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Efficiency of Electrodynamic Tether Thrusters
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The performance efficiency of electrodynamic bare tethers acting as thrusters in low Earth orbit, as gauged by
the ratio of the system mass dedicated to thrust over mission impulse, is analyzed and compared to the perfor-
mance efficiency of electrical thrusters. Tether systems are much lighter for times beyond six months in space-tug
operations, where there is a dedicated solar array, and beyond one month for reboost of the International Space
Station, where the solar array is already in place. Bare-tether propulsive efficiency itself, with the tether considered
as part of the power plant, is higher for space tugs. Tether optimization shows that thin tapes have greater propul-
sive efficiency and are less sensitive to plasma density variations in orbit than cylindrical tethers. The efficiency
increases with tape length if some segment next to the power supply at the top is insulated to make the tether
potential bias vanish at the lower end; multitape tethers must be used to keep the efficiency high at high thrust
levels. The efficiency has a maximum for tether-hardware mass equal to the fraction of power-subsystem mass
going into ohmic power, though the maximum is very flat. For space tugs, effects of induced-bias changes in orbit
might need to be reduced by choosing a moderately large power-subsystem to tether-hardware mass ratio or by

tracking the current-voltage characteristic of the solar array.
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tether cross-sectional area, m?

geomagnetic component perpendicular to orbital
plane, T

jet or exhaust velocity in electrical

thrusters, m/s

= induced (“motional”) electric field, V/m
normalized induced field

electron charge, C

thrust, N

distance along tether from bottom, m

tether current, A

length-averaged tether current, A

hollow cathode current, A

specific impulse, s

ratio of current to short-circuit current

tether length, m

length of tether segment left bare at bottom, m
length gauging ohmic vs bare-tether collection
impedances, m

mass dedicated to producing thrust, kg

tether mass, kg

electron mass, kg

mass flow rate at hollow cathode, kg/s

» = propellant mass flow rate, kg/s
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Ny = ionospheric plasma density, m~>

P = perimeter of tether cross section, m

S(pp) = auxiliary function defined in Eq. (16b)

Uow = satellite velocity, m/s

Vie = hollow cathode bias, V

W, = supply power, W

W = magnetic thrust power, W

w = power-supply to tether-hardware mass ratio

o = inverse specific power, kg/W

o = tether hardware mass factor

AV = electric bias of tether with respect to plasma, V

Av = velocity increment in rocket missions, m/s

n = propulsive efficiency of electric thrusters

Nett = overall tether efficiency

& = normalized distance from tether bottom

0 = tether density, kg/m~3

o, = tether conductivity, 1/Qm

T = thrust duration, s

Tep = characteristic time of electric thrusters, s

] = normalized tether bias

Whe = characteristic “gyrofrequency” of hollow cathode
in the geomagnetic field, s~

Subscripts

A,B,C,D = points A, B, C, D in the tether

Introduction

LECTRODYNAMIC (ED) tethers, which produce drag with-

out an external power supply, have been proposed as optimal
systems for deorbiting spacecraft in low Earth orbit (LEO) at the
end of their operational life.' On the other hand, if powered by solar
panels, as electrical thrusters are, an ED tether could carry current
opposite to the direction of the induced or motional electric field to
produce thrust. Because its own and related hardware masses make
for a large dry mass, a tether proves to be more attractive the longer
the duration of the mission for which it is to be used; a peculiar
feature of ED tethers in this respect is their presenting two values
of “equivalent” exhaust or jet velocity to play the role of the jet
velocity goly, of electrical thrusters. ED tethers are most suitable
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for protracted drag compensation, as required by the International
Space Station (ISS), and for repeated use to move payloads to higher
orbits, as space “tugs” that could freely deboost to meet a new pay-
load. In this work we examine the overall performance of a thrusting
ED tether that collects electrons over a bare segment in the orbital-
motion-limited (OML) regime and mission durations that make it
definitely preferable to electrical thrusters for what concerns the
mass requirements. Work in the past has mostly emphasized engi-
neering aspects of thrusting-tether systems.>~¢

ED Tethers vs Electrical Thrusters

The simplest figure of merit in comparing space thrusters is the
ratio of mass M, dedicated to producing thrust, to mission impulse,
which is the product of thrust duration t and average thrust F'. This
ratio should be as small as possible, and it is simply the inverse of
the jet velocity in the case of chemical propulsion (ignoring feed
and storage for simplicity). For electrical thrusters, M, consists of
the propellant mass 71,7 and the mass of the hardware related to the
required electrical power W,:

My = 1,T +aW, (1

There are basically two cases to consider: the case where a dedicated
solar-power system is required, as for a space tug, with o typically
a few tens of kg/kW; and the case where the solar-power system is
already in place, as for the International Space Station, with « less
than 10 kg/kW (Refs. 7 and 8).

