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Abstract

The characteristics and problems of cavity re-
actors with the fuel in the solid, solid/liquid,
solid/liquid/gas, liquid and liquid/gas states are
explored analytically in an effort to uncover in-
teresting operational regimes.

Operation with the fuel in a thin liquid film
on the cavity wall promises continuous fission
debris removal and interesting performance (e.g.
2000 MA¢p, in a 5 ft radius cavity), but poses prob-
lems of container penetration by the fuel and
gravity induced fuel flow. These problems are
avoided when the fuel film is selid at the expense
of power and operational duration.

Summary and Conclusions

The cavity reactor offers the possibility of
much longer operational durations between shut-
downs for refueling than conventional reactors at
interesting power generation levels.

An exploratory study of the cavity reactor with
the fissile material in the solid, the liquid, the
solid/liquid, the solid/liquid/gas and the liquid/
gas states was made in a search for attractive
operational regimes. This investigation of the
effect of fuel state was centered about a reference
reactor design having a molybdenum spherical shell
with a cavity of 5 ft radius containing U235 as the
fissile material and being cooled by liquid lithium.
However, the sensitivity of the results to varia-
tions of the reactor parameters from this reference
reactor design and to changes in fissile material
and cavity wall material was also investigated.

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

Higher powers (e.g., roughly 2000 M{ in the
reference reactor) and longer continuous opera-
tional durations based on fission debris accumula-
tion can be obtained when the fissile material is
substantially all in the liquid state located 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 the 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 uranium (1130°C). At this temperature the only
metal that appears to promise good resistance to
penetration by uranium is tungsten, and it may be
necessary to provide a thin buffer layer of tung-
sten between the molybdenum container and the

uranium.  Decreasing the temperature at the inter-
face between the uranium and the cavity wall to

1130°C results in a reduction of the reactor power
to 1140 MW which is only slightly higher than that
obtained with the all-solid film. If a better
buffer material than tungsten 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 gravitation field. This flow would not occur
in space applications. However in terrestrial
applications, 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 analyze, and
no attempt is made to analyze dynamic systems in
this study.

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 terres-
trial 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 pro-
vide some reduction 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 uran-
ium remains the major factor limiting performance
and it remains necessary to hold the 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. The reactor power
can of course be increased by increasing the reactor
size as it is proportional to the cavity surface
area.

I. Introduction

This study is a continuation of an investigation
to explore the feasibility and utility of nuclear
cavity reactors employing urnium and plutonium
fuels in the nonsolid state for electric power

*Natural tungsten was eliminated as the container
material because of its high neutron absorption
cross section. Although tungsten 184 does not have
this problem, the separation of this isotope from
natural tungsten is costly.
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systems. In a previous study (Ref. 1), we in-
vestigated cavity type nuclear reactors for power
generation utilizing uranium and plutonium fuels
in the vapor state. In the case presented in
Ref. 1, the surface of the contaimment vessel ex-
posed to the fuel had to be at a temperature above
the boiling point of the fuel. For this reason,
we were concerned that there may be significant
destructive chemical reactions between this sur-
face and the fuel,

This problem can be alleviated by reducing the
cavity surface temperature below the boiling
point of the fissile fuel. As this temperature is
progressively decreased, a layer of liquid fissile
fuel is tormed on the surtace and we have a two-
phase fuel system, namely 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, namely a solid/
liquid/gas system., Continued reduction of the
surface temperature will eliminate first the gas
phase and then the liquid phase, leaving all of
the fissile fuel deposited as a solid layer on the
cavity.

11. Conditions and Methods

The performance of the reactor with the fissile
material in various combinations of the solid,
liquid, and gaseous states was investigated for a
cavity reactor of spherical shape (Fig. 1). Be-
cause of the lack of information on the thermal con-
ductivity of uranium at the temperature of inter-
est, an approximate analysis employing average
values for the physical properties of uranium and
the cavity wall material was considered appro-
priate. The analyses and the basis for establish-
ing the reactor parameters are given in Ref. 2.
The present paper is limited largely to a dis-
cussion of the major results.

