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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilitles with respect to the use of, or for damages resuiting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behailf of the Commission’’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

All LA...MS reports are informal documents, usually prepared for
a special purpose and primarily prepared for use within the Labo-
ratory rather than for general distribution. 'This report has not been
edited, reviewed, or verified for accuracy. All LA,..MS reports
express the views of the authors as of the time they were written
and do not necessarily reflect the opinions of the L.os Alamos Scien-
tific Laboratory or the final opinion of the authors on the subject.

Printed in USA. Charge $5.40. Available from the U, S.
Atomic Energy Commission, Technical Information Service
Extension, P. O. Box 1001, Oak Ridge, Tennessee. Please
direct to the same address inquiries covering the procure-
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INTRODUCTION

For the last four or five months, N-5 has been engaged in.a system
study looking at a thermionic nuclear electric propulsion system. We
heve been asked to present a series of indoctrination lectures on this
subject to members of N-Division and other people in the laboratory
interested in advanced propulsion. There are several LAMS documents
which should be read along with these lectures to get all the meat, but
the lectures should cover the essentials and give you a good feeling for
the subject.

As you know, the important components of the system are the power
supply, the radiator, the thrustor, and the shield. Also, as you know,
the lifetime and the specific power of the system determine its relative
merit. Each talk will cover an aspect of the system. Also within the
limits of the existing trajectory calculations available to us, a parti-
cular mission will be examined.

The lectures (arranged in the order and content as presented)
were as follows:

1. Thermionic Cell Operation - Introduction

2. Heat Pipe Space Radiators

3. Thrust Motor and Related Systems

b, Key Materials Problems Encountered in Thermionic

Reactor Construction

5. Part Two of Physics for Administrators

6. Moving Belt Radiators

7. Thermionic Cells
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8. Summary and Scaling Laws

9. Thermionic Space Reactors

10, Integrated System

11. Shielding

12. Manned Mars Mission Studies and Propulsion Time
Requirements

13. Summary

Since the system study continued during the course of the lectures,
it will be possible to find minor discrepancies in the numbers from one
chapter to another. In addition, there will be specific points through-
out on which one could debate at length. It is the general.content
which is of primary value and we hope this indoctrination series will
stimulate further intensive effort in this field.

Los Alamos, New Mexico
April 12 - July 6, 1965
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1. Thermionic Cell Operation - Introduction
Walter H. Reichelt

In the following discussion, we are going to avoid some of the
subleties of thermionic conversion such as ionization proceéses and
absorption mechanisms. We shall only be concerned with some of the
more elementary descriptions of the physical processes involved.

The thermionic energy converter we will discuss is basically a cesium
vapor-filled envelope which contains a hot emitter emitting electrons
into a plasma and a cooler collector collecting electrons from the
plasma. The emitter and collector are connected through an external
circuit containing the load. Figure 1.1 illustrates a typical motive
diagram for the converter electrons. Consider the emitter side of the
diagram. ¢e is the work function of the emitting surface. It could be
that the surface is of bare, clean metal or has cesium, oxygen or other
substance adsorbed on it. In the former case we will use the terminology
"bare work function" while in the latter we will refer to the "effective
work function" of the surface. When the emitter is heated, enough
thermal energy is given to the electrons to enable appreciable numbers
to escape from the surface. The Richardson equation describes this
electron emission from a surface:

- 2  -€¢
J=AT e w7
where
J is the electron current from the surface in amps/cm2

A is a constant




T is the emitter temperature

¢ is the surface work function
€ is the electron charge

k is Boltzmann's constant.

The potential distribution in the interelectrode gap is character-
ized by an emitter sheath, plasma loss, and collector sheath. When the
electrons enter the collector they lose energy to the collector equal
to the collector work function, ¢c, just as they take away energy equal
to ¢e + 2kT when leaving the emitter. The output voltage of the device
is just the potential difference between the Fermi levels of the emitter
and collector.

Cesium vapor in the cell serves several purposes:

1) It provides the source of positive ions necessary to reduce
the electron space charge in the diode. Neutral cesium atoms are
ionized at the emitter surface by contact ionization or in the inter-
electrode gap by volume ionization.

2) Adsorbed cesium on the collector surface reduces the collector
work function to & value between that for the bare metal and that for

bulk cesium:

¢metal2 ¢metal 2 ¢cs
+

cs
This results in an increased output voltege.

3) Adsorbed cesium on the emitter can also change its work function
to advahtage. As with the collector, adsorbed cesium can reduce the
emitter work function, which results in increased cell currents.

The dependence of the effective work function of a tungsten emitter
on cesium pressure and emitter temperature in a diode is shown in
Fig. 1.2. The vacuum work function of bare tungsten is about
4,6 - 4,8 volts. As the emitter temperature is increased, the effective
work function approaches that of the bare metal. As the temperature
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increeses, the lifetime of the cesium on the surface decreases until, at
a high enough temperature, the base metal is free of adsorbed atoms. If

a diode were constructed with a tungsten emitter and collector to operate
at 8 torr cesium pressure, the emitter work function would be 3.1 for a
temperature of 2100°K. For a collector temperature of 1200°K, the
collector work function would be 1.7 volts. We would have 18 amps/cm?
electron emission from the emitter surface.

Because of the extreme pressure dependence of the effective work
function of a tungsten surface, we might ask, "Does cesium pressure have
the same effect on all materials considered for thermionic emitters?”

The answer is no! Figure 1.3 illustrates the influence of cesium pres-
sure on two diodes. One diode has a tungsten emitter representing
high-valued, bare work function materials while the other has a uranium
carbide emitter representative of low- or intermediate-valued, bare

work function materials. The power output is given as a function of
cesium pressure for the cell conditions indicated. It is immediately
evident that cesium pressure has no significant influence on the uranium
carbide emitter, while the changes are quite significant for the tungsten
emitter. This latter dependence reflects the changing effective work
function of the tungsten surface with cesium pressure as shown in

Fig. 1l.2.