Using standard relations n1,, = F'/c and W, = Fc¢/2n, one arrives
at

My/Ft =1/c+ac/2nt=1/c)[1+ 1ep(c) /7] 2)
Tep = ac’/2n

~ 1.14 x a(kg/kw) x (¢/30 km/s)? x (0.65/n) weeks 3)

with values of ¢ ~ 30 km/s and n ~ 0.65 being typical of state-of-
the-art ion thrusters; corresponding values for Hall thrusters are
¢~ 15km/s, n ~0.50 (Ref. 7). In principle, given any jet velocity the
ratio M,/ F't approaches a minimum 1/c for long thrust durations.
Duration, however, might need to be restricted for a number of
reasons; for a given 7, there is an optimal jet velocity cqy, () given
by the equation 7, (cop) = T and yielding a minimum in Eq. (2):

Md/Frlopt = Z/Copt = 205/7)7 (2,)

which decreases with increasing 7.

Conclusions for the standard mission, characterized by requiring
a thruster to impart some velocity increment Av to a payload, are
similar to those resulting from Eq. (2). The classical Tsiolkovsky
equation for electrical propulsion takes the form®

C)

Av=c X Kn|: L+ (/) ]

payload mass ratio + (7., /7)

with 7, (c) as in Eq. (3). Again, for a given jet velocity Av ap-
proaches a maximum proportional to ¢ for long missions, whereas
for given 7 there exists an optimal ¢ making Av maximum ata ., /7
value lying not far from unity.

Turning now to the case of an ED tether, the dedicated mass is as
follows:

My =it +aW, +a,M, (5)

with tether mass M, = pAL making a substantial contribution to
system mass; a factor o, =2-3 accounts for directly related hard-
ware (end ballast/deployer). Here ny, is expellant mass flow rate
at a hollow cathode (HC) that emits an electron current /. at the
top of the tether. Actual power from the solar array might depend
on the tether-current response, which is affected by plasma density
and geomagnetic changes in orbit, but the power W, in the second

term on the right-hand side of Eq. (5) is assumed to be at design
conditions until our discussion of off-design performance.

The power associated with the magnetic thrust ' = LI, B, is
Wy =FUy,= LI E,, with E,, = Uy, B, the vertical component
of the induced electric field. In general, the geomagnetic field has a
horizontal component parallel to U,y,, resulting in a force compo-
nent, here ignored, that pushes the tether off the orbital plane. We
then have

My/Ft=1/(wnL X Lo/ Ine) +@Uoit /TNett X @Uory /TNere (6)
Here 7. is an effective or overall propulsive efficiency
1/nes=We /W,y x (1 + o, M, /W) (N

which takes into account the tether as part of the power-plant (with
mass independent of mission duration) and which is smaller than
the actual propulsive efficiency W,/ W,. Also, wp. = By X Iy /Hipc
appears as a gyrofrequency determined by the geomagnetic field
and an equivalent charge-to-mass ratio characterizing the hollow
cathode.

Note that, in principle, two velocities in Eq. (6) play the role
of jet velocity in Eq. (2). Whereas 2U, ~ 15 km/s is comparable
to ¢ for electrical thrusters, wp.L X I,y/I. can be up to three or-
ders of magnitude greater: with B, ~0.25 Gauss in LEO at low
or moderate orbit inclination, and L x I,./I,y ~ 10 km typically,
a ratio Iy /mp. =100 A per mg/s (about the charge-to-mass ratio
of hydrogen ions) in a state-of-the-art HC yields wyp.L X Iy /Ihe ~
25,000 km/s. This allowed us to drop the expellant mass term in
Eq. (6) for missions not unreasonably long.5

Because system mass for a given impulse will be lower the longer
the mission is for both a tether thruster and an electrical thruster,
we can take 7 and F to be separately equal for the two systems
in comparing the required system masses. We then obtain, from
Egs. (6) and (2), for given c,

M, (tether) _ 2nUorb / NettC
M,(c, electr. prop.) T+ T/Tep(0)

(¢

Tether performance relative to that of the electrical thruster is better
the longer the mission. A tether system, with ey ~ % typically, as
is later shown, would be twice as light as a standard ion-thruster
system (c ~30 km/s &~ 4U,y) for mission duration 7 =17,(c), or
t(weeks) ~a (kg/kW) from Eq. (3). This is about a half-year
for the space tug (o ~ 25 kg/kW) and one month for ISS reboost
(a ~5 kg/kW).

