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PRELIMINARY.ASSESSMENT OF POWER-GENERATING. TETHERS IN. SPACE
AND OF PROPULSION FOR THEIR ORBIT MAINTENANCE

Robert £. English and Patrick M. Finregan
National Aeronautics and 3pace Administration
Lewls Research Center
Cleveiand, Ohto 44135

The concept of generating power in space by means of a conducting tether
deployed from a spacecraft was studied. Using hydrogen and oxygen as the
racket propellant to overcome the drag of such a power-generating tether would
yleld more benefit than if used in. a fuel cell. The mass consumption would be
25 percent less than the reactant consumption of fuel cells. Residual hydrogen
and oxygen in the external tank and in the orbiter could be used very effec-
tively for this purpose. Many other materials (such as waste from 1ife
support) could be used as the propellant. Electric propulsion using tether-
generated power can compensate for the drag of a power-generating tether, half
the power going to the useful load and the rest for electric propulsion. In
additton, the spacecraft's orbital energy is a large energy reservoir that
permits load leveling and a ratio of peak to average power equal to 2. Criti-

cal technologies to be explored before a power-generating tether can be used
in space are delineated.

INTRODUCTION

Tethered spacecraft are a topic of considerable and growing interest
(ref. 1). Among the features they offer is the possibility of power generation
from an electrically conducting tether trailed through the Earth's magnetic
field. Such a tether would be acted on by forces from the agravity gradient,
from aerodynamic drag, and from electrodynamic interaction with the Earth's
magnetic field; the tether would thus trail! in a generally radial direction,

either up or down, rather than directly behind the spacecraft as the word
“trail" might indicate.

This paper describes a broad, general study of such power-generating
tethers that explored their potential value and their problems. The following
topics were studied: (1) the conditions of power- generation, the drag imposed
on the spacecraft, and the resulting orbit decay; (2) the use of chemical pro-
pulsion to compensate for this drag; and (3) the use of some of the generated
power in electric propulsion to compensate for this drag. Finally, questions
cf feasibility were considered. These topics cdefine a technology program to
be compivted before any application of such power-generating tethers in space.

THE POWER-GENERATING PROCESS

A spacecraft in low Earth orbit that trails ar electric conductor that
s, say, 100 km Tong (fig. 1) will produce an electric potential in that
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conductor as. a result of 1ts motion through the Earth's magnetic field. The
voltage results from the famildar v x B. For an orbita) velocity of 7600 m/s,
the potential generated by such a tether might be 15 to 20 kV. For an electric
current. to fiow, electrons must. be discharged at.one end of the tether.

Figure 1 shows. an.electron qun for,this.parpose.‘ Electrons, being very mobi le,
are expected_to provide.the major flow-of_current.

For- collection of the electrons at the tether's opposite end, an electron
collector of large surface area 1s required. Although figure 1 shows a sphére
for the collector, almost any surface would be suitable. Reference 2, for
example, suggests a plane surface aligned with the spacecraft‘s orbit path as A
a way to decrease the aerodynamic drag from this large area.

Current through the conducting tether will impose a drag on the spacecraft
from the familiar l x 8 interaction. Aerodynamic drag on the tether will also
extract energy from the spacecraft. PRocket propulsion could compensate for )
these drags and-permit the spacecraft to maintain a stable flightpath. 4

The useful power output would, of course, be the product of the current ¢
flow. and. the generated voltage. Inasmuch as generated voltages of tens of :
kilovolts are somewhat of a problem in thair own right, the lower voltages
produced by shorter tethers might at first appear attractive. For a given 8
power output, however, the voltage reduction must be compensated for by an :

increase 1n current flow. At the higher current a larger surface 1s required |
for collecting the electrons.

collecting surface. Both the plasma impedance from these collistons and the
space charge near the electronncollecting‘surface will restrict the flow of
electrons. The regions of space having the highest plasma density may permit
high currents of electrons, but these high densities may also impose severe
aerodynamic drag. Data to permit optimization of altitude, these conflicting
requirements being considered, are not available. Thus the conservative

e e e i

This will, in turn, require a tether of length sufficient te generate the'volt-
age required. For that reason, the generated voltage in figure 2 was taken as
17.5 kV. The tabulated inputs, outputs, and losses resulted in a projected

generator efficiency of 0.73 for the conducting tether, with a useful power - \
output of 70 k.

