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PREFACE

Current interest in the generation and consumption of electric
power in the civilian sector suggests that there may be merit in a
novel nuclear reactor design concept which The Rand Corporation stud-
ied some time ago for possible military application: the gas—core
reactor. The work was supported by the U.S. Air Force under Project
Rand and reported on previously in conjunction with programs investi-
gating possible nuclear propulsion of aircraft and space vehicles as
well as advanced electric power generation systems for use in space.
The Rand Corporation is issuing this report of the work in the public
interest.

The study explores the feasibility of nuclear-fuel "cavity" reac-
tors for the generation of electric power. Such a generator would use
the controlled reactions of fissile materials in various physical
states——solid, liquid, gas, and combinations of these--to heat the
walls of a container. The heat energy thus created would then be
converted to electrical energy by either direct (thermionic) or in-
direct (conventional turbine generator) means. A cavity reactor has
the advantage of relative simplicity; no fuel elements are required,
and the fission-product wastes can be cleared readily. On the other
hand, it may prove difficult to maintain the integrity of the container

under the chemical and thermal stresses of full operation.
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SUMMARY and CONCLUSIONS

An exploratory study of the cavity reactor with the fissile mater-
ial in the solid, the liquid, the solid-liquid, the solid-liquid-gas,
and the 1liquid-gas states was made in a search for attractive opera-
tional regimes. This investigation of the effect of fuel state was
centered largely about a reference reactor design having a molybdenum
spherical shell with a cavity of S;ft radius containing U235 as the
fissile material and cooled by liquid lithiu&.vuﬁoﬁévéf;‘the sensitivity
of the results to variations in the reactor parameters from this refer-
ence reactor design and to changes in fissile material and cavity wall
material were also investigated. Where the values of the physical
constants were uncertain, the effect on performance of a variation in
these values over the range of uncertainty was determined.

For fissile material all in the solid state in a film located on
the cavity wall, a significant reactor power (e.g., roughly 1000 MW
for the 5-ft-radius cavity) is indicated. Most of the fission debris
is retained in the film, limiting the operational duration between
refuelings.

Higher powers (e.g., roughly 2000 MW in the reference reactor) and
longer continuous operational durations based on fission debris accumu-
lation can be obtained when the fissile material is substantially all
in the liquid state in a film on the cavity wall. When the temperature
of the free surface of the uranium film is held at 3800°C, most of the
fission debris is boiled out of the film into the cavity, facilitating
its removal from the reactor. For this condition, continuous operating
durations of the order of five years may be projected when fission
debris accumulation is the limiting factor.

Two important problems, however, limit the practicality of the
system with the all-liquid uranium film, One problem is penetration
of the container material by the uranium. Present test information
indicates excessive penetration of molybdenum by uranium even when the
temperature at the interface is held down to the melting point of uran-—

ium (1130°C). At this temperature, the only metal that appears to
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promise good resistance to penetration by uranium is tungsten, and it
may be necessary to provide a thin buffer layer of tungsten between
the molybdenum container and the uranium. Another possibility is use
of the high-cost tungsten isotope ng4 as the container material; this
isotope has a low neutron absorption cross section. Decreasing the
temperature to 1130°C at the interface between the uranium and the
cavity wall results in a reduction of the reactor power to 1140 MW,
which is only slightly higher than that obtained with the all-solid
film. 1If a better buffer material than tungsten (e.g., ceramics) were
found that allowed operation at a higher temperature, then higher
reactor powers would be attainable with the liquid-state system.

The second problem afflicting the liquid-state system is the flow
of the liquid uranium on the wall in a gravitational field. This flow
would not occur in space applications., However, in terrestrial appli-
cations, the flow of uranium along the walls would be excessive in
spite of the fact that the uranium film is quite thin (e.g., roughly
0.04 cm for the reference reactor). This movement of uranium leads
to nonuniform heat distribution on the reactor wall. Although dynamic
systems of this type may be feasible, they are difficult to analy:ze
and much of the data needed for the analysis (uranium viscosity and
surface tension) are lacking. Several dynamic systems are described
in this Report, but no attempt was made to analyze the dynamic system.

The mobility of the uranium when a considerable portion is in the
l1quid phase bodes reactor stability and safety problems which also
were not analyzed. It would be necessary to operate with the uranium
film almost completely in the solid state (with only an insignificant
amount in the liquid state) to avoid the film flow problem in the ter-
restrial gravitational field, and the reactor would have substantially
the characteristics previously noted for the all-solid-state film.
Operation with a small amount of the uranium film in the solid state
and the remainder in the liquid state may provide some reductiom in
uranium penetration into the container material. No other condition
of special interest in the solid-liquid state was found.

If penetration of the reactor wall by the uranium is the major

factor limiting performance and it remains necessary to hold the
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temperature at the interface to 1130°C or less, then operation in the
solid-liquid-gas or liquid-gas states presents no performance advantages
over operation in the liquid or solid-liquid states. If this tempera-
ture limit was raised by discovery of a more penetration-resistant wall
coating, then operation in the liquid-gas regime promises higher powers
(e.g., 2700 MW in the reference reactor with a uranium gas pressure of
9 atm and a liquid-gas distribution of 87 percent and 13 percent by
weight). Operation in the solid-liquid-gas state imposes excessive
demands on the reactor coolant system and is not a practical operating
regime.

The reactor power can of course be increased by increasing the
-reactor size; it is proportional to the cavity surface area.

A brief investigation of uranium 233 and plutonium 239 indicated
no crucial advantage of these materials over uranium 235 in the systems
under discussion.

Molybdenum was used as the cavity container material for the refer-
ence reactor because of its attractive combination of high melting peoint,
high thermal conductivity, and low neutron absorption cross section.
Natural tungsten was eliminated, in spite of its higher melting point,
because of its very high neutron absorption cross section. Tungsten 184
has an acceptable neutron absorption cross section, but its separation
from natural tungsten is expensive. Substitution of tungsten 184 for
molybdenum for the cavity container material would, for the reference
reactor at the same wall temperature, cause a reduction in reactor power
by 5 percent because of the lower thermal conductivity of the tungsten.
This would be more than offset by the higher wall temperature permitted

by the use of tungsten.
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I. INTRODUCTION

This study 1s a continuation of an investigation to explore the
feasibility and utility of nuclear cavity reactors employlng uranium
and plutonium fuels in the nonsolid state for electric power systems.
Early studies of the criticality of the cavity reactor were made by

(2)

George Safanov(l) and G, I. Bell. Extensive studies of the employ-

ment of cavity reactors in rockets with the figsile material in the
vapor state have been made by the United Aircraft Laboratories,(3’4)
the Lewis Research Center,(5_8) and others.(g_lo) A review of publi-
cations in this area to mid—1970 is given in Ref. 11, The employment
in cavity-type reactors of the nuclear fuel in the liquid state and

the fluidized solid state is discussed in Refs. 12 and 13, respectively.
In these rocket applications, a major problem is the separation of the
fissile material from the rocket propellant hydrogen. This separation
is attempted by control of the flow of fissile material and propellant.
In the power generation application to which our Report relates, the
separation problem does not exist and the fissile material may be sub-
stantially static.

In a previous study,<14) we investigated cavity-type nuclear re-
actors for power generation utilizing uranium and plutonium fuels in
the vapor state. Because the surface of the containment vessel exposed
to the fuel had to be at a temperature above the boiling point, we were
concerned that there may be significant destructive chemical reactions
between this surface and the fuel. Resolution of this issue was not
possible because of lack of thermodynamic data.

This problem can be alleviated by reducing the cavity surface
temperature below the boiling point of the fissile fuel. As this tem-
perature is progressively decreased toward the melting point, a layer
of liquid fissile fuel is formed on the surface and we have a two-phase
fuel system: a liquid-gas system. As the surface temperature is
dropped further, going below the melting point of the fissile fuel, a
solid film of fuel begins to form on the surface and we have a three-

phase system: a solid-liquid-gas system. Continued reduction of the



surface temperature will eliminate first the gas phase and then the
1iquid phage, leaving all of the fissile fuel deposited as a solid
layer on the cavity.

Obviously, as the cavity surface temperature is dropped, the rate
of chemical reaction between the fuel and the cavity wall material and
the rate of diffusion of fuel into the wall material are decreased. A
very marked reduction in these rates would occur when a solid film of
fissile material was formed on the surface, not only because of the
reduction in temperature but also because of the much lower rate of
reaction and diffusion between two surfaces in the solid state. For
very long endurance reactors it would, however, still be necessary to
investigate whether the chemical reaction and diffusion processes were
nondestructive even when the cavity was covered with a solid film of
fissile fuel.

An important requirement for a cavity reactor, if long endurance
is desired, is that it readily permit the elimination of the poisons
generated by the fission process and the introduction of additional
fuel to compensate for fuel burn-up. When the fuel is completely in
the gaseous phase, all of its fission products are also in the gaseous
phase because of the extremely high temperature. The fissile gas can
be maintained at a desired composition by continuously extracting fuel
from the cavity, purifying it, adding make-up fuel, and returning it
to the cavity. This process can also be used in the liquid-gas-phase
system, although fission products having boiling points above that of
the fissile material will remain in the fissile material film on the
cavity wall. In systems involving some of the fissile material in the
solid state, retention of the fission products within the reactor is
even greater.

The purpose of this study is to explore the several multiphase
fuel reactor systems to determine whether regimes exist in which the
problems are tractable and interesting performance is indicated. We
will consider (a) pressure in the reactor, (b) heat transfer, (c¢) pene-
tration of the cavity wall by the fissile material, (d) fission product

removal, and (e) movement of the liquid uranium film on the cavity wall.



