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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
have 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

4. Key Materials Problems Encountered in Thermionic
Reactor Construction
Part Two of Physics for Administrators
Moving Belt Radiators
7. Thermionic Cells

oN W\
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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. 1In 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
diasgram 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-ﬁ

where
J is the electron current from the surface in amps/cm2

A is a constant
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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 a value between that for the bare metal and that for

bulk cesium:

¢metal2 ¢metal = ¢cs
+
cs
This results in an increased output voltage.

3) Adsorbed cesium on the emitter can also change its work function
to advaﬁtage. 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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increases, 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 vperate
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. 1.2,

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 a uranium carbide emitter. It should be noted that the cell spacings
are quite different. In general, the high power outputs for the refractory

Y
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metals occur at high current densities -- of the order of 50 amps/cm2 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 coverege, 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 polycrystalline 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.

APPROVESS FOR PUBE] & REFEASE
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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 instances. The

results are rather startling; an oxide coating on a nickel collgctor
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
ok 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/cm2 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 an 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

APF§RO\'/E'D EAXR PUBLI'C RELEASE
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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 & 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. 1964).
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 Pipe 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
capillary circulation of a working fluid.l’2 The potential advantages
of the application of the heat pipe principle to the construction of
low-mass space radiator 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 advantege 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 against penetrating meteoroids. The present
knowledge of the spatial, mass, velocity, and material density distri-
butions of meteoroids is rather imprecise.u 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 about precisely which
material properties and dynemical processes enter into these hypothesized

TR
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5

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 a 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:

b, = foar = fo(e) A (x)ar (2.1)
M, =ﬁ)a5adA = - p, [5,(r)aa, (2.2)

Our task is to determine E and éa so as to obtain a radiator of minimum
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 considerasble number of heat pipes in parallel, so that the random
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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 a 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
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right circular cylinders of diameter, d, and length, /. The wick is
assumed to consist of grooves of equivalent cepillary radius, T,
parallel to the direction of liquid flow, in a wall of thickness §., If
l/d is not large we may neglect the pressure drop in the vapor compared
to total viscous pressure drop in the liquid, APZ . The limiting heat
flux through the end wall of the cylinder, q, is determined by the condi-
tion: Apl = ‘Y/rv, where v 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:

2 .
Apy Z::Ja;' ( 2£) = -;E (2.3)

where 1, p and L are, respectively, the viscosity, density and heat of
veporization 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 q* = 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, q* == 500 mega.wa.tts/cmz.

The mean density of a cell is

o = 2pw£§ (1+-2—'-§> (2.5)

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

SRR R
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a(r)a (r) = qpA_(r) (2.6)

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

1/2
M = 20y (q) %2@ (AcAs)l/2 dr (2.7)
In the integral, the factor (l+2jyd)3/2/(l/d) has a minimum value of
33/2 for 4= 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, Lo (What in quanti-
tative detail determines Qo 1S DO yet understood.) From (2.4) with
L= d, d thus has a minimum possible value determined by

* 2
Unax = % (émin) (2.8)

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

qp |
Ac(r) = E;;; As(r) (2.9)

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

3/2
M, M, 23
<~2i° W‘)&l‘[e (2.10)

R (0 gy

where lR is the first moment of the radiating area about the power
supply:
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= %‘fAs(r)dr

Taking as a case of interest the following

F

Q ~ 20 MW T ~ 900°C
*
q" ~ 500 Mi/cn® A ~ 250 m°
2
ap ~ 8 W/em £R~6m
2 2
Qpoy ~ 500 W/cm p,, ~ 2 gm/cm

we estimate

M, ~ 0.02 to 0.03 kg/kW

d/8 ~ 500 to 1000

Volume ~ 25 m2

(2.11)

It 5min ~ 0.02 cm, for example, then d ~ 10 cm, and there would be a

total of 25,000 cells in the radiator.

The armor might consist of a single layer; or, what is better but
more difficult to analyse, the thickness éa 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 lawu

_ -k
v = Kéa

(2.12)

where K and k are empirical constents. The probability, Py» that an
individual pipe will survive penetration for a time, t, follows the

Poisson distribution

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

_ m N-m
o -(,‘1) 2,"(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

=Y &  (2.15)
=N

The relation between P, and § 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 o2;

- 2
m=pN; o = pl(l-pl)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 normal distribution

L) —(n-F 2 2 ) _ 2
p = —= / e( )/2c’dm=-i‘/‘ex/2 ax (2.17)
£ ‘V2n‘a fN \JE; -8

(2.18)

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

Pp 0.80 0.90 0.95 0.98 0.99
B(Pf) 0.84 1.28 1.65 2.05 2.33
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Using (2.16) in (2.18) and solving for py»> with the neglect of terms of

order Bzhcompared to £N, one obtains
p, = £ +ay3t) (2.19)

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

armor thickness

KA

b, = [(1-:) N- ; \;f(l-?ﬁ]l/k

Several features of the armor requirement for a multiple-segment

(2.20)

redundant radiator are in favorable contrast to that of an unsegmented
radiator, for which the expression equivalent to (2.20) is

5, =[—£Aﬁ]l/k (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 probability 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 fairly sensitively on the allowed failure
probability, l-Pl. Conversely, however, an error in the estimate of the
actual puncture rate in space has only a small effect on the survival
probability of an unsegmented radiator, but a large effect on the survival
probability 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 estimate of the optimum by considering
the armor only. The armor mass is proportional to Aéa. 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 estimate, k = 4, the armor mass must then
be proportional to f 5/u(l f)-l/u. This expression has a minlmum for
= 5/6.
Taking as a case of interest the following
250 m°

= N = 25,000
- -7 b, 2
K=1.5x10" em /m° yr k=1U4
£ =5/6

we find that éa ~ 0.01 cm, which for a 20-MW power supply implies
M_/Q ~ 0.01 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
g8rid and electrode structures have been abundantly 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 voltage 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 plasma to velocities of interest with
efficiencies which are competitive with electrostatic motors has not yet

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

33U g
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that msgnetic plasma accelerators will eventually replace 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 an electrostatic (ion) engine. The advantage
afises because of the following circumstance: the pressures exerted on a
charged plate by an electric field and on & current sheet by an adjacent
megnetic field are, respectively, E2/8n and B2/8n (in cgs units). Com-
paring pressures for typical large, but attainable values of E and B, we
have Table 3.1.

Table 3.1

COMPARISON OF ELECTROSTATIC AND MAGNETIC PRESSURES

E V/cm E2/8n dynes/cm2 B gauss B?/8n dynes[pm2
10000 Lo 10000 b x 100

Expressed in other terms, the area required for the development of one
pound of thrust from an electrostatic engine is about 1ou cm?, i.e, one
square meter. Well-developed plasma (magnetic) engines will deliver the
same one pound from 0.1 cm2.
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’ 25 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
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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, particularly 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 =M< (3.1)

where M 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 streanm,
2

P=1/2 M<v™>¥1/2 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

ML -u/Vv V2 =u/v
-ﬁ;=eu/ -g‘f—hz(l-eu/) (303)

where Mi/Mb is the payload fraction, u is vehicle speed at the end of
the propulsion period of duration t, v is the exhaust velocity, U is
the efficiency with which electrical power is converted into "kinetic"
energy in the propellant stream, and o 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 Mb = (M? + MF + ML) at time zero (where M? is the power
plant propulsion system mass, MF is the mass of the fuel, and Mi is the
payload), and of mass (M? + Mi) traveling with velocity increment u at

.: e o 38.:. °
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time t. The ratio o is Mp/Pp, and the power in 1/2 M v° is n P . Sub-
stituting x = u/v and v’ = knmt/d into (3.3), and letting ML/MO = f,
we obtain:

f=eX. L (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 f for larger
values of x are plotted in Fig. 3.1. The variation of the ratio k/x2
which maximizes the payload fraction for values of x > O is small; and,
to good approximation, k./x2 mey be set equal to 2. Therefore, the

optimum exhaust velocity for a power-limited propulsion system is

v 3‘/_271?67& (30,"')

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 performence 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 chogen 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-

lant, the energy in transverse (thermal) motion, and the kinetic energy
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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/b W,

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

Poro = I (W + 1/4 W, + 10.4) watts (3.5)

where W is the directed energy of the emerging ions 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=3.51I, amps (3.7)
V = 10.4 + 4,37 (Isp/1000)2 volts (3.8)
P = 0.0364 (Isp/looo) + 0.0153 (Isp/1000)3 megawatts (3.9)

Are current and voltage are plotted as a function of Isp in Fig. 3.L.

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

oo: eee 30...
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sufficient heavy charge carriers (ions) to avoid starving the arc. Arc
starvation results in serious electrode erosion. The lithium mass flow
rate 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; and 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 MW(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 = 0.2 (Isp)2 dynes (3.11)

Plasma Motor Design

Ag 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.

Table 3.2
DESIGN DATA FOR ARC PLASMA ACCELERATORS WITH LITHIUM EXPELLANT
Power V I M Iep Thrust n 1/2 W P ode
MW volts Ka g/s s dynes %, MW kW
0.5 48 10.2 0.76 2900 2.2 x 1o6 0.62 0.31 92
1.0 74 13,3 1.00 3800 3.7 x 1o6 0.69 0.69 120
2.0 114 17,1 1.30 L4900 6.2 x 106 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 lO7 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
aree 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 I2R heating, 15 kW, then

gives

d = 1.5 x 105 b, cm (3.12)
The anode power, 169 kW, is radiated. Hence
e’ & = 169000 watts (3.13)

where & is the total radiation intensity in watts/cme. The rate of

evaporation p must be such that

1.8 x 107 w/p, = 0.2 d = 0.3 x 10° o, (3.1%)

The solution of (3.12) and (3.1k4) gives T = 2675°K (see Fig. 3.9).
Further, the wall thickness d = 0.12 em = 0.047 in., and the radiation
is 90 watts/cmz. Now from (3.11)

a=9,3cm= 3.7 in.

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

¢ = 316 watts/cm?
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The anode mass may now be estimated. The volume of tungsten is
12nda2. Upon substituting a = 9.3 em, d = 0,12 and multiplying by 19.3
g/cms, the anode mass becomes 7.5 kg. The mass of the heat pipe working
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 I2R 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/cme. 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 Feed

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 o kg/kW(e), the specific weight of the power supply plus electri-
cal feed can be minimized with respect to the electrical bus cross
sectional 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 2abLQm and dissipates a power Iepe2L@b. The specific
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performaence of the power supply is thereby modified by the electrical
feed to

o P + 2Labp
pe m

t o= 1
o - 2peI2L/a.b kg/kW(e) (3.15)

where 0, and p, are the density and electrical resistivity of the bus
material, respectively. Minimizing o:I') with respect to the product ab,

1/2
2 2.4 2 2
MI%, 16L°I o, hobpel 5 (3.16)
ab = P + > 5 + cm
e Pe -om

The principal contribution to ab is contained in the second term beneath
the radical, so that

0 1/2
ab >~ [—= « I cm® (3.16')
P, P
Substituting ab from (3.16') into (3.15) and rearranging to find the

minimum value of o:I') s, we obtain

’N&DO
o = f1 +—-32-Pe—m IL (3.15')

P o
showing that the appropriate figure of merit for the material from which
the electrical feed is constructed is the product PePps 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 0P product; but the advantage over
solid copper is not great (see Fig. 3.10).

For purposes of illustration, the mass of a 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

Y =
L) (3 ‘e S
(] o2
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My = 2p Lab = 2LI PePnp (3.17)

where I is the current fransmitted to the plasma motor, L is the length,
and qp is the specific weight 6f the power supply. By taking qp =

3.0 kg/kW(e), I = 22000 amperes (corresponding to the artificial situ-
ation of 1.3 plasma motors operating at an I sp of 5000 seconds) and the
product o0 = 63 x 10 Jig/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 cm® 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 gamma heating, the width of the bus bars can be calculated

from the relation

= Ieoe/zaboerl‘ cm (3.18)

where all the quantities have their usual meaning. For copper, at 750°C,
P, =T x 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 gamma 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 lO7 cm3. 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 hnrzdom 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.
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Titanium appears to be a reasonable choice for the propellant tank.
It is compatible with lithium and possesses a 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 105 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 10| 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 and 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° ¢
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 10lo watt sec. On the other hand, a
mass of 3 x lO7 g of lithium radiating freely from a sphere of 306 cm
diameter 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 metals, and bombardment ionization of
all types of vapors. Weight estimates for the electrostatic motor and
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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 than 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 that 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 an efficiency nn. Then

and the power to be radiated, PR, is

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

The radiated power and the characteristics of the radiator are related
by
P, = (1-n)P_/n =2 AZor? (3.21)
R E R
where A is the radiator area, T, is the radiator temperature, and € is

the average of the front and back surface emissivities.
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The thrust produced by an electrostatic accelerator is somewhat
modified from E2/8n dynes/cm2 because of space charge. A parallel-plate
electrostatic acceleration structure, operating at the spate charge

limit current has a current density (in electrostatic units)

3/2
o= V2 (3.22)

d

where V is the gpplied voltage and d is the plate separation. The

reaction per unit area is

. 2 2 .
F=Mv=2; 29V=(3) g ies (3.23)

s m 3 cm2
The space charge has the effect of reducing the electrode spacing,
increasing the force per unit area to (lt/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

12 M V5 = e o (3.24)

the total power in the exhaust may be written (per unit area)
V.
_ 2 2 le
Pp=P_ooep = /2 (4/3)7 E5/8m (v + T) (3.25)

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

2
2 .2 v
% (%) % (r + _‘lr_.‘)= aé'o'r; ('1%'1) (3.26)

where E = V/d. Table 3.3 lists values of Vie for the alkali metals.
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Table 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 6, ev V1o om/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 4,32 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:

n =0,11
€ = (0.8 + 0.5)/2 = 0.65
Ty = 800°C = 1073°K

If the energy in ionization is neglected, the power in the accelerated
beam is 1.1 watt/cme, 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 cm. 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/cme, 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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Appendix to Chapter 3

HIGH-CURRENT, STEADY-STATE COAXIAL PLASMA ACCELERATORS¥*

*
Originally published as LADC-7021.
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ABSTRACT

The performance characteristics of high-current arcs acting as
plasma accelerators are predicted under the assumption that the arec
current is carried by the ions in a nearly collisionless regime. In
addition, it is assumed that the magnetic field due to the arc current
must cause the ion gyro radius to be the same order of magnitude as the
radial position. These two assumptions lead to the conclusion that
(in cgs and emu): 1) the velocity of the emergent flasma stream is
given by u = 2ZeI/m; 2) the mass flow required to carry the current
is ﬁ = mI/Ze; and 3) the thrust is independent of Z/A and is F = 212,
It is a conclusion of the analysis that the energy of emergent singly
charged ions is not greater than the applied voltage.
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1. INTRODUCTION
Velocity and momentum measurements have been reported for the plasma

streaming from high-current, coaxial, steady-state hydrogen arcs.l’ 25 3
The hydrogen gas emerging to form the beam is fully ionized; the energies

of the hydrogen ions are measured in tens of electron volts; and the
power in the kinetic energy of the beam is a substantial fraction of
the total power expended in the arc. These results represent a drastic
departure from previous experience with arc jets and require an explana-
tion which is based on considerations other than thermal behavior.

The ensuing discussion presents a theory for the mechanisms which
dominate the behavior of the arc and predicts with considerable accuracy
the reported results. The ad hoc assumptions which are evoked encompass
a complete and closed prediction of the properties of such arcs which
is in substantial agreement with the results so far reported and which
predicts the scaling properties of the arcs with respect to arc current,
arc voltege, arc power, mass flow rate, and mass number and charge of
the emergent ions. The predictions of the model are clear, and it
should be easy to confirm or discredit the description with a few
selected experiments.

2. OUILINE OF MODEL

The arc Jets under consideration differ from earlier work with
coaxial arcs in that the operating pressures are lower and the arc
currents are larger. In particular, pressures in the arc chamber of
10 torr and currents of 2000 amperes are typical. These two modifications
suggest an acceleration mechanism in which collisional processes are not
particularly importent but in which the self-magnetic field of the arc
current dominates the particle motion. Electron-atom collisions are
necessary for the ionization process; but once ionization of the propel-
lant gas has occurred the resulting ions suffer relatively few encounters,
and thg subsequent heavy particle motion is governed by the disposition
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of the electric and magnetic fields. A schematic diagram of the appear-

ance of the arc and the features of the model are shown in Fig. 3.A.1.
The coaxial geometry consists of a recessed center electrode, negative,

surrounded by the anode., The structure of the arc is visualized as

being divided into an anode sheath, a constricted current channel extend-

ing off the front of the cathode, and an ion acceleration region falling

between the anode sheath and the virtual cathode. After the atoms

become ionized, the ions gain velocity and move into a less restricted

region toward the end of the cathode. The reduction in particle density

and the increasing particle energy reduce the effect of collisions on

the particle motion, and qualitative considerations of collisionless

trajectories become increasingly valid. Electrons streaming off the

front of the cathode form into a constricted channel and virtual cathode

extending downstream from the real cathode. A substantial fraction of

the ions move forward axially and inward radially toward the virtual

cathode without striking the center electrode. The arc current is carried

by ions between the anode sheath and the virtual cathode.

2.1 Mass Flow

The conclusion that ions carry the current follows from the supposi-
tion that collisions are infrequent. It is usual to find that ions
carry the current across relatively strong magnetic fields because of
the greater mobility of ions in the field. When a fraction £ of the

arc current is carried between the anode and cathode by ions, the follow-
ing relation must hold:

£I = ZeM/m (3.A.1)

where fI is the current between electrodes carried by ions, M is the
mass flow through the coaxial jet, and Ze is the charge on the ions of
mass m. (In this and all other equations in which numerical quantities
have not been substituted the units are cgs and emu. In relations in

which a numerical factor is quoted, current is in aemperes.) By
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substituting for e and m
M =107 (A/Z) I g/sec (3.A.1')

where Z/A is the charge-to-mass ratio of the ionms.

2.2 Exhaust Velocity

The megnetic field produced by the axial current is a field in the
-©-direction which falls off as 1/r outside the virtual cathode and which also
falls to zero in the axial direction because of current conduction
between the electrodes. Ions formed in the region between the outer
electrode (anode) and the constricted core move inward under the action
of the radial electric field (also varying approximately as 1/r). As
the ions gain speed they are directed forward by the bending action of
the magnetic field. If there were no axial dependence of the magnetic
field strength, the ions would be curved around to the radius at the
point of origin and another cycle would begin. The fact that the
megnetic field strength falls off in the axial direction means that the
particles are not bent back so strongly end, in fact, emerge from the
arc region with a forward component of velocity. The condition for this
to happen is that the distance over which the magnetic field falls to
zero in the axial direction is the order of the ion cyclotron radius.
The axial requirement is automatically satisfied when the magnetic field
is sufficiently strong to bend the ions with a radius of curvature
approximately equal to the geometrical dimensions of the arc electrodes.
As the ions join the electron beam streaming off the end of the cathode,
the net axial current in the virtual cathode and the associated meagnetic
field fall to zero.

The radius of curvature of an ion in a magnetic field is

T, = mu/ZeH (3.A.2)

where.u is the ion velocity. The magnetic field at a radius r outside
the edge of a constricted current channel due to a current I in the
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channel is
H, = 2I/r (3.A.3)

By substituting H_ for H in (3.A.3)
ry = mur/2Zel
and rewriting,
u = 2Ze1rg/rm, (3.A.4)

By assuming that the ion gyro radius is everywhere the same order of
megnitude as the radial position in the arc and, therefore, letting
rg/r =1, (3.A.4) becomes

u =2 (2/A) I x 103 cm/sec (3.A.4")
upon substitution of numerical values.

A comparison of the predictions of (3.A.4') with the measured exhaust
velocity of hydrogen plasma ejected from coaxial arcs at Gianninil’2 and
AVCO3 is shown in Fig, 3.A.2, The experimental data shown in Fig. 3.A.2
are those for which (3.A.1') is satisfied, i.e., M 510™7 I g/sec. The

megnitude and current dependence of the exhaust velocity are seen to be
correctly predicted by (3.A.4').

2.3 Thrust
The reaction or thrust produced by the ejection of matter with

velocity u at a rate M is Mu. By substituting from equations (3.A.1) and
(3.A.4),

F= 2frgI2/r (3.A.5)
Setting frg/r = 1, and expressing I in amperes, we obtain
F = 0,02 I° dynes (3.A.5')

A comparison of (3.A.5') with the experimental measurements of Giennini and
AVCO is made in Fig. 3.A.3. The agreement between theory and experiment is
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again good, both with regard to absolute value and current dependence,
The subtréction of a force of about 30 g from the experimental results
in order to take account of the thrust due to the pressure change
through the arc is reasonable and further improves the agreement between
the experiments and the calculation,

The thrust produced by magnetic forces may also be calculated by
integrating'ﬁ‘x'ﬁ‘over the volume of the arc, This is equivalent to
evaluating the integral of B2/SW over the arc area, Evaluation of the
integral for an axial position at which all of the current is carried

with uniform density in the constricted core of radius r, gives:

(o]

&2 _ 2 Ta
F = B°/8x aA = 0.01 I (1/4 + 1n -1;-) dynes (3.A.6)
(o]

where r_ is the radius of the anode. From equations (3.A.6) and (3.A.5')
one finds that
Ta
(1/u+1n-;-)=2 :
c

or
ra/rc N6 (3.Ao7)

The small size of the constricted current channel off the end of the
cathode, which is predicted by (3.A.7), is in reasonable agreement with
results reported by AVCO3 for the size of the current channel, Revers-
ing the polarity of the electrodes would be equivalent to setting
r,=r, in (3.A.6) and would result in a megnetic component of thrust a
factor of 8 less than with the center electrode negative.

2.4 Arc Voltage and Power

The energy of the ions emerging to form the plasma jet is 1/2 mu2.

In the model described above, ions gain this energy by falling through
an electric field. The ions do not gain energy greater than that which

:os ..E oso . ose 60
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corresponds to the voltage applied across the arc. When the fraction of
the total current which is carried by the ions is large, the arc voltage
must be somewhat greater than that corresponding to the directed ion
energy, because some energy is put into ionization and sideways motion.
There is also a voltage drop associated with the anode fall which is not
ayailable to the ions for acceleration but which causes current continuity
between electrons carrying current into the anode and ions carrying
current to the virtual cathode. The total arc power, if radiation and
conduction losses are neglected, may be written

2 2
P=1I (m“/2e + muth/2e +Vp + kTe/e) +IV, (3.A.8)

where u 1is the directed ion velocity, L is the sideways or thermal
motion of the ions, Te is the electron temperature in the exhaust,

VIP is the ionization potential of the ion species being accelerated,
and Va is the anode fall. 1In the limit that the voltage associated with
the directed velocity is large compared with the other terms, the arc
voltage should vary as 12, since u ~ I.