[P ap p——

The tota) drag (aerodynamic and electromagnet1c) imposed by the tether
power generator 1s about 13 N in this example, with 3 corresponding energy
decay from the tether of 96 kW. In the absence of Propulsion to overcone this
drag, the orbit altitude would decrease about 20 km each day 1f the 96 kW were
extracted from the orbital energy of a 100-ton space station. Although such
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. energy extraction would markedly shorten the 1ife of a space station 1f con-
' tinued for a long time, this power could be extracted for perhaps a week in an. .
i emergency. Spacecraft propulsion could, of course, compensate for this drag
and thereby sustain_orbit altitude. Both cheiical and electric propulsion are
1ikely candidates.
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For. 70 kW of useful power to be generated by a conducting tether, an
average thrust of about 13 N is required to overcome tether drag (fig. 2). In
principle, this thrust could be steady or in brief bursts of higher thrust.
For a specific impulse of 400 s (already exczeded by hydrogen-oxygen rockets),
propellant consumption would average 3 g/s, or 280 kyg/day. In turn, propellant
consumption would be 0.17 kg/kWh of electric energy. To some in the space-
power field, this 1s a startingly low value of reactant consumption, for 1t 1s
only 43 percent of the reactant flow required by hydrogen-oxygen fuel cells.
In fact, 1t is also only 58 percent of the reactant consumption of an ideal
fuel cell, operating reversibly. How is this possible? The critical factor
is the large amount of kinetic energy poscessed by the reactants by virtue of
their being In low Earth orbit, about 29 MJ/kg. In contrast, the Gibbs free
energy for combining hydrogen and oxygen into water is only 13 MJ/kg, the
theoretical 1imit on fuel-cell output per unit mass of hydrogen and oxygen
consumed.

What are the various contributions to energy generation by a chemically
propeiied. space station generating electric power via a conducting tether? A
rocket having a specific. impulse of 400 s can supply 3923 N-s. of impulse to the
space station for each kilogram of propellant expelled, correspcnding to an ex-
haust velocity of 3923 m/s. For anm orbital velocity of 7612 m/s, the rocket's ;
energy addition to the space station would be 29.86 MJI/kg of propellant. What ;
are the constituents of this energy addition? First, the kinetic energy with :
which the propellant wouid be discharged from the space station is 7.69 MJ/kg.
The propellant-discharge velocity of 3923 m/s relative to the space station
would reduce propellant velocity in Earth-centered coordinates from 7612 to
3689 m/s; in turn, its kinetic energy would be reduced by 22.17 MJ/kg. The sum
of these two terms equals the 29.86 MJ/kg added to the space station in the
paragraph above. The energy account thus balances.

On theoretical ground, the combination of rocket propulsion and a conduct- !
ing tether can generate 2.3 times the electric energy that & fuel cell can. }
Although losses with the tether power generator will decrease this advantage,
the gain in performance may still be substantial.

An important problem for a space station 1s to effectively use the resid-
- ual propellants from the orbiter and the external tank. Readily recoverable
= amounts of hydrogen and oxygen might average 1000 and 1400 kg, respectively,
= for each flight of a fully loaded shuttle. On any given flight however, the
recoverable residuals might vary substantially from these values, éven for a
fully lodded shuttle. For many flights, the shuttle's payload will be limited
by volume rather than by a mass constraint, and in that event, the amounts of
residual propellants would be substantially greater. For example, if the pay-
load mass were 80 percent of the rate valve, the propeliant residuals might
. average 1800 and 5400 kg of hydrogen and oxygen, respectively, totaling over
S 7000 kg. In either case, the proportion of hydrogen and oxygen would be far
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from the stoichiometric proportion of 1/8. A rocket-sustained power-generating
tether can make more effective use of. such nonstoichiometric residuals than can
fuel cells for three reasons:

~ (1) Inasmuch as the reactant consumption of fuel cells is 200 to 250 per-
cent of that of the power-generating tether, the tether can produce from a
given stoichlometric suppiy of reactants 2 to 2.% times._as much beneficial
product (kilowatt-hours of electric energy)..