For the optimal electrical thruster at given 7, Egs. (6) and (2')
yield

Md(tether) _n Tep(Uorb)

M (cop, electr. prop.) " Derr ¥ T
_ 1 /0.74n [a(kg/kW) @)
4V g Y z(weeks)

the relative tether performance also improving with mission dura-
tion. A tether system would again be twice as light for t(weeks) ~
a (kg/kW), with cqy ~ 4U,y, for both space tug and ISS. Note that,
in general, for system masses comparable, Egs. (2') and (6) give
Copt ~ \/(‘L’/O{) o8 Uorb-

Propulsive Efficiency of ED-Tether Thrusting

Figure 1 shows the configuration of a thruster system using a
bare tether. At the top of the tether, there is a power supply to bias
the tether positive, against the induced electric field E,,. Electrons
flow upward to the top where they are ejected by the hollow cathode,
which has a bias voltage Vi with respect to the plasma that typically
amounts to at most a few percent of E,, L. We shall set Vj,. equal
to zero in what follows; note that we are also ignoring the small
radiation impedance for circuit closure in the ionosphere.



SANMARTIN ET AL. 661

are collected over the entire bare segment from A to B, with [, =0

c (Fig. 1a). For AV, <0, electrons are collected over a segment D B,
with D the zero-bias point; because the current vanishes at A, and

(ion) collection along the segment AD is very small, we can set

Ip ~ 0 (Fig. 1b). An analysis of bias and current profiles along the

. tether is now needed for fully determining 7. (and the ratio /,y /Iy
insulated if desired):

The electrical power is

We=IheAVe = I (Ey + Inc/0cA) x (L — L) + AVp] (10

w

where we have integrated Eq. (9) from B to C with [ =const=
I = Iy, s0 as to relate AV to AVp. Next, taking the current 7 (h)
from Eq. (9) one finds the magnetic power

C

Wm:EmIavL:Em/ Idh= I E, (L — Ly)
A

+ 0 EnA X (AVg — AVy — Epy Ly (11a)

for AV, positive. In the AV, negative regime, on the other hand,
one finds

W, :Ithm(L _th)+UL‘EmA X (AVB _EmLDB) (llb)

l

Finally, between A, or D, and B the current is given by the OML
law,
a)

d/ P N 2eAV (12)
— = £ )en,
¢ dh T

me

Tether

ol We introduce convenient dimensionless variables!”
potential

insulated i=1/(c.EnA), E=h/L", ¢=AV/(E,L")

with a characteristic length L*, defined by

L*(p/rr)eNom/ZeEmL*/mg:%JCE,,,A (13)

that gauges the bare-tether collection impedance against the tether
resistance and depends on the A/ p cross-section ratio, ambient con-
ditions, and tether conductivity. Equation (13) expresses that a tether

of length L* at uniform bias E,, L* would collect a current equal to

the short-circuit current, with the factor % introduced to simplify the

resulting dimensionless equations. The tether collection impedance

can be neglected in case of a small ratio L*/L. For aluminum one
has

w

Plasma ‘\
3 \
potential \|

w)

L* ~ 2.66 km x (E,,/100 V/km)3

Wity

-
I N NN NN BN BN BN BN B ..

>

x [(2A/p x 0.1 mm) x 10" m ™ [Ny |’

Equations (9) and (12) now become
b)

139

%"

do .
Fig. 1 Tether bias AV diagrams; point C is at tether top, A at bottom, aE =1+ (14a)
and BC is an insulated segment: regimes a) AV, >0 and b) AV, <0. §

di 3
Tether bias AV with respect to the local plasma varies along the

E-1 (14b)
tether because of both induced and ohmic voltage drops:

dAV I with a first integral ¢3/? — (2i 4 i%) = const (Ref. 10). For AV, > 0,
- E, + — ) evaluating that first integral at A and B yields

Because AV increases monotonically from bottom to top in Eq. (9), 1)
the average current, which determines the magnetic force, would (in
the case where the tether was fully bare) be a small fraction of the
current reaching the top, which determines the supply power tapped.
This could easily resultin a low efficiency .. Therefore, only some
lower segment A B of length Ly, will be left bare.