3. DISCUSSION

The model discussed sbove suggests a way in which steady-state
direct current and voltage are efficiently converted into directed
plasma motion., The two assumptions upon which the model is based are:
1) ions carry the arc current between the anode sheath and the virtual
cathode, and 2) the ion gyro radius is everywhere the same order of
maegnitude as the ion radial position. Some features of the arc which
are essential to its successful operation have not been touched upon.
One of these is the question of ionization. There must be set up in
the arc a region in which ionization of the propellant material is
accomplished efficiently. It is likely that a substantial fraction of
the ionizatioh occurs in the anode sheath. Another question centers
about the electron emission from the cathode. It is likely that this

must be thermionic in nature. The experimental arcs run at very high
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cathode temperature, and the necessary heat to overcome the Peltier
cooling and the radiation loss must be supplied by ion bombardment.

Arc stability is another matter which requires consideration. One would
think that channeling of the arc into one or more spokes in the region
of ionization would be very likely. Although some experiments have an
axial magnetic field impressed upon them to rotate the arc, the magnetic
field does not appear to be absolutely essential for stability. The
fact that the current is carried by ions is probably sufficient to
explain the stability of the acceleration region.

The velocity of the emergent plasma is proportional to the arc
current and inversely to the mass of the ions. The accelefation of ions
of mass number greater than 10 or so to velocities of several cm/us
(Is of a few thousand seconds) requires arc currents which are pro-
hibitively large. It appears that lithium is the only possible expellant
material, aside from hydrogen, which is of interest for propulsion
applications of steady-state, coaxial-arc accelerators. Lithium is of
special interest for Isp of 2500 to 5000 seconds (22 to 88 eV) because
the energy associated with the ionization loss (5.4 eV) is a small
fraction of the total energy in the flow., The table below summarizes
the predictions of the model for lithium accelerated to Isp = 3000 seconds
and Isp = 5000 seconds. In the analysis, the voltage associated with
the anode fall is taken to be 5 volts, and the anode work function is
taken to be 4 volts., The jet is assumed to diverge with a 30° half-
angle cone, corresponding to & mean transverse (thermal) velocity 1/2
that of the directed velocity.
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APPENDIX TABLE I

Predictions of the model for the acceleration of lithium plasma
to velocities corresponding to Isp = 3000 seconds and Isp = 5000 seconds.

Quantity Isp = 3000 seconds Isp = 5000 seconds
Vi, Directed energy 32 eV 88 ev
I Arc current 10500 amperes 17500 amperes
\' Arc voltage 50 volts 120 volts
P Arc power 0.53 MW 2.10 MW
P, Anode dissipation 95 kW 158 kw
M Propellant mass flow 0.74 g/sec 1.22 g/sec
F Thrust 2200 g = 4.9 1b 6100 g = 13.4 1b
! Efficiency = Vke/v 0.64 0.73
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Fig. 3.A.1. A schematic diagram showing the features assumed for a description of the operation
of the coaxial arc plasma accelerator. Electrons emitted from the cathode join
with ions carrying current between the anode sheath and the constricted arc to
form the emergent neutral plasma. Electrons formed by ionization of the propellant
gas enter the anode to complete the electrical circuit.,
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Fig. 3.A.2

A comparison of the prediction of the model with the
measured exhaust velocity of hydrogen plasma formed in
coaxial arcs at Giannini and AVCO.
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Fig. 3.A.3 A comparison of the prediction of the model with

thrust measured in experiments at Giannini and AVCO.
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4, Key Materials Problems Encountered in Thermionic Reactor
Construction

William A. Ranken

For the most part, the materials problems occurring in the design of
a thermionic reactor are related to the fact that the minimm temperature
encountered in such a reactor is likely to be in the range of 700° to
900°C. The effect of this temperature is to restrict the choice of
structural, coolant and control materials because of such considerations
as integrity and strength of structural materials, thermal expansion
coefficient differences, and chemical compatibility of the coolant with
structural materials. In general, the problems encountered are not
qualitatively different from those encountered in the design of other
high-temperature reactors such as SNAP 8 and SNAP 50 and appear to be
quite amenable to solution. However, there are two components in the
thermionic reactor for which problems arise which are not encountered
in more conventional reactors. These components are the fueled emitter

assembly and the interelectrode insulation.

The Fueled Emitter Assembly

The reason that the design of the fueled emitter assembly is a
problem becomes apparent when one considers that this unit must contain
a high loading percentage of U-235 at a temperature on the order of
1800°C for many thousands of hours during which time about one in every
300 - 40O atoms in the emitter structure is fissioned. While all this
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is going on, the emitter structure must also fulfill its purpose -~ the
generation of electron emission currents on the order of 10 to 20 amp/cm?.
The consideration of the emitter can be divided into two categories,
the bare emitter and the clad emitter. In the bare, or unclad emitter,
the fuel material must serve the dual function of heat generation and
electron emission. In the clad emitter, where the fuel material is
encased by refractory metal, the functions of heat generation and electron
emission can be separated. A list of some of the properties which the

fueled emitter must have is shown in the table below.

Table 4.1

PROPERTIES REQUIRED OF THE FUELED EMITTER

Bare Emitter Clad Emitter
Clad Fuel

1. PFissionability x x
2. Useful work function x x

3. Low vapor pressure X b 4

4, Cesium compatibility x x

5. Electrical conductivity x x

6. Thermal conductivity x x x
7. Low neutron absorption

cross-section of diluents x x

8. High-temperature strength x

9. Temperature cycling capebility x x
10. Resistance to fission product damage x
11, Fuel cladding compatibility x

The first property listed is obvious enough; merely referring to the
fact that the requirement that the fueled emitter structure must contain
uranium is a mejor restrictive factor in emitter design. The useful
work function requirement refers to the fact that efficient thermionic
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cells require an emitter work function either less than about 3.3 volts
or greater than about 4.6 volts. The reason that high work function
emitters are useful is that thermionic cell additives such as Cs and Ba
are bound tightly to the emitter surface, forming a dipole layer which
results in a low overall work function.

The requirement of low vapor pressure for the fuel material is to
ensure that the fueled emitter does not evaporate over to the collector.
In general, low vapor pressure at operating temperatures is a difficult
criterion to satisfy for materials with a low inherent work function,
because the electron work function of a material is related to the energy
required to remove an atom of the material from the surface. Uranium
carbide in solid solution with zirconium carbide is rather anomalous in
this respect, in that the vapor pressure is sufficiently low at operating
temperatures so that fuel mass loss rate is not prohibitively high.

The necessity that the fuel material be compatible with cesium is
obvious enough, since a thermionic diode must contain cesium vapor at a
pressure in the range of 0.5 to 10 torr. Good electrical conductivity
is needed because the fueled emitter must be able to carry the current
it emits without excessive voltage drop arising in the emitter structure.
Good thermal conductivity is a less critical consideration which depends
t0 some extent on the chemical stability of the fuel material. Poor
conductivity can lead to very high temperature in the fuel interior. If
the fuel doeg not dissociate at high temperatures -- which U02, for
instance, does not -- then poor thermal conductivity of the fuel can be
tolerated as long as gaseous fission products can be released from the
emitter structure without excessive fuel loss.

Diluents are often added to uranium compounds to increase their
strength. The seventh item in Table 4.1 emphasizes that the selection
of such strengthening materials is limited by the neutron absorption
cross section considerations. This is the reason that tantalum carbide

and hafnium carbide are not used as strengthening agents for uranium
carbide.
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Since the thermionic emitter is not required to withstand external
stress other than that resulting from its own weight (which in a space
environment it does not have) the requirement of strength at high temper-
ature is not set by external stress considerations. Rather it is set
by internal stress considerations relating to the disposition of fission
products. If the fuel material is both non-porous and plastic at
operating temperature, then fission gases will tend to form bubbles and
cause swelling to occur at a catastrophic rate. If the fuel material is
sufficiently plastic, swelling can occur even if the material is filled
with small interconnected pores which greatly reduce the distance fission
gases must diffuse in the fuel material before being effectively free
from the material. The catastrophic swelling phenomenon was observed
for both dense and porous UCZrC bare emitters and is the reason that
little work is currently being done on bare emitter configurations.

Temperature cycling capability is required of the fueled emitter
structure primarily because of testing considerations. The thermionic
reactor used in space propulsion will require very few temperature cycles,
but research reactors used to test thermionic cells can be expected to
scram on the average of once every one hundred hours of operating time.

Resistance to fission product damage is the most difficult property
to attain in the fueled emitter structure and will be discussed in some
detail later on.

Requiring a uranium-bearing compound to have all of the first ten
properties listed in Table 4.1 is a rather tall order. UCZrC met the
first nine adequately enough but, as mentioned above, has poor resistance
to fission product damage. By cladding the fuel meterial with a refrac-
tory metal it is possible to divide the required properties between the
fuel and the clad. When this is done most of the required properties of
the fueled emitter are assumed by the clad as is shown in Table L.l,

The properties still required of the fuel, other than heat generation,
are thermal conductivity, (mostly because of fission product venting

considerations), low neutron absorption cross section of diluents, and
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resistance to fission product damage.
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Naturally, if one has a fuel with

good electrical conductivity and high-temperature strength, some of the
burden can be taken off the clad; and thinner clads are possible.

The price that must be paid for the separation of functions obtained
by cladding the fuel is the last item shown in Table 4.1, the matter of
fuel/clad compatibility. Just how restrictive this is is shown by some
of the compatibility test results listed below in Table L.2.

Table 4.2

FUEL - CLAD COMPATIBILITY

Cladding Fuel
W UO2
Mo U'O2
W25Re UO2
W UcT70a/0ZrC
Re UCZrC
Ir UCZrC
W-Mo UczrC

Test

> 8500 hours, 1900°c®
1100 hours, 1800°C - No electron
emission change

> 6000 hours, 1700°C®
> 2000 hours, 2000°C%

1100 hours, 1800°g - Slight electron
emission increase

24 hours,
formation

24 hours,

24 hours,
formation

8See Reference 1 at the end of this chapter.

bSee Reference 2 at the end of this chapter.

1800°¢? - Ternary phase

1800°c® - Melting
1800°c°® - Liquid phase

It can be seen that Re, Ir and W-Mo alloys are not compatible with UCZrC.
In addition it has been found that Nb and Ta are incompatible with both

UCZrC and U02.

However, as shown in Table 4.2, W, Mo, and W25Re are
compatible with U02, and W appears to be compatible with UCZrC. The
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measurements of the vacuum electron emission of tungsten-clad UO2 and
UCZrC specimens indicate that less interaction occurs for W with U'O2 than
with W and UCZrC.

Baskin at ANL> has found US to be compatible at 1980°C with Mo, Ta,
Nb and W25Re; and UP to be compatible at the same temperature with Mo,

Ta and W. UN is compatible with tungsten at 1800°C but only if an over-
pressure of 1 torr of N2 is present.u US and UP may prove to be useful
in fueled thermionic emitter designs, but as yet very little work has
been done toward effecting this application.

Thus, at the present time the three cladding materials which meet
compatibility considerations are W, Re and Mo. Of these W and Re also
satisfy the other requirements demanded of the cladding (Tsble 4.1) except
for the low cross section; and this is why it is desirable to have a fuel
vwhich carries some of the cladding load, so that the clad can be as thin
as possible. The vapor pressure of Mo is too high to allow its use as
cladding; but, as will be discussed later, M.oUO2 cermets clad with W show
considerable promise. As mentioned earlier, the most difficult require-
ment that the fueled emitter must meet is resistance to fission product
demage., The problem here is that one in every four atoms produced by
fission of U-235 is either Xe, Cs, Rb or Kr, and these elements are all
above their critical temperatures at 1800°C. Hence, when they collect
in pockets in the fuel -- which they show a pronounced tendency for doing --
the pressure in the pocket will increase linearly with the number of atoms
in the pocket. For instance, in a reactor running at 1800°C for 6000 hours
with a fission energy generation rate of 200 watts per cc of fuel, enough
gas atoms are formed so that if they collect in pockets forming 1% of the
volume of the fuel, a pressure of 33,000 psi will exist in the pockets.
This is a great deal of pressure to require a material to hold at 1800°C.
Of course, if the void space is increased, the pressure attained will
decrease; but even with 10% void the pressure will reach the uncomfortable
level of 3300 psi. Because of this high pressure buildup, attention must
be given to the possibility of venting the fission gases from the fuel.
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The trick here is to get the gas to leave the fuel in the first place and
then to keep the fuel from following the gas out, as UO2 is wont to do.
The three fueled emitter concepts which are currently receiving the
most aktention are the tungsten-clad UCZrC concept being studied by
General. Atomic, tungsten-clad UO2 eing studied by General Electric at
Vallecitos, and tungsten-clad MolO /oU'O2 which is being worked on here
at LASL. All three of these concepts have been subjected to long-term
irradiation tests -- which is the ¢nly way to find out if the fission
product damege problem has been solved. In particular, GA has run tests
on cylindrical samples of UC, UCl0a/oZrC and UCT70a/0ZrC, clad in vapor-
deposited tungsten so that the cl ding-thickness-to-fuel-raﬁius ratio was
0.12; These were irradiated to a
at a temperature of 1700°C. The de
range of 86% to 92% of theoretical
that of the fuel was left in the tu

gases released from the fuel.

ission density of 4 x 102 fissions/cc
nsity of the fuel materials was in the
and a void space equal in volume to
ngsten capsule to collect fission

No change in dimensions of the cladding

was observed in post test measurements, but some extrusion of the fuel
into the capsule void space was obsgerved.
of tungsten clad UCZrC has also been run at LASL. In the LASL tests

cylinders of UC82a/0ZrC and UC70a/erC were clad with vapor-deposited

tungsten sleeves so that the cladding-thickness-to-fuel-radius was 0.10.

One long-term irradiation test

The pin densities were in the range
most of the pores being observed by
Central holes
fission gas released into the pores

exterior of the pin.
chamber. Irradiation to a fission
temperature of 1800°C resulted in ¢
the volume expansion of the fuel wa
pins irradiated to the same fission
inspections cohducted periodically
indicated that the cracking of the
fission density had reached about 5

of 84% to 87% of theoretical, with
mercury porosimetry to be open to the
in the pins theoretically enable

to be vented to a large gas collection
density of 7 x 102 fissions/cc at a
racking of the tungsten cladding, and

k identical to that measured for uncled
density at 1900°C.
throughout the course of this test

Radiographic

bungsten sleeve occurred after the
x 10%2 fissions/cc, although some

i
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extrusion of the fuel out the open end of the tungsten sleeve was observed
to have occurred prior to failure of the clad. It may be concluded from
these tests that in order to reach the desired goal of 1.5 x 1020 fissions/cc
either the UCZrC fuel cladding must be increased in thickness relative to
the fuel radius, or better venting properties must be built into the UCZrC
fuel.

A number of irradiation tests of the tungsten-clad, U02-fueled emitter
have been conducted by GE. In the most successful test to date, an opera-
ting thermionic converter was run in-pile for approximately 2500 hours
without degradation of output power. Failure aspparently occurred because
of a weld in the tungsten cladding cracking and letting a mixture of
helium and fission product gases into the collector emitter interspace
of the converter., The fact that fission gas did escape the emitter
indicates that venting does take place when the emitter temperature is
reduced sufficiently for UO2 cracking to occur,

The clad, fueled emitter concept which has been the subject of the
most irradiation testing is the W-clad M.ohOv/oUO2 concept being worked
on at LASL. In general, one can say that the principal advantages in
thermionic use of a dispersion fuel of this type are its relatively high
thermal and electrical conductivity as well as an expected resistance to
fission product damage which results from the fact that the diluent
structure is relatively free from direct fission product damage, since
only a small fraction of the fission products recoil into the diluent --
in this case molybdenum.

The disadvantage of the dispersion fuel is that the diluent decreases
the fuel density; and this can cause criticality problems for small
reactors and control problems for- any reactor, since the percentage burnup
is larger for a given reactor lifetime and, hence, larger reactivity
changes must be provided for.

The work on MoU'O2 which has been done at LASL demonstrates that fuel
pins can be constructed from this cermet which will have the long life-
times8 required for space propulsion applications. The pin configuration

4 F ATk

APPROVED 883 PEE:f C RELEASE




APPROVED FOR PUBLI C RELEASE

which has been tested at LASL is shown in Fig. L4.1. It consists of a
MohOv/oUO2 cermet cylinder clad with W by means of a vapor deposition
process., Initially this cladding was 0.0l5 inch thick, but the thick-
ness of more recently manufactured pins has been reduced to 0.005 inch.
The central hole in the pin provides for the release of fission gases.
The achievement of long lifetime for the tungsten-clad M.ohOv/oUO2 fuel
is keyed to the release of fission gases from the cermet without con-
current loss of U02. How this can be accomplished can be understood by
considering what the cermet structure is like.

Figure 4,2 is a photomicrograph showing the appearance of the MoU'O2
cermet when the U'O2 has been driven out of the molybdenum matrix. This
figure demonstrates that both the molybdenum and the UO2 are essentially
continuous phases, since the fact that a negligible amount of UO2 remains
in the depleted region means that very little UO2 is completely encased
in molybdenum. From this one gets a picture of the cermet which says
that the molybdenum is in the form of a sponge - filled with intercon-
necting channels, These channels, in a 90% dense cermet, are about 80%
filled with U02. This leaves 20% of the volume of the channels unfilled,
and it is this unfilled volume which is termed "pores" in the cermet.

It is possible to manufacture the cermet in such a way that these pores
are essentially all interconnected,

In this circumstance, fission gases can escape from the cermet by
diffusing through the U'O2 particle in which they are generated until they
reach an open pore. Once in the pores, the gases can readily escape from
the cermet, since the impedance for gas flow in the pore structure is
much less than the effective impedance for diffusion through the U'O2
particles even though the latter are very small. One might expect that
increasing the amount of porosity would decrease the average distance
fission gases would have to diffuse before reaching a pore and, thus,
enhance the fission gas release characteristic of the cermet. Figure 4.3
demonstrates the expected effect. The top portion of this figure illu-
strates the configuration of UO2 in the channels in the molybdenum for a

SRR

APPROVED *FOR*PUBLY C R.EL.EASE




APPROVED FOR PUBLI C RELEASE

l

relatively low-porosity cermet. As more porosity is introduced, one
might expect to approach the situation in the lower part of the figure
where the U'O2 is distributed in the channels in the form of spheres, and
the average distance the gases must diffuse before reaching a pore is
greatly reduced.

Evidence that increasing the porosity of the cermet does indeed
increase fission gas release has been obtained from post-irradiation
diffusion measurements on fuel pins of the type shown in Fig. 4.1. In
these tests fuel pins representing several cermet manufacturing techni-
ques were irradiated in the LASL Water Boiler reactor to & fission
density of about 10ll fission/ce. All but one of the pins was heated for

a period totaling 500 hours, and the fractional escape of Te132

was
determined as a function of time by comparing the gamma spectra of the
heated pins with that of the unheated pin.

Figure 4.4 shows the retained fraction versus time for a high-
porosity pin versus a low-porosity pin. In general, the pins termed
"low-porosity"” had porosity values in the range of 8% to 10% while the
pins termed "high-porosity” had porosity values of 12% to 13%. It can
be seen that the porosity change has a marked effect on the release of
Tel32.

The solid lines in Fig. 4.4 are the fits obtained by applying simple
diffusion theory for the escape of fission products from a sphere. The
theory predicts that the release fraction will follow the behavior shown
in Fig. 4.5. Here the calculated fractional release of fission products
is plotted as a function of the parameter Dt/ae, where t is the time at
temperature, D is the diffusion coefficient, and a is the effective radius
of the UO2 spheres. The two curves shown in Fig. 4.5 are for the case
where the pin is heated after irradiation and for the case where the pin
is heated during irradiation.

Fission gas release measurements have also been made for pins sub-
jected to long-term irradiation tests. These tests, varying in duration
from 400 to 3000 hours, were conducted in both the OWR and the MTR.
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Figure 4.6 shows the configuration of a typical MTR test capsule. The
interior wall of the nickel capsule is threaded so as to provide for
increased heat transfer rate at a given emitter temperature and thus
mock up more closely the actual thermionic diode where heat transfer
occurs both by thermal radiation (to a shiny collector) and by electron
cooling of the emitter.

The OWR test units are similar in design, differing primerily in
that a high-temperature thermocouple is introduced into the top pin and
a 20-foot pole is attached to the test unit so that the thermocouple
leads can be brought out of the reactor.

The fission gas release results obteined for the pins in the long
term irradiation tests are shown in Fig. 4.7. Here the open circles denote
the percentage of Xe plus Kr formed during the tests which was released
from the pins for various irradiation times. For the low-porosity pins,
the percentage release is rather constant with irradiation time at a
value in the neighborhood of 16%. Failure to obtain a good measurement
of Xe plus Kr release from the only high-porosity pin for which such
measurements have been attempted thus far was compensated for by a
measurement of the percentage of cesium released from the high-porosity
pin and a comparison measurement of cesium release for a low-porosity
pin from the same test unit. These two values appear as open squares in
Fig. 4.7. The high release value obtained for the high-porosity pin
indicates that the excellent gas release characteristics of pins of this
type are retained after LOO hours of irradiation.

Less direct evidence of the difference between the low- and high-
porosity pins has recently been obtained from inspection of fuel pins
which were irradiated for 5080 hours in the MTR at an average temperature
of 1800°C. The appearance of these pins following irradiation is shown
in Fig. 4.8, Visual observation revealed no sign of cracking of the
tungsten cladding. However, the tungsten surfaces were considerably
rougher than they were prior to irradiation. This was especially true

for the three low-porosity pins in the test unit. As can be seen in the
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photograph, one pin, the high-porosity pin, was considerably more glossy

in appearance than the other three., This difference is presumably caused
by the relative lack of swelling which occurred for this pin. Dimensional
measurements showed that the average diametral increase for this high-
porosity pin of 1.5% was only half as much as occurred for the low-porosity
pins, and no increase in length occurred, whereas the latter pins increased
in length by 6%. Although fission gas release measurements have not as

yet been completed for this test, one can assume that the difference in
swelling behavior results from the difference in fission gas release
characteristics.

The 5080-hour irradiation test demonstrates that the tﬁngsten-clad,
high-porosity M.ohOv/oUO2 fuel pins have the lifetime required to be used
in thermionic reactors for space propulsion, since the amount of swelling
observed is quite tolerable. Thus it can be said that the problem of
fission product damege has a solution and can no longer be considered a
deterrent to the construction of a thermionic reactor. It is also true
that & great deal more long-term irradiation testing of fueled emitters
and of operating thermionic cells is required to prove fabrication
techniques and to improve further on the results obtained in the 5080-hour
irradiation.

Restriction of U0, Loss from MoiOv/oUO, Cermet

In the first part of this lecture, the necessity of venting fission
gases from the MohOv/oUO2 dispersion fuel was discussed. Evidence was
presented which demonstrated that such release is indeed possible and
also necessary. The next question that arises is whether this gas
release can be accomplished without a concurrent release of U02. Referring
to the cermet model discussed earlier, one can see that the escape of
Tission gases from the cermet is a qualitatively different process than
UO2 loss. In the case of fission gas release, the rate-determining
factor is the diffusion of the gases through the'UO2 t0 an open pore,

Once the gases are in the pores of the cermet, the impedance they see in

e
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traveling to the escape hole is negligible compared to the effective
impedance involved in reaching the hole. For UO molecules the case is
different, primarily because the driving pressure for UO escape is
limited by the vapor pressure of UO to values less than 10 -3 torr at
thermionic emitter temperatures.