(2) Because the fuel cell requires a stoichiometric proportion of hydrogen
and oxygen, any excess of either would be wasted. In contrast with this, a
chemical rocket can readily accept imbalances in the proportions of hydrogen
and oxygen, !

(3) Contaminating gases such as heldum in the nropellant-grade hydrogen
and oxygen will accumulate in fuel cells unless they are frequently purged to g
-vent the contaminants, a factor increasing the reactant consumption above '
theoretical values. g

Scavenging 7000.kg of hydrogen and oxygen from just a single shuttle t
flight is sufficient to provide 4.7 kW of power from a rocket-sustained power- k
generating tether for an entire year. The potential of using these residua)l
reactants is thus clear. On the other hand, the long-term potential of the
power-generating tether to supply power to a space station is very sensitive ’
to the level of power required, to the frequency of the shuttle flights to the i
station, and to the mass of residual hydrogen and oxygen recoverable from the
orbiter and the external tank. Consider, for example, the 70-kW power source
discussed earlier.. Even the rocket-sustatned power-generating tether would.
require 100 tons of hydrogen and oxygen a year, or 1000 tons over 10 years.
Either a solar or a nuclear power supply would require far less mass in order
to provide the same baseload power. For tong-term applications the rocket-

_ sustained power-generating tether is utterly dependent on a supply of “free"
‘ propellant. This type of power-generating tether is thus an effective compet-
itor only of other reactant-consuming, chemical power systems such as fuel

cells, these power systems being generally limited to m¥ssions of modest
duration.

s AP gy e e i e R

ELECTRIC PROPULSION FOR ORBIT MAINTENANCE

The high propellant consumption of the rocket-sustained power-generating
tether raises the question, Might this propellant consumption be reduced by
switching to electric propulsion, which can attain very high specific impulse
Because 1t can use a vartety of propellants, electric propulsion alsoc of fers a
second interesting possibility: perhdps the residual hydrogen and sxygen ¢ould
be used for other purposes, such as generating power in fuel cellis, and then i
the product water used as propellant for electric propulston. 1In fact, the :
propellant might be almost any supply of material otherwise wasted. The power ’
source for the electric propulsion could be either the conducting tether itself
or an independent power supply; both will be considered. The electric propul-
sfon device might be eicher an electrotherma) Jet, an arcjet, an electro-
plasma-dynamic thruster, or an Yon thruster (this 14st being in order of

increasing specific impulse). Thus an entire spectrum of specific impulse is
avallable for consideration.

L e ————— gt
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Not all of the concepts to be explored will be found valuable, but at this
stage in the study of tethers, some coarse screening of concepts such as this
is worthwhile.

Using Tether-Generated Power

Although electric propulsion with its high specific impulse offers the
possibility of lower propellant consumption. than chemical propulsion, generat-
ing power for the electric propulsion 1tsel will impose an added drag on the
tether. Concomitantly, this added drag will increase propellant consumption.
Let .us briefly investigate how these two factors balance, one tncreasing and
the other decreasing propellant_consumption.

For the fiducial case of power generation compensated by chemical rocket
propulsion, .

Py = ngOgV (v
F
. 0
ity = 0 (2)
0~ g9

Po useful power generated

ne overall efficiency of power generation (0.73)

0g drag of tether

v spacecraft velocity (7612 m/s)

-mg_ propellant.flow rate

Fo propulsive thrust of chemical rocket

) standard gravitational acceleration (9.80665 m/s2)
Ig specific impulse of chemical rocket (400 s)

For steady operation, the thrust Fg must balance the drag Dg. the required.  _

propeilant flow then being 4.6x10-8 kg/J of electric.energy.

