models a fragmentation event which can take the form of a low
or high intensity explosion, or a catastrophic or non-catastrophic collision. However,
a number of breakup models exist, and the choice of which one to implement may
influence the outcome of the collision and sever probability assessments. An analysis
of four leading breakup models was performed by Williams et al [31] to assess the
sensitivity of the debris cloud properties to the different models used to generate the

cloud.

Analysis of Breakup Models

Most space debris environment models use isotropic breakup models to generate a frag-
ment population, which is subsequently propagated to define the future debris popula-
tion. These breakup models rely heavily upon empirically derived equations that are
used to determine the fragments initial conditions, such as mass, size, Av and area-
to-mass ratios. However, a number of ground-based experiments have resulted in a
variety of data sets, such that a range of best-fit curves, and consequently, different
defining equations and different initial parameters have been generated, depending on
the experiment that was undertaken. This problem has been exacerbated because the

experimental data is limited, in terms of mass, size, Av and mass-to-area ratios, and
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yet many models extrapolate the results beyond these limits, especially in terms of Av
[31].

Research conducted by Williams et al [31] analysed the sensitivity of the debris cloud
properties to the breakup model used to generate them. Four breakup models, IDES
(3], SDM [74, 75], MASTER [15, 16, 17] and EVOLVE 4.0 [32] were compared in
terms of their distributions of the cumulative number of fragments, fragment Av’s, and
mass-to-area ratios as a function of fragment mass. A number of breakup scenarios
were considered, including low and high intensity explosions, and catastrophic and non-

catastrophic collisions.

The results produced by Williams et al [31] showed, generally, that the IDES, SDM and
MASTER models were in fairly good agreement, for most scenarios, whilst the results
produced by EVOLVE 4.0 were significantly different. However, this is not too surprising
since the breakup models that agree with each other do so because they have used the
same equations or sets of equations, which have, in turn, been empirically derived from
the same pool of limited data. Hence, the breakup models of IDES, SDM and MASTER
are not truly independent. However, there remains a good deal of discrepancy between
the models for certain distributions, especially when the EVOLVE 4.0 breakup model
is compared to the other models. In the development of EVOLVE 4.0, NASA chose
to base their equations on fragment diameter, and in the case of the Av equations,
on the area-to-mass ratio. Conversely, the other three models based their equations
on fragment mass. This is the principal reason why the NASA EVOLVE 4.0 model

produces significantly different results.

It is not possible to determine which of these breakup models most accurately predicts
the actual outcome of a breakup event. Hence, it was concluded that a much larger
number of ground-based experiments and on-orbit observations should be conducted,

increasing the pool of data upon which the empirically derived equations are based.

As a consequence of the research conducted by Williams et al [31] it was decided
that the IDES breakup model would be implemented into the TRAP model. The
focus for the rest of this section will be to discuss the implementation of the IDES
breakup model, highlighting the equations used to determine the cumulative number
of fragments generated, mass, Av’s and mass-to-area ratios. In order to ensure the

successful implementation of the IDES breakup model into the TRAP model, a method
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of validation was adopted, which will also be discussed.

5.1.1 Implementation of The IDES Breakup Model

The IDES breakup model determines the physical properties for each fragment generated
(e.g. mass, size, area). The model also calculates the Av’s imparted to each fragment as
the original space system fragments. In order to determine these physical properties and
Av’s, the IDES breakup model requires the original space system’s orbital parameters
and mass prior to the fragmentation event. If the fragmentation event is a collision,
then the mass and velocity of the impacting projectile are also required. The following
relationships, as discussed by Walker [3], have been derived for the IDES breakup model
and are supported by deterministic data and comply with the laws of physics (i.e. mass

and energy conservation).

Mass to Size/Area Relationships

The fragment mass, M (kg), is related to its size, d (m), using,

46.81d%26 if d > 0.0062 m,
20944  if d < 0.0062 m.

The fragment mass is also related to its area, A (m?), using,

61.5AL13 if Aeg > 3.0 x 1075 m?,
M= eff of (5.2)

3009AL2 if Aeg < 3.0 x 1073 m?2.

Mass Distributions

The cumulative number of fragments, CN, greater than a mass, M (kg) , will depend

on the type of fragmentation event. For low intensity explosions, we have,

ON - 171 exp (—0.6514v/M fry) for M > 1.936 kg/fm, (53
869 cxp (—1.8215¢/M f,) for M < 1.936 kg/ fm.,

where fr, is the ratio of 1,000 kg over the breakup object’s mass, M; (kg).
For high intensity explosions, we assume a 50:50 split of the breakup object’s mass.

That is 50% follows the low intensity exponential law, given by Equation (5.3), and
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50% follows the power law given by

ON — 171exp (—0.6514y/ M) + P for M > 1.936 kg/ fm, (5.0
869 exp (~1.8215/MF,,) + P for M < 1.936 kg/fpm, '

where

Mo\ 078
0.5M; '

For the low intensity portion, fi, is the ratio of 1,000 kg over 50% of the breakup object’s

P =0.331 (

mass, M;. The power law coefficients were derived by McKnight et al [76] from a series
of ground tests. However, the breakup object’s mass split between the power law and
the exponential law is not exactly known and the 50:50 split assumed here minimises the
number of large size fragments produced by the exponential law and, more importantly,

maximises the number of small and medium size fragments.

For catastrophic collisions, where the energy-to-target mass ratio, EMR, is assumed

greater than 40 J/gram, we have,

M -B
CN=A| —— , 5.5
<Mt + Mp) ( )
where
EMR — 40
A = 1.6290 — 1.66365.

Here M, is the projectile mass (kg) and My is the target mass (kg) prior to the collision.

For non-catastrophic collisions, (EM R < 40 J/gram), we have,

M ) —0.7496
’

__ 5.6
Me + Mp ( )

CN = 0.4478 (
where
M, = 107Muy?

is the total ejected mass (kg) and v is the relative impact velocity (km/s). To account
for a loss of mass from the target object, the residual target mass is found by deducting

the total ejected mass, M,, from the original target mass, M;.
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Av Distributions

The velocity, Av, imparted to a fragment of given size, d, will depend upon the breakup

scenario. For low and high intensity explosions we have,

1og1g (Avpear) = —0.0676 (logyo d)* ~ 0.804 (log1 d) — 1.514, (5.7)
where Auvpeqx is the characteristic velocity (km/s) and d is the debris size (m). The
corresponding equation for collisions is given by,

0.875 — 0.0676 [logm (fn—)] * ford> dp,
0.875 for d < dm,

log1o (Avpeak) = (5.8)

where

By
dm = —, and
¢

B, = O.5Mpvc2.

Here, Avpeai is the characteristic velocity (km/s), dp, is the cut-off diameter (m), ¢ is a
constant equal to 8 x 108 kg!/3s=2/3m~2/3 4, is the relative impact velocity (m/s), and

E, is the projectile kinetic energy (Joules).

To determine the Av associated with each fragment, a spreading function is applied to
the peak velocities, Avyeqk. This ensures that the Av imparted to each of the fragments,
of a given size and mass, is not the same. NASA’s triangular spreading function has
been implemented into the IDES breakup model, which bounds the imparted velocities

between 0.1 and 1.3 of the peak velocities.

5.1.2 Validation of The Implemented IDES Breakup Model

To ensure that the IDES breakup model had been successfully implemented into the
TRAP model a number of validation procedures were performed. This was achieved
by simulating a number of historical fragmentation events and comparing the orbital
distribution of the modelled debris clouds against actual debris clouds. Here we will

discuss two examples.

The first example tested the model accuracy by simulating the fragmentation of the

NOAA-3 Delta second stage rocket body, which exploded in 1973 at an altitude of
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Figure 5.2: Gabbard diagram of tracked fragments from the NOAA-3 breakup
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around 1,500 km. This had a breakup mass of about 306 kg, and the simulated breakup
generated 163 fragments greater than 10 cm in size (i.e. object’s that can be tracked
and catalogued at such altitudes from ground-stations). This compares reasonably well

to the catalogued number of 182.

The Gabbard diagrams in Figures 5.2 and 5.3 show the apogee and perigee distributions
of the actual and simulated cases, respectively. The simulated Gabbard diagram in
Figure 5.3 is an instantaneous account of the fragmentation event after the breakup,
whereas the actual Gabbard diagram was recorded some time after the fragmentation
event occurred. This will account for the slight tailing off of the left-hand ‘limb’ in
Figure 5.2 which is due to the effects of atmospheric drag on the fragments with low

perigee altitudes.

The second example considers the fragmentation of the SPOT-1 rocket body, which ex-
ploded in November 1986 at an altitude of around 800 km. The rocket body had a mass
of 1,634 kg and a total of 421 fragments, greater than 10 cm in size, were generated in
the TRAP simulation. This compares reasonably well to the actual catalogued number

of 489.

The Gabbard diagrams are illustrated in Figures 5.4 and 5.5, which show the tracked
and simulated results, respectively. Figure 5.4 shows the tracked fragments some 3
months after the actual breakup event and the effects of atmospheric drag are once

again quite noticeable on the left-hand ‘limb’.

5.2 The Tether Program

The Tether Program models a tether system in Earth orbit. The issue of tether dynamics
has been discussed in a variety of literature sources, from the ‘dumbbell’ type rigid tether
system [39] to more complex models of non-rigid tether dynamics [72]. Other literature
sources have also considered how the motion of one of the end-masses is perturbed by the
presence of the other [77]. The dynamics of an orbital cable system (OCS) consisting

of a vehicle with an engine have also been discussed [78].

The equations of tether motion for a general case were introduced in the previous
chapter, where the tether system was modelled by two point masses connected by a

flexible tether. The discussion then proceeded to introduce a number of simplifications
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that led to the rigid tether model, before moving on to discuss the massless tether system
model. This model provides the foundations for the ‘bead’ model which is implemented

into the TRAP model.

The following sections will discuss the ‘bead’ model along with the OpenGL graphical

user interface developed to enable the user to visualise the motion of an orbital tether

gystem.

5.2.1 The Bead Model

The ‘bead’ model, implemented into the TRAP model, is an extension of the massless
tether model, discussed in Section 4.2.3. The tether is not modelled as a continuous
structure, but consists of n ‘beads’ (points) connected by straight, massless strands,
referred to as tether segments. Increasing the number of ‘beads’ improves the model’s
accuracy, and as the number of ‘beads’ tend to infinity so the tether tends to a continuous
flexible structure. Figure 5.6 illustrates the ‘bead’ model. The ‘beads’ at either end of
the tether represent the tether system’s end-bodies, the attributes of which subsequently
determine the location of the tether system’s centre of mass. The other ‘beads’ are
positioned along the tether length using an automated ‘bead’ distribution method. This
takes into account the length of the tether, the location of the centre of mass and the
number of ‘beads’. For example, if a tether system consisted of two end-bodies of equal
mass, then the centre of mass ‘bead’ would be located at the centre of the tether,

equidistant from the two end-bodies. If the tether model now required another two

segments

n-1

Figure 5.6: The bead model
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Centre of mass bead
—_—

where d # 1

Figure 5.7: The bead distribution

‘beads’ to be positioned along the tether system, then the ‘bead’ distribution method
would place each ‘bead’ either side of the centre of mass ‘bead’ at equal distances.
However, if the tether system’s centre of mass was in close proximity to one of the end-
bodies, and another two ‘beads’ were required for the model, then placing each ‘bead’
either side of the centre of mass ‘bead’ would not be suitable. Therefore, the two ‘beads’
would be redistributed towards the opposite end-body, evenly spaced, providing a more

accurate tether model - see Figure 5.7.

The equations of motion for a massless tether system were introduced in the previous
chapter. Here we will discuss how these equations are used in determining the position
vectors for each of the ‘beads’ along the tether system. The equations defining the
‘bead’ model are developed by assuming that the centre of mass ‘bead’ corresponds to
the massive satellite, B. Thus, the position vector for the tether system’s centre of
mass is given by Rem. Before introducing the general equations used for determining
the position vectors for each of the ‘beads’, however, a brief discussion will be presented
that considers a tether system modelled using three ‘beads’. That is the tether system’s

centre of mass ‘bead’ and the upper and lower masses.

With the position vector of the tether system’s centre of mass known, Rem (= Ra), the

position vector for each ‘bead’ either side of the tether system’s centre of mass can be
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determined using
Rz = R;j+rg,
(5.9)
Ry = Ry —ry,

where ra and rg are the position vectors of the upper and lower masses, respectively, in

the local vertical/local horizontal (LVLH) reference frame, given by
ry = ({;cos @jcos ¢;) X + (I;sine;cos ¢;) § + (I; singy) 2. (5.10)

Here [ is the tether segment length, « is the in-plane libration angle, ¢ is the out-of-
plane libration angle, 7 denotes the *bead’ number and (%, §, 2) are the unit vectors in
the directions of the z, y and z axes, respectively. The equations governing the in-plane

and out-of-plane libration angles, given by Equations (4.40), are repeated here,

" . R 27 . 3 2 . F
&-+n+(a+n) <_T_2¢tan¢> + 2" sinacosa = e
r p MAT COS ¢

¢+—T¢+[(d+n)2+ic0s2a] singcosp = ——2.

r p mar

However, agsuming the tether is always fully deployed and that there are no external

forces are acting on the tether, this simplifies to

. . ; . 3n? |
& = (&+mn) (2¢tan¢)—n—7smacosa,

(5.11)

;

i

. . 2 3n2 o
—singcos ¢ | (& + n) +~1;—cos al .

The libration angles are found by numerical integration of Equations (5.11) at each time

interval using a Runge-Kutta-Fehlberg 8th-order routine.

The solution discussed above is complete for a tether modelled using three ‘beads’.
However, for a tether system modelled using more than three ‘beads’ a more general

method is required. This is achieved by generalising Equation (5.9)

Ry ,+r; ifi>cm
Ri=¢ -7 ’ (5.12)
Rity —r; ifi<cm,
where ¢ denotes the ‘bead’ number, 0 < 7 < n, where n is the total number of ‘beads’

used to model the tether.
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Modelling Orbital Perturbations

The small deviations caused by orbital perturbations to a tether system’s orbital motion
have been implemented into the TRAP model, providing a more realistic orbit. This
was achieved using the equations introduced in Section 4.1.2. The small changes in
semi-major axis, eccentricity, inclination, argument of perigee and right ascension of
the ascending node, of a tether system’s (centre of mass) orbital elements, are then
updated at each time interval. This is achieved by simply adding the changes caused

by orbital perturbations to the tether system’s initial orbital elements.

5.2.2 Validation of The Tether Bead Model

The tether model implemented into the TRAP model was validated using a Tether
Simulator provided by JAQAR Space Engineering [79]. As with the TRAP model, the
JAQAR Tether Simulator models a tether system as a number of ‘beads’ providing an
ideal validation tool - see Figure 5.8. Given the tether system’s orbital elements, for its
centre of mass, along with its dimensions and the number of ‘beads’, the JAQAR Tether

Simulator calculates the position and velocity vectors of each of the ‘beads’ at every

Figure 5.8: The JAQAR Tether Simulator
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time-step. A number of simulations were performed using both the TRAP and JAQAR
Tether Simulator models and a comparison of the results was carried out. Results
indicated that a Runge-Kutta 4th-order routine, which was initially implemented into
TRAP, was not sufficient for tether modelling, with discrepancies growing rapidly. These
findings prompted the Runge-Kutta 4th-order routine to be replaced with a Runge-
Kutta-Fehlberg 8th-order routine. This provided greater stability in the results, and a

good comparison between the two models was achieved.

5.2.3 The OpenGL Graphical User Interface

The position and velocity vectors of each of the ‘beads’ used to represent the tether
system in question can be used to visualise the tether system in orbit. This was achieved
by the implementation of an OpenGL graphical user interface (GUI). The TRAP GUI
is split into four views, which are explained in Table 5.1. Figures 5.9 and 5.10 illustrate
the TRAP GUI for a 20 km long tether system. For this particular simulation it was
assumed that the tether system was in a near-circular orbit at an altitude of 350 km,
inclined at 32°. The end-bodies were assumed to be of equal mass, 25 kg, placing the
tether system’s centre of mass 10 km away from each end-body. The tether was also
assumed to have an initial in-plane libration angle of 10° and an initial out-of-plane
libration angle of 5°. Figure 5.9 shows the 20 km long tether system, represented by
7 ‘beads’, at the beginning of the simulation, while Figure 5.10 shows the 20 km long

tether system at the end of the 3-day simulation.

Name Explanation Position
In-plane view Shows the in-plane libration of the tether system | Bottom left
only (as viewed down the orbit plane normal to
the local horizontal component of its velocity).
Out-of-plane view | Shows the out-of-plane libration of the tether | Bottom right
system only (as viewed along the local horizontal
to the orbit plane normal).

Tether view Allows the user to rotate the viewing angle of the | Top left
tether through the x, y, and z viewing axis
Orbit view Shows the position of the tether system’s cen- | Top right

tre of mass about the Earth. The user can also
rotate the viewing angle and zoom in or out as
necessary.