3
2
B

3
— @} =2ip. + ik (15a)

also, the first integral can be used to integrate the bias equation (14a)
from A to B, giving

Ly - dep
Bias at the bottom A will vary along the orbit, A V4 possibly taking I / T (16a)
both positive and negative values. In the AV, > 0 regime, electrons oA 1492 —¢;
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For AV, <0, evaluating the first integral at D and B yields

3
@2 =2inc + ik (15b)
one also finds
LDB

¢B d L
= =/ ———=5(pn) < 1
0 1+(p

In both regimes the overall propulsive efficiency n.g is a func-
tion of four dimensionless numbers dependent on environment and
tether-system parameters:

EmEEm,/ozaC/atp, WEaWe/a,M,

Ly/L, L*/L or

(16b)

Pl

L*[Ly

whereas the dimensionless average current i,, is a function of
just three W/E2, Ly/L, and L*/L. Note that W is the power-
subsystem/tether-subsystem mass ratio and W/ E2 is the supply-to-
ohmic power ratio for short circuit current.

In dimensionless variables Eq. (10) becomes
W/E, =i [(1+in)(1 = Lu/L)+ (L*/L)gs] (A7)
Next, Eq. (11a) for AV, positive yields
fay = (1 = Lot/ L)inc + (L*/L)(@p — @a) — L/ L (18a)
Equations (15a), (16a), (17), and (18a) then determine 7,, vs W/Efn,
Ly/L,and L*/L. As W is decreased with other parameters fixed,
a critical value is reached for which ¢, vanishes. For W below

that value, that is, for AV, <0, and using Eq. (16b) in rewriting
Eq. (11b) in dimensionless form,

fay=(1 = L/ L)ine + (L*/L) 95 — S(pp)] (18b)

Equations (15b), (17), and (18b) again determine i, (W /E2, Ly /L,
L*/L). In either regime, one finds 7. by using i,, in Eq. (7), which

System Design for Maximum Propulsive Efficiency

For the design conditions in orbit, both W and L*/L,inaddition to
theratio Ly /L, can be considered as free parameters. There is, on the
other hand, little room for choice in E,,, where the ratio /(e p/c0,.),
with «; ~ 2.5 and aluminum as tether material, is about 100 V/km
if a dedicated solar-power system is required (o ~ 25 kg/kw), and
more than twice that if the solar-power system is already in place
(o ~ 5 kg/kw). Typically, then, E,, will lie in the range of 1-2 in the
first case and 0.5-1 in the second case.

Figure 2 shows results for iav(W/Efn) at a few values of L*/ Ly
and Ly /L. Note that the average current i,,, and even more so
the maximum current #;,., can exceed unity. Clearly, if it had been
driven by the induced field (as in absence of power supply, for
deorbit or power generation applications), the maximum current
would not exceed the short-circuit value, Iy, <o.E,,A or iy <1,
but sufficiently high power can here produce any value of current.
Values for W that are too large, however, lead to low efficiencies.

Figures 3a—3c depict neg vs W for Ly /L =1, 0.6, and 0.3, re-
spectively. Two families of curves are represented in each figure,
corresponding to values E,, =0.3, 1, 2.5 and L*/Ly, =2, 1, 0.5,
0.25. The efficiency s increases monotonically with E,,, whereas
it exhibits a maximum as a function of W. Note, however, that
there is still considerable freedom in choosing a design value for W
because the maxima in Fig. 3 are very flat. Finally, the efficiency in-
creases as Ly, /L decreases and, at the lowest Ly, /L ratios, as L*/L
decreases too. _

Figure 4 depicts 1e(W) in the limit L* /L = 0 for a double para-
metric family E,, =0.3, 1,2.5and Ly /L =0.3, 0.1, 0. For each E,,
value, n.g increases with decreasing Ly, /L, reaching a maximum in
the limit Ly, /L = 0, independent of the ratio L*/Ly,. Now Eqs. (17)
and (18a) or (18b) take quite simple forms, with the current uniform
along the insulated tether,

i =ine=i0(W/E,) (20a)
io(1+io) = W/E,, (20b)

readily_yielding neﬁ(W, E,) in Eq. (19). Maximum efficiency at
given E,, is

can be rewritten as Netr(Max) = Em/ 2+ Em) (2la)
E2i at
av
= 19 ~ ~
MW 1 W —1=1/iy=E, (21b)
3.5 T T T T T T
3 |
2.5 |
< o2r
£a]
O
L
5
H 1.5
1 -
0.5 |
W,/G EZAL
O 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Fig. 2 Length-averaged dimensionless current vs parameter ratio W/E,Zn (supply-to-ohmic power ratio for short-circuit current) for L*/Ly; =1 and

0.25: 1, Lp/L=0.6; 2, Lp,/L=0.3; and 3, Ly,/L =0.1.