The next figure, Fig. 1.4, indicates the effect of interelectrode
spacing on cell output for the two emitters. As in the case of the
cesium pressﬁre, the influence of spacing is insignificant for the
uranium carbide emitter while large for the tungsten emitter. We'll
comment on this later.

Figure 1.5 illustrates the dependence of power output on emitter
temperatures. The upper curve is that taken for a tungsten emitter
with the collector temperature and cesium pressure optimized for maximum
power output at each emitter temperature. The lower curve is that taken
with a2 uranium carbide emitter. It should be noted that the cell spacings
are quite different. In general, the high power outputs for the refractory




metals occur at high current densities -- of the order of 50 amps/cm? or
higher, At these currents, the diode is not operating at maximum
efficiency.

The tungsten emitters and other high, bare work function materials
rely on cesium coverage to get reasonable power outputs. To maintain
this coverage at normal emitter temperatures, it is necessary that the
cesium pressure be high -~ much higher than that necessary to supply ions
for space charge neutralization. To avoid electron scattering and other
losses at these high pressures, it is essential that the cell spacings
be small. Reasonable cell outputs can be expected for the refractory
metal emitters at spacings of 5 to 10 mils. '

Up to this point we have considered some general properties of
cesium diodes. Now we shall deal with a more specific topic: surface
phenomena, This subject is of great importance for thermionic diodes.
Possessing high melting points and low vapor pressures, the refractory
metals are good candidates for emitters; and we might inquire into the
differences between them. Figure 1.6 illustrates some of the differences.
On this figure is plotted the effective work function versus the vacuum
work function for several cesium pressures. The arrows indicate the
bare work functions for the various refractories, If the work function
of the surface were independent of cesium coverage, we would expect the
effective work function to be equal to the bare work function, and the
curve would have a slope of one, This is the case for the uranium car-
bide emitter, For the refractories which depend on cesium coverage,
the trend is obvious. The higher the bare work function of a surface,
the lowef the effective work function when immersed in cesium vapor.
This figure does not reveal the effects of surface structure. In general,
surfaces are polycrystelline in nature, each crystal face having a dif-
ferent, characteristic work function. The data indicated in this figure
are generally true and hold specifically for single crystal surfaces.
The crystal planes having the highest vacuum work function will yield

the highest electron emission when put in cesium vapor.




This leads into another requirement for emitters. It would be
advantageous to have a surface with a uniform work function of the
highest value. Considerable progress has been made in producing uniform
surfaces by such techniques as etching and vapor deposition.

Within limits, cell output can be increased by reducing the collector
work function. A good deal of effort has been extended in this area.
Oxide coatings, for example, have been used in many instences. The

results are rather startling; an oxide coating on 2 nickel collector
revealed a work function of 1.13 volts compared with 1.8 volts for bulk
cesium., Unfortunately, these coatings have proven unstable in the tem-
perature and pressure ranges of interest.

Another means for advantageously altering the surface work function
is through the use of additives such as CsF and barium. As has been
indicated in the figures, we can already achieve rather high power
densities., However, these are generally obtained at fairly close
spacing. Additives permit the loosening of the tight spacing require-
ments.

The addition of CsF to an operating celll has been used successfully
to increase the power output of a molybdenum emitter from 7.2 to
2L wa,tts/cm2 at an emitter temperature of 2000°K and a cell spacing of
0.1 mm, With CsF it is possible to get the 7.2 watts/cm? at a spacing
of 0.4 mm (compared to 0.1 mm without CsF). This increase in spacing
make fabrication problems much easier. While the effects of CsF are
quite good, one problem remains: that is the long-term corrosion effects
in the cell of the F component. Tests in N-5 indicate that this could
be rather serious.

Recently, there have been some data available on the addition of
barium to en operating cell.2 Apparently, adsorbed barium lowers the
work function of the emitter surface to the point where cesium coverage
of the emitter is not required. Operation is similar to that of a
uranium carbide emitter; cesium in the cell merely provides the source

for ions for space-charge neutralization. - Consequently, lower cesium




pressures can be used and the cell spacing can be opened up. Figure 1.7
illustrates the dependence oprower output on spacing of two cesium
cells, one with barium and one without. The power output of the cell
without barium drops rather rapidly, while the output of the cell with
barium stays fairly constant over the whole range of spacings.

Some of the remarks and figures used in the preceding text were
taken from a paper given at the Third United Nations International
Conference on the Peaceful Uses of Atomic Energy.3

References

1. A. Jester, Proceedings of the Thermionic Conversion Specialist
Conference, p. 93, Cleveland, Ohio (Oct. 196k4).

2. J. Psarouthakis, ibid, p. 100.

3. E. Salmi, et al., "Thermionic Diodes for Direct Conversion Reactors,"
presented at the Third United Nations International Conference on
the Peaceful Uses of Atomic Energy, Geneva (Sept. 1964).
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2. Heat Piﬁe Space Radiators

Theodore P. Cotter

Heat pipes are a general class of self-contained structures which
achieve very high thermal conductance by means of two-~phase flow and

1,2 The potential advantages

capillary circulation of a working fluid,
of the application of the heat pipe principle to the construction of
low-mass space radiastor systems come from its quite unique qualitative
features. A heat pipe may be a nearly empty cavity transporting heat

at almost uniform temperature, unrestricted in size and geometry, and
capable of arrangement with other heat pipes in a variety of combinations
of series and parallel. These properties suggest: <first, that the
maximum statistical advantage can be obtained from system redundancy in
a direct and simple way; and second, that the bumper method of meteoroid
protection can be employed without practical decrease of radiator effi-
ciency.3 '

The estimate of the specific power of any space radiator system
using circulating fluid is strongly dependent on the mass of armor
required for protection esgainst penetrating meteoroids. The present
knowledge of the spatial, mass, velocity, and material density distri-
butions of meteoroids is rather imprecise.h Further, the "scaling laws"
for penetration of a target by a hypervelocity projectile in the ranges
of variables appropriate to the meteoroid problem is, at present, so
much conjectural that there is not even agreement asbout precisely which
material properties and dynamical processes enter into these hypothesized




p

laws. We believe that estimates of armor mass using current data and
theory are subject to uncertainties of at least a factor of two., In
consequence, the comparison of alternative radiator systems which differ
in basic principle, or even the assessment of the relative merits of
alternative materials or configurations for a single type of radiator
should not be accepted uncritically.