Table 5.1: TRAP GUI details
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Figure 5.9: TRAP GUI illustrating a 20 km long tether system
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Figure 5.10: TRAP GUI illustrating the 20 km long tether system after 3 days
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5.3 The Analysis Program

The Analysis Program is responsible for calculating the collision risk to an orbiting
space tether system, within a given time interval, as a result of a fragmentation event,
modelled by the Breakup Program. One method for estimating collision probabilities
utilises the Poisson distribution and principles of the kinetic theory of gasses. The
Poisson probability distribution function is given by:

_ Rke— R

By Kl

where Py is the probability of k events, &£ is the number of events and R is the rate

of occurrence parameter. The probability of no events occurring (k = 0) can then be

found to be o R
Py = E(;—— =e E

In general, a Poisson distribution can be used where the probability of two or more

events occurring is very small. Assuming that the probability of more than one event

is negligible, the probability of one collision can be represented by:
P=1-P=1-¢k (5.13)

The rate of occurrence parameter, R, is then obtained from the kinetic theory of gasses.
It is defined as the number of collisions during a given length of time between one
molecule of gas with others in a confined volume, and is given by the molecule’s size,
density of gas, relative speed, and the length of time considered [80]. Therefore, by
applying the same kinetic gas assumptions to a confined volume in space, the collision
rate between a specified target object and all other objects in a given volume can be
determined for a specified length of time. For an object in orbit, the rate of occurrence
parameter, R, would be equal to the product of the target object’s cross-sectional area,
A, the average spatial density, p, the average relative velocity, v, and the time interval,

¢, under consideration. Substituting these values into Equation (5.13) gives:
P =1 — exp(pA.vt) = pAvt,

when dealing with small probabilities. Therefore, the equation for calculating collision

risk, P, most commonly used in the literature, is given by
P = pAcut. (5.14)
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Here p is the debris cloud spatial density, A, is the target collision cross-sectional area,
v is the relative velocity and ¢ is the time interval under consideration. Equation (5.14)
is calculated for each tether segment, due to the variation of the debris density, collision
cross-sectional area and relative velocity for each of the tether segments. The accu-
4 mulation of each segment collision probability then provides the overall tether system

collision risk resulting from a fragmentation event.

The Probabilistic Continuum Dynamics (PCD) method was applied to study the colli-
sion probability to an orbiting space tether system. The advantage of using this method
over other methods, along with the ‘bead’ model implemented in the Tether Program,
is that the debris density can vary over the length of the tether system. This method
therefore provides an enhanced means of calculating collision risk assessments to orbiting

space tether systems from orbital debris produced from a fragmentation event.

The method of modelling collision risk to an orbiting spacecraft using the PCD method
has been used in the past. The Space Debris Simulation (SDS) suite [4] is one such
example, which was developed at the University of Southampton under contract to the
Defence Evaluation and Research Agency (DERA, now QinetiQ). The SDS model was
designed to study impact hazards to satellites resulting from debris clouds produced by
a fragmentation event. The software is ideal for short-term analysis and was initially
designed to study impact hazards in LEO. However, in recent years the model has been
updated and can now be used for longer-term studies and also for GEO studies. Debris
clouds arising from both explosions and collisions can be considered, and the software
may also be used to analyse the impact risk to a constellation of satellites. A number
of such case studies have been performed by Swinerd [26] and Barrows [81]. At the

‘heart’ of the software is the method of PCD, which allows a ‘target-centred’ approach.

The following sections will discuss the PCD method that has been implemented into
the TRAP model to assess the collision probability between an orbiting space tether
system and a debris cloud produced from a fragmentation event. In order to determine
the successful implementation of the PCD method into the TRAP model, the method

of validation will also be discussed.
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5.3.1 Probabilistic Continuum Dynamics

The Probabilistic Continuum Dynamics (PCD) method is principally based upon the
solution of the Gauss-Lambert problem. This requires finding an orbital trajectory
between two position vectors given a time of flight. This may be applied to the problem
of estimating debris collision risk in the following way. Given the position vector of
a fragmentation event, the current position of a ‘target’ object, and the time interval
between them, the transfer orbit from the fragmentation event to the ‘target’ object
can be determined. The transfer orbit solution can then be utilised to calculate the
Aw at the fragmentation point, which is required to reach the ‘target’ object over the
given time interval. If the Av is greater than that defined by the fragmentation velocity
distribution, then the ‘target’ object is outside the generated debris cloud. Conversely,
if the fragmentation velocity distribution encompasses the Aw, the ‘target’ object is
within the cloud. An estimate of the debris density at the ‘target’ object can then
by determined by defining a transformation that maps the velocity distribution at the
fragmentation event onto the spatial distribution at the ‘target’ object. This can then

be translated into an estimate of collision probability [26].

Consider a fragmentation event occurring at time t = 0, with position vector rg. The
spatial density of the resulting debris cloud at a position r at time ¢ can then be found
as follows. Let g represent an initial velocity vector that allows a fragment to travel
from rg to r in a time interval ¢t. Hence, the number of fragments contained in a small
volume element dr at time ¢ will be equal to the number of fragments that had ejection

velocities in a corresponding velocity element dig. Thus,
p(r)dr = fy (fo) dio, (5.15)

where p is the spatial density of the debris and f,, the distribution of initial velocities,
is defined such that f,(fo)dfg is the number of fragments with initial velocities in the

element dirg. The elements dr and dig are related by
dr = |J|dtq, (5.16)

where J is the Jacobian of the transformation from g to r. The state transition matrix

is given by
9z 9z Oz
dtg JYo 92
=| % o6y 9y
J dic  Bygo Do (5.17)
9z 0z 9z
OZg Syo B2
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The debris density can then be calculated using

1

p(r)= !—J_’fv (To[r]). (5.18)

5.3.2 Implementation of The PCD Methodology

The method of PCD was implemented to determine the collision risk between an orbiting
space tether system, and a debris cloud resulting from a fragmentation event. Given
the orbital elements of the breakup object and the tether system, the determination of
the collision probability requires three main steps. These correspond to the calculation
of p, A, and v in Equation (5.14). However, unlike a typical satellite, an orbiting space
tether system can be many kilometres in length. Hence, the debris density along the
length of the tether can vary significantly. The tether system is therefore divided into
a number of segments. This is achieved by implementing the ‘bead’ model outlined in
Section 5.2. Each corresponding ‘bead’ segment then requires the calculation of p, A,
and v separately. The collision probability for each segment can then be determined
and summed to give the overall tether system collision probability. The calculation of p,
Ac and v is outlined below for a specific tether segment, which is subsequently repeated

for the remaining tether segments.

Firstly, the debris density from the fragmentation to the tether segment’s position must
be determined. This requires the solution of the transfer orbit (Gauss-Lambert) prob-
lem that links the breakup event to the tether segment’s location in the time interval
considered. Hence, the velocity vector of the transfer orbit at the breakup epoch and
at time ¢ can then be determined. Subtracting the breakup object’s velocity vector, at
the time of breakup, from the transfer orbit velocity vector solution, at the same epoch,
determines the Av of the transfer orbit relative to the breakup object’s centre of mass.
With knowledge of the Awv, and referencing back to the breakup model employed, the
density of debris in spread velocity space can be obtained. The calculation of debris
density at the tether segment’s location requires the transformation from spread velocity
space, at the breakup epoch, to position space, at the tether segment’s position, tak-
ing into account the time between. This requires the evaluation of the state transition
matrix @ (r, o) (= 9r/0fp) at the point in spread velocity space, obtained from the
transfer orbit Awv, and for the orbital transfer time. The actual debris density is then

calculated by dividing the spread velocity space value by the determinant of the state

113



transition matrix as shown in Equation (5.18) [4].

Secondly, the relative velocity between the debris and the tether segment must be eval-
uated along with the cross-sectional area of the tether segment, projected normal to this
relative velocity. The relative velocity is determined by subtracting the solution of the
transfer orbit at the tether segment’s position from the tether segment’s velocity vector.
The knowledge of the relative velocity vector then enables the direction of debris flux
to be determined with respect to the tether segment. Hence, the calculation of tether
segment shape, dimensions and an orientation relative to its orbital motion, allows de-
bris fluxes and thus collision probabilities to be calculated for individual surfaces of the

tether segment.

The possibility of there existing more than one transfer orbit solution must be con-
sidered, especially as the debris cloud evolves and wraps repeatedly around the Earth.
Hence, the procedure outlined above must be repeated for each transfer orbit solution
obtained, with each of the contributions summed to determine the total collision prob-
ability for the tether segment in question. The above procedure is then repeated for the

remaining tether segments.

The Transfer Orbit (Gauss-Lambert) Problem

The transfer orbit, or Gauss-Lambert, problem is well documented in the literature. A
number of solutions exist to the problem such as those proposed by Gooding [82], Sun
et al [83] and the original method proposed by Gauss [84]. However, it was the method
of universal variables, proposed by Bate et al [65], that was utilised and implemented

into the TRAP model.

The Gauss-Lambert problem is defined as follows. Given two position vectors, ry and
rg, the time of flight, ¢, from ry to ra, and the direction of motion, d,, find the velocity
vectors at the two positions, vi and vg. Obviously, there exist an infinite number of
transfer solutions that pass through ry and rg, but only two that have the specified time
of flight (if multiple orbit solutions are ignored). These transfer solutions coincide with
the type of transfer involved. A ‘short-way’ transfer occurs if the net range angle, 1,
between ry and rg is less than or equal to 7 radians. A ‘long-way’ transfer occurs when
the net range angle is greater than « radians - see Figure 5.11. The type of transfer, and

hence the direction of motion, d,,, which equals 1 or -1 for a ‘short-way’ or ‘long-way’
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Figure 5.11: Short-way and long-way orbital transfers

transfer respectively, is determined from the orbital motion of the objects at ry and ra.
The value of 1 is calculated by taking the dot product of the two position vectors, ry

and Irg.

The Aw required for a debris fragment to sustain an orbit in the opposite direction of
the breakup object’s centre of mass would be in the order of twice its orbital velocity.
Hence, only transfer solutions orbiting in the same direction as the breakup object’s

centre of mass are considered in the TRAP model.

With the continuing evolution of the debris cloud, multi-revolution orbital transfers are
possible. For such cases, a debris fragment may describe one or more orbits before
arriving at the tether segment location. At any given time after a fragmentation event
has occurred, the range of orbit revolutions to be considered is given by the minimum
and maximum debris orbital periods. The minimum orbital period will correspond
to the debris fragment that has the lowest orbital energy which has not already re-
entered the atmosphere. For each orbital transfer considered, the determination of
the transfer orbit is an iterative process, with the variable iterated upon, Z, being
the square of the difference between the eccentric anomalies of the tether segment and
breakup positions of the transfer orbit, Z = (Ey — E1)2. The procedure for solving Z,
and hence determining the transfer orbit, is given by Bate et al [65], and is outlined

below.
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. The orbital geometry parameter, A, is calculated using

A = dp/rir2 (1 + cosp), (5.19)

where d, is the direction of the orbital transfer and is equal to 1 for a ‘short-
way’ transfer and —1 for a ‘long-way’ transfer, r; is the geocentric distance of the
breakup object’s centre of mass, and 79 is the geocentric distance of the tether

segment.

. An initial guess for Z is made from the orbital transfer geometry and the number

of revolutions being considered.

. The transfer time, At, given by the estimate of Z is calculated using

At = X35+ AVY, (5.20)
where
Y
X = Vol
1-Z2
Y = T1+T2—A(—\/__5§2,
oo 1-conx/Z ,Z%O
: ,Z =0
and
o] IRz 40

1
5 ,ZZO

. Repeat step 3, using a Newton iteration method for a new estimate of Z, if the
difference between At and the actual orbital transfer time is greater than a given

tolerance. If the difference is acceptable then the value of Z can be accepted.

. Calculate the transfer orbit velocity vector at the breakup, vy, and the tether

segment, vg, locations using

vy = w’ (5.21)

g

and

vy = grz —Tri (5.22)
g
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where

f = 1- Xa
T1
g = AVY
and
Y
A
g ry

The above procedure assumes an ideal Keplerian orbital motion and does not take
into account the effects of orbital perturbations. However, as discussed in the previous
chapter, the effects of orbital perturbations can significantly effect an object’s orbital
path over time. Thus, a combination of the analytical procedure, outlined above, with a
numerical minimisation routine has been developed to form a generalised hybrid transfer
orbit solution algorithm. This is achieved by passing the ideal transfer orbit solution,
returned by the universal variables method, into a positional difference minimisation
routine. The technique implemented is a modified simplex method [85], iterating upon
the positional difference between the actual tether segment position and that estimated

by propagating the transfer orbit solution to the tether segment position epoch.

The orbital debris produced by the fragmentation event can be propagated using a com-
bination of all or some of the orbital perturbation effects implemented into the TRAP
model. If all the perturbations are switched off, then the debris cloud will have Keple-
rian motion, which provides an important check to the ideal transfer solution, returned
by the universal variables algorithm. With the introduction of orbital perturbations, the
use of an orbit propagator to check and perturb the initial transfer orbit solution also
provides an opportunity to verify that the orbit calculated does not re-enter the atmo-
sphere at any point. This is particularly important when the effects of atmospheric drag
are considered. Any objects found to re-enter the Earth’s atmosphere are subsequently

removed from the simulation.

The combined analytical and numerical transfer orbit solution method is computation-
ally expensive, particularly once the debris cloud has wrapped around the Earth several
times. In order to speed-up and optimise the solution search procedure, a number
of measures have been implemented. For example, a method that saves and records

the solutions has been adopted to ensure that the best possible solution estimates are
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passed into the minimisation algorithm, because this is where most of the calculation
time is spent. The effects of orbital perturbations can also result in the transfer orbit
solutions being considerably different from the ideal estimate. So, instead of using new
(calculated) ideal estimates at every time interval, the perturbed solutions that were
calculated and saved at the previous time interval are used. The saved solutions are
continuously monitored, and if a saved solution is found to deviate and provide worse
estimates for the transfer orbit than the ideal solution, then it is discarded. The solu-
tion obtained at each time interval are also recorded and checked against one another

to ensure that there is no duplication.

An additional speed-up measure has also been implemented to save on computational
requirements for the modelling of atmospheric drag. For example, every time a new so-
lution to the transfer orbit problem is tested, the mean drag variations for the orbit need
to be calculated. This process is computationally expensive and very time-consuming.
Hence, to minimise the computational requirements, a look-up table is utilised to de-
termine the small changes in semi-major axis and eccentricity with respect to eccentric
anomaly. This look-up table consists of values for the small changes in semi-major axis

and eccentricity calculated for a range of semi-major axis and orbital eccentricities.

The method outlined above has been rigourously tested for a number of orbital geome-
tries and has shown to be very robust providing accurate solutions, while significantly

reducing the computational effort.

State Transition Matrix Determination

The transformation of debris density in spread velocity space into spatial debris density
at the tether segment location requires the calculation of the state transition matrix
that links the two state spaces and epochs. Jenkin and Sorge [86] outline a number
of methods that are available for the calculation of @. The method illustrated by
Goodyear [87], which provides an efficient closed-loop solution to the problem of ideal
orbital motion, was implemented into the TRAP model. A number of algorithms exist
that attempt to incorporate orbital perturbations into the problem. However, there is
no universally accepted method available. For complete generality a numerical approach

is implemented into the TRAP model. The state transition matrix 8r/9%g is calculated
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by using the following small Av (= 8fp) approximation,

;TI;] ~ %’ as Aty — 0. (5.23)
The perturbations in position space produced by the small perturbations in spread
velocity space are calculated by determining the positional difference produced by the
slight ejection velocity deviations from the transfer orbit solution debris breakup Av

[4]. This method is completely general in its application and, therefore, can be used for

the orbital perturbations implemented in the TRAP model.

Orientation With Respect To Debris Flux

A cuboidal tether shape was applied in the TRAP model, dividing the tether into
a number of surfaces. The collision probability for each of these surfaces can then
be determined by resolving the debris encounter velocity into components expressed
in the embedded tether segment body-axis frame. The overall tether segment collision
probability can then be calculated by summing up each of the component contributions,
which are processed separately. Also, each cumulative surface probability can be used
to determine which tether surface encounters the most debris. This information can be
particularly useful for double strand tether systems, which can be rotated to minimise
its cross-sectional area exposed to the debris. The use of an orthogonal co-ordinate
reference frame, with the body axes pointing out along the surface normals, results in
each of the debris velocity components being normal to the tether segment surface [4].
The tether segment collision cross-sectional area is, therefore, the relevant face area of
the cuboid taking into account the debris diameter. This will be discussed later, since
the collision cross-sectional area will also depend on the type of tether being modelled.
Figure 5.12 illustrates the body axis and surface numbering scheme employed in the

TRAP model, where (Xy, Yy, Zp) denotes the body-axis co-ordinate reference frame.

To transform the relative debris-to-target encounter velocity to a vector in the body-
axis co-ordinate frame, the orientation of the tether segment with respect to its orbital
motion must be specified. The simplest approach is to assume the tether maintains one
Earth-pointing surface, with the tether body-axis frame coincident with the orbiting
axis frame. That is, the negative Xp-axis pointing out along the orbit radius and the
Zp-axis in the same sense as the orbital angular momentum vector [4]. This is the

non-librating (default) condition in TRAP. Figure 5.13 illustrates the default tether
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Figure 5.12: Tether surface numbering scheme with respect to the tether segment body-
axis

Surface number Flight orientation
Space facing surface
Trailing surface
Negative orbit normal
Ram surface

Orbit normal

Earth facing surface

SO s W N

Table 5.2: Tether in-flight orientation numbering scheme

flight orientation, where (X,, Yo, Zo) denotes the orbiting axis frame, and Table 5.2

describing the surface number scheme.