When electric propulsion 1s used, the power generated P must be
increased by Pg, the power required to produce the thrust, that is,

P=Py+Pe (3)
and
Flg
0
Pt = Zn, (4)
where
F thrust
I specific impulse
nf thruster efficiency
641
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As before, the drag D on the tether_for this increased power 4s

P ‘
D = - (5)
neV
Propellant flow rate -m.4s. . . . . _
. F
-0 =7 (6)

%
For thrust F balancing drag D, combining equations (1) to (6) ytelds

I
2 - Olg_ (7)
M 1 (- —__Q_V>
“e"f

Representative values of propellant flow ratto._ m/m. from equation (7)
are given in table I for a thruster efficiency n, of 0.8 and for various
values of specific impulse. In each case, the prSpel1ant flow rate m or mo
s that required to produce the same amount of useful power Pg. As specific
impulse approaches 907 s, the propellant flow ratio goes to infinity; that is,
all the generated power would be consumed for electric propulsion, and none
would be left for the. useful load.

The minimum propellant flow rate was determined by equating the derivative
of equation (7) to zero:

* g (8)

where I* s the optimum spectfic impulse. For the nominal conditions assumed
herein, this optimum specific impulse 1s 453 s, the value that for a given use-
ful power Po minimizes propellant flow or, for a given propellant flow,
maximizes the useful power Pg. For this value of specific impulse, half the
generated power is consumed in providing thrust; the remaining half 4s avail-
able to the useful load.

The propellant flow ratio in equation (7) 1s then 1.76; that is, the pro-
pellant flow rate is 76 percent above that for chemical propulsion by a
hydrogen-oxygen rocket. From equations (1) to (6), the net useful power Pq
per unit mass flow rate can be expressed as

» P Ig

| 0 0 ,
. = = lgon V (1 - ——————) (9)
B 0 0'e 2n neV

Substituting equation (8) into this gives

(10}

0y
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for the optimum specific impulse. The energy generated is then 12.3 Ml/kg of
propellant, corresponding to a.propellant flow of 0.29. kg/kWh. This value of
propellant flow 1s 25 percent less than that required by hydrogen-oxygen fuel .
cells. In addition, hydrogen and oxygen are not required, only any material
that can be electrically accelerated to-4400-m/s, corresponding to a specific
impulse of 453 s, ..

The amount of useful power that can be generated in this way depends,_of
course, on the amount of material available as propellant. Some estimates of.
consumables to be supplied to the space station early in 1ts evolution run as
high as 1 kg/h for each astronaut. U-ing that quantity of preopellant could
then produce 3.4 kW of useful power per astronaut, or 27 kW for a crew of 8.
On the other hand, an alternative use of that same mass of consumables could
provide even more power. Consider, for example, a space station havirg aboard
a powerplant of etther the solar or the nuclear type. Not only would such
powerplants impose less drag than the power-generating tether, but also sub-
stantially higher specific impulse would be practical.. Thus that same mass of
expended consumables could compensate for the drag of a powerplant of much
higher power than would be practical with a power-generating tether.

The electrically propelled power-generating tether offers an interesting
opportunity for load leveling. If, for example, the tether power generator
were capable of delivering 100 kW of total power, the analysis herein suggests
that this would normally be divided into two halves: one for the useful load
and the other for propulsion. But that need not always be so. At times of
high power demand, the entire output of 100 kW. could be used by the useful
load. Ouring this time the orbit altitude of the spacecraft would decrease,
tut only slowly if the spacecraft were fairly massive. At times of below-
average power. demand, the extra power could augment spacecrait propulsion for
reboosting the orbit to its nominal altitude. The average power demand must,
of course, be low enough for sustaining the orbit altitude or the spacecraft
would gradually descend into the Earth's atmosphere. The spacecraft's orbital
energy would constitute the reservoir for storage and extraction of energy,
and 1t 1s quite a large reservoir. For example, 1f the orbit altitude of a
100-ton spacecraft were to decrease only 10 km, 850 kWh of electric energy
would be made available - the power-generating efficiency being taken as 0.73,
as before. Without propulsion to compensate for the tether's drag, this

reservoir of 850 kWh would sustain the 100 kW of generated power for 8.5 h......._..