The manner in which the UO2 loss rate from a cermet surface varies
with time and with UO2 vapor pressure can be calculated with simple dif-
fusion theory. The greatly simplified model of the cermet which is shown
in Fig. 4.9 illustrates how the calculation is done. Here the cermet
is considered as an array of cylindrical channels in the molybdenum which
are 80% filled with UO,. As the UO, evaporates from the free surface
at x = 0, the solid UO2 interface recedes back into the cermet and the
impedance for UO2 molecules escaping increases. The UO2 molecular flow
from the solid UO2 interface to the free surface of the cermet at x = 0O
can be expressed by Fick's diffusion law:

dav _
Dgp =1 (4.1)

where D is the diffusion coefficient characterizing the cermet, N is the
UO2 number density and is a function of x, and J is the U'O2 diffusion
current in the negative x direction. J is evaluated by assuming that

once the UO2 molecules reach the vacuum they go away and do not come back.

Hence:
N v

= e 3~ (4.2)

where No is the U'O2 number density at x = O, v is the mean U'O2 molecular
velocity, and € is the fraction of the cermet surface (x = 0) which

consists of holes. (It also is the volume fraction in the cermet which
is not molybdenum.)

Integration of the first equation is simple enough and gives

= Nb/(l + evx, /uD) | (4.3)
o.o .3.7% 'E. E.. 3.:
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where Np is the UO2 number density at the solid UO2 surface and is
determined only by the vapor pressure of UO2 for the temperature at which
the cermet is maintained, and X is the distance of the solid UO2 inter-
face from the free surface of the cermet.

The diffusion coefficient D can be evaluated for straight cylindrical

pipes with the following result:

where r is the radius of the cylindrical channel, and T is the fudge
factor, which in this case is called tortuosity, and takes into account
the fact that the actual channels in the molybdenum are neither straight,
nor of uniform diameter, nor cylindrical, and furthermore are inter-
connected. This evaluation of D, incidentally, is the only real use
made of the cylindrical channel model.

Multiplying the molecular diffusion current, J, by the mass of the
UO2 molecule, M, gives the mass loss rate of UO2 per square cm of cermet

surface, thus:

S=w-= MeN_v/4(1 + evx, /kD) (k1)

To find the integrated mass loss per unit area, m, as a function of

time one notes that:
m = upx, (4.5)

where u = fraction of cermet which is U02, p is UO2 density, and Xy is
thickness of U02-depleted cermet,

If equation (4.5) is used to evaluate X, in equation (L.4) the
latter may be integrated with the following result:

m = (8ur,/37)[(1 + e'rvMNpt/l6pur)l/2 - 1] (4.6)

Here m is taken as zero at t = 0. For the 90% dense cermet u 2 0.36,
€ ¥ 0.45, and the average value of r is about 7 x 10'“ cm., At 2100°K,

< s °
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vis b4 x 10“ cm/sec. When these values are substituted into equation (4.6)
and the constants in the equation are evaluated, one finds that for
t > 1ou seconds the term (€TVMN t/16pur) 1/2 is much greater than unity

so that one may write

= 0.71 (pt/m)L/2 (4.7)

where m is in gm/cm?, t is in hr, and p is in torr.

A few experiments have been done which can be used to check the
validity of this expression. In one case an unclad cermet pin was heated
in vacuum and the mass loss, m, was determined periodically. The results
are shown in Fig. 4.10 where the UO2 mass loss is plotted as a function
of time. The fit of the data points is a curve that has the square root
of time dependence. The poor fit of the initial point probably occurs
because some of the U'O2 was torn out of the surface when the pin was
ground during febrication.

The variastion of UO2 loss rate with temperature (i.e. with UO2 vapor
pressure) was determined by measuring the loss rate from the central holes
of the standard fuel pin configuration (Fig. 4.1). In Fig. 4.11 the o,
loss rate divided by the square root of heating time is plotted as a
function of pin temperature. The dashed line is proportional to the
square root of UO2 vapor pressure and its megnitude is given by
equation (4.7) for a value of T of 8.5.

In another experiment, a direct demonstration of the contention that
the UO2 loss and fission gas release are qualitatively different mecha-
nisms was attempted. In this case, a combined fission gas release and
UO2 loss measurement was made on both the standard fuel pin with venting
in the central hole and on a fuel pin configuration shown in Fig. 4.12.
Here, the central release hole has been plugged by a molybdenum rod brazed
to the support tack, as shown; and a small hole has been cut in the
tungsten cladding at the free end of the fuel pin.

The results of this comparison experiment showed that placing the
hole in the end reduced the UO2 mass loss rate by a factor of five,
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while the fission gas release rate was essentially unaffected by the
change in configuration. Thus, it appears that the Uo2 loss and fission
gas escape mechanisms are virtually independent and that by introducing
diffusion barriers or smaller escape areas into the fuel pin design it
will be possible to make the UO2 loss very small without affecting the

fission gas release rate.

Interelectrode Insulation
The second major problem area which arises in the design of a

thermionic reactor involves the interelectrode insulation. _Every ther-
mionic cell in the reactor must have an insulator separating its emitter
and collector; and, for most thermionic reactor designs, a thin insulation
layer must also be wrapped around the collector so that cells may be
stacked in series and yet not be shorted out by the liquid-metal reactor
coolant, This report will deal specifically with the insulator between
the emitter and collector, but many of the considerations discussed will
epply equally well to any other insulation used in the reactor design.
In the discussion, the assumption is made that hermetic seals are required
between the insulator and the metal parts which it separates, even though
it may be possible to design a reactor configuration in which pressure
contact is all that is required.
Some of the things that one worries sbout in choosing insulator
materials and designing insulator-to-metal seals are:
1) Cesium compatibility
2) Time at temperature
3) Temperature cycling
4) Fast neutron damege
a) Swelling
b) Strength changes
c) Resistivity changes
Of these the most serious is the fast neutron damage problem; fast
neutrons scatter off atoms in the insulator's crystal lattice and in so

'8 TEe S .

APPROVED SFR LB C RELEASE




APPROVED FOR PUBLI C RELEASE

sx LT sAaw

doing transmit a portion of their energy to these atoms. For instance,
a 2-MeV neutron that is elastically scattered in a 180° angle by an
016 atom will transmit 44O keV of its energy to that atom. The recoiling
atom, which is termed a primary knock-on atom, takes off through the
lattice. It gives up most of its energy in stripping electrons from the
atoms in the lattice, forming electron-hole pairs in the process. But
this primary atom mey also collide elastically with another lattice atom
which may, in turn, do the same to yet a third, so that depending on the
initial energy of the primary knock-on, a number of atoms may be displaced
from their original locations in the crystal lattice. What this leaves

is a number of sites in the lattice called vacancies, where atoms are
supposed to be but are not. It also leaves a number of displaced atoms
trying to squeeze into the lattice where there is no room for them -- and
these are termed the interstitials. The presence of the interstitials
leads to expansion of the lattice -- and, worse yet, this expansion is
frequently anisotropic so that grain boundary separation or microcracking
may take place.

If vacancies and interstitials manage to get together they recombine.
Because the mobility in the lattice of both these species increases
repidly with increasing temperature, the recombination rate also rises
with temperature. Therefore a steady state situation between the rate
of production, which depends on the neutron flux, and the rate of recom-
bination will eventually be reached. For a given fast neutroh flux, the
higher the temperature the sooner this saturation level of vacancy and
interstitial density will be reached, and the lower will be its magnitude;
hence, the lower will be the damage to the crystal lattice. This is one
area in which the high temperature at which thermionic reactors must run
promises to be more of a help than a hindrance.

From the description of the cascade process by which & fast neutron
damages the léttice it is easy to see that the amount of damage this
neutron does is related to its initial energy. In fact, it is possible
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to derive a dameage coefficient for a given neutron flux distribution which
is -
D = Kf #(E) o(E) E aE (4.8)
o

where @(E) is the neutron spectrum, o(E) the differential neutron-atom
elastic scattering cross section, and the number of displacements produced
by the collision of a neutron with a lattice atom is taken to be propor-
tional to the neutron energy, E. This damage coefficient becomes useful
when an insulator has been tested in a reactor having one flux distri-
bution and one wishes to predict how it will behave in a reactor having
quite a different neutron flux distribution. '

The minimum energy that a lattice atom must be given before it can
be displaced from its location in the crystal lattice is approximately
25 eV. This means that for an alumina lattice, a neutron having an
energy of less than 113 eV will not be able to displace even the oxygen
atoms, and hence thermal neutrons can damage the lattice only by trans-
mutation of lattice atoms. Displacements can also be caused by electrons
and by gamma rays, which do the job by first generating a Compton, or
photoelectron or pair-production electron. However, the electrons can
transfer such a very small fraction of their energy to a lattice atom
that the damage they do is megligible compared to the fast neutrons,
since the fluxes in a reactor are roughly equivalent.

Some of the ceramics which at first sight appear of most interest
for use as thermionic cell insulators are: A1203, BeO, MgO, Th02, and
Y203. All of these are cesium-compatible; but MgO and Y203, as will
be shown later, do not look good from a neutron damage standpoint, and
ThO2 has poor electrical resistivity at 1200°K and also seems to be
susceptible to thermal shock. This leaves A1203 and BeO as the prime
candidates for thermionic cell insulators.

Figure 4,13 shows the type of ceramic-to-metal seal which has been
investigated at LASL. It is made by applying a thin tungsten coat to an
alumiha cylinder and brazing thin-lipped Nb cylinders to it with a
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high-temperature braze. At the present time, vanadium seems to work the
best as a braze materiai, since test assemblies utilizing this braze have
been heated to 1370°K for as long as 2300 hours and with 46 temperature
cycles without developing leaks in the joints. Those assemblies which
failed during this test did so by developing a leak in the ceramic body
rather than at the seal. This type of failure has been ascribed to
stresses induced by grinding and has led to changes in the method of
manufacture of the ceramic bodies.

Since resistance to fast neutron damage is really the property that
makes or breaks a given material in so far as its use in thermionic
reactors is concerned, much of the LASL effort in the field of insulators
has been devoted to irradiation testing of insulators and ceramic-to-metal
seals. A number of different ceramic materials and ceramic~to-metal seal
concepts have been tested in the MTR to integrated fast flux values in
the range of 1.5 to 3.2 x 1020 neutrons/cm2 and with temperatures nominally
in the range of 500° to 900°K. (As used here the term "fast" refers to
neutrons having an energy of = 1 MeV.) The integrated thermal flux values
which the units in these tests saw were about 9 times as high as the fast
flux values.

The test units were cylindrical stainless steel capsules shown in
Fig. 4.1k, These were loaded with the samples to be tested and outgassed
for 24 hours at 900°C before being welded shut in one atmosphere of argon.
The specimen temperatures were calculated on the basis of known MTR gamma
heating rates and the conductivity of the argon.

The tests revealed that some insulating materials do not withstand
fast neutron damage very well., Figure 4,15 shows a series of MgO disks
which saw 1.5 x 1020 nvt of fast flux. Extensive cracking is plainly
visible in all six of the samples. The volume increase for these samples
amounted to 30%.

Figure 4.16 shows some yttria discs which also experienced 1.5 x

1020 nvt of fast flux. Cracking took place in these samples also and is
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quite obvious for one of the disks. However, the actual volume increase
which occurred for these samples was only 2.5%.

In general, all of the alumina insulators that were tested
held up well under the irradiation treatment. Figure 4.17 shows an
Al-300 insulator made by Western Gold and Platinum Co. which has seen
3.2 x 1020 neutrons/cm2 integrated fast flux at TOO°K.

Figure 4.18 shows a ceramic-to-metal seal which was subjected to
3 x 1020 neutrons/cm2 at 900°K. This seal was made by brazing a tungsten-
metallized Al-300 insulator to niobium with a palladium/cobalt braze.
This did not work well because the braze materisl ate its way through
the thin lips of the Nb pieces and, as a result, the assemblies leaked.

Figure 4.19 depicts a tungsten-metallized Al-1L4 insulator
(99.5% A1203, 0.5% Y203) which was irradiated to 3.2 x 10%° nvt of fast
flux at about 700°K. Insulators of this type were also vanadium-brazed
into niobium test pieces and irradiated to 2.0 x 10°° nvt at 970°K. One
of these is shown in Fig. 4.20. Three of the four assemblies thus tested
were helium leak-tight following the irradiation. The leaking assembly
was sectioned and examined metallographically. As shown in Fig. L4.21
both the ceramic and seal do not appear damaeged by the irradiation ex-
posure, and it is speculated that the leak may have resulted from the
same type of failure that was observed in the long-term heating and
temperature cycling tests mentioned earlier,

In general the alumina test bodies increased slightly in volume and
in some instances decreased in resistivity. Test results are presented

in Table 4.3.
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Table 4.3

FAST NEUTRON IRRADIATION EFFECTS
Temperature Range 500°-900°K

Volume
Increase
) Sgﬂgle Fast nvt z Remarks
Mg0 1.5 x 1020 30 severe cracking
¥,0, 1.5 x 1020 2.5 cracking
A1-13 2.8 x 10" 1.k
(98% A1 0., 2% Y.0 2.5 x 1020 0.3 p~6 x 105 to
273 273 Ly
: 5x 10" Qcm
A1-300 3.2 x 1020 1.2 p~6x 10° to
> 109 Q em
Al-1k 2.8 x 10°° 1.0
(99.5% A1203, 0.5% Y203) 2.5 x 10°° 0.2 p~2x 101‘ to
>109 Q em
3.2 x 10%° 1.3

Unfortunately, the test temperatures are not well established, and it
is quite likely that considerable temperature gradation occurred in the
individual samples. As a result it has not been possible to correlate
swelling and resistance change with irradiation temperatures. However,
the post irradiation electrical conductivities of the alumina samples
appear to increase with the degree of blackening of the samples.

This is not too surprising, since both effects are dependent on
the number of vacancies introduced into the crystalline structure. In
the case of fhe coloring, one can attribute the effect to electrons
trapped in negative ion vacancies. The increased conductivity also

results from this trapping of electrons, because they are removed from
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the normally full conduction bands in the perfect insulator. When the
bands are less than full, conduction can take place; and the conducti-
vity will be proportional to the number of electrons removed and, hence,
to the density of the vacancy defects. Both the coloring and conductivity
change may be expected to go away with sufficient post-irradiation
annealing. A trend in this direction was observed when a piece of
irradiated A1203 was heated for 8 hours at 1000°C, and its color changed
from black to reddish brown while its resistivity increased by a factor
of 1000.

It is important to distinguish the conductivity changes which
develop during fast neutron irradiation because of vacancy'formation
from those which occur during irradiastion in an intense gamma flux. In
the latter case, the normal conductivity of the insulator is increased
by the formation of electron-hole pairs. The amount of increase is
proportional to the equilibrium density of these pairs which is, in turn,
proportional to the gamma flux. Since these pairs recombine rather
quickly, no residual effects are observed when the insulator is removed
from the gamma flux., Dau and Da.vis5 have measured the amount of increased
conductivity for alumina as a function of temperature and reactor power,
and find that for thermionic reactors of typical design the increase is
negligible compared to the normal conductivity for temperatures above
900°K.

The alumina irradiation results discussed sbove are somewhat
erratic but they demonstrate that alumina-to-niobium seals can be made
which will survive integrated exposures in excess of 2 x 1020 neutrons/cm?
of fast neutrons for an MIR flux distribution. In order to determine
what this means in terms of thermionic reactors where the flux distri-
bution is quite different from the MIR and varies with uranium-to-Be
ratio, it is necessary to calculate a damage coefficient in the manner
indicated earlier. This has been done, and the results are presented
in Chapter 8,
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Fig. 4.2. Photomicrograph of MolOv/oUO, cermet
showing a region depleted of 02.
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Fig. 4.4 Retention of 7el3? in irradiated cermet fuel pins versus
time at ~2200°K. Curves are those calculated for diffusion
from spherical and UO2 particles for the D/a2 values shown.
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Fig. 4.5 Fractional release of fission products by diffusion from
spherical particles as a function of diffusion coefficient,
D, particle radius, a, and heating time, t.
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Fig. 4.6. Capsule design used in long term fuel pin

irradiation tests conducted in the MIR.
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Fig. 4.8. Photograph of fuel pins irradiated for 5080 hr
at ~1800°C. Fission power density averaged

290 watts per cm® of cermet.

SR

APFIROVED FGR PUBEIEC RELEASE




VOID IN MOLYBDENUM STRUCTURE

VOID IN CERMET STRUCTURE

APPROVED FOR PUBLI C RELEASE

MOLYBDENUM

e O”W.N" oﬂo b

APPROVET3 ¥R PUB} | G RELEASE

O2 loss

ction of time.

™

fied model of MoUO, cermet structure used to calculate U
rate as a

i

Simpl

Fig. 4.9.




APPROVED FOR PUBLI C RELEASE

PR -
10
09
08 ///)</
-~
o7 /X/
.06 -
_ ~
05t ~ 7
~
~
04 //
- X
-~
E -
w
(®]
|
i
9.02-
w
=
ol , . . e
2 3 4 5 6 7 8 910
-4
TIME - SEC(X10 )
Fig. 4.10. Integrated loss of UO, from uncoated cermet

fuel pin heated at 21 0°K versus heating
time. Dashed line is proportional to the
square root of heating time.

:9800 o

APPRGED EGRE PHBEIC REL EASE




nIan)

U0, LOSS(

a-=

TIME (HRS.)

APPROVED FOR PUBLI C RELEASE

40
30
20
7~
b
b
e
x 7
Igﬁ // X
v
8 X
7 pd
e
6 //
5 o
4 -
3
2
| . . .
2100 2200 2300
T (°K)
Fig. 4.11, Magnitude of UO, weight loss parameter, a,

for various i‘ue% pin temperatures. Dashed
line is proportional to the square root of
UO2 vapor pressure.




APPROVED FOR PUBLI C RELEASE

3_DIA. HOLE CUT THROUGH

32
W CLADDING

BRAZE

Mo PLUG

Fig. 4.12. Configuration of fuel pin used to demonstrate
the possibility of reducing UO2 loss rate
without reducing escape fraction of fission

gases.
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Fig. L4.14. Capsules used for neutron irradiation tests of
ceramics and ceramic-to-metal seals.
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Fig. L4.15, MgO disc§oirradiated in the MTR to
1.5 x 10™" nvt integrated fast flux
(z 1 Mev).
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Fig. 4.17. A1-300 insulating bushing after exposure to
3.2 x 10°° nvt fast flux at ~ 700°K.
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Tungsten metallized A1-300 ceramic to niobium
seal made with palladium/cobalt braze after

3 x 102° nvt fast neutron irradiation at ~900°K.
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Fig. 4.19. Tungsten metallized Al-1L insulating bushing

after 3.2 x 1020 nvt fast neutron irradiation

at ~ TO00°K.
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Fig. 4.20. Tungsten metallized Al-1lk ceramic to niobium
seal made with vanadi%m braze. Fast neutron
exposure was 2.0 x 10 O vt at ~ 9T70°K.
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Fig. L4.21. Photomicrographs of Al-1L-W-V-Nb test assembly.

Irradiated 250 X
Ceramic Section

Irradiated sample

experienced 2.0 x 1020 nvt of fast neutrons at ~ 970°K.
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5. Part Two of Physics for Administrators

Ernest W. Salmi

This lecture has been billed as "Part Two of Physics for Administra-
tors," however, there will be very little physics involved. We shall
first develop a rather simplified model of a thermionic converter. This
model will then be optimized for maximum power density and then for
meximum efficiency. The results will then be compared to experiments,
and then a rather broad generalization will be made.

Since work function, plasma potentials, and sheath drop will be
turning up all the time we will begin our discussion with these subjects.
If one has & metal box which is at a uniform high temperature, and inside
the box is a high-pressure (approximately 1 torr) plasma in equilibrium
with the metal box, then one will have the potential distribution shown
in Fig. 5.1.

The definitions of the quantities shown are:

W is the work function of the metal
¢l is the plasma potential with respect to the metal
Fermi level
¢ is the sheath potential drop
N is the electron density in the plasma
N ev/h is the random current in the plasma
A is a constant equal to 120 amps/cm (°K)

The sheath potential drop, ¢, is present in order to establish
equilibrium between the Richardson current emitted by the metal and the
electrons entering the metal from the plasma. One therefore has the

gz '319 .
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equation
= AT® —eW,y _ -e¢
Jo = AT® exp kT) = Neev/h exp ( kT)

solving for W-¢, one has

The plasma potential ¢l is independent of the work function of the metal
and depends mainly on the properties of the plasma.

If the plasma pressure is varied, one can obtain the potential
diagrams shown in Fig. 5.2. The low pressure case has a potential sheath
drop of the opposite sign from the example above. In this case, the
sheath potential reduces the Richardson emission.

Suppose that the high-uniform-temperature metal box is cut in half
and the materials changed so that one half has a high work function and
the other half has a low work function. Also assume that the two halves
are isolated electrically. This situation is shown in Fig. 5.3. Since
no current is allowed to flow, there will be a uniform potential in the
center of the plasma., Therefore, the difference in potential of the
Fermi level of the two parts of the container will be

AV =6 -0

1 2

However, above, it was shown that the plasma potential depends only on the
plasme properties, therefore

and

AV = 0
This is surely a trivial case; however, many inventions have been
dreamed up which are supposed to get past this solution.
In the above case, equilibrium was established between the electrons
emitted and received by the metal. An interesting non-equilibrium situ-
ation is established if the right-hand side of the box is cooled so

..: l%l E .E. E.. 5.:
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that only a trivial number of electrons are emitted. Then the potential
diagram has the shape shown in Fig. 5.4. On the left, the value of the
plasma potential, ¢l, has not changed. On the right-hand side, since
the total current is zero, at the cold metal interface the ion and
electron current must be equal. The random electron current, Neeve/h,
is larger than the random ion current, Nievi/h, because the electron
velocities are much higher than the ion velocities. A sheath potential
is therefore developed to reduce the electrons arriving at the metal.
This is shown in Fig. 5.4 as a potential ¢2. The ion current and

electron currents are set equal by the equation
_e¢2
Nievi/lt = Neeve/l" exp (——k—T'

and since

then v
¢, = Koin (TE)
e Vi

The ratio of velocities is proportional to the square root of the mass
ratio, and using the mass ratio of an electron to a cesium ion one obtains
the value

¢, = 6.2 kT

The voltage difference set up between the hot and cold sides of the box
is given by
V= ¢l + ¢2 - W,

Since ¢l and ¢2 are independent of the work function of the hot side or
emitter, then one finds that the open-circuit voltage of a thermionic
diode is independent of the emitter work function. This statement may
need a second-order correction.