We give here some general design considerations for heat pipe space
radiators, and preliminary semi-quantitative estimates for a case of
current interest.

The total mass of the radiator, M, is the sum of the masses of the
heat transport structure, Mh’ and the meteoroid armor, Ma‘ 'The mass of
vapor is assumed to be negligible. The size of the power supply will
ordinarily be small compared to the size of the radiator. In good
approximation we may then assume that all the heat travels radially (but
not necessarily symmetrically) out from the power supply, which is
regarded essentially as & point source of heat. We then need be concerned
only with two geometrical properties of the radiator: Ac(r), the total
heat transport cross section at distance r from the power supply; and
As(r), the total radiator surface area lying at distance greater than r
from the power supply. If p is the mean density of heat transport
structure, and Py, and ba the density and thickness, respectively, of

the meteoroid armor, we then have:

M, =f5dv =f5(r) Ac(r)dr (2.1)
M, =ﬁ)a5adA = - p, [5,(r)aA (2.2)

Our task is to determine S and éa so as to obtain a radiator of minimun
total mass, subject to various system and mission requirements which
will be introduced as we proceed.

In order to obtain the benefits of redundancy, the radiator must

have a considersble number of heat pipes in parallel, so that the random

Hoe




puncture of some fraction of the pipes can be tolerated. (If the pipes
are supplied with heat from a common, well-armored, intermediate heat
exchanger, the only deleterious effect of the puncture of a pipe will be
the loss of its working fluid to space, upon which it will cool and no
longer contribute as a radiating element.)

Several important advantages are obtained if the heat pipes are
arranged in series as well as in parallel, so that the radiator has, in
fact, a cellular structure. The immediate benefit is a decrease in the
mass of capillary structure required for circulation of the working
fluid, based on the following reasoning. The total pressure drop avail-
able within a single pipe for circulation of the vapor and liquid is
fixed by the capillary pore size and the surface tension of the liquid.
The pressure drop in the liquid is proportional to the total heat trans-
port and to the length of the pipe, and inversely proportional to the
cross sectional area of the wick, normal to the direction of liquid flow.
For the same total heat transport, a short pipe may have a smaller wick
cross section than & long pipe and, therefore, a smaller mass of wick
per unit length,

If pipes are placed in series the heat must, of course, be trans-
ferred from one to another by ordinary conduction through the end walls.
The resulting temperature drops are to be made small by using thin end
walls. Furthermore, since there will be vapor condensation on one side
of an end wall and evaporation on the other, this implies a drop in the
pressure of the vapor from pipe to pipe. These are important effects
which must be included in an accurate calculation. We will neglect them,
however, in our present preliminary estimate,

In a cellular radiator the puncture of a cell should not cause a
significant reduction in the temperature of those cells further from
the power supply in the same series, for there will then be a compen-
sating cross-flow of heat to them from their parallel neighbors.

The cell shapes must permit a volume-filling packing; but, for

present convenience and with sufficient accuracy, we assume them to be




right circular cylinders of diameter, d, and length, l. The wick is
assumed to consist of grooves of equivalent capillery radius, Tqs
parallel to the direction of liquid flow, in a wall of thickness 6. If
de is not large we may neglect the pressure drop in the vapor compared
to total viscous pressure drop in the liquid, A;y. The limiting heat
flux through the end wall of the cylinder, q, is determined by the condi-
tion: A?Z = 1/rv, where <y is the surface tension of the liquid.
Accounting for both the radial liquid flow on the cylinder end and axial
flow along the side we have:

where 1, p and L are, respectively, the viscosity, density and heat of
vaporization of the liquid, and b is a dimensionless factor of order 2
to 4, which depends on the groove shape. According to this expression
the limiting heat flux is proportional to r,s so that the groove width
should be large. We shall set r, = &/2, as this is the largest that is
geometrically possible. Then (2.3) can be written

iy

where qf = pyL/2bn is a characteristic property of the working fluid with
the units of heat flux. The very large magnitude of this q* is chiefly
responsible for the unique heat transport properties of heat pipes. For
example, for lithium at 900°C, qf = 500 megawatts/cm?.

The mean density of a cell is

p = 2pw£§ <1 + 2_5) (2.5)

where Py is the average density of the saturated wick.
Assuming that the flux of radiation from the external surface, qR,
is uniform over the radiator, then




a(r)A (r) = qpA_(r) (2.6)

Using (2.4), (2.5) and (2.6) in (2.1) then yields

1/2 3/2
My = 2pw’(§§) Jf£E§§§Zsz (h A2 ar (2.7)

In the integral, the factor (1+2£/a)3/2/(4/d) has & minimum value of

33/ 2 for £ = a. (One would expect that £ > d for the optimum cell shape
when the effects of temperature gradients are included in the analysis.)
According to (2.7) the mass is minimized by making the radiator cross
section Ac(r) as small as possible, but there are two limitations on the
extent to which this can be done. First, there is a wick thickness which
is the minimum that is feasible to fabricate, Gmin' Second, heat pipes
are observed to develop hot spots and subsequent failure at heat fluxes
through the wick in excess of a critical value, Yoy (What in quenti-
tative detail determines Q.. 15 not yet understood.) From (2.4) with
L= d, d thus has a minimum possible value determined by