Multiphase fuel elements for aircraft propulsion reactors are
being studied by Rom and his coworkers.(5-7) The application of multi-
phase fuel systems to a cavity reactor was independently suggested by
In the system suggested by Rom, fissile material contained
in a pool at the bottom of the reactor cavity continuously evaporates
into the cavity space and then condengses on the cavity wall, depositing
heat on the wall; the wall is also heated by radiation from the fissile
fuel plasma within the cavity. The fissile fuel that condenses on the
wall runs back down to the pool at the bottom of the cavity. This
system, which involves the flow of liquid fissile material, will be
called a dynamic system. Because of the complexity of the process,
the dynamic system is difficult to analyze. Our Report is limited to

multiphase fissile fuel systems that are quasi-static.



ITI. ANALYSIS OF HEAT FLOW

Because this is a feasibility exploration, in which great precision
is neither necessary nor even possible at this time (important data are
lacking), a simplified analysis is appropriate. Average values, inde-
pendent of temperature, will be assumed for the thermal conductivities
of the liquid fissile material, the solid fissile material, and the
cavity container wall material., A spherical cavity reactor, as shown
in Fig. 1, 18 assumed for the analysis.

The fissile material may exist in one or more of three phases, a
solid film on the wall, a liquid film on the wall, and a gas within
the cavity (see Fig. 1). The enlarged view shows a small area of the
wall, Because the film thicknesses are very small compared with the
radius, a one-dimensional heat transfer analysis will suffice. It is
assumed that the film thicknesses are uniform over the entire surface
of the reactor (the effect of gravity will be discussed later). Heat
generated in the gaseous fuel is assumed to be transferred to the walls
by radiation. Heat generated in and passing through the liquid film
is transferred by comduction only; it is assumed that motion of the
liquid is small and has a negligible effect on the heat transfer pro-
cess. The heat transfer through the solid film and the containment
wall is, of course, by conduction. Heat is transferred from the outer
surface of the containment vessel to the coolant by convection.

The equation for flow of heat in the fissile film (liquid and
solid) is given by

2

T .9 XK 37T
= + 1
pC  oC sz @

F3

where X = distance in the film from the cavity wall surface,
T = temperature at X,
t = time,

= heat generated per cm3 in the film,

= density of the fissile film,

specific heat of the fissile film,

A Q o &
i

= thermal conductivity of the fissile film.
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Fig.1—Diagram of spherical cavity reactor



For the steady-state condition, Eq. (1) reduces to
2
d°T
—5 = -‘% (2)
dXx

The solution of this equation in the region of the solid film,
subject to the boundary conditions T = T2 - ATS, at X =0 and T = T2
at X = Ls, is

2 2
T s (x| + |1+ ds%s (X + 2 1 (3)
AT 7K AT_\L 2K_AT_ |L_ © AT
s s S ] s s -]

where AT =T, - T,,
s 2 1
LS = thickness of the solid film.
The heat which is generated in the gas and liquid phases must flow

into the hot surface of the solid filmiand is related to conditions at

this face of the solid film by

%% o |a )
A s 1 dX -1

where QR = heat generated in the total liquid film,
Qg = heat generated in the reactor cavity,
A = surface area of the cavity.

The heat generated in the total solid film is

Q, = AL q 5

The total heat generated by the reactor is

Q=10 +Q+Q (6)



From Eqs. (3) and (4) we can obtain

3Q. + Q, + Q AT
S A’L g Ks _i__s N

In other words, for the case of constant thermal conductivity and
density in a given film of uranium, the heat flow into a unit area of
the face of that film plus one half of the heat generated within that
film is equal to the value of KAT/L for that film.

Thus for the case of the liquid film

2Q, + Q AT,
2 T

(8)

Because the mean free path of the neutrons is large compared with
the film thicknesses and the radius of the reactor, a good assumption
in this case is that the value of the heat generated in each phase is

proportional to the mass of uranium in that phase.

M= MM M (10)
Obviously
My = ALpg (11)
and
M, = AL,p, (12)

where p 1s the density of uranium.



The flow of heat through the cavity container wall is given by

T, - T
1~ T
% -k —— 13)
w

where Kw is the thermal conductivity of the cavity container material
and Lw is the thickness of the cavity container wall.

The heat flow into the coolant is given by
g: -
2 h(To Tc) (14)

where h is the surface heat transfer coefficient of the coolant.

Equations (14), (13), (7), and (8) may be respectively written as

T o1 =3 (15)

¥ (16)
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From Eqs. (15) through (18) it is possible to obtain the value
of the total heat flow as a function of the total temperature drop
I3
phases. For example, when the uranium exists entirely in the solid

film, in which case

- TC and the distribution of mass of uranium among the various



M=M, M, =0, M =0, and Ty -T,=0
A(T3 - T)
2 Ls Lw 1 @9
K TE th
s W
Similarly, when the uranium exists entirely in the liquid film
A(T3 - T)
XL w1
2K K h
2 W
When the uranium exists both in the liquid and sclid films
T, = melting point of uranium (1130°C) and Mg =0
A(T, - T))
3 c
Q= L* 2 1% L 1)
a1 -3 2 Q- X, w1
2° K 2 K K h
s L W

where a = MS/M’
1l-a = MR/M’
L: thickness of the solid film if all the uranium were in the
solid film,
L% = thickness of the liquid film if all the uranium were in the

L
liquid film,
L_ = aL¥*,
s ]
L£ = (1 - a) Li.

When the uranium exists in the liquid and gaseous states

Q = - (22)

where b = MQ/M,
1-b = M_/M.
g
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The relation between Mg and cavity gas pressure was obtained as
follows, From Figs. 7 and 9 of Ref. 14 the following approximate re-
lations can be obtained and are sufficiently accurate for the purpose

at hand:
Q = 20.5 x 1071 Mo (23)

P = p;'” £(4) (24)

where Q = total reactor power, MW,

M = total mass of U235 in the reactor, Kg,

¢

p = density of the uranium gas in the cavity, gm/cm3,

and £(¢) is given by

neutron flux, neutrons/sec/cmz,

£($)
® R =5 ft R = 10 ft
5 x 1010 11.7 x 10® 15.9 x 10%
2 x 1016 10.16 x 10% 13.0 x 10%
1 x 1010 9.10 x 10% 11.5 x 10%
5 x 1012 8.04 x 10° 10.2 x 10*
2 x 10%° 6.72 x 10% 8.1 x 10”
1 x 10%° 5.76 x 10% 7.5 x 10®
5 x 1014 4.86 x 10% 6.5 x 10%
Obviously
M =
. = 0¥

where V = volume of the cavity in cm3.
Equations (23), (24), and (25) and the relation between the uranium

boiling point and vapor pressure in conjuanction with Eq. (22)  (when the
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uranium exists in the liquid and gaseous phases) are sufficient to
determine the value of Mg for a given reactor configuration, materials,
uranium content, and operating temperatures. A method of succesgsive

approximations that converges very rapidly may be used:

1. Obtain a first approximation of Q from Eq. (22) assuming b = 1,

2. With this value of Q and the known value of M, compute ¢ from
Eq. (23).

3. Compute pg from Eq. (24) from the value of ¢ and the value of
P (the vapor pressure of uranium at the temperature T3).

4. Compute Mg from Eq. (25).

5. Compute b from b =1 - Mg/M.

6. Obtain a second approximation of Q from Eq. (22) using the

value of b, and repeat steps 1 to 5.

For the case covered in the present Report, the first approximation
for Q was sufficiently accurate for detefﬁining Mg' The value of Q
obtained from Eq. (22) is not very semsitive to the value of b, A
change in b, for example from 1 to 0.9, increases Q by less than one

.percent.



-12-

ITTI. DISCUSSION

We will now, with the aid of the foregoing equations, discuss
some of the practical problems associated with operation in the wvar-
ious possible fuel phase states to determine whether an attractive

region of operations can be found,

REACTOR PARAMETERS

The parameters used in this discussion are shown in Table 1, The

reactor fuel chosen for major emphasis in this study is U235. (The

effect of using other fuels will be discussed.) The cavity container
material chosen for the reference reactor is molybdenum, which has

the advantages of high melting point, high thermal conductivity, high
strength, and low neutron absorption coefficient (see Table 2, source

Ref, 16). Although tungsten has a higher melting point and retains

Table 1

ASSUMED REACTOR PARAMETERS

Fuel: Uranium235
Thermal conductivity, MW/em°C -6
liquid (estimated) seeeeveveecessoncacassenass 0.08 X 10__6
solid (estimated) ....eeevecevrseccoranasassae 0.3 X 10
Melting point, ®C cv.vvieeanseacenvacseassesaeees 1130 (2065°F)
Boiling point?
At L ALT cevroncserersosnassaccancanseccsaseas 3564 (6452°F)
Bt D BEM teverencgrasosonscaraccsosasncvecssseass 4650 (8401°F)
Fuel density, gm/cm>
1iquid siveeenosrinaancaeananeraasscsanasnsans 16
=5 3 5 s . 19

Container: Molybdenum -6
Thermal conductivity,Db Mi/em®C .....eciieeaneees 1 x 10

Coolant: Lithium 2 -5
Surface heat transfer coefficient, MW/em™°C .... 1 X 10
Mean coolant temperature, °C .....ececececsseeas 350 (662°F)

aReference 17.

bReference 18.
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strength to a higher temperature than molybdenum, it has, unfortunately,
in its natural composition, a much higher neutron absorption cross sec-
tion., The tungsten isotope W184 has a lower absorption cross section
than molybdenum (Table 3), but its separation from natural tungsten is
very expensive, Rhenium is another interesting possibility. The ef-
fects of changes in choice of cavity container materials will be

discussed.

