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Analysis of Bare-Tether Systems for Deorbiting
Low-Earth-Orbit Satellites

E. Ahedo* and J. R. Sanmartin®
Universidad Politécnica de Madrid, 28040 Madrid, Spain

Performances, design criteria, and system mass of bare tethers for satellite deorbiting missions are analyzed.
Orbital conditions and tether cross section define a tether length, such that 1) shorter tethers are electron collecting
practically in their whole extension and 2) longer tethers collect practically the short-circuit current in a fixed
segment length. Long tethers have a higher drag efficiency (defined as the drag force vs the tether mass) and are
better adapted to adverse plasma densities. Dragging efficiency and mission-related costs are used to define design
criteria for tether geometry. A comparative analysis with electric thrusters shows that bare tethers have much
lower costs for low- and midinclination orbits and remain an attractive option up to 70 deg.

Nomenclature
A, = area of tether cross section
B = magnetic field
d, = width of a thin-tape tether
E, = motional electric field
F = Lorentz force
F, = deorbiting force
h, = thickness of a thin-tape tether
1 = current along the tether
i = dimensionlesstether current
iy = inclination of satellite orbit
Ju = thermal current density
L, = tetherlength
L,z = -electron-collectinglength of the tether
l, = electron thermal gyroradius
l,p = dimensionlesslength of anodic segment
4, = dimensionless tether length
M = mass
m = propellant mass flow rate of an electric thruster
me = expellantmass flow rate of a cathodic contactor
N. = density of ionospheric plasma
)2 = tether perimeter
R, = mean radius of satellite orbit
I = Dballoonradius
r, = radius of a circular-wire tether
T, = temperatureof ionospheric plasma
u, = unit vector along the tether
v = satellite velocity
vep = specific impulse in velocity units
o = mean tether inclination over local vertical
o, = relative mass for tankage and plumbing
o, = relative mass for deployer and ballast
Ah = satellite height drop
84 = mass fraction of deorbiting system
nc = ionization efficiency of cathodic contactor
nys = dragefficiency
Ap = debyelength
M. = power specific mass
P = local bias potential between tether and plasma
¢ = dimensionless bias potential
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01 = tether mass density

oy = tether conductivity

T = deorbiting time

Subscripts

A = anodic end of the tether
B = zero-potentialpoint in the tether
C = cathodic end of the tether
d = deorbiting system

s = satellite

t = tether

* = reference value

Introduction

EORBITING low-Earth-orbiting (LEO) satellites at the end
of their operational life as a near-term, feasible and attrac-
tive application of electrodynamic tethers was first suggested by
Grossi.! The bare tether concept appears particularly suitable for
that mission due to its simplicity, reliability, and large electron-
collectioncapability* The Propulsive Small Expendable Deployer
System (ProSEDS) experiment, scheduled for a piggyback flight on
a Delta I launch in June 2002, is an attempt to demonstrate the con-
cept suitability by deorbiting the rocket second stage in 2-3 weeks
by means of a ~0.4-N electrodynamic drag produced by a 1-2 A
current at a 5-km bare aluminum tether.* Regarding the principles
of operation, the deorbiting mode of a bare tether is just a variation
of the generator mode analyzed in the original papers of Sanmartin
et al.>® Analyses of subsystems, dynamic control, and reductionin
exposed area-time product confirm the feasibility of a bare tether
deorbiting system.’ Vannaroni et al. proposed joint use of a bare
tether and a conductingballoon at its anodic end,® but recently went
back to the simple bare-tether concept, its collection process being
both mass efficient and nearly time independent (Kruijff, M., van
der Heide, E. J., Vannaroni, G., Dobrowolny, M., and De Venuto, E.,
private communication, 2001). An early analysis for the generator
mode had found only discrete increases in current collection (with
an undetermined mass penalty) from adding an electron-collecting
device at the end of a bare tether
This paper presents a general study of the capabilities of bare
tethers as deorbiting systems, focusing on 1) tether electrodynam-
ics, 2) design criteria to optimize the drag efficiency, 3) influence
of mission requirements and ambient conditions,and 4) operational
mass costs of a bare tether compared to electric thrusters. The next
section summarizes the principlesof operationof a deorbitingtether
and discussesthe electron-collectioncapabilitiesof long tethers and
spherical bodies according to up-to-date knowledge. The third sec-
tion derives the current-voltage (C-V) profiles along the tether,
analyzes the regimes of operation, and defines the drag efficiency.
The fourth section presents a tradeoff study on dedicated mass of
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Fig. 1 Scheme of an electrodynamic bare tether operating in the
deorbiting or generator modes.

bare tethers and electric thrusters. The last section summarizes the
main conclusions.