* /5 2
%u=%(?ﬁ (2.8)

and A, a minimum value, using (2.6), of

dp |
A(x) = R a_(x) (2.9)

Letting the total radiator power be Q and radiator area A, we then find

" - Mo 2'33/2pw[R

= — (2.10)
A% (g qmax)l/2

where ZR is the first moment of the radiating area about the power
supply:

“-‘L..l(di—"'*'_“‘
el R TS, T D
.
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Taking as a case of interest the following

Q ~ 20 MW T ~ 900°C
*
4" ~ 500 Mi/cm® A ~ 250 n°
2
2 2
Uy ~ 500 W/em p, ~ 2 gn/en

we estimate

M, ~ 0.02 to 0.03 kg/kW

d/8 ~ 500 to 1000

Volume ~ 25 m=

If 5min ~ 0.02 cm, for example, then d ~ 10 cm, and there would be
total of 25,000 cells in the radiator.

(2.11)

a

The armor might consist of a single layer; or, what is better but
more difficult to analyse, the thickness 6a might be apportioned opti-
mally between an outside protective bumper and the armor proper inside,

with heat pipe wick and vapor spaces between the two. In the single
layer case, the relation between the armor thickness and the flux of

penetrating meteoroids, v, is usually described by a power la.wh

_ -k
v = Kéa (

2.12)

where K and k are empirical constants. The probability, Pys that an

individual pipe will survive penetration for a time, t, follows the
Poisson distribution

vAL
py = e (

2.13)



The probability, Py that exactly m out of the N original pipes will
survive is given by the binomial distribution

_ m N-m
1 -(ﬁ) p, (1-p,) (2.14)
Then, the probability Pf that a fraction f, or more, of the original
pipes will survive is given by the cumulative binomial distribution
N
Pp = z P, (2.15)
m=£fN

The relation between P, end 5, expressed by the equations (2.12) through
(2.15) is too complex for direct use. We therefore obtain a simpler
relation of adequate accuracy by several approximations. The distri-

bution (2.14) has mean, m, and variance o>
- S . o2 = 6
m = p,N; ¢ = p,(1-p,)N (2.16)

If N=m>~5, then (2.14) is not much different from the normal
distribution with the same mean and variance, and we approximate (2.15)
by the cumulative normel distribution

= (mE)/20? ® /2
P = 1 / e /cdm=-—l— eX/ ay (2.17)
m-fN

Then B(Pf) is defined by (2.17). Some values of this function are:

P, 0.80 0.90 0.95 0.98 0.99
6(Pf) 0.84 1.28 1.65 2.05 2.33
... '3. 3.3 ..:. Et. E.E

=& -
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Using (2.16) in (2.18) and solving for Py, With the neglect of terms of

order Bahcompared to fN, one obtains

= £ +pq23c0) (2.19)

Py N

Expanding (2.13) to first order in the exponent and eliminating Py and
v from (2.12), (2.13) and (2.19), yields the desired expression for the

armor thickness

- 1/k
8 = [(1-:) N- B \;f(l-?ﬁ] (2.20)

Several features of the armor requirement for a multiple-segment

redundant radiator are in favorable contrast to that of an unsegmented

radiator, for which the expression equivalent to (2.20) is
1/k
§ = LAL (2.21)
l-'pl

The leading term in the denominator of (2.20) is the dominant one, so

that the armor thickness depends on the amount of redundancy, 1-f, and
the number of segments, N, both of which can be made large somewhat at

the discretion of the designer. The allowed failure probebility affects
the thickness only weakly in the second term of the denominator, through
the factor B(Pf). The thickness of the unsegmented radiator, on the

other hand, depends directly and faeirly sensitively on the allowed failure
probability, l-Pl.
actuel puncture rate in space has only a smell effect on the survival

Conversely, however, an error in the estimate of the

probebility of an unsegmented radiator, but a large effect on the survival
probebility of the redundant radiator. There is an important operational
compensation for the latter. For the unsegmented radiator, the mean time
between punctures will ordinarily be long compared to the mission time,

An actual mission either succeeds or fails, neither of which events has
much predictive value, For the redundant radiator, the mean time between
punctures will be short compared to the mission time. An improved
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estimate of this quantity could, therefore, be obtained by measurement
during the actual mission for use as the basis of an operational decision.
The optimum amount of redundancy depends on the whole radiator
system. We may obtain a rough estimete of the optimum by considering
the armor only. The armor mass is proportional to Aﬁa. If the supply
power is fixed, as well as the maximum operating temperature of the
rédiator, then the product fA is fixed. Using the dominant term of
(2.20), together with Whipple's estlmate, k = 4, the armor mass must then
be proportional to f 5/b'(l f)'l/ . This expression has a minimum for
= 5/6,
Taking as a case of interest the following

A = 250 m° N = 25,000
t=1yr P, = 0.95
- h, 2
K=1.5x 10" en'/n® yr k =L
£ =5/6

we find that 5afv 0.0l cm, which for a 20-MW power supply implies
M /Q ~ 0.0L kg/kW.
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3. Thrust Motor and Related Systems

T. F. Stratton

Introduction

The acceleration of plasmas to high velocity through an interaction
with a magnetic field is in competition with electrostatic acceleration
of ions as a method for propelling spacecraft. Electrostatic accelera-
tion processes are well understood; and, consequently, ion engines are
in a relatively advanced state of development. Cesium is a favorite
material for electrostatic acceleration devices because of the high
efficiency and ease of operation which exists by virtue of the circum-
stance that cesium atoms are ionized on leaving a hot, high work function
surface. Subsequent focusing and acceleration of the ions in appropriate
grid and electrode structures have been abundently demonstrated. Most
present work on electrostatic propulsion devices is concentrated on
problems of long life, refinement of existing designs, and improvement
in the operating efficiency. A principal defect of most electrostatic
motors is associated with the fact that high direct current voltege is
required to accelerate the ions. The weight of the appropriate power
conversion equipment has so far proven to be excessive.