Table 2

MELTING POINT, THERMAL CONDUCTIVITY, AND ABSORPTION
CROSS SECTIONS OF SOME POSSIBLE CAVITY
CONTAINER MATERIALS

Melting Thermal Absorption

‘Point,@ Conductivity, Cross Section
Material °C 10-6 MW/cm®C o, barns
Iron 1535 0.75 2.5
Platinum 1769 0.71 8.1
Rhenium 3180 0.35° 84
Rhodium 1966 0.88 150
Tantalum 2997 0.54 21
Thorium 1695 7.0
Titanium 1677 5.6
Tungsten 3380 2,01 19

0.84°
Vanadium 1917 5.1
Yttrium (1500) 1.4
Zirconium 1852 0.18
Nickel 1455 0.92 4.6
Chromium 1903 0.67 2.9
Cobalt 1495 0.69 37
Molybdenum 2625 1.47 2.7
1.00°

2prom Ref. 16. Number in parentheses is estimated value.

bTemperature range 1200°C to 2000°C (the thermal conduc-
tivity is nearly independent of temperature im this-range;
see Fig. 2). Other values in this column are foxr room tem=
perature.



~14~

Table 3

COMPOSITION OF NATURAL TUNGSTEN

Tungsten Absorption Cross Section,
Isotope Abundance, % barns
180 0.14 < 20
182 26.2 20
183 14.3 11
184 30.7 2
186 28.7 36

The following table shows the thermal conductivity of solid
uranium (Ref. 19):

Table &

THERMAL CONDUCTIVITY OF URANIUM

Thermal Conductivity,

Temperature, °C ‘ MW/cm®C
-6
20 iiiieaacresrcecnees 0,239 X 10—6
100 ¢i.ieiieeaneena.n. 0,255 X 107/
200 s.iiieincennsenanas 0,276 % 10__6
300 «iuerrerenaanenana. 0,297 X 107,
400 Liiieiinaieiianaan, 0,322 X 107
500 4uurensierraaaana.s 0,343 x 107
600 ...ccvevcnnnannnees 0.368 x 10~6
700 seeveecevearsesoens 0,393 x 10_6

725 iirecesannannseses 0,402 x 10
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Fig.2-—Thermal conductivity versus temperature
(Taken from Ref. 18)

For those cases involving uranium in the solid phase, we are interested
in this study mainly in the temperature range for Tl and T2 between 600
and 1130°C, There is some data that indicate that as temperature is
increased above the range shown in Table 4, the value of the thermal
conductivity tends to level off before the melting point of uranium is
reached. Furthermore, reduction in the value of the thermal conductivity
may be expected during reactor operation because of damage of the uranium
structure by radiation. There is some annealing of this damage~~-the
higher the temperature the greater the rate of annealing. The extent of
the effects of irradiation and annealing is not known. In view of the
uncertainties mentioned and the shortage of data in the temperature range
of interest, we arbitrarily chose a constant value for thermal conductiv-
ity of 0.30 x 10—6 MW/em®C for solid uranium, which when compared with the
values in Table 4 appears to be conservative, We also examine the sensi-

tivity of the results to variation in the value of thermal conductivity

of the uranium.
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Data on the thermal conductivity of sodium indicate approximately
a 50 percent reduction in value when the sodium goes from the solid to
the liquid state. In the absence of any data on the thermal conductiv-
ity of liquid uranium, we arbitfarily assumed a value of 0.08 x 10-6
MW/em®C, which again appears to be conservative, and we also explore
the sensitivity of the results to this value. Conservative values for
the thermal conductivity of uranium were chosen because of the increase
in resistance of the film to passage of heat that would probably occur
as the film accumulates fission debris during operation.

The values of the thermal conductivities of molybdenum, tungsten,
and rhenium (Fig., 2) are taken from Ref. 18. They are nearly indepen-
dent of temperature in the range of container temperatures under dis-
cussion. Because of the uncertainty in the values of the thermal
conductivity of uranium, it was felt that the choice of a rounded single
value of thermal conductivify for each of these materials independent
of temperature was consistent with the accuracy of the present study.
The sensitivity of the results to variation in the values of thermal
conductivity of the container material will be indicated.

The temperature-pressure values for uranium listed in Table 1 were
taken from the curve through the experimental data in Fig. 3.

The values of the density of liquid uranium 235 as a function of

temperature (taken from Ref. 20) are listed below:

Temperature, °C Density, gm/cm3

1133 tiieieenennneaeess 17.678
1227 iiieineenieeaaa.s 17,582

1727 it . 17.072
2227 it 16.562
2727 tiiereienenaeaesss 16.052

3927 ..... cesenaan eesss 14.83

Because the thermal conductivity of 1iquid uranium is unknown and the
density is involved only in the determination of the thickness of the
uranium film which appears in the heat flow equations in the term
LQ/KQ, we believe that it is adequate for this analysis to choose a
constant value for the density of liquid uranium. We chose a mean

value from the above table of 16 gm/cm>, as listed in Table 1.
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The assumed value of the surface heat transfer coefficient, h, in
Table 1 corresponds to that of liquid lithium flowing at 50 ft/sec in
a 3-cm-wide channel., Surface erosion and coolant pumping power are
limiting factors on the rate of coolant flow. A speed of 50 ft/sec for
lithium is near the erosion limit. The sensitivity of the results to
variation in surface heat transfer coefficient will be discussed.

The coolant temperature must be high enough to be useful in the
thermodynamic process that converts heat into electricity. A coolant-in
temperature of 275°C and a coolant-out temperature of 425°C are charac-
teristic of reactors employed in current nuclear electric power gener-
ators and these values lead to the mean value of Tc = 350°C listed in
Table 1.

The values of reactor critical mass shown in Table 5 were derived
from the information in Ref. 6 and relate to the reactor shown in Fig. 4.
This reactor employs a substantial amount of D20 and Be as moderator
materials and a O.l-in.-thick molybdenum cavity container. Although
lower critical values for the uranium content of cavity reactors are
theoretically possible, we use the values in Table 5 as an index of
the lower practical limit; higher values of uranium content can of
course be used by incorporating more poison into the reactor and by
reducing the amount of reflector moderator. Table 5 also lists the
ratio of the macroscopic cross section of the container material to
the macroscopic fission cross section of the fuel.

The value of the U235 content, 200 Kg, is well above the critical
value listed in Table 5 for a 5-ft-radius reactor, lending credance
to the belief that this uranium content would be more than adequate to

meet the criticality requirements for an operational reactor.

‘REACTOR PERFORMANCE

Uranium in Solid Phase

Figure 5 shows for the reference case the reactor power as a func-
tion of the uranium f£film hot and cold surface temperatures, Tl and T3
respectively, and cavity wall thickness, Lw’ when the uranium is en-

‘tdrely in the solid phase. (Because there is no liquid film, T, equals
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Table 5

CRITICAL MASS OF CAVITY REACTORSZ

Ratio of Macroscopic Capture
Cross Section of Container, Mo, to
Cavity Critical Mass, Kg Fission Cross Section of Uranium
Radius,
£t 233 233 0N /ogNyaq 0N, /0Ny 35
4 26 42°¢ 0.229 0.131
5 35 57¢ 0.226 0.153
6 46 74 0.292 0.167
7 59 93¢ 0.310 0.177
8 90 145¢ 0.264 0.151
9 130° 209°¢ 0.250 0.143
10 170° 274S 0.219 0.125

SOURCE: Reference 8.
8This cavity reactor is characterized by Fig. 4.
bExtrapolated from the values in Ref. 8.

®Estimated on the assumption that the ratio of the critical mass
of U233 to U235 indicated in Ref. 8 for the 6-ft-radius cavity would
also apply for other radii.

Additional parameters assumed for the reference reactor are:

Reactor radius, ft .iieeiecvrececaaanns 5 (152.5 cm)
Reactor U235 content, K& seeeveessesees 200
Cavity container wall thickness, cm ... 0.10

T3.) The curves for constant T1 are independent of the values of K.W
and h.

Increase in cavity wall thickness Lw causes a considerable de-
crease in reactor power. With the uranium entirely in the solid film,
‘the vapor pressure within the reactor would be extremely small and the
stresses it would induce in the cavity wall would not be an important
consideration in determining the value of Lw. Probably the problem of
fabricating a very large sphere of the required integrity and accuracy
from very thin material would place a lower limit on the practical

thickness of the cavity wall., Although smaller wall thicknesses may
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D,0 26 in. (T = 660° R)
Be 4 in. (T =1500° R)
21 A %
D,0 +H, (0.42 x 10 E)
6 in. (T =800° R)
Mo 0.10 in. (T =2500° R)

Hy 24 in. (T =12,000°R)

u”® + H, (2:1) (T =80,000° R)

Fig.4 —Design of cavity reactor for which Table 4 applies
(Taken from Ref. 6)

be attainable, we have arbitrarily chosen 0.10 cm as representative of
a practical value for Lw and will use this value in much of our subse-
quent discussions.