SANMARTIN ET AL. 663

c) OW /0 M

Fig. 3 Overall propulsive efficiency 7). vs parameter w (power-subsystem to tether-subsystem mass ratio) for several values of Epm: 1, L*/Lpc=2;
2, L*/Ly¢ =15 3, L*/Ly¢ =0.5; and 4, L*/Ly¢ = 0.25: a) Ly /L =1, b) Ly /L =0.6, and ¢) Ly,/L=0.3.
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0 1 1 1

ocwe/loctMt

0 0.5 1 1.5

2 2.5 3 3.5 4

Fig. 4 Overall propulsive efficiency 7fr for L*/L =0 and several values of E,,,: 1, Ly /L=0.3; 2, L,y/L=0.1; and 3, Ly,¢/L=0.

2
We/ OcEqAL

8 10 12 14 16

Fig. 5 Ratio L*/Ly; vs W/E,Zn for a few values of Ly/L, such that AV, vanishes. Also shown is the ratio L*/Ly, for maximum efficiency at very small

L*/L and Ly/L.

This is an absolute maximum over the entire 0 < L*/L, Ly /L < 00
domain. Note that the masses of tether hardware and the ohmic-
power fraction in the power subsystem are equal at maximum:

al2 xLjo. A, =,
— = lav m = 1
a M,

The ratio L*/L cannot be made arbitrarily small, however. To
determine the optimum ratio L* /Ly, at given small L*/L, consider
first the condition for vanishing bias at the bottom point A. Setting
¢4 =0 in Eq. (16a), and using Egs. (15b) and (17), determines a
relation L*/th:f(W/Efn, Ly /L). Figure 5 depicts L*/Ly Vs
w/ E,zn for a few values of Ly, /L. For each value, AV, is positive
above and to the right of the corresponding curve, and it is negative
below and to the left. Note the very weak dependence of L* /L on
the ratio Ly, /L. o

Setting Liy/L and L*/L small at fixed W/E?, both iy, and i,
are given by Eqgs. (20a) and (20b) with small corrections linear in

Ly /L and L*/L. Considering the AV, < 0 regime in Fig. 5 first,
and using Egs. (15b), (16b), and (18b), one readily arrives at

o L* 141 Ly i3
av ~ - . S —_—
T i3 |:(/)BO 15200 (<PBO)] L 1+2i

with gy = @g(ip) obtained by setting iy, =iy in Eq. (15b). Maxi-
mum efficiency for given L*/L clearly requires a minimum Ly, /L,
which Eq. (16b) shows to occur for Ly, = L* x S(¢p), at the corre-
sponding AV, =0 line in Fig. 5. Then we find

L* 1+

fay i) — — 1+ip)S — 22
fay Mg — = X 1—|—2i0[( +1i0)S(®B0) — @50l (22)

With the bracketed expression proving to be always positive,
Eq. (22) would naturally lead to the previous L*/L =0, Ly,/L =0
conditions for absolute efficiency maximum.

Actually, one easily verifies that, when moving at constant i
(i.e., constant W/ E,%) into the AV, >0 domain of Fig. 5, where

1
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Eq. (16a) applies, i,, first increases with ¢4, then decreases at large
4. Maximum efficiency at fixed W, E,, occurs at values ¢ and ¢4
given by Eq. (15a), with iy, =iy, and

e JPade _4 (o ’ 23)
3 3 3\ 1+
®A (1+§pz—¢;A)

using those values in Eq. (16a) determines the optimum ratio L*/ Ly,
shown in Fig. 5. This ratio is very close to the AV, =0 curves at
small Ly /Lj; its inverse lies in the range of 1-3 except at small
W/ E 2 where the L* /L correction is negligible.