Cavity container wall

Containment Fissile
wall film
| Solid end liquid
L uranium film
x |
o
|
-]
3 ! Liquid
|
A 1
T, T T, T,
Kw Thermal conductivity of wall material
gﬂ Thermal conductivity of solid uranium
KE Thermal conductivity of liquid uranium
h  Surface heat transfer coefficient of
coolant
Ly Solid film thickness

Fig. l--Diagram of spherical cavity reactor

The values of the parameters used in this anal-
ysis are listed in Table 1.

Table 1

SET OF VALUES FOR REACTOR PARAMETERS
ASSUMED IN PRESENT DISCUSSION

235

Fuel (Uranium ~7)
a) Thermal conductivity, mi/cv’c
1) liquid (estimated) 0.08 x 107°
2) solid (estimated) 0.3 x 10-6

b) Melting point, °C 1130 (2065°F)

c¢) Boiling pc.\:i.nta
3564 (6452°F)

1) at 1 atmos
4650 (8401°F)

2) at 9 atmos

d) Fuel denmsity, gm/cm3
1) liquid 16
2) solid 19
Container (Molybdenum)
a) Thermal conductivityb ) -6
M/ CMPC 1 x 10
b) Melting point®, °C 2625
Coolant (Lithium)
a) Surface heat transfer ° 5
coefficient Mi/CM2OC 1x10

b) Mean coolant temperature,oC 350 (662°F)

%Ref 3 Dpes 4 ®Ref 5

The thermal conductivity for solid uranium, as
given in Rgg. 6, igcreasesonearly linearlyofrom
0.239 x 107" Md/cm C at 20 to 0.402 Md/cm C at
725°C. Although data are not available above this
temperature, data on other metals leads one to ex-
pect that the thermal conductivity will start to
fall as the temperature approaches the melting
point and will fall sharply when the liquid state
is attained. The values of thermal conductivity
listed in the table represent conservative estimates
to allow for uncertainty and for the adverse effects
of radiation damage in the solid state and fission
debris accumulation. The sensitivity of the result
to variation in the thermal conductivity of uranium
will be shown.

The density of liquid uranium varies from 17.7
gm/cm3 at a temperature of 1133° C to 14.8 gm/cm
at 39279C (Ref. 7). The value listed in Table 1
is an average over this range. The use of an aver-

. age value for density was considered adequate for

this analysis because of the uncertainty in the
value of the thermal conductivity.

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 con-
verts heat 1nto electricity. A coolant-in tempera-
ture of 275°C and a coolant-out temperature of
4259C are characteristic of reactors employed in
current nuclear electric power generators and these
values lead to the mean value of T, = 350°C listed
in Table 1.

The performance of the cavity reactor is ob-
tained for the reference reactor described in
Table 2.

- Table 2
REFERENCE REACTOR
Reactor radius (ft) 5 (152.5 cm)

content (Kg) 200
0.10

Reactor U235

Cavity container wall thickness (em)

The uranium content assumed for the reference
reactor is well above the critical value of 57 Kg
computed in Ref. 8 for a 5 ft radius cavity re-
actor and can obviously be accommodated by a de-
crease in reflector thickness. The effects on per-
formance of changes in reactor radius, uranium
content, and container wall thickness are investi-
gated.

I1I. Discussion of Results

Reactor Performance

a) Uranium in solid phase. Figure 2 shows for
the reference case the reactor power as a function
of the uranium film with hot and cold surface
temperatures, T, and T, respectively, and cavity
wall thickness, L , whén the uranium is entirely in
the solid phase. (Because there is no liquid film
T, equals T3. ) The curves for constant T) are in-
dependent of the values of K and h.

2500 — r
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K
2000 |- a
k3
3
H
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]
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e

00 700 by
Uronium Film free-mrfoce temperature, T,, °C

Fig. 2--Reactor power variation with film tempera-
tures and cavity wall thickness when U
is entirely in solid film on cavity wall.
(Conditions given in Tables 1 and 2
Ls = 0.03605 cm.)

Increase in cavity wall thickness L _ causes a
considerable decrease in reactor power. With the
uranium entirely in the solid film, the vapor pres-
sure within the reactor would be extremely small,
and the stresses it would induce in the cavity wall
would not be an important consideration in deter-
mining the value of L . Probably the problem of
fabricating a very large sphere of the required in-
tegrity and accuracy from very thin material would
place a lower limit on the practical thickness of
the cavity wall. Although smaller wall thicknesses
may be attainable, we have arbitrarily chosen 0.10
cm as representative of a practical value for L
and will use this value in our subsequent discus-
sions.