If the value of V is now reduced by interconnecting the two halves

of the box through an external impedance, there will be a resultant

CEUEE fue.
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current of electrons from the hot emitter to the cold collector. 1If the
voltaege difference, V, is set equal to zero, then one can see how the
potential diagram varies with plasma pressure. This is shown in Fig. 5.5.
In Fig. 5.5a, the pressure is very low so that the electron current is
less than the Richardson emission limit. The main potential drop occurs
at the collector side. In Fig. 5.5b, the pressure is very high. There
exists a very large potential drop at the emitter resulting in very high
electron temperatures, The electron current is at the emission limit.

In Fig. 5.5c, one has an intermediate pressure. The electron current is
almost emission-limited. At the collector there exists a potential drop.
In order to develop power, the voltage, V, could be increased to eliminate
this potential drop at the collector, and one would obtain a resultant
power output. What would be the situation for the maximum power output?
A very much idealized potential diagram is shown in Fig. 5.6 in which it
is assumed that

H
[}
2
N
g
‘ ]
(]
P
22

P=I(W1-W2)

It is admitted that this situation is very idealized and perhaps never

exists in practice. The equation for power is surely an overestimate.

However, because of its simplicity, it shall be assumed as the model for

maximum power output for a converter with an emitter work function of

value Wl and a collector work function of value W2. Throughout the fol-

lowing discussion the emitter temperature will be held constant at 2100°K.
If one assumes that both Wi and W2 can be adjusted arbitrarily,

one can ask what value should they be for maximum power. As for W2, it

is obvious that the smaller W2, the higher the power output; however, we

shall for the moment assume that W2 is 1.7 eV. As for the optimum W

value, one can set the derivative of P equal to zero as below:

1
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or

Inserting the value of

w2 = 1,7 eV

kT = .184 eV
one obtains

W, = 1.884 ev

vV = .184 volts

The power output for these conditions and this model would then be
3 x lO3 watts/cm?. This could be called a high-performence cell but, as
will be shown below, entirely unrealistic.

Another type of optimization can be performed., Instead of asking
for maximum power, assume that one desires maximum efficiency. Assuming
for the moment that there are no thermal losses, one can write the

following equations.
Power input = I(Wl + 2 kT)

Power output = I(Wl - W2)

Power output _ I(wl B W2)
Power input I(Wl + 2 kT)

Efficiency =

It is obvious that the maximum efficiency occurs for very large values
of Wl. So, for maximum power, the emitter work function should be about
1.9 eV; however, for maximum efficiency the emitter work function
should be infinite. Of course, this latter condition gives zero power

eee oce :li‘d_’ .
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output; and, since there are thermal losses, this is not a correct answer.

Therefore, one can assume a constant thermal loss, H, which then gives the
following:

Power input

]
[}

(Wl+2kT)+H

] I(wl - w2)
I(W +2kT) + H

Efficiency =E

For a maximum in E, one has

dE =
EW—- O—Wl+2kT+

1 H)
1

kKT I

H=

- (wl - w2) 1+

or

kT(w2 + 2 kt)

Wl - W2 - kT

E.
I

A typical value of H is about 20 watts/cm? which results in an
electron current of about 30 amps/cm? or 30 watts/cmz. The efficiency
would be gbout 30%. The interesting point to be made is that the maximum
efficiency is very far from the maximum power point. When one adds other
losses such as connector losses, this current density value will be
reduced still further.

Before comparing these results with experiment, a few words will be
added concerning the assumed collector work function value of 1.7 eV.

It has been assumed that the application will be in space. This appli-
cation requires a high collector temperature whiech is assumed to be
1000°K. If the work function is reduced from 1.7 eV, the collector will
start to emit a considerable amount of current. The potential diagram

at the collector will therefore have the shape shown in Fig. 5.7. One
sees that the reduction of the work function results in a sheath potential
drop which reduces the collector emission. The electrons enter the

collector with extra kinetic energy picked up while falling through the

R LR i
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sheath potential. The result is that the reduced collector work function
has not produced any useful effect. For this application, a collector
work function of about 1.7 eV is the best one can do.

For comparison between the above results and experiment, it was
decided to use the very recently published data of V. C. Wilson.l This
is a fine piece of work on a thermionic converter which had a tungsten
emitter, nickel collector, and a 0.005-inch cesium gap. The collector
temperature gave a maximum power output at about 1050°K. The cesium
pressure was optimized to give maximum power at various emitter tempera-
tures. In Fig. 5.8, the maximum power has been plotted as a function of
current. One sees that the maximum power occurs at 55 amps/émz. The
maximum power at 2100°K is 30 watts/cm?. Wilson also presents some
curves of efficiency versus current at various emitter temperatures. He
has introduced some losses for an optimized connector. These curves are
shown in Fig. 5.9. The dotted lines are simple extrapolations. As Wilson
points out in his article, the maximum efficiency occurs at about
15 amps/cm? and is almost independent of the emitter temperature. The
fundamental point to be made is that maximum efficiency occurs at a much
lower current than maximum power. This is in accord with the interpreta-
tion obtained from the above simple theoretical model.

Although Wilson has introduced an optimized connector loss, there
are still a few more resistive losses to be considered in an actual cell
design. For this reason, it is assumed that the maximum efficiency will
occur at about 10 amps/cm2 and restricting ourselves to emitter tempera-
tures of about 2100°K, the following is stated as a proposition. "All
thermionic converters for space reactor applications when designed for
maximum efficiency will optimize at 10 amps/cme.

The above proposition has some very interesting ramifications, a
few of which will now be considered. One interesting example is supplied
by some date published by Kitrilakis, et al.in 1962.2 They measured the
optimized power output of cells which had various emitter materials and
emitter-collector spacings. In Fig. 5.10, the power output has been
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plotted as a function of emitter work function, The scale on the abscigsa
is arbitrary in spacing. The materials are listed in order of their
vacuum work function. The meterials shown span a variation in work
function of about 1.2 eV. On the top curve, labeled "maximum power,"

is the meximum power output for a 2-mil spacing as reported in this
reference. One sees that the type of material used as an emitter has a
great influence on the maximum power output. The point at the top of

the graph is the value taken from Wilson. One sees that there has been

an increase of 50% in maximum power output while the spacing has increased
from 2 to 5 mils. This represents tremendous progress in maximum power
density in these few years.

Next, suppose one takes the above proposition seriously and considers
only the "10 amps/cm?" points. Using the same Kitrilakis, et al.and
Wilson data, one can plot power output at the 10 amps/cm? point for
various materials and spacing. These two curves are shown in Fig. 5.10
and labeled "2-mil" and "10-mil." The dotted curve labeled "20-mil" is
only an estimate., Wilson's value for power output at 10 amps/cm2 is also
shown.

One sees that the situation is now entirely different from the case
for maximum power. The 2-mil, 10 amps/cm2 data show that power output
is almost independent of the emitter material. Probably, thermal emissi-
vity and other questions are more important in determining the choice of
emitter material than their thermionic characteristics.

The case of a tungsten emitter and 10-mil spacing is reduced about
30% from the meximum expected value. The spacing dependence is much less
critical than the case for maximum power.

The important point to be made here is that in reactor design
requiring meximum efficiency of thermionic converters using small cesium
gaps of about 10-mils and a tungsten emitter, one can conclude that
spacing variations and long-time variations in the emitter work function
are not too critical., If one used one of the foreign gases, such as CsF
or barium - as discussed in a previous lecture - then the above statement
may be extended further.

KR AT
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Another problem to be considered is the effect of collector
materials on the thermionic power output. As mentioned above, the desired
value is 1.7 eV when the collector operating temperature is about 1000°K.
For cells with small spacings, the optimum pressure is several torr,
while in cells with a foreign gas the optimum will be at a few tenths
of a torr, and the spacing will be large. In Fig. 5.11, the work function
of various materials are plotted for a high and a low cesium pressure.

It must be admitted that this curve is not exact; however, the point to
be noted here is that one should avoid using niobium for a collector.

The use of either Mo, W, Re, or Ni for the collector in the high-pressure
cases appears to have little effect. This statement is probably in doubt
for the low-pressure case, since there is a greater sensitivity of work
function to the type of material as shown in Fig. 5.11. The result to
be noted here is similar to the emitter material question. If one
constructs the converter out of high-vacuum work function materisal,
long-term variations in the operating work function should have very
little effect on the cell performance.

The conclusion is that for maximum-efficiency thermionic converters,
the output has reached a point at which one does not expect substantial
changes through further refinement of the physics. The main problems with
a reactor thermionic converter are concerned with the design and fabri-

cation, which will be discussed in Chapter 12,
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Fig. 5.1. Potential distribution in metal and plasma at high
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Fig. 5.10. Power output for cases of maximum power and maximum
efficiency for various emitter materials.
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6. Moving Belt Radiators

Charles A. Fenstermacher

The information presented here is based on the two referencesl’2
and private communication with the Power Conversion System Group of the
Rocketdyne Division of North American Aviation Corporation. The purpose
of this monograph is to describe the moving belt radiator concept and to
summarize the optimization analysis given in Reference 2, indicating the

important parameters. An application to the thermionic system is made.

Concept .
The first published report describing the moving belt radiator con-

cept was Reference 1. This brief paper described the concept and applied
it to a 20,000 kW(e) space power supply to indicate the possible reduction
in radiator weight. The reduction was greater than a factor of two; the
42,750-pound conventional radiator was compared with a 16,000-pound
moving belt radiator.

The concept is simple and straightforward. The rejected heat from
the engine cycle is transferred to a drum which acts as a receiver or
condenser for the working fluid. The heat is transferred from the drum
to a metallic belt loop which is rotated about the drum., After picking
up heat, an element of the belt moves away from the drum and radiates
the energy to space (see Fig. 6.1).
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Variations in the design concept include the possibility of a
rotating drum with stationary belt configuration and a revolving belt
slung around a stationary drum; and, of course, the number of loops is

a variable.

Analysis

The first aspect of the system to be considered is the mechanism of
heat transfer from the drum to the belt. This will determine the size
of the drum and the temperature of the belt and, hence, influence the
weight of the system.

Consider the heat transfer as shown in Fig. 6.2. The total thermal

resistance is

r=%+%+%+%k—b- (6.1)
For working fluids and materials under consideration, h ~105 Btu/fte-
hr-°R, and (s/kD + b/fel:b)-l ~2x 1ou Btu/ftz-hr-°R, whereas H is ~
100-5000 Btu/ftz-hr-°R. So it is clear that the contact conductance is
controlling. The conductance depends on the surface contact area which
in the usual cases may be only 1% to 2% of the apparent area because of
surface roughness. Perfect contact would produce an H = o,

If one considers the case of a thin, wide belt and a thin-shelled
drum, i.e., the case for S + b << D, the heat transfer rates can be
found by applying the one-dimensional heat transfer equation to the
regions involved.

2%r 1 3% (6.2)
A Y Oy

k and cp being the thermal conductivity and specific heat of the regions
in question.
Flaherty2 has obtained an exact solution in parametric form, the

parameters being Tw of the drum, and T2 minimum temperatures on the

all
belt. For the local temperature through the drum wall, he finds:
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T -T o
2 2 X
—==1- ) exp (-(JL) 9/21'. )sin(l)n
Tw - T2 e | d’'n‘d ch d
(6.3)
OSxsX
and for the belt
T -T 2 2 2
o - X oo (AErd )y comiy), (om0
w n=1 (6.14)

SEx£x+0b

The various constants being determined, of course, by the initial
boundary conditions.

Flaherty points out that this complex exact solution of the problem
can be replaced by a simple approximation if one assumes uniform tempera-
ture for the drum wall and uniform temperature through the belt, and that
this approximate solution agrees with the exact solution within several
percent over a wide range of values of H.

The heat transferred to the belt at a time dt produces a change in
average belt temperature given by:

A(T'w B T;)

dq = ———— dt = Apbc(dTa) (6.5)
A = area of a strip across the belt
Tw =z wall temperature of the drum
Tb = average belt temperature of the element in question
r = thermal resistance
p = belt density
b = belt thickness
¢ = belt heat capacity
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Integration of this expression over the contact time tc gives

T -T
iglirjfsi = exp (-tc/rpcb) (6.6)
W

where tc is the contact time. This expression can be rearranged to give

an expression of the form of the exact solution

T, ~-T
bl b2
.T_w___:_T._e_ =1 - exp (-tc/rpcb) (6.7)

Where tb2 and Tbl are incoming and outgoing temperatures of the belt.

System Weight
Having examined the heat transfer mechanism, one uses the results to
obtain an expression for the weight of the belt and the drum in terms

of temperature and to see what the important parameters of the system

are.

Belt Weight
For the equations of the belt, one notes first that heat transferred

to the belt equals the heat radiated by the belt

M (1, - T,) = 2o'e‘Tl‘LB (6.7)
where
MN

"IN

= total mass of belt

= number of loops
= total belt length

= belt velocity
= Stefan-Boltzmann constant

oA << BH=Z2 X R
|

= gverage emissivity times a view factor for the two sides
of the belt

= % (GVf) inside + % (€vf) outside

T'= average value of T over the belt

(X3 903 001305 o:. .°
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t

Note that at each rolier the mass of the entire belt passes by in
a time L/V; and, for N loops, this gives the mass rate shown above.

For a unit area, one also finds that the heat radiated in a time dt
causes & temperature change given by

205Tudt = -pcb dT (6.8)
Noting that
at = aL/v (6.9)
one finds
L/N T, -
_ 1 dT ., _ 2¢o
L/N / b = - % [ ;11 K= cVpb (6.10)
° 1

which relates the length of the belt to inlet and outlet temperatures
and belt speed.

The average value of Tu can be calculated using this result

T Ly

2 3T, (1-1)

Tl* =% / Tl‘ aL = 2~ (6.11)
A (1/73-1)

1

where

3
|

= T,/T, (6.12)
The weight of the belt

W = pbLB (6.13)

can now be expressed in terms of Tl’ T, V, ete.; or, since the specified

weight is the parameter of interest in optimizing space power systems, and
the total power radiated is

‘r-‘ =g
B Eer PUBLI & RS EASE
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T VR
q = 2o'e‘Tl‘LB (6.14)

3
o = g = (pbE) —,Ii——(l 1) (6.15)

bTT, (1-7)

for fixed belt thickness.
If one permits varying belt thicknesses, which might be the case
for a revolving belt system in which centrifugal stresses exist, one

finds, using

q = NVBepI; (1-7)b = Me(T; - T,) ' (6.16)
that
3.
@ = —i— (1) (6.17)
6T€NVBch (1-7)
Drum Weight

Drum weight is calculated in an analogous fashion. The weight is

expressed as
Wy = BGED (6.18)

W, = weight of the drum

B = specific weight/area ratio - Wd/belt contact area

(assumed constant)

(]
]

fractional area of contact

7«BD total drum area

and remembering

-T
i:_Ti = exp (~t/rceb) (6.19)

**s 2432 .
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m o
.

and .
tc = mGD/VN (6.20)
so that
(T,-T,)
NVrpbe 2
D = (6.21)
G (Tw Tl)
Combining with
q= NVBCpTl(l-T)b (6.22)
and setting : '
u =T /T (6.23)
D 8 r o (um) (6.24)
D=3 I T, 7 (1) .
Specific System Weight
The specific system weight
=0 + o (6.25)
is now expressed in terms of system design parameter u and T
_ Br oo _ut (1/73.1)
% T (1=5) 1n (u 1) ( 5 (1) (6.26)
w
(b fixed)
5
_Br ;u U-T u (l/'r -1)
v T () 0 G * 555 Gg) P (I-7) (6.27)

[ (a/NVB) fixed]

Whether one used 6.26 or 6.27 depends on whether there is some fixed
minimum value of b, or whether the value of (a/NVB) is fixed by some
system constraint.

. A 7

R )

APPRO\/EI FOR, PUBLI’(! RELEASE




APPROVED FOR PUBLI C RELEASE

TYTSUPST T S5 T b et Tt B

System Optimization
For optimization by veriation of u, T one notes that:
1) Large u implies a small drum large belt; and, conversely
2) Large T implies a large drum, small belt

The optimization consists of trading off drum weight which scales as

f (u, T) egainst belt weight which goes as —lﬁ g(u, 7).
T
W

One also notes that ay, = aT(r), specifically the drum weight is

linear in r., If b is fixed, then it can be seen that since

T
W

T
q = NVBpe EE (1-7)b (6.28)

T is not an independent variable and

oy = aT(u) (6.29)

For this case

—Z .0 (6.30)

Leads to:

u(l-T7 u-T
1—£_7Tl—_7 - 1ln
g = pb = u-T)(u=-1 u-1 (6.31)

B 6rBd€T3 b3 (1/73-1)
(7 fixed)

where E is a design parameter, and T is picked to give minimum belt
weight, e.g., T = 0.69 (see equation 6.15).

Flaherty gives minimum values of (u-l) versus & and his plots are

reproduced here as Fig. 6.3.
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The case for varisble b, i.e., u and T both varisble, leads to
minimum values of u and T as functions of another design parameter:

2
1 G D
20 = 135 JA72E5, (E?é) E (6.32)
w

where all symbols are as previously defined and

g

c
a

acceleration due to gravity
allowable stress of the belt material

This second optimization takes into account stress limitations
imposed by allowable stress values for a rtvolving belt system.

Fleherty's plots of minimum values of u and T versus Ec are
reproduced in Figs. 6.4 and 6.5. '

Conclusions

Plots of dT versus Tw for minimum-weight values with the parameter
H are reproduced in Fig. 6.6. It can be seen the %y scales as approxi-
mately l/Ti for low H and as l/T: for H =,

It might also be pointed out that for meteorite protection,
warmour ~'A1‘3; and for the system, it is believed that only the drum
need be protected. It is this feature of the system that makes it appear
advantageous.

The choice between a revolving belt system and a stationary belt
system would be made after taking into account the following considera-
tions:

1) The revolving belt system provides greater contact pressure

and, hence, higher value for H.

2) The revolving belt eliminates a high temperature rotating

seal.

3) The fevolving belt leads to increased belt thickness.

The feasibility of this concept remains to be proved. The power

conversion group of Rocketdyne has an experimental program under contract

e BT
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with the Air Force to the tune of about $500,000 to $1,000,000 & year.
They have investigated material properties to determine best material
compatibility for a belt/drum combination. These investigations, in
hard vacuum (-10-9 mm Hg end less), examined vacuum welding, fatigue
life, and heat transfer properties. Rocketdyne has found several
materials which appear compatible. These include molybdenum for a drum
material, and stainless steel and columbium for both belt and drum,
They have achieved values of H greater than 5000 Btr/fte-hr-°R by using
liquid metal film to increase contact area. In addition to the experi-
mental program, Rocketdyne has developed a computer code to optimize
belt radiation systems, taking into account engineering realities.

Applications to Thermionic Converter System

To get some idea of the comparison of this concept with heat pipes,
system design parameters were worked out for the same conditions. These
conditions were:

T, (collection temperature) = 900°C

qrejected =18 MW
Drum material: Molybdenum, s = 0.050 in.

Belt material, stainless steel, b = 0,005

g =16 lb/ft2 contact area

H = 5000 Btu/ft°-hr-°R

T = 0.69

Results

For the above conditions, and considering & stationary drum system,
the following design resulted:

L = 650 ft

N=2

B =10 ft

D = 1,73 ft

V = 25 ft/sec
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T, = 2000°R
T, = 1380°R

of =~ 0.1 1b/kW(r)

No claim is made as to the realism or feasibility of this applica-
tion, the object here being to demonstrate that for the assumption made
for the concept, specific weights and temperatures are attained which are
within reason and competitive, If one is interested in the concept, it

would, of course, be necessary to do a more detailed investigation to get
more accurate estimates of dT’ Tl, ete.
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L = total belt length
B = belt width

belt thickness

o'
u

V = belt linear speed

Fig. 6.1. Drum belt configuration schematic.
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h = condensing heat transfer- coefficient on the inner ‘drum wall
kD = drum thermal conductivity

kb

H

belt thermal conductivity

contact conductance defined as

heat transfer rate between drum and belt
apparent contact area per ’Témp. difference

Fig. 6.2, Drum belt heat transfer schematic.
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7. Thermionic Cells

Walter H. Reichelt

Introduction

The thermionic cells that will be discussed in the following sections
are in-pile cells, that is, cells which are an integral parf of the
reactor core. As with slmost any manufactured item, the design and
fabrication of these cells is not a haphazard affair but one governed
by certain rules or guide lines and state-of-the-art knowledge. These
rules may be no more than "educated guesses" (for example, the extra-
polation of lifetimes) but nevertheless do provide design'inputs.

In this discussion, enough state-of-the-art knowledge and other
considerations will be given to permit the design of a practical
thermionic cell. In fact, this design has been successfully built and
operated here at the Laboratory and at other places. Once having demon-
strated that such a design can be built and recognizing that no one
particular design represents a unique approach to in-pile conversion, a
second design will be discussed, one that is quite different in concept.

Cell Design Considerations

Design inputs are generally derived from three sources: experiments,
theory of the physical principles involved, and the practical and total
reactor aspects. BEach category will be briefly discussed in the follow-
ing text:

1) Experiments reveal the power generation in the fuel, 300 watts/cm3
for the case at hand, radiation resistance of the components of the
thermionic cell, and whether or not the fission products have to be

TR
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vented. In the design to be discussed the fission products will be

assumed to be retained in the fuel or vented into the operating cell.

If it is necessary to separate the fission products from the inter-
electrode gap, the design is somewhat more cémplicated but not overwhelming
so,

Experimental data also provide information on the dependence of cell
output on cesium pressure and cell spacing, both of which are considera-
tions in the design, as will be demonstrated later.

For the purpose of this discussion, a spacing of 0.010 in. will be
assumed with a power output density of 10 watts/cme, 10 amps/cm? at
1 voit. > 2 The spacing is reasonable from a fabrication standpoint.
The efficiency is assumed to be 13% which is consistent with the experi-
mental data and calculations3’ 4y 5 and perheps a little more conservative
than need be. Later, calculations will indicate the range of efficiency
values.

2) Theoretical calculations lead to physical sizes of the compo-
nents. Of course, experimental data are used to get final results. The
converter is basically a high-current, low-voltage device which implies
that voltage losses due to IR drops in the components could be a problem
if not considered properly. At the same time, thermal losses could be
a problem if the voltage drops were minimized. In the final design,
voltage drops and thermal losses must be balanced to arrive at component
sizes which minimize the combined effect. Calculations also indicate
the temperature gradients in the fuel.

3) The practical aspect of cell design is that once it is designed,
can it be built reasonably? Spacing considerations are a good example
of this: & practical cell with a 0.001 inch spacing is much more diffi-
cult to build than is one with a 0.010 inch spacing. The proper mating
of components must be another area of practicality. One total aspect of
the system is that a choice must be made between a fast or a thermal
reactor system., For the thermal case, a moderator must be included in

the design. The moderator as well as the cells must be cooled. The
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coupling of the reactor to the radiator is another problem area in the

overall design.

Typical Cell Design
The cell which will be discussed in some detail has a cylindrical

emitter, and the design is one which has been the basis of almost every
proposal extended for an in-pile-thermionic reactor. This type of
in-pile cell, that is, the cylindrical geometry, has been built and
operated successfully by LASL, GE, GA, and RCA.6’ 7, 8 Two of these
groups, GA and GE, have demonstrated lifetimes of well over one thousand
hours with the maximum of twenty-five hundred hours demonstrated by the
group at GE.