According to Fig. 5, the reactor power for the case under consider-
ation is a maximum when T3 attains the melting point 1130°C. For a
wall thickness of 0.10 cm, at this condition the reactor power is 875 MW
and the value of T, is 950°C. With T, = 950°C and T, = 1130°C, the
uranium temperatures are well above the range for which the values of
thermal conductivity are known (see Table 4) and are very likely in the
range where the values of thermal conductivity are decreasing with in-
crease in temperature. The following table shows the sensitivity of
the values of reactor power and Tl to the value of thermal conductivity

for the case of the reference reactor with LW = 0,10 cm and T3 = 1130°C.
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Table 6

SENSITIVITY OF REACTOR POWER AND T; TO VARIATION IN
THERMAL CONDUCTIVITY OF URANIUM FOR REFERENCE
REACTOR WITH ALL URANIUM IN SOLID CAVITY FILM

= = ®
(Lw = 0.10 e¢m and T3 1130°C)
Thermal Conductivity Ks’ Reactor Power Q, T1,
MW/ em®C MW °C
0.10 x 1078 600 759
0.20 x 107° 785 887
0.30 x 1070 (ref. case) 875 950
0.40 x 1070 930 1011

A three-fold reduction in the value of KS relative to the reference
case would, according to Table 6, cause a 31 percent reduction in re-
actor power,

Returning to the reference case, in which the value of Ks is taken
as 0,30 x 10_6 MW/cm®C, the value of reactor power can be increased
above the value of 875 MW previously noted by decreasing the uranium

content of the reactor holding T, and T, constant at 350°C and 1130°C,

respectively.
Uranium
Uranium Content, Reactor Power, Film Thickness,
Kg MW cm
200 (ref. case) 875 0.03605
100 990 0.0180
57 1050 0.0103
35 1084 0.0064

The effect on reactor power of decreasing the uranium content below
100 Kg is small, The difference between the reactor powers at a
uranium content of 57 and 35 Kg, which represent respectively the crit-

ical values shown in Table 4 for U235 and U233, is about 3 percent.



-23-

It appears that a reactor power of the order of 1000 MW may be
obtained in the 5-ft-radius cavity reactor with the uranium located in

a solid film on the cavity surface.

Uranium in Liquid Phase

Figure 6 shows the variation of reactor power with Tl and T3 and
Lw when the uranium is essentially all in a liquid film on the reactor
wall. (In this case Tl = T2 because of the absence of the solid film.)
Major differences in assumptions between Figs. 5 and 6 are the much
lower values for the thermal conductivity and density of the liquid
film compared with the solid film, By holding Tl above 1130°C and T3
below 3564°C, the uranium is caused to exist mainly in the liquid film.
The value of T3 = 3564°C corresponds to the boiling point of uranium
at one atmosphere. The amount of vapor in the reactor cavity at this
condition represents only a small percentage of the total uranium con-
tent of the reactor.

Again assuming a value of Lw of 0.10 cm, the maximum wvalue of power
for the case in Fig. 6 occurs for T, = 3564°C and is 2025 MW. The

6 MW/cm®C appears somewhat conservative

assumed value of Kl = 0.08 x 10"
when compared to the values in Table 4. The sensitivity of the reactor

power to an increase in Kl is given in the following table.

Table 7

SENSITIVITY OF REACTOR POWER AND Tl TO VARIATION IN
THERMAL CONDUCTIVITY OF URANIUM FOR THE REFERENCE
REACTOR WITH ALL URANIUM IN LIQUID FILM ON
CAVITY WALL (LW = 0,10 cm and TB = 3564°C)

Thermal Conductivity K%’ Reactor Power Q, Ty,

MW/ em®C MW °C
0.08 x 10°° (ref. case) 2025 1737
0.16 x 107° 2835 2290
0.24 x 1070 3260 2580
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If, however, the problem of penetration of the cavity wall by the
uranium limits the wall temperature to 1130°C (the melting point of
uranium), then the power of the reference reactor would be 1140 MW and
would be insensitive to the value of the thermal conductivity of the
uranium, It will be shown later that the interaction between the
uranium and the wall material is a serious problem and that a tempera-

ture of T, = 1130°C may be a practical limit for metallic cavity

1
contalners.

Uranium in Solid-Liquid Phase

Figure 7 shows the dependence of reactor power on the film temper-

atures and cavity wall thickness when the uranium is entirely in a film
on the wall, partly in the solid state and partly in the liquid state,
The ratio of the mass in the solid state, MS, to the total mass of
uranium, M, is also shown. Obviously the ratio of the mass in the
liquid state to the total uranium mass is 1 - Ms/M'

For a constant cavity wall thickness Lw’ Fig. 7 indicates that
transition from a completely solid to a completely liquid film dis ob-
tained with only a moderaté increase in reactor power. For example,
at Lw = 0,10 the film is completely solid at a reactor power of 875 MW
and completely liquid at a reactor power of 1140 MW (an increase in

power of 30 percent).

Uranium in Selid-Liquid-Gas Phases

Figure 8 is a composite of Figs. 5, 6, and 7 with an extension to
T3 = 4650°C; it illustrates operation of the reference reactor in the
various fuel states. To simplify the graph, the curves of constant Lw
are limited to the values of Lw equal to 0 and 0.10 cm. With the
value of h chosen for the reference case, operation in the region above
the Lw = () curve is not possible. Operation in the solid-liquid-gas
state puts too great a demand on coolant performance and is not a
practical operational regime.

Although some uranium exists in the vapor state at all values of
T3

corresponding to the boiling point of uranium at a pressure of one

, we arbitrarily chose as the start of the gas phase the value of T3
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atmosphere. In the region of Fig. 8 where T3 is less than this boil-
ing point, substantially all of the fuel is in the film. In the region
where T3 is above this boiling point, further increase in power is
accompanied by a vaporization of uranium and an increase in gas pres-
sure, The plot is terminated at a temperature T3 = 4650°C because of
a lack of data on the relation between vapor pressure and temperature
above this point (see Fig. 3).

The various fuel phase zones are indicated in Fig., 8. For condi-
tions to the left of T3 = 1130°C (the melting point of uranium), the
fuel is entirely in the solid state located as a film 0.036 cm thick
on the inner surface of the cavity. In the region bound by the T3 =
1130°C and T3 = 3564°C lines and above the T, = 1130°C line, the fuel
is in a solid-liquid phase. Below the Tl = 1130°C and between the
vertical lines at T3 = 1130°C and T, = 3564°C, the uranium is com-
pletely in the liquid film (film thickness 0.043 cm). In the region
to the right of the T, = 3564°C line and above the T, = 1130°C 1line,
the fuel is in the gaseous-liquid-solid phase while below the 'I‘l =
1130°C line, the fuel is in a gaseous~liquid phase. At Ty = 3564°cC,
approximately 3 (weight) percent of the fuel is in the gaseous state
and at T3 = 4650°C, approximately 13 percent of the fuel is in the
gaseous state.

At the temperature of T3 = 4650°C, the pressure in the cavity is .
9 atm. If we assume a pressure of 1 atm outside the 0.10-cm-thick wall
of the reference reactor, then the stress on this wall would be 89,000
psi. This stress would be excessive for molybdenum. It is possible
to relieve the stress on the cavity container wall by pressurizing the
exterior to balance the pressure in the interior; this transmits the
load to the containment vessel, which can be cooled to a moderate tem—
perature where strength is high,

Table 8 shows the reactor powers and the associated temperature
at the points where the Lw = 0.10 cm line cuts across progressively
= 1130°C line, the T, = 1130°C 1line, the T, = 3564°C line, and
3= 4650°C line in Fig. 8.
The sensitivity of the reactor power for a given cavity radius,

at T3
the T

uranium content, coolant temperature, and surface temperature T3 to
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Table 8

ILLUSTRATIVE REACTOR POWERS AND TEMPERATURES FOR
THE REFERENCE REACTOR
(Radius 5 ft, U235 content 200 Kg, L =0.10 cm)

Reactor Fuel Phase, 7 Uranium
Power, To, Ty, T3, Pressure,
MW °C °C °c Solid | Liquid | Gas atm
875 650 950 1130 100 0 0 (a)
1140 740 1130 2160 0 100 0 (a)
2025 1044 1738 3564 ¢] 97 3 1
2170 1095 1840 3800 0 (b) (b) (b)
2710 1277 2204 4650 0 87 13 9

4The vapor pressures corresponding to temperatures well below the
boiling point at one atmosphere are very small.

bBecause of the strange shape of the curve for uranium vapor pres-
sure (see Fig. 3), no attempt was made to estimate these values.

changes in the cavity container thermal conductivity and thickness, and
the coolant surface heat transfer coefficient, are shown in Fig. 9.
The reactor power relative to that of the reference reactor is shown
for the values of h and Kw/Lw relative to the reference values. The
reference values are indicated by the subscript r.

The values of reactor power in Table 8, for example, for a given
value of T3 and the uranium mainly in the liquid state will change by
the following factors when the container wall material is changed (see

Fig. 2 for the values of thermal conductivity).

Container Relative Thermal Conductivity,
Wall Material Reactor Power MW/cm®C
Molybdenum 1 1.0 % lO.'6
Tungsten 0.95 0.84 x 107°
Rhenium 0.70 0.35 x 1070




QUQ,

1.5

-30-

Note: Reference values relate to
reference reactor

| | !

1 2 3 4 5
L./K.,, 'EL
(Lu /Ky, h

Fig.9—Sensitivity of reactor power to variations in Kys Ly and
h from reference values
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For each case listed in Table 8, the power indicated in the above
table will change as the container wall material is varied, also chang-
ing the values of T0 and Tl; all other parameters will remain constant
as given in Table 8.

Similarly, if the surface heat transfer coefficient of the coolant
 were reduced relative to the reference value, the reactor power would
be reduced. This is 1llustrated in the following table for the case
in which the uranium is mainly in the liquid state:

Relative Coolant Relative
Surface Heat Transfer Reactor
Coefficient Power
1 1.
0.5 0.82
0.25 0.61

Surface heat transfer coefficients for sodium in current reactor prac-
tice range from % to 2 the reference value used in this Report. We

believe, however, that the value used in this Report is attainable.