Cons1der now the changes in power and propulsive efficiency as
the tether moves in orbit and operates under off-design conditions.
The length L* o (E,,/N2,)'/® will change mostly through variations
in plasma density N, that can be as high as one-and-a-half orders of
magnitude, if batteries are charged when in sunlight to allow tethers,
like ion thrusters, to work at night. For space tugs, use of batteries
may increase the power subsystem mass by more than 50%. A low
L*/L ratio (i.e., high 1) makes tether performance less sensitive
to N, variations too. Propulsive efficiency .4 is weakly dependent
on L*/L and Ly, /L if small; also, as orbital conditions move L* /Ly,
away from some optimum, making A V4 more positive or negative,
Negr MOVes away from a maximum, thus dropping weakly. Weak per-
formance changes show the ability of bare tethers to accommodate
to electron density variations by self-adjusting the length or just the
bias of the segment of tether collecting electrons. !

Variations in E,, are more critical for parameter E, (though the
E, range covered in the figures allows differences in « too, actual
E,, variations being less than a factor of two away from some middle
design value). In dimensional form, the lowest-order approximation
to optimum design, represented by Egs. (20a) and (20b), can be
written as

AVe ~ EpL+ I (L]0, A) (24)

showing that both power and efficiency will change with E,, along
the orbit unless the power supply tracks a specific point in its current-
voltage characteristic In.(AVc). Notice that W keeps the design
value in Eq. (19) when off design, whereas, in Eq. (17), itinvolves the
changing power actually drawn from the solar array. The E,, effects
in Eq. (24) are weak unless iy is small at design; to accommodate
such effects at the highest E,, values would require taking advantage
of the flatness of curves n.i(W) to choose W on the right side of
the maximum efficiency.

Consider design values E,, =140 V/km, Ny, =5 x 10" m™3
(midway through typical ranges 100-200 V/km, 10'' —2.5 x
10" m™3, respectively) and a thin tape of length L =20 km,
as in several tethers deployed in orbit in the past, and
thickness ~2A/p=0.1 mm. We then find from Eq. (13')
L*~1.02 km and L*/L =~ 0.05. Note that the ratio L*/L ~0.15 is
still small at the lower end of the density range, Noo = 10" m™3. As-
suming L, /L also small, Eqs. (20a) and (20b) for the high-efficiency
case are approximately valid. Note that a cylindrical tether has a ra-
tio 2A/ p =radius; if the radius were comparable to tape width, it
would be much less efficient than a tape, and if comparable to tape
thickness it would provide much less thrust.

Using o, =2.5,and o, ~ 3.5 x 10"/ Qm, p & 2.7 x 10* kg/m? for
aluminum, and setting o ~ 5 kg/kW, we find E,, ~0.71 for ISS re-
boost. Equations (21a) and (21b) then yield a maximum efficiency
Netr A 0.26, with i, ~1.40, W~1.71, and W/E2 ~3.36; from
Fig. 5 we also find a bare-segment length Ly &~ 1.82 km « 20 km.
A tape width of 1 cm would give tether, tether-hardware, and power-
subsystem massses M, =54 kg, o; M, = 135 kg, and « W, =231 kg,
respectively, for a total mass of 366 kg; current and supply
power and voltage would be /,, ~6.86 A and W, ~46.2 kW and
AV,.= 6.7 kV. For a geomagnetic field B ~ 0.2 Gauss, the Lorentz
force, I,yL B ~2.74 N, would be well above the thrust required for
continuous ISS reboost. A smaller tether at lower power level would
cover reboost. .

Next, setting o ~ 25 kg/kW we find E,, ~ 1.59 for the space-tug
case. Equations (21a) and (21b) and Fig. 5 now yield a maximum
efficiency neg &~ 0.44, with i,, ~ 0.63, W & 2.59, W/E2 ~1.02,and

m

Ly~ 1.1 km. The 1-cm-wide tape would here yield « W, =351 kg
(for a total mass of 486 kg) and I,,~3.09 A, W,~70.2 kW,
AV.=~22.7kV, and I,,L B~ 1.24 N. Because i,, is now relatively
small, it might be convenient to use a higher power to reduce E,,
effects; a current i,, ~ 1.4 would lead to values W/ E,%I ~3.36 and
Ly ~1.82 km, W ~8.5, and Ner ~ 0.37.