The cell is shown in Fig. 7.1 which illustrates a conceptual fuel
rod containing many cells. In this design the emitter is a cylinder of
MoUO2 supported at one end by a tack of refractory metal. The tack is
mounted or brazed to the collector of the adjoining cell. A vapor
deposited layer of tungsten 0.005 inch thick is put on the fuel to form
the emitter surface. This layer also prevents evaporation of the UO2
at operating temperatures. The collectors are separated by high-purity
alumina insulators. A vanadium braze is used between the tungsten
metallizing on the insulator and the collector. The radiation shield
is employed to reduce the pin end radiation losses which reduce the
efficiency. Holes in the collector ends provide a passage for cesium
vapor migration to all units in the stack.

The layers of metal collector, insulating layer, and metal clad are
collectively known as the triple layer. Since liquid metals will be
used for cooling, the cooling liquid would short out the cells without
the presence of the insulating layer. The ceramic prevents this. The
clad of niobium-1% zirconium prevents corrosion of the ceramic insulating
layer by the coolant. This triple layer presents quite & problem area.
The bonding between all surfaces must be complete since there is a large

heat flux across it. If there are sections that are non-contacting, hot
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spots could develop which might result in cell failure. The ceramic
layer must also have enough resistance to prevent break-down when a
potential difference of about 200 volts exists across it. While this
layer has been successfully built, it has not had adequate testing under
cycling and reactor environments. The ceramic layer can be sprayed on,
vgpor-deposited on, or poured in place in a molten state. In one case,
a ground tube of ceramic is used. The cladding is vapor-plated or is

a close-fitting tube which is swagged in place. Care must be taken, in
any case, to insure that the bonding is complete.

This discussion of the cell will revolve about one unit in the stack,
consisting of an emitter, collector, and tack. In Fig. 7.2 some of the
voltage and thermal losses are given, There are radiation losses from
the pin on &all sides. The radiation shield reduces these at the free
end of the pin. Thermal conduction results in losses down the tack.

The voltage drops result from the finite resistivity of the components
in which cell currents exist.

There are three physical sizes to be determined: pin diameter, pin
length, and collector thickness. These are derived from physical prin-
ciples, while the remainder of the cell dimensions are governed by good
design practices. Examples of this latter category are the insulator
size and shape, and collector-pin base configuration.

The easiest of the three design parameters to determine is the pin
radius. Power generation in the fuel (300 watts/cm3), efficiency (13%)
and power density (10 watts/cme), are used to determine the radius.

All of these quantities are experimental values. A simple power balance
between the power generated in a volume of fuel and the power that must
leave the pin surface gives the radius:

Power generated = total power output

7rr2ep = 27 rﬂa (7-1)
r= %g = 0.5 cm
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where
r = pin radius
/ = pin length
P = power generated = 300 watts/cm3
o = power leaving surface = 77 watts/cm?

The value of ¢ is determined from a value of 10 wa.tts/cm2 output
(electrical) and the efficiency value of 13%. From the relationship
above, the radius of the fuel pin has been determined.

The pin length and collector thickness are all that remain to be
determined. As discussed in the last chapter, the quantity of interest
in the space thermionic power supply is the maeximum efficiency. From a
calculation which maximizes the efficiency will come the optimum pin
length and the collector thickness. The deteiled equations and computer
code will not be discussed because of their complexity. Instead, the
starting equations and boundary conditions will be indicated; these
show how resistivity, collector thickness, and pin radius enter the
equations. After this brief introduction to the analysis, the results
of the computer code will be given in graphical form.

The efficiency for the thermionic diode is not merely the ratio of
output to the power input. Many factors must be included:

1) Resistance in the components

2) Losses from the pin, radiative and conductive

3) Temperature gradients along the pin

4) Contributions from joule-heating arising from currents

5) Collector losses

6) Power generation in the pin

The starting point for the efficiency calculation is shown in
Fig. 7.3. The current pattern in the pin and collector are indicated
schematically along with the appropriate boundary conditions. At x = O,
the emitter current is equai to the total cell current; and at x = ﬂ,
the collector current is equal to the total cell current. The analysis

assumes a current density, (je), equation of the form:
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WINEERED.

= -b+a (v, -V) (7.2)

where a and b are constants determined from experimental I-V curves,
and (Ve - Vc) is the emitter-collector potential difference. The change
in emitter current, (Je), for a length dx is given by

4y, = -2rrdx J_ (7.3)
while the change in emitter potential, (Ve)’ is given by

pdx

e

davV = -
e
T

where Po is the resistivity of the emitter material. A similar set of
equaetions pertains to the collector:

4J = 2mrdx j_ (7.5)
- Pe 6
v, = 5 4% I, (7.6)

where Py is the collector resistivity, and t is the collector thickness,
These equations illustrate how the material quantities enter the equa-
tions. The computer code is based on the reasoning just illustrated and
includes inputs from the experimental data.

The code is set up so that the pin length is fixed, and the heat flux
from the tack end of the pin is varied. This gives a maximum in the
efficiency curve, as illustrated in Fig. 7.4. The maximum efficiency
is consistent with the assumed 13% conservative estimate given earlier
in determining the pim radius. Similar calculations can be made for
different pin lengths, and the maximum efficiency can be plotted as a
function of pin length, as shown in Fig. 7.5. There is an optimum pin
length for the maximum efficiency. The reason for this maximum point
is simple. At long pin lengths, the voltage drops in the pin and col-
lector become excessive, and the efficiency decreases. At short pin

lengths, the thermal and radiative losses from the pin ends dominate,
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and the efficiency again drops. Somewhere in between these two extremes,
the efficiency must go through a maximum as Fig. 7.5 demonstrates. An
optimum pin length has been determined. In the course of the efficiency
analysis, the collector thickness is also determined so that all three
design parameters - pin radius, length, and collector thickness - are
determined. It might be noted that the efficiencies given in Fig. 7.5
are well in line with those determined by other groups working in the
field.

The temperature profile down the pin and tack are also calculated by
the computer code. A typical case is shown in Fig. 7.6. The calculated
efficiency takes this gradient into account. The temperature drop at
the tack end of the pin is the result of the conduction loss down the
tack. The code does not include a radial temperature gradient. However,
one does exist and is shown in Fig. 7.7. In this figure the radial
change in temperature is shown for two fuels in a thermal neutron flux.
The larger gradients for the UCZrC are a consequence of its relatively
poor thermal conductivity. A comparison between the fast and thermal
fluxes indicates that the gradients are about 13% greater for the fast
case.

The important dimensions of the cell have been determined, and the
remainder of the dimensions are chosen consistent with good design
practices. All that remains then is the fabrication and assembly of
the components. The fabricafion and assembly problems are not to be
underestimated in building a stacked fuel rod. From the experiences here
at Los Alamos and at other laboratories, the first multiple-cell assemblies
present a vast array of problems. Once overcome, however, the cells
could be turned out on a production basis with little problem.

The discussion on the cylindrical geometry cell is now
complete, It has been demonstrated that critical dimensions are deter-
mined from physical principles and experimental data. Brazes, insulators,
and the like exist which are radiation-resistant. The triple layer can

Pi.ifisal fE
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be fabricated in several ways. Briefly, the stacked cell can be, and has
been, built.

It might be noted that a change in the powerAgeneration in the fuel
would not create any problems in the design. If the power generation
were 600 watts/cm3 or 150 watts/cms, the computed dimensions would change;
but the cell could still be fabricated. This observation also holds for
the design to be discussed later.

Cesium Reservoir

The experimental data shown in Fig. 7.8 indicate that at a cell
spacing of 0.010 inch, the power output of the converter is fairly
independent of the reservoir temperature for a rather broad range of
temperatures -- of the order of 25°K. The reservoir heat source can be
electric heaters, radioisotopes, or the gamma flux from the reactor. It
is a relatively simple matter to design and build a reservoir which
operates within the temperature limits described above. In fact, several
utilizing gamma heating have been built by LASL and have been operated
in the Omega West Reactor.

Alternate Design
Figure 7.9 illustrates the emitter shapes of interest. The cylindri-
cal emitter has been discussed in some detail. Flat-plate emitters, as

shown in Fig.. 7.9-b and -c form the basis for the alternate design. The
current pattern in Fig. 7.9-b is the same as that for the cylindrical
emitter where the emitter is supported from one end, and the voltage drop
is across the width of the emitter., If the emitter is supported by pins
on one flat side, as illustrated in Fig. 7.9-c, there is a different
current pattern, and the voltage drop is now across the thickness of the
pin. To be sure, the current pattern radiates from each pin, and the
drop is a little more complicated than indicated in the sketch. The
flat-plate emitters will be discussed in the following text.
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Flat-Plate Thermionic Cells

The first configuration shown under this heading is the so-called
"panceke" reactor (Fig. 7.10). The reactor was invented at LASL and in
design goals was a low-power reactor with electrical outputs in the tens
of kilowatts. While not of immediate interest because of its low power,

it is shown because of its simplicity and because it illustrates several

features which are both novel and attractive.

The emitter and collector are large discs; the collectors are
separated by large ceramic ring insulators. As in the previous design,
the fuel is M.oUO2 coated with tungsten. The emitter is supported by
refractory metal pins which also electrically connect the emitter to the
collector of the adjoining cell. The current pattern is that shown in
Fig. 7.9-c. Because of the relatively large emitting surface, each
emitter has an output which can be at least an order of magnitude greater
than that produced by the cylindrical geometry.

In the pancake cells, the collectors are flat pillbox heat pipes
which remove the rejected heat to separate radiators. Separate radiators
are used since the collectors are at different potentials, and the power
level of the reactor is low enough to make the use of multiple radiators
feasible.

In the pancake concept, the seals between the cell sections are
merely the polished metal and ceramic surfaces pressed tightly together.
The cell is "leeky"; that is, the seal is not vacuum tight, and the cesium
can leask out, The pressure for sealing may come from an external yoke
surrounding the stack of cellsj or, if the cells are constrained by an
external structure, the collector walls at the seals may be made thin
enough so that the internal vapor pressure of the heat pipe fluid deflects
the collector walls and makes the seal. To be sure, the leaks may not
be too large. In addition, the cesium reservoir must contain enough
excess cesium to make up for that lost. In the leaky cell concept, vacuum

seals are not necessary.
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With the pancake reactor in mind, the next flat-plate reactor to be
discussed is one capable of 2MW(e) output and is a much-modified version
of the pancake reactor. The design is shown in Fig. 7.11l. As indicated,
the emitter is a rectangular plate 5 cm wide by 100 cm long. The emitter
is located between two collectors, one for each side of the emitter. The
current pattern through the cell is that indicated in Fig. 7.8-b. As in
the case of the pancake reactor, the collectors are heat pipes and have
a rectangular cross section. Coolant tubes are located in the collectors.
These coolant tubes are triple-layered assemblies; that is, there is an
inmer metal tube, insulator, and outer metal tube. The outside tube of
the triple layer is welded into the end walls of the collector, and the
inner metal tube carries the liquid metal coolant. The ceramic layer
isolates the collector from the liquid metal cooling and prevents short-
ing of components. Complete bonding of the triple layer is not as
important in this case as it was for the cylindrical diode. The long
collector and triple-layered tube permit local variations in temperature
with no detrimental effects. Waste heat entering the collector is trans-
ferred to the coolant by heat pipe action. The wick in the collector
interior must be intimately connected to the coolant tube as well as to
all parts of the collector. Ceramic blocks separate the collectors as
indicated. Again, the concept is leaky. The collector edge facing the
emitter can be thinned down enough so that the internal vapor pressure
of the working fluid would force the metal against the ceramic, sealing
the system. Sodium would probably be used as the working fluid at approxi-
mately 800°C, so that the pressure would be about one-half an atmosphere.
Thin sections can be used, since the current carrier is the working fluid
in the heat pipe. Ceramic strips are also used to electrically isolate
adjoining collectors.

The emitter thickness is again determined from the power generated
in the fuel. For 300 watts/cm3, an efficiency of 13% at 10 watts/cmz,
and emission from both sides, the thickness turns out to be approximately

0.5 cm. The overall emitter size, then, is 0.5 cm x 5.0 cm x 100 cm.
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It is supported between the dual collectors, and the cell spacing is
maintained by refractory-metal-insulated pins fastened to the collector.
Pin spacing must take into account the creep rate of the collector
material at the temperature of and pressure in the collector. The
internal pressure in the collector will tend to deflect the surface in
which the pins are mounted and will tend to maintain the cell spacing.
Molybdenum screen connectors connect the emitter to the collectors of
the adjoining cell.

Figure 7.12 illustrates how the flat-plate cells may form an array
as in a reactor core. The cells are lined in a series connection in
layers. Between layers are slabs of Be moderator and thin Eheets of
alumina for electrical insulation. It may be necessary to provide
separate cooling of the moderator if thermal conduction is not adequate.
The whole system is constrained by an external frame. As the internal
pressure in the collector increases, the system tends to seal itself
because of the expansion of the collectors. The cesium reservoir has
enough excess capacity to make up for the losses that occur because of
leaks.

It should be noted that this design could also be used with a
single-sided emitter so that the current pattern would be that shown in
Fig. 7.9-c. '

Reactor Concepts

Incorporating the cells into a cbnceptual reactor will illustrate
what the final system might look like and where some of the problem areas
are,

A conceptual reactor using the cylindrical emitter fuel rods is
shown in Fig. 7.13. The reactor might be looked at in two sections.

One section to the right of the bulkhead is that section which requires
cooling. The cell sections of the fuel rods are located here. Conse-
quently, this section must have provisions for removing the rejected

heat from the collectors as well as that deposited in the materials by
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the gamma field. Since the reactor is thermal, the moderator also requires
cooling. Section "A-A" represents a cross section through several cells
and moderator. Each rod is located in the moderator in a cylindrical

hole, several of which are connected to a coolant channel - in this case,

a heat pipe. All the rejected heat flow is down the coolant channel to
the radiator. The wicks extend around both cell stack and moderator,

since the latter must be cooled also. The series cell is "U"-shaped so

as to separate the electrical connections and cesium vapor source from

the section requiring cooling.

To the left of the bulkhead - which is also a Be reflector - the
electrical connections, the cesium vapor source, and the control rod
actuators are located. Shielding may be necessary for the actuators,
since the reflectors are quite thin. The control rods are located in the
reflector as indicated,

For the cylindrical stacked cell in the configuration just discussed,
the whole core must be included in a shell to prevent. the loss of heat
pipe coolant.

When the flat-plate cells are placed in a reactor core, there exists
a different set of problems. Since the cells are leaky, there can be no
closed shell surrounding the core. Instead, the reflector must have
provisions for the escape of cesium to prevent shorting. The cells are
stacked in layers and held in position by an open support structure. Be
plates surround the whole core. Since a triple-layer construction is

used in the coolant tubes at the collector, a single radiator can be used.
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8. Summary and Scaling Laws

Ernest W. Salmi

This lecture will be an accumulation of various subjects, none of
which require the standard lecture time; however, they should be dis-
cussed because of some rather interesting conclusions. The éubjects
are:

1) Preliminary reactor designs

a) Material limitations

b) Criticality

¢) Future advances and their effect on weight to power
retio.

2) Shield for equipment and control actuators

a) Flux from reactor )
b) Present damage limitation
c) Future damage limitation
d) Shield weight

3) Summary of past talks and final weight to power ratio and

scaling law

4) Some comments on mission studies

In Chepter 4 it was predicted that the present MolOv/oUO, fuel being
tested here at LASL would have a life of 10,000 hours. Unfortunately,
to pfove this point takes a very long time. Fuel pins have been run to
5,000 houré, and data should be available on these pins shortly. The
power density has been roughly 300 watts/cm3 in these experiments. For
the present study instead of assuming the expected 10,000 hours, the
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value of 5,000 hours will be used. Therefore, the fuel is assumed to
operate at 300 watts/cm3 for 5,000 hours. Later, some comments will be
made on limitations assumed because of lack of enough information 6n
insulators.

In Chapter 7, several cell designs were discussed. If one would have
made a weight analysis of the unit cell, then one would have found that
the fuel weight was easily the predominate (58%) weight. Outside of the
cell, the remaining mass will be the moderator and reflector. Also in
the discussion of cell design, the expected efficiency was quoted as 13%.
Since the fuel density is very close to 10 g/cm3, one can conclude that
the fuel will give 3.9 watts electrical per gram, In order to estimate
the fuel required for a reactor, one simply divides power by power density.
For example, a 2.0 MW(e) reactor would require 510 kg of MohOv/oUOz. The
mass of UO2 is 212 kg. This then is the fuel mass required for a 2.0 MW(e)
reactor. One can now place a reflector around this fuel and vary the
density of the assembly until one gets a critical system. The reflector
chosen for this study was 5 cm of Be. The difference between the numbers
quoted here and those quoted in Chapter 9 will be mainly due to differences
in reflector thickness. In this approach, if one desires a 4.0 MW(e)
reactor then the above fuel mass is doubled. In Fig. 8.1, the resultant
core radius of a critical system has been plotted as a function of the
electrical power. The 2.0 MW(e) case considered above is shown at
point A on the curve labelled L = 0. This curve is for the case of no
moderator or a fast reactor. The points labelled on the curve and con-
nected by dotted lines are the lines of constant void fraction. In
following the I, = O curve, as the power is increased, the fuel mass is
increased; therefore, the density must be decreased to remain critical.

Another point to be considered is the effect of moderating the reactor.
One can teke the 2,0 MW(e) fuel mass as given above and mix in some
moderator. The moderator chosen is Be. The value L = 100 specified that
the ratio of Be atoms to U atoms is one to one hundred. The point B

235
has, therefore, the same fuel mass as point A; however, the Be moderator
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has been added. One notes that as the value of L increases, the void
fraction of the reactor increases as expected.

These reactor calculations are for idealized spherical cores. There
is no power flattening. If one starts at point B, one sees that the void
fraction is very high so there is considerable reactivity to be gained
simply by increasing the core density. This allows one to make all the
compensations needed to go to a power-flattened reactor without much
change in the total mass. This approach requires one to stay at rather
high power values in order to avoid criticality difficulties. Naturally,
a fast reactor will require a higher reactor power than the thermal
systems. '

Given now the total masses and the electrical power, one can calculate
the expected weight to power ratio o. This is shown in Fig. 8.2 as a
function of L for two power levels. The value of o at L = O is probably
on the low side, since the rest of the thermionic cell mass has not been
included. At L = 100, the Be mass is asbout four times the fuel mass, so
this is not a great error. It is obvious from these curves that the
moderator has a serious detrimental effect on the specific power. One
then asks why moderators should be considered. This returns to problems
of materials.

In Chapter 4 there was & discussion of irradiation experiments on
A1203 and on some metal-to-ceramic seals. Although there was a few-percent
volume expansion noted in the alumina, the seals remained vacuum-tight.
The total integrated neutron flux was 3.1 x 1020 nvt. The neutrons
counted are for all neutrons with energy greater than 1.0 MeV.

In the reactors being considered here, the moderator is Be. The
above experiment was done in the MTR, which is water-moderated. There
should be a considerable difference between the two neutron energy spectra.
In order to be able to make a rough compensation for this effect, it has
been assumed that the damage produced by a neutron is simply proportional
to its energy. This proportionality has been normalized to one at 1 MeV.

One can therefore use the MIR neutron spectrum and calculate a value
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vhere ¢ is the neutron energy spectrum., With t the irradiation time,
the value obtained for the MTR experiments is

0

6.t =9 x 102 nvt

D

In the reactor being considered here, the A1203 is expected to run at a
little higher temperature than the conditions of the MTR irradiation test.
This should allow one to operate at a higher.dose rate. Also, since the
evidence does not show a limiting condition, the value selected for this
study will be increased to 2 x 1021 nvt,

One can now calculate this quantity for the Be-moderated reactors
being considered above. Assuming an operating time of 5000 hours, one
gets the integrated damege dose for various values of L. This is shown
in Fig. 8.3.

One sees that the assumed extrapolated value crosses the reactor
curve at L = 100, In order to get to a fast reactor (L = 0), the extra-
polated value must be increased by a factor of 7. For the purpose of
this study, the value L = 100 will be used.

Before téking some of these numbers as final, some other interesting
observations should be made. What can happen in the future as fuels and
insulators are improved? Suppose that an improvement of a factor of two
is made in the fuel so that one can operate at 600 watts/cm3 instead of
the present 300 watts/cm3. Then one could redesign the thermionic cell
to obtain this increased performance, and the 2.0-MW(e) reactor now
becomes a 4,0-MW(e) reactor. Suppose that the insulator irradiation
experiments show that one can go from the present value of 2 x 1021 nvt
to 4 x 10°% nvt. One can have the following cases:

.o: o;o }73 00:0 E" §
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The curve from Fig. 8.3 has been transferred to Fig. 8.4 and other
curves have been added to cover the above examples., The possible opera-
ting points are labeled A, B, C, and D. In order to see how these
variations effect the value of o, a new set of curves has been plotted
in Fig. 8.5. The same points as above have been labeled on Fig. 8.5.
One sees a very interesting point in that improvements in insulators has
the same effect as improvements in fuels., A balanced program should take
both into account.

As mentioned above, the reactor study shown here will be based on
the presently established material limits shown by the label A. From
Fig. 8.5 one obtains the value of 0.85 kg/kW(e). Because of a change in
the thickness in the Be reflector, the detailed reactor study to be
discussed in Chapter 9 will have an o of 1.13 kg/kW(e). Since this
system has had the most work done on it, this will be the final value
quoted in the summary.

Another subject to be considered in this lecture is the problem of a
shield for equipment. In Fig. 8.6 the damage flux of neutrons leaving
the reactor is shown as a function of I.. The gamma flux is shown in
Fig. 8.7. As in the previous curves, the flux values are almost inde-
pendent of the reactor design power. Since the value of I. has been
chosen as 100 and the operating time is to be 5,000 hours, then one

obtains for the neutrons a value of 2.45 x 1020

nvt; and for the gammas,
the value becomes 1.4 x 102 Rad. |
The other half of the problem is what integrated dose can be tolera-
ted. For fast neutrons a value of 1019 nvt seems to be a reasonable
value, As for the integrated gamma dose, a value of 1012 Rad has been

chosen. This rather high value was picked because of some recent work on
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control rod actuators. Recently, tests on electric stepping motors have
completed 10,000 hours of operation at a total dose of 1.6 x 10ll Rad.
Actuators have been designed and are under test which are expected to go
to a total gamma dose of 1013 Rad.

Using the above limiting values, one can calculate shield weights
using various materials. If one assumes the material is LiH, then for a
reactor of 2 MW(e), the shield would weigh about 100 kg for a reactor of
this diameter.

One would now like to make a short summary to show what the total
engine weight and specific power will be. As has been mentioned several
times before, the reactor weights given in Chapter 9 are shown in
Table 8.1. This reactor is expected to produce 20 MW(t). This reactor
design is based on the thermionic stacked cell design which was discussed
in detail in Chapter 7. The bases of this particular cell design are the
fuel and insulator irradiation material testing which was discussed in
Chapter L and the-present lecture. As for the material limitation on the
thermionic performance, Chapters 1 and 5 showed that at 10 amps/cm? and
0.025 cm spacing, a reactor thermionic cell designed for maximum effi-
ciency is only slightly affected by materials. From these considerations
a value of 13% efficiency was derived. Therefore, the above reactor
should have an electrical output of 2.6 MW(e). The amount of waste heat
to be radiated would be 17.4 MW.