FISSION DEBRIS REMOVAL
When the reactor temperatures are sufficiently low that all of the

fuel is in the solid state, then the power for the reference reactor
indicated in Table 8 is 875 MW, (This power can be increased to about
1000 MW by decreasing the uranium content of the reactor.) With the
fuel entirely in the solid state, a large percentage of the fission
fragments would be trapped in the fuel, thereby negating one of the
advantages of the cavity reactor-—namely, that of permitting continuous
removal of the debris generated by the fission process. Although it is
possible to offset this continuous increase in debris by adding fuel,
there is a practical limit to this expediency and removal of the debris
would eventually be required for further operations of the reactor. For

example, operation of this reactor at a power of 875 MW for a year would
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result in the burn-up of 362 Kg of U235 and virtually all of the fission
debris would be trapped in the solid uranium film.

Progressively increasing the power above 875 MW would result first
in a gradual thinning of the solid film adjacent to the cavity wall and
a thickening of the liquid film as T1 and T3 increase. At a power of
1140 MW (T3 = 2160°C), the entire film is liquid. At this condition,
as indicated in Table 9, a large percentage of the fission yield is in
the liquid state and remains in the film. (A more complete discussion
of the fission debris is given in Appendix A.) Increasing T3 to the

boiling point of uranium at 1 atm. (3564°C) results in evaporation of

Table 9

FISSION SPECIES RETAINED IN U235 FILM AT
VARIOUS FILM SURFACE TEMPERATURES, T,3

Retained in Film at
Boiling Absorption Values of T; Below

Fission | Point,b | Atomic Cross Section,

Fragment °C Yield,® % barns 2160°C | 3800°C | 4650°C
agt?® 2193 | 0.28 85 0.28 | o 0
cat?’ (2725) | 0.0074 200,000 0.0074 | 0 0
P47 (2727) | 2.6 90 2.6 0 0
pel?t 3017 | 5.7 11 5.7 0 0
Nat43 3085 | 6.2 290 6.2 0 0
nal4 3085 | 6.0 — 6.0 0 0
a4 3085 | 4.0 52 4.0 0 0
Nat40 3085 | 3.2 10 3.2 0 0
Lal3? 3370 | 6.3 8.5 6.3 0 0
rat03 (3725) | 2.9 150 2.9 0 0
e”? (4627) | 6.2 100 6.2 6.2 | 0
Mo®? 4825 | 6.3 13 6.3 6.3 | 6.3

2This table contains only species that have a boiling point above
/2100°C. A more complete list is given in Appendix A, Table A-1,

bFrom Ref. 16; parentheses indicate value is estimated.

“Number of atoms of product per atom of U235 figsioned (Refs. 21,22).
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most of the fission products., There is a further reduction in the
fission fragments in the liquid film when the value of T3 is increased
to about 3800°C, and an additional reduction with increase in T3 up to
4650°C (uranium pressure ~ 9 atm). All of the fission fragments are
boiled out of the film at T3 above 4825°C., This temperature (4825°C)
represents the boiling point of molybdenum; therefore, if the container
were molybdenum and this material were in contact with the uranium film,
a progressive depletion of the wall material would occur through solu-
tion by the uranium followed by evaporation. This problem possibly
could be avoided by the use of tungsten for the container or a tungsten
buffer layer between the molybdenum and the uranium., (The efficacy of
this expedient would have to be investigated experimentally because
undesirable interactions between tungsten, molybdenum, and uranium may
occur at the high temperatures under discussion.)

In a practical reactor it may not be necessary to boil all of the
fission debris out of the film. For example, the accumulation of moly-
bdenum in the film and its deposition on the container wall may be
acceptable for an appreciable operational duration.

The temperature of 3800°C for T, represents an interesting com-
promise because it is considerably below the melting point of molybdenum
and, as indicated in Table 9, at this temperature only a small percentage
of the fission debris is retained in the film. Table 9 indicates the
retained debris generated in this case is composed of Tc99 and Mogs,
both very long-lived isotopes. In order to determine the deleterious
effects on criticality of this debris it is necessary to take into
account the transmutation of a portion of this debris by neutron
absorption.

Table 8 indicates that a 5~ft-radius reactor with a U235 content
of 200 Kg would generate a power of 2170 MW with a Tl of 1840°C and a

T, of 3800°C, The U235 burn-up in five years of continuous operation

3
at 2170 MW would be 4500 Kg and the amount of debris remaining in the

film would be 233 Kg. The M095 and Tc99 directly formed from fission
have absorption cross sections of 13 and 100 barns, respectively. The
M095 on absorbing a neutron becomes M096, a stable isotope with an

absorption cross section of 1 barn. The Tc99 on absorbing a neutron
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would become Tcloo, which has a half-life of 16 sec and decays by a
B ejection to Ruloo. The absorption eross section of Ru]:00 is 5.8
barns. Therefore, the transmutation of some of the Mo95 to M096 and

Q0
Tc99 to Rul would result in a large reduction in macroscopic absorp-

tion cross section.

It is shown in Appendix A that the five-year accumulation of this
debris for the reference reactor operating continuously at a power of
2170 MW (corresponding to T3 = 3800°C in Table 8) would result in the

value of

20Ny

0fNu

= 0,10

where Ni is the number of atoms of a component of the debris, 0312§§
the corresponding absorption cross section, Nu is the number of U

atoms in the reactor, and Og is the figsion cross section. The summa-
tion is over all of the debris components. If we add to this value the
contribution of the molybdenum cavity container (thickness 0.10 cm),
namely 0.01, we obtain a total of 0.11 for the above factor. This value
is considerably less than the value in Table 5 for a 5-ft-radius re-
actor, and therefore the accumulation of this debris should not cause
shutdown of the reactor under discussion; that is, sufficient excess
reactivity should remain to allow the reactor to reach criticality and
be controllable.

The accumulation of this debris would reduce the reactor power for
the given values of Tc and T3 because of the associated increase in
resistance to heat flow. In the absence of thermal conductivity data
for Tc and Ru, an accurate estimate of this loss of power is not pos-—
sible. It is evident from Fig. 9 that, for the reference reactor, if
the effect of the debris accumulated on the contalner wall were to
double the effective value of Lw/Kw’ then the reactor power would de-

crease to 82 percent of the value for the clean reactor.

*

Further transmutations by neutron absorption (i.e., Mo%6 to Mo97
and Rul00 to RulOl) would have an insignificant effect on the macro-
scopic absorption cross section of the debris.
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Appendix A indicates that it would be feasible to drop the tem-—

perature of the free surface of the U235 to about 3400°C, which is

above the boiling point of La139 and below the boiling point of Rh103
(these are the next two elements below Tc99 in boiling point in Table 9).
The Rh103 which would be retained in the‘U235 film after five years of
operation would not increase the value of § calNi/ofNu above the wvalue
in Table 5 for the 5-ft-radius reactor. Dropping the temperature T3

to 3400°C would have the advantage of reducing the amount of U235 in
the gaseous phase, thereby reducing the amount of U235 that must be

recovered from the gases being removed from the cavity in the cleansing

process.

FLOW IN URANIUM LIQUID FILM INDUCED BY GRAVITY
From the foregoing discussion it is evident that operation of the

cavity reactor with the uranium substantially all in the liquid phase
has the advantages of promoting continuous fission debris removal, pro-
viding attractive power levels, and avoiding the problems of high cavity
pressure obtained when an appreciable portion of the uranium is in the
gas phase. Although not a problem in space, the flow of uranium along
the wall and the dropping of uranium from the upper hemisphere of the
reactor, induced by gravity, are of serious concern in terrestrial
applications. The depletion of the liquid uranium film on thg upper
surfaces of the cavity would be countered by some deposition of uranium
on these surfaces from the vapor in the cavity. Nevertheless, the film
thickness would vary considerably over the surface of the cavity, lead-
ing to uneven heating. Although dynamic systems of this type may be
feasible, they are difficult to analyze. In the present report we are
limiting our discussion to quasi-static systems.*

A negligible flow of liquid uranium in terrestrial applications
would occur if the film were sufficiently thin and/or the viscosity

and adhesiveness of uranium sufficiently large. The conditions under

*A quasi-static system is one in which the movement of fluid along
the wall is extremely low and there is some removal of spent material
(fission debris) from the film by evaporation and replacement of uranium
by condensation.
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which a quasi-static film may be attainable are analyzed in Appendix B.
The thickness of the uranium film for the reference reactor when all of
the uranium is in the liquid state is 0.043 cm. Appendix B indicates
that at this thickness the speed of flow of the film caused by gravity
would be excessive, which would require analysis of the reactor as a
dynamic system,

The thickness of the uranium film can be reduced by decreasing the
uranium content of the reactor and by increasing the reactor cavity
radius. The effect of decreasing uranium content in the 5~-ft-radius
reactor is shown in Table 10 and the effects of changing both uranium

content and cavity radius are shown in Fig. 10,

Table 10

EFFECT OF REDUCTION IN URANIUM CONTENT ON REACTOR POWER AND
TEMPERATURES FOR Ty = 3564°C AND T3 = 4650°C
(Cavity radius = 5 ft, Lw = 0.10 cm)

Uranium ] Reactor Fuel Phase, 7 Liquid Film|Uranium
Content,| Power, Tos| T1s | T3, Thickness, |Pressure,
Kg MW °C | °C ]°C |[Solid]Liquid|Gas cm Atm
200 2025 1104111735} 3564] O 97 3 0.042 1
100 2820 [1316)2280 | 3564| O 95 5 0.021 1
502 3520 |1555 2760b 3564 0 92 8 0.010 1
200 2710€ | 12862220 | 4650 | © 87 {13 0.037 9
100 | 38409 | 166529807 4650| o | 78 |22 | o0.017 9
502 4950% | 2045 3740b 4650 | O 58 142 0.0064 9

aSlightly below the critical mass of 57 Kg given in Table 5.
P Above melting point of molybdenum (2625°C).

cOne-percent higher than value for b.= 1 (b = mass of uranium in
film/total mass of uranium),

dTwo percent higher than value for b = 1,

®Five percent higher than value for b = 1.
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Unfortunately, at a value of uranium content of 100 Kg the liquid
film thickness listed in Table 10 is still too great to prevent exces-—
sive uranium flow along the wall under the influence of terrestrial
gravity.* This problem would still pertain even if the uranium content
were decreased to 50 Kg, a value slightly less than the value of criti-
cal mass listed in Table 5., Furthermore, at the high values of Tl in
Table 10 penetration of the wall material by the uranium would be a
problem. The penetration problem will be discussed later.