On the other hand, plasma propulsion engines are in a very early
state of development and understanding. It is only appropriate to
comment that the acceleration of plasms to velocities of interest with
efficiencies which are competitive with electrostetic motors has not yet

been conclusively demonstrated. There are reasons to believe, however,




that megnetic plasma accelerators will eventually replece electrostatic
systems, and some of these reasons are listed as follows:

1) The problem of neutralization of the emergent exhaust streém
is automatically solved with plasma motors.

2) The thrust per unit area of motor is substantially greater for
a.magnetic motor than for en electrostatic (ion) engine. The advantage
arigses because of the following circumstence: the pressures exerted on a
charged plate by an electric field and on a current sheet by an adjacent
magnetic field are, respectively, E2/8ﬂ and B2/8ﬂ (in cgs units). Com-
paring pressures for typical large, but attainable values of E and B, we
have Table 3.1l.

Table 3.1

COMPARISON OF ELECTROSTATIC AND MAGNETIC PRESSURES

E V/cm E2/8n dynes/cm2 B gauss B?/Sn dynes[pmg
10000 4o 10000 b x 106

Expressed in other terms, the area required for the development of one
pound of thrust from an electrostatic engine is about th cm?, i.e. one
square meter. Well-developed plasma (magnetic) engines will deliver the
same one pound from O,1 cm?.
3) The class of magnetic engines designated as high-current,
steady state arcs is specifically indicated as the most promising type
of magnetic motor.l’ 2, 3 The reported efficiency of such motors far
exceeds that of any other type; and the direct current, low-voltage power
output of the thermionic reactor can be matched exactly to the plasma
engine characteristic without addition of power conditioning equipment.
The following discussion shows that the selection of an optimum
exhaust velocity for a maximum payload-to-initial mass ratio is intimately

connected to the power-to-mass ratio of the power supply and engine




system. A mean-square velocity of the exhaust gas which is much in
excess of the joules/kg available from the power supply results in a
reduction of the payload fraction, particulerly if the wvelocity increment
of the spacecraft is a substantial fraction of the exhaust velocity.

The thrust developed by an engine may be expressed as

F=Mc<> (3.1)

where ﬁ is the total mass flow-rate and <v> is the average exhaust velo-
city. Taken alone, (3.1) would tend to imply that one should strive
for as large a <v> as possible in order to reduce the propellant mass.
However, when consideration is also given to power expended in the pro-

pellant stream,
2

P=1/2 M<v">21/2 F/M (3.2)
it is clear that large exhaust velocity means greater engine power, and
power supply weight, for the same thrust.

The payload fraction for a power-limited propulsion system in
gravity-free space is given by the relation

2
;E =WV _av Q- e-u/v) (3.3)
o]

where ML/Mo is the payload fraction, u is vehicle speed at the end of
the propulsion period of duration t, v is the exhaust velocity, M is
the efficiency with which electrical power is converted into "kinetic"
energy in the propellant stream, and « is the ratio of the mass of the
power supply and propulsion engine to the available electric power.
Equation (3.3) describes the characteristic in gravity-free space of a
vehicle of mass Mo = (MP + MF + ML) at time zero (where MP is the power
plant propulsion system mass, MF is the mass of the fuel, and ML is the
payload), and of mass (M? + Mi) traveling with velocity increment u at

4% oo ces oo, e



time t. The ratio « is Mp/Pp, and the power in 1/2 M v° is n Py. Sub-
stituting x = u/v end u° = kn t/o into (3.3), and letting M /M_= £,
we obtain:

f=eX. 55 (1-e™) (3.3")

Differentiation of (3.3') shows a maximum in f which occurs at a value
k = 2x2 in the limit x - 0. Values of k/x2 which maximize £ for larger
values of x are plotted in Fig. 3.1l. The variation of the ratio k/x2
which maximizes the payload fraction for values of x > O is small; and,
to good epproximation, k/x2 mey be set equal to 2. Therefore, the

optimum exhaust velocity for a power-limited propulsion system is

v~ /5 (3.4)

The optimum exhaust velocity derived from (3.4) is plotted as a function
of nm/a, with t as a parameter, in Fig. 3.2. Clearly, 5000 < Isp < 10000
is indicated for optimum payload fraction. The only possible way of

attaining such a large velocity in the exhaust stream is through some
sort of electrical scheme.

Plasma Motor Performance

A detailed discussion of the coaxial arc plasma accelerator is the
subject of the Appendix to this chapter. Further amplification of
certain features of the performance of the arc accelerator is presented
in the form of graphs showing efficiency, mass flow rate, thrust, and
arc current and voltage as a function of Isp’ In this discussion lithium
is chosen as the expellant fluid.

The efficiency of the magnetic plasma accelerator is given by the
ratio of the power in the directed flow of the emergent propellant to
the power input to the accelerator. Factors contributing to an effi-
ciency of less than one are: the energy necessary to ionize the propel-

lent, the energy in transverse (thermal) motion, and the kinetic energy




of electrons entering the arc anode (anode fall). Reasonable values for
these parameters are:

Li ionization potential: 5.4 eV

v, = 1/2 v, (M =2); W, = 1/% W,

Potential through anode fall: 5 eV
The arc current is carried by ions in the plasma arc accelerator, and
the arc power is

Pope = 1 (W; + 1/4 W, + 10.4) watts (3.5)

where W is the directed energy of the emerging ilons in eV.  The acceler-

ator efficiency, m, is

n = Wy/(Wy + 1/4 W, + 10.4) (3.6)

which is plotted as a function of specific impulse in Fig. 3.3. For
comparison, the efficiency of a hydrogen arc accelerator with appro-
priate values for the hydrogen potential and the anode fall is also
plotted.