Principles of Operation

An electrodynamic tether system in orbit around the Earth ba-
sically consists of a flexible and conducting tether, tying together
two satellites, moving across the geomagnetic field B and exchang-
ing electric current with the surrounding ionosphere. For an orbital
velocity v, the geomagnetic field induces a motional electric field
v, A B, in the tether reference frame. This electric field drives an
electric current I along the tether, provided that a good, steady
electric contact is achieved with the ionospheric plasma (of density
N, and single temperature T,,) (Fig. 1). The current I generates a
Lorentz force

L
F:/ u, ABI ds (1)
0

on the tether. Here u, (s) is the tangent unit vector along the tether,
pointing in the direction of the electric current, and L, is the tether
length. The direction of F changes with the direction of the electric
current, deorbiting missions requiring F - v, < 0. For an eastward,
low-inclination orbit around Earth, this implies the current to flow
up the tether. When tether curvature and variations of B along the
tether are neglected, the drag force is

Ly
v E,
Fd=—F-—‘=—/ I1(s)ds ?2)
Vs Vs Jy
where
E,=u-wv,AB)>0 3)

is the induced electric field along the tether. For instance, assuming
adipole model for B and a circularorbitof radius R and inclination
iy, the average value over many orbits of the induced field is

E, ~ Buv,z(Rp/Ry)3 cosi, cosa @)

with « the average inclination of the tether over the local vertical,
Br~0.31 G, vsg =7.91 km/s, and R 26370 km magnitudes at
the Earth surface.

The typical height range of LEO satellites goes from 750 to
1500 km. For a 1000-km height, E,, is about 150 V/km ati; ~ 0 deg
and goes down to 100 V/km at iy ~45 deg and to 50 V/km at
iy ~70 deg. Together with the polar band (i; ~85-90 deg), not
appropriate for vertical tether systems, the band i; >~ 45-60 deg
presents the largest satellite occupation’ Take the 1000-km, midin-

clination orbit as the typical application case and assume
B =0.3G, E, = 100V/km

N, =10"m™3, T, =02eV (5)

as nominal ambient conditions to evaluate tether performances
throughout the paper. For Eq. (5), the thermal current density (mil-
liampere) is

Jo = eNoo/ T [2tm, = 1.2

the debye length is A, > 1.05 cm, and the electron thermal gyrora-
dius (centimeter) is

l,=+m,Ty/eB ~3.5

If @, is the tether potential, ®, the potential of the surround-
ing plasma in the tether frame, and ® = ®, — ®, the potential bias
between them, a stationary exchange of electrons with the local
ionosphere implies @ is positive in part of the tether (segment AB
in Fig. 1) and is negative in the rest (segment BC). The point where
® =0 (point B) is self-adjusted according to plasma conditions.
In the simplest bare-tether system, electrons are collected from the
ionosphere along anodic segment AB of the tether (of length L , ),
and are emitted back at end mass C by some kind of plasma contactor
(a hollow-cathode device, for instance).

Electron Collection

The viability and reliability of a tether system relies largely on its
capability to collect electrons from the rarefied ionosphere. Hence,
it is important to review briefly the state of knowledge and confi-
dence on this issue. To this goal, we consider electron collection by
conductivetethers and balloons biased to a potential ®, positiveand
large compared to the plasma temperature, e®/ T, > 1.

First, for the case of a long tether the following facts apply:

1) Current collection is bidimensional and proportional to the
tether cross-sectional perimeter p, and anodic length L5, which
makes possible to collect large currents with small cross-sectional
sizes.

2) Within a parametric domain (defined later), the current col-
lected by the tether from a Maxwellian plasma follows the orbital-
motion-limit (OML) law for cylinders®:

4ed

Lag
I = IoymL = i P:/ Gom dx, Gom(®) =,/ —— +1
0 7Ty

(6)

with Gy the current gain and the x axis along the tether and
pointing opposite the electric current (Fig. 1).