According to Fig. 2 the reactor power for the
case under consideration is a maximum when T3 at-
tains the melting point, 1130°C. At this point,
for a wall thickness of 0.10 cm, the reactor power
is 875 MW and the value of T, is 950°C. With
T; = 950°C and T, = 1130°C, the uranium tempera-
tures are well abave the range for which the values
of thermal conductivity are known and are probably
in the range where the values of thermal conduc-
tivity are decreasing with increase in temperature.
In Ref. 2 it is found that a three-fold reduction
in the value of K, relative to the reference case
would cause a 31 percent reduction in reactor
power.

Returning to the reference case in which the
value of K_is taken as 0.30 x 10- Mw/cmOC, the
value of reactor power can be increased to 1050 MW
by decreasing the uranium content of the reactor to
57 Kg holding T, and T3 constant at 350° and 1130° c,
respectively.

b) Uranium in liquid phase. Figure 3 shows
the variation of reactor power with T , and L
when the uranium is essentially all 1n a i1qu1d
film on the reactor wall. (In this case T =T
because of the absence of the solid fllm.) By ﬁold-
ing T, above 1130°C and T, below 3564°C (the boiling
point of uranium at one a%mosphere) the uranium is
caused to exist mainly in the liquid film. The
amount of vapor in the reactor cavity at this con-
dition represents only a small percentage of the
total uranium content of the reactor.

Again assuming a value of L of 0.10 cm, the
maximum value of power for the case in Fig. 3
occurs for T, = 3564 C and is 2025 MW. The assumed
value of K, £ 0.08 x 10~® Mi/cn®C appears somewhat
conservative. The sensitivity of the reactor power
to an increase in K, is determined in Ref. 2. It is
found that a three-fold increase in K, leads to a
60 percent increase in reactor power w1th a corres-
ponding increase in Tl to a value of 2580°C.

If, however, the problem of penetration of the
cavity wall by the uranium limits the wall tempera-
ture 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 uranium. It will be shown later
that the interaction between the uranium and the
wall material is a serious problem.
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temperature§3gnd cavity wall thick-
ness when U is entirely in liquid
film on cavity wall. (Reactor para-
meters given in Tables 1 and 2.

LZ = liquid film thickness,)

¢) Uranium in solid/liquid phase. Fig. 4
shows the dependence of reactor power on the film
temperature 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 this solid state, Mg, to
the total mass of uranium, M, is also shown.

For a constant cavity wall thickness, L ,

Fig. 4 indicates that transition from a comﬁletely
solid to a completely liquid film is obtained with
only a moderate increase in reactor power. For
example, at L = 0.10 cm the film is completely
solid at a redctor power of 875 MW and completely
liquid at a reactor power of 1140 MJ (an increase
in power of %0 percept).
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Fig. 4--Reactor power with Uzj5
partly liquid.

partly solid and

d) Uranium in solid/liquid/gas phases. Fig. 5
is a composite of Figs. 2, 3, and 4 with an exten-
sion to T, = 4650 C, and it illustrates operation
of the re%erence reactor in the various fuel states.
To simplify the graph the curves of constant L_ are
limited to O and 0.10 cm. With the value of h”
chosen for the reference case, operation at the con-
ditions above the L = 0 curve is not possible.
Operation in the sofid/liquid/gas state puts too
great a demand on coolant performance and is not
a practical operational regime.
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Fig, 5--Composite Plot of power of reference
cavity reactor for various fuel states
(Conditions same as Figs 2 and 3).

Although some uranium exists in the vapor state
at all values of T,, we arbitrarily chose as the
start of the gas pgase the value of T, correspond-
ing to the boiling point of uranium a% a pressure of
one atmosphere. In the region of Fig. 5, where T

is less than this boiling point, substantially all
of the fuel is in the film. In the region where
T, is above this boiling point of uranium a further
increase in power is accompanied by a vaporization
of uranium and an increase in gas pressure., The
plot is terminated at a temperature T, = 4650°C
because of a lack of data on the relation between
vapor pressure and temperature above this point.
At T, = 3564°C approximately 3 percent (weight) of
the Tuel is in the gaseous state, and at T = 4650°C,
approximately 13 percent of the fuel is in”the
gaseous state.