A space tether system librates, however, and will not always maintain one Earth-
pointing surface. Therefore, any librational motion in the tether segment is accounted
for by rotating the tether segment body-axis frame with respect to its orbiting frame.
In-plane (roll), out-of-plane (pitch) and yaw angles are used to rotate the tether segment
about the orbiting X,, Y, and Z, axes respectively. The yaw angles are only relevant

for a double strand tether system.
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Figure 5.13: Default tether in-flight orientation

Collision Cross-Sectional Area Determination

The collision cross-sectional area, A., of a tether segment depends on the tether system
under consideration (i.e. single or double strand). Chapter 3 introduced the two types
of tethers that are considered in the TRAP model. Here we will discuss how the imple-
mentation of the ‘bead’ model is utilised in calculating the collision cross-sectional area

for the two types of tether systems.

A single strand tether system consists of n ‘beads’ that are connected by straight
inelastic strands, referred to as segments - see Figure 5.14. The ‘beads’ illustrated in
Figure 5.14 do not form any physical part of the tether system and are there primarily

for visual reference and mathematical convenience.

The collision cross-sectional area, A., of a segment of a single strand tether system is
given by

A, =L(D+ d), (5.24)
where L is the tether segment’s length, D is the debris diameter and d is the tether
diameter - see Figure 5.15. This is then substituted into Equation (5.14), along with
the debris density p, and relative velocity v, giving the collision risk to a single strand

tether segment during a specific time interval ¢.
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Figure 5.14: Single strand tether system

Figure 5.15: Cross-sectional area of a single strand tether system
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A double strand tether system, like the single strand tether, consists of n ‘beads’,
which are once again used for tether dynamics modelling. Unlike, the single strand
tether system, however, the ‘beads’ actually form a physical component of the tether,

linking two primary tether strands together - see Figure 5.16.

The collision cross-sectional area, A, for a double strand tether system depends on
the diameter of the impacting debris object. If the debris diameter, D, is less than
the gap between the two tether strands, ie. D < t; — 2d, where £z is the sum of
the gap between the two tether strands and their diameters, then the collision cross-
sectional area corresponding to one strand is the same as given in Equation (5.24) -
see Figure 5.17. However, since the tether system has two strands, either one of which
the impacting debris object could impact, the collision cross-sectional area is doubled.
That is

A.=2L(D +d). (5.25)
However, if D > t4 — 2d, then the collision cross-sectional area is given by

A, = L(D +ta), (5.26)

as is illustrated in Figure 5.17. Again, the substitution of this into Equation (5.14) will

produce the collision risk associated with a double strand tether segment.

The ‘beads’ of a double strand tether system form a physical part of the tether and,
therefore, their collision risk must also be considered. The TRAP model assumes that a
‘bead’ connecting the primary strands together is a sphere with a diameter equal to the
total tether diameter, ¢5. Hence, the collision cross-sectional area of one of the ‘beads’
is given by

A, = 0.257t%. (5.27)
As with the tether segments, the collision risk associated with each of the ‘beads’ is

then calculated using Equation (5.14).

An averaging method involving the debris diameter has been implemented into the
TRAP model to provide greater accuracy for the collision cross-sectional areas. Simply
taking one average of the debris diameters was deemed to inaccurate. Therefore, four
size ranges were considered, < 1 mm, 1 to 10 mm, 10 to 100 mm and > 100 mm. An
average debris diameter was then produced in each of these size ranges. The collision
probability is then calculated for each of these size ranges and accumulated to give the

overall collision probability for the tether segment in question.
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Figure 5.17: Cross-sectional area of a double strand tether system
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5.3.3 Validation of The PCD Methodology

To ensure the PCD method had been successfully implemented into the TRAP model,
a number of validation procedures were performed. This was achieved by running a
number of simulations and comparing the results with those produced by the SDS
model. Figures 5.18 and 5.19 compare the collision probability results as predicted by
the TRAP and SDS models for one such example. The example illustrates the collision
probability for an orbiting spacecraft resulting from a debris cloud produced by a low
intensity explosion at an altitude of 350 km. The two objects were assumed to be in very
close proximity to each other before the fragmentation occurred. Although the PCD
method was developed independently of the SDS model, a good agreement between the
two models was achieved, showing qualitative but not quantitative agreement. This is
because the breakup model employed in the SDS model is different to the IDES breakup
model employed in TRAP.
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Figure 5.18: Collision probability as predicted by the TRAP model
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Figure 5.19: Collision probability as predicted by the SDS model
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5.4 The Background Program

The Background Program implemented into the TRAP model is responsible for mod-
elling the trackable background orbital space debris population. It is capable of mod-
elling the historical background population, from the launch of Sputnik 1 in 1957
through to the 31st September 2000. Another important feature of the Background
Program is its ability to predict future space activities, such as launches and fragmen-
tation events, based on recent space activity trends. The Background Program is also
responsible for calculating the collision risks to an orbiting space tether system asso-
ciated with the background orbital debris population (historical and predicted). The
collision risk is determined by solving Equation (5.14). As with the Analysis Program
the collision probability is calculated for each tether segment, using the debris density,
cross-sectional area and relative velocity. Each of these parameters is allowed to vary
along the length of the tether. The accumulation of each segment collision probability
then provides the overall tether system collision risk from the trackable background

orbital debris population.

This section will discuss the orbital debris database with particular attention given to
the development of the future launch traffic and future object fragmentation models.
These models allow collision risk assessments to be predicted for future planned tether
missions. This section will also discuss the method used to determine the debris flux
values of the background debris population, at a given time interval using a suitable

control volume.

5.4.1 Historical Orbital Debris Database

The historical orbital debris database used in the TRAP model contains data on over
24,000 objects associated with every launch and fragmentation event around the Earth.
The database spans the period from the beginning of the space-age in 1957, with the
launch of Sputnik 1, through to the 31st September 2000. The database was constructed
using ESA’s DISCOS (Database and Information System Characterising Objects in

Space) [88] and contains the following information about each object:

e beginning-of-life (BOL) epoch,
e COSPAR ID,
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e object classification code,

» orbital elements at BOL epoch,
e dry mass,

e mean cross-sectional area,

e end-of-life (EQL) epoch, and

e drag coefficient.

The drag coeflicient is set to 0 for operational satellites, simulating orbit control to
counteract drag, and 2.2 for debris objects, allowing uncontrolled objects to decay nat-
urally due to the effects of atmospheric drag. The object classification code, consists of
9-digits, and is responsible for determining to which of the 410 different identified classes
of objects it belongs. The code is constructed from sub-codes of nationality, orbit type,
object type (which may include payloads, upper stages, payload mission related objects
and launch vehicle related objects), and class name (or mission type and mass range as

in the case of payloads) [3].

The historical debris database allows the introduction of launch-related and (trackable)
breakup objects into the evolving space object population with their correct initial
conditions intact. The model can, therefore, be used to predict the orbital space debris
environment at any date in the past. It also has the capability to simulate the build-up
of other debris sources, including paint flakes released either by meteoroid or orbital
debris impacts or natural surface degradation to payloads or rocket bodies (although

these sources are not currently included in the model).

5.4.2 Future Orbital Debris Database

The future orbital debris database is based on predictions made from current and previ-
ous space activities. These predictions are implemented in the TRAP model, based on
research carried out by Walker [3] who looked at an 8-year period of space activity. The
database was examined from 31st March 1990 until 31st March 1998 where it was de-
termined that a total of 2,522 objects were associated with launches carried out during

this period. The database consisted of orbital data for 863 payloads, 798 rocket bodies,
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and some 758 operational debris objects. A further 103 operational debris objects in

the database have unknown orbital data.

Future Launch Traffic Model

The 9-digit classification code assigned to each object in the historical launch-related
database allows for a high level of detail to be attained in the TRAP future launch traffic
database. Work by Walker [3] involved studying 8 years (between 1990 and 1998) of
launch-related objects in the historical event database to derive a high fidelity future
launch traffic model. This comprised representative data on each of the object classes.
This representative data includes the orbit parameters, mass and cross-sectional area.
A relational database was also constructed to enable a link between the object classes.
This ‘object-oriented’ approach enables the launch vehicle upper stage and operational
debris objects, associated with a particular payload launch, to be added to the orbital
debris population at the same time as the payload. Three data files were used for the
future launch traffic database, and these are described in Table 5.3. These data files
define the payload class launch rates, associations between the payload classes and other
object classes, and the summary of the orbit/mass data on each of the 410 object classes

[3]. Examples of these files are shown in Figure 5.20.

File Name ; Description

Payload.dat | For each payload class code launching between 1990 and 1998:
e mean launch rate (per year)

e mean number of payloads per launch

e mean operational lifetime (years)

Assoc.dat For each payload class code launching between 1990 and 1998:
s associated object class code

s mean number of objects per launch for the associated object class
¢ fraction/share of associated payload class launch

(if associated object class is a launch vehicle upper stage)
Class.dat For each object class code launching between 1990 and 1998:
e representative (mean) semi-major axis (km)

e representative (mean) eccentricity

e representative (mean) inclination (deg)

e representative mean mass (kg)

e representative mean geometric cross-sectional area (m?)
lethality ratio (J/g) of the object class (default 40 J/g)

Table 5.3: Description of future launch traffic files [3]
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Example Payload.dat format:

Class no.

130552504
240253104
440358304
440358504
451658004
466150304
546150404

Class description

“FR VLP VLA VH
“Jp VLP VLA LI
“FSU VLP VLA MI
“FSU VLP VLA MI
“GB VLP HA VL
“us HP HA VL
“EUTEL HP HA VL

Example Assoc.dat format:

Primary
Class ne.

246152104
440358404
440358404
440353404
466150304
466150304
466150304
466150304
466150304
466150304
466150304
466150304

Primary
Class description

“JP HP HA VLI
“FSU VLP VLA MI
“FSU VLP VLA MI
“FSU VLP VLA MI
“FSU VLP VLA MI
“US HP HA VLI
“US HP HA VLI
“US HP HA VLI
“US HP HA VLI
“US HP HA VLI
“US HP HA VLI
“US HP HA VLI

Example Class.dat format:

Class no.

070354404
440306602
440306603
461358304
461600702
511600203
511600202

Class description

“CN VLP VLA MI
“FSU VLP VLA MI
“FSU VLP VLA MI
“Us VLP MA MI
“Us VLP HA VLI
“ESA VLP HA VLI
“ESA VLP HA VLI

I HM
ESM
SM
HM

I IsM

I sM

I MM

ESM
MM
MM
MM
MM
SM
SM
SM
SM
SM
SM
SM

OBSSATS
MILSATS
MILSATS
SCISATS
SCISATS
COMSATS
COMSATS
COMSATS
COMSATS
COMSATS
COMSATS
COMSATS

MM TECSATS
Zenit LVFS

Zenit LMORO
SM  MILSATS
ATLAS IT
Ariane 4
Ariane 4

OBSBSATS
SCISATS
MILSATS
MILSATS
MILSATS
COMSATS
COMSATS

p”
pr
P
pr
pr
prr
P
P”
prr
P
pr
B

P
pr
p”

P

LVFS
LMORO
LFVS

pr
P
pr
P
P
P
P

"

P
pr
prr

Launch rate
(per/year)

L1125
.250
.375
.000
.125
. 625
.250

OO0 WwWo oo

Assoc.

Class no.

240252107
440303702
440306202
440306202

44030620

3

461702002
462200702
440304503
445204502
511600203
511600202

510100820

6632
7164
7310
16659.
24312
24354
24631

3

. 660
.160
.863

660

.160
.357
.053

obj./launch

“JP

“FSU
“FSU
“Fsu
“FSU
“us

“USs

“FSU
“FSU
“ESA
“ESA
“ESA

oc oo C OO

P R s gt gy

VLP
VLP
VLP
vLp
VLP
VLP
VLP
VLP

VLA
VLA
VLA
VLA
VLA
HA
VHA
VLA
HA
HA
HA
VvHA

VLP
VLP
vLp

.00680000
.00123000
.01957791
.60570002
.73049998
.72793883
.73044270

LI
MI
MI
MI
MI
LI
LI
MI
LI
VLI
VLI
VLI

op. life
{(years)

.98
.50

ESM OBSSATS

Molniya
Tsyklon
Tsyklon
Tsyklon
Delta II
Atlas IT
Proton
Proton
Ariane
Ariane
Ariane

NN NN N >

2099.
8300.

233.
1075.
1802.

384.
1780.

LMORO”
LVFS”
LVFS”
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LVES”
LMORO"
LVES”
ILMORO”

ooo
000
083
000
000
736
000

PMORO”
LVFS"”
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.4936
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. 9567
27.
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1778

7412

ob].

/

launch
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assoc. r/body
launch rate frac.

L0008
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.875
.000
.000
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.200
.000
.200
.000
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The relational database allows for a realistic replication of launch-related object patterns
into the long-term future. Another advantage of using this approach is that it allows
the replication of the historical orbit and mass distribution of launch-related objects.
Figure 5.21 shows the semi-major axis versus eccentricity distribution, while Figure
5.22 shows the eccentricity versus inclination distribution of all the object classes in the
future launch traffic database. A very strong correlation between the historical traffic
database and the future traffic database exists, with all key orbital regions being well
represented, such as near-circular LEQ, MEO and GEQ. Also the high eccentricity GTO

and Molniya type orbits are well represented [3].

The future launch traffic database was developed by Walker [3] for a simulated 8 year
period, between 31st March 1990 and 31st March 1998, representing a ‘business as usual’
future launch traffic scenario from the 31st March 1998. On average, a total of about
330 launch-related objects will be added to the future launch traffic database every
year, corresponding to a mean launch rate of 89 per year, resulting from 226 different
payload classes. The relational database file, Assoc.dat, contains 475 different associa-
tions between the payload classes and other debris object classes. These include launch
vehicle upper/final stages, launch vehicle operational debris and payload operational

debris objects.

The three input files used in the future launch traffic database are used to predict specific
launch events, along with their associated debris objects. These predictions are then
stored in an output file containing the same characteristics as the historical database,

namely the launch date, COSPAR ID, classification code, orbital elements, etc.

The Payload.dat input file is the main driving force behind the future launch traffic
predictions. The future launch traffic process involves stepping through a given time
interval from the 31st September 2000 (i.e. the end of the historical database) to a
user-defined end date. For each time interval the launch rate of each payload class is
taken into consideration. The Assoc.dat input file is then interrogated to determine
any associations of that payload class with a launch vehicle upper stage class. For each
association, the model calculates the launch rate by multiplying the overall payload
class launch rate by the launch rate fraction of the association (i.e. the launch event
prediction is based upon the launch rate of the payload-upper stage combination over

a single time interval) [3]. The predicted number of events for a payload-upper stage
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Figure 5.21: Orbital distributions of all object classes in the future launch traffic model
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Figure 5.22: Orbital distributions of all object classes in the future launch traffic model
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combination is then statistically determined using a Poisson distribution, from n = 0

to N events. This is achieved by calculating the event probability, P, using

P, = % exp ™, (5.28)
where A is the mean launch rate (per year) multiplied by the given time interval (years).
The values of P, are then accumulated, providing an overall probability, Py. Each event
probability is then normalised (in the range 0 to 1) by the value of Py . The predicted
number of events then corresponds to the maximum normalised event probability value
that exceeds a random number, generated using a high precision uniform random gen-

erator [3].

If a launch is predicted for the payload-upper stage combination, then the average
number of objects for the payload class, upper stage class and the associated operational
debris classes are added to the future launch traffic database. Each of the objects will
be assigned a semi-major axis, eccentricity, inclination, mass and area values based on
their respective classification code contained in the Class.dat input file. The argument
of perigee and right ascension of the ascending node are randomly determined for each
object between the range 0° to 360°. It is assumed that all the objects associated with
the launch event have the same beginning-of-life epoch which is randomly determined
between the beginning of the simulation epoch (31st September 2000) and the end epoch
(user-defined). Each of the payloads are also given an end-of-life epoch, determined
from its beginning-of-life epoch and its mean operational lifetime given by the payload

classification code in the Payload.dat input file.

Future Explosions model

The future explosion model adopts the same approach used in the future launch traffic
model, where an average event rate is employed for the different object classes. These
events are, once again, determined during a time interval spanning 8 years (31st March
1990 to 31st March 1998) of the historical data. The events are grouped into their classes
by using the 9-digit classification code. In addition to this classification code, however,
the classes still required further sorting into sub-classes. This is because objects of the
same class may have several different groupings of common breakup semi-major axis,
eccentricity, inclination and mass values [3]. Hence, sub-classes are developed, sorting

the objects in & given class by the common (or similar) values of these parameters.
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Once, the events are grouped into their classes and sub-classes, the semi-major axis,
eccentricity, inclination and breakup mass fraction parameters are averaged to determine
the representative values for each sub-class. These representative values are then taken
from the explosion type and object mass parameter values, since they are the same in
each sub-class. Finally, the explosion rate of the sub-class is determined by counting
the number of events in the sub-class and dividing by the 8-year time interval. These
representative parameters of each sub-class are then listed in a data file, along with
the classification code and corresponding class description, taken from the object class
database file Class.dat, thus producing the future explosion database [3]. Examples of

these files are shown in Figure 5.23.