The arc current, voltage, and power in a lithium plasma accelerator

are related to the ISp by the following equations:

I =3.5 I, amps (3.7)
V = 10.4 + 4,37 (Isp/looo)2 volts (3.8)
P = 0.0364 (Isp/lOOO) + 0.0153 (Isp/1000)3 megawatts (3.9)

Arc current and voltage are plotted as a function of Isp in Fig. 3.4,

Arc power is plotted in Fig. 3.5 for both lithium and hydrogen expellant.
The mass flow rate, ﬁ, is related to the specific impulse through

the arc current. The arc current is carried by ions between the anode

sheath and the virtual cathode, and it is therefore necessary to supply
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sufficient heavy charge carriers (ions) to avoid starving the arec. Arc
starvation results in serious electrode erosion. The lithium mess flow
rete is given by

M = 0,264 x 1073 I, &/sec (3.10)

where Isp is the specific impulse in seconds, and is plotted as a
function of Isp in Fig. 3.6. The arc current, arc voltage, and mass
flow rate are specified for a given Isp; end the mass flow rate for a
given Isp and input power level is properly determined only when the
power for each arc engine is an integral submultiple of the total
electrical power. For reference, the hypothetical M for 2 Mi(e) is
plotted as a function of Isp as the upper curve of Fig. 3.6.

The thrust, F, is plotted for a single arc motor and for 2 MW(e)
(under the same conditions as in Fig. 3.6) as a function of Isp in
Fig. 3.7.

F=Mv=0.26 (Isp)2 dynes (3.11)

Plasma Motor Design

As indicated on Fig. 3.5, the input power to an arc plasma acceler-
ator is related to the Isp in a well-defined manner. The design criteria
are summarizgd in Table 3.2.

Teble 3.2
DESIGN DATA FOR ARC PLASMA ACCELFRATORS WITH LITHIUM EXPELLANT
0 y 2
Power v I M Isp Thrust n 1/2 Mv Pano de
MW volts Ka g/s s dynes % MW kW
0.5 48 10.2 0.76 2900 2.2 x lo6 0.62 0.31 92
1.0 7« 13.3 1.00 3800 3.7x 106 0.69 0.69 120
6

2.0 114 17.1 1.30 L4900 6.2 x 10 0.73 1.46 154
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The accelerator design is governed principally by power density
considerations in the anode. Table 3.2 shows that the anode dissipation
in a 2MW(e) accelerator is only 1.7 times that in a 0.5 MW(e) engine;
and that the anode dissipation per 2 MW(e) at Isp = 4900 sec is 0.42 times
that which it is at ISp = 2900 sec. For this reason a possible motor
design for 2 MW(e) is examined for lifetime and weight.

Assume that the anode and cathode of the accelerator are tungsten.
Also assume that the anode is radiation-cooled and will evaporate 20%
of the wall material in 5000 hours = 1.8 x 107 sec. Also assume that
the anode wall thickness is so adjusted that the power in 12R heating
is 10% of the anode dissipation, i.e., 15 kW. Consider Fig. 3.8. The
area. of the anode through which the anode dissipation takes -place is
2na2. The area from which the anode power is radiated is 7na2. The
wall resistance is approximately pr/hnd. The 12R heating, 15 kW, then

gives

d = 1.5 x 103 o, cm (3.12)
The anode power, 169 kW, is radiated. Hence
Tna® & = 169000 watts (3.13)

where & is the total radiation intensity in watts/cm?. The rate of
evaporation p must be such that

1.8 x 107 u/p_ = 0.2 d = 0.3 x 10° o, (3.14)

The solution of (3.12) and (3.14) gives
Further, the wall thickness d = 0.12 cm
is 90 watts/cmz. Now from (3.11)

|

= 2675°K (see Fig. 3.9).
0.047 in., and the radiation

ea=9,3 em= 3.7 in,

The heat flux through the anode wall from the arc current is ¢.

¢ = 316 watts/cm2




The anode mess may now be estimated. The volume of tungsten is
12nda®. Upon substituting & = 9.3 cm, d = 0.12 and multiplying by 19.3
g/cms, the anode mass becomes 7.5 kg. The mass of the heat pipe vorking
fluid, e.g. Au, may be estimated by supposing that there must be an Au
film 1/2 the thickness of the wall, i.e., 0.06 cm, Then the mass of the
fluid is 3.7 kg.

' The accelerator cathode is shown as a right circular cylinder of
tungsten of mass 6.0 kg. The cathode 12R heating is 2.3 kW.

These are the heavy components of the arc head. Even by allowing
an equal amount of mass for support structure and insulators the
accelerator mass should not exceed 35 kg. If it should turn out that
the anode cannot be operated at more than 2300°K, the present limit of
heat pipe technology, the radiant flux & becomes 45 watts/cmz. The
dimension a of Fig. 3.8 is increased by a factor 1.4 to radiate the
anode power and d is left unchanged. The arc structure mass increases
by a factor of 2 and becomes 70 kg.

It has been demonstrated that high-current arcs may be started
directly with liquid metal expellant. There is no necessity of providing
gas for starting fluid since the power dissipation in the anode and
cathode with liquid metal in the arc gap is sufficient to vaporize the
metal at a rate of 0.84 g/sec, adequate to insure startup.