3) For a circulartether of radius r,, the OML law is valid for r, less
than an upper value r; ,,x, which, for a single temperature plasma
and large potential bias, is’

Ti,max ™ )‘D (7)

Slightly beyond the OML, the decrease in collected current from
the OML value is weak, abouta 5% forr, = 2r, ;.. .'° The OML law
is applicable to other convex cross sections; for the limit case of a
thin tape of width d, (and thickness k,, with h, < d,) the OML law
is valid for®

di < 4 max ®)

For the same perimeter, a tape has the advantage of a lower mass
than the circular wire and the disadvantage of a larger resistance.
4) In a magnetized plasma, the OML law is valid, at least, for’

Ap LU, landr, d, /4 < O(Ap)] )

5) Recent experiments’!! confirm that the OML law is satisfied

(within a 10% margin) in flowing plasmas as long as the relative

velocity is less than the electron thermal speed, which is the case of
tethers in LEO orbits, where

Too/m; K01 [2 < Ty /m,

The ion distribution and, therefore, the electric potential structure
will be largely anisotropic, but the OML law depends only on the
electron distribution, which remains basically Maxwellian.

Next, for the case of a spherical balloon of radius r,, with
rp > Ap, L., the following facts apply:

1) Current collectionis three dimensional, with large currents re-
quiring large balloons, which will make space-charge and magnetic
channeling effects dominant.
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2) For r, >> Ap, current collection is far below the OML law for
spheres® Instead, fora quiescent,unmagnetized plasma, the Alpert-
Lam theory (see Refs. 12 and 13) applies, yielding

3
g

I =1y = JydnriaG), GaL(®, 1) = (e®/To)p /1) 3
(10)

with factor a about 1.5 for a single-temperature plasma,'* and with

current gain G, assumed large [e® /T, > (r,/Ap)*3 ~ 10° for

ionospheric tether applications]. Notice that the collected current
. . 6/7

grows weakly with radius (7 ocr)’ ).

3) LEO ram effects make the electric potentiallargely anisotropic.
This certainly modifies currentcollection,as evidenced by Tethered
Satellite System (TSS)-1 experimental results.”” However, there is
as yet no good theory to quantify ram effects. Because the main
effect of plasma motion is the increase of ion energy from 37,,/2
to m;v? /2 in the quasineutral presheath, a plausible estimate of the
currentis to apply Eq. (10) with an ion-to-electrontemperatureratio
of m;v?/3T,, ~ 15, which increases factor a in Eq. (10) to 4.6.

4) Because r,, /[, is very large, magnetic effects need to be con-
sidered. Again, there is as yet no consistent theory for current col-
lection by spherical bodies in magnetized, collisionless plasmas at
large voltages. The Parker-Murphy theory yields an upper bound
for the current':

I < Ipy(®) >~ J 272Gy

Gom(D,1p) = 142, /1p)4/2e D/ T (11)

However, the TSS-1 experiment was a setback for this theory be-
cause collected current were 2-3 times larger than the Parker-
Murphybound. Indeed, Vannaronietal.!> found TSS-1 resultsfitting
better the Alpert-Lam law for unmagnetized plasmas and, for the
balloon configuration, used the empirical law®

I =1y = Jydnriay GO (12)

withay =4.826.This expressionis uniquelybasedon TSS-1 results,
and there is no clear theory backing it or delimiting its range of
validity, in particular with respectto r, /[, and Ap/[,. The absence
of [, in Eq. (12) makes its applicationadventurousto configurations
different from TSS-1 (300-km height, r, = 0.8 m).

Electron Emission

At present, hollow-cathodedevices appear to be the best cathodic
contactor technology. In spite of difficulties in reproducing actual
space conditions in a laboratory, there is general confidence that
emission of large currents at low power cost is not problematic.
Proof of this is the selection of a hollow-cathode device capable of
emitting a steady current of 10 A to control the floating potential
of the International Space Station.'” The most efficient operational
mode of a cathodic contactor is the spot mode, with no current
fluctuations, efficient ionization of the emitted expellant, and an
almost flat C-V characteristic ® = & (/). Bias voltages between
contactorand plasmalie in the range 15-30 V; in addition, 20-40 W
are needed for the keeper circuit.