The method used to predict a future explosion event is similar to that used for the
future launch prediction. The future explosion model considers each sub-class in the
future explosion database and predicts the number of explosion events of the sub-class
over the user-defined time interval. Once again, the Poisson distribution is utilised,
where the predicted number of events for that sub-class, in the given time interval, is
statistically determined using Equation (5.28) for n = 0 to N events. This will give the
N event probabilities, F,, which are accumulated to give the overall probability, Py.
Once again, the event probability is normalised in the range 0 to 1. The predicted num-
ber of events then corresponds to the maximum normalised event probability value that
exceeds a random number, generated using a high precision uniform random generator.
If an explosion is predicted for the sub-class, over the given time interval, then its event
parameters are taken from the sub-class entry in the future explosion database. The
breakup epoch is then randomly determined between the beginning of the simulation
epoch (31st September 2000) to the (user-defined) end epoch. Also the right ascension
of the ascending node, the argument of perigee and the true anomaly are randomly
determined between 0° and 360°. The semi-major axis and inclination for the breakup
event are randomised around the mean values given in the database [3]. Finally, the
historical database is searched to try to match the predicted fragmentation event to
a satellite with similar characteristics. This is achieved by checking the object classi-
fication code. If a match is observed, the orbital elements are secarched to check for
similarities to the predicted explosion event. If the two objects are seen to have similar
orbits, the object in the historical database is removed and the predicted fragmentation

event is associated with this object. Otherwise, if no match is observed, the predicted
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explosion event is modelled.

5.4.3 Debris Flux Determination

With the knowledge of the background orbital debris population, a means of calculating
debris flux values, at a given time interval, for an orbiting space tether system is required.
This is achieved by representing the debris flux environment by a three-dimensional
inertial control volume divided into volume cells by the spherical co-ordinate parameters
of geocentric radius, declination and right ascension. The spherical control volume
implemented into the Background Program is illustrated in Figure 5.24. This approach
was first developed by Klinkrad [89]. The possibility of constructing spatial density
profiles over altitude/declination is then achieved by transforming the orbital state of
the debris population into spatial densities and intersection velocity vectors, for each of
the volume cells in the control volume. Alternatively, different particle size ranges can
be determined for collision risk assessment corresponding to the fluxes encountered by

a single ‘target’ orbit.

Klinkrad’s technique [89] is applicable because each object in the historical, and future,
database is represented individually by its full orbital element set. For each object
with orbital elements semi-major axis, a, eccentricity, e, inclination, 7, right ascension

of ascending node, 2, and argument of perigee, w, the method determines the true

Spherical control
volume

Volume cell
{r, 8, o)

Volume
\/ijk

Figure 5.24: Debris flux environment representation
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anomalies, #, of the orbit which intersects the respective cell borders of the inertial
control volume - see Figure 5.24. The cell borders are defined by the regularly spaced
values of geocentric radius, 7;, declination, §;, and right ascension, . The values
chosen for the cell borders are crucial in determining accurate and meaningful collision
risk assessments. One of the TRAP model’s strengths lies in its ability to allow debris
density to vary over the length of the tether system. Hence, the increments in geocentric
radius vector is user defined so that a suitable value can be chosen, depending on the
length of the tether and the number of ‘beads’ used to represent it. For example,
a geocentric radius increment of 5 ki would be suitable for a 10 km tether system
represented by three ‘beads’. The values chosen for the declination, §;, and the right
ascension, ¢y, increments, however, have been determined by performing actual case

studies and by comparison with collision risk results.

It is assumed that as the increments in declination and right ascension are decreased,
the collision risk prediction would become more acceptable since the large volumes of
space, that the tether does not occupy, would be removed. However, as the increments in
declination and right ascension decreases, the computational effort increases. Therefore,
after performing a number of case studies an increment value of 45° was chosen for
both declination and right ascension, providing a good balance between accuracy and

computer efficiency.

Computer efficiency is a serious issue in the development of TRAP. One method used to
improve computer efficiency was to consider those fragments that were in close proxim-
ity to the orbiting tether system. This was achieved by simply removing any fragments
that had a semi-major axis &+ 1,000 km away from the tether system. Although this
would remove some of the objects in GTQ’s, the difference in the collision risk com-
parisons is very small. It was concluded, therefore, that with such improvements in
computer efficiency, the removal of the GTO objects from the collision risk assessments

is acceptable.

The debris density associated with a tether segment, at a specific time interval, can
then be computed by obtaining the number of fragments occupying the same cell as the
tether segment and dividing by the cell volume. This process is repeated for each tether
segment, providing an efficient method of calculating the varying debris density over the

whole tether system. The collision probability for each of the tether segments, at time £,
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can then be determined by substituting the debris density values into Equation (5.14).
However, before the collision risk can be calculated, the segment collision cross-sectional
area, A, and relative velocity of the impact, v, are also required. These are calculated

using the same procedure as previously discussed in the Analysis Program.

5.5 Tether Survivability Assessment

The issues discussed so far have been focused on the collision risk to an orbiting space
tether system when introduced into the orbital space debris environment. However, this
information alone is not sufficient in studying a tether system’s survivability. Hence,
predictions of debris encounters should be accompanied by information detailing if the
tether system is able to survive such encounters. From this, the likelihood of a tether

system failure following a debris encounter can be assessed.

The determination of a tether’s survivability has been an issue for some time. A number
of estimates have suggested that a single strand aluminium tether could be severed by
a fragment % of its diameter, while a woven aluminium single strand tether could be
severed by a fragment % of its diameter [45, 62, 90]. These type of estimates have
led to the lethality coefficient method of determining the sever probability of a space
tether system. This method assumes a constant lethal impact variable, k, typically in

the range 0.2 to 0.5 [60, 90]. A debris object impacting a tether strand with
D > kd, (5.29)

where D is the debris diameter and d is the tether diameter, is then assumed to sever
the tether strand, regardless of the impact energy. To overcome the limitations of
this method, a new methodology that takes into account the impact energy has been
developed and implemented into the TRAP model. This impact energy method was
developed by considering hypervelocity impact experiments, and using suitable pene-
tration equations to enable accurate tether penetration depths to be estimated due to

an impacting debris object.

Both the lethality coefficient and penetration (impact energy) methods are suitable
for the determination of sever risks to a space tether system. However, for a double
strand tether system, a means for determining if both strands fail is also required. For

a double strand tether system to fail, both strands in one segment must be severed,
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Tether survives Tether is severed
encounter by encounter

Figure 5.25: Double strand tether system failure scenarios

or one of the ‘beads’ connecting the tether strands together fails - see Figure 5.25. To
look at this issue, two further methods have been developed, the so called LINEAR and
TRAJECTORY methods. The LINEAR method is the simplest of these, and basically
assumes that a debris object impacting the first strand will follow its original trajectory
course with no deviations caused by the impact. The TRAJECTORY method, on the
other hand, takes into account the debris object’s impact angle and velocity to determine
its new trajectory angle caused by the impact. If the debris object is determined to be
on a collision course with the second strand then the lethality coefficient method or the
penetration method are once again utilised to determine if the second strand is able to

withstand the impact.

The following sections will discuss both the lethality coefficient and penetration methods
that have been implemented into the TRAP model to determine if a tether system is
able to withstand a debris encounter. The discussion will also focus on the LINEAR
and TRAJECTORY methods that have been developed to determine the sever risk

associated with a double strand tether system.
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5.5.1 Lethality Coefficient Method

The lethality coefficient method implemented into the TRAP model assumes a value for
the impacting debris size, typically between 0.2 and 0.5 the tether’s diameter, capable
of severing the tether, as given by Equation (5.29). This lethality coefficient, &, is then
assumed for the entire simulation and does not take into account the impact energy of
a possible collision. With the possibility of the orbital debris occupying a similar orbit
to the tether system, low impact energies may be predicted, and as a result the value of
k chosen may be unsuitable. The lethality coeflicient method, however, can be used for
producing maximum and minimum sever probabilities using the upper and lower limits
for k, respectively. Figure 5.26 illustrates an example of the maximum and minimum
sever probabilities to an orbiting tether system, of length 10 km and a diameter of 5
cm, as predicted by TRAP. For this particular example, a high intensity explosion was
modelled with the original breakup object, of mass 1,000 kg, occupying a similar orbit

to the tether system before the fragmentation occurred.

—k=0.2

1.0E-07

1.0E-08 -

1.0E-09 -

1.0E-10

Sever Probability

1.0E-12

1.0E-13 ‘ . : ‘ : ‘ , j
0 20 40 60 80 100

Time (mins)

Figure 5.26: Maximum and minimum sever probability as predicted by the TRAP model
using the lethality coeflicient method
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5.5.2 Penetration (Impact Energy) Method

The penetration (impact energy) method determines the penetration depth of a debris
object impacting a tether strand, taking account of the impact energy. If the calculated
penetration depth is given to be larger than the tether diameter, or a user-defined
percentage, then the tether strand is severed. However, if the penetration depth is less
than the tether diameter, or a given percentage, then the tether strand is assumed to

have survived the encounter.

To determine the penetration depth to an orbiting tether system from a debris en-
counter, a suitable penetration equation is required. It was assumed that the Fish-
Summers equation [91] would be suitable since it was recommended by Hayashida and
Robinson [92] to establish threshold penetration depths for thin, ductile, metal plates.

The Fish-Summers equation, as discussed by Drolshagen [93], is given by

Py = kym03520.687 1167 (5.30)

?

where Fy; is the penetration depth (cm), &) is the target material constant (e.g. 0.42
for aluminium), m is the projectile mass (grams), pp is the projectile material density
(grams/cm?3) and v is the relative velocity (km/s). Table 5.4 gives the average densitics

for four different materials as given by Tomlin et al [94] and Hayashida et al [95].

Material Density (grams/cm®)
meteoroid debris 0.5
orbital debris 4.0
glass 2.0
aluminium 2.8

Table 5.4: Average mass densities

Spectra 1000™ is a very popular choice for tether material. Therefore, an estimate for
the target material constant, k;, was required for Spectra 1000T™. Research conducted
by McBride et al [61] studied a number of hypervelocity impact tests on tethers com-
posed of Spectra 1000"™. The projectiles were fired at a 2 x 2 cm target area holding 9
strands of tether (held under a few tens of Newtons tension). The experiment showed
that a glass projectile, 0.3 mm in diameter and 5.6538 x 10™% grams in mass, travelling
at a relative velocity of 5 km/s would penetrate 0.82 mm into a Spectra 1000™ tether

strand. Substituting these values into Equation (5.30) gave a value of k1 = 0.3906684. A
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second experiment showed that a 0.2 mm glass projectile, of mass 1.6752 x 10~5 grams,
fired at 5 km/s would penetrate 0.53 mm into a Spectra 1000™ tether strand. Again
substituting into Equation (5.30) gave a value of k1 = 0.3874563. Hence, taking an
average of these two estimates, an approximate working value for the Spectra 1000™

target material constant of k; = 0.389 was adopted in the TRAP model.

5.5.3 Double Strand Sever Risks

The two methods discussed so far are both suitable for determining sever probabilities
to single strand tether systems. However, in order to determine sever probabilities to a
double strand tether system, a method to calculate the probability of the second strand
failing given the first has failed is required. Once again, the lethality coefficient and
penetration methods are utilised. The lethality coefficient method again assumes that
if D > kd then the debris object is capable of severing both tether strands, providing its
on a collision course with the second strand after it has severed the first. The penetration
method, however, calculates the penetration depth of the first tether strand using the
Fish-Summers equation. If the penetration depth calculated is larger than the tether
diameter, and the debris object is on a collision course with the second strand, then the
New Cour-Palais equation is utilised to calculate the penetration depth of the second
strand. This is sometimes referred to as the ‘Christiansen’ equation, since it was first
developed by Eric Christiansen [96] at Johnson Space Center (JSC). However, before
calculating the penetration depth of the second tether strand, a method is required to
determine the new trajectory course of the projectile, after it has severed the first tether

strand, and its probability of impacting the second tether strand.

There is very little research literature that discusses what happens to a debris object that
encounters a tether strand. For example, a small debris object of just a few millimetres
may breakup during the impact, whereas a larger object, such as a defunct satellite,
may sever the tether without being damaged itself. The TRAP model resolves this by
assuming that debris objects less than 1 cm in size will fragment. Whereas, objects

larger than 1 c¢m in size are assumed to survive the encounter.

Once an encounter between a debris object and the first tether strand occurs the (new)
trajectory angle of the debris object must be determined. This (new) trajectory angle

describes the path of the debris object after it has impacted (and severed) the first tether
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strand. This enables TRAP to predict the debris object’s probability of impacting the
second tether strand. Two methods have been implemented into TRAP in order to
calculate this new trajectory angle. The first of these is the so called LINEAR method
which assumes that there is no deviation of the debris object’s initial trajectory angle.
The second method is called the TRAJECTORY method which calculates the debris
object’s new trajectory angle after the initial impact depending on its relative velocity
and impact angle. With the new trajectory angle determined the probability of the
second strand being hit is calculated using a linear (i.e. a linear probability model, not
to be confused with the LINEAR method) or normal probability model. The probability
models assume that a debris object on a (new) trajectory angle of 90° will impact the
second tether strand with a probability of 0, whereas, a (new) trajectory angle of 0° will
impact the second strand with a probability of 1, with a linear or normal distribution

in between - see Figure 5.27.

For those objects that are assumed to breakup during the initial impact (i.e. objects <
1 ¢m), a suitable spray angle is also required along with its the new trajectory angle.
This spray angle (or variance) determines the spread of the secondary debris cloud which
forms after the initial impact. The trajectory, 61, and spray, ¢1, angles are illustrated

in Figure 5.28.

—— Linear

75 el ......................... ........................ ------------------------ - - - = Normal

Impact Angle (deg)

0 0.2 0.4 0.6 0.8 1
Probability

Figure 5.27: Linear and normal models used for determining probability of debris im-
pacting with the second tether strand
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Figure 5.28: Tether cross-section illustrating the trajectory and spray angles of a sec-
ondary debris cloud

Sever Cross-Sectional Area

Although the collision cross-sectional area of a double strand tether system is double
that of a single strand tether system, the sever cross-sectional area is considerably less.
This is because, unlike a single strand tether system where one fatal impact will lead
to mission failure, both tether strands, in one segment, have to fail. For debris objects
smaller than the gap between the two tether strands, i.e. D < tg — 2d, the sever
probability will be the square of the probability of one strand failing, because strand
one and strand two both have to fail and the probability of either strand failing is

identical. However, if D > t; — 2d then the sever cross-sectional area, A is given by
As = L(D —ty), (5.31)
as illustrated in Figure 5.29.

A double strand tether system is also assumed to fail if an impact occurs causing a
‘bead’ connecting the two tether strands together to fail. However, the cross-sectional
area of a ‘bead’ is very small, resulting in a small probability of failure. Another factor
is the number of ‘beads’ along the tether length - as this tends to infinity, so the double
strand tether tends to a single strand tether structure. Therefore, a critical number
of ‘beads’ must exist where the probability of the tether system failing begins to be
dominated by the impact-induced failure of a ‘bead’. The probability of ‘bead’ failure
has been neglected by some studies in the past and will be addressed in more detail in

Chapter 6.
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strands

Figure 5.29: Sever cross-sectional area of a double strand tether system

The LINEAR and TRAJECTORY Methods

The trajectory angle calculation can be performed using either the LINEAR or the
TRAJECTORY methods. The LINEAR method assumes the debris object suffers no
deviation in its trajectory and continues to travel in the same direction prior to impact.
The TRAJECTORY method, however, takes into account the impact angle and relative
velocity, producing new trajectory and spray (if required) angles. The TRAJECTORY
method used for calculating new trajectory and spray angles of secondary debris clouds,
as discussed by Schonberg et al [97], are determined from the following set of empirical

equations outlined by Stokes [98].

The trajectory angle, 6, is given by

) —0.086 t —0.478
6, =0 [0.532 (—”) (—) cog?-586 9} , (5.32)

Cs dp

where v, is the impact velocity (km/s), ¢s is the speed of sound in the target material
(km/s), ts is the material thickness (cm), d, is the debris object’s diameter (cm) and 8 is

the impact angle (degrees) with respect to the tether surface normal, which is directed
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outwards along the local horizontal component of its orbital velocity. However, in order

to use this equation the following conditions (set 1) have to be satisfied,

0°< 8 <75
20km/s < v, <80km/s

0.064 cm < (t5/dp) < 0.684 cm

If any of these conditions are not satisfied then the trajectory angle is given by

v —2.57 t —9.952
6 = tan™! [0.2536 x 1077 (—’3> (—s> cos!088 9J : (5.33)

Cs dy
for the following conditions (set 2),

0° < 7 < 65°
295km/s< v, <6.9km/s

0.152 cm < (ts/dp) < 0.315 cm

If these conditions are also not satisfied then the trajectory angle is assumed to follow
is initial trajectory direction.