Table 3 shows the reactor powers and the assoc-
iated temperature at the points where the L = 0.10
centimeteg line progressively guts across he
T, = 1130°C line, the T, = 1130 C line, the T,k =
3364%C line and the T, L 4650°C line in Fig. 3.



Table

3

ILLUSTRATIVE REACTOR POWERS AND TEMPERATURES FOR THE REFERENCE REACTOR

(Radius 5 ft, U235 Content 200 Kg, Lw = 0.10cm)
Reactor TO T T3 Fuel Phase (Percent) Uranium
Power o o1 o Solid | Liquid Gas Pressure
(€02)) Coy o Co) w (Atmos)
875 650 950 1130 100 0 0 a
1140 740 1130 2160 0 100 0 a
2025 1044 1738 3564 0 97 3 1
2170 1095 1840 3800 0 b b b
2710 1277 2204 4650 0 87 13 9
a. The vapor pressures corresponding to temperatures well below the boiling point at one
atmosphere are very small.
b. Because of the strange shape of the curve for uranium vapor pressure in Ref. 3, no

attempt was made to estimate these values.

The values of reactor power in Table 3 for a
given value of T, and the uranium mainly in the
liquid state wil? change by the following factors
when the container wall material is changed.

Thermal Conductiv-
ity (Mi/em®C)

Relative
Reactor Power

Container
Wall Matqrial

Molybde num 1 1.0 x 1079
Tungsten 0.95 0.84 x 10'2
Rhenium 0.70 0.35 x 107

If, for the reference reactor, the surface
heat transfer coefficient of the coolant were
reduced relative to the reference value, the
reactor power would be reduced. This is illustra-
ted in the following table for the case in which
the uranium is mainly in the liquid state.

Relative Coolant Relative Reactor

Surface Heat Transfer Power
Coefficient
1 1.
«5 0.82
.25 0.61

Surface heat transfer coefficients for sodium in
current use range from % to % the reference value
used in this report. We believe, however, that the
value used in this report is attainable.

Fission Debris Removal

Fission debris may be removed from the reactor
while it is in operation by extracting gas from the
cavity, passing it through a cleansing cycle in
which the debris is removed, and returning the
cleansed gas to the cavity with additional uranium
to compensate for the uranium fissioned.

When the uranium exists entirely in the solid
film (as for example the case in Table 3 for which
the power is 875 MW), very little of the debris
escapes to the cavity and the cleansing cycle is
not effective. 1In this case the build up of
debris in the film may force shut-down of the re-
actor in a matter of months.

Raising the power of the reference reactor to
1140 M4 (see Table 3) increases the temperature of
the free surface of the film to 2160°C and results
in an all-liquid film. In Ref. 2 we show that at
T, = 2160°C a substantial amount of fission debris
still remains in the film.

Further increase in power of the reference re-
actor to 2170 MW (Table 3) iggreases T, to 3800°C
at which temperature only T  and remain
in the film. Some of the Tc?? and Mo 95 atoms are
transmuted to the other isotopes by avsorption of
neutrons. The ratio of the computed macroscopic
absorption cross section of this debris accumulated
after 5 years of operation at the stated power to
the macroscopic fission cross section of the uranium
content of the reactor is only 0.10. This indicates
that the accumulation of these high-boiling-point
fission products would not cause reactor shut-down
due to criticality limitations. Therefore, opera-
tion near T, = 3800°C is attractive from the stand-
point of fission debris removal.

As will be pointed out later, T, can be raised
to 3800°C without the associated infrease in T
and power noted in Table 3 by increasing the uranium
content of the reactor.