Electrodynamic Performances
Current and Voltage Profiles
Current and voltage equations are identical for deorbiting and
generator modes, but optimum conditions differ widely. Bias poten-
tial along the tether, ® = &, — @, follows

®_L & (13)
dx ~ oA, "
with A, tether cross-sectional area and o, tether conductivity
(0, ~3.5x 10" Q7 'm~! for aluminum). If the tether perimeter p,
is small enough, electron collection by the tether follows the OML
law (6), with the current profile along segment AB satisfying

di 2ed
—en B[22 (14)

dx T m,

The C-V characteristicsof the two end masses, I, (® 4) and I (P¢),
yield the boundary conditions of the two differential equations.

To solve the tether equations, we introduce three characteristic
magnitudes:

I, = EmcrtAt»

| 2

E)3 h\°?

L,= u<3ﬂh> (15)
23e Noo

q)* = EmL*

where
h, =2A,/p,

is thickness for a tape and radius for a circular wire, I, is the short-
circuitcurrent,and &, and L, are magnitudes gauging ohmic effects
for bare tethers [obtained from equating %I* to the OML current,
Eq. (6), for a cylinder of (average) bias potential ®, and length
L.]. For an aluminum tether, the dimensional values involved in the
reference magnitudes can be obtained from

Em At
~ X
100V/km 1 mm?

1 2
E, ’ h, S10M m3
L, ~ X 2.66 km
100 V/km 0.1 mm Ny

x35A

*

o

(16)
Using dimensionless variables
i=1/L, =/, §=x/L,
the tether equations become
2—‘5::‘—1, %:%qﬁ (17)

The integration of these equationsis straightforward; reducing to a
first integralrelatingi and ¢ and a quadrature for £(¢). Magnitudes
of the anodic segment AB satisfy

(1—i)?—¢; =(—ip)’? (18)
¢

3 3
—¢, +¢2

(19)

Lug o4 d

— =l =

L, 0 ,
\/(1 —is)?

For collection at end mass A, we take either iy =0 or the C-V
characteristics of some device, which can be assumed to follow a
potential law:

ia(ga) = B (20)
with

dependingon Ap/l,, r, /1, (r, being the device typical size), and n
between % and % for a spherical body.
For ion collection in segment BC, Alpc, we have

Alge /Iy ~ N (1Dcl/ D) (m,/m;)

Because ®¢/®, is small for the deorbiting mode (less than 10%,
typically), ion collection is doubly negligible, with the electric cur-
rent remaining constantalong segment BC:

I ~ic ~ig 22)
Integrating Eq. (13) from B to C then yields
¢c(ip) = —(1 —ipg)(l, — L45) (23)
with

Zr = Lt/L* (24)
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Fig. 2 Voltage and current profiles along the tether for ¢, = 1.5
and iy =0; maximum current and anode tip voltage: ip ~ 0.63 and
¢a = 0.91.

the dimensionless tether length and ¢¢ (i) the C-V characteristic
of end mass C, which involves 1) the contact impedance for the
plasma contactor and ionosphere, 2) the wave radiation losses, and
3) the voltage drop at any interposed load. For the deorbiting mode,
the only interposed load would be control and power units for the
cathodic contactor. For typical design conditions, we have ¢c < 1,
and the solution for the ideal case ¢ = 0 should approximateactual
conditions well.

Equations (18-23) define ¢4, i,, i3, and £ 45, in terms of ¢, and
end-masses parameters. For the ideal case ¢c =0, Eq. (23) yields
two kinds of distinguished solutions: a short-tether regime (Fig. 2)
with

Cap =0, ip <1
and a long-tether regime (Fig. 3) with

iB = 1, ZAB < Zt

In the short-tether regime, the entire tether is collecting electrons;
®, and @, in Fig. 1 meetatan angle at the tether cathodicend. In the
long-tetherregime, current reaches the short-circuitvalue (I3 = I,);
®, and ®,, are now tangentat point B and equalbeyond. As Figs. 4a
and 4b show, @4, L 45, and I increase with L, in the short-tether
regime, whereas they become independent of L, in the long-tether
regime.