For debris that is assumed to fragment from impacting the first tether strand, a spray
angle, @1, is also required. The spray angle, as discussed by Schonberg et al [97], and

outlined by Stokes [98], is given by

uo\ 1096 /4 N 0345
¢1 = tan™! [1.556 (—p> (d_s> cos" 89|, (5.34)
P

Cs
for the following set of conditions (set 3),

0° < o < 75°
2.0 km/s < Up < 8.0 km/s

0.064 cm < (ts/dp) < 0.684 cm

If any of these conditions are not satisfied then a spray angle of 10° is assumed. This
ensures higher collision probabilities since the secondary debris cloud would not be too
dispersed, since the distance between the two tether strands is generally very small
(typically less than a few centimetres). Finally, with the new trajectory and spray
angles determined, the probability of the debris object impacting the second tether

strand can be determined using a linear or normal probability model. This is achieved

146



( START )

2
4
/\
—— Conditions 1~__No _—"Conditions2™~__No
Naw \“\pisy
Yes 'Yes
|
J v , "v y
' Calculate 6, using ' Calculate 8, using | 0. =0
. Equation (5.31) . Equation (5.32) { ! |
{
4
_—Fragment—__ o Conditions 3 No
—diameter > 1 cm— < passed >
\\\({ ,,/ \\v\\://
Yes | Yes
H |
4 v } Y |
: ] T T |
, — 7 | i Calculate ¢ using s - 0P |
! $=0 | | Equation (5.33) { =10
| r
\/ > < \/

Calculate probability of
impacting 2nd strand

Calculate penetration
depth using LINEAR or
TRAJECTORY: method

|
|

|
(_ STOP )

Figure 5.30: Flowchart illustrating the process followed for calculating new trajectory
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by assuming that a debris object on a new trajectory angle of 90° will impact the
second tether strand with a probability of 0, whereas, a new trajectory angle of 0° will
impact the second strand with a probability of 1, with a linear or normal distribution in
between. With the collision probability determined the penetration depth needs to be
calculated to determine if the collision results in the second tether strand failing. The

above procedure is illustrated in Figure 5.30.

Lethality Coefficient Method

The lethality coefficient method implemented to determine sever risks to a double strand
tether system is similar to that used for the single strand tether system case. If D < kd
the tether is assumed to survive the encounter and the sever probability is zero. However,
if D > kd then the first tether strand is assumed to have failed. With the knowledge that
one of the tether strands has failed, the probability of the second tether strand being hit
must be determined. This is achieved by using the LINEAR or TRAJECTORY methods
discussed earlier. Once the probability of the debris object impacting the second tether
strand is determined the lethality coefficient method is again used to determine if the
object is capable of severing the second tether strand. If D > kd then the second tether
strand is assumed to fail. Otherwise the second tether strand is assumed to survive the

impact and the sever probability is set to zero.

Penetration Method

The penetration method is a two-stage process. Firstly, the Fish-Summers equation,
(5.30), is used to determine if the first strand is severed. If the penetration depth
calculated is less than the tether diameter, or a user-defined percentage, then the strand
is assumed to have survived the impact. If this is the case the sever probability is
zero. However, if the penetration depth is larger than the tether diameter, or a given
percentage, then the first strand is assumed to have been severed by the impact. With
the knowledge that one of the tether strands has been severed, the probability of the
second tether strand being hit must be determined. This is once again achieved by
using the LINEAR or TRAJECTORY methods, discussed earlier. Once the probability
of the debris object impacting the second strand has been determined the penetration

depth of the second strand has to be calculated. This is achieved by implementing the
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‘Christiansen’ equation, as discussed by Hayashida and Robinson [99], given by

‘- Kt“’ (%)0'5+¢b>/(0.6(6089)5/%2_5”2/3)

valid for v cos 8 < 3 km/s

d = {Ktw (%) "5 tb> / (1.248%5 cos 9)} o (1.75 - UCZS9>}

) _ 1/3
+ {{1,071@/%;1/3,;,,1/951/3 (2) }(”"289“0.75>} (5.35)

]18/19

valid for 3 < vcos@ < 7 km/s

YT a — o e . 1/3
d = 3.918t%3p, 3 p; 1 (weos 6) 723 51/ (%) /

valid for vcos 8 > 7 km/s

Here, d is the projectile diameter (cm), ¢ is the material (first strand) thickness (cm),
ty is the material (second strand) thickness, p, is the projectile density (grams/cm?),
oy is the tether material density (grams/cm?), 8 is the impact angle measured from the
surface normal (deg), v is the projectile velocity (km/s), S the space between the first
and second tether strands, and o is the material yield stress (ksi). The yield stress for
Spectra 1000™ is 220 ksi (loaded to peak stress) as given by Oldson and Carroll [100]
or 300 ksi (working stress) as given by Carroll and Oldson [47]. The ‘Christiansen’
equation determines the minimum fragment diameter capable of penetrating the second
material layer. Therefore, if the actual debris fragment diameter is greater than the
minimum diameter predicted, the tether is assumed to have been severed. Otherwise,

the tether is assumed to have survived and the sever probability is zero.

5.6 Discussion

The TRAP model consists of a number of programs that have been independently
implemented. The integration of these programs has resulted in an accurate collision
and sever risk assessment model for orbiting space tether systems. Here we will outline

some of the more important issues that have been uncovered in this chapter.

The implementation of the IDES breakup model, into the Breakup Program, is capable

of modelling a fragmentation event resulting from an explosion or a collision. The model
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requires the breakup object’s orbital information and mass prior to the fragmentation,
and as a result estimates the physical properties of each of the fragment’s generated
(e.g. mass, size, area) and the Av’s imparted to each fragment. If the fragmentation
event is a collision, the mass and velocity of the projectile are also required. The model
is supported by deterministic data and also complies with the laws of conservation of

mass and energy.

The Tether Program, is capable of modelling an orbiting space tether system. The ‘bead’
model is implemented, which models the tether as a number of ‘beads’ connected by
straight inelastic strands, referred to as ‘segments’. As the number of ‘beads’ increases,
so the tether tends to a more continuous structure. The ability to model an orbiting
tether system in this way allows for accurate collision and sever risks to be achieved by

looking at each segment separately.

The Analysis Program combines the output from the Breakup and Tether Programs to
determine the collision risk for an orbiting tether system arising from a fragmentation
event. The Probabilistic Continuum Dynamics (PCD) method is utilised in order to
achieve accurate results. This method, although used in past models, such as the Space
Debris Simulation (SDS) suite, to determine collision risks to satellites, is novel in its
application to space tethers. One of the TRAP model’s greatest strengths is its ability
to allow debris density from the resulting debris cloud, to vary over the length of the
tether system. The combination of this with the debris diameter averaging method,
allows the calculation of the average debris diameters for four size ranges (< 1 mm, 1
- 10 mm, 10 - 100 mm and > 100 mm), which in turn enables accurate collision risk

assessments to be made.

The Background Program is responsible for modelling the background orbital debris
population. It is also capable of predicting future launch and fragmentation events
based on recent space activities. The historical database contains information on over
24,000 objects associated with every launch and fragmentation event since the launch
of Sputnik 1 in 1957 through to the 31st September 2000. The Background Program is

also responsible for modelling the collision risk to an orbiting space tether system.

The TRAP model is also able to determine the sever probabilities associated with an
orbiting space tether system. In the past, a lethality coefficient has been utilised in

order to determine if a space tether would survive a debris impact. It was felt during
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the development of TRAP, however, that this method was highly inaccurate and no
consideration of impact energy is used in determining how big (or small) a fragment
has to be to sever a tether strand. In order to enhance the accuracy of results, a
penetration method was implemented into the TRAP model. This determined how far
a debris object would penetrate a tether strand depending on its relative velocity, mass
and impact angle. If the penetration depth was greater than the actual tether diameter,
or a user-defined percentage of its diameter, then the tether is assumed to have failed.
Otherwise it would survive the impact. In order to determine the penetration depth
to a single strand tether system, it was assumed that the Fish-Summers penetration

equation could be used.

The TRAP model is also capable of performing sever risk assessments for a double strand
tether system. The sever risk to a double strand tether system involves the implemen-
tation of another penetration equation, the ‘Christiansen’ equation. The penetration
depth of the first tether strand is then calculated using the Fish-Summers equation, and
if it is found to be severed the ‘Christiansen’ equation is then applied to determine the
penetration depth of the second strand. As with the single strand tether system, if the
‘Christiansen’ equation predicts a penetration depth greater than the tether strand’s
diameter, or a user-defined percentage, then the tether is assumed to fail, otherwise it

will survive the encounter.

151



Chapter 6

Results

The previous chapters have discussed the orbital space debris environment and the
concept of introducing a space tether into such an environment. Space tethers can be
used for a number of new and interesting applications, such as artificial gravity and
atmospheric research. Another application, which would be of considerable importance,
is to use tethers for de-orbiting spacecraft at the end of their mission lifetime. It is
agreed that eliminating debris pollution directly after use, is not only good practice,
but also an important way of controlling the debris risk. However, as we have already
discussed, tethers are particularly vulnerable to impacts from orbital debris, with just

one impact resulting in the possibility of mission failure.

The purpose of this chapter is to use the Tether Risk Assessment Program (TRAP),
discussed in the previous chapter, to predict the collision and sever probabilities of
an orbiting space tether system. This will provide a good understanding of the risks
posed to a space tether system from the orbital space debris environment, and what
can be done to attempt to reduce such risks. However, before this can be achieved
a number of sensitivity issues, identified during the development and testing phases of
TRAP, must be addressed and clearly explained so that more accurate collision and sever
risk assessments can be achieved. The TRAP model has also undergone a vigourous
validation procedure and a number of comparisons between the TRAP model and those

results found in the literature will be closely examined.

The IADC, the premiere forum in the area of space debris research, has established a

number of action items (AI) to study the benefits and risks of using tethers in space,
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and the TRAP model has been utilised to provide some helpful insights. Specifically,
the issues raised by Pardini during the 21st IADC meeting held in Bangalore, India,
on the 10-13th March, 2003, have been addressed concerning the debris impact risks to

single and double strand tether systems.

6.1 Sensitivity Issues

The Space Debris Simulation (SDS) suite [4] has been used frequently in the past to
investigate the collision probability for satellites arising from a debris cloud produced
from a fragmentation event. A number of case studies, performed by Barrows [4,
81], can be found in the literature. A very important time-step sensitivity issue was
discovered by Swinerd [26], who noted that smaller time-steps produced more ‘collision
probability structure’. Although the general trend of collision probability is similar to
those cases with larger time-steps, a more accurate estimate of the threat posed to
the satellite is achieved with smaller steps. This is because such methods of collision
probability determination look at snapshots in time, and not what happens in between
times. Hence, a satellite passing through the debris cloud’s pinch point location, for
example, would experience a very high debris density. However, if a time-step is chosen
in such a way, that the satellite does not coincide with the pinch location, then this
peak in debris density will be overlooked and result in a lower collision probability to

the satellite in question.

A second sensitivity issue was discovered during the validation of the Analysis Program,
when modelling collision and sever probabilities for a space tether system arising from a
debris cloud produced by a fragmentation event. The issue, in this case, concerned the
number of ‘beads’ used to model the tether system. The problem comes about due to
the spherical control volume, discussed in the previous chapter, that is used to describe
the debris environment. Unlike a typical satellite, a space tether system may be many
kilometres in length. Therefore, at any one time-step, the tether system may occupy
several different cells in the spherical control volume. The section of tether segment
overlapping into another cell would then be modelled with an incorrect debris density
value, since the cell the ‘bead’ occupies determines the debris density value for the whole
of that segment. This ‘overlapping error’ can be reduced by increasing the number of

‘beads’ used to represent the tether.
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The final sensitivity issue involves the radial size chosen for the cells in the spherical
control volume used in the Background Program. The debris density should vary over
the length of the tether system and, therefore, choosing a suitable cell radial size is
vital in the process of modelling meaningful collision and sever probabilities. Ideally,
the cell radial size would be equal to each of the tether segment lengths, with each of
the cell borders passing through the ‘beads’. However, this is only possible if the tether
system’s end-bodies are of equal mass, the tether is in a circular orbit with no orbital
perturbation effects, and the tether is not librating. If the cell radial size is too large,
then the whole tether system might be encompassed in just one cell, resulting in just
one debris density value for the whole tether. Therefore, a suitable choice must be made

depending on the tether length and its orbital parameters.

The following sections will consider the three sensitivity issues mentioned above. The
discussion will also focus on how the influence of these sensitivity issues can be controlled

and reduced during a particular simulation.

6.1.1 Time-Step Sensitivity

To investigate the time-step sensitivity issue in TRAP a number of simulations were
performed. These simulations consisted of running a number of case studies where the
time-step was varied, while keeping all other parameters constant. From the various
simulations performed it was found that the general trends were similar, but that the
‘absolute results’ weré dependent upon the chosen time-step, agreeing with Swinerd

[26]. An example is discussed below.

To illustrate the time-step sensitivity issue, a high intensity explosion (HIX) scenario was
considered. The parameters used throughout this simulation are provided in Table 6.1.
The simulation was then performed over a 10-day time period, using three different time-
steps (120, 60 and 30 minutes). Note that choosing a time-step that is greater than the
orbital period of the ‘target’ object, such as the 120-minute time-step, would obviously
result in lower collision probabilities since the debris cloud would spread around the
Barth in just a few time-steps. For the three time-steps considered, it was decided to
turn the perturbations off to prevent the debris cloud from dispersing too much around
the Earth, ensuring the tether system remained within the debris cloud throughout the

10-day simulation. This allows for a thorough examination of the time-step sensitivity
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Tether Details

a = 6,728 km | no. of beads = 11

e = 0.001 length = 10 km

g = 0° diameter = 0.75 mm
tether type = single strand

Breakup Details

a = 6,728 km | breakup type = HIX
e = 0.001 on-orbit mass = 1,000 kg
# = 355° min. fragment size = 1 mm

Table 6.1: Time-step sensitivity parameters

to be carried out because with perturbations switched on the tether may experience no
threat from the cloud, resulting in no data to examine the time-step sensitivity issue.

The results of these case studies are illustrated in Figures 6.1 to 6.3.

All three simulations show a general decrease in collision probability over the 10-day
period, as the debris cloud expands and spreads around the Earth. It is clearly visible
from a first glance that Figure 6.1 lacks some of the ‘encounter structure’ present in
Figures 6.2 and 6.3. The rcasons for this are three-fold. Firstly, the relative position
vectors of the debris and tether are influenced. Secondly, there are a greater number
of encounters with smaller time-steps. Finally, a time-step that positions the tether
system in close proximity to the debris clouds pinch locations would have a profound

effect on the debris density and, hence, collision probability.

From the above observations, it is obvious that a smaller time-step would result in
more ‘encounter structure’ and, hence, more accurate collision probability assessments.
Figure 6.4 shows the cumulative collision probability for the three different time-steps
used. Although general trends are similar, the lack of ‘encounter structure’ for the
120-minute time-step, present in Figure 6.1, has resulted in a lower overall collision
probability prediction than the 30-minute and 60-minute time-steps. However, smaller
time-steps result in longer computational times. Hence, the time-step should be chosen
at the user’s discretion with perhaps shorter time-steps for shorter simulations and
longer time-steps for longer simulations, bearing in mind the impact on the absolute

collision probability. As a rule of thumb one might consider the following:

e Simulations with a run time of around 5 days or less should have small time-steps
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Figure 6.1: Collision probability with a time-step of 120-minutes over a 10-day period
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Figure 6.2: Collision probability with a time-step of 60-minutes over a 10-day period
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of about 1 to 5 minutes.

¢ Simulations with a run time of around 5 to 30 days should consider time-steps of

about 5 to 30 minutes.

¢ Simulations longer than 30 days should consider time-steps of about 30 minutes

or more.

6.1.2 Sensitivity to the Number of Beads

The sensitivity issue concerned with the number of ‘beads’, used to represent a tether
system, was investigated by running a number of simulations. These simulations con-
sisted of running a number of case studies where the number of ‘beads’ was varied, while

keeping all other parameters constant. An example is discussed below.

Once again, a high intensity explosion (HIX) was modelled and the parameters used are
outlined in Table 6.2. The corresponding debris cloud was then propagated, with no
orbital perturbations, over a time period of 100 minutes using a time-step of l-minute.
The collision probability risks were then calculated for five tether systems, represented

by 3,7, 11, 15 and 19 ‘beads’. The results of which are illustrated in Figure 6.5.