Electrical Eeed

Power must be conducted from the reactor current collector to the

reaction motor. The voltage drop must not be excessive nor must the
bus weight be large. By assuming the specific weight of the power supply
to be %, kg/kW(e), the specific weight of the power supply plus electri-
cal feed can be minimized with respect to the electrical bus cross
sectionel area.

The power supply specific weight is qp. The electrical feed has
some length L, and each member has a thickness a and a width b. The
bus has a mass 2&prm and dissipates a power IzpeZL@b. The specific
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performance of the power supply is thereby modified by the electrical
feed to

o P + 2Labp

D e m

o) = - oo ke/kW(e) (3.15)

where o and p, are the density and electrical resistivity of the bus
material, respectively. Minimizing a% with respect to the product ab,

1/2
2 2.4 2 2
) I, 16L°I [N happex (3.16)
gb = 7 * 3 > + 5 cm
e Pe “m

The principel contribution to &b is contained in the second term beneath
the radicael, so that

0 1/2

e 2

ab > [ — o I cm 16!
(pm p) (3.16")
Substituting ab from (3.16') into (3.15) and rearranging to find the

minimum value of qé, we obtain

h\ﬁ?o D,
' =g |1+ —2E8 11 (3.15')
P P a P
P O

showing that the appropriate figure of merit for the material from which
the electrical feed is constructed is the product PPp > which should be
as small as is compatible with the bus operating temperature, stress,
and other construction factors. The liquid alkali metals, especially
sodium, actually exhibit the lowest 0Oy product; but the advantage over
solid copper is not great (see Fig. 3.10).

For purposes of illustration, the mass of & copper bus bar,
5 meters long carrying power from the reactor to the arc motor is
estimated from (3.16'). The bus bar mass is

5.§ o:g o§o3)+.§ o;o :o’




M, = 2p Lab = 2LI Pe®n® (3.17)

where I is the current ﬁransmitted to the plasma motor, L is the length,
and qp is the specific weight df the power supply. By taking a =
3.0 kg/kW(e), I = 22000 amperes (corresponding to the artificlal situ-
ation of 1.3 plasme motors operating at an I sp of 5000 seconds) and the
product oo = 63 x 10 41g/cm for copper at 750°C, (3.17) gives the
mass of the bus bar as MB = 303 kg. The product of the bus bar width
and thickness, ab = 34 en® is given by (3.16'). The width-to-thickness
ratio of the bus conductors may be adjusted to yield the radiation
cooling required to dissipate the joule- and gamma-heating in the copper.
Neglecting the gamme heating, the width of the bus bars can be calculated
from the relation

b = Ieoe/2aboeTh cm (3.18)

where all the quantities have their usual meaning. For copper, at 750°C,
p,=Tx 10‘6, and for an emissivity € = 0.75, b = 11.1 cm and a = 3.06 cm.
The width-to-thickness ratio should be increased in the vicinity of the
reactor where gamme heating is comparable to the joule heating in order

to keep the entire electrical feed at approximately the same temperature.

Propellant
The propellant mass flow (llthlum) is related to the engine I sp by

(3.10). Plotted in Fig. 3.11 is Mt vs' t with I sp as the parameter.
Inspection of Fig. 3.11 shows that propellant masses of the order of

30 tons are required. As the density of lithium is 0.5 g/cm3, the tank
volume must be ~ 1,5 x 107 cms. A sphere of this volume is 306 cm in
diameter (10 ft).

The simple bursting strength of a sphere is proportional to r/d,
where r is the radius and d is the wall thickness. The mass of a
spherical shell is hﬂredom and the volume is h/3ﬂr3. Therefore since
d ~ r for the same internal stress, the mass of a spherical shell scales

directly as the volume of the sphere or as the mass of propellant.




Titanium appears to be a reasonable choice for the propellant tank.
It is compatible with lithium and possesses & high strength-to-weight
ratio. A spherical shell of titanium, 10 ft in diameter, and having
0.1 in. wall thickness (10000 psi stress at 33 psi) weighs 3.3 x 107 g
or 1.1% of the propellant mass. Addition of internal and external bracing
would probably bring the tankage mass up to 2% of the propellant, or
600 kg for 3 x 107 g (30 metric tons) of lithium.

If it is intended to shield the reactor actuators and other sensitive
components from the reactor neutron flux with the lithium propellant,
the heat sbsorbed by the lithium shield is approximately 1 MW(th) (see
Chapter 11, Shielding). The propellant tank of diameter 306 cm and
temperature 1050°K will radiate 1 MW if all of the surface is free to radi-
ate end the emissivity is 0.5. Therefore if the energy absorbed in the
shielding is greater than 1 MW(th) provision must be made to remove heat
from the propellant.

Other properties of lithium are:

Heat capacity 1 cal/g °K
Heat of fusion 158 cal/g
Melting point 179° C
Density 0.5 8/cm3.

The energy required to convert 3 x lO7 g of lithium from solid to liquid
is therefore 4.7 x 109 cal or 2 x lOlo watt sec. On the other hand, a
mass of 3 x 107 g of lithium radiating freely from a sphere of 306 cm
dismeter at a total emissivity of 0.1 will remain at the critical fusion
temperature for 2700 hours.

Low~Voltage Electrostatic Motor

A survey of the present status of electrostatic motor technology
may be found in a NASA-Lewis report.5 Included are discussions of the
various methods of ionizing the propellant, including contact ionization,
appropriate to some of the alkali metels, and bombardment ionization of
all types of vapors. Weight estimates for the electrostatic motor and

%55 o




the power conversion equipment, and engine efficiencies are discussed.

It has been pointed out in the discussion of the plasma accelerator
that the weight of the plasma motor is appreciably less then the electro-
static engine because of the smaller size of the plasma motor and the
ability of the megnetic accelerator to accept the output current and
voltage of the thermionic power supply without power conditioning. Much
of the present effort in electrostatic motors is directed toward the
achievement of higher beam power densities by such expedients as post
deceleration of ions and acceleration of charged colloidal-size particles
in order to allow large electric fields without excessively large exhaust
velocity. Since the space vehicle already possesses a very large compo-
nent, namely the radiator, let us imegine thet the electrostatic engine
can somehow be supported on the radiator without any serious increase
of the radiator weight, and that the electrostatic engine operates on
low-voltage DC power direct from the thermionic power supply without the
necessity of power conditioning equipment. What sort of regime do we
find appropriate?

Assume that the area of the low-voltage electrostatic engine and the
radiator area are in the ratio 1:2. Suppose that the power plant produces
an électrical output PE with en efficiency . Then

and the power to be radiated, PR’ is

Py = (1-n)By/n (3.20)

The radiated power and the characteristics of the radiator are related
by

P = (l-n)PE/n = 2 AEcT; (3.21)

where A is the radiator aree, TR is the radiator temperature, and € is

the average of the front and back surface emissivities.

.o: .E. 537050 E § E




The thrust produced by an electrostatic accelerator is somewhat
modified from E2/8n dynes/cm? because of space charge. A parallel-plate

electrostatic acceleration structure, operating at the space charge

limit current has a current density (in electrostatic units)
Ig an # m d2 *

where V is the applied voltaege and d 1s the plate separation. The

reaction per unit area is

F=L.dv=%j8‘[g§’=(%)2§g¥% ' (3.23)
cm

The space charge has the effect of reducing the electrode spacing,

increasing the force per unit area to (h/3)2 times E2/8n.

The energy in the exhaust is composed of two parts. In addition to
the kinetic energy in the flow there is the energy in ionization. By
assuming that the ions can be formed exclusively in the first ionization
state, with an ionization potential ¢l’ and defining a characteristic
velocity Vie by

2 _
1/2 M vie=€® (3.24)
the total power in the exhaust may be written (per unit area)

P, =P = 1/2 (4/3)% E2/8n (v + Tle (3.25)
E =~ “exhsust v :

The radiator characteristics are related to the acceleration parameters
by combining (3.21) with (3.25),

2
2 .2 v
% (%) g?r (r + _%‘_’)= aéo'r; (’i%i) (3.26)

where E = V/d. Table 3.3 lists values of Vie for the alkali metals.

.E. 38.5 .E. :..
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Teble 3.3

VELOCITIES CORRESPONDING TO ION KINETIC ENERGIES EQUAL TO
THE FIRST IONIZATION POTENTIAL OF THE ALKALI METALS
AND VOLTAGES CORRESPONDING TO ACCELERATION TO
SELECTED SPECIFIC IMPULSE.

Voltage for Ispr(seconds)

Metal A o, eV  Vie W/sec 3000 5000 7000 9000
Li 7 5.36 1.21 x 106 31.5 88 172 283
Na 23 5.12 67 104 288 564 932
K 39 k.32 L6 176 488 956 1535
Rb 85 4,16 .31 382 1060 2080 3450
Cs 133 3.87 24 600 1660 3260 5400

The above table shows that there is very little energy in ionization
compared to the kinetic energy, providing that only the first stage of
ionization is reached. Higher ionization levels are expensive, especially
with lithium, and must be avoided. Lithium, sodium and potassium appear
to be the preferred propellant vapors if the acceleration voltage is so
low that power conditioning machinery is unnecessary.

Plots of accelerating voltage, electrode spacing and current density
are shown in Figs. 3.12, 3.13 and 3.14 for the following case:

0.11
(0.8 + 0.5)/2 = 0.65
800°C = 1073°K

o 3
w’—]
il

If the energy in ionization is neglected, the power in the accelerated
beam is 1.1 watt/cm?, and the power radiated off both surfaces of the
radiator adds to 9.8 watt/cmz. By the appropriate choice of alkali metal
vapor it is still possible to obtain specific impulses between 3000 seconds
and 9000 seconds with acceleration potentials less than 600 volts and
electrode spacing greater than 0.1 ecm., If the initial assumption can be
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fulfilled, viz, that the electrostatic motor can be fabricated as a part
of the radiator without excessive weight addition, say 1 or 2 g/cmz, a
low-voltage electrostatic accelerator becomes a possible engine design.
The lower power density and low-voltage operation increase the probability
of long-life operation. Problems connected with efficient ionization of
the alkali metal vapor have not been considered, and represent a major

problem with all types of electrostatic devices.
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Fig. 3.2 Optimum exhaust velocity for maximum payload, as a
function of power plant performance, with mission
time in years as parameter, ij is power in jet.
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Fig. 3.4 Current and voltege as a function of IS for a
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Fig. 3.5 Arc power Vs Isp for lithium and hydrogen expellent.

Number of lithium arc motors, based on 2 MW(e) input.
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Fig. 3.6 Mass flow of lithium per motor and total mass flow
for 2 MW(e) as a function of Isp'
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Fig. 3.7 Thrust developed by lithium arc engines per motor
and for 2 MW(e).
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Fig. 3.8 Scale assumed for estimates of thrustor dimensions.
Total mass estimated at 35 kg for T = 2675°K; and
70 kg for Ty = 2300°K. Power 1nput to plasme
motor: 2 Mw(e).




I'O‘E t ;
Wall
thickness
for ISKW |
dissipation .
! wall [thickness
or, /
O.lF
W .
evaggraiedr
in 5000 | 20% of (wall !
hours | /_ ° — —
00} // ,000
1evaporation i
] watts
= | em2
o | Rad.
/
0.00I; T// 1100
1 watts i
k O emz f
0.000I ' + = 10
2400 2600 2800 3000
°K

Fig. 3.9 Wall thickness, evaporation in 5000 hours and radiant
flux for tungsten as a function of temperature.