In Chapter 2, the heat pipe radiator optimization was discussed. The
value calculated for radiators of about this size was 0.05 kg/kW(t) for
a dump temperature of 1200°K. Due to uncertainties in problems of fabri-
cation of the radiator and the possibility of lowering of the operating
temperature to a more favorable value for the Be moderator and reflector,
this number has been doubled to 0.1 kg/kW(t). Using this value, one
obtains the weights shown in Table 8.1. In this present chapter the
shield for equipment has been calculated and is also shown in Table 8.1.
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Table 8.1

SUMMARY OF COMPONENT WEIGHTS

Reactor core 1913.39 kg
Reactor reflector 1012.52
Equipment shield 100.00
Radiator 1740.00
Controls 75.00
Busbar 303.00
Arc jet g1.00
Lithium tanks 1486.00
Total® 5720.91 kg

Jet power is 1.9 MW
o = 3.0 kg/kW jet

In Chapter 3, the weights of the busbar and motor were given and
are also shown in Table 8.1. The Li tank weights were also discussed and
resulted in 2% tanks. This value appears in Table 8.1. Another important
point from Chapter 3 is that the Li arc jet is expected at present to have
an efficiency of 75% at 5000 Isp‘ This means that the 2.6 MW(e) value
becomes 1.9 MW jet power.

The total weight is 5721 kg which results in a specific power, o,
of 3.0 kg/kw jet power. This value is lower than was expected. 1In the
mission studies to be discussed in Chapter 12, the lowest value considered
was 3.5 keg/kW.

This system is designed to operate for 5,000 hours. What would the
weight become if one had designed for 10,000 hours? The fundamental
problem is connected with the fuel. There has been a considerable amount
of discussion on this question, and the answer is not entirely clear;
however, it will be assumed here that the fuel which can run at 300 watts/cm3
for 5,000 hours can also run at 150 watts/cm3 for 10,000 hours. This
assumption says that the fuel can be used to a glven energy limit (or
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power density multiplied by time), and this limit is 1.5 Mw-hr/cc. The

shield and lithium tank also depend on the total available energy of the
system.

The weights of other parts of the system depend only on the power

as, for examﬁle, the busbars and the arc jet. The radiator mass actually
5/l

varies as P . The exponent comes gbout because of the meteoroid pene-

tration probability. One can set down an approximate equation for the
mess of the system as

M=aPt + st/u

and

or

= at + bPl/u

o oog)

Using the values given in Table 8.1 to evaluate the constants, one
obtains

R
]
a-1 4

R
]

",‘" 90’"’2
o=3.78 x10  t +
t17E

~ where t is in hours of reactor operating time. In Fig. 8.8, the pre-
dicted value of o has been plotted as a function of the reactor operating
time. For long operating times, the o becomes very large. At the short
operating time, the radiator becomes very large and the « increases
again. In general, one can conclude that one should reduce the reactor
operating time to a minimum. This statement naturally leads to some
comments on mission studies.

The reactor that has been discussed here has an operating time of
5,000 hours and an o of 3.0 kg/kW(e)., This mission, which will be
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1

discussed in Chapter 12, is the manned Mars mission, similar to the STL
study for the Nerva reactor. Generally, a nuclear electric propulsion
round trip to Mars assumes that the reactor operating time is 10,000 hours.
This long operating time comes about because of the method used in most
reported mission studies. The method often used is called "variable
thrust, power-all-the-way calculation.” In this calculation, the reactor
is operated all theltime; however, the Isp is varied to change the thrust.
Melbourne and Sauer made a very nice study comparing the variable-thrust
method to a constant-thrust-and-varying-propulsion-times method. The
mission they assumed was a 160-day transfer from earth to Mars. Assuming
an Isp of 5000 sec, one can obtain from their curves the t&tal energy
(or power multiplied by time) which is required for various propulsion
times. This is shown in Fig. 8.9 along with the variable thrust value.
One sees that the total energy requirement is about one-half of the vari-
able thrust case. In Fig. 8.10, the mass ratio of payload plus engine
has been plotted as a function of propulsion time., If one assumes the
same payload as one obtains from the variable thrust case, one can cal-
culate an o, This is shown in Fig. 8.11. The o required has been
reduced by 17% from the variable thrust case; however, the operating time
has been reduced by a factor of 2. One could add to Fig. 8.11 a curve
similar to that given in Fig. 8.8 for some hypothetical engine design
but with a variable energy limit. In some cases one would find that the
engine could not be designed for the variable thrust case; however, it
could be designed for some shorter propulsion time.

The important point from this example is that for a round trip to
Mars using a nuclear electric propulsion engine, one does not need a
10,000 hour operating time. An operating life of 5,000 hours is adequate,
and in some missions this operating life may still be reduced very con-

siderably.
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9. Thermionic Space Reactors

Richard C. Anderson

Introduction

The thermionic space reactor consists of a cylindrical core, surrounded
by a beryllium reflector. The core consists of a number of unit cells,
each of which contains a single plasma thermocouple and the coolant and
moderator associated with it.

An attractive feature of thermionic reactors is the absence of the
external machinery required by conventional reactors to extract electri-
city. In line with this feature, the reactor is designed to be cooled
by heat pipes, thus eliminating the machinery normally required to pump
coolants through conventional systems. The coolant material may be
either Na or Li'.

The moderator is beryllium at 85% of normal density, the 15% void
fraction being reserved for heat pipes. There is to be one heat pipe for
each two fuel elements.

Three types of plasma thermocouples have been considered; In each
case the fuel material is MoU02.*

In the first type considered, the fuel was in the form of small
circular discs. This type of fuel element had two disadvantages: First,
the void fraction required for heat pipes was too great and criticality

problems developed. Second, the power-flattening problem was more severe
than had been anticipated.

*
This "standard fuel," referred to below, is defined as MohOv/oUO2 with
fully enriched uranium. '
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In the second type, the fuel element was in the form of long
(50-100 cm) rectangular plates. This design required not only power-
flattening from one element to the next, common to all designs, but the
additional problem of power flattening within each individual element.

With additional work, the difficulties presented by the first two
types of fuel element could probably be overcome; but, instead, effort
has been concentrated on the third type, the stacked cell design. The
plasma thermocouples in this design have the distinct advantage of being
very similar to the types which have been extensively built and tested
at Los Alamos and other places. It is with reactors consisting of fuel
elements of this type that the remainder of this paper is concerned.

The nuclear calculations for this study have been performed using
the DTK programl’2 which solves the multigroup, angle- and space-dependent
neutron transport equations by means of the angular segmentation (Sn)
method. The calculations were done with 18 groups and the Sh approxi-
mation, using Los Alamos group-averaged cross sections.3 Non-nuclear
properties were calculated by standard techniques. The only calculation
of which the details are important is the power calculation, since it has
a bearing on what follows. The power calculation is based on the assump-
tion that the system produces 300 watts (total) per emd of MoUO,, fuel
material, and therefore depends on the volume of fuel material and not on
the U-235 content. Based on the values given in Chapter 7, the efficiency
will be assumed to be 13%.

Ground Rules
There are six ground rules under which the reactor has been designed.

The ways in which they effect the design are discussed below. The six
rules established: 1) criticality, 2) fixed power level, 3) maximum damage
flux, 4) reflector control, 5) specific mass, and 6) power flattening.

The first criterion, that of criticality, needs no further elabora-
tion.
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The power level of the system has been fixed at 2.6 MW(e). Given
a unit cell design which produces a known amount of power and has a known
volume, the dimensions of cylindrical, 2.6-MW(e) cores can be computed
and the radii plotted as a function of the heights. Also, from the unit
cell properties, the dimensions of critical systems composed of such cells
can be estimated and plotted. When the 2.6-MW(e) curve and the critical
curve are plotted together (see Fig. 9.1) one of three situations arises:
In situation (I) there are two intersections indicating that there are
two possible reactors - a short fat reactor and a tall thin reactor. In
situation (II) there is no intersection, indicating that a critical
2.6-MW(e) system cannot be achieved with the unit cell as designed. In
situation (III) there is a single intersection corresponding to a height-
to-diameter ratio near 1. It is this geometry which, for reasons to be
pointed out below, is to be desired. If the unit cell design produces
situation (I), there are three ways in which the cell may be altered to
give situation (III): the void fraction may be increased, the amount of
U-235 may be reduced, or the amount of moderator may be reduced. Con- ‘
versely, situation (II) may be converted to situation (III) by the
reverse operations. The analysis of the unit cell by this method does
not define the reactor, nor does it necessarily produce a finzal version
of the unit cell; but it does provide a convenient means of evaluating
the potential worth of various proposed designs.

The demsge flux, as defined in Chapter 8, is a measure of the damage
incurred by reactor components as a result of neutron irradiation; the
maximum allowable value is based on experimental data. The damage flux
in the unit cell is controlled by the amount of moderator, since the more
thermal the reactor, the lower the damage. It has been found that a
Be/U-235 atom ratio of 100/1 results in a demage flux well inside the
maximum acceptable value. It is necessary that the damage flux of the
cell be significantly less than the maximum allowable amount, since the
damage flux as calculated for a typical unit cell is based on the
average power density in the core, while the damage flux of interest is

RECTERIL A L

”t

APPROVED *FOR PUBLI® RELEASE



APPROVED FOR PUBLI C RELEASE

3
.

the maximum, which cannot be obtained from a unit cell calculation.

In a bare or reflected homogenous core (consisting of identical unit
cells) the maximum fast flux, and therefore the maximum damege flux, is
at the center of the core.

In the final design of the reactor, it is necessary to utilize cells
containing less than the standard amount of U-235. These cells must have
a higher flux in order to produce the required power; and, hence, the
damage flux in these cells is higher than in those containing standard
fuel material. The cells containing the least U-235 are at the center
of the core.

The control elements are located in the radial reflecfor in order to
minimize the effect of controls on the power distribution; consequently,
it is necessary to place a reflector around the core which is thick enough
to contain sufficient reactivity to control the reactor and to accommodate
the control elements.

The control system, as visualized, consists of a number of rotating
drums, each with a thermal neutron poison on one side. When the poison
is rotated in toward the core the reflector is, in part, effectively
removed. When the poison is rotated out, the reflector is replaced and
the poison removed.

Contributions to the specific mass of various core components, based

on 13% efficiency and standard fuel material, are given below:

Fuel pin 0.240 kg/kW(e)
Hardware 0.192 kg/kW(e)
Moderator 0.295 kg/kW(e)

Total core 0.727 kg/kW(e)

The volume of the reflector depends on its thickness and on the core
shape. For a given reflector thickness, the volume is minimized when the
core height-to-diameter ratio is 1. (This is the first reason for
selecting this core shape.)

The contributions to the specific mass of four different reflector
thicknesses and the totals for the core and reflector are tabulated below:
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Thickness, cm 5 10 15 20
Specific mass of .

reflector, kg/kW(e) 0.175 0.384 0.632 0.923
Total specific mass,

kg/kW(e) 0.902 1.111 1.359 1.650

A reflector thickness of 10 cm has been arbitrarily chosen. fThis thick-
ness is too large from the specific mass standpoint, small from the power
flattening standpoint, adequate for control, and necessary for criticality.
The resulting total specific mass is 1.11 kg/kwW(e).

No effort has been made to estimate the contribution for such
components as cesium reservoirs, electrical and plumbing connections, etc.

The requirement that the power be as uniform as possible throughout
the core at all times is the most severe of the ground rules,

The term '"power ratio', as used below ﬁas one of two meanings:

1) When the core is treated as a homogeneous medium so that the power
density is a continuous function of position, the power ratio is the
ratio of the maximum to minimum power densities; or 2) when the core is
treated heterogeneously and each unit cell calculated separately, the
power ratio is the ratio of power in the maximum power cell to power in
the minimum power cell.

There are & number of ways of flattening the power, the most
attractive of which is by using the appropriate reflector thickness,
referred to below as the optimum reflector. Unfortunately this method is
not applicable to the 2.6-MW(e) core for two reasons: 1) The thickness
of the optimum reflector increases with increasing core size. For small
cores, the optimum reflector thicknesses are in the 5- to 1l0-cm
range, For cores the size of the core under consideration here, the
optimum reflectors are in the 15- to 20-cm range, and their use
results in an excessively high specific mass; and 2) the minimum power
ratio also increases with increasing core size. For small cores, power
ratios like 1.1 are easily obtained, but on the 2.6-MW(e) cores the
minimum power ratio is about 1.L4.
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The optimum reflector and the minimum power ratio can be reduced in
both the radial and axial directions by increasing the void fraction in
the core, but the design under consideration is not sufficiently super-
critical to permit taking advantage of this feature. The optimum reflector
thickness and the minimum power ratio can be lowered in one dimension
(and raised in the other) by use of an extreme (e.g. tall, thin) geometry.
This technique proved to be of no particular value, since the gains in
the one direction were small, and were more than offset by the losses in
the other direction. For this reason, a core with a height-to-diameter
ratio near 1 appeared to be the most attractive, since it, in a sense,
minimized the power flattening problem in both directions simultaneously.

Other methods of power flattening include modifications in the
amount of void and moderator in the core. These methods have not been
explored. The power flattening beyond that produced by the 10-cm reflector
has been accomplished by reducing the amount of U-235 in the unit cell.
This can be done in two ways: 1) Use of low enrichment uranium (in
MohOv/oUOz), provides a flat power distribution, but leads to a sub-
critical system; and 2) use of low-UOa-volume-fraction material (with
fully enriched uranium) leads to a flat power distribution and a critical
system, but these fuel materials are so different from the standard
composition that their behavior under irradiastion is unknown.

To partially compensate for the problems introduced by the use of
low-volume-fraction fuel material, the lowest volume-fraction material
has been replaced by low-enrichment material in the reactor design. The
power cannot be flattened by using a few, widely spaced volume fractions
or enrichments. The power can be flattened completely only by assuming
that volume fractions and enrichments in adjacent cells may vary by an
arbitrarily small amount. In general, the power ratio will deviate from
1 by sbout twice the minimum percentage increment in the volume fractions
and enrichments. The factor of two is due to combining the exial and
radial power distributions.

37 I g e e,
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The power ratio in the core is a function of time, and the power
distribution varies during the life of the reactor, due to two principal
effects, burnout and control.

In Fig. 9.2 it is assumed that the power is flat at the beginning
of life. At the end of life (5000 hours) the burnout causes the power
ratio to increase to 1.05. At the beginning of life, the control poison
is rotated inward toward the core. At the end of life it is removed,
and a power peak develops in cells nearest the reflector. The power ratio
at the end of life, due to the total of both effects is 1.18.

The proper approach is to design for a flat power distribution at
the middle of life, and have a power ratio of 1.09 at both the beginning
and the end of life,

Detailed Design of the Reactor

The reactor which most nearly meets the requirements of the various
ground rules consists of 649 fuel elements arranged in a hexagonal lat-
tice, with 15 cells per element. (Here, it is assumed that the heat
pipes, provided for by the void fraction in the moderator, lie at the
centers of half of the triangles formed by three adjacent elements;
this design is the one most closely approached by the mathematical model.
The alternative design, in which the fuel elements and heat pipes are
all on the hexagonal lattice - every third lattice point being occupied
by a heat pipe - would be calculated using the same model, bu£ the
approximation would be less close.) The UO2 volume fractions range from
26% to 49%, and the uranium enrichments from 51% to 69%. There are a
total of 9735 cells producing 2.638 MW(e). The slight excess over the
nominal amount of 2.6 MW(e) is due to requirements for integral numbers
of cells and symmetry about the core axis. The core height is 97.5 cm
and the diameter if 98.1 ecm. Figure 9.3 shows the enrichments and
volume fractions in the unit cells in the upper right hand quadrant of

the core. The weights of reactor components are:

..3.9.7 . ..:o E.. :.s.:
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Core 1917 kg
Reflector 1013 kg

Total 2930 kg
U-235 147 kg

The specific mess is 1.11 kg/kW(e).

The damege flux over 5000 hours is 2.7 x 1021 neutron-Mev/cmz. This
value is slightly above the lower estimates of the experimental meximum,
and well within the values based on higher estimates.

The power ratio, exclusive of the control effects, is 1.06. It is
probable that by carrying the calculations through one or tﬁo more
iterations this could be reduced somewhat. The addition of 9% for
control and burnout leads to a total maximum power ratio of 1.15.

The problem of controlling the reactor has been studied only super-
ficially in order to insure that the conditions required to design a
control system do indeed exist. The short-range kinetic aspects have not
been investigated. The long-range reactivity requirements for control

are estimated to be:

Burnout -1.8%
Temperature change between cold and hot critical: -0.3%
Fission products (exclusive of Xel35, which is to be

vented): -0.2%
Total: -2.3%

The reactivity worth of the radial reflector is 13.4$, indicating that
there is indeed sufficient control available in the reflector.

General Problems

Even the most precise calculations, in the absence of a nearby
experiment to which the results can be normalized, can determine the
k. pp OFf the system to within only 2% or 3%; and it is necessary to
determine what changes should be made if the reactor turns out to be
either slightly overcritical or slightly undercritical.
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In the case of overcriticality, the preferred solution would be to
replace as many as possible of the unit cells containing low-volume-
fraction fuel by cells containing low-enrichment fuel, thus further
reducing the material problems associated with low-volume-fraction
material,

In the case of undercriticality, the preferred solution would be to
réise the power slightly by putting another ring of fuel elements around
the core. Alternative solutions, which would raise the specific mass
appreciably, would be the addition of moderator or an increase in reflector
thickness.

Even if one or more of these modifications must be introduced, it
is believed that eny reactor based on this conceptual design would differ
only slightly from the design presented here.
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10, Integrated System
Albert W. Blackstock

In this system study, the modular concept is used; i.e., the system
consists of a number of modules assembled together, each containing a
thrustor, a reactor and a radiator. These modules are connected to a
single crew compartment.

Figure 10.1 represents a module without the radiator, since it is
so much larger than the other components.

The arc thrustor is about 1.7 feet in diameter as well as in length.
It radiates the unconverted electrical power and does not contribute to
the heat radiated by the main radiator.

The bus bars are made of copper and are 1.2 inches thick, 4.3 inches
wide and sbout 15 feet long. They radiate the heat produced in them both
by Jjoule-~ and gamma-heating. Some weight saving would result from using
liquid Na as the bus material, but this may be offset by the weight of
plumbing, valves, pumps, etc.,, that would be necessary. Structural mem-
bers are also indicated in the figure. '

The LiH shield is about 5 cm thick and weighs about 100 kg. The
drive rods for the control drums pass through the shield to the drive
motors, which are indicated. There may be 35 or 4O control drums in the
reflector. The 5 cm of Li is that necessary for an L of 100. Since an
average L of 140 was arrived at in Chapter 9, somewhat less shielding
would be required. Both reactor and thrustor instrumentation and controls
are protected'by this shield. The bus bars go through the shield to the
current header (not shown) which collects the current from the 649 fuel
elements. The reactor dimensions, including the shield and 10-cm radial

. .;wM“—(
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and end reflectors, are 3.9 feet in diameter by 4 feet in height. A
pressure shell, not indicated, surrounds the reactor and is vented to
permit fission gases to escape. A thermionic conversion efficiency of
13% was chosen in Chapter 7 as a reasonable figure, which yields 2.6 Mw(e)
from the 20 MW(th) reactor.

Figure 10.2 shows four modules in & Saturn V 300-mile orbital pay-
load. This figure will serve to illustrate the radiators, each of which
is shown joined to a reactor/thrustor unit., Each radiator is cylindrical
in shape with a frustum of a cone joining the reactor to the cylinder.

No folding of the radiators is required. The operating temperature of

the radiator is teken to be 1000°K and the emissivity, 0.85. This
emissivity can be achieved by a Ni carburizing process which is a standard
practice for radiation-cooled anodes of power tubes which operate for
about 10,000 hours at temperatures of about 800°C. For this temperature
and emissivity, 4.8 wa.tts/cm2 can be radiated. For the 13% reactor con-
version efficiency mentioned, 17.4 MW must be radiated from a 20-MW
reactor. This requires 361 square meters or 3880 square feet of area.

A 45° half-angle was chosen for the frustum, and the diameter of the
cylinder was taken equal to that of the maximum payload diameter for the
Saturn V 300-mile orbital vehicle, namely 33 feet. For the required
radiating area, the height o6f the frustum is 14.5 feet and that of the
cylinder 26.0 feet, for a total radiator height of 40.5 feet. The outside
surface area alone equals the required area. This point will be discussed
further later on. These dimensions give an L/D of 1.23, compared to an
optimum value of 1 given in Chapter 2.

The heat flux through the end of the reactor is approximately
1500 watts/cm?, considerably greater than the 200 watts/cm? maximum
demonstrated thus far for a heat pipe. To accommodate this heat flux,

a single large heat pipe can be used in the transition portion of the
radiator. The thickness of the radiator at its point of maximum thickness
is determined by calculating the point at which enough heat has been
radiated to reduce the heat flux in the radiator to 200 watts/cme. This

08 see een 204
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thickness is 3.4 feet, As pointed out in Chapter 2, the thickness of the
remainder of the radiator at any point is proportional to the area beyond
that point. It is 2.4 feet at the intersection of the frustum andAcylinder
and tapers down to twice the armor thickness, or about 8 mils, at the end.

For a 456-day mission calculated (Chapter 12), the same time as the
STL mission, the weight of a module - excluding structure but including
the reactor, reflector, actuator shield, controls, radiator, bus bars,
thrustor, propellant and tank, and reactor pressure shell - is about
36,000 pounds. Thus, four modules would weigh about 144,000 pounds,
which leaves about 96,000 pounds of the Saturn V 240,000-pound, 300-mile
orbital capability for other payload and structure. The volume required
for the Li propellant at 20°C for four modules in this mission is about
2,800 cubic feet. The volume of the hollow space below the lowest module
alone is 21,000 cubic feet, leaving a large volume for tanks, crew com-
partment, Mars lander, and other payload. In addition to restrictions on
payload weight and envelope or volume, limitations on the center of gra-
vity, the nose cone shape, and the load distribution on the bcoster
structure must be considered,

For the reference mission mentioned, a power of 27.9 MW(e) is needed,
which requires 11 of the 2.6 MW(e) modules. This would amount to three
Saturn V orbital payloads. The initiel mass of the ship in orbit is
720,000 pounds, One of the Saturns would, of course, carry only three
modules, leaving another 36,000 pounds and a large additional volume for
other payload.