Tether Details

a = 6,728 km | length = 10 km

e = 0.001 diameter = 0.75 mm

g = 0° tether type = single strand
Breakup Details

a = 6,728 ki | breakup type = HIX

e = 0.001 on-orbit mass = 1,000 kg

g = 355° min. fragment size = 1 mm

Table 6.2: Bead sensitivity parameters

A good agreement can be seen for the tether systems modelled using 7 or more ‘beads’,
while the tether modelled using just 3 ‘beads’ has a much higher collision probability
prediction. This is due to the ‘overlapping error’, discussed earlier, which is present when
using a spherical control volume for space tether collision predictions. Unlike a typical
spacecraft which will occupy just one cell of a spherical control volume, a tether system,

which may be many kilometres in length, may occupy more than one cell. Since the
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‘bead’ dictates which cell the whole tether segment occupies, the debris density value
may be inaccurate, resulting in less accurate collision probability predictions. This
‘overlapping error’ can be reduced, however, by increasing the number of ‘beads’ used
to model the tether. Figure 6.6, for example, shows a 10 km long tether represented by 3
‘beads’. The tether occupies four different cells, all of which have the same volume. The
‘beads’ along the tether system are then used to determine which cell each corresponding
tether segment occupies. Since the tether will generally consist of n beads and n — 1
segments the centre of mass ‘bead’ is not used during this process. Therefore, the
upper ‘bead’ will correspond to the upper tether segment. Similarly, the lower ‘bead’
corresponds to the lower tether segment. Hence, the upper tether segment’s collision
probability is modelled using the debris density value obtained from cell 1, which is
clearly higher than that of cell 2, which the tether segment also occupies - see Figure 6.6.
Therefore, a higher collision probability will be measured. Similarly, the lower tether
segment would have a lower collision probability prediction. Hence, introducing another
two ‘beads’ would split the tether up into four segments, reducing the tether segment

‘overlapping error’ and producing a more accurate collision probability prediction.

The more ‘beads’ used to represent the tether the more accurate the collision assessment
will be. However, increasing the number of ‘beads’ increases the computational effort
required for the collision risk assessment. Hence, once again, the number of ‘beads’ used
to represent a particular tether system is left to the user’s discretion. One particular
guideline to follow, however, is to increase the number of ‘beads’ for longer tethers,
reducing the length of each of the tether segments. Table 6.3 gives a number of rec-
ommendations for the number of ‘beads’ to be used depending on the simulation time

period and the tether length.

Length Time Period Number of

(km) (days) Beads
>20 <5 > 15
> 20 5-30 7-15
> 20 > 30 3-9
< 20 <5 > 5
<20 5-30 3-15
< 20 > 30 3-9

Table 6.3: Bead sensitivity rules of thumb
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6.1.3 Sensitivity to the Cell Radial Size

To predict the collision probability resulting from the background debris population, a
suitable spherical control volume must be specified. The cell radial size plays a crucial
part in this prediction because the size of each cell is critical in determining the vari-
ation in the debris density over the length of the tether system. A cell volume that
encompasses the whole tether system, for example, is obviously insufficient. Hence, a
suitable value must be chosen depending on the tether system’s length, the number of
‘beads’ used to represent the tether and its orbit. A number of simulations have been

performed to study this sensitivity issue and one of these examples is discussed below.

The collision probability resulting from the background population is examined over a
30-day time period, using a l-hour time-step. The tether system is assumed to be in a
circular orbit at an altitude of 350 km. The single strand tether system is 10 km long
and (.75 mm in diameter and is modelled using 5 ‘beads’. Three cell radial dimensions
of 5 km, 2.5 km and 1 km were then subsequently studied. For this particular case
study the effects of orbital perturbations were neglected. This is to ensure that the two
end-bodies, of the tether system, would remain at the borders of the cells they occupied,
throughout the simulation time period. This ‘bead’ structure is chosen deliberately so
that the 5 ‘bead’ tether model, which would split the tether into four 2.5 km segments,
should then be modelled more accurately using a cell radial size of 2.5 km. Figure 6.7
shows the cumulative collision probability for the 10 km tether system arising from the
background orbital debris environment, over a 30-day period, using three cell radial

dimensions.

The results illustrated in Figure 6.7 show three distinct cumulative collision probability
predictions. The cumulative collision probability produced by the 1 km cell radial size
is referred to as a ‘high collision’ probability prediction, while the probability produced
by the 5 km cell radial size is referred to as a ‘low collision’ probability prediction.
These high and low collision probabilities exist because of the various parameters used
in estimating collision probabilities. A large step in probability is a common feature
produced by the ‘high collision’ probability prediction. This is generally due to a number
of objects occupying a small cell volume, greatly increasing the debris density value
for that particular cell, thus, increasing the collision probability. The ‘low collision’

probability prediction, on the other hand, is very smooth. This is because the objects
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Figure 6.7: Cumulative collision probability from the background population using var-
ious cell radial dimensions

are now encompassed within a very large cell volume, reducing the debris density value,
thus, decreasing and smoothing the overall collision probability. Therefore, choosing a
cell radial size in between the ‘high collision’ and ‘low collision’ probability predictions
will result in a best fit, producing more accurate collision probability predictions - see
Figure 6.7. In order to determine the ideal cell radial size the user would have to choose
a value that takes into account both the length of the tether and the number of ‘beads’
used to represent the tether system. As a rule of thumb the cell radial size should try
to closely resemble the length of the tether divided by the number of ‘beads’. If the
tether system has equal end masses this distance would also match the tether segment

lengths (i.e the distance between each of the ‘beads’).

6.2 Validation with Literature Sources

A number of collision risk assessments have been produced in the literature. In particular
the risk assessments for an orbiting space tether system performed by Anselmo and
Pardini [58, 62] and Chobotov and Mains [63], which were discussed in Chapter 3,
will be examined. A comparison between these literature results and those produced

by TRAP will then be carried out to assess the TRAP model’s accuracy. Amnselmo
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and Pardini [58, 62] carried out a number of simulations that look at both single and
double strand tether systems. This research was conducted to evaluate the expected
operational lifetime of a new space tether system, the Electrodynamic De-Orbiting And
Re-entry Device (EDOARD), intended to fly in the near future to accomplish the end-of-
life de-orbiting of spacecraft and spent upper stages. Chobotov and Mains [63] focused
their research on the Tethered Satellite System Re-flight (TSS-1R) which broke away
from the Shuttle during deployment in March 1996. The remaining 19.7 km long tether
remained in orbit, attached to its end-body, for a further 3 weeks before re-entering the

Earth’s atmosphere.

The following section will compare the results predicted by the TRAP model with those
produced by Chobotov and Mains [63]. The EDOARD case scenario will be discussed

later in the chapter, focusing on issues raised by the IADC.

6.2.1 Tethered Satellite System Re-Flight

Chobotov and Mains [63] looked at the collision probability of the Tethered Satellite
System Re-flight (T'SS-1R), after it broke away from the Space Shuttle Orbiter. The
tether, which had a cross-sectional area of 56.6 m?, was exposed to the orbital debris
environment for about 3 weeks before re-entering the Earth’s atmosphere. The study
examined the collision probability for the TSS-1R, arising from micrometeoroids and
man-made orbiting objects. This was achieved by using analytical and statistical meth-
ods. The analytical approach involved calculating the number of objects penetrating
an arca in space swept out by the tether in one orbital revolution - see Figure 3.13 of
Section 3.5.3. The statistical approach, on the other hand, was based on the frequency
of close approaches by space objects to the tether over an extended period of time. This
involved the determination of the closest approach distance by space objects that may
result in a collision with the tether system. The analytical approach predicted a collision
probability of about 2.23 x 1073 per month for objects 10 cm in size or larger, which

compared reasonably well with their statistical prediction of 1.527 x 10~% per month.

In order to compare the results of the TRAP model with those produced by Chobotov
and Mains, a simulation was performed using the same orbital and tether parameters
as Chobotov and Mains [63]. Although the tether was ejected into a slightly eccentric
orbit, after the tether broke away from the Shuttle, Chobotov and Mains assumed the
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tether to be in a circular orbit at an altitude of 364 km inclined at 28.45°. They also
assumed the tether to lie along the local vertical, as a result of stabilisation by the
gravity gradient. The method used by Chobotov and Mains involved looking at the
number of objects penetrating a particular area of space, swept out by the tether over
one orbital revolution. Thus, the effects of atmospheric drag were turned off during
the TRAP simulation to prevent the tether’s orbit decaying. The sensitivity issues,
discussed in the previous section, would have a profound effect on the outcome of the
collision probability. Therefore, the simulation was performed a number of times with
variations in the number of ‘beads’ used to represent the tether system, the cell radial
dimension and the time-step. The results of these simulations are shown in Table 6.4
and compare exceptionally well with the analytical and statistical methods used by

Chobotov and Mains [63].

The first run of the simulation (run 1) was used as a reference case. This provided
a baseline case against which to compare other simulations when varying the three
sensitive parameters. The first of these parameters was the number of ‘beads’ used
to model the tether. The collision probability for the tether modelled using just 3
‘beads’ (run 2) is slightly higher than the other two (runs 1 and 3) which is due to
the ‘overlap error’ discussed in Section 6.1.2. The next parameter varied was the time-
step (runs 4 and 5). The collision probability is much more consistent in these cases.
This was to be expected, however, since the issue of the time-step variation only effects
the collision probability when a fragmentation event is modelled, and there exists a
substantial change in debris density at the debris clouds pinch locations. The final two
simulations (runs 6 and 7) focused on the variation of the cell radial dimension. Since

the tether was nearly 20 km long and represented using 7 ‘beads’ it was expected that

No. of | Cell Radial | Time-step | Collision
Run | Beads | Size (km) (mins) Probability
1 7 5 60 1.59 x 1073
2 3 5 60 4.69 x 1073
3 11 5 60 1.00 x 1073
4 7 5 30 1.52 x 1073
5 7 5 90 1.52 x 103
6 7 3 60 2.33 x 1073
7 7 1 60 5.76 x 1073

Table 6.4: Collision risk to T'SS-1R varying the sensitivity parameters
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a cell radial size of 3 km would produce more accurate collision probability estimates,
than the 1 km and 5 km cell radial sizes. This was because the length of tether between

each ‘bead’ is about 2.81 km, close to the 3 ki cell radial size.

6.3 Past Mission Assessments

A number of tether missions have been performed since 1966 where NASA first used a
tether to link the Gemini XI manned spacecraft to their Agena upper stage. Tethers
have since been used to perform a number of space experiments, enabling vast research
to be carried out to study tether dynamic issues and conductive tether experiments. In
particular the TSS, SEDS, PMG and TiPS experiments were crucial in laying down the

foundations for future tether missions (see Chapter 3).

The following sections will consider two past tether missions, SEDS-2 and TiPS. A
number of simulations will be performed, studying the collision and sever probabilities
of such tether systems, arising from the background orbital debris environment. Further
simulations will consider the risks posed to space tethers from a debris cloud, generated
by a recent breakup event. The discussion will also compare the results with flight data

acquired during the tether experiments.

6.3.1 Small Expendable Deployer System

The SEDS-2 mission was launched on the 9th March 1994 into a near-circular orbit at
an altitude of 350 km, inclined at 32°. The actual tether consisted of a single strand that
was 20 km long and just 0.75 mm in diameter. The experiment was able to demonstrate
that by using a closed-loop control law, the libration angle in the tether could be kept
to a minimum. After deployment, the tether was left attached to the Delta II second
stage, to study the long-term tether survivability and micro-meteoroid impact risks.
Unfortunately, the tether was severed, allegedly by a micro-meteoroid, 3.7 days after
deployment which resulted in the payload re-entering within hours (due to increased
area to mass ratio and momentum transfer). However, approximately 7.2 km of tether
remained attached to the Delta IT second stage for a further 56 days, before re-entering

the Earth’s atmosphere, with no apparent further breaks.

Here we will discuss two case scenarios that will attempt to estimate the collision and
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sever probabilities for the SEDS-2 tether system, prior to failure. The first scenario
examines the effects of the background population over a 1-month time period, providing
a good understanding of the risks encountered by a long, thin tether system arising from
the large, trackable, debris population. The second scenario will consist of modelling an
explosion, using the Breakup Program, to study the effects of the smaller, un-trackable,
debris population. The orbital and breakup parameters used during these case scenarios
are outlined in Table 6.5. Note that the original breakup object occupies a similar orbit
to that of the tether system before the fragmentation. This results in ‘low-energy’

interactions between the generated debris fragments and the tether system.

Tether Details

a = 6728km w = 0° no. of beads = T

e = 0.001 Q = 0° length = 20 km

i = 32° 0 0° diameter = (.75 mm
in-plane libration = 8°
out-of-plane libration = 3°

Breakup Details

a = 6,728km | w = 0° breakup type = HIX

e = 0.001 Q = 0° on-orbit mass = 500 kg

i = 32 ) 355° | min. fragment size = 1 mm

w2

Table 6.5: SEDS-2 mission profile input into the TRAP model

Background Debris Simulation

The background simulation was performed over a l1-month time period, using a 60-
minute time-step, and a cell radial size of 3 km. The cumulative sever probability,
predicted using the penetration (impact energy) method, is illustrated in Figure 6.8,
clearly showing a steady increase in sever probability over time. The cumulative collision
probability was found to be identical to the cumulative sever probability. This is because
the objects modelled in the background population are large, 10 cm in size or larger
for such altitudes, while the tether system diameter, just 0.75 mm, is very small by
comparison. It was determined that the SEDS-2 tether system would experience about
1.28 x 1072 fatal impacts over a time scale of just one month from the background
orbital debris population. However, with the inclusion of the small debris background

population this sever probability will be much higher - see Table 6.10 which shows TRAP
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Figure 6.8: Cumulative sever probability to the SEDS-2 tether system, over a 1-month
period, from the background orbital debris population

to predict a sever probability about 2 orders of magnitude lower than those predicted
in the literature by Anselmo and Pardini [58, 62]. The implementation of the small

debris background population is recommended, and discussed, in Chapter 7.

High Intensity Explosion Simulation

The debris density encountered by all six tether segments, from the resulting debris
cloud, over the 10-day simulation, using a 10-minute time-step, is illustrated in Figure
6.9. For similar altitudes the background orbital debris density is around 107 for
objects 1 min, or larger, in size, as predicted by the DAMAGE model in Figure 2.4.
Figure 6.9 shows an initial debris density a few orders of magnitude above this, at the
beginning of the simulation, where the debris cloud is still compact. However, as the
debris cloud evolves and is dispersed around the Earth, the debris density begins to drop
off, slowly falling towards the background debris density by the end of the simulation.
The sever probability, predicted by the penetration method, shown in Figure 6.10, is
in accord with the debris density plot, showing a sharp increase at the beginning of
the simulation, and then steadily levelling out as the debris cloud is dispersed. From

studying the results in detail, it was noticed that not all the fragments colliding with
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the tether would actually cause the tether to fail. However, the difference was very
small giving a total cumulative collision probability of 3.9459 x 1073, compared to the

cumulative sever probability of 3.9455 x 1072,

The above observations indicate that thin tethers, less than a millimetre in diameter,
are very susceptible to the small debris population, even with ‘low-energy’ interactions
between the generated debris fragments and the tether system. To understand why the
tether is so vulnerable to such impacts, the lethality coefficient method, discussed in
the previous chapter, is utilised to estimate the minimum fragment diameter capable of

severing a tether strand. This fragment diameter is given by
D =kd, (6.1)

where D is the debris diameter capable of severing the tether strand, k is the lethality
coefficient and d is the tether diameter. However, for sever predictions to be accurately
made using this method a suitable value for k must be chosen, depending on the impact
energy. The minimum fragment diameter capable of severing a tether strand for ‘low-
energy’ interactions is obviously higher than for ‘high-energy’ interactions. Therefore,
a high lethality coefficient is required for ‘low-energy’ interactions and a low lethality
coefficient is required for ‘high-energy’ interactions. The impact energies in the SEDS-2
case study were relatively low, since the breakup occurred in a similar orbit to that of
the tether. Therefore, a lethality coefficient of & = 0.6 was chosen. Substituting into
Equation (6.1) along with the tether diameter, d = 0.75, gives a minimum fragment
diameter, capable of severing the tether, of D = 0.45 mm. The minimum fragment
diameter generated using the Breakup Program is more than twice this lethal mini-
mum fragment diameter estimate. This demonstrates that thin, millimetre size, tether
strands are particularly vulnerable to the small-sized space debris environment, with

the possibility of the tether severing with ‘low-energy’ interactions.

6.3.2 Tether Physics and Survivability Experiment

The TiPS mission was launched on the 20th June 1996 into a near-circular orbit at
an altitude of 1,022 km, inclined at 63.4°. The experiment was a free-flying satellite
consisting of two end-bodies connected by a 4 km long, single strand tether, with a
diameter of 2.5 mm. The purpose of this mission was to study long term orbit and

attitude dynamics and tether survivability issues. The experiment was a complete
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success providing a great deal of confidence in our ability to model tether dynamics,
and showing that tethers could be made to survive the harsh space debris environment

for long periods of time.

Here we will discuss three case scenarios to estimate the collision and sever probabil-
ities for the TiPS tether system. The first scenario will investigate the effects of the
background population over a l-month time period, providing a good understanding
of the risks posed to a short, thick tether system, from the large, trackable, debris
population. The remaining two cases will consider fragmentation events. The first of
these fragmentation cases will consist of a type of scenario similar to that considered
in the SEDS-2 case study. That is, a fragmentation in a similar orbit to that of the
tether, producing a risk assessment for ‘low-energy’ interactions. The second of these
fragmentation events, however, will model a breakup in a different orbital geometry to
that of the tether. This will produce ‘high-energy’ interactions where the two orbits
intersect. This combination of cases provides a good insight into tether survivability
issues for ‘low-energy’ and ‘high-energy’ interactions between the simulated debris and

the tether. The parameters used for each of the three cases are outlined in Table 6.6.

Tether Details

a = T7T40km|w = 0° no. of beads = 5

e = 0.001 Q = (° length = 4 km

i = 63.4° g = Q° diameter = 2.5 mm
in-plane libration = (°
out-of-plane libration = 0°

Fragmentation Case Study 1 - ‘Low-Energy’ Interactions

a = 7400km |w = 0° breakup type = Collision
e = 0 Q = 0° on-orbit mass = 1,000 kg
i = 60° 0 = 350° | min. fragment size = 1 mm
projectile mass = b kg
rel. velocity vector = [0.20.10.05]* km/s

Fragmentation Case Study 2 - ‘High-Energy’ Interactions

¢ = T7400km |w = 320° i breakup type = Collision
e = 0 Q = 90° | on-orbit mass = 1,000 kg
i = 90° # = 10° | min. fragment size = 1 mm
projectile mass = b kg
rel. velocity vector = [0.20.10.05]T km/s

Table 6.6: TiPS mission profile input into the TRAP model
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Figure 6.11: Cumulative sever probability to the TiPS tether system, over a l-month
period, due to the background orbital debris population

Background Debris Simulation

The background simulation was performed over a 1-month time period, using a 30-
minute time-step and a cell radial size of 1 km. The cumulative sever probability,
predicted using the penetration method, is illustrated in Figure 6.11, showing a steady
increase over time. As with the SEDS-2 case study the cumulative collision probability
was found to be identical to the cumulative sever probability, due to the nature of the
background population size. It was determined that the 4 km long TiPS tether would
experience about 1.148 x 1073 fatal impacts over a 1-month time period from the orbital

background population.

Fragmentation Case Study 1 - ‘Low-Energy’ Interactions

The debris density encountered by all four tether segments, from the debris cloud,
over the 10-day simulation, using a 5-minute time-step, is illustrated in Figure 6.12.
The background orbital debris density for similar altitudes is around 1078 for objects
1 mm, or larger, in size, as predicted by the DAMAGE model. Figure 6.12 shows
an initial debris density a few orders of magnitude above this, at the beginning of

the simulation, where the debris cloud is still compact. However, as the debris cloud
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evolves and is dispersed around the Earth, the debris density begins to drop off slowly
falling below the background debris density after around 6 days. The collision and
sever probability, shown in Figure 6.13, is in accord with the trends presented in the
density plot, showing a sharp increase in collision/sever probability at the beginning of
the simulation, steadily levelling out as the cloud evolves. The sever probability, shown
in Figure 6.13 as predicted using the penetration method, is less than the collision
probability throughout the 10-day simulation, demonstrating that a tether system, with
a significant tether diameter (2.5 mm), is capable of surviving ‘low-energy’ interactions

with the small debris population.

Fragmentation Case Study 2 - ‘High-Energy’ Interactions

The debris density encountered by all four tether segments, over the 10-day simulation is
considerably less than for the previous scenario, as shown in Figure 6.14. This is because
the tether system spends less time within the debris cloud due to the orbital geometry
of the breakup and tether orbits. However, the impact energies involved, where the two
orbital paths intersect, is considerably higher than in the previous case. This results
in a sever probability, predicted using the penetration method, that is identical to the
collision probability, as illustrated in Figure 6.15. Although it has been shown that the
TiPS tether system is capable of surviving ‘low-energy’ interactions, from a small debris
fragment, the tether is far more vulnerable to ‘high-energy’ interactions. The cumulative
sever probability also experiences a large increase in probability around day 4. This is
because the interaction time between the debris cloud and the tether is very short,
due to the different orbital geometries. During this interaction time the tether may
experience a small or large debris density. Obviously, the debris density experienced
around the fourth day of the simulation was higher than throughout the rest of the
simulation, resulting in a large increase in sever probability. Since the simulation was
only performed over a 10-day period it is not known if such an increase would occur
again. However, the collision probability will generally reduce with the time as the cloud

continues to evolve.
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6.3.3 Findings From Past Tether Mission Experiments

The above case studies have examined the effects of the orbital space debris environment
on two types of tether systems. The first considered the effects of the debris population
on long, thin tether strands (20 km long and 0.75 mm in diameter). The second case
study, on the other hand, considered a short, thick tether strand (4 km long and 2.5
mm in diameter), providing some evidence that such tethers may be able to survive the

effects of the smaller debris population.

In reality, long thin tether strands are very susceptible to impacts arising from the debris
environment, and this view was substantiated by the SEDS-2 tether system which was
severed, apparently by a micro-meteoroid, 3.7 days after deployment. This was also
confirmed from the breakup case scenario presented for the SEDS-2 tether system. The
results showed that the tether was particularly vulnerable to the small debris population
(1 to 10 mm) since even with ‘low-energy’ interactions, between the debris and tether,
the tether system would still be severed. Single strand tethers, however, can be made to
survive the harsh debris environment. This was demonstrated by the TiPS experiment
which survived in orbit for over 4 years without any apparent breaks. This was confirmed
from the first breakup case scenario, albeit over a shorter period of time, which showed
that not all the small debris fragments colliding with the 2.5 mm diameter tether were
capable of severing it. However, the debris to tether impact energies were relatively
low, and further analysis of ‘high-energy’ interactions showed that the tether was just
as vulnerable to the small debris population as the SEDS-2 tether system. Therefore,
designing a more robust tether system, such as a double strand tether system, may be
the sclution if tethers are to be used successfully in the future. This will be discussed

in the following section.

6.4 Future Mission Assessments

There are a number of future tether missions planned. Such missions include the Double
Tethered Experimental Satellite (D-TES) developed at the Kyushu University in Japan.
D-TES will be launched as a secondary payload aboard a Japanese H-ITA launch vehicle.
Its primary objective is to deploy a 20 km tether so that data can be gathered regarding

the dynamics of a double strand tether system.
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In 1998, at the University Space Systems Symposium (USSS) - a joint Japanese/US
student conference - the QUEST (Kyushu - US Experimental Satellite Tether) mission
was proposed. The QUEST mission will also be launched as a secondary payload aboard
a Japanese H-ITA launch vehicle. Its primary objective is the successful deployment of
a 2 km tether, made of Kevlar, to study the control and dynamics associated with the
deployment. After the operational mission, the tether will be cut to demonstrate and

investigate orbit transfer.

In November 2001, another experiment, named QTEX, was proposed by Kyushu Uni-
versity. Launching as a secondary payload, the proposed tether will be 2 km in length.

Its motion will be observed for at least four months to study the dynamics.

In the following section the Propulsive Small Expendable Deployer System (ProSEDS)
will be discussed, which is a proposed space tether experiment due for launch in 2004.
Launching as a secondary payload, the ProSEDS mission will deploy a § km bare wire
tether, attached to a further 10 km of Spectra tether, from a Delta II second stage rocket
[101]. This will provide approximately 0.4 N of electrodynamic drag, demonstrating the
principle of de-orbiting by this means. It will also demonstrate its battery recharging
capabilities using tether generated power. The aim of the mission is to de-orbit a Delta

II second stage, which is estimated to take about 15 days.

6.4.1 The Propulsive Small Expendable Deployer System

The ProSEDS mission will be launched into a near-circular orbit at an altitude of
about 350 km, inclined at 32°. The proposed tether will have a total length of 15 km
and a diameter of about 3 mm. We have already shown that a single strand tether
system, with a sufficient diameter (e.g. TiPS), can be made to survive ‘low-energy’
interactions with the small debris population. However, the probability of such a tether
system surviving ‘high-energy’ interactions is less encouraging. Hence, the ProSEDS
case study presented here will focus on the collision and sever probabilities arising from
‘high-energy’ interactions between a double strand type ProSEDS tether system and
the debris population. The parameters used for this case study are outlined in Table

6.7.
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| Tether Details

e = 6,728km | w = 180° | no. of beads = 7

e = 0.001 Q = 45° | length = 15km

7 320 @ = 20° | strand diameter’s = 1.0 mm
system width = 20 mm

Breakup Details

a = 22250 km | w = 340° | breakup type = HIX

e = 07 Q = 30° | on-orbit mass = 3,000 kg

i = 64° @ = 302° | min. fragment size = 1 mm

Table 6.7: ProSEDS mission profile input into the TRAP model

Double Strand Case Scenario

The collision and sever probabilities for the double strand ProSEDS case scenario are
illustrated in Figures 6.16 and 6.17, respectively. The two graphs show a large increase
in probability between days five and six. This is due to the debris cloud evolving
and wrapping itself around the Earth, presenting a higher probability of the tether
encountering the cloud. The sever risk, however, is about two orders of magnitude
lower than the collision probability, indicating that a double strand tether system is
capable of surviving ‘high-energy’ interactions from the small debris population. Not
only this, but the tether strand’s are only 1 mm in diameter each, demonstrating that
thin tether strands, when combined into a double strand configuration, can be made to
survive the small debris population. With the level of vulnerability reduced, this clearly
demonstrates that double strand tether systems would be more suitable to the debris

environment than single strand tether systems.
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Figure 6.16: Cumulative collision probability to the ProSEDS double strand tether
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Figure 6.17: Cumulative sever probability to the ProSEDS double strand tether system,
over a 15-day period, from the simulated debris cloud
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6.5 Electrodynamic De-Orbiting And Re-entry Device

The Electrodynamic De-Orbiting And Re-entry Device (EDOARD) has been developed
jointly in Italy by Alenia Spazio and the University of Rome, with a view to potential
commercial exploitation. It is designed to de-orbit satellites and spent upper stages in
the 600 to 4,000 kg mass range, and in the orbital region of 600 to 2,000 km altitude
and up to an orbital inclination of 65° [102]. The benefits and risks of using tethers
in space has been recognised by the IADC and an action item (Al 19.1) has been put
into place to address this issue. A range of parameters, outlined in Table 6.8, were put
forward by Pardini for the continuation of Al 19.1, during the 21st IADC meeting, held
in Bangalore, India, 10-13th March, 2003.

Parameter A1 19.1 Range
Tether length 5 to 10 km
Single-line diameters 0.5 mm to 5 cm

Double-line diameters 0.5 mm to 5 cm
Distance between knots | 5, 10 and 100 m
Altitude 500 to 1,500 km
Inclination 0° to 75°

Table 6.8: A range of parameters issued for the continuation of AI 19.1 [103]

A number of case studies have been performed by Anselmo and Pardini [58, 62] to
assess the collision risks posed to an orbiting space tether system (see Chapter 3). Here
we will discuss a specific reference case that was chosen to have attributes similar to
the EDOARD system. This reference case is presented in Table 6.9. A number of
modifications were then proposed by Anselmo and Pardini to investigate, and to try
to increase the lifetime of an orbiting space tether system. These included varying
the thickness of a single strand tether and by increasing the number of ‘beads’ used
when modelling a double strand tether system. They quickly realised, however, that
a single strand tether system would not be a suitable choice, with the probability of
mission success falling well below their target of 95%. Thus, a new configuration was
proposed, two tethers, each 0.7 mm in diameter, connected by a number of ‘beads’. It
was concluded that by increasing the number of ‘beads’ along the double strand tether

system the probability of failure was greatly reduced.
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Parameter EDOARD
Altitude 1,500 km
Inclination 55°

Tether length 5 km
Payload mass 2,000 kg
Electron collector diameter | 10 m

Table 6.9: EDOARD reference case [62]

The following section will discuss the single and double strand tether modelling experi-
ments performed by Anselmo and Pardini. Their predictions will also be compared with
those produced by the TRAP model, providing further validation, but also providing
an insight into how the tether system can be designed in order to maximise mission

SUCCESS.

6.5.1 Single Strand Tether Experiments

In order to compare the results produced by the TRAP model and those produced by
Anselmo and Pardini [62] a number of simulations were performed, using the parame-
ters listed in Table 6.9. The first case study involved modelling a single strand tether
system with a diameter of 3 mm. The tether was modelled using 11 ‘beads’ and a total
of 13 simulations were performed, corresponding to the 13 altitude intervals studied
by Anselmo and Pardini [62]. The results of this case study are presented in Table
6.10, along with those found by Anselmo and Pardini [62]. Note the residence time
corresponds to the amount of time that the tether occupies a specific altitude interval.
The sever probability prediction for the TRAP model is, on average, around two orders
of magnitude lower than that predicted by Anselmo and Pardini [62]. This is because
the TRAP model only considers catalogued objects, whereas Anselmo and Pardini also
considered meteoroids along with the smaller debris population. Using the CNUCE ref-
erence population (CODRM-99R) [58, 104] and the Space Debris Impact Risk Analysis
Tool (SDIRAT) [105], Anselmo and Pardini were able to determine the impact risk to
tethers in circular orbits, as a function of altitude, inclination, debris size and tether
diameter [62]. Figure 6.18 gives their prediction of the cut rate per year per kilometre
of a single strand tether, at an altitude of 800 km, inclined at 50°, as a function of

orbital debris size. A comparison of the results of Figure 6.18, with those objects 10
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Altitude Residence Probability of tether failure
interval (km) | time (yr) | Anselmo and Pardini | TRAP
1,500 to 1,400 0.104 0.028 0.000377
1,400 to 1,300 0.112 0.019 0.000524
1,300 to 1,200 0.126 0.021 0.000345
1,200 to 1,100 0.110 0.021 0.000303
1,100 to 1,000 0.096 0.029 0.0004

1,000 to 900 0.107 0.136 0.00129

300 to 800 0.093 0.070 0.000533

800 to 700 0.090 0.035 0.000651

700 to 600 0.071 0.016 0.000337

600 to 500 0.055 0.009 0.000518

500 to 400 0.044 0.006 0.000242

400 to 300 0.036 0.004 0.0000565

300 to 200 0.030 0.002 0.0000790
1,500 to 200 1.074 0.396 0.005693

Table 6.10: Single strand tether failure predictions
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Figure 6.18: Differential cut rate as a function of orbital debris size (tether diameter =
3 mm; altitude = 800 km; inclination = 50°) [62]
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cm in size or larger, and those predicted by TRAP for the 800 km altitude interval, in

Table 6.10, shows good agreement.

6.5.2 Double Strand Tether System Experiments

Anselmo and Pardini [62] concluded that a single strand tether system fell short of their
95% tether survivability probability project requirement for the 13-months de-orbiting
mission. As a next step, they then introduced a double strand tether system with a
number of ‘beads’ connecting the two tether strands, each strand 0.7 mm in diameter.
Once again, the TRAP model was utilised to compare the results with Anselmo and
Pardini [62]. A double strand tether was modelled, represented by 11 ‘beads’. The
results of the simulation are outlined in Table 6.11 along with the predictions calculated
by Anselmo and Pardini [62]. As with the single strand case study, Anselmo and Pardini
also included the sever risks associated with meteoroids and the smaller background
debris population. In order to achieve a tether survival probability of 95%, for the 13-
month de-orbiting mission, they estimated that the ‘beads’ would have to be separated
by 10 m, resulting in a total of 501 ‘beads’. To achieve a tether survivability probability
of 99% this *bead’ separation distance would have to be reduced to just 2.5 m, resulting in

a total of 2,001 ‘beads’! However, the results produced by Anselmo and Pardini neglect

Probability of tether failure
Altitude Residence | Anselmo and Pardini TRAP
interval (km) | time (yr) | 51 beads | 501 beads | 11 beads
1,500 to 1,400 0.104 0.0159 0.0016 0.000195
1,400 to 1,300 0.112 0.0116 0.0012 0.000276
1,300 to 1,200 0.126 0.0148 0.0015 0.0000953
1,200 to 1,100 0.110 0.0134 0.0014 0.000104
1,100 to 1,000 0.096 0.0166 0.0017 0.000172
1,000 to 800 0.107 0.1731 0.0182 (.000699
900 to 800 0.093 0.0564 0.0058 0.00033
800 to 700 0.090 0.0226 0.0023 0.000418
700 to 600 0.071 0.0101 0.0010 0.000138
600 to 500 0.055 0.0050 0.0005 0.00023
500 to 400 0.044 0.0024 0.0002 0.000121
400 to 300 0.036 0.0011 0.0001 (0.0000291
300 to 200 0.030 0.0005 0.0001 0.0000493
1,500 to 200 1.074 0.3435 0.0356 0.0028567

Table 6.11: Double strand tether failure predictions
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to take into account the failure rate of each of the ‘beads’, which could significantly
effect the overall tether survivability. Hence, the TRAP model has been utilised to
examine the effects of the smaller debris population on a double strand tether system
taking into account the failure probability of each of the ‘beads’. In order to examine
the effects of the small debris population on the number of ‘beads’ used on a double
strand tether system a catastrophic collision was modelled. Here we will discuss the two
case scenarios that were studied. The parameters used for these modelling experiments

are outlined in Table 6.12.

