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Progress in Electric Propulsion Systems

Invited lecture

Ernst Stuhlinger
NASA Marshall Space Flight Center, Huntsville, Alabama, U.S. A

The transportation capability of propulsion systems with separate power source,
expressed by payload ratio, terminal velocity, and acceleration, depends primarily
on two basic parameters: the specific power of the system, a, and the total time of
propulsion, . Highest terminal velocities to be expected with present technologies
are 150 to 200 km. sec™?; highest accelerations 5 X 10~%z,. The payload ratio de-
pends on the specific mission, it may vary in typical cases between 5 and 93 percent.

Electrothermal or arc-heated systems will operate at exhaust velocities of 10 to
15 km sec! (I, = 1000 to 1500 sec}; they may find application for satellite cor-
rection, orbital freight transfer, and lunar freight missions. Electrostatic or ion
systems will have exhaust velocities between 40 and 150 km sec* (/;, = 4000 to
15 000 sec); they will be useful for lunar freight missions, for unmanned and manned
planetary flight, and for deep space probes. Electrodynamic or MFM svstems pro-
mise to cover a wide range of exhaust velocities from 10 to 1000 km sec-! (/,,=1000
to 100 000 sec). Their technology is not yet developed far enough to encourage the
design of an operable propulsion system. Flight tests of the other two systems may
begin around 1962.

Five years ago, a review paper on electric propulsion systems could have men-
tioned only a handful of studies written by some undaunted optimists in their spare
hours [1]. Today, there is hardly one missile and space craft company in the United
States that does not have an active group working on electric propulsion systems.
The Government supports electric propulsion projects with several million dollars
per year, and the National Aeronautics and Space Administration is about to
establish a vigorous program for the development of electrically propelled space
vehicles. The feasibility, and the usefulness, of electric propulsion systems is a
proven fact, at least as far as their theory goes. The remaining problems are con-
cerned with the efficient technical realization of the systems which look simple and
straightforward in their principles.

We will divide our review into two parts: at first, we will consider the trans-
portation capabilities of electric propulsion systems, and then we will discuss the
present development status of the different kinds of electric space propulsion
engines.

Electrical systems, as contrasted to chemical rocked motors, require a separate
source of power to eject the propellant. (Fig. 1a.) The prime source together with
the conversion plant represent a very substantial addition to the dead mass or
burnout mass of the rocket vehicle. The reason why electric propulsion systems, at
least for some space missions, are superior to chemical rocket engines is because
the exhaust velocities of electric systems are many times greater than those which
result from the enthalpy release of a fuel-oxidizer reaction in a chemical rocket
motor.
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Fig. la. Components of space vehicle with  Fig, 1b. Comparison between chemically and
separate-power source. electrically propelled vehicles.

The vehicle accelerations developed by electric. propulsion systems will always
be very small. Electrically propelled vehicles will therefore be restricted to the space
beyond an appreciable atmosphere, and to trajectcries where the thrust forces do
not have to compete with gravitational forces greater than about 10~g, .

Fig. 1b shows very schematically a chemically propelled, and an electrically
propelled rocket vehicle. The component M+ includes all the subcomponents re-
quired to generate the electric power for the thrust chambers. Mp denotes the pro-
pellant mass and My, represents the payload, and also structural elements as far as
they are not parts of the power plant.

The relation between initial mass M, , terminal mass My , exhaust velocity v,
and terminal velocity u for a chemical rocket vehicle that is not subject to drag or
gravitational forces is given by Tsiolkovskii’s equation

My/M, = exp(— u/v) (1)

The corresponding equation for electrically propelled vehicles, or more generally
for vehicles which require a separate power source, reads

(My + Myw) [ My = exp(— ufv)

This equation can be developed into a form suitable for the analysis of the vehi-
cle dynamics by introducing the term “specific power” for the ratio of the power
contained in the exhaust beam to the mass of the power-producing plant,

a = W|My

The product of this specific power with the total time of operation, t. represents
the “specific energy” of the system.
E* = at

Since W = LMv* = (My/21) 2", we finally obtain [2]

My/M, = e™® — (v*)201) (1 — e™7¥) (2)
In a chemical rocket engine, there is no power-producing plant; M,y is zero, and
Eqg. (2) transforms into Eq. (1).
Figs. 2 and 3 represent Eq. {2). The specific energy, at. is 10** and 10'* erg g*
in the two diagrams. They show the pavload ratio as a function of the exhaust
velocity, with the erminal velocity u as a parameter. For anv terminal velocity and
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Fig. 2. Payload ratio as a function of exhaust velocity and terminal velocity (at = 10%).

specific energy, there is one optimum exhaust velocity that leads to a maximum
payload ratio. This optimum exhaust velocity depends very little on the terminal
velocity; by inspection, we may deduce a simple rule of thumb from Figs. 2 and
3 [3]

Uopt == /0t (3)

For very small payloads, v,,. decreases somewhat, and for My — 0 we obtain
[4]

L

Yope = 0.714}/ 0t (4
Umax = 1.14)/at

For pavloads as large as 95 or 98, we find Cope == 1.4V ar
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This means that an electrically propelled vehicle with vanishingly small pavioad
should carry about 4 times its power plant mass in the form of propellant in order
to reach a maximum terminal velocity, irrespective of anv other parameter. Ex-
haust velocity and terminal velocity will then be given by Eq. ().

If there is an appreciable payload, the ratio of the terminal velocity to the
optimum exhaust, u/v,p , 1s a function of the payload ratio. This funcuon is plotted
in Fig. +. Very large payload ratios demand a small u/vqp, ratio; if the payload is
about 14¢%, the optimum exhaust velocity is equal to the terminal velocity.

The maximum terminal velocity wum. which can be reached with optimized
exhaust velocity and a given payload ratio depends on the specific energy, at. Fig. 5
illustrates this relationship.

Of particular interest is the acceleration which can be reached by an electrically
propeiled space vehicle. The initial acceleration is determined by thrust and initial
mass according to

dg — F_I’j,[n
or, after substitution of suitable design parameters:

65+
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- V(‘za;f}i’?fpxw“r
ay — T {6)
ﬂ-’fp o = ;Hrw + .-ML .

The acceleration obviously has a maximum for

a"‘v‘fp = M’w
which leads to
ay, = Va/2t(l — ML/ M,). (7)

Equation (7) is plotted in Fig. 6 for three different specific power figures,
a = 0.1 kW kg™*, a = 0.3 kW kg and a = 10 kW kg. If the payload becomes
negligibly small, we obtain

ao max — VC-'-I.'IQ'E for My — 0.

The acceleration of a vehicle optimized for maximum terminal velocity begins
with a somewhat smaller initial acceleration, as shown by Egs. (3) and (6). How-
ever, the terminal acceleration is greater than that of a vehicle optimized for maxi-
mum initial acceleration. Table I lists accelerations and terminal velocities for the

TABLEI

Exhaust velocity, terminal velocity, and accelerations of vehicles with maximized
terminal velocity, and with maximized initial acceleration. Total initial mass, travel
time, and specific power are the same for both vehicles. The payload is negligibly
small in both cases.

Parameter to be Exhaust Terminal Initial Terminal
maximized velocity o velocity u acceleration a acceleration a,
u 0.714)/ ot LI4Yar 05657/ wt 282/ w/t
ay 141 at 0981/ ar 0707wt LH Y it
Ratio 0.506 1.16 0.80 20
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Fig. 6. Initial acceleration of vehicle as a function of payioad and specific power.

two cases with My, = 0.

The specific power, a, is of decisive influence on the transportation capability of
an electrically propelled vehicle. Its magnitude depends on the systems that are
available to generate and convert the power, and on the skill of the design engineer.
The best choice for a prime power source at present is a fast fission reactor, and a
heat cycle with turbogenerator and radiation cooler for conversion. A fission reactor
can be built to operate on a constant power level for a few vears. Its mass is propor-
tional to its power rather than to its total amount of energy; the performance of
the propulsion system is therefore power-limited, as contrasted to a chemical rocket
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which is energy-limited. A system of this kind, if built with present-day technologies,
would provide a specific power of about 0.1 kW/kg. Fig. 7 shows how this figure 1s
anticipated to grow curing the next decades. A very promising conversion system
is the thermionic converter. Although not yet available in a technical form, it is
anticipated that thermionic converters will eventually be superior to rotating sys-
tems regarding efficiency and reliability.

The ume of propulsion, t, also plays a dominating role in the theory of pro-
pulsion systems with separate power source. It is often difficult to determine the
propulsion time for a mission before mass, thrust, and terminal velocity of the
vehicle are known. However, reasonable estimates can be made for many lunar
and planetary missions even while propulsion parameters are sull somewhat un-
certain, and more accurate figures can then be developed by iteraton.

Our considerations so far were based on propulsion svstems with constant thrust
and varying acceleraton. It can be proven, though, that the transportation capa-
bility of vehicles with separate power source improves when the thrust is varied
according to a time program [3]. In parucular, the pavload becomes a maximum
at given power, propellant mass, and propulsion svstem mass. when the thrust is
varied in such a way that the acceleration is constant throughout the flight. Fig. 8
shows thrust, acceleration, propellant consumption, and exhaust velocitv as func-
tions of time for vehicles with constant thrust, and vehicles with constant accelera-
tion. The difference in transportation capability between the two vehicles is shown
in Fig. 9 where the pavload ratio M/M, is plotted versus the terminal velocity u
for two different specific energies at. There is indeed a larger pavload for the
constant acceleration system. [t may be questioned though whether this small gain
in capability would justify a variable thrust system with its inherent complexity.
The relative gain is greatest in vehicles with verv small pavloads. and with terminal

o
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km sec™’

velocities near the theoretical upper limits. However, the additional equipment
required to carry out the thrust variation program would more than offset the gain
in payload, at least in ion propulsion systems; arc-heated systems will probablv be
better off in this respect.

Electric propulsion systems will find application in a number of space missions
[6]. Near-earth missions, like orbital transfer and lunar flights, will take longer
with electric systems than with chemical engines, but the payload capabilities with
electric vehicles will be much larger. Flights to Mars and Venus, still with consider-
ably larger payload, will be a little shorter electrically than chemically on a Hoh-
mann transfer ellipse. A deep space probe to the distance of Pluto will be underway
three or four years with an electric system, while the Hohmann transfer time would
be 45 years. The electric deep space probe would carry about 6 percent payload,
while plenty of electric power for instruments and communication would be avail-
able from the propulsion system at no extra cost.

Table II lists several space missions with the estimated propulsion times. Ap-
plying the formula of Eq. (3), we find the optimum exhaust velocity for each mis-
sion, depending only on the specific power a of the power-producing system. The
table lists three values for a, and also the vears when these a’s may be available.
The exhaust velocities are given in km sec™, and also as specific impulses [, .

Our considerations so far are valid for any kind of propulsion svstem with sep-
arate source of power, independent of the propellant material, and of the way in
which the propeilant particles are accelerated. Several svstems are known today, at
least theoretically, which fall into this category; they are listed in Table III. Only
the electric svstems 2, 4, and 5 will be discussed here in more detail.

Electrothermal or arc-heated systems developed from the study of high-intensity
electric arcs [7]. An electric disharge burns between a central and a ring-shaped
electrode, while the propellant gas is fed into the chamber. Fig. 10 shows an arc-
heated chamber schematically. Proper cooling of the walls allows average chamber
temperatures far above the melting temperatures of the wall materials. The tem-
perature within the arc may be as high as 50 000 °K; [8] the average temperature
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TABLE II.
Optimum Exhaust Velocities for Various Space Missions at Three Different
Specific Power Figures.

g Propulsion Exhaust Velocit
Mission 'lPime km sect J
a=0.1 a=03 a=10
kW kgt kW kg! kW kgt
Seconds . 1965 1970 1980
Satellite Correction 10 days 8.6 X 103 9.3 16 . .93
Orbital Transfer 20 days 1.8 X 106 13.5 234 135
Lunar Ferry 60 days 5.2 X 108 23 40 230
Mars-one way 200 days 1.8 X 107 42.5 74 425
Mars-return . 450 days 3.9 X 107 62 108 620
Jupiter, Saturn 2 years 6.3 X 107 80 142 800
Deep Space 3 vears 9.5 X 107 97 168 970

of the gas in the chamber is of the order of 3000 °K to 12 000 °K. A nozzle at the
exit of the plenum chamber produces an exhaust velocity given by the equation

v=V2AH (8)

where AH denotes that part of the enthalpy of the gas that transforms into kinetic
energy of the beam. This equation may be approxlmated by

e ocn) 3 o B
w %—1 pe )

for ideal gases without dissociation and ionization; R is the gas constant (erg per
deg and per mole), and w the molecular weight of the gas. At the temperatures
encountered in an arc-heated propulsion chamber, Eq. (8) must be used instead of
Eq. (9), and the enthalpies of the propellant gases must be carefully compared at
the high chamber temperatures before propellants can be appraised. Hydrogen
motors have been operated successfully over extended periods with an exhaust
velocity of 10 to 11 km sec™ (15, = 1000 to 1100 sec) at chamber temperatures of
about 3000 °K [9]. At higher temperatures, Li or LiH may be preferable. The
merit of a propellant is determined by its available enthalpy at the chamber tem-
perature, by its cooling capabilities, and by its storabilitv. Fig. 11 shows the enthalpy
of hydrogen versus the temperature at different chamber pressures. It is anticipated
that exhaust velocities up to 15 km sec™* (I, = 1500 sec) may be obtained within
a few years. The limit for arc-heated systems appears to be around 20 to 25 km sec™
(Is, = 2000 to 2500 sec) [10]. It is interesting to note that one reason for this limit
is the high conductivity of the chamber gas at high temperatures. When this con-
ductivity approaches that of copper, ohmic losses in the external circuit reduce the
overall efficiency of the system considerably. At temperatures in the 3000° to 3000°
range, the efficiency is determined mostly by enthalpyv losses, and by nonrecoverable

TABLE III.
Propuision Systems With Se parate Power Source.
1. Nuclear heated 5. Electrodynamic {MFM)
2. Electrothermal (arc-heated) 6. Solar sail
3. Solar heated 7. Parual photon
4. Electrostatic {ion) 8. Ideal photon
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losses to the cooling system. Typical figures of present efficiencies are 15 to 50

percent,

Table II indicates that arc-heated systems will be useful for satellite correction
systems, for orbital transfer missions, and for freight transportation to the moon.

One of the advantages of the arc-heated system is the easy controllability of the-
exhaust velocity. Within fairly wide limits, the power consumption of the engine
is independent of the rate of propellant mass flow. Greater mass {low rate means
lower average temperature, and therefore lower exhaust velocity, but greater
thrust, according to the equation
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