Figure 10 shows the variation of reactor power with cavity radius
and uranium content for T3 = 3800°C, a temperature at which most of the
fission debris is vaporized out of the uranium film. Also shown in this
graph is a curve for the critical mass of uranium taken from Table 5,

It is doubtful whether a reactor of practical design would go critical
for values of uranium content less than those given by the values from
Table 5; therefore, the curves are shown dotted to the left of the
critical mass curve.

The temperature of the hot surface of the cavity container Tl is
shown in Fig. 10, and it is noted that as the melting point of molyb-
denum (2625°C) is approached, so is the region of the criticality limit.

The values of L% in Fig. 10 are the uranium film thicknesses when

all of the uranium i: assumed to be located as a liquid film on the
cavity wall. The actual film thicknesses would be somewhat below these
values because of the vaporization of some of the uranium into the
cavity at a film temperature of 3800°C. A value of Li of 0,016 cm is
very close to the critical mass limit and further reduction would re-
sult in moving in the direction of uncertain criticality. Unfortunately,
a uranium film thickness of 0.016 cm or even of 0,010 cm would result
in too large a flow of uranium along the wall if the reactor is sub-
jected to the terrestrial gravitational field. If it were necessary to
restrict T1 to 1130°C to avoid excessive penetration of the wall by the
uranium, then according to Fig., 10 the uranium film thickness would in-

crease, thereby exacerbating the film flow problem.

*
See Appendix B,
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It therefore appears that with the uranium substantially in a liquid
film there is no feasible combination of reactor radius and uranium con-
tent that would avoid the uranium film flow problem in terrestrial opera-
tion., Other methods of avoiding this problem will be discussed in a

later section.

PENETRATION OF CONTAINER MATERIAL BY URANIUM

Figure 11 from Ref. 23 shows the time required for uranium to pene-

trate a 0.020 in. (0.0508 cm) thickness of metal at various temperatures;
data for Ti, Zr, Mo, Nb, Ta, and W are shown. The times to penetrate
the test thickness at temperatures of 1130°C and 1400°C taken from Fig.

11 are compared for the various metals tested in the fellowing table,

Time to Penetrate 0.0508 cm, hr
Metal at 1130°C at 1400°C

Titanium 30 -
Molybdenum 40 -
Zerconium 40 -
. Niobium 500 -
Tantalum 1600 0.15
Tungsten 16000% 1

a

Extrapolated.

At a wall temperature equal to the melting point of uranium (1130°C),
only tungsten appears to promise adequate resistance to penetration by
uranium; molybdenum is completely inadequate. -A thin layer of tungsten
might serve as a penetration barrier between the uranium and the molyb-
denum cavity container. A moderate increase in wall temperature above
1130°C eliminates even tungsten as a penetration barrier.

Tests on the containment of molten uranium in tungsten and tungsten-—
1.5 percent hafnium crucibles at temperatures of 1200°C and 1500°C, re-

ported in Ref. 25, confirm the seriousness of the penetration problem.
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(From Ref. 23, based on data from Ref. 24.)

Considerable intergranular penetration was encountered in these tests.
The .authors of Ref, 25 suggest that alloying the tungsten with hafnium
and rhenium may prove effective., They also suggest the investigation
of protective ceramic coatings such as hafnium carbide, titanium car-
bide, and tungsten boride. It is difficult, however, to obtain ceramic
coatings that do not crack when subjected to thermal cycling.

For the reference reactor (see Table 8), a wall temperature Tl of
1130°C 1limits the reactor power to 1140 MW, The associated uranium hot
surface temperature T3 is 2160°C which, according to Table 9, results
in a substantial retention of fission debris in the uranium liquid film,
The value of T3 can be increased while holding Tl constant at 1130°C
by increasing the uranium content of the reactor above the value of

200 Kg for the reference reactor, as illustrated in the following table.
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EFFECT OF INCREASING URANIUM CONTENT ON T3
FOR REFERENCE REACTOR

U235 Uranium
Content, T3, Power,
Kg °C MW
200 (ref. case) 2160 1140
300 2670 1140
400 3190 1140
500 3705 1140
518 3800 1140

An increase in U235 content of the reference reactor to 518 Kg
would be required to achieve the 3800°C value for T, at which (see
Table 9) most of the fission debris is boiled out of the uranium film.
This uranium content would correspond to a uranium liquid film of
0.111 cm thickness on the cavity wall., Although this increased film
thickness exacerbates the problem of retaining the liquid uranium film
on the wall in terrestrial applications, film retention may not be a
problem in space applications. As noted in the foregoing table, the
reactor power remains constant at 1140 MW with the increase in U235
content when Tl is held constant. Obviously, the reactor power would
remain constant with constant Tl even when the uranium content is in-
creased to the point that the uranium is in the liquid-gas state. The
liquid-gas state offers increased power, as noted in Table 8, only when

an increase in temperature Tl is permitted through the use of improved

wall materials.

EFFECT OF CHANGE IN FISSILE MATERIAL TO URANIUM 233 AND PLUTONIUM 239
The major effect of change in fissile material from U235 o Y233

is to reduce the critical mass of the reactor by roughly 38 percent for

a given reactor configuration (see Table 4), It was previously shown
(in the subsection Uranium in Solid Phase, p. 18) that for the refer-

ence reactor with the fuel all contained in a solid film on the surface
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of the cavity, a change in uranium content from 57 to 35 Kg (which are
critical masses given in Table 4 for U235 and U233 respectively) in-
creases the reactor power by only 3 percent,

For reactors in which the uranium is all in the liquid phase, the
uranium content of the reactor would probably be established by the
requirement to hold T4 near 3800°C, at which temperéture most of the
fission debris would be boiled out of the uranium liquid film. With

this requirement the lower attainable critical mass of the U233 rela~-

tive to the U235 would not be pertinent, In addition, the U233 has the
same thermal and chemical properties as U235. Hence one would conclude
that for the uranium in the liquid phase the U233 offers no significant

advantage over U235.

When most of the uranium in the reactor is in the gaseous phase,

the lower critical mass for U233 relative to U235 would result in a

lower gas pressure in the cavity. This case is discussed in Ref. 14.
Larger differences may be expected from the substitution of Pu239
235 239

for U"77. The following are some of the properties of Pu

Pu239

Melting point, °C ......i0eee.. 632
Boiling point, °C ........v.... 3235
Density (20°C), gm/cm3
Alpha Pu, 25°C ,,.ieeeeveene. 19.60
Liquid, 665°C ...vvivvrnnncne 16.54

For the case of the reactor specified to operate with all the
fissile material in the solid phase, it may be concluded that, because
the melting point of plutonium is much lower than that of uranium, the
reactor power would be substantially lower with the plutonium than with
the uranium.

This conclusion follows from the fact that the maximum temperature
difference between the fissile material surface and the coolant tempera-
ture (i.e., T3 - Tc) is for plutonium nearly one third the value for

uranium when T3 in both cases 1s at the melting point of the respective
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fuel (see Eq. (19)). The value of the thermal conductivity of plutonium
could not be found in the literature, but even if it were infinite, re-
ducing Ls/2ks in Eq. (19) to zero, the value of the denominator would

be reduced only 25 percent. This reduction in the value of the denom-
inator would not offset the threefold reduction in the value of T3 - Tc
in the numerator,

For the case of the reactor with the fissile material all in the
liquid state, the lower boiling point of plutonium relative to that of
uranium means greater retention of fission debris within the fissile
film for the same cavity pressure. Thus it appears at present that
plutonium does not promise a significant advantage over uranium in the
cavity reactor. Data on the resistance of materials to penetration by
‘plutonium at the temperatures of interest could not be found in the

literature.

DYNAMIC FUEL CONFIGURATIONS

We have purposely considered only those reactor configurations in

which the fissile film is in a quasi-static state. We have shown that

if the reactor is operated in a gravity field, the flow of fissile fuel
along the walls will be excessive. There may be configurations, however,
for which this flow can be reduced.

One possible means of reducing the flow would be to use the basic
concept of the heat pipe. As illustrated in Fig. 12, the inside of the
spherical or cylindrical fuel cavity could be machined with small grooves
or serrations or lined with a high temperature wick material (e.g.,
graphite filaments) or provided with a combination of these devices. The
surface tension and resulting forces produced by the meniscus found in
the grooves or between fibers would act to hold the fissile film against
the cavity wall and help to reduce the flow of the film due to gravity
forces,

Some flow would of course still occur, causing a thinning of the
uranium film on the upper surface and a thickening on the lower surface.
The rate of heat generation from the fission of the uranium film per
unit cavity surface area would depend on the film thickness and would be

greater at the bottom of the reactor than at the top, leading to higher



—4b—

/ Container wall

GCraphite wire mesh
fastened to wall

Uranium liquid film

Container wall

// Condensation

surface

Vaporization

Serrated
surface

Serrated surface
with graphite wire

Fig.12—Various methods of reducing the flow of uranium in the wall
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temperatures at the bottom of the reactor if the surface cooling rate
per unit area were held nearly constant. The uranium would vaporize
from the hotter lower surface and condense on the cooler upper surface,
tending to recycle the uranium and help equalize the heat delivered to
each unit area of the cavity.