The transitionbetween both regimes correspondsto the minimum
tether length needed to collect the short-circuit current, tip volt-
age, and anodic length reaching then maximum values, ¢4 . and
€ 4 B.max - Figure 5 shows their dependence on parameter 8 [Eq. (20)]
characterizingthe C-V characteristicof end mass A. [Equations(16)
and(21)indicatethat 8 ~ 0.5 is already aratherlarge value forenvis-
aged tether systems.] For a simple bare-tether system with i, >0,
we have @i mix =1 and £4p max =4, Which are absolute maxima.
Therefore, @, and 4L, are the maximum anodic tip voltage and
length of a tether at given ambient conditions and tether cross sec-
tion. Figure 5 shows that ¢4 ..« decreases significantly with g, thus

2.5

0.5

Fig. 3 Voltage and current profiles along the tether for ¢, =~ 5 and
i4 =0; maximum current and tip anode voltage:ip =~ 1 and ¢4 =~ 1.

Nd == ]

0.5 7

¢) ét

Fig. 4 Influence of tether length on anodictip voltage,cathode current,
and drag efficiency, for ¢, =0 (—), ¢, =—0.2 (- - -), and iy =0.
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Fig. 5 Influence of the C-V characteristic of end mass A, iy = ﬁ(ﬁz,
with n = %, on the maximum values of a) tip voltage, b) end-mass col-
lected current, and c) length of anodic segment.

reducing the collecting capability of both end mass and tether, jus-
tifying that € 45 .« 1s affected weakly by B.

Finally, for ¢c nonzero but small, the same trends are found, al-
though there is no sudden transition between the two regimes. Fig-
ure 4 compares the solutions for ¢ >0 and ¢¢ (ig) = const= —0.2,
confirming that the ideal case provides a good enough approxi-
mation.

Drag Efficiency
From Egs. (2) and (13), the drag exerted on the tether is given by

Fd = (I*/UA&')(EmLt - q>A + q)C) (25)

A simple figure of merit for different tether designs (with no collec-
tion at end mass A) is the ratio of drag F; on the tether, to tether mass
M,. If p, is tether mass density (about 2800 kg/m3 for aluminum),
one has

Fu/M, =n,8., g = (a./o)(E2 /v,) (26)

with
na=1—(pa — dc)/ 27

a convenientmeasure of drag efficiency.

Coefficient g, depends on orbital conditions and tether material;
for Al and the nominal conditionsof Eq. (5), one has g, >~ 0.016 m/s2.
Of course, the tetheris more efficient for low inclinationand altitude.
Among materials with low production and manufacturing costs,
aluminum maximizes the ratio o,/ p,. Tether geometry affects only
the drag efficiency through length parameter £, [Eq. (24)]. Function
nq(£,) is plotted in Fig. 4c. For ¢ < 1, the drag efficiency goes

from ny =~ 355/2 for ¢, < 1to
na=1-—1/¢,

for ¢, >4, although Fig. 4c shows this long-tether law applying
down to ¢, ~2. From the behavior of 1,(¢,), we find that a good
design range for the length parameter is ¢, ~4-6. Because £, &
L tht_z/ ’, fixing £, (for givenambient conditions) relatestetherlength

and thickness, with thinnertethers also shorter. Notice that, for a thin
tape, its width d, is not involved in n,; we will see later that d, is
determined from the drag force, that is, the electric current, needed
for given mission deorbiting specifications.

Plasma density affects the drag efficiency through £, oc L' o
N2 Variations of one order of magnitude in plasma density are
usual in tethers orbiting around Earth. This fact implies that ¢,
changes by a factor of 4-5 typically, but, if the tetheris designed to
operate in the long-tether regime for most ambient conditions, the
oscillations in n; (and F,;) are much lower. For instance, when ¢,
goesfrom3to 15, n, changesfrom 0.65to 0.93 only. These numbers
are a clear illustration of the good adaptability of the bare tether to
varying plasma conditions: The tether increases both the collecting
length and the bias voltage.

Finally, note the different operational and design conditions of
the deorbiting and generator modes. In the generator mode, ¢¢ (i)
is large (consisting mainly of the voltage drop at the useful load),
losses due to ion collection in the cathodic part amount to about
10%, and the generator efficiency,

Ngen = iC|¢C|/‘etr}d

(inversely proportionalto 7,) indicates that a tradeoff must be made
to minimize the drag force and maximize the generated power.’
Maximum generator efficiency correspondsto L g /L, ~1/7 and
ip ~0.15—0.25, far from the short-circuitvalue.