The characteristics of the concept of ‘electrically propelling a power-
generating tether can be summarized as follows:

(1) Useful power can be generated in excess of that required for electric
propulsion, maximum power for a given propellant flow being generated in low
Earth orbit 1f ine specific impulse 1s abnut 450 s.

(2) Almost any supply of propellant can be used, provided only that 1t can
be electrically accelerated to about 400 m/s.

(3) The required flow of propellant s 25 percent less than the hydrogen
and oxygen consumed by fuel cells producing the same useful power.

(4) The spacecraft's orbital energy is a large reservoir of energy that
would permit temporary diversion of power from propulsion to other purposes.
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Propulsion Via the Tether

Reversing the current flow through the tether would convert 1t from a
gepcrator into a motor, that s, ihto a propulsive device. Of . course, power.
from an independent source of, say, the solar or nuclear type would then he
required. The voltage and force on the tether would be essentially unchanged
from their values for power generation, the force merely changing stgn. 1In
this case, no propellant flow-would be required, a very favorable condition
for Yong-term missions n Tow Earth orbit such as that of a space station.
Controlling the current flow would control the thrust magnitude. On the other

hand, the thrust direction would be aligned with J x B and would thus be beyond
control,

The overall efficliency of such propulsion by tether would T1kely be about
the same as that for power generation by tether, herein estimated. as 0.73.
AMthough this erficiency 1s lower than already demonstrated values for electric
propulsion, the absence of any propellant consumption at alj would be a dis-
tinct advantage. The reduced propulsive efficiency would, of course, increase
the demand for power, and thereby the mass and cost of the powerplant would

also increase. This increased demand for power would thus partially offset the
advantage of eliminating propellant consumption.

GENERAL DISCUSSION OF TETHERS FOR POWER GENERATION OR PROPULSION

Because essentially no technology exists for power generation or propul-
sion by means of tethers, there 1s a variety of questions concerning the over-
all feasibility of the concepts. On the other hand, the potential benefits of
the concepts warrant investigation in a technology program aimed. at delineating
their true merits. Critical questions center on the interactions of such a
conducting tether with the plasma surrounding the Earth. The impedance of this
plasma will greatly influence tether design. A highly conductive plasma would
permit large currents, a factor producing shorter tethers and lower generated
voltages. Although the shorter tether would tend to reduce aerodynamic drag,
high plasma conductivity can be achieved only in regions of high particle den-
sity, a factor tending to increase aerodynamic drag. The best operational
altitude for these conducting tethers 1s thus an open question that will sub-
stantially influence both their design and their potential valuye.

drag.

In response to the uncertainties concerning interactions of high currants
with the Earth's plasma, a prudent program would decrease risk by using low
currents and by accenpting the long tethers and the high voltages that result,
£lectric potentials of tens of kilovolts wil) require not just insulating the
tether but also high integrity of this insulation. A pinhote in the tnsulation
would lead to leakage of electrons. Bombardment of the surrounding dnsulation
by these electrons with kinetic energies of, say, 10 keV would chemically
decompose that tnsulation fnasmoch as chemical binding energies are only of
the order of 1 ey per atom and.thus far below the 10.000-eV energy of the
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electrons. For that reason, a minute defect in the insvlation or even a small
amount of damage from particles in. space can lead. to progressive damage and
fatiure of the tnsulation. Extensive testing of the insulation in high-vacuum.
chambers here on tarth wculd aid in delineating the magnitude of the problem
and perhaps point the way to its solution,

Power conditioning for tens of kileovolts 4s state of the art here on Earth
but has yet to be &volved for space. In particular, the usual power condition-
ing for space accepts low input voltage and ‘ncreases as well as regulates the
voltage for supply to the useful loads. In using power from a conducting
tether, the power conditioning would be required to reduce voltage for delivery
to. the loads, a transformation requiring a new technology. An additional
factor affecting power conditioning 1s vartation in the generated voltage as
the result of vartation in v x B along the flightpath as well as vartation in
the properties °f the space plasma.

Using tethers for power generation .r propulsion would also encounter
some of the same problems as does every application of tethers 1n space,
namely, the dynamics and $tructural problems associated with tether deployment,
orbit maneuvers, and rendezvous with other spacecraft.

SUMMARY OF RESULTS

Power generation in low Earth orbit by means of a conducting tether
tratled off a spacecraft was studied. Analysis of this concept as well as pro-
pulston (both chemical and electric) to sustain the power-generating tether
produced the following results:

1. Assessment of losses in power generation showed that efficiency of
power generation might be about 0.73.

2. In the absence of propulsion to sustain the spacecraft, ihe orbit
would slowly decay, the decrease in altitude being 20 km a day if the generated
power were 1 kW/ton of total spacecraft mass. Power might be extracted for
perhaps a week in an emergency, but this would not be a suitable strategy for
any extended mission.

3. If a hydrogen-oxygen rocket were to provide the propulsion to sustain
the low Earth orbit of a spacecraft generating power by medans of a conducting
tether, the propellant consumption would be less than half the consumption of
hydrogen and oxygen by fuel cells producing the same power. [for missions
beyond perhaps a month, neither concept is weight-competitive with solar or
nuclear powerplants.

4. If residual hydrogen and oxygen from the shuttle's external tank and
orbiter were available to the spacecraft, the rocket-sustained power-generating
tether could make better use of these residues than could a fuel cell because
(a) the proportions will 1ikely not be stoichiometric and (b) the residues may
contain impurities such as helium. Both of these conditions a rocket
tolerates better than do fuel cells.
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5. A single Yightly loaded shuttle might have propellant residues total-
ing 7 tons. That quantity of hydrogen and oxygen would permit generation of
4.7 kW of power hy a recket-sustained pawer-generating tether for an entire
year.

6. On the other hand, the rocket propellant to sustain a 70-kW power-
generating teuvher for 10 years would total 1000 tons, perhaps 100 times the
mass of a solar or nuclear powerplant.

7. A conducting tether could provide useful power plus power for electric
propulsion to compensate for its own drag. 7The propellant could be any avall-
able supply of matertal (such as waste from 14fe support) capable of clectrical
acceleration to about 4400 m/s (specific impulse of 450 s). The generated
power would be divided equally between the usoful load and electric propulsion.
Not only would fuel cells require the specific reactants hydrogen and oxygen in
the stoichiometric proportion but the mass consumption of those reactants would
be avout 1/3 higher than the propellant consumption of the self-sustaining
tether. A self-sustaining power-generating tether would by 1ts nature permit
load leveling for peak:-to-average powers of 2 to 1, the spacecraft's orbital
energy betng the energy reservoir.

8. If early in the evolution of the space station discharges of waste
from 1ife support run as high as 1 kg per astronaut-h.:tr, use of this mass of
waste as propellant in electric propulsion of a self.-sustained tether could
continuously provide 3.4 kW per astronaut, or 27 kW for a crew of 8.

9. Several questions concerning the feasibility of the power-generating
tether must be answered by a technology program before such tethers are used
in space. The questions concern the following: plasma impedance in low Earth
orbit, use of low currents and high generated voltages to circumvent high
plasma impedance, aerodynamic drag on the tether, losses in the plasma, the
performance of electricdal insulation in space at potentials to tens of kilo-
volts, and power conditioning for these high generated potentials. These
fssues are in addition to the usual questions concerning feasibility of tethers
in space, namely, the dynamic and structural problems associated with tether
deployment, orbit maneuvers, and rendezvous with other spacecraft.
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