If the free surface of the uranium film at the bottom of the re-
actor were held at 3800°C, most of the fission debris would vaporize
and the debris could be removed from the reactor by continuously ex-
tracting a portion of the vapor from the cavity and passing it through
a cleansing cycle. The continuous flow of uranium from the cooler upper
surface of the cavity to the hot lower surface would assure that all of
the debris would be subjected to the 3800°C temperature.

Another dynamic cavity reactor system is shown in Fig., 13. It
contains a large number of fuel tubes in a boiler—~type arrangement and
is essentially a heterogeneous reactor. Moderator material is located
between the tubes and coolant flows around the moderator and the tubes.
During operation of the reactor the uranium is located as thin liquid
film on the inside of the tubes,

In a gravitational field, the uranium flows down the tube and
collects in the thick liquid film at the bottom of the cavity. The
thickness of this bottom film may be designed to produce a free-surface
temperature of 3800°C at the operating conditions. Uranium vaporized
from this thick film collects on the surfaces of the fuel tubes. Thus
there is a continuous recycling of the uranium and vaporization of the
major part of the fission debris. The diagram does not show the other
components of the system such as reflector, control rods, etc. necessary
for a complete reactor. This system has a considerably larger heat
transfer surface than the simple cavity and promises considerably greater
power for a given reactor size,

For space application, the multiphase reactor would be capable of
producing very large amounts of power continuocusly for long periods of
time. In this application, one could consider transmitting this power
to earth by laser or microwave transmission. Waste energy in this
transmission process and in the initial conversion of the heat generated
to electrical energy could be discharged to deep space by the use of
radiators. In this way, environmental changes on earth due to the gen-

eration of large amounts of electrical power could be reduced considerably.
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Appendix A

FISSION PRODUCTS

The fissioning of uranium produces over 80 different isotopes. The
major contributors to reactor poisoning are listed in Table A-1. Todine,

xenon, and barium have short half-lives; the remainder of the isotopes

have long half-lives. Not listed in the table is 1135, which has a mean

life of 9.7 hr and decays into Xe135 (listed in the table). About 95

percent of the Xe135 1s produced by B decay of 1135, and the remainder

Xe135

by direct fission of the uranium. is the most important of the

short-lived isotopes because of its relatively high yield probability
(6.3 percent) and very high absorption cross section (2 X 106 barns).
Xenon boils at -108°C and its parent iodine boils at 184.35°C; therefore,
both would appear as gases in the reactor cavity over the entire range
of reactor temperature conditions considered in this study. Removal of
the fission gases from the cavity would eliminate the adverse effects

of these gases on reactivity.
Among the long-lived isotopes, Sm149 is one of the most important

because of its high yield (1.3 percent) and high absorption cross section

(41,500 barns). It is not formed directly from fission of U235 but

instead by B decay of Pmlag, which is directly formed by fission or re-

sults from Nd149. The Pm149 and Nd149 are not listed in Table A-1 (the

Pm149 149

and Nd have mean lifetimes of 68 hr and 2.4 hr, respectively).

Sm has a melting point of 1052°C and a boiling point of 1627°C. It
would be necessary to maintain Tl above 1052° and T3 above 1627°C in
order that the Sm may appear as a gas in the reactor cavity.

Examination of Table A-1 indicates that, if the reactor is operated

at a uranium film temperature T3 = 3800°C, only M095 and T099 remain in

the liquid film. The remainder of the fission fragments volatilize and

can be removed when the cavity gas is processed through the cleansing

cycle., The M095 and Tc99 are subject to neutron bombardment. The M095

successively transmutes to Mb96, M097, M098, etc. The Tc99 transmutes

to Tclao, which has a half-life of 16 sec and decays by B emission to

RulOO. The Ruloo then is transmuted by successive neutron absorptions

101 102
u

to Ru s R s, atc.
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Table A-1

URANTUM FISSTON PRODUCTS

Probability Absorption Melcing Boiling
of Yield,® b Cross Section,? Point, Point,©
Isotope Percent Half-Life Barns °c *c
RE
53 2.9 8.05 days 200 113.6 184,35
hl.’!S
54 6 5.27 days 200 -111.9 -108.1
135 '
s4%e 6.3¢ 9.2 hours 2 x 108 -111.9 ~108.1
2140
56 6 12.8 days 12 704 1638
sal4?
62 1.3 s 41,500 1052 Qae2n®
Gdl§7
64 0.0074 s 200,000 (1325) (2725)
£a155
63 0.03 1.7 years 14,000 (825) (1425)
call3
48 0.014 s 19,500 320.9 764.9
salS1
62 0.445 80 yeara 10,000 1052 (1627)
&3
36 0.62 s 205 -157.21 -153.23
177 s
43¢ 6.2 2.1 x 10° years 100 2140 (4627)
103
45 2.9 s 150 1966 (3725)
xe131
54 2.9 s 120 -111.9 -108.1
wal43
60 6.2 s 290 1024 3085
oal5?
62 0.28 s 140 1052 1627)
24153
63 2.14 s 420 (825) (1425)
)
36 0.3 s 45 -157.21 -153.23
55
3657 0.32 10.4 years 15 -157.21 -153.23
95
P 6.3 s 13 2620 4825
109
47t 0.28 s 85 960.8 2193
127
53 0.25 s 6 113.6 184.35
I129 7
53 1.0 1.7 x 107 years 27 113.6 184.35
133
5508 6.5 s 29 28.7 685
139
syt 6.3 s 8.5 920 1370
pcl41
59°F 5.7 s 11 932 3017
144
soMd 6.0 2 x 1015 years 5 1024 3085
alds
60 4.0 s sz 1024 3085
xal46
60 3.2 s 10 «| 102 3085
Pald?
61 2.6 2.6 years 90 (1027) (2727)

*From Ref. 21, pp. 218-231,

bl’ron Ref. 22, p. 522 ("S" designates a stable 1sotope). Mean lifetime s time after
which 1/e at the original amount remains. Half-1ife = mean lifetime X fn2 (tn2 = 0.693).

“From Ref. 16.
d¥ron both decay of T135 and direct fiasion (the parent I!35 {s not listed).

®Parentheses indicate es timates.
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The following table indicates the absorption cross sections of

the substances under discussion:

Absorption Cross
Isotope Section, barns
Mo95 13
Mo96 1
M097 2
M08 0.51
Tc99 100
Ru100 5.8
Ru101 5.2
Ru'0? 1.23

It is evident that transmutation of some of the Mo95 and Tc99 to

these other isotopes will cause a large reduction in the macroscopic
absorption cross sections of this debris.

In the following determination of the macroscopic absorption cross
section of the fission debris, we will consider only the transmutation
of Mo95 to M096 and Tc99 to RulOO; the further transmutations will not
significantly change the value of this cross section. Transmutation
of some of the Ruloo to Ru101 and Ru102 would result in a small decrease
in the macroscopic cross section of the debris. The amount of Mo9 gen-
erated will be shown to be small and transmutation of some part of it
to Mo97 and M098 will have a negligible effect on the macroscopic cross
section of the filssion debris.

Let a be the number of atoms of a given isotope formed per fission
of uranium atoms. (For Mogs, a = 0.063 and for Tcgg, a = 0,062, accord-

35

ing to Table A-1.) Let X be the number of atoms of U2 fissioned per

day. Then the number of atoms of the given isotope i generated per day
is aiX. The number of these atoms that capture a neutron per day is
XNioai/Nuof, vhere Ni is the number of atoms of the given isotope i

that exist in the reactor on that day, Nu is the number of U235 atoms
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in the reactor on that day, Uai is the absorption cross section of
isotope i, and O¢ is the fission cross section of U235. The rate of
change of the population of isotopes i (for long-lived isotopes) is

then

Ny ALY
Tl (a-1)
u f
Solution of this equation, subject to the condition that Ni = 0 at
t = 0, results in the following
o -0 _.Xt/N o
f ai f
Ni = aiNu -c"—— l-e (A-2)
ai

We will consider the case, given in Table 8, in which a reactor
power of 2170 MW is generated with T, = 1840°C, T, = 3§gg°c ;n a re-
actor with a radius of 5 ft and containing 200 Kg of U . We will
determine the ratio of the macroscopic absorption cross section of the
fission debris after five years of continuous operation to the macro-
scopic fission cross section of the uranium.

The amount of uranium fissioned to generate 1 MW for one year is

0.414 Kg. Hence

Xt _ 0.414 x 2170 x 5 _

X 300 22.4
u
For Tc99
a,g
i°f 530
0.062 x T66 = 0,328

ai
and

N(Te??) = 0.328 N, [1 - o224 X 100/530] = 0.323 N
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99 99
where N(Tc” ") 1is the number of Tc atoms in the reactor after five
years of operation.

For M095

a,o '

i“f 530

o = 0,063 x i3~ 2.57
ai

and

N(Mo®?) = 2.57 N [} - o224 13/539] - 1.085 N,

The total number of Tc:g9 atoms formed in the five years, including
those that were transmuted into other isotopes, will be designated

*
N(Tc99 ) and is given by

235
*
Tc99 ) = a weight of U fissioned N

N(
weight of U235 in reactor

4480

99%
N(T =
(Tc™” ) = 0,062 x 550

Nu = 1.39 XN
u

*
99 )

- N(Tc99). As previously pointed out, it is gufficiently accurate for

The number of atoms of T099 that transmuted to other forms is N(Tc

the purpose of this calculation to assume that all of these atoms are
100
Ru .