Tradeoff Analysis
The bare tether system is compared with electric thrusters as re-
gards dedicated mass M, with requisites on both allowed deorbiting
duration 7, and total deorbiting impulse F;t,. This impulse is de-
termined by mission parameters M, (full spacecraft mass) and Ah
(deorbitingheight drop, down to 250 km). For the present purposes,
we just use the relation

Fyty >~ (vs/2R,) M Ah (28)

with v;/R; a mean value of the satellite angular velocity. Typi-
cal mission values are M;Ah~10°-10° kg-km and F,;7, ~0.1-
1 N - week. The tradeoff study here will compare the ratio M,/ F, 7,
for different deorbiting systems. Alternatively, mass fractions of
deorbiting systems, M, /M, will be compared with the related
parameter

y=——=—=" 29
“T M, Ah  Fyt; 2R, (29)
with &, areferenceheightdrop (A, = 1000km, forinstance, yielding
v, /2R, ~ 620 m/s).

Electric Thrusters

Because deorbiting requirements are large, thruster hardware
must be considered mission dedicated, not allowing for cost shar-
ing with other operational missions, such as orbit maintenance. The
mass of an electric thruster can be written as

Md = (1 + C(p)’/hfd + MePe (30)

where m is the propellant mass flow, «,, is a factor accounting for
propellant tankage and plumbing, P, is the required electric power,
and p, is the power specific mass, which takes into account the
thruster itself, the power processor unit, and any mass penalty on
solar arrays and batteries, attributable to the deorbiting mission.
Both «, and . depend on the thruster type, with typical ranges
a,~0.1-0.2 and pt, ~2-12 kg/kW (Ref. 18).
The power required for electric propulsionis

P, = v, F,; /21 3D
where 7 is thruster efficiency and
vy = gelyp, = Fy/m (32)

is specific impulse (in velocity units, for convenience), and
8 = 9.8 m/s>.
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Table1 Hall and ion thruster
performances for 7; = six months
and M;Ah=10° kg- km

Thruster type
Variable Hall Ton
Ip, s 1600 2700
Va, V 300 1000
n 0.5 0.65
e, kg/kW 11 13
Sm, % 5.4 3.8
P,, kW 0.64 0.83
30 CT
s RJ Fig. 6 Estimated mass of
X 20 different thrusters for deor-
=t Al biting missions: CT, chem-
o 10 ical thruster; RJ, resisto-
HT jet; AJ, arcjet; HT, Hall
1T thruster; and IT, ion
0
o ] 2 3 4 thruster.
7(month)

Using Egs. (28-32), we have
Md/Fde = (1 +(¥p)/vsp+(Me/z)(vsp/nfd) (33)

which depends only on vy, and 7,4, and is independentof mission re-
quirements, making the comparison between the different thrusters
simple and clear. Figure 6 shows 8, [Eq. (29)] for the most usual
types of electric thrusters, in terms of deorbiting time 7,. Curves are
drawn for typical parameters and lifetimes, as taken from Refs. 18
and 19. For chemical propulsion, included for comparison, one
would just have the first term on the right-hand side of Eq. (33).
Given a deorbiting time, there is a thruster, that is, a specific im-
pulse, that minimizes dedicated mass. As longer deorbiting times
are considered, thrusters with larger specific impulses become more
attractive. For a given thruster, the first term on the right-hand side
of Eq. (33) dominates for 7, large enough, and there is no signifi-
cant gain by increasing 7, further. Because, in general, very short
deorbiting times are not an issue, the best options (within the group
of electric thrusters) for r; > 1 month are Hall or ion thrusters.
Table 1 summarizes their typical performances for 7, = 6 months
and M, Ah ~ 10° kg - km with thrusters operating continuously;ion
thrusters present a lower mass but a larger electric power.

Bare Tethers
The mass of a simple bare-tethersystem, with no collectionat the
anodic end, is

My =mery(1 +ap) + o, M,

where we have neglected the contribution of the contactor power
unit, n1c is the expellant flow rate of the cathodic contactor, and
o, accounts for the mass of the deployer, which can be used at
ballast at end of the tether’; suggested values for simple deployers
are o, ~ 2-2.5. Then, we have

My/Fyty = (1+ Ofp)/vsp + (., /8) (1 /nata) (34)
with parameter g, defined in Eq. (26), and
USP = Fd/mC = r}d/iB X (IC/mC)(Em/vx) X Lt (35)

the equivalent specific impulse for the tether system, based in the
expellant flow rate. For a long tether, v, increases linearly with
tether length and motional electric field and is favored by a good
performance of the cathodic contactor. A tentative law to evaluate
the contactor performance is>

I /me ~ enc/dmime (36)

3
8q = 3%
%\ 2.5
g 2 Fig. 7 Bare-tether system:
g deorbiting time vs dimen-
15 sionless length for d,=3%
- and nominal conditions.

with n¢ ~0.02-0.05, according to experimental tests on a variety
of contactorsin the 1-10 A range,'”*! with the largest efficiencies
being for the high-currentdevices.