Tether Details
¢ = 7178 km | w = 0° no. of beads = 11 and 51
e = 0.001 Q = @° length = 5km
i = B5h° g = diameter = 0.7 mm
system width = 20 mm
Breakup Details
a = T178km|iw = 0° breakup type = Collision
e = 0.001 Q = (° on-orbit mass = 1,500 kg
i = bh° @ = 355° | min. fragment size = 1 mm
projectile mass = 3kg
rel. velocity vector = [2.0 1.0 0.7]1 km/s

Table 6.12: EDOARD mission profile input into the TRAP model

Figure 6.19 illustrates the collision probability for the ‘beads’ along each of the two
tether systems. The tether comprised of 51 ‘beads’ has the highest collision probability,
approximately an order of magnitude more than the tether system consisting of 11
‘beads’. This result is not surprising, however, since the 51 ‘beads’ comprise a higher
total cross-sectional area exposed to the debris environment than the tether system
consisting of 11 ‘beads’. Finally the sever probability associated with the two tether
systems is modelled. This is illustrated in Figure 6.20, and is in agreement with Anselmo
and Pardini [62] in as much as the 51 ‘bead’ double strand tether system has a higher
probability of mission success than the 11 ‘bead’ double strand tether system. However,
as previously mentioned, as the number of ‘beads’ tends to infinity the double strand
tether system tends to a single strand tether structure. Therefore, there must exist a
point where increasing the number of ‘beads’ actually causes the sever probability to

increase.
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Figure 6.19: Cumulative collision probability for the ‘beads’ of a double strand tether
system, over a 10-day period, from the simulated debris cloud
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from a debris cloud produced by a catastrophic collision
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How Many Beads?

Here we will discuss a case study which demonstrates that by introducing more ‘beads’,
along a double strand tether system, the tether becomes more vulnerable. Since we
are looking for the number of ‘beads’ that can cause the sever probability to increase,
we can simply look at the probability over one time-step. In order to achieve this a
low intensity explosion (LIX) was modelled to study the probability of failure of a 1 km
long double strand tether system. The collision and sever risk associated with the tether
system from the resulting debris cloud was then modelled over a period of 1-minute.
In total, eight simulations were performed, coinciding with the eight different double
strand tether systems. The results of these simulations are outlined in Table 6.13 and

illustrated in Figure 6.21.

Number of Beads Bead Spacing Probability of Failure

51 20 m 7.47E-08
101 10 m 3.7T7TE-08
201 5m 1.90E-08
501 2m 7.77E-09
1,001 1m 4.15E-09
2,001 0.5m 2.60E-08
4,001 0.25 m 2.36E-09
8,001 0.125 m 3.29E-09

Table 6.13: Double strand failure rate with increasing beads

The probability of failure continues to decrease as the number of ‘beads’ increases, until
the double strand tether system is modelled with 8,001 ‘beads’. Here the probability
of failure shows an increase. With closer examination of the results, one can actually
understand why the probability has increased. A low intensity explosion (LIX) was
modelled, producing fragments around the medium size range, i.e 1 cm in size or larger.
The actual distance between each of the ‘beads’ is only 12.5 cm and, therefore, with
fragments 1 cm in size or larger, the probability of a fragment impacting with a ‘bead’
increases. The results presented here show good evidence, for this specific case, that
a 5 km long double strand tether system, modelled using 2,001 ‘beads’, similar to the
Anselmo and Pardini [62] modelling experiment, would reduce the probability of failure,

as far as the medium size debris population is concerned.
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6.6 Discussion

The TRAP model has been utilised throughout this chapter providing a number of
collision and sever risk assecssments to past and future planned tether experiments.
However, for each of the assessments to be accurately calculated, a number of key
sensitivity issues, which were found during validation, needed to be fully investigated
and understood. These sensitivity issues included, the time-step, the number of ‘beads’
used to model the tether system, and the cell radial size used to determine the spherical
control volume for the background population. Understanding these issues is important
in order to provide the best results. For example, a small time-step would provide
more accurate results, but more computational effort is required. Therefore, the ‘best’
time-step should be chosen depending on the orbital parameters used for each particular
simulation. A short simulation, of just a few orbits, for example, may require a time-
step of just a few minutes. A longer simulation, over a few months, however, will require

a larger time-step.

A number of validation procedures, discussed in the previous chapter, were performed

during the development of the TRAP model. However, one final validation check was
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required to confirm that the TRAP model was producing valuable results. This was
achieved by comparing the results produced by TRAP with those predicted in the litera-
ture. One example discussed, was the Tethered Satellite System ('T'SS) study performed
by Chobotov and Mains [63], who used both analytical and statistical approaches. The
predictions from this study compared exceptionally well with the predictions produced

by the TRAP model, providing an excellent method of validation.

Another set of validation procedures were performed by studying past tether missions.
The TRAP model was utilised to study the collision and sever probability risks to
a number of past missions. The results produced by the TRAP model agreed well
with actual flight data. The predictions indicated that single strand tether systems
are particularly vulnerable to the small debris population. Although, increasing the
diameter provided some protection against the ‘low-energy’ interactions, it proved to
be of little help when *high-energy’ interactions were considered. Since this increase in
diameter also increases the cross-sectional area, one would have to seriously consider

the potential use of such tether designs.

The TRAP model was also used to predict the collision and sever probability risks to
future planned tether missions. The ProSEDS double strand case scenario demonstrated
that such tether designs represent a more robust solution, with greatly reduced sever
probabilities. This particular scenario also showed that thin tether strands (about 1
mm in diameter) can be used in the space debris environment when combined into such

a configuration (i.c two thin tether strands connected by a number of ‘beads’).

Finally, an EDOARD-type case scenario, arising from the IADC AI 19.1 [103], was
discussed. The results once more confirmed that double strand tether systems are less
vulnerable than single strand tethers. The results also demonstrated that by increasing
the number of ‘beads’ along the tether the probability of mission failure can be reduced.
However, the gap between each of the ‘beads’ should be kept to a minimum of about 1

m. Otherwise the failure of the ‘beads’ begin to dominate the risk of failure.
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Chapter 7

Conclusions

The development of any complex model to enable collision and sever risk predictions to
an orbiting space tether system is not a trivial matter. However, by taking an integrated,
system level approach to the design and development, the Tether Risk Assessment
Program (TRAP) has been implemented as an extremely fexible risk analysis tool with

state-of-the-art capabilities.

This process initially comprised information gathering, in order to determine state-of-
the-art techniques for calculating collision risk probabilities. The method of Proba-
bilistic Continuum Dynamics (PCD) was chosen, and modified, providing an accurate
technique for calculating collision risks associated with an orbiting space tether system
arising from debris produced by a fragmentation event. However, the collision risk alone
is insufficient and does not provide any indication of whether or not the tether system
survives such encounters. Therefore, a method was developed that could determine the
sever probability of the tether system, providing an excellent insight into tether surviv-
ability issues. Firstly, the lethality coefficient method was implemented. This method
determines the minimum lethal fragment size which is capable of severing the tether
strand, using a suitable lethality coefficient. This lethal fragment size is then ‘set in
stone’ throughout the simulation, and any impact with a fragment equal to, or greater
than, this minimum lethal fragment size would then cause the tether to fail regardless
of the impact energy. It was quickly realised that, without knowledge of the impact en-
ergy, this method was not accurate enough and that new techniques would be required
to determine tether sever probabilities. Thus, the penetration method was developed.

This method was developed using a number of suitable penetration equations such as
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the Fish-Summers equation [91], for single strand tethers, and the ‘Christiansen’ equa-
tion [96], for double strand tethers. These two equations allow the penetration depth
of an impact to be determined, taking into account the impact energy. This method of
sever analysis provides a more realistic and accurate means for calculating tether failure

predictions over the more traditional lethality coefficient method.

The TRAP model has a number of applications and can be used for predicting collision
and sever probability assessments for both single and double strand tether systems.
This allows comparisons between both single and double strand tether systems to be
made from the historical, current and future orbital debris population. Not only this
but the TRAP model can also be used for predicting collision and sever risk assessments
associated to tethers from debris produced by recent fragmentation events, such as on-

orbit explosions or collisions.

The TRAP model was developed to the highest of standards and has undergone a
rigorous validation procedure in order to assess the model’s accuracy. The results of
these validation procedures are outlined in Chapters 4 and 5. The TRAP model was
then extensively applied to study the collision and sever risks associated with a tether
system arising from the orbital debris environment in Chapter 6. It is the purpose of
the current chapter, therefore, to provide a summary of the overall findings and their

implications for evaluating the survivability of tether systems.

7.1 Model Accuracy

The completion of any newly developed model is secured only when it has successfully
passed through a series of validation procedures. The TRAP model is no exception
to this rule and it was put through a number of validation checks. The TRAP model
consists of four main programs and each of these were validated individually, before the

model as a whole was tested and validated.

The Breakup Program was validated against results produced by Walker [3], Barrows
[4] and actual fragmentation events. The Tether Program was validated using an es-
tablished tether model, the Tether Simulator, produced by JAQAR Space Engineering
[79]. As with the TRAP model, the Tether Simulator models the tether as a number

of ‘beads’, allowing precise validation checks to be performed.
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The PCD method implemented into the Analysis Program was easily validated using
the Space Debris Simulation (SDS) suite [4]. However, in order to do this, the TRAP
model was temporarily set up to model a typical satellite. The two models were then

compared and showed excellent agreement.

The Background Program was validated by performing a number of confidence-building
simulations. This was achieved by modelling past tether experiments and comparing
results produced in the literature by Chobotov and Mains [63], and Anselmo and Pardini
[58, 62]. The comparisons showed that the predictions produced by the Background
Program were on average about two orders of magnitude lower than the predictions
produced by Anselmo and Pardini. However, this was because Anselmo and Pardini
included the meteoroid and smaller debris populations within their model along with the
larger, trackable, debris objects. By using the CNUCE reference population (CODRM-
99R) [58, 104] and the Space Debris Impact Risk Analysis Tool (SDIRAT) [105],
Anselmo and Pardini were able to determine the impact risk to tethers in circular
orbits, as a function of altitude, inclination, debris size and tether diameter [62]. When
the results of this were compared with the TRAP predictions, very good agreement was
achieved. Finally, the Background Program was also validated by comparing the results
produced by Chobotov and Mains [63]. One such experiment, in particular, looked
at the Tethered Satellite System Re-flight (T'SS-1R) where a collision probability of
2.23 x 10™% per month was predicted for objects 10 cm in size or larger by Chobotov
and Mains [63]. Over the same time period the TRAP model predicted a collision
probability of 1.59 x 1073, with 7 beads, a cell radial size of 5 km and a 60-minute

time-step, giving excellent agreement with the results of Chobotov and Mains.

The main purpose of the TRAP model is to predict collision and sever risks to an
orbiting space tether system arising from the orbital space debris environment. With the
validation procedures, discussed above, and with the achievemnent of results which are
comparable with those in the literature, confidence in the model for such risk assessments

was greatly improved.
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7.2 Implications for Evaluating Survivability of Tethers

A wide range of tether simulations have been performed using the TRAP model, to
study the effects of the orbital debris environment on a space tether system. From
these comprehensive studies, it was concluded that single strand tether systems with
a diameter less than 1 mm are particularly vulnerable to the debris environment and
should not be recommended for any future missions that will expose the tether to
the environment for extended periods of time. The case studies also showed that,
by increasing the tether’s diameter, they could be made to survive some ‘low-energy’
interactions but not ‘high-energy’ interactions. However, this increased diameter also
increases their cross-sectional area, therefore resulting in a potentially larger number of

fatal impacts.

The TRAP model did show some encouraging results for double strand tether systems,
providing good evidence that such systems are less vulnerable to the space debris en-
vironment than single strand tether systems. It was found that the sever probability
of a double strand tether system is also controlled by the number of ‘beads’ used along
the tether system, generally decreasing with increasing number of ‘beads’. This was
due to the collision cross-sectional area of each tether segment being reduced. However,
increasing the number of ‘beads’ indefinitely would result in the double strand tether
system tending towards a single strand tether structure. Thus, it was concluded that

the distance between each of the ‘beads’ should not be less than about 1 m.

7.3 TFurther Work

The development of any new model is a very complex task and one that can never truly
come to an end. This section will, therefore, discuss how the model can be improved. It
also discusses briefly those elements, such as tether model improvements, which could
have been implemented but were not, due to time constraints. The discussion will
also focus on the need to develop more precise tether penetration equations in order
to achieve higher accuracy sever predictions. Finally, the discussion includes possible

future tether studies.
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Improvements to Background Model Accuracy

The development and improvement of modelling the small background debris popula-
tion is a very important area. This is especially important for studying sever risks to
space tethers since, as we have seen throughout this thesis, tethers are particularly vul-
nerable to small debris impacts, and unlike a typical spacecraft they can not be shielded
against such threats. Therefore, space debris models, such as the DAMAGE model [18,
19], are able to predict the spatial densities for the smaller debris population. This
allows collision predictions to be made, providing good insights into the threat posed
by the smaller debris populations. However, in order to determine collision and sever
probabilities for space tethers the debris object’s diameter must also be specified. This
can be resolved by using a method, similar to the debris diameter averaging method im-
plemented into TRAP. For example, dividing the small debris populations into various

size ranges and using an average debris diameter for each range (e.g. the mid-point).

Tether Model Improvements

Modelling tether dynamics is a very complex problem and it was decided very early on
in the research that this would be simplified as much as possible. The main reason for
this was, while tether modelling was a necessity for the TRAP model, it was unlikely
that a novel contribution in this area could be achieved and, hence, making the model

more complex would use up valuable time and resource.

The model implemented into the TRAP model is therefore a compromise. It has been
assumed that the tether is non-conducting, attached to two point masses. The imple-
mentation of a conducting tether model would require the knowledge of the tether’s
interaction with the ionospheric plasma. This would be very beneficial in enhancing
the TRAP model’s capabilities, with a number of planned electrodynamic tether ex-
periments, such as ProSEDS, scheduled for launch. More ambitious developments may
include varying the length of the tether, taking into account the deployment phase of a
particular mission, or even allowing one of the end objects to change mass, due to an
engine being fired. Looking into the future, it is also apparent that tether systems may

have complex geometries consisting of more than two end-bodies.

192



Multi Strand Tether Systems

Presently, the TRAP model is constrained to modelling collision and sever risk assess-
ments for single and double strand tether systems. More ambitious tether designs have
been developed, however, such as the Hoytether ™ by Tethers Unlimited Inc. Including
such designs into the TRAP model along with other designs, such as triple strand tether
systems, will be an important application for the future, and one that will provide some

scope for new research.

Improvement of Penetration Equations

The development and improvement of tether penetration equations is an important
area and one that requires urgent research. The TRAP model has made use of two
such equations, the Fish-Summers [91] and the Christiansen equations [96]. Chosen
for their suitability in determining tether sever assessments, they were able to provide
more accurate results than those predicted by using a constant lethality coefficient.
However, like all such equations they are only as good as the data used to develop
them. Hence, more experiments, such as those performed by McBride and Taylor [61],

are essential for more accurate and precise predictions of tether sever probabilities.

Further Tether Studies

Space tethers offer a promising new area of technology and a number of ambitious
tether experiments have been proposed for the long term future, such as the Jovian
exploration mission using electrodynamic tethers to provide orbit change capability
and electrical power. In the near-future, the Japanese have proposed a number of
experiments using both single and double strand type tether designs of various length.
The Double Tethered Experimental Satellite (D-TES), for example, has been proposed.
This will deploy a 20 km long double strand tether system in order to gather information
regarding the tether dynamics of such a system. Such planned experiments provide an

excellent opportunity to utilise the TRAP model.
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7.4 Summary

The TRAP model has been developed as an extremely flexible tool, providing an accu-
rate collision and sever risk assessment tool for orbiting space tether systems. Such risk
assessments may be determined from recent fragmentation events, or from the historic,
current or future orbital debris background population. A number of novel techniques

have been developed to greatly improve the accuracy of the model, including:

e Its ability to allow debris density to vary over the length of the tether system.

e The improved penetration method offering a more realistic approach to sever

analysis than the more traditional lethality coefficient method.

e Its ability to model single and double strand tether systems for collision and sever

risk analysis.

The PCD method was implemented and modified to allow the debris density to vary
over the length of the tether system, providing more accurate and realistic collision and
sever probability predictions. Two suitable penetration equations (the Fish-Summers
[91] and the ‘Christiansen’ [96] equations) were implemented into the model producing
more accurate methods of determining tether sever predictions than the commonly
used lethality coefficient method. Two newly developed methods (the LINEAR and
TRAJECTORY methods) were also implemented, allowing collision and sever risks for
double strand tether systems to be performed. This allows comparisons between both
single and double strand tether systems to be made from the historical, current and

future orbital debris population.

Comprehensive studies using the TRAP model have indicated that single strand tether
systems would not be a suitable design, due to its vulnerability in the space debris
environment. The research presented in this thesis has suggested that double strand
tether systems may provide a more reliable tether design. It was also noted that while
increasing the number of ‘beads’ along the double strand tether system can reduce
the sever probability, a certain amount of care must be taken. This is because as the
number of ‘beads’ tends to infinity so the double strand tether structure tends to a
single tether structure, increasing the sever probability. Anselmo and Pardini [58, 62]

demonstrated that for the EDOARD tether system to have a 99% chance for mission
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success a total of 2,001 ‘beads’ would be required, giving a distance of 2.5 m between
cach of the ‘beads’. This prediction was also confirmed by TRAP which showed that
by reducing the ‘bead’ distance to just 0.25 m, the sever probability would continue
to decrease. However, reducing this distance any further would result in an increase
in sever probability. Hence, a distance of around 1 m between each of the ‘beads’ was

deemed & suitable distance for minimising the sever probability.
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