Flow in Uranium Liquid Film Induced by Gravity

From the foregoing discussion it is evident
that operation of the cavity reactor with the ura-
nium substantially all in the liquid phase has the
advantage that it promotes continuous fission de-
bris removal, it provides attractive power levels,
and it avoids 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 hemispheres of
the reactor, induced by gravity, is of serious con-
cern in terrestrial applications. The depletion of
the liquid uranium film on the upper surfaces of the
cavity would be countered by some deposition of ura-
nium on these surfaces from the vapor in the cavity.
Nevertheless the film thickness would vary consider-
ably over the surface of the cavity, leading to un-
even heating. Although dynamic systems of this



type may be feasible, they are difficult to ana-
lyze. In the present report we are, limiting our
discussion to quasi-static systems.

A negligible flow of liquid uranium in terres-
trial applications would occur if the film were
sufficiently thin or if the uranium were sufficient-
1y viscous and adhesive to the wall, or both. The
thickness of the uranium film for the reference re-
actor when all of the uranium is in the liquid
state is 0.043 em. Our calculations indicate that
at this thickness the speed of flow of the film
caused by gravity would exceed desirable levels.,
The thickness of the uranium film can be reduced by
decreasing the uranium content of the reactor and
by increasing the radius of the reactor cavity.

There may be configuratioms for which the flow
of the uranium film can be reduced. One possible
means would be to use the basic concept of the heat
pipe. 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 menis-
cus 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. This configuration as well as
others are described in more detail in Ref. 2.

Fig. 6 shows the variation of reactor power
with cavity radius and uranium content for Tq =
3800°, 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 derived from Ref. 8. It is doubt-
ful whether a reactor of practical design would go
critical for values of uranium content less than
that given by this curve, therefore the curves are
shown dotted to the left of the critical mass curve.

The values of L#* in Fig. 6 are the uranium film
thicknesses when alf of the uranium is assumed to
be located as a liquid film on the cavity wall.
The actual film thicknesses would be somewhat be-
low these values because of the vaporization of
some of the uranium into the cavity at a film
temperature of 3800°C. A value of Lj of 0.016 cm
is ver- close to the critical mass limit and
furthey reduction would result in moving in the
direction of uncertain criticality Unfortunately
our calculations indicate that a uranium filr
thickness of 0.0l6 cm would result in too large a
flow of uranium along the wall if the reactor is
subjected to the terrestrial gravitational field.
If it were necessary to restrict T, to 1130°C to
avoid excessive penetration of the wall by the
uranium then according to Fig, 6 the uranium film
thickness would increase thereby increasing the
film-flow problem.

It therefore appears that with the uranium sub-
stantially in a liquid film there is no feasible
combination of reactor radius and uranium content

* A quasi-static system is one in which the move-
ment of fluid along the wall is extremely low and
there is some removal of spent material (fission
debris) from the film by evaporation and replace-
ment of uranium by condensation.

*
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Fig. 6, Effect on reactor power of variation
in Uranium mass and cavity radius

for ’I‘3 = 3800°C
that would avoid the uranium film-flow problem in
terrestrial operation. Other methods of avoiding

this problem are discussed in Ref. 2.

Penetration of Container Material by Uranium

The time required for uranium to penetrate a
0.020 in, (0.0508 cm) thickness of metal at fempera-
tures of 1130°C and 1400°C taken from Ref. 9 are
compared for the various metals tested in the follow-
ing table,

Time to penetrate 0.0508 cm, hrs.

Metal at 1130°C at 1400°C
Titanium 30 -
Molybdenum 40 -
Zirconium 40 -
Niobium 500 -
Tantalum 1600a 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; moly-
bdenum is completely inadequate. A thin layer of
tungsten might serve as a penetration barrier between
the uranium and the molybdenum cavity container. A
moderate increase in wall temperature above 1130°C

* Based on data from McIntosh, A. B. and K. Q.
Bagly, J. Inst, Metals, 3 (part 7): 251 (1956).




eliminates even tungsten as a penetration barrier.

Tests on the containment of molten uranium in
tungsten and tungsten-l.5-percent-hafnium crucibles
at temperatures of 1200°C and 1500°C, reported in
Ref. 10, confirm the seriousness of the penetra-
tion problem. Considerable intergranular penetra-
tion was encountered in these tests. The authors
of Ref. 10 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 carbide,
and tungsten boride. It is difficult however to
obtain ceramic coatings that do not crack when
subjected to thermal cycling.
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