For nominal conditions (5) and ¢, ~ 3-10, the tether specific im-
pulse is enormous: vs, ~ 10° m/s, while one has g, /o, ~ 1072 m/s”.
Thus, the last term on the right-hand side of Eq. (34) dominates for
deorbiting times up to one year order. Because g, o E?, this domi-
nanceis strongerfor lower values of E,,, which means that, contrary
to electric thrusters, the mass related to gas storage is going to be
marginal for tethers in their whole range of reasonable deorbiting
times. Therefore, to minimize the mass of the bare-tether system,
7, must be brought to maximum, affordable values and ¢, to lie in
the long-tetherregime.

Because §, is mission independent for tethers also, the tradeoff
with electric thrusters is simple. According to Fig. 6, a bare-tether
systemis competitive with electric thrusters for §, < 3.5%. Figure 7
shows t; vs £, for 8, =3% and nominal conditions (5). Because
expellant mass is small, that curve is quasi universal: For other
ambient conditions just use

2480 o 1/ E2ng, € < E,h? N2 (37)
The shape of 7,(¢,) confirms that the tether design parameter ¢, must
be chosen to be around 3-5 for the worst plasma density conditions.

Figure 8a shows, for ¢, =4, the dependence of 6, on deorbiting
time and motional electric field; for the approximaterelationi; (E,,),
see Eq. (4). For a six-monthdeorbitingmission, the comparison with
electric thrusters shows that the bare tether becomes competitive for
E,, ~42 V/km, thatis, iy ~70-75 deg, whereas for E,, > 60 V/km,
that is i; < 65 deg, roughly, the dedicated mass of the bare tether
is already below one-half of the ion-thruster mass (or, for the same
M,, we have 7, < three months). Although Fig. 8a shows that §,
can take very low values, these must be taken cautiously because
the hardware does not scale down to zero.

Ambient conditions ¢, and h, determine the tether length L,.
Figure 8b shows that, for 7, =0.1 mm, L, varies in a reasonable
interval (7-12 km) for the range of interest of E,,. This result is
independentof 7,; for other values of /,, just apply L, Zthtm .The
variation of the tape width and the collected current are shown in
Figs. 8c and 8d for 7, =0.1 mm and M;Ah = 10° kg - km; for other
conditions use the approximate scaling laws

M,Ah M,Ah
_— IC X —

5 2
I’l?fd}’}dE’% htgfdndEm
Notice that the thinneris the cross section the larger is its width and
the current collected. Figures 8c and 8d show that /. is modest and
d, is well within the validity range of OML law [Eq. (8)]. Therefore,
thereisa wide marginfora good tetherdesign, which addsreliability
to the conclusions extracted from this basic tradeoff analysis.

A measure of tether survivability is the (exposed area)-time
product

diLitg X 1/hing

For a long bare tether, this product is almost unaffected by both
deorbiting time and tether length. For the same mass and ambient
conditions, thin tapes would have a lower survivability than circular
wires, but they are more efficient because of their larger ¢,.
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Table2 Performances of four tether designs Table 3 Performances of four tether designs of
of similar M, for nominal conditions similar M, for No, =2 X 10! m~3
Case
Variable 1 3 4 Variable 1 2 3 4
rp, m 2.5 2.5 0 0 Dy, V 430 384 666 776
L, km 5 10 20 I4, A 0.18 0.17 0 0
A;, mm? 0.5 0.5 0.5 0.25 Ig, A 0.29 0.32 0.54 0.81
hy, mm 0.4 0.1 0.1 0.1 Fyq, mN 16.6 27.5 79.4 146
Dy, vV 297 189 266 266
I4, A 0.46 0.37 0 0
Ip, A 0.88 L5 175 0.88 are for nominal conditions (5). For the balloon electron collection,
Fa, mN 483 739 175 206 we used the uncertain empirical law (12), which possibly overes-
timates the collected current [because it yields larger currents than
5 the unmagnetized Alpert-Lam law (10)]. Table 2 shows thata good
bare-tether design, such as number 4, yields more than four times
4 the drag force of design 1. Even the comparison of designs 2 and 3,
o with similar tether design and dedicated mass, shows that the sim-
é 3 ple tether more than doubles the balloon plus tether design. Table 3
3 shows performances computed for the same four tether designs but
w o, . . 10 -3 ;
a plasma density five times smaller (N,, =2 - 10' m™?). Drag is,
of course, smaller for all designs, but the comparison is now more

a) 25 50 75 100 125 150

5
b) 25 50 75 100 125 150

10
g
= 1
= 2
3
; 2\0
10
¢ 25 50 75 100 125 150
2
15
) 1
& :
305 126
0
25 50 75 100 125 150
) E(V /km)

Fig. 8 Bare-tether system: a) dedicated mass fraction; b) tether
length, tape thickness i, =0.1 mm; c) thin-tape width, tape thickness
hy=0.1 mm, M; Ah/h, =1000 kg; and d) electric current vs motional
electric field for £, = 4, nominal conditions (5), and 7, =1, 2, 3, 6, and 12
months, tape thickness #; =0.1 mm, M; Ah/h, =1000 kg.

Bare Tethers with Balloons

Vannaroni et al. had claimed, before some recent work (Kruijff
et al., private communication), thata deorbiting system with current
collection based mainly in a large deployable balloon significantly
enhances the capabilities of electrodynamic tethers.® Table 2 com-
pares their balloon plus tether design with other tether designs of
the same dedicated mass and shows that a simple tether system
is preferable. Design 1 in Table 2 is the one proposed in Ref. 6,
with M, =7 kg and M, =37 kg, thus allowing 30 kg for tether de-
ployer, balloon, and balloon deployer. Design 2 keeps the balloon
and tether masses, but uses a thin tape instead of a circular wire.
Designs 3 and 4 eliminate the balloon, duplicate the tether mass (in
two different ways), and keep the total mass equal to 37 kg (if 23 kg
is allowed just for the tether deployer). Performances in Table 2

negative for the balloon plus tether, with F; being nine times smaller
fordesign 1 than for design4. Notice that, for design4, F; decreases
justto a 70% when N, decreases to 20%.

Therefore, balloon plus tether systems 1) are less mass efficient,
2) show a very limited adaptability to plasma density conditions,
3) need two deployment mechanisms, and 4) would require a more
reliable knowledge of the balloon collection law.

Conclusions

The C-V responseof a bare tetherin the deorbitingmode presents
two regimes of operations. To have high drag efficiency and good
adaptabilityto variableambientconditions, tethersmust be designed
to operate in the long-tether regime (¢, > 4, with ¢, being propor-
tional to Nozf). In addition to ¢,, tether geometry, that is, L,, A,,
and h,, is determined by mission specifications (M; and M;Ah)
and type of cross section. Similar efficiencies and dedicated masses
are achieved by any cross-sectional form, and so there is no clear
choice between thin tape and round wire, for example. Thin tapes
lead to smaller tether lengths and anode voltages but higher currents
and lower survival probability.

A tradeoff comparison with electric thrusters has shown that bare
tethers are by far the cheapestdeorbiting option for low- and midin-
clination orbits (i; < 60 deg), and they remain a competitive option
up to iy ~ 70 deg. Additional advantages of the tether are the low
gas storage and electric power requirements. The main drawbacks
of the tether are deployment and micrometeorite hazards and the
dependence on varying ionospheric conditions. However, for typi-
cal missions, tether design parameters are well within the range of
validity of the OML collectionlaw. This fact, the adaptability of the
bare tether, and a tolerance in the deorbiting time, make oscillations
of ambient conditions a noncriticalissue.

In addition, we have shown that a balloon plus bare-tethersystem
yields lower drag forces, less adaptability, larger mechanical com-
plexity, and larger uncertainties than a simple bare-tether system of
the same dedicated mass and adequate design.

Finally, this paper has highlighted the basic aspects of a bare-
tetherdeorbiting system. Detailed studies of optimum tether design,
mass estimate, deorbiting time, and system reliability will require
careful consideration of issues such as satellite trajectory, solar cy-
cle, dynamic stability, or integration in the satellite.
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