Thus
N(&u1%0) = 1.39 Nu - 0.323 Nu = 1.07 Nu
Similarly
N(o®>") = 0.063 x 5280 = 141
NM0®) = NMoT) - N(Mo?) = 1.41 Nu - 1.085 Nu
N1%®) = 0.32 Nu
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On the basis of the assumptions stated, the composition of the

fission debris in the U235 film after five years of operation is given

in Table A-2.

Table A-2

DEBRIS CONTENT OF FILM AFTER OPERATION OF 5~FT-RADIUS
CAVITY REACTOR AT 2160 MW FOR 5 YEARS
(T, = 3800°C; U235 content = 200 Kg)

Debris Absorp.
Film Cross Melting|Boiling
Atomic |Number of | Weight, {Density, Thickness,a Section,|{Point, Point,b
Species| Atoms Kg g/ce cm barns °C °C
?? l0.323 mC | 24.8 | 12.19 0.007 100 2140°  |4627°
Rut%0 |1.07 Nu 91.1 | 12.2 0.026 5.8 |2425° |3725°
Mo |1.085 Nu | 97.7 | 10.19 0.030 13 2620  |4826
Mo 0.32 Nu 28.2 | 10.2 0.010 1 2620  |4826

aVery approximate effective value (i.e., value which would exist if
each isotope existed as a separate layer).

bSource Ref. 16.

®Number of U235 atoms in the reactor at any one time.
dEstimated.

®Estimated in Ref. 16,

From the values in Table A-2, the ratio of the macroscopic absorp-
tion cross section of the debris in the film to the macroscopic fission

cross section of the uranium is

%aidi  0.323 % 100 + 1.07 x 5.8 + 1.085 x 13 + 0.32 x 1.0
aN, - 530

ai i 0.10
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If we add to this value the contribution of the molybdenum cavity

%
container (0.10-cm thickness), namely 0.01, we obtain

%241

= 0.11
0N,

This value is considerably less than the value in Table 5 for a

5-ft-radius reactor. Therefore the accumulation of this debris would
not pose a criticality problem for a reactor containing 200 Kg of U235;

there would be sufficient excess reactivity to allow reactor control.

In Table A-1 (see also Table 9) the isotope directly below Mo95

and Tc99 in boiling point is Rh103, with an estimated boiling point of

3725°C, The absorption cross section of Rh103 is 150 barns and the
yield per fission is 0.029. With the capture of a neutron, Rhlo3 be-
104

comes short-lived Rh , which on discharge of a B particle becomes
Pd104. The Pdlo4 has a boiling point of 3125°C. 1If the temperature
235 104

of the free surface of the U is held above 3125°C, then the Pd

is boiled from the film and may be removed in the cleansing cycle. We

will not consider the neutron absorption in Pdloa.
For Rh}03
a,No
i"u’'f 530
a;——-— 0,029 Nu X 150 = (00,1025 Nu

The number of Rh103 atoms in the reactor after five years is
N, = 0.1025 N [} - e"22.4 X 150/53é]

Ni = 0,102 Nu

*
For the molybdenum shell

g N
a 2 x 0.10 x 10/96  _
chu + 530 % 0.053 % 197233 —»0.009 (round to 0.01).
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and
¢ N
aii 0,102 _
o_fNu 150 x '-5—56— = 0,290

When this contribution to the absorption of neutrons by fission
debris is added to the value derived for Mo95 and Tc99 and their

daughter atoms, the following is obtained

TaiNy
——= 0,11 + 0,029 = 0,14
g.N
f'u

This value 1s less than the value of 0.153 in Table 5 at which a
5-ft reactor will go critical with a U235 content of 57 Kg. It may
therefore be concluded that the temperature of the free surface of the
U235 film could be dropped at least to 3370°C (the boiling point of
La103, which is the next isotope in order of boiling point in Table 9)
without seriously degrading the criticality of the reactor in five

years of operation.
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Appendix B

FLOW OF FLUID IN REACTOR INDUCED BY THE FORCE OF GRAVITY

In the absence of any data on the surface tension or viscosity of
uranium at the temperatures under consideration, we will limit the
analysis to an exploration of the probable seriousness of the problem
employing a very simplified model. Toward this end we will investigate
the steady flow of molten uranium down a vertical wall under the in-
fluence of gravity with the objective of determining whether viscosity
offers an appreciable resistance to flow for the film thicknesses under
consideration.

Figure B-1 shows a segment of the vertical wall of this reactor.
The force shearing any given unit surface of the film a distance y from
the wall is gp(L - y) and this force is resisted by the viscous force
udv/dy (assuming laminar flow). Thus we have for the equilibrium

condition

v
MEy T gp(L - y) (3-1)

With the assumption that u and p are independent of temperature,

the solution of Eq. (B-1) is

QV ' ZZ
—_—= ], - B=2
ep v -3 (B-2)

(The boundary condition is V ='0 at y = 0.)
The maximum flow veleocity occurs at X = L and is

L2
Vm = gp P (B-3)
and the average velocity is
2
L”
V.= 8P e (B-4)
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Fig.B=-1—Diagram for determination of flow of uranium along
vertical wall under influence of gravity

The viscosity of a liquid metal may be expected to decrease con-
siderably as its temperature increases from its melting point to its
beiling point. In the absence of the required data on the viscosity
of uranium, we will determine film flow rates as a function of film
thickness for various viscosities covering the range of values within
which uranium might be expected to lie to determine whether there is
any hope for a very low film flow rate for a statlonary reactor in a
terrestrial gravity field. The range of viscosities to be examined
will be established by considering the viscosities of various liquid
metals. Table B-1 shows the viscosities of a number of liquid metals
and the melting and boiling points of these liquids. The values of
viscosity range from 0.1 to 3 centipoise, with the values tending to
approach the lower end of this range as the temperature approaches the
boiling point of the material.

The average flow velocities computed for viscosities of 0.1, 1.0,

and 10 centipoise, film thicknesses from 0.008 to 0.048 cm, and



~57—

Table B-1

VISCOSITY OF SEVERAL LIQUID METALS

Viscosity Temperature for Melting Boiling
Material Centipoise Viscosity, °C Point, °C Point, °C
Aluminum 2.9 700 660,2 2450
1.4 800
Lead 2,12 441 327.4 1737
2,06 456
1.70 551
1.35 703
1.19 844
Lithium 0.59 183 179 1317
0.57 193
0.55 208
0.40 251
0.40 286
Mercury 1.85 -20 -35.87 357
1.68 0
1.55 20
1.21 100
1.01 200
Potassium 0.515 70 63.7 760
0.331 167
0.258 250
0.191 400
0.136 700
Sodium 0.686 104 77.8 883
0.504 168
0.381 250
0.269 400
0.182 700
Tin 1.91 240 232 2270
1.67 300
1.38 400
1.18 500
1.05 600
Zinc 3.17 450 420 906
2,78 500
2.24 600
1.88 700
Lead- 1.7 332 257 1670
Bismuth 1.38 450
1.29 500
1.23 550
1.17 600
SOURCE: Reference 26.

3] centipoise - 0.01 poise = 0,01 dynes sec/cmz.
blead 44.5% wt, bismuth 55.5% wt.
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p = 16 gm/cm (roughly the density of liquid uranium) are shown in
Table B-2. Figure 10 suggests that for a reactor with nearly all of
the uranium in the surface film, a film thickness between 0.008 and
0.016 cm would be needed to attain criticality. If we assume a vis-
cosity of 0.1 centipoise (the lowest value in Table B-2), then for a
film thickness of 0.016 cm the film flow rate would be 1700 cm/sec.

If the viscosity were 10 centipoise, the flow rate would be 17 cm/sec.
(See note g in Table B-2,) The viscosity of the uranium would be
higher at the wall where its temperature is well below the boiling
point of uranium than at the exposed face of the film, and its mean

effective viscosity would of course be between these values.

Table B-2

ILLUSTRATIVE FILM FLOW VELOCITIES®

Film Average film velocity, cm/secP
Thickness,
cm u=0,1°1 u-=1c u = 10¢
0.08 424 42 .4 4.24
0.016 1700 170 17
0.032 6780 678 67.8
0.048 15400 1540 154

%These results apply for the hypothetical case
of steady-state flow on a long vertical wall under
the action of gravity. The analysis does not take
into account the dynamics of an actual reactor in
which uranium is deposited on the wall and must be
accelerated by gravity. The high flow rates in
this table indicate only that viscosity would have
little restraining effect on the flow rate for the
film thicknesses of interest.

P¥a = 100 goL2/3y = 100 x 980 x 1612/3y = 5.3
x 102 L2/u, where 1 is in centipoise, L in cm, and
V, in cm/sec.

cCentipoise.
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In the absence of actual viscosity data for molten uranium, we
can only hazard a guess. It appears from the foregoing discussion
that there is considerable reason to believe that viscesity would not
be a sufficient restraining influence on the flow of uranium along
the wall for the case where the uranium is nearly all in the liquid
phase to obtain a quasi-static film condition.

In view of this negative result, no attempt was made to analyze
the dropping of uranium from the upper cavity surface.

We therefore conclude that for the case in which the uranium is
nearly all in the liquid phase, it is conceivable that a quasi-static
film condition could be obtained in space, but that on earth a highly

dynamic system would result.
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