Figure 10.3 represents one possible configuration for the 11 modules
and a plausible one, it is hoped. The modules are arranged on a circle
with a distance between radiators equal to the diameter of a radiator,

33 feet. This results in the reactors being on a circle with a diameter
of 234 feet and the diameter of the outer circle is 267 feet. The cen-
ter circle represents the propellant tank and crew compartment, which are
located considerably above the modules. The "spokes" represent structural

members.
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The support ring and short members connecting the modules to it
permit a module to be jettisoned should its reactor or thrustor fail.
Perhaps an even number of modules would be better in this respect, and
the mission could be redetermined to permit an even number to be used.
However, with 11 modules, a jettisoned module could probably be compen-
sated for if the thrustors were properly mounted on gimbals.

Figure 10.4 shows a side or sectional view of the assembly folded
so that it is all in one plane, but omitting any modules in between the
two shown. The 23L4-foot diameter is shown, and the distance from any
reactor to the crew compartment is 200 feet. As mentioned before, the
required radiating area was obtained using only the outside surface of
the radiators. However, the radiators will "see" each other to some
extent, but this would be compensated for by radiation from the end.

It is desired to use the propellant as reactor shielding during as
much of the trip as possible. Individual tanks for each module were
considered, but it is difficult to arrange them and the other components
so that the remaining propellant always shields the crew. So, a single
propellant tank is shown here, which actually may be a cluster of tanks.
It is assumed to be a 2% tank. The total propellant mass for the refer-
ence mission is 258,000 pounds, which, for Li at 20°C, would occupy a
volume of 7,740 cubic feet or 219 cubic meters. For this volume the
tank shown, a frustum of a cone which just shields the crew compartments,
is about 8 feet high and has a large diameter of 41 feet and a small
diameter of 30 feet.

The lower, main crew compartment as shown is a cylinder, 17.5 feet
in diameter by 9 feet high, with a volume of about 2150 cubic feet. The
water tank provides shielding for the crew during the last few days of
the trip, when the propellant tank is becoming empty. During this time
the crew is in the upper conical capsule, of L50 cubic feet.l The water
tank is 3.5 feet deep and contains about 41,000 pounds of water. In
Chapter 11 the crew dose during the last part of the trip and shielding

arrangements against solar flare and Van Allen belt radiation are

E® FER,POELI C RELEASE




APPROVED FOR PUBLI C RELEASE

discussed. In the configuration shown, insufficient shielding is provided
for slow traversal of the Van Allen belts. Another hooster, & three-stage

Saturn V which can deliver 90,000 pounds to escape, will rendezvous
with the ship in high earth orbit, beyond the most intense part of the
belts and deliver the flight crew. Still another smaller booster may be
required to rendezvous the assembly crew with the three low-orbital
Saturn V's, if they cannot go in one of these. But perhaps the assembly
crew could go in the one containing only three modules.

In connection with Van Allen belt shielding, the propellant mass
in excess of that needed for escape is 240,000 pounds. If this amount
of Ii is put in a spherical shell 100 g/cm? thick, which is that estimated
to be necessary for Van Allen shielding by Moeckel,2 the volume of the
cavity inside is 1110 cubic feet, which is about 90% of the volume of
the 1270-cubic feet STL crew capsule, and 2.5 times the 450 cubic feet
mentioned previously.

A variant mission iq one in which a freighter is sent ahead to
Mars, and the manned ship makes a rendezvous with it in a high Mars
orbit. Several such missions have been calculated. For this mission
eight modules are required for the 420,000 pound manned ship and three
for the 240,000 pound freighter. A possible configuration for the return
ship, made up of the two combined, is to arrange the eight modules in
a circle, 172 feet in diameter, for a spacing of 33 feet between radiators,
with a second ring or structure below the support ring for the eight.
The three freighter modules are on a 64 foot diameter circle with a
33 foot spacing between them. They dock and couple with the lower
support structure attached to the eight modules. They must be lower than
the ring of eight modules to achieve a 200 foot separation between the
reactors and crew compartment, since they are on a smaller circle. For
these dimensions, the arc jets from the upper eight thrustors will not
intercept any part of the three lower modules, thereby losing part of
the thrust, if the half-angle of the arc cone is less than about 73°.
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Another possible arrangement is to arrange the eight modules of
the manned ship on a circle large enough for ten, with two vacancies
opposite one another. The three freighter modules are arranged side by
side in line, with the length of the assembly equal to the diameter of
the main ship circle. On rendezvousing, the two outer modules slip into
the vacant spaces and the center one is in the center of the circle. All
the modules are then at the same height. Extra shielding would be needed
for the reactor in the center.

A variation of the configuration shown in Fig. 10.4 is to put the
crew compartments and lithium tank below the modules. In this arrange-
ment, the control rod actuator shields, on the lower ends of the reactors,
will also provide some personnel shielding from the reactors. With the
11 modules arranged on a 234-foot diameter circle and a 200-foot separa-
tion between reactors and crew compartment, the arc jets from the thrus-
tors will intercept no part of the propellant tank or crew compartments
if the half-angle of the arc cone is less than 35°.

It has also been suggested that the crew compartment could be towed
behind the modules on a long cable. In order to reduce the dose rate from
the 11 reactors to 1/3 to 2/3 Rad per day (as discussed in Chapter 11)
with no shielding other than the reactor control rod actuator shields and
the solar flare shielding around the crew, a separation of about 42 miles
between reactors and crew is necessary.

Now a comparison will be made with STL vehicle.3 The length of
the STL vehicle is 431 feet and the maximum diameter is 99 feet. The
maximunm dimension of the LASL vehicle is the 267-foot outside diameter.
It is interesting to note that the area of the lateral surfaces only of
the four STL propellant tanks is equal to the radiating area of 10.5 LASL
modules. The total initial weight in orbit of the STL vehicle is
1,969,575 pounds which is more than eight Saturn V 300-mile orbital
payloads. The LASL reference mission vehicle initial weight in orbit is
720,000 pounds. The volume occupied by the 11 modules - considering the
radiators to be solid instead of hollow inside - plus the two crew
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compartments, the water shield, and the lithium tank is about 2% less
than that of the STL vehicle. ' ,

In conclusion, one of the major advantages of the modular concept
is the versatility it permits both in the number and in the configuration
of the modules for a given mission. A much more detailed study is

required to determine the optimum number and arrangement of modules for
any specific mission.
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11. Shielding

Samuel Robert Skaggs

Introduction

Shielding for the menned Mars mission system discussed in these
lectures falls into two categories. The first of these is the shielding
of the instrumentation and equipment necessary for the operation of the
reactor, and the second is the shielding of the spacecraft personnel.

There are four sources of radiation which must be considered in the
shielding problem: 1) Van Allen belt radiation, 2) solar cosmic rays,
3) galactic cosmic rays, and 4) radiation from the nuclear power plant.
This report illustrates the typical shielding requirements for both

equipment and personnel in the radiation flux from these sources.

Equipment Shielding

The proper shielding of the equipment that necessarily must operate
near the reactor is of primary concern. These components must operate
reliably in a radiation environment for a period of approximately
5000 hours at full reactor power. Included in these components are the
various temperature, current, voltege, and pressure sensors; and the
control rod actuators. The current and voltage probes appear to present
no problem in the radiation field. Recent advances in the development
of radiation-resistant integrated circuits have improved the reliasbility
of the electronic components.l

Current radiation levels used in the NERVA vehicle tests are the

7

conservative values of 10' Red total gamme dose plus the neutron dose.
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Recently, control actuators passed a 90-day exposure in a radiation
environment2’3 for a total gamma dose of 5 x 109 Rad and an jintegrated
fast neutron (> 1 Mev) flux of 2.3 x 1018 nvt. Future tests should
extend this fast neutron dose to 1019 nvt, and it is this value which is
used in this report.u

The relatively low integrated gemma dose values result primarily
ffom the type of insulation used on the actuators. The use of organic
materials such as the polyimides,5 and ceramics has extended the toler-
ance limits by 3 to 5 orders of magnitude from the NERVA lO7 Rad value.
Ceramic insulation offers the hope of extending the limits as high as
1013 Rad. For the purpose of this report, a value of 1012 gamma Rad is
used as the upper limit.

Critical components near the reactor must be shielded from the fast
neutron flux. In general, if enough shielding material is used to reduce
the neutron flux to acceptable levels, the gamma flux will fall to an
acceptable level. Two schemes exist for the shielding of the actuators.
The first scheme is to recess the actuators deep enough in the propellant
tank so that the propellant provides the shielding. The second is to
build a solid shield specifically for reducing the fluxes to tolerable
levels. In this latter scheme, materials such as Be, LiH, and Li have
been considered as shielding materials.

In order to arrive at a specific shield weight, the radiations from
the reactor were obtained from calculations based on a particular ratio
of Be to uranium, and an attenuation factor for the fast neutrons was
calculated for various materials. This attenuation factor was then used
to determine the shield thickness required to bring the neutron flux
down to acceptable levels. From the required shield thickness, the gamma
ray attenuation was determined. The attenuation factor required for a
tolerable gamma dose was compared with this figure. In most cases, no
additional gamma shielding was required. However, where additional
shielding was required, an sppropriate thickness, always less than 2 cm,

of tungsten was inserted to reduce the dose to acceptable levels. A

Al .
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right circular cylindrical geometry with the same diameter as the reactor
was used to calculate the shield weights. The total shield weight was
divided by the reactor power to arrive at a convenient specific weight
which is easily included in the o for the system. In Table 11.1, the
specific weights are shown for several moderator-to-fuel ratios (L = O,
100, and 200) and the named shielding materials.,

TABLE 11.1
SPECIFIC SHIELD WEIGHT

Shield weights, kg/kW(e)

Reactor Shield
Power : Material L=0 L = 100 L = 200
2 Mi(e) LiH 0.011 0.035 0.016
Be 0.025 0.087 0.130
Li 0.011 0.043 0.078
20 Mi(e) LiH 0.009 0.028 0.017
Be 0.021 0.070 0.056
i 0.009 0.035 0.023

From the table, it is evident that the equipment shield will not contri-
bute more than 0.2 kg/kW(j) to the system weight.

Personnel Shielding
The intent of this section is to review, within existing knowledge,

what radiation levels a man may encounter for a space mission of some
360 to 400 days. Although only the reactor radiation field was of con-
cern in the equipment shielding, the other three sources of radiation
must also be considered in the personnel shielding.

Van Allen belt fluxes are as high as 105 charged particles/cme-sec
and consist of both electrons and protons.6 In the mission under con-

sideration, the space crew is transported through the radiation zone in
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as short a time as possible, holding the total exposure for two trips
through the belts to 10 - 15 Rad.

Giant solar flares present the major non-reactor hazard to manned

7

missions in space. Doses from these flares may range from 25 to 125 Rad

per flare. The probability of occurrence of a major solar flare is

0.14 tlggg per week, Detection methods allow approximately twenty minutes
to put into effect protective measures before the arrival of the highest
energy particles. This is adequate time to rotate the space craft so
that the largest mass is in the flare flux path or so that the crew can
climb into an adequately shielded closet in the crew compartment.

Galactic cosmic rays are isotropically distributed in space, with
an intensity of 2 to 4 particles/cmz-sec. Their energies are extremely
high, on the order of 1019 to 1020 eV for the more energetic particles.
The dose rates from these cosmic rays is about 0.66 Rad/week.

Present acceptable industrial radiation limits are not practical
for most long-term space missions. NASA has established what it considers
acceptable radiation limits for space travel which differ from the pre-
sent industrial limits (see Table 11.2). Briefly, if no short-term dose
is greater than 50 to 80 Rad and if there is adequate time to recover
from these large doses, an acceptable total trip average dose rate is
1/3 to 2/3 Rad/day. Based on this acceptable dose rate and the dose
rates from the other sources mentioned earlier, the contribution from

the various sources may be summarized as follows:

Source Percent of Total Dose
Van Allen belt radiation 5%
Galactic cosmic rays 15%
Solar flare radiation 30%
Reactor radiation 50%

The reactor shielding must, therefore, be sufficient to reduce the fast
neutron and gamma dose to approximately half of the total acceptable

dose., The thermal neutron flux is adequately attenuated when the proper
amount of fast neutron and gamma shield are provided.

e~ -l

e e p— e e

APPROVED®FCR *PUBL.| C *RELEASE




ASVIIEY L.l 18Nd €04 QI/NOHddVY

TABLE 11.2

MISSION-DOSE-EFFECT TABLE

1 Hour 1 Day 7 Days 15 Days 30 Days 300 Days
AEC permissible dose 0.0025 0.02 0.1 0.2 0.4 4.0
Dose for one exposure per year 4,0 4.0 4.0 4.0 4,0 4.0
One-time emergency dose 25.0 25.0 25.0 25.0 25.0 25.0
Apollo permissible dose - - 5l 5l 5l 5l
NASA one-~-time emergency dose 200 200 200 200 200 200 3.:::3
5-year permissible dose 271 271 271 271 271 271 :..,:,E
Maximum dose for no cosd .
statistically demon- Seseel
strable effects 25-50 50-100 100-200 150-300 200-300 250-4L0O* I
Chronic effects dose -~ life
shortening and possible acute
effects 50-100 100-200 200-300 . 300-400 300-500 = 300-500%

Table of personnel dose - tissue Rads versus mission length.

*¥Projected values - no statistical evidence available.

3
g
=
'

ct
=
e
7]
Lo}
®
()
o]
=
<

ASv31=3d O 1'19Nd d04 d3/N0dddv



APPROVED FOR PUBLI C RELEASE

TN

A reactor with a dilution ratio of L = 100 with its associated
fluxes of 1019 nvt and 1012 gamma Rad penetrating the equipment shield
is chosen for the calculation of the personnel shield. The dose to the
crew is primarily from the gamma radiation. The gamma flux is reduced
by two means: 1) geometry - allowing about 200 feet between reactor and
crew compartment (see Fig. 10.4) and, 2) a composite shield of fuel and
ofher material.

The plasma thrustor uses lithium as a propellant. Although lithium
is not a very good moderator, there is enough on the spacecraft to be
used as shielding. To be sure of a safe return of the crew, however,
provisions have to be made for the Mars to earth portion of the trip
when most of the lithium will be used up. A composite shield of fuel
and LiH, Be, or H20 may be used for this purpose. Water is used as the
shielding in this study.

Figure 11.1 shows the crew dose as a function of fuel remaining in
the tank. The STL NERVA systems study9 used a 68,000 pound capsule plus
23,000 pounds of shielding. For this study, we use a 51,000 pound water
shield as shown in Fig. 11.2., At the end of the Mars to earth transfer
about 41,000 pounds (3.5 feet) of additional water shielding is required
to adequately shield the crew. These numbers are based on the crew
accumulating a total of 80 Rad on the return trip.

Figure 11.2 shows how the water shield can be utilized to its
maximum effectiveness. During reactor operation in periods of no flare
activity, the water is maintained at a maximum thickness between the
reactor and the crew. During periods of maximum solar activity the
command module is "immersed". The composite shield mentioned previously
is located between the crew compartment and the fuel tank (see Fig. 10.L4).

It should be emphasized that this is by no means the final shield
configuration. The final shield will be a balance of the equipment
location, shield material, and geometry. This study is meant to indicate
the magnitude of the shielding requirements.

ST
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12. Manned Mars Mission Studies and Propulsion Time Requirements

Ernest W. Selmi and C. Dexter Sutherland

In the standard type of mission calculation performed on Rover

reactors and also chemical rockets, one starts with the equation

dv _ dm |
m-a'g—-Ca% (12.1)

where m is the instantaneous mass of the missile, and dm/dt is the mass

of propellant being ejected per unit time with a velocity ¢. One can
integrate this equation as

It ¢ is constant, then the right-hand side is
t

V=V
1 dv o _ Av
zf JT®*=——7 ==
(o}

Then our equation becomes

-av
c
m=m e (12.2)

The value c is often written as g Isp' There exist tables of values of
the Av required for various missions. For example, one can find the Av
required to go from a 300-mile earth orbit to escape, then another Av
for a transfer to a Mars orbit, etc. One can then make a collection of

the Av requirements for a given mission; and, knowing the Isp, one can

o: : :0 é3§' § §
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calculate the mass ratios for various parts of a mission. Now in this
calculation, the Isp is the variable that depends on the type of propul-
sion assumed.

The situation in electric propulsion calculations is much different.
In this case, the assumption is made that any desired Isp can be obtained;
however, the power is now the limiting factor. Therefore, in addition

to equation (12.1) one also has the condition
c (12.3)

Fortunately, (12.1) and (12.3) can be combined in the following way
a\* _ (e am\’ _ 2P am
dt T \m dt T2 dt

or

where

It is obvious that one wishes to minimize the right-hand integral so one
would always pick the maximum power possible so that it becomes a con-

stant. One can then rewrite this equation as

So, given the integral and the power, one can again calculate the various
masses. In this case, the Is does not enter the calculation. One needs
only the power. There exist in the literature tables of this integral

*
for various types of missions. For example, in Fig. 12.1, one has the
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values of the J;?dt required for escape from both Earth and Mars starting
at a 300-km circular orbit plotted as a function of the time to esca,pe.l
Of course, the longer the time to escape, the lower the acceleration and
the smaller values of the jﬁzdt required.

There exist similar curves for transfer to the Mars orbit. It should
be noted that in these calculations the power is assumed to be constant.
The thrust is varied by varying the Isp' This type of calculation in
which one powers all the way is called the variable thrust calculation.
This calculation gives one the minimum possible value of a2dt for a
given mission. Of course, the power-all-the-way assumption results in
long reactor operating times which are sbout 10,000 hours for the manned
Mars mission. If one looks over a typical trajectory from Earth to Mars
one finds that in the middle part of the trip, the Isp has been increased
to such a high value that the thrust is almost zero. Perhaps the power
could be turned off during this period. Melbourne and Sa.uer2 have made
a comparison between the varisble thrust calculation and the case of
using a constant Isp with varying propulsion time. This was done for
various Earth-to-Mars transfers, with trip time varying from 40 to 350 days.
Figure 12.2% shows one of their examples of the .raedt as a function of
trip time for the variable thrust calculation and the constant-thrust,
or constant-Isp, varying propulsion time calculation. The Is has been
assumed to be 5000 seconds. One finds that there is almost a constant
15% between -the two calculations. It will be assumed that this 15%
correction allows one to go from a variable thrust calculation to a con-
stant Isp calculation for all the missions discussed later in this
lecture.

For the Earth-to-Mars transfer the values of J%?dt are plotted in
Fig. 12.3% as a function of launch date for various trip times.l In
these calculations the Earth and Mars orbits are assumed to be co-planar
circular orbits. One sees from Fig. 12.3 that for any given trip time,
there is an optimum launch date. One can also obtain similar curves for

the return trip, and egain they also have optimum launch dates.
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Unfortunately, for short stay times at Mars, the optimum values do not
coincide.

One can take the two sets of curves and assume a LO-day stop at
Mars, then both sets of curves can be plotted as a function of launch
date from Mars. This is shown in Fig..12.4. Any vertical line is a
possible mission with a 40O-day stay at Mars. The solid line is the
value of the outbound trip, and the dotted lines are for the return trip.
One sees that these curves are symmetrical in time. For more realistic
orbit-type calculations, the curves do not come out so exactly symmetrical
in time; however, the important feature remains, in that one always has
a difficult part and an easy part of the mission.

One is now in a position to calculate a round trip to Mars. Since
weights needed for the trip are not the object of this series of lectures,
the weights used in this study were taken from the STL study of NERV.A.3
In this study one starts with 8 Saturn V loads of 1,970,000 1b in a
300-mile Earth orbit. One blasts off for Mars and arrives at a 300-mile
orbit around Mars with 541,000 1b. One has a 20-day stopover time during
which time 2 crew members meke a Mars landing using a 79,500 1b lander
which also returns the men to the 300-mile orbit. One now has 460,000 1b
left in the Mars orbit. Again one takes off from Mars with a resultant
154,000 1b heading towards Earth. The vehicle is on a trajectory that
is a fly-by past the Earth. As the vehicle approaches the Earth, the
crew climbs into a 42,000 1b capsule which, by chemical rockets, is
slowed down to about 15 km/sec as the approach velocity. The total
weight is now 14,000 1b. Using aerodynamic braking one finally arrives
on Earth with 10,000 1b. The total round trip tekes 455 days.

In the STL study the manned capsule was 92,000 1b, of which about
23,000 1b was shield., Later in this calculation the manned capsule and
shield will be assumed to have a total weight of 110,000 1b.

In this study using electric propulsion, an o of 4.0 kg/kW will be
assumed for the moment, although the value given in a previous chapter
was 3.0 kg/kW. For the moment, the total manned days will be assumed as
456 days.

5.% ..§2éé. .§ .g. ::.
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One starts with one Saturn payload, or 240,000 1b, in a 300-mile
orbit. This vehicle is a freighter which contains the Mars lander.

This freighter is sent off early. Assuming 35 days to escape and 344 days
transfer to Mars, one ends up with 182,000 1b in a high-level orbit
around Mars. Of this weight 46,000 1b is engine, 80,000 1b is lander and
56,000 1b is propellant.

' While the freighter is on its way to Mars, two more Saturns are
placed into a 300-mile orbit. The weight is 480,000 1b. This will
become the manned vehicle. This vehicle then takes 30 days to go to
a high-level orbit which is past the Van Allen belt. The crew is then
sent up to this high-level orbit to meet this vehicle in a fourth Saturn.
Taking 264 days, the vehicle arrives at a high-level Mars orbit with a
total weight of 319,000 1b. The crew that is going to land on Mars now
transfers to the lander. Using the freighter engines they take 10 days
to descend into a 300-km orbit and then use the lander for the rest of
the trip down and back up to the 300-km orbit. Again the time on Mars
is assumed to be 20 days. The freighter engines are again used to take
the crew back up to the high-level orbit to the manned vehicle in 10 days.
The total time at Mars is 40 days. The total weight expended at Mars is
a 80,000 1b lander plus 20,000 1b of propellant. The freighter's engine
and remaining fuel are now attached to the manned vehicle, giving a total
weight of L4LO1,000 1b. Taking 152 days, one then arrives back at a
high-level orbit at Earth with a total weight of 350,000 1b which is
made up of a 159,000 1lb engine plus 191,000 1b of payload, which is
almost the size of one of the original Saturns. How much of this weight
is really payload and how much is shields for various purposes is any-
one's guess.

A comparison between this study and the NERVA study is difficult at
this point. In this case, the manned vehicle ends up with a zero velo-
city relative to the Earth orbital velocity. In the NERVA study, the
crew abandons the ship as it is racing towards the Earth, so that I do

not have an equivalent weight for comparison at the moment.
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A rather interesting question is how sensitive this mission is to
the value of . In Fig. 12.5, the payload plus structures and shield
are plotted as a function of o, the curve labeled A is this freighter-type
mission. One sees that even at a value of about 7 kg/kW one still deli-
vers back to Earth about 120,000 1b.

Suppose one did not use the separate freighter concept but instead
took the freighter with the crew. Then the payload plus structures
and shield delivered back to the same Earth orbit is shown by curve B.
As one expects for the small values of o the two payload values are very
close; however, for an o of about 7, the manner in which the mission is
performed becomes important.

Another very important point is concerned with the propulsion time:
What is the reactor lifetime? For the freighter-type mission, this is
shown in the Fig. 12.6. For an o of 7 one needs only 5,000 hours for
this mission. This is considerably shorter than the usually quoted
number of l0,00d'hours. Next, one sees that as o is decreased, the
peyload goes up and the running time goes down, so that for an o of
3 kg/kW the payload is 220,000 1b and the propulsion time is less than
2000 hours. .