Discussion of Results

The tether/electrical-thruster system-mass ratio for a common
mission impulse, as given by Eq. (8) for the case of a fixed jet ve-
locity ¢, measures their relative performances. For a long enough
mission, that ratio decreases as 1/t, the times required increasing as
ac?. Given a state-of-the-art ion thruster with ¢ ~ 30 km/s, a tether
with overall propulsive efficiency n.g ~ % is twice as light for half-
year space-tug missions (« a few tens of kilograms per kilowatt),
and for one-month ISS reboost (« of order of several kilograms per
kilowatt). The system-mass ratio takes the simpler form of Eq. (8')
in case of a given mission duration and its optimal jet velocity
Copt X A/ (7/a). The mass ratio now decreases as 1/ \/ T for long mis-
sions, but it again makes a tether system with 7. = 3 tw1ce as light
as the electrical thruster, for T such that ¢,y is about 4U0rb ~30km/s
(half-year for the space tug, one month for ISS reboost).

Our analysis provides a full description of effects of basic
design parameters on the propulsive efficiency n.y. The effi-
ciency exhibits a (very flat) maximum as regards the power-
subsystem/tether-hardware mass ratio W, reflecting the fact that
tether mass and ohmic resistance vary in opposite ways with cross-
section area A. The efficiency increases with the dimensionless
number E,, = E, /(axo./a,p), which favors aluminum as a ma-
terial with high conductivity-to-density ratio, and high-o missions.
The efficiency neg also increases with a decreasing tether length
fraction left bare Ly, /L and, at low Ly, /L, with a decreasing ratio
L*/L o< (A/p)*?/L, which favors long tethers and a short length
L* characterizing bare-tether collection.

To reduce L*, one can use a thin tape, the ratio A/ p of the tether
cross section then being one-half tape thickness. Tapes can be as
wide as 12 mm for pure OML-type electron collection.!? This width
is about four times the Debye length in LEO at N, ~ 10'> m~3 in
sunlight conditions, but, actually, the current would be very close to
OML values even for densities half an order of magnitude higher."
However, moving into greater and greater thrust, with tape width
limited by OML-collection considerations and tether current limited
by cross-section area, would require thicker tapes; the accompany-
ing A/ p increase would then reduce efficiency. This suggests using
multitape tethers, each tape with a low A/ p ratio, to keep efficiency
high when high thrust is required because an analysis of interference
between parallel tapes has recently shown it to be low if the tapes
are properly spaced.'*

For any given small L*/L ratio, there is an optimum value for
Ly /L or Ly/L* yielding maximum efficiency 1.g, which corre-
sponds to a bias at tether bottom AVy that is slightly positive.
The optimum ratio Ly /L* increases with w / E 2 (supply-to-ohmic
power ratio for short-circuit current) and lies typlcally in the range
1-3; a length Ly, too small hinders bare-tether collection, whereas,
if too large, it makes AV, highly negative (with point D close to
point B in Fig. 1b), thereby making most of the bare-tether segment
useless for electron collection. The masses of the tether hardware
and the ohmic-power fraction of the power subsystem are equal at
the maximum.

In addition to higher efficiency, a low L*/L ratio makes tether
performance less sensitive to N, variations in orbit, showing the
ability of bare tethers to accommodate electron density variations.
Variations in E,, are more critical at the highest values of the param-
eter E,,; such effects can be reduced by having the power system
track a specific point in its current-voltage characteristic, or taking
advantage of the flatness of curves 1. (W) to choose W beyond the
efficiency maximum.

Conclusions

ED bare-tether thruster systems are found to be much lighter than
electrical thruster systems for times beyond six months in space-tug
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operations, where a dedicated solar array is needed, and beyond one
month for ISS reboost, where the solar array is already in place.
Tether propulsive efficiency itself is higher for a space tug, where
tether mass has a smaller effect on performance. Thin tapes, which
have low area/perimeter cross-section ratio, exhibit greater propul-
sive efficiency and are less sensitive to plasma density variations
in orbit than cylindrical tethers; a high efficiency requires long,
partially insulated tapes, with bias near zero at the bottom. With
current limited by cross-section area and width by OML bare-tether
collection, a multitape tether, for which analysis has shown little
interference between parallel lines, appears to be the best design for
keeping efficiency high at high thrust levels. The efficiency has a
maximum for tether-hardware mass equal to the fraction of power-
subsystem mass going into ohmic power, though the maximum is
quite flat. The effects of induced-bias changes in orbit might need to
be reduced by choosing a power-subsystem/tether-hardware mass
ratio moderately large, or by tracking the current-voltage character-
istic of the solar array.
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