Next, one probably does not want to return to Earth with 220,000 1b
so one could instead reduce-the total manned trip time. The manned cap-
sule in the NERVA study was 92,000 1b. Here we will assume 110,000 1lb
returned to an Earth high-level orbit. In Fig. 12.7 the manned trip
time is shown as a function of o. This is for the case using a separate
freighter. At an o of 3.0 kg/kW, the time has been reduced to 349 days
which is made up of 189 days transfer to Mars, 4O days stay at Mars and
120 days return. In Fig. 12.8, are shown the propulsion times required
for this mission. Again 5,000 hours is adequate for an o of 7 kg/kw;
and, as the o is decreased, the running time is also decreased to less
than 2500 hours.

Another mission was also considered. Starting with an initial weight
of 1,680,000 1b in the 300-mile Earth orbit, 456 manned days, and a

oo .:?éé.
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payload of 110,000 1b returned to Earth, the o required was sbout
13 kg/kW.

It is admitted that perhaps the missions studied here are not the
best ways of performing the manned Mars mission; however, a few general
statements can probably be made concerning this mission. At an o of
about 13 kg/kw, the NERVA system and the nuclear electric system just
about break even. As the o is reduced the nuclear electric performance
increases rapidly. At an o of 7 kg/kW, the performence is extremely good
compared to NERVA. Of course, the predicted value given in Chapter 8 is
about 3 kg/kW. Therefore, the obvious lesson from this chapter is that
a nuclear electric system can do the manned Mars mission faster and with
less initial weight than NERVA.

Next, the present 10,000-hour requirement should be reduced below
5000 hours. The people doing mission studies should be very careful
about quoting propulsion times because, as shown in a previous chapter,
the longer the running time the larger becomes the value of «. Then
from the mission view point, the large o requires longer running time
and around you go again. .

It is my belief that the 10,000-hour requirement has been detrimental
to the entire nuclear electric propulsion effort. A more realistic

value or set of values should be established.
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13. Summary

George M. Grover

In order to acquaint members of N-Division with some of the glowing
prospects, and also some of the problems, of thermionic nuclear electri-
cal propulsion for space, N-5 has presented a series of lectures on this
subject. The salient points of these lectures are summarized in this
chapter.

For this study, a modular concept of space ships is developed. The
menned mission to Mars, for instance, requires from 10 to 50 MW of jet
povwer, depending upon the mission time, payloads, etc. We are consider-
ing a 2-MW jet engine, reactor, and radiator module. Thus, five to
twenty-five such modules must be grouped together to accomplish this
mission. Larger modules are possible but from the view of redundancy,
economy of development, and flexibility the 2-MW module appears quite
desirable.

Arc Jet Engine
The ion or plasma propulsion component of the system is considered

first. The output voltage, characteristic of a thermionic reactor, will
be around 100 volts., If the engine can use this voltage without trans-
formation, savings in weight of the overall system can be made. Various
estimates for power conditioning range from 0.5 to 3 kg/kw(e). This

is not a fatal penalty, but certainly it is a serious one. Because of
space charge, ion propulsion usually demands high voltages. On the

other hand, the recent arc jet experiments indicate promise of an operable
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low-voltage, relatively high-efficiency engine. Most experiments on arc
jets have been done using hydrogen. Limitation on pumping of the con-
tainer creates a great uncertainty in the resulting data. Experiments
using condensable vapors, cesium and lithium, are underway at LASL to
discover and understand the performance of the arc jet accelerator with
and without auxillary megnetic fields. A theory of its operation has
been proposed, and the parameters from the theory have been used in this
system study. These are, briefly, that a 120-volt, 2.6-MW electrical
supply driving a concentric arc using lithium will produce a 5000-second

Isp beam at 75% conversion efficiency.

Heat Pipe Radiator

The recent developments in high-temperature heat pipe technology
offer the prospect of a completely static system for power generation.
The major problem of radiator design is to obtain high reliasbility of
operation despite meteorite damage while maintaining a low overall
weight for the power dissipated. Since a heat pipe is.a closed and
independent system, a multiplicity of the pipes interconnected in series
and parallel provides such reliability. The high degree of redundancy
offers more than just reliability. It also offers a predictability
factor to offset inadequate input information. Suppose, for instance,
that the meteorite damege flux is higher than expected. A failure rate
can be determined and recovery steps initiated before complete failure
occurs.

A design study has been made which indicates that each heat pipe or
"cell" in the interconnected radiator optimizes as a cell of height
equal to its diameter. The radiator must be composed of an adequate
number of these cells to satisfy the redundancy criterion. The minimum
size cell is somewhat arbitrary and subject primarily to fabrication
limitations. Of course, the cluster of cells must expose a sufficient
number of external members to radiate the required energy. The internal
cells in the cluster transfer the heat through multiple interconnected
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paths from the reactor to these surface cells for radiation to space.
In the 2-MW module design, 17.6 thermal megawatts must be radiated.
Choosing the cell size as 4 inch x 4 inch cubes, one arrives at numbers
of cells exposed to the meteorite flux like 20,000 to 30,000. This
degree of redundancy allows very thin-walled structures; and, based on
this theoretical study, at a temperature of 1200°K a specific weight of
0.05 kg/kW(t) is indicated.

Corrosion studies of heat pipes in this temperature range have been
astonishingly successful - the first heat pipe constructed of Nb-1 w/o Zr
tubing and wicking with lithium as the working fluid has operated at
1100°C in vacuum for over 4000 hours.

Much more effort must be expended on design studies of cellular
heat pipe radiators before exact specifications can be determined. For
the purpose of this study, the theoretical number of 0.05 kg/kW(t) was
doubled to allow for the uncertain state of knowledge as of this date.

Another approéch to the heat dissipation problem is the moving belt
radiator. Although this removes the system from the completely static
category, the theoretical performance number is in the same ball park as
the heat pipe radiator. One approach leads to a value for ~ of .05 kg/kW(t)

which is the same as the heat pipe radiator .

Fuel Pin

The heart of the thermionic reactor is the emitter fuel pin. 1In
truth, this does not differentiate it from any other reactor. The fuel
must furnish the uranium for criticality, dissipate the fission heat, and
accommodate the fission product buildup. In addition, in a thermionic
reactor, it must be insulated from other components of the fuel rod,
conduct the generated current, and emit electrons either from its
surface or a cladding over its surface.

For several years an effort was made to use bare UC ZrC as the fuel.
The high uranium density, good electron emission properties, and good

thermal and electrical conductivity were assets which this fuel possessed.

s I
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In contrast, the high thermal emissivity, the marginal evaporation rate
and, finally, the inability to withstand swelling due to fission product
buildup or to vent these products at high burnups have been characteristic
of all UC ZrC fuel pins tested at LASL. As a backup, work was also going
on using a Mo-UO2 cermet fuel with a vapor-deposited tungsten coating

to prevent UO2 evaporation out of the molybdenum matrix. It is this
combination which has been found to have excellent qualities as a fuel
for a thermionic reactor. The pins are fabricated either by isostati-
cally pressing and sintering or by hot pressing molybdenum and UO2 powders.
Experiments show that in the resulting matrix; both the molybdenum and
the UO2 are continuously connected, that is, continuous channels of

about 25u average diameter permeate the sponge of molybdenum. These
channels are not completely filled with U02'and venting of the products
can occur.

Specimens of low (9%) and high (13%) initial open porosity have been
examined by x-ray photography after 4000 hours of irradiation at
300 watts/cc and 1800°C. The low-porosity pin showed swelling of less
than 5% on the diameter. No swelling could be detected in the three
high-porosity samples. After 5000 hours, four other samples were
examined in the hot cell. No gross distortion or cracking had occurred.
A roughened appearance of the surface could have altered the thermal
emissivity. The average swelling on the diameter was 2% for the high-
porosity pin and 5% for the low-porosity pins.

The lower range of swelling of the fuel pin could be tolerated in an
operating cell. However, further investigation of the effect of porosity
and better control of the thickness of the vapor deposited tungsten
layer, which varied from 0.002 inch to 0.010 inch in these tests, could
lead to further improvement in this component.

With the fuel determined, the integral cell becomes the next area
of interest. Only in-pile cells were considered. Until heat can be
reliably transferred from the core of a reactor in the temperature range

of 1600° to 1900°C, out-of-pile concepts are not competitive in specific
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power for propulsion purposes. The cylindrical stacked cell was considered
in detail, but one should note that other arrangements are possible.

In the in-pile converter concept, insulators are used which must
withstand the radiation environment for the life of the reactor. Tests
on tungsten-metallizequ1203, vanadium brazed to niobium, ceramic-to-
metal seals have been made in the MTR and LAMPRE reactors up to a dose
of 3.1 x 10%° nvt (Neutrons of > 1.0 MeV). This was done at a tempera-
ture of about TOO°K. At this irradiation level, a small but detectable
expansion of the ceramic occurred. The seals, with one exception, were
still vacuum-tight but it is impossible to say how much further radiation
could have been tolerated. Consideration of this limit of ﬁesting was
made in the reactor design portion of this study. At this point in the
state of testing, a degree of thermalization of the reactor must be pro-
vided until a time when further studies of fast flux damage and annealing
rates are made.

The "triple layer" insulator, common to all designs of in-pile con-
verters, is a more sensitive region with regard to voltage breaskdown at
temperature and in a fast flux. Annealing effects at high temperatures
should establish a steady state equilibrium with damage, but insufficient
information exists to pinpoint the degree of seriousness of the problem.
A compensating factor in some stacked cell designs is that this layer
need not be vacuum-tight, since it is isolated from the cesium by the
seals. Uniform thermal contact over relatively large areas mekes this

a major fabrication problem.

Basic Physics

The basic physics of thermionics conversion is well covered in other
sources. There has been a tendency toward closer spacing of diodes to
minimize the plasma impedance drop and achieve very high power outputs
per square centimeter of emitter area. Unfortunately, these high power
densities are obtained at high currents and at a fraction of a volt.

Since a practical cell involves voltage drops along the emitter and
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collector as well as in the connecting leads, an analysis of a cell to
obtain maximum efficiency operation always places the operating point
well toward the open circuit end of the I-V characteristic. In fact, at
a 2100°K emitter temperature, the 10 amps/cm2 - 1 volt region gives the
meximum efficiency which is of the order of 13% to 16%. Diode spacing

of 10 mils rather than the more difficult 2 to 4 mils spacing is adequate;
and, in addition, the I-V characteristics in this low current range are
relatively insensitive to the bare work function of the emitter. This
was illustrated in Fig. 5.10. Thus, long time changes in-the emitter
have little or no effect on the cell performance. Another important
point is to be found in the desired collector work function. Normally,
the lower the collector work function, the better the cell. But with an
additional boundary condition requiring high dump temperatures to radiate
the waste heat in space, any attempt to improve the performance of the
cell by lowering the work function of the collector below about 1.7 volts
is frustrated by the formation of a back emission barrier in front of
the collector. Thus, nickel, molybdenum, or tungsten wetted with cesium
give this value or below; and changes of the bare work function over

this range have no effect. Only niobium collectors at the highest dump
temperatures are to be avoided, since at the operating cesium pressures

the work function is not depressed to the optimum or limit value.

Cell Discussion

In view of the discussion above, the operating characteristics of
the cell were taken to be 10 wa.tts/cm2 - 10 amps/cm2 at 1 volt - at 13%
efficiency. The tungsten cladding of the Mo UO2 fuel is the emitter,
and at 2100°K these values are realistic for a diode spacing of 10 mils
based primarily on out-of-pile experiments. In-pile performance studies
have not covered the range of emitter-collector temperature distribution
necessary to confirm these values in detail, but sufficient work has been
done to make one feel that these are reasonable values. In the design
of the cell, thermal losses and voltage drops must be treated in detail.

From the properties of the materials of construction, these losses and

SO R CHE
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and drops are quite firmly established. One can thus design in detail
the stacked cell assembly. Certain design decisions must be made, such
as those relating to retention of products in the fuel, venting of these
products into the cesium diode space and then to space, or venting the
products to free space directly. But, given the fuel characteristics,
the design of the stacked rod assembly is completely straightforward.
The pin diameter is determined from the balance of power generated and
power removed from the surface. The pin length is obtained from a
balancing of the voltage drop along the pin, which favors shortening the
pin, against the end losses, which favor lengthening the pin. For our
parameters and materials, a diameter of one centimeter and a length of
five centimeters is about optimum for a single-ended pin support. It
can be shown that the collector resistance should equal the pin resistance
for maximum specific power of the cell. Thus, the collector thickness
is determined.

The collectors are separated from one another by ceramic-to-metal,
vacuum-tight seals as shown in Fig. 7.l. Also the collectors must be
insulated from the coolant flow, since this coolant is a liquid metal
and would short the collectors if no insulation were provided. Since
the radial heat flow is relatively large, this insulation layer must
be thin and protected, in turn, by corrosion from the liquid metal
coolant. Since the insulating layer should be about 10 mils thick, and
the outer layer of Nb-1l w/o Zr also 10 mils, vapor deposition of both
layers appears to be a feasible method of construction. Stacked cells
have been built in various other ways and tested. Only & fabrication
study will determine the best design for cells stacked for the length
of the reactor.

For 13% efficiency and a fuel power of 300 watts/cc the power out is
39 watts/cc. Since the optimum fuel pin size is about 3.8 cc, each cell
produces about 150 watts. For 2.6 MW(e) about 17,300 cells are required.
If these are stacked 25 cells to a rod, 692 rods - suitably intercon-

nected - are required for a reactor.
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Alternative designs were discussed in Chapter 5. However, 700 rods
is not a prohibitive number and, in fact, may be desirable. Intercon-
nections of rods may be made in such a way that failure of a rod does
not mean complete inoperability of the reactor. This subject has been
explored with respect to single cell interconnections. An extension of
this analysis to interconnected rods is desirable. However alternative
designs are possible. With the advent of the heat pipe, which can be
used in its long tubulér form to remove heat from the rod design, other
shapes of emitter-collector become feasible. In the form of hollow
plates which can act as collectors on their flat surface, the heat is
transferred radially to the plate edge and on to radiators. The same
rules of power density in the fuel (plus the weight of moderator required
for thermalization) hold as for the stacked cell design. Thus in its
critical size, the specific power of the reactor is about the same as
for the stacked cell reactor, but far fewer individual cells are required

per reactor.

Scaling Laws

At this point it is expedient to discuss the fast versus the epi-
thermal question, as well as scaling laws and weights derived or assumed
for the module.

The fuel we are concerned with, Mo 40 v/o U02, has a density of about
10 g/cc. We have tested this at 300 watts/cc or 30 watts/g for the life
of interest - 5000 hours. At 13% cell efficiency we have 3.9 watts/g.
Now, why even consider adding moderator which can only increase the
total weight without adding to the power output? The reason lies in
the state of knowledge of insulator and seal testing. Until further
tests are made, we must introduce a degree of thermalization into the
reactor design. Relating the test results with the reactor design,
using distributed Be within the core, we find that we must now use an
L (NBe/NU) ratio of about 100 at the present state of the art. This
means a distributed weight of Be moderator of about 1.6 times the weight
of the fuel.
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What happens if we decide we can operate the fuel at 600 watts/cce for,
say, half the time? From Fig. 8.5 one can see that there would be some
improvement in « for the reactor but that an even greater improvement
in » is possible if further insulator testing proved that one could
allow a faster system. The greatest improvement, of course, is obtained
by doing both.

We can list (see Table 8.1) the weights of the components of the
system. The shield weight covers only that required for the actuator
and sensors and not the shield. It is obvious from this table that if
we eliminate all of the moderator from the core, provided the reflector
is not drastically altered, the savings in weight of the system results
in a reduction in o from 3.0 to 2.5 kg/kW(e) at a power density in the
fuel of 300 watts/cc. It is evident therefore that there is not a large
improvement to be gained from going to a fast system from the presently
proposed epithermal system.

One further scaling law should be mentioned. This is the dependence
of @ on the time of operation. Because of the finite energy available
per unit weight of fuel, for long operational times the ~ must go up.
Also for very short propulsion times which consume the available energy,
« again goes up because of the radiator area increasing very rapidly to
obtain a constant meteorite survival probability. Thus a minimum occurs

in ¢, for our case at a time of 1 to 2 thousand hours.

Reactor Calculations

The reactor calculations have been considered in detail only for the

stacked rod reactor. The major problem was concerned with flattening
the power profiles by variation of the uranium content or enrichment
from cell to cell. Thirty variations of either volume fraction or
enrichment were required to accomplish this to within #11% over the
operating life of the reactor. The calculations assumed reflector con-

trol and a beryllium-to-uranium ratio of about 100. The cooling of the
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reactor was assumed to be with heat pipes, and this required 15% of the
beryllium volume as void space for the vapor passages.

From these studies it is evident that the 2-MW electrical level in
this configuration is a lower limit. Experimental criticality studies
may show that a larger power is required. The important point to remem-
ber is that if a larger system is required, the power output and the
reactor weight both increase and the o of the reactor remains essentially
constant! As long as the power required for the mission under considera-
tion is greater than about 2 MW, one loses only a certain redundancy
from the decrease in the number of modules required for the mission;

the o of the reactor remains unchanged.

Manned Mission to Mars

Based on the 2-MW jet modular concept, examination of the configura-
tion and trajectories was made for the manned mission to Mars. For
comparison, the STL NERVA study was used as a basis for capsule weights,
Mars lander weights, etc. The modular concept allows considerable
freedom of configuration; and studies of trip times, propulsion times,
initial weights in earth orbit, and payloads were made using both a
separate freighter plus a manned ship as well as using only one complete
ship for the mission.

On examining the shielding problem for the manned mission, we looked
at a configuration using eleven modules on a ring with the cdmmand cap-~
sule 200 feet away on the axis of the ring. The lithium propellant
tanks located below the capsule provided shielding for all except the
final leg of the mission - returning to the earth capture orbit. The
NERVA study had included about 23,000 1b for a solar flare shield,
which other reports consider to be somewhat low. We allowed about
45,000 1b of shield which we assumed was in the form of water. This
could be relocated relative to the capsule to provide a flare shield
with the reactors off or reactor shielding in periods of low solar
activity.
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A number of important points may be learned from these studies.
These will be summarized briefly but reference should be made to the
pertinent chapters for more details.

For total trip times equal to or less than those required for the
NERVA mission, the propulsion times are in range of 2500 to 5000 hours
for an ~ in the range of 3.0 to 7.0 kg/kW jet. The often-quoted
requirement of 10,000 hours operating time for this mission is nonsense
when the o of the system is in this range.

For this mission, four Saturn V's are required to accomplish the Mars
mission with payloads, Mars landers, wait times at Mars and total travel
times, ete., in comparison to the NERVA study requiring eight Saturn V
loads with the added bonus that the entire return ship is captured in
a high-level earth orbit.

Constant thrust with optimum coast-period operation, rather than
variable thrust, powered-all-the-way operation, makes better use of the
always limited energy available from a power source.

With an o of about 12 kg/kW jet, this mission is comparable with
the NERVA mission, and at this level one could question the economics
of developing this system. At an « of 7.0, the mission is easy. So
starting with the value of 3.0 for the system described in these chapters,
one must ask what factors could cause this to increase past 7 and into
the uninteresting region.

One can list a large number of areas in which work must be done to
bring this propulsion system into being. The list does not imply any
order of priority in which the jobs must be done. These tasks will not
go away; but rather, since work is in progress at laboratories in
industry as well as in government laboratories, much has been and more
will be accomplished in a rather piecemeal fashion.

1) Fuel

Investigation of the effect of such parameters as pin size and
coating thickness on swelling; effect of variation of UO2 content in the
molybdenum matrix.
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2) Insulators
Triple-layer fabrication and evaluation studies; voltage break-
down and leakage resistance as a function of temperature and radiation
environment; extension of seal testing to a higher fast nvt.
3) Cells
Understanding and control of cell degradation where it occurs;
design and fabrication studies of .010 inch spaced diodes and fission
product venting configuretions; research on effect of additives on
cell performance - both fission product additives for designs in which
the products enter the cesium gap and special substances added for
easing the fabrication problem by allowing larger diode spacings.
4) Rods
Fabrication studies of stacked cells into rods and design
studies of rod interconnections and cesium feed systems.
5) Coolant
Heat transfer rates for large length-to-diameter heat pipes
including the wick distribution system for the returning fluid; investi-
gation of an alternate back-up system of multiple liquid metal pumps
to move heat from the reactor to the radiator system.
6) Moderator-Reflector
Investigation of canning or cladding of the beryllium of the

moderator and reflector both for protection from liquid metal corrosion

and to provide structural stability at the elevated temperatures of the
radiator system; experimental criticality and flux flattening determina-
tions.

7) Reactor Control

Studies of the number and worth of rods in the reflector,

temperature coefficient of the reactor, cooling of the moving components
involved, and applicable actuators.

T am sure that this list could be added to extensively "by those
skilled in the art", but this should suffice. There are one or more
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well-known approaches to each of the tasks in the 1list. It is true that
any one of these items could develop into a definite "problem area,™ but
none can be defined in that menner today.

As for the other major components of the system, the radiator and
the thrustor, our position can be summed up in a few words.

We have a theory of operation of heat pipes and this has resulted
in a design configuration consistent with the theory. We do not know
how to build this particular configuration in a way which will withstand
launching stresses or, in fact, which will even sustain itself in the
atmospheric pressure environment at the earth's surface prior to launch-
ing. A design compromise is needed to bring the theoreticai concept
into a fabricable item. To do this in a logical manner, the first step
is an experimental verification of the theory and an extension both in
experiment and theory to the phenomena occurring at high heat fluxes
through walls and liquid filled wicks. This work is underway in N-5.

The thrustor also represents a critical area. If it operates
modestly close to the expectations assumed for this study, then the
system has delightful possibilities. We will have a system in which
the impedance of the thrustor matches the impedance of the thermionic
reactor, and no power conditioning is required. On the other hand, ion
propulsion with its high voitage requirement imposes a power conditioning
penality which could cut into the margin on «. Perhaps if the present
arc jet does not work satisfactorily, we will learn enough from the
experiments to build one that will.

Finally, as for the reactor itself, what is the problem? It is
evident from these lectures that there is really a wide latitude in the
value of & required to do the manned mission to Mars. In fact this
margin is sufficient to build into the system a capacity to absorb
quite an amount of component degradation and component failure. But how
much is required?

Before committing a large effort into this system, one would like
to know the payoff but this is tied closely to the failure analysis of
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components. To build 100 cells or 100 rods under carefully controlled
conditions and test these in a reactor, obtain the mode of degradation
and failure, and obtain from these results the effect on o is, itself,
a big effort. One would probably only be satisfied by testing these

in a realistic reactor environment (both flux and temperature) and

such a reactor does not exist. So the argument is closed on itself -
you must meke a large-scale effort to determine if the effort is worth-
while. Based on the data presented in these chapters, there is a high
probability that such an effort would be worthwhile:




