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MOLTEN PLUTONIUM FUELED FAST
BREEDER REACTOR
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assignors to the United States of America as represented
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Filed Dec. 5, 1957, Ser. No. 700,918
12 Claims. (Cl 204—193.2)

The present invention is directed to molten fuel re-
actors and more particularly to molten plutonium fueled
fast breeder reactors.

The long-range utility of fission nuclear power depends
upon the development of a plutonium fueled reactor
capable of being refueled by an integral, or associated,
breeding cycle. If full utilization of the energy content
in the world’s supply of uranium is to be accomplished,
the more abundant U238 must be converted into the easily
fissionable isotopes of plutonium. The need for this
full utilization is apparent when it is realized that the
economically recoverable U235 content of uranium ores
is sufficient to supply projected world power requirements
for only a few tens of years. Breeding on the plutonium
cycle extends fission power capabilities by a factor of
140, yielding thousands, instead of tens, of years of world
energy reserves.

The high values of the capture-to-fission ratio at ther-
mal and epithermal neutron energies for the plutonium
isotopes preclude these types of reactors from an integral
plutonium breeding cycle system. To obtain an appre-
ciable breeding gain, a plutonium fueled reactor must be
either a fast, or a fast-intermediate, neutron spectrum
device where breeding ratios of the order of 1.7 may be
expected from suitably designed systems. The power
producing reactor of the future must logically be a fast
plutonium breeder.

A competitive power producing reactor must have the
following characteristics: (1) a fuel which is easily proc-
essed and/or capable of withstanding large fractional
burnups and (2) a large specific power (>500 w./g. of
fuel). The latter requirement is essentially a measure
of the fuel inventory for a fixed output machine and may
not be applicable to special purpose reactors.

The use of a mobile fuel in a molien, or pseudo-molten,
state best satisfies the first requirement above. The sec-
ond requirement is strongly dependent upon the design
of the reactor heat-exchange mechanism and may be met
by either a high fuel dilution or an extremely efficient
heat-transfer mechanism.

In order to maintain a fast-neutron spectrum, fuel
densities in a plutonium breeder will be high, and
coolants must be either molten metals or salts. The
latter characteristic will permit large amounts of power
to be extracted from relatively small volumes, thus ob-
taining a large figure of merit (specific power). Hy-
drogenous and organic coolants are eliminated because
of their attendant neutron moderation properties, high
vapor pressures at high temperatures, and relatively poor
resistance to radiation damage. For efficiency reasons
the system temperature should be as high as is compatible
with a long operating life. Therefore, to be in step with
modern electrical generation techniques, this would imply
coolant outlet temperatures of the order of 650° C.

The reactor of the present invention is preferably a
fast reactor fueled with molten plutonium containing
about 20 kg. of plutonium in a tantalum container, cooled
by circulating liquid sodium at about 600 to 650° C. The
reactor has satisfactorily large negative temperature co-
efficients of reactivity and adequate control capacity.

Some nuclear reactors, in addition to providing a use-
ful neutron or heat flux, provide a means for creating
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new active material or fuel within the reactor. These
are known as breeder reactors. In a breeder reactor,
the breeding ratio depends upon the excess of the number
of neutrons born over the number lost in capture includ-
ing fission, so that assuming no leakage:
. R S S
R =Dbreeding ratio== TTa (1)
where R must be greater than one for useful breeding,
where y=average number of neutrons per fission, and
a=gc./ oy, where og,==capture cross section, and o;=fission
cross section.

When values are inserted in Equation 1, it can be seen
that in a reactor operating with thermal neutrons, U235
is suitable as a breeder fuel but Pu®? js not. « for
U238 at thermal energies is low enough to provide a breed-
ing ratio (R) greater than 1. However, at fast neutron
energies, Pu?3® js suitable as a breeder fuel since « for
Pu23% js Jow enough to provide an R>1, and U5 js not
suitable,

Pure plutonium may be used in a non-breeder fast
reactor. .One of the difficulties of the use of pure plu-
tonium in the form of solid fuel elements is that the
plutonium is consumed during the operation of the re-
actor and therefore the fuel element must be replaced
or reprocessed periodically as a certain percentage of the
plutonium is “spent.” Another difficulty to the use of
pure plutonium in the form of a solid element or as
a liquid is that all of the heat is generated in a small
volume of material with attendant difficulties in heat
extraction.

In order to reduce the intensity of heat generation in
the plutonium, diluents may be used with plutonium but
other problems occur. When most diluents are added to
plutonium, the neutrons tend to be moderated, thus in-
creasing the parasitic capture in plutonium 239 to form
plutonium 240. Furthermore, diluents have also been
found to create competing neutron reactions which also
decrease the effectiveness of the reactor for breeding.
Likewise, from a metallurgical standpoint, many such
alloys of plutonium commonly have phase structures
which give the metal undesirable properties.

When Pu?¢ js formed in a fast reactor it adds to the
reactivity, since it is a fast neutron fission material. How-
ever, Pu?® in a reactor whose neutrons have been slowed
down acts as a non-fissile material, since it increases non-
fission capture. Thus the neutrons captured in produc-
ing Pu2% in a thermal reactor are lost to the fissile system.

However, in a fast breeder reactor, new plutonium
atoms created in uranivm add to the reactivity of the
reactor. The uranium in such a reactor may be integral
in the plutonium core or surround the core as a blanket.
The ratio of uranium to plutonium may vary over wide
ranges for operative reactors. Since the parasitic cap-
ture of neutrons in the reaction Pu23®;nl-»>Pu240 jn-
creases with a decrease of neutron energy, the reactor
core must contain materials which will not appreciably
moderate fast neutrons.

Fast reactors of the prior art, such as the reactor de-
scribed in AEC document LA-1679, entitled “The Los
Alamos Fast Plutonium Reactor,” have operated at low
power levels, utilized solid fuel elements, and produced
a fast neutron flux of the order of 1012 neutrons/cm.2-sec.,
and have not generally been breeder reactors. Since such
reactors had relatively low powers and neutron fluxes, the
problems of fuel element phase stability at high tempera-
tures, adequate heat removal, fission product dilution,
heat transfer characteristics, breeding gains, and increased
shielding problems at high neutron flux were problems
left unsolved by such reactors of the prior art.

Further, reactors of this type utilizing solid plutonium
fuel elements have the construction and operating dis-
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advaniages associated with solid fuel elements. Specif-
ically, the fabrication of these fuel elements necessitates
elaborate health precautions in fabricating. Reprocess-
ing costs are considerably higher and fission products
cannot be removed without removing the fuel element
with resulting shut-down or the use of elaborate appara-
tus for loadmg and unloading during operation and for
protection against the radiation hazards associated there-
with. Other disadvantages of solid plutonium fuel ele-
ments include the many phase changes, and consequent
density and dimensional changes, which may take place
during thermal cycling.

Therefore, it is an object of the present invention to
provide a fast breeder reactor which utilizes molten plu-
tonium-containing fuels.

Another object of the present invention is to provide
such a fast breeder reactor in which the fissionable ma-
terial is liquid during operation and may be circulated
external to the core for reprocessing and recovery.

A further object of the present invention is to provide
a fast reactor fueled by molten plutonium or alloys there-
of contained in a refractory metal heat exchanger and
cooled by liquid sodium flowing through the core,
the fuel being subdivided in the heat exchanger so that it
is cooled primarily by conduction and some convection
rather than by forced circulation of the fuel external to
the core and in which the liquid fuel is capable of being
drained from the core for reprocessing purposes and
nuclear safety.

A still further object of the present invention is to pro-
vide such a reactor wherein the core is substantially sur-
rounded by a breeding blanket and in which more plu-
tonium is produced than is burned in the core.

Other objects and advantages of the present invention
will become more apparent from the following descrip-
tion including drawings, hereby made a part of the specx-
fication, wherein,

FIGURE 1 is a sectional view of the upper portion of
the preferred embodiment of the reactor of the present
invention;

FIGURE 2 is a sectional view of the middle portion
of the reactor, immediately below the portion shown in
FIG. 1;

FIGURE 3 is a sectional view of the bottom portion of
the reactor, immediately below the portion shown in
FIG. 2;

FIGURE 4 is a detailed sectional view of the core
region of the preferred embodiment;

FIGURR 5 is a detailed cross sectional view of the re-
actor of the preferred embodiment;

FIGURE 6 is a detailed cross sectional view of the
core region of the reactor of the preferred embodiment;

FIGURE 7 is a sectional view of a second reactor em-
bodiment;

FIGURE 8 is a detailed sectional view of the core
region of the second reactor embodiment;

FIGURE 9 is a sectional view of a third reactor embodi-
ment;

FIGURE 10 is a schematic diagram of a liquid fuel
handling system for the reactor embodiment of FIG. 9;

FIGURE 11 is a detailed sectional view of the spiral
core of the reactor embodiment of FIG, 9;

FIGURE 12 is a partial cross sectional view of the
spiral core of FIG, 11;

FIGURE 13 is a schematic dnagram of the coolant
system;

FIGURE 14 is a schematic drawing of the preferred
fuel handling system;

FIGURE 15 is a fuel alloy phase diagram of the pre-
ferred fuel, and

FIGURE 16 is a graph showing the expansion char-
acteristic of the preferred fuel.
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TABLE 1

Summary of Reactor Specifications

[Preferred embodiment]

Materlals:
Fuel type

Fuel am
Fuel consumption ______________
Coolant tubes

Reflector
Coolant .
Breeding blanket______
Structural material

Shield
15 Dimensions:
Lattice
Reflector

Over-ali
Cooling system

10

Plutonium - iron allo
.5 a/o Fe, 90.
a/o Pu),

Natural uranlum,
Stalnless steel - tanta-

lum,
Lead, steel, heavy con-
crete,

169 ¢ bes.
Radial .3 in, Fe.
2'ft. dia, x 8 ft. high.

Reeireulated sodivm,

Removal of oxygen by
hot trap.

Conduction electromag-

20 Pumps
netie pumps.
Protective atmosphere above [
C IMl’ tu;-l‘ t temperature. 205
oolant inle ——
Coolant outlet temperature_____ 600° C
Coolant velocity ..o .
25 Cooclant inlet pressure . —eeee——— 10 p.s.
Coolant pressure drop through
p reaftor T ?5 .séii)m
umping rate .p.m,
o Ptlim lng i(gver ________________ 15 kw.
era ng conditions:
P % heat power_..___ - 1000 kw.
Heat flux (average)__ 1/5 X108 B, tu /ft.3/hr,
30 Pow«iaf1 density ((average)) /1
ecific power (average) ——.——-.
I\Nf xtlmm[x}j fue‘li teull erature_____. 650° C.
eutron flux density—
Fast (max.)__y_ ___________ 4 X 104n/cm,2-sec.
Thermal (max.)—
Negligible.
35 Graphlte — - 0¥n /cm. 2 8ec.
Medlan fission energy. . 1. 05 mev,
Effective

Frompt neutron life...__

Power ratio (center/edge

Temperature coefficlent o
reactivity.

Total shim controlo———meaeen.
40 Core composition :
Fuel alloy (Pu-Fe) __ . ceoeaa-
Tantalum container_________.__.
Sodium .
Core radlus (inside vessel) ______
Core height
Breeding : Breeding ratio________
Sphere (S: Multigroup) :
Bare core bucklin
Bare core extrapo! ateld radius_._,

45

8.8 X 10-%-gec.
1.48.

—3.8¢/° C. prompt,
—3. iig/ ° C, total.

50% by volume,
15% by volume,
35% by volume.

14 cm.
~1.5.

B3=.059 cm.—3
Rex==12.92 em,

Bare core critical radius. . ____ Re=1
Cylinder (S. Multigroup) : ¢=10.33 em.
Side reflector savings . _ . _____. §25.08 em.
Top and bottom reﬂector savings 6~4 17 cm.
Critical mass alloy (Pu.oFea1)-__. CM =20 kg.

50 Cylindrical radiuS-_ .o Rey1=17.54 em.
Cylindrical height Heyy=14 cm
Cylindrical volume____ oo ___. V=248 uters.

Koore =7?Z.{ Koore=2.68.
85 ke Adjusted to unity by
geometry and ﬂy dilution,
Central median fission energy._...__. E;=1.05 mev.
Prompt neutron lifetime. ......oa.... Lo 5.8%10-? sec.
VZewr

60 Flux grouping:

Group Ea o«

65

1
2
3.
4,
5.
6.
k¢

102

'

70

1125 ev.

—08ev. LTIl

Power ratio, center/edge P.R.=1.48.

Computations based upon absolute multiplication were
v made and are, therefore, explicitly independent of ex-
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pansion coefficients. The following expansion coefficients

were assumed:
*

% o S 5X104° O,
‘:_" Na 3.X104° C.
%l Ta. 105X10-4° C.
% Fe.. - . .3X10-4° C.
ﬂ'| Al . 81X10-4/° C.

The side reflector was computed for the following radial
thickness:

: : Cm.

Core (50% fuel, fuel p=16.7 g./cC.) cceceeeemm 0-7.54
Fe at 90% density - <o oo 7

" Air gap 0.2
Al -- 102
Alr gaP oo 10
Graphite - 15

The top reflector consisted of 1.9 cm. Na, 22.8 c¢m.
65% Fe4-35% Na.

The radial contribution to the over-all buckling is esti-
mated as 61.8% for an equivalent core diameter of 5.9-in.

Density changes:

K

—] eorefuel. o ieaana —2.460¢/° C.

5 I core fuel. ... ... 0f/

%I Pt L £ S -.186¢/° C.

o8

%—I:— side reflector Na. - cccmomecmeaaceeee —.003¢/° C

%%I side reflector Fe. o cnmmomaaaeeoo —.059¢/° C.

%{l reflector Na, ends_._._ ... —.288¢/° C.

%i—fl reflector Fe, ends. o covmommmaanoceeaa e —.076¢/° C,

%I-—a{ total core density. - oeocmmoa-o —3.031¢/° C.

%%I Alshime_ .o iadomceanaa —.045¢/° C

Qeometry:

oK 1264° C

5 Ta core expansion. o cooocmomemcooeeaao- +.126¢/° C.

dK| . 3¢/° C

5 Fe side reflector expansion_________.._.._ +.053¢/° C.

ok +.179%/° C

>0 total coTe ECOME Y oo mmeame i cccemaoaae .

oK i —2.852¢/° ©

Ev3 total core (density+geometry) ... X .

%%(l Al shim expansion. ... ccocccacommcoee —.116¢/° C.

Gaps:

b—K core radius . o ccro oo +296¢/millimeter

or (Pu alloy addi-
tions).

ELS Pght. .« e e 97¢/millimeter

0z l 00r® eght. .- —----ooeorooreooas + (Pu alloy addi-
tions).

-+4-28.9¢/millimeter

dK .
'aTl reflector shim gap. . ooocooomcoeemenaan (Fo or Al over

air).
Shim:
?L([ shim out .- cceeo oo cmeem e ~1523¢.
K| shim out (1% B10in €)oo eemeeeeeacnn- —1615¢,
Miscellaneous:
DKl noNain eore. . oooooooiimmomeeeee —616¢.
OR{ 1% BWin C (compared tono B1%__...... —66.5¢.

See report K—1-3049, declassified May 6, 1957, en-
titled “Some Applications of the S, Method,” by R. M.
Kiehn, submitted for publication in “Nuclear Science &
Engineering,” the disclosure of which is incorporated
herein by reference.
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APPARATUS
PREFERRED EMBODIMENT

The reactor of the preferred embodiment in the present
invention is shown in FIGURES 1, 2 and 3, Figure 1
being the top portion, FIGURE 2 being the center por-
tion and FIGURE 3 being the bottom portion of the
reactor. The reactor consists of a pressure vessel 20
fabricated from stainless steel having a cylindrical geom-
etry and a dish shaped bottom portion 21 (FIG. 3).
The upper extremity of the pressure vesse] 20 has a flange
22 to which is welded or otherwise integrally attached a
top plate 23 which seals the interior of the vessel from
the outside environment. The top plate 23 has an aper-
ture 24 which connects the interior of vessel 20 with the
inside of coolant inlet pipe 25, the inlet pipe 25 being
welded or otherwise sealed to the top plate 23. A fuel
reservoir container 26 extends through an aperture 27 in
the top plate 23 near the outer periphery of the top plate
23, and is sealed to the top plate 23.

Suspended from the top plate 23 is a cylindrical sup-
port member 28, which is attached to the bottom of top
plate 23 by bolts. The cylindrical support member ex-
tends downwardly into the cavity of the pressure vessel
20 and has a bottom support flange 29 (FIG. 2). With-
in the cylindrical support member 28 is the upper reflector
30, consisting of a cylinder of iron having a plurality of
passages 31 which connect the coolant inlet reservoir vol-
ume 32 (FIG. 1) with the volume 33 (FIG, 2) immedi-
ately above the reactor core assembly. The cylindrical
support member 29 has a flange 34 along its bottom inner
surface in which the upper flange 35 of the core container
36 is attached by bolts 37 or equivalent means. In this
manner the core container 36 is supported by the cylindri-
cal support member 28. The bottom support flange 29
of the cylindrical support member 28 has a downwardly
extending tube support member or coolant inlet header 38
which, in the preferred embodiment, supports the re-
entrant tubes, as explained in detail hereinafter. The core
container 36 supports a tantalum core cage container 42
in which the molten plutonium fuel is contained and
through which the coolant passes, as is explained in more
detail hereinafter, The core container 36 extends down-
wardly and has a lower supporting flange 43 (FIG. 3)
which supports the bottom reflector 44 which is con-
structed of iron. It should be noted that the coolant flow
is primarily around the exterior of the core container 36.
However, passages may be added between the core cage
container 42 and the core container 36 to cool the outer
surface of the core cage container 42, in which case the
reflector 44 would be provided with a plurality of coolant
channels (not shown) similar to the upper reflector 30.

The cylindrical support member 28 has in its upper por-
tion (FIG. 1) a plurality of supporting rods 46 integrally
attached thereto and extending outwardly toward the pres-
sure vessel 20, which supporting rods pass through an
aperture in the stationary iron reflector 47, thereby axial-
ly supporting the stationary radial reflector 47. The sta-
tionary reflector 47 is constructed of layers of cylindrical
segments, each layer being provided with coolant chan-
nels 48 on their outer surfaces. The stationary reflector
extends downwardly over the major portion of the pres-
sure vessel length and terminates in the bottom portion
of the pressure vessel 20. The channels 48 of reflector
47 are connected to the coolant volume 49 (FIG. 3) by
means of a plurality of horizontal holes 50 and channels
51. Welded to the outer bottom periphery of the reflector
47 is a tubular member 52 which is welded to a bottom
plate §3 thereby providing a cup which is lined with tanta-
lum. This cup, consisting of elements 52 and 53, pro-
vides a container in which the plutonium fuel will be con-
tained in case of a mechanical failure within the core
cage container 42.

The fuel reservoir container 26 (FIG. 1) contains a
tantalum reservoir 55 which extends downwardly through
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the top plate 23 to the bottom plate 53. This tantalum
reservoir contains the plutonium-containing fuel to be used
in the reactor and has a vertically movable positive dis-
placement plunger 56, which is controlled from outside of
the reactor shielding and which is used to displace the
plutonium fuel from the reservoir into the core container
36.

A coolant outlet pipe 57 is provided on the outer periph-
ery of the pressure vessel 20 in the upper portion thereof
and is welded and sealed to the pressure vessel 20. The
pressure vessel 20 is contained within a second containing
vessel 58 which is welded to and spaced from the pres-
sure vessel 20. The space 59 between the pressure vessel
20 and outer containing vessel 58 may contain electrical
heating elements (not shown) to be used in start-up op-
erations, as explained hereinafter. The second containing
vessel 58 has a bottom plate 60 which is welded to a radial
support member 61, which support member is integral
with the dish shaped bottom portion 21 of the pressure
vesse] 20 and extends downwardly through the contain-
ing vessel 58. A radial support guide member 62 is pro-
vided around the radial support member 61 so that the
radial support member 61 is freely movable in the vertical
direction within the radia] support guide member 62.
Since the reactor pressure vessel 20 is supported from the
top, by structure not shown, expansion in the vertical
direction due to heating is allowed by the arrangement of
the radial support member 61 and radial support guide
member 62.

Surrounding the central portion of the reactor pressure
vessel 20 and outside of the containing vessel 58 is a
cylindrical reflector assembly 65. The reflector assembly
65 contains a plurality of control and/or oscillating rods
vertically movable within the movable parts of the cylin-
drical reflector assembly 65. The control rod assembly
consists of a control rod tube 66 integrally attached to the
reflector assembly 65 and supported by a control rod sup-
port 69 attached to the outer surface of the second con-
taining vessel. A control rod 68 is vertically movable
within the control rod tube 66. A more detailed explana-
tion of the reflector assembly is contained hereinafter in
the explanation of FIG. 5.

The lower portion of reservoir 85 is connected through
a fuel pipe 70 to the bottom of core cage container 42,
In this manner the movement of the plunger 56 down
into the fuel will cause plutonium containing fuel to be
displaced upwardly through pipe 70 into the container 42.

Referring now to FIGURE 4, which shows a detailed
cross section of the core region of the reactor of the
preferred embodiment, the tube support member 38 con-
tains a plurality of apertures 75 through which a plu-
rality of tantalum tubes 76 extend downwardly. The
tubes 76 are welded to a liner 77 which is attached to the
top surface of tube support member 38 and the inner
surface of bottom support flange 34. The core cage con-
tainer 42 contains a structural support sleeve of tantalum
78 which is supported on a tantalum plate 79 and keeps
the core cage container 42 from collapsing axially during
the evacuation prior to start-up. The plate 79 locates and
supports against lateral movement the outer tube 83 of
the bayonet assembly. The core cage container 42 has
an upper peripheral volume 80 to compensate for fuel
expansion during initial operation, the fuel in volume 89
being essentially ineffective with respect to the reactivity
in the core. The upper member 81 of the core cage
container 42 is welded to the inner flange 82 of the core
cage container 42 and consists of a circular plate having
a plurality of holes passing through it, the plate having
its bottom surface inclined upwardly so that, as will be
apparent hereinafter, any gases formed during operation
will tend to move outwardly and upwardly into the
volume 80. The member 81 has a plurality of tubes 83
having closed bottom ends and welded to and extending
through the plurality of apertures therein. The tubes
83 extend downwardly into the core cage container 42
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and terminate above th: recessed grooves in the tantalum
plate 79. The downwurdly extending tubes 83 are sup-
ported against lateral displacement by circular ridges
84 on the tantalum plate 79. The tubes 76 extend down-
wardly until they terminate with open ends in the lower
portion of the tubes 83. In this manner the volume 33
immediately below the upper reflector 30 is connected
through the interior of tubes 76 to the bottom of tubes
83 upwardly through the annular volume around the out-
side of tubes 76 to the volume 85 immediately above the
upper member 81 of the core cage container 42. The
volume 85 is connected through channel 86 to the periph-
eral channels 39 in the core container 36. The arrange-
mert of tubes within the core cage container 42 leaves a
fuel containing volume 87, which consists of the volume
in the interstices of the tube bundle. It is the volume 87
which contains the plutonium or plutonium alloy used
as a fuel in the reactor of the preferred embodiment.

The volume 80 of the core cage c¢ontainer 42 is con-
nected by spiraling pipe 71 to the interior of the tantalum
reservoir §5. In this manner fission product gases may
escape from the volume 80 into the reservoir 55 where
they may be removed by passing upwardly around the dis-
placement plunger 56.

A more meaningful physical picture of the arrangement
of the tubes, reflectors and various containers is shown
in the sectional view of FIGURES 5 and 6. Specifically,
FIGURE 5 shows the control shim or reflector assembly
65 which is located external to and spaced from the
second containing vessel 58 which in turn is located ex-
ternal to and spaced from the pressure vessel 20. In-
side of the pressure vessel 20 are the cylindrically seg-
mented, stationary iron reflectors 47 which have a
plurality of channels 48. In the reflectors 47 is located
the fuel reservoir 55. The fuel reservoir 55 has a plural-
ity of coolant channels 88 along its outer surface to pro-
vide a means for controlling the temperature in the fuel
reservoir 85. Located within the reflectors 47 is a core
container 36 having a plurality of channels 39 on its outer
periphery and in which the core cage container 42 is
located.

The detailed cross section of the core cage container
42 which is located within the central volume of reflector
47 is shown in FIGURE 6. Within the core cage con-
tainer 42 is a support sleeve 78 and a plurality of tubes
83 into which extend the re-entrant tubes 76. It is ap-
parent from FIGURE 6 that the liquid fuel volume 87
surrounds each of the tubes 83 so that coolant flowing on
the inner surface of tubes 83 is in conductive contact with
the reactor fuel. Only a portion of the tube assemblies
are shown to simplify the illustration, however the centers
of all tube assemblies are indicated. In the preferred
embodiment there are 169 tube assemblies 89 where each
tube assembly consists of tubes 83 and re-entrant tubes
76. The coordinates for a 60° segment of numbered holes
in FIG. 6 are shown in Table II, the other segments have
identical hole arrangements.

TABLE II
{Hole coordinates (ctn.)—Tolerance,05]

Hole No., Abscissa | Ordinate
™ (x) )

Y e e 0.00 0.00
2., - - 8.69 5.02
L R, e 8.69 -=5.02
4., et medemamerm———cean 17.42 10.03
[ SO - 18. 14 0.00
6. - 17.42 -10.03
T e ————— 26.07 15.05
8. - 27, 52 5. 05
9. — 27.52 ~5.05
10. 26.07 —15.05
11. meeemmaceeemeaaiace—— e 34.76 20.07
120 ... e cecascmmemacemn———— 36.95 10. 14
130 caeeas - . 37.68 0.

4. - 36.95 -10.14
L 34.76 —20.07
15. . - - 43. 44 25.08
17. - - e— 46. 40 15.27
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TABLE II-—Continued
W
Abselssa | Ordinate
Hole No. @ 15}
47.88 5.13
! 47.89 —5.13
46. 40 -15.27
43.44 —25.08
52.15 30. 10
55. 88 20. 44
. 58.16 10.33
58.92 0.00
58.16 ~10.33
55. 88 —20. 44
62.15 —30.10
60. 82 36.12
65.38 25. 66
31. — 68. 47 15. 63
32__... 70.04 5.25
33. 70.04 —5.25
34. 68. 47 —15.63
BB e ceeecce—mam——mcem e mm————————— 65.38 —25. 66
36- - 60. 82 —35.12

In the outer reflector assembly 65 it is apparent from
FIG. 5 that the preferred embodiment utilizes four con-
trol rods, some of which may be oscillator rods. The
oscillator rods 90 consist of a half rod composed of re-
flecting material 91 and a half rod composed of a neutron
absorbing material 92. These rods are rotatable about a
vertical axis so that a portion or all of the reflector can be
exposed to the neutron flux from the core region within
the core cage container 42, or a portion or all of the ab-
sorber material 92 can be moved into proximity with re-
spect to the critical region. In this manner very fine con-
trol over the criticality can be maintained. The control
rods 68, contained within the control rod tube 66, are
used primarily for gross adjustments in reactmty Fur-
thermore, the entire reflector assembly 65 is vertlcally
movable with respect to the critical region and in this
manner reflective control may also be accomplished. Sur-
rounding the entire reactor at the core level (see FIG. 2)
is a breeding blanket 93, preferably of uranium, in which,
through neutron capture, plutonium 239 is formed.

TABLE III

Summary of Reactor Specifications

[Embodiment of FIGS, 7 and 8]
Materlals:

Fuel type Pu-Fe.

Fuel amount — v ~20 kg.

Fuel consumption . ____ ~1 gm./day.

Coolant tubes — oo~ Tantalum,

Reflector. Fe.

Coolant Sodium,

Structural material Stainless steel-tanta-
um.

Shield - Lead, tsteel heavy con-
crete.

Lattice 169 tubes (straight
through).

Refleetor—— o e Radial —3 1

Over-all_.__
Cooling system :

2 ft. dia. x 8 ft “high.

Recirculated sodium,

Removal of oxygen by
hot trap.

Conduction electromag-

YD€ ————
Cootant treatment

Pumps
netic pumps.
Protectlve atmosphere above so-
______________________ Argon.

Coolant inlet temperature______ 500° C.
Coolant outlet temperature-_.._ 600° C.
Coolant veloelty - . ~5 ft. sec.
Coolant inlet pressure_._____.__. 10 p.sd
Coolant pressure drop thru re-

actor_ e ~1 psd
Pumping rate_______ . ____ 150 g.p.m
Pumping dpower _______________ 10 kw.

Opernting conditions :

Total heat power_____________ 1,000 kw.

Power density (average)._
Specific power (average) .
Maximum fuel temperature__... ~700° C
Neutron flux density—
Fast (mMax.) e 4% 10%n/cem.2sec.
Thergal (max.)—

OT® — e Negligible.
Graphite____ ~10%n/cm.2-sec.
Median ﬁsqiou energy-— 1.05 mev,
Bffective prompt neutron 1 _ 5.8X10-° sec.
Power ratio (center/edge)___._ 1.48.
Temperature coefficient of reac-
tivity o e —3.3 ¢/° C. prompt,
—3.6 ¢/° C. total,
Total shim control . _______ $16.15.
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TABLE III-—Continued
Core composition:
Fuel 8110y - e 50%.
Tantalum container . . 15%.
Sodium .
Critical mass 0

Core radlus (inside vessel)____ .. T
Core height
Breeding : Breeding ratio e

SECOND EMBODIMENT

A second embodiment of the reactor of the present in-
vention is shown in the sectioned drawing of FIGURE 7.
The reactor of this embodiment consists of an outer ves-
sel 101 having a top closure 102 welded to its top portion
thereby sealing the interior of the vessel from the outside
environment and having bottom plate assembly 103
welded or otherwise sealed to the outer vessel. The outer
vessel bottom plate assembly 103 is attached to and
supported by base 104 which has a sealing plate 105
which forms a chamber 106 which communicates through
aperture 107 with the interior of the outer vessel 101
above the bottom plate assembly 103. Extending radial-
ly and welded to the base 104 is a cylindrical duct 108.
Inside of and spaced from the cylinder duct 108 is a
coolant inlet pipe 109 which passes into the chamber 106
through the cylindrical duct 108 and upwardly through
aperture 107 terminating in and attached to base plate
110. The base plate 110, which is spaced from the bot-
tom plate assembly 103 and is supported by coolant inlet
pipe 109 and support members not shown, is attached
to and supports an inner cylindrical pressure vessel 111
which terminates at its upper extremity in a flow direct-
ing baffle plate 112 which is welded to the upper pe-
ripheral edge of the inner pressure vessel 111. The
coolant outlet pipe 113 extends radially outwardly from
the inner pressure vessel 111 through a concentric cylin-
drical duct 114 which is sealed to the outer vessel 101.
In this manner the interior of inner pressure vessel 111
is completely isolated from the volume between the outer
vessel 101 and the inner pressure vessel 111. The coolant
inlet pipe 109 has a tantalum liner 115 which extends
around and lines the base plate 110 thereby providing
a surface resistant to plutonium and plutonium alloys,
should a mechanical failure result in the presence of
plutonium within the inlet pipe 109 or on base plate 110.

Supported by the base plate 110 and contained within
the inner pressure vessel 111 is a radial reflector assembly
116 consisting of a plurality of cylindrical segments and
a bottom reflector assembly 117, the reflector assemblies
116 and 117 having coolant passage channels 118 and
119 respectively. The coolant channels 118 extend up-
wardly from the inlet coolant chamber 120 to the outlet
coolant chamber 121, while the coolant channels 119
extend upwardly from the inlet coolant chamber 120 to
core coolant inlet chamber 122. Supported by base plate

-110 and extending upwardly inside of the radial reflector

assembly 116 is a cylindrical support member 123 which
extends the full length of the radial reflector 116 and has
a supporting step 124 on which is supported the core cage
container 125,

Core cage container 125, see FIG. 8, consists of a cylin-
drical tantalum tube bundle container 126 having an
upper tantalum plate 127 and a bottom tantalum plate
128 welded to its top and bottom inner surfaces respec-
tively. Each of the plates 127 and 128 contain a plurality
of apertures in which a plurality of tantalum tubes 129
are welded, the tubes 129 extending through the con-
tainer 126. The interior of tantalum tubes 129 commu-
nicate with core coolant inlet chamber 122 and core
coolant outlet chamber 130. The volume 131 between
the tubes and within the cylindrical tantalum tube bundle
container 126 and between upper and lower tantalum
plates 127 and 128 is the core volume and contains the
molten plutonium-containing fuel, as discussed in detail
hereinafter. Extending upwardly from the upper tan-
talum plate 127 and communicating with the volume 131
between the plurality of tubes 129 is a fuel distribution
chamber 132 which is located around the inner periphery
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of the cylindrical tantalum tube bundle container 126.
The fuel distribution chamber 132 is connected by fuel
inlet pipe 133 which extends downwardly along the out-
side of the lower reflector 117 and through the coolant
inlet pipe 109 to a non-critical fuel reservoir, not shown.
The critical volume 131 is also connected at its bottom
through fuel outlet pipe 134 to a fuel reprocessing system
and/or non-critical fuel reservoir, not shown.

An upper reflector 140, see FIG. 7, having a plurality
of vertical channels 141 is supported at its periphery by
the cylindrical tantalum tube bundle container 126. The
channels 141 connect the core coolant outlet chamber
130 with the outlet coolant chamber 121.

A tubular spacer 142 is supported by the radial reflec-
tor 116 and has a plurality of coolant flow apertures
143 located along its periphery. The tubular spacer 142
supports a flow directing baffle 144 which extends down-
wardly into the outlet coolant chamber 121 and which
directs the flow of coolant from passages 141 radially out-
ward through apertures 143 into channel 145. The tubu-
lar spacer 142 also supports an upwardly extending steel
shield 146. The channel 145 is located between the inner
pressure vessel 111 and the cylindrical upwardly extend-
ing steel shield 146. - . .

The outer vessel 101 is surrounded by a heating coil
support cylinder 150 which extends the full length of
the radial reflector 116 and is spaced from the outer
vessel 101. An induction coil 151 is wound around the
support cylinder 150 and is connected to a suitable elec-
trical source, not shown. The support cylinder 150 has
an outwardly extending flared portion 152.

Located externally to the heating coils 151 are the con-
trol shims 153 which are cylindrical in form and essen-
tially identical to the control shims of the preferred em-
bodiment. Surrounding the entire reactor assembly as
described and located radially outwardly from the con-
trol shims 153 is an air flow directing baffle 154 which is
cylindrical in shape and extends from the top of the
neutron shield 155, e.g., graphite, to a point slightly below
the cylindrical duct 108 and which is supported by the
cylindrical duct 108 and by support members 156 from
the upper cylindrical duct 114,

The cylindrical duct 108 and that portion of the coolant
inlet pipe 109 which is contained within the chamber 106
as well as upper cylindrical duct 114 are surrounded by
insulating material 157 to prevent undue thermal stresses
in the reactor vessel during operation.

TABLE IV

Summary of Reactor Specifications
[Embodiment of FIGS. 9 thru 12]

Materials:
Fuel type Pu-Fe.
(9.5 a/o Fe, 905 a/o
[ Ypuy.
Fuel amount ~35 kg.
Fuel consumption.. oo oena... 15 gm./day.
Fuel tubes. Tantalum,
Reflector. Uranium,
Coolant. Sodium.
Breeding blanket oo eae Uranium

Structural material . ________ Stilinless' steel, tanta-

um.
Lead, steel, heavy con-

Shield
crete, sodium,
Lattice SElral core tube.
Core tube length (single tube)__. 140 ft,
Reflector_.. 3’! uranium.
Qver-all 2/ dla. x 8’ high (cap-
sule).

Cooling system:

Recirculated sodium.

Removal of oxygen by
bot trap.

Centrifugal pump.

ype
Coolant treatment .

Pumps_
Protective atmosphere above

sodlum. e
Coolant inlet temperature_...___.

Helinm or argon.
50° C

~

Coolant outlet temperature..___ ~600° C.
Coolant velocity (through core). 20 ft./sec.
Coolant inlet pressure_ . ———... 10 p.s.l,

Coolant pressure drop
reactor_ -

Pumping rate

8 p.s.d,
2000 g./m,

10

TABLE IV—Continued

Operating conditions:

Total heat power______________

Heat flux (average)________.___.

]%f)eclﬂc power (average)__.___._._ 500 w./gm
aximuam fuel temperature.____ C

Neutron flux density core—

Fast (maxX.) oo 3 X 10%n/cm.2-gec.

Thermal (max.)—Core___—_—__ Negligible.

Median fAssion ener, .5 mev,

Effective prompt neutron life._._ ~10-7 gec,

Power ratio (center/edge) .____. 1.48,

Temperature coefficlent of reac-
tivity approx e __.

2

15 megawatts.
20% 1%’15 B.t.u/tts/ hr.

L.5¢/° C. prompt,
1.8¢/ C. totall.)

Total shim control_——__—————__. Approx. $10.00.

- Core_composition :
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Fuel alloy 20% by volume,
Tantalum container____________ 25% by volume.
Sodium

Critical mass.___
Core radius (inside outer spiral core
containing can) -

45 by veolume,
it
Spiral core helght_________

814 In,
- 815 in,
Breeding : Breeding ratio..._.——.__._ ~1.5,
THIRD EMBODIMENT

A third embodiment of the reactor of the present in-
vention is shown partially sectioned and partially sche-
matic in FIGURE 9 of the drawings. In this embodi-
ment a reactor vessel or core capsule 160 made of stain-
less steel and having a tubular shape extends the full
length of the reactor assembly. The cylindrical vessel
160 is contained within an assembly vessel 161 which is
also constructed of stainless steel and which has a top
plate 162 which is sealed to the outer periphery of the
core capsule 160 in slideable relation therewith. The
core capsule 160 has a bottom plate 163 which is sup-
ported by the bottom plate 164 of the assembly vessel
161. The top plate 162 has a plurality of coolant inlet
pipes 165 located in symmetrical arrangement around the
core capsule 160 through which the coolant flows down-
wardly into the volume between core capsule 160 and
assembly vessel 161. The core capsule 160 contains a plu-
rality of liquid fuel reservoir tanks 166, a plurality of
reservoir tanks being provided so that a non-critical geom-
etry of the fuel within the reservoir tanks can be main-
tained. The reservoir tanks 166 are located along the
inner surface of the core capsule 160 and are supported
by the bottom plate 163. Located within the cylindrical
array of reservoir tanks 166 is a hydraulic piston assembly
167 which may be operated by the coolant or which may
require predetermined coolant flow before it will operate.
The movable portion 168 of the hydraulic piston assem-
bly 167 supports a container 169 which has a plurality
of apertures 170 and which contains a plurality of ura-
nium elements 171 which. are supported within and in
spaced relation thereby forming channels 172 through
which the coolant may flow upwardly into the coolant
inlet volume 173 which is located immediately below the
core cage contaiper 174, The container 169, being mov-
able in a vertical direction, is part of the control mech-
anism of the present embodiment since the uranium ele-
ments 171 will act as a reflector for fast neutrons and
therefore their position with respect to the core cage con-
tainer 174 will affect the reactivity of the fuel. The core
cage container has a coolant outlet volume 175 located
above its upper surface and an upper reflector assembly
176 which is vertically movable with respect to the core
and which contains a plurality of uranium elements 177
and coolant flow channels 178. The core cage container
174 is supported within the core capsule 160 by flange
179, while the lower position of the upper reflector 176
is defined by a flange 180. The upper reflector 176 is
supported on shim control rods 181 which are connected
to a worm gear arrangement, not shown, so that upper
reflector 176 may be used as a shim control. Located
outside of the core capsule 160 adjacent the core cage
container 174 is a uranium blanket with a plurality of
coolant channels passing therethrough which is supported
upon an inwardly extending flange member 182 having
a plurality of apertures 183 passing vertically there-
through, The flange member 182 also serves as a radial
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support for the core capsule 160 and is in slideable rela-
tion with the core capsule 160. The lower portion of the
assembly vessel 161, i.e., the volume below the flange 182
and outside of the core capsule 160, is filled with coolant
and passages 184 are provided in the core capsule so that
the coolant will flow into the core capsule 160 and the
apertures 170 in the container 169.

The schematic arrangement shown in FIGURE 10
shows the details of fuel handling system of the reactor
embodiment of FIGURE 9. Specifically the reservoir
tanks 166 contain a volume of liquid fuel having a level
189 and a re-entrant tube 199 which terminates slightly
above the bottom of reservoir tank 166. The tube 190
enters the reactor core region through pipe 191 at the
bottom at a position 192, which position is in the bottom
of the core cage container 174. A branch pipe 193 ex-
tends upwardly around the core cage container 174 and
is connected to the bottom of a settling tank 194. The
upper extremity of core cage container 174 has a cir-
culating pipe 195 which is connected to the middle or
upper side portion of the settling tank 194, The top
of settling tank 194 is connected through a pipe 196 to
the upper side portion of a scavenging fluid reservoir
tank 197. The top of scavenging fluid reservoir tank
197 is coanected through pipe 198 to a gas vent, not
shown. The bottom portion of reservoir tank 197 is
connected through an electromagnetic (E.M.) pump 199
by pipe 201 to the circulating pipe 195 at a point im-
mediately above the core cage container 174.

The operation of the fuel circulating system shown in
FIGURE 10 is as follows:

A conduit 188 which is connected to an independent
source of Na or NaK which is provided with a suitable
pressurizing means is connected to the top of Teservoir
tanks 166 so that upon forcing Na, for example, into the
reservoir tanks 166, the level 189 will be forced down
and the plutonium containing fuel will be forced up-
wardly through pipes 190, 191, 193, and 195 to a level
202 in the settling tank 194. In this manner the core
cage container 174 will be filled with plutonium contain-
ing fuel, as will circulating pipe 195 and branch pipe 193.
This is the liquid fuel level during operation of the re-
actor.

The scavenging fluid reservoir tank 197 has a level
203 of a fission product scavenging fluid such as those
disclosed in co-pending application Serial No. 700,917,
filed December 5, 1957, now abandoned, by Arthur S.
Coffinberry and also assigned to the Government of the
United States as represented by its Atomic Energy Com-
mission, entitled “Reactor Fuel Scavenging Means,” pref-
erably a calcium-magnesium eutectic in the present em-
bodiment. The E.M. pump 199 pumps the fission prod-
uct scavenging fluid downwardly through pipe 201 into
circulating pipe 195. This fluid, being lighter than plu-
tonium, bubbles up through circulating pipe 195 thereby
circulating the plutonium containing fuel upwardly in
circulating pipe 195 and into settling tank 194 where the
plutonium containing fuel settles to the bottom rapidly
and flows downwardly through branch pipe 193, back
through bottom position 192 into the reactor core cage
container 174. The E.M. pump 199 is regulated so that
the flow in pipes 193 and 195 is of the order of a few
liters per hour. The contact between the calcium-mag-
nesium eutectic in the preferred embodiment and the
plutonium containing fuel, in accordance with the teach-
ings of the above referenced co-pending application of
Arthur S. Coffinberry, removes a large portion of the
fission products from the fuel. The calcium-magnesium
eutectic in settling tank 194 which is located above the
level 202 with the plutonium containing fuel circulates
upwardly through pipe 196 into scavenging fluid reservoir
tank 197. The flow through pipe 196 also removes the
gaseous fission products from settling tank 194, which
gaseous products are vented through gas vent pipe 198.

In this manner the apparatus of FIGURE 10 provides

10

15

20

25

30

35

40

45

50

55

60

65

70

75

14

a simple, safe fission product removal system in which
the affinity of certain elements for fission products is
utilized to remove these fission products from the core
of the reactor. It is also within the purview of the pres-
ent invention to utilize any of the other fission product
scavenging fluids disclosed in the above referenced co-
pending application and further to provide additional ap-
paratus for adding plutonium or the alloying element used
in the fuel by providing a fuel addition pipe and associated
apparatus in the settling tank 194 below the liquid fuel
level 202. It is also within the purview of the present
invention to utilize the above described fission product
removal system with any one or both of the reactor em-
bodiments above described.

A cross sectional view of the spiraling tube core region
of the reactor embodiment shown in FIG. 9 is shown in
detail in FIG. 11. Specifically, FIG. 11 shows the right
half of the spiral core cage assembly which is symmetri-
cal, except for pipes 191 and 195, about the indicated
center line and shows the core cage container 174 sup-
ported by the flange 179 of the core capsule 160. The
core cage container 174 comsists essentially of a top plate
205 and a bottom plate 206 having an inside spiral core
containing can 208 and an outside spiral core containing
can 209 which fit into appropriate slots in upper and
lower plates 205 and 206 so that the inside can 208 forms
a cylindrical tube symmetrical with the center line while
the outside containing can 209 forms a cylindrical tube
concentric around the inside tube 208, thereby providing
a spiral core containing volume 210. The spiral core
indicated generally at 211 has an inlet pipe 191 passing
through the bottom position 192 in the core cage con-
tainer 174 and communicating with the outer end of
the first level of the spiral core 211. The spiral core 211
preferably consists of a single flattened tantalum tube
140 ft. long having a height of 3’ and a width of 14"
with a wall thickness of .020" and spirals inwardly in the
first level from the position 192 forming about 15 spirals
around the center line of the core. Adjacent the outer
surface of the inside spiral core containing can 208 the
first level spiral passes through an appropriate aperture
in the can 208 and into the central volume 212 of the
inside core containing can 208. The first spiral in cen-
tral volume 212 is bent in such a manner that the direc-
tion of the spiral is reversed and a second level of the
spiral core is made which spirals outwardly to a posi-
tion above and adjacent the first level position 192. Im-
mediately adjacent the inside surface of the outer spiral
core containing can 209 the tube constituting the spiral
core 211 is raised to a third level. The third level spirals
inwardly in the same manner as the first. In this manner
in the preferred embodiment shown in FIG. 11, twelve
levels of spiraling core tube are provided in which the
first, third, fifth, seventh, ninth, and eleventh spiral in-
wardly and the other levels spiral outwardly so that the
circulating pipe 195 can be connected directly to the
outer spiral in the twelfth level. A plurality of retaining
tubes 213 are provided which pass through apertures in
upper and lower plates 205 and 206 and extend the full
length of the core cage assembly thereby providing axial
rigidity as well as providing spacers between individual
turns of the spirals at the various levels and maintaining
alignment of the tubing to form fluid carrying ducts for
the passage of coolant. Thus the spirals in each level
are all clockwise, for example, and vertical alignment
of each spiral is maintained between levels.

The volume between the outer spiral core containing
can 209 and the core capsule 160 contains a plurality of
uranium slugs clad in stainless steel or other appropriate
metal which act not only as a breeding blanket but also
as a fast neutron reflector. These slugs are cylindrical
in shape, are located in spaced relation with each other
so that coolant may flow along their surface, and are
maintained in the indicated spaced relation by a plurality
of supports 214 connected to the core capsule 160,
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The top and bottom plates 205 and 206 are provided
with a plurality of segmental slots 215 and retaining tube
holes 216 as is more apparent from FIG,. 12 which is a
view taken alone line of 12—12 of FIG. 11. The slots
21$ are provided in a spiral grrangement so that all of
the slots 215 are located directly above the volume 210
between individual spiral coils. In this manner the cool-
ant flows through the core in an unobstructed passage
and is in conductive contact with the large vertical sur-
face of the spiral core 211. With such arrangement the
amount of heat which may be removed from the core
region is increased by a factor of 10 over the core arrange-
ments disclosed in the other embodiments and thus more
efficient plutonium use is attained.

It should also be noted that it is within the purview
of the present invention to provide an inlet 191 and
outlet 195 for each bank of spirals coils, where a bank
consists of an even and an odd level of spiral core. Each
bank would have an associated fuel reservoir tank 166
or could be connected to various reservoir tanks having
different plutonium content percentages. In this man-
ner the fuel density could be varied in the several banks
in the core region to control power density, or reactivity
control attained in this manner.

COOLING SYSTEM

A schematic diagram of the arrangement of the general
cooling system is shown in FIGURE 13. The reactor
220, which may be any of the reactors shown in the pre-
vious embodiments, has a coolant outlet duct 221 which
is connected to the inlet of an intermediate heat ex-
changer 222. A flow meter 223, hot trap 224, a cold
trap 225 in parallel with hot trap 224, and a pump 226
are connected to coolant outlet duct 221. The outlet
227 of the intermediate heat exchanger is connected to
an expansion tank 228 which in turn is connected through
a plurality of heat transformers 229 for use during start-
up to a parallel] pump assembly indicated generally at
230. The pumping assembly 230 consists of E.M. pumps
231, flow meters 232, valves 233 and common flow
meter 234, the output of common flow meter 234 being
connected to the inlet duct 235 of the reactor 220. Inlet
duct 235 is also connected through a normally closed
valve 236 to a filling and dumping tank 237, the tank
237 being connected to the storage line 238 and to a
coolant storage tank not shown. The intermediate heat
exchanger 222 is also connected to a secondary heat ex-
changer 239 by ducts 240 and 245, the duct 240 having
pump 241 in the return duct side. The heat extraction
loop consisting of ducts 240 and 245 may utilize a gas
or liquid as a heat exchanging medium. The secondary
heat exchanger 239 has a water inlet 242 and a steam
outlet 243, the latter being connected to the power pro-
ducing facility, e.g., steam turbine, for example (not
shown).

The sodium cooling system of FIGURE 13 operates in
the following manner: The entire system is filled with a
liquid sodium through storage line 238 and filling tank
237 through valve 236. This is accomplished by pro-
viding heating elements in a storage tank (not shown)
and by raising the temperature of the environment sur-
rounding the cooling system shown in FIGURE 13 to a
temperature above the melting point of sodium. The
entire sodium cooling system is preferably flushed with
an inert gas for a considerable time prior to the intro-
duction of liquid sodium so that all air and other ma-
terial which would react with the liquid sodium have
been completely removed. The E.M. pumps 231 and
226 are then started and valve 236 is closed. The sodium
is circulated within the cooling system for several hours
to insure that all gaseous voids within the system have
been removed. The heat transformers 229 are then ac-
tivated while the sodium flow is continued. In this man-
ner the entire system including the reactor is slowly
brought to a temperature of about 450° C. To supple-
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ment such heating an induction or resistance heater 244
may be added immediately adjacent the reactor vessel.

The cold trap 225 is used only during startup operation
and is disconnected from the system when the sodium
temperature is raised to the 450° C. value. This trap
functions to remove oxygen from the coolant system.
The hot trap 224 is utilized during reactor operation and
contains a getter material for removing oxygen so that
the oxygen content in the sodium will be reduced to less
than the order of a few parts per million.

FUEL HANDLING SYSTEM

A schematic diagram of the fuel handling system of
the preferred embodiment is shown in FIGURE 14.

Specifically, the pressure vessel 20 -is supported on a radial .

support guide member 62 which constitutes a base for the
reactor. Extending upwardly from the top portion of the
pressure vessel 20 is the fuel reservoir container 26 which
extends through a heavy concrete shielding plug 250 and
terminates in a plunger thimble extension 251 which is
conneoted to the plunger mechanism 252. Connected to
the fuel reservoir container immediately above the shield-
ing plug 250 is a fuel transfer chamber 253 which has
transfer gas lock valves 254, one of these valves shutting
off communication between the fuel transfer chamber
253 and the interior of the fuel reservoir container 26
while the other valve shuts off communication between
the fuel transfer chamber 253 and a dry box. The dry
box contains a transfer mechanism by which solid plu-
tonjum containing fuel is moved from an external lo-
cation into the dry box. The fuel transfer chamber 253
contains a horizontal fuel transfer mechanism 257 which
moves solid plutorium from the opening adjacent the
dry box through the first transfer lock valve and into the
fuel reservoir container 26. .

Located immediately above the shield plug 250 are
the rod and shim drives 258 which have downwardly ex-
tending control members 259 which pass through shield
block 250 and are connected to the control rod, the
control shim, and the oscillator rod assemblies generally
indicated at 260. In this manner the mechanical appara-
tus and electrical connections for the control rod, shim
and oscillator rods are located in a shielded position, so
that repairs can be made without exposing personnel to
the high radiation levels adjacent the reactor. Substan-

- tially surrounding the reactor vessel 20 and external to
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the control shim 260 is 2 B¢ impregnated graphite shield
which has cooling air passing upwardly therethrough. It
should be noted that a breeding blanket of appropriate
material, such as natural uranium, could be substituted for
all or a portion of the graphite shield or that a water
shield could be used.

- The operation of the fuel handling system shown in
FIGURE 14 is as follows:

The movable plunger 56 (see FIG. 2) is moved to its
upper position which is above the level of the fuel trans-
fer chamber 253. The first lock valve is closed and the
transfer mechanism 256 in the dry box moves small solid
pieces of the desired reactor fuel, preferably a plutonium
iron alloy, and places these solid fuel pieces on the hori-
zontal transfer mechanism 257. The second lock valve
254 is then closed so that the dry box is no longer con-
nected to the fuel transfer chamber 253, The first lock
valve 254 is then opened and the transfer mechanism
257 is then actuated so that the fuel piece is moved into
the fuel reservoir container 26 where it drops to the bot-
tom. This procedure is followed for a plurality of plu-
tonium containing pieces until a sufficient quantity of plu-
tonium is present within the fuel reservoir container to
attain a condition of criticality when introduced into the
core, The cooling system of FIGURE 13, which has pre-

viously been activated, has heated the reactor assembly .

to a high temperature, and thus the plutonium containing
pieces within the fuel reservoir container 26 will be melted.
It should be noted that a cover gas, for example,

|
' oS
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argon, is introduced into the fuel handling system through
a pipe 261 connected to the fuel reservoir container above
the shielding block 250 and has an outlet 262 immedi-
ately above the pressure vessel 20. It is apparent that

the cover gas will flow downwardly in the fuel reservoir .

container 26 and outwardly through outlet 262 thereby
removing gaseous fission products which will normally
accumulate above the plunger 56.

The fuel handling system for the reactor shown in FIG-
URE 7 may be similar to that shown in FIGURE 14 ex-
cept that the fuel reservoir container 26 would be located

outside of the outer vessel 101 and the fuel inlet pipe’

133 and the fuel outlet pipe 134 would be connected to
the Jower and upper portion respectively of the fuel reser-
voir container 26.

The fuel handling system for the reactor embodiment
having the spiral core as shown in FIGURE 11 has a
similar fuel handling system (see FIG. 10) in which the
fuel is introduced originally through pipe 188 into the
reservoir tanks 166 in a liquid form. The fuel inlet pipe
188 is then used as a duct for a sodium system, for
example, in which sodium is introduced into the reser-
voir tanks 166 thereby forcing the liquid fuel upwardly
through pipe 190 into the core cage container 174. The
system for originally converting the plutonium containing
fuel to liquid form and for handling the plutonium pieces
may be similar to that shown in FIGURE 14.

REACTOR FUELS

The reactor fuels for all of the embodiments of the
reactor of the present invention preferably consist of
a plutonium-iron alloy where the iron is present in the
amount of about 9.3 atomic percent. This percentage
constitutes a eutectic point in the phase dagram of the
plutonium iron system as is shown in FIGURE 15.

Although the embodiments of the present invention
described above preferably utilize the above mentioned
plutonium-iron alloy, other fuels such as those described
in a co-pending application S.N. 523,138, filed July
19, 1955, now Patent No. 2,890,954, entitled “Plutoni-
um Alloys,” by William Chynoweth, or other plutonium
containing alloys, such as plutonium-bismuth, plutoni-
um-magnesium or ternary alloys containing plutonium
which have melting points in the range of the alloys
above mentioned, or lower, may be utilized in the re-
actors of the present invention. Table V shows the
pertinent data for some of the fuel alloys which may be
used in the reactors of the present invention,

TABLE V

Fuel Alloys
Eutectic Com- | Melting | Approxl-
Alloy position, Point, mate
Atomic °C. Density,
Percent g.fec.
Pu—Fe....... 9.5 Fe 410 18.8
PUu—CO.eremccmcmecccmccrama- 10C0. ..o, 405 16
Pu—Ni_. - 12 5 Nl_._ - 465 16
Pu—Mg e | 835 Mg .. 552 3.4
Pu—Bi. e Non—eutecti«.. .| 271-900

As is apparent from FIGURE 15 the preferred fuel
is a eutectic and has a melting point of approximately
410° C., which is several hundred degrees lower than
the melting point of pure plutonium, Thus, although
pure plutonium could be used in the reactors of the pres-
ent invention, the resulting corrosion problems result-
ing from the high temperatures necessitated by the use
of pure plutonium wouid require greater use of tantalum
and would also require far greater thicknesses in the
present components fabricated from tantalum.

In all of these embodiments of the present invention
the plutonium fuel is originally made in the form of an
alloy having 9 atomic percent iron. The reason for
utilizing a 9 atomic percent iron alloy is so that, if
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during the startup procedures it is found that criticality
is reached before the entire core is filled with liquid
plutonium, iron can be added which will not increase the
melting point of the alloy but will decrease it toward
the eutectic point. In this manner the liquid plutonium
fuel can be adjusted so that the entire core will be filled
with plutonium containing fuel and no gross reactivity
changes will take place during operation due to ex-
pansion of the fuel within the critical core region. For
example, the expansion characteristics of a plutonium
iron alloy are shown in FIGURE 16 where the alloy con-
sists of 7.93 atomic percent iron and the balance plu-
tonium. As is apparent from the graph in FIGURE
16, an increase in temperature from about 450° C. to
an operating temperature in the neighborhood of 650°
C. results in an expansion of several percent. The ex-
pansion characteristics of plutonium iron alloys having
about 9 atomic percent iron are very similar to that
shown in FIGURE 16. Thus, it is apparent that dur-
ing the initial startup procedure where the temperature

"is raised from about 450 to about 650° C. provision

must be made to accommodate the expa.ndmg plutoni-
um containing fuel. Such expansion is accommodated
by the upper peripheral volume 80 shown in FIGURE
4. As is also apparent from FIGURE 16, the volu-
metric expansion coefficient in the liquid phase would
be about .75x10~4/° C., which will give a highly de-
sirable strong negative temperature coefficient of re-
activity over the complete operating range.

CorE CONFIGURATIONS

The core of the reactor consists generally of four
basic constituents:

(1) A cylindrical tantalum vessel
(2) A tantalum tube heat exchanger
(3) A molten plutonium alloy fuel
(4) Sodium as the coolant

Three types of heat exchangers have been disclosed,
namely, (1) a calandria or straight through arrangement
with vertical tubes welded into the top and bottom,
(2) a bayonet with thimble or re-entrant tubes welded
only into a cover plate, and (3) a spiral coil around
which the coolant flows. The calandria offers the ad-
vantage of a smaller pressure drop and simpler mani-
folding is required to provide proper cooling in the core
and reflector. Coolant would flow in at the bottom and
out the top with parailel flow within the side reflector
and central region. However, this straight through or
calandria type arrangement has the disadvantage that
thermal stresses in the top and bottom plate, due to the
expansion of the tubes, requires heavy tantalum sup-
ports so that no structural failure, due to expansion,
can take place.

The bayonet type design of the preferred embodi-
ment offers several advantages over the calandria type.
The tube sheet stresses are reduced, since there is only
lateral restraint at the bottom of the thimbles. The
fuel container is simplified, since the bottom of the con-
tainer is not used as a tube sheet and thus the number
of tube welds for a specified number of tubes is reduced
by a factor of 2. The second tube sheet, i.e., the re-
entrant tube support, holds the sodium inlet squirt-
tubes or re-entrant tubes and is quite independent of
the fuel container. This tube support is also made of
tantalum in order to maintain the same relative spacing
between the thimbles and re-entrant tubes. However,
the re-entrant tubes could be made of stainless steel, It
should be noted that there is no requirement that small
leaks between inlet and outlet sodium streams be
avoided since this will not have any effect on heat re-
moval efficiency. An additional advantage of the bayo-
net type construction of the preferred embodiment is
that thermal shock is reduced, Since the inlet sodium
stream passes in through the inlet tubes and out the an-
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nulus between these tubes and the thimbles, consideraple
preheating of the inlet sodium occurs before contacting
the tantalum-fuel interfaces. The thimble tube sheet
is furthermore maintained at a uniform temperature
since it is covered by the core outlet coolant stream.
Maximum thermal shocks and stresses are removed to
the secondary tube sheet where minor leakage is unim-
portant.

The spiral fuel tube arrangement combines the advan-
tages of straight through sodium flow, minimized thermal
stresses, and minimized number of welds. Also the sur-
face to volume ratio can be adjusted at will, and is sig-
nificantly greater than for either the bayonet or straight-
through types. .

The critical mass determinations are made either ex-
perimentally or theoretically. For methods and means
for determining the critical mass experimentally, see Los
Alamos Reports, LA-2142, declassified August 13, 1957,
entitled “Preliminary Critical Experiments on a Mock-Up
of the Los Alamos Molten Plutonium Reactor,” by R. M.
Kichn et al., and an “Introduction to Fast Reactors,” by
R. M. Kichn, identified as K~1-706, declassified April
11, 1957, and “Some Applications of the S, Method” by
R. M. Kiehn (K-1-3049), the disclosures of which are
incorporated herein by referemce. Following the teach-
ings of these reports and using the information contained
therein, the determination of critical mass for various
size reactor cores as well as various fuel dilutions is a
matter of skill of the art and therefore no detailed ex-
planation is included herein.

Table VI shows the effect of coolant tube size on some
of the core cage characteristics. The values tabulated
are for a core cage with the following specifications:
16.2 g./cc. density of PuFe, alloy fuel (50% core vol-
ume), 6 in. height, 6 in, diameter, 1 mw. power, 500° C.
sodium coolant inlet temperature and 600° C. sodium
outlet temperature.

TABLE VI
Ta coolant tube O.D. (in.y..; 3/16 14| 516 816 3/8 12
Tacoolant tube I.D. (in)_..| .158 | .220 | .282 | .282| .346 | .470
Number tubes in core...... 507 286 184 160 128 72
Spacing bhetween tube cen-
ters (In.) ... o ebreen L2653 .337| .420]t.395| .505) .673
Ga) igamen' etween
111) ggn. _-..)_ ............ 065 .087 | .108[1.083 (| .130 | .173
Heat flux (watts/cm.?)...... 94 123 150 163 | 180 237
Temperature across Ta
Wall (° C)erevnnnmeruncan 5.9 kN 9.5 103 1.3 | 149
Thermal hoop stress, Ta
0.8 ccemeemuvenmnnmae} 770 | 1,080 | 1,250 | 1,300 | 1,500 | 1,970
Temperature rise within
fuel (°C.).-oormvaermmeman 26 45 70 70 103 181
Squirt-tube 0.D. (iB)ovmae-j 123 | 1721 .220 | 220§ .273 ) .367
Squirt-tube wall (In. --| -011 L0186 020 020 .024{ .035
Bquirt-tube 1D, (in.} .o... 101} L3407 180 181G .222} .297
Na annular thickness (in.)..| .018 | .024| .031 | .031 | .038 | .052
Hottest Na temperature
Adk 02 U 675 670 624 624 605 6800
Hottest Na temperature
GO O3 T 688 625 603 603 600 600
Na velocity (t./50.)-- - 122 11.4) 106} 15| 104 99

1 Minimum distance, dimension variable.

The first 9 items are applicable to either calandria,
once-through, coolant flow or for the thimbles of the
bayonet design coolant flow. The heat flux through the
Ta wall is figured at the mean diameter and the heat con-
ductivity of the fuel alloy is taken as 0.037 cal./sec.-cm.
°C. Items 10-16 apply only to the bayonet design cool-
ant flow. The re-entrant or squirt-tube diameter is chosen
to make the inside diameter and the annulus have equal
areas.

COOLANT

The primary coolant is preferably sodium although a
NaK system could also be utilized, The loop and reactor
wall are constructed of stainless steel, type ELC. Such
stainless steel is a good material for containing sodium
in the operating temperature ranges, i.e., up to tempera-
tures, for ¢example, of about 800° C,

Sodium is advantageous because of its low melting
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point, good heat transfer characteristics, and low pump-
ing power requirements, but has the disadvantage of its
explosive burning property when exposed to water or
moist air. ]

Bismuth may also be used as a coolant in the reactors
of the present invention. Bismuth, although obviating the
difficulties encountered in using sodium, has the disad-
vantage that it has a higher melting point, the power re-
quirements for pumping are about five times as large as
for sodium and polonium builds up in the system.

REFLECTOR

Armco iron is utilized as the reflector material in a
preferred embodiment since it is highly corrosion resistant
to hot sodium and it provides a suitable material for low
frequency induction heating to bring the core components
above the melting point of sodium. The thickness of the
radial reflector is adjusted to permit the maximum exter-
nal reflector control obtainable without permitting re-
flected thermalized neutrons to build up a power spike
at the core surface. About 24" of iron is satisfactory
for this purpose.

' SAFETY CRCUITS

The control rods are enriched boron rods which move
vertically within the control rod tubes 66. The refiector
shim. 63 is also vertically movable. The mechanism for
moving the control rods and shim are similar to those of
the prior art, see “Principles of Nuclear Engineering,”
Samuel Glasstone, chapter VI (Van Nostrand & Co.,
1955). In general the control rods are moved to their
vertical tubes by two-phase, two pole induction motors.
The motors are controlled by level switches, The shim
is attached to the vertical movement mechanism through
D.-C. lifting magnets which are de-energized during a
“scram” to allow the shim to fall freely away from its
normal operating position adjacent the core,

Any leaks in the inner vessel, above normal activity in
the steamn line, heat exchangers, coolant system, exces-
sive fuel temperatures, or coolant pump failure will anto-
matically result in insertion of the control rods and/or
dropping of the reflector shim,

The above described components and circuits are well-
known in the art and are therefore not illustrated or de-
scribed in detail herein, . :

OPERATION

The operation of the preferred embodiment of FIG-
URES 1-6 only is described herein in detail, since modi-
fications of this operating procedure for the other em-
bodiments will be apparent from this description.

The cooling system is chemically cleaned and flushed
with an inert gas. The sodium is then heated in a stor-
age container (not shown) and the environment of the
reactor and cooling system brought to a temperature
in excess of the melting point of sodium by passing
heated air, for example, over the entire system for sev-
eral hours,

When the entire system has reached a temperature of
about 100° C., the sodium from the storage tanks (not
shown) is pumped through storage line 238 of FIGURE
13 into filling tank 237. Valve 236 is opened and the
entire cooling system of FIGURE 13 is ﬁ!»led with so-
dium at a temperature of about 100° C.* Pumps 226
and 231 are started and the sodium is circulated through
the reactor 220 and associated coolant system. The heat-
ing transformers 229 are activated and the temperature
of the sodium is slowly raised to about 600° C. The
system is run at this temperature for several days to
clean the tantalum and lower its oxygen content to a
value in equilibrium with hot trapped sodium.

During the latter portion of the high temperature ¢ool-
ant circulation cycle, the core and entire fuel system
is evacuated in order to out-gas the fuel system compo-
nent material. The system may be flushed with an in-
ert gas such as helium to insure that the fuel containing
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system has a very low oxygen content. Exira care must
be’ taken in this procedure since the plutonium contain-
ing fuel will be operating at-temperatures in excess of
500° C., and at such temperatures contaminants, e.g.,
oxygen will be easily picked up by the molten fuel.

The fuel loading operation can now be started. The
movable plunger 56 (see FIG. 2) is moved to its upper
position, i.e., above the level of the fuel transfer cham-
ber 253 (see FIG. 14). The first lock valve is closed
and the transfer mechanism 256 in the dry box moves
small solid pieces of the desired reactor fuel, preferably
a plutonium iron alloy, and places these solid fuel pieces
on the horizontal transfer mechanism 257. The second
lock valve 254 is then closed so that the dry box is no
longer connected to the fuel transfer chamber 253, The
first lock valve 254 is then opened and the transfer mech-
anism 257 is then actuated so that the fuel piece is moved
into the fuel reservoir containmer 26 where it drops to
the bottom. This procedure is followed for a plurality
of plutonium containing pieces until a sufficient quantity
of plutonium is present within the fuel reservoir container
to attain a condition of criticality when introduced into
the core.

The fuel is then slowly added to the core by means
of the positive displacement plunger 56 while observa-
tions and measurements are made on neutron multiplica-
tion. The core fuel may then be drained into the reser-
voir and additional plutonium or iron added so that a
condition of criticality is reached when the molten fuel
Ievel is slightly above the top of the core cage. The
neutron multiplication measurements are normally made
with the control shim slightly below a position immedi-
ately adjacent the core and with the control rods par-
tially out. In this manner the shim can be moved into
the adjacent position to increase criticality if desired at a
later time, and the control rods can be inserted to de-
crease reactivity during operation.

When the molten plutonium containing fuel has a
level slightly above the flange 82 in the volume 80 for
a condition of just critical, power operation may be
started. Such operation is begun by turning off the heat-
ing transformers 229 (see FIG. 13) thereby relying on
the reactor to maintain the temperature of the coolant.
The pump in the intermediate heat exchanger is started
and water is pumped through the secondary heat ex-
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changer 239. The pumping rates are increased until the -

full one megawatt of heat is being extracted from the
reactor of the preferred embodiment,

Thus it is apparent that the reactors of the present
invention have a novel arrangement and association of
components which result in the effective use of a molten
plutonium-containing fuel in a fast neutron, chain re-
acting, plutonium breeding system. Further, by utilizing
the fuel-coolant systems of the present invention, neutron
fluxes, power outputs and power densities considerably
greater than those of fast reactors of the prior art are
obtained.

Although preferred embodiments of the present inven-
tion have been described, it is apparent that various modi-
fications may be made without departing from the scope
of the invention. Therefore the present invention is not
limited by the foregoing description of the various em-
bodiments but only by the appended claims.

What is claimed is:

1. A fast neutron breeder reactor comprising in combi-
nation

a vessel;

a core container defining a closed volume;

a quantity of a molten, predominantly plutonium fuel
in said closed volume, all parts of said fuel being in
contact with all other parts of said fuel, said quantity
of fuel being essentially completely free of non-
metallic diluents, having a melting point not exceed-
ing that of pure plutonium, and containing sufficient
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plutonium to sustain a condition of neutronic critical-
ity in said closed volume;

a single conduit means for adding fuel to the entire
core; a single conduit means for withdrawing fuel
from the entire core;

thermally conductive wall means defining a multiplicity
of coolant channels extending through said core con-
tainer and said fuel in said closed volume, said
thermally conductive wall means also defining the
portion of said closed volume occupied by said
fuel and separating said fuel from said coolant chan-
nels;

means including a circulating coolant in said coolant
channels for removing heat from said fuel by means
of heat exchangers Iocated outside of said reactor;

means for controlling the reactivity of said quantity
of fuel in said closed volume, and means separate
from said coolent substantially surrounding said core
container for breeding plutonium. :

2. The fast neutron breeder reactor of claim 1 wherein
said thermally conducting wall means consists of a spiral
tube fuel container having both ends open and extending
through the walls of said core container, one of said ends
being connected to said single conduit means for adding
fuel and the other of said ends being connected to said
single conduit means for withdrawing fuel.

3. The fast breeder reactor of claim 1 including means
connected to the bottom of said core container for drain-
ing said molten fuel from said core container.

4. The fast breeder reactor of claim 1 including means
connected to the top of said core container for removing
at least a portion of the fission products from said molten
fuel.

5. The fast breeder reactor of claim 1 including means
connected to the top of said core container for removing
at least a portion of the fission products from said molten
fuel, said means including a fission product scavenging
fluid in contact with a portion of said molten fuel.

6. The homogeneous fast breeder reactor of claim 1
including fuel handling means comprising at least one
liquid fuel reservoir tank, a first conduit connecting said
reservoir tank to said core container, a settling tank located
above said core container, a branch pipe connecting said
first conduit with said settling tank, a circulating pipe con-
necting said core container and said settling tank, a
scavenging fluid reservoir located above said core con-
tainer, a first pipe connecting the top of said settling tank
to the upper portion of said scavenging fluid reservoir
tank, a second pipe connecting said scavenging fluid reser-
voir tank to said circulating pipe at a point immediately
above said core container whereby said scavenging fluid
may be introduced into said circulating pipe where it
bubbles up through said circulating pipe, which contains
an amount of said plutonium alloy fuel, into said settling
tank where the plutonium-containing fuel settles to the
botom and where the scavenging fluid and any removed
fission products flow through said first pipe into the
scavenging fluid reservoir tank, and a second conduit
connecting the top of said liquid fuel reservoir tank to a
source of sodium for forcing liquid fuel from said liquid
fuel reservoir tank into said core container,

7. The homogeneous fast breeder reactor of claim 6
including means for heating said fuel to a molten condi-
tion,

8. A homogeneous fast neutron breeder reactor com-
prising in combination a vessel, a closed core tantalum
container supported within said vessel and in spaced rela-
tion thereto, fast neutron reflective means substantially
surrounding said core container, coolant channels in said
reflective means, said core container having a plurality
of tubes extending therethrough with both ends open and
extending through the walls of said core container, a
quantity of molten, predominantly plutonium fuel in said
core container in conductive contact with the outside
surfaces of said tubes, all parts of said fuel being in con-
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tact with all other parts of said fuel, said quantity of
molten fuel in said core container having a melting point
not exceeding that of pure plutonium, being essentially
completely free of non-metallic diluents and containing

. sufficient plutonium to sustain a condition of nuclear
criticality, a single conduit means for adding fuel to the
entire core, a single conduit means for withdrawing fuel
from the entire core, a coolant, means for moving said
coolant through said coolant channels in said reflective
means and through said tubes in said core container,
means external to said vessel for removing heat from said
coolant, means adjacent said core container for controlling
the reactivity of said fuel in said core container, and
means separate from said coolant substantially surround-
ing said core container for breeding plutonium.

9. A fast neutron breeder reactor comprising in com-
bination a vessel, a core cage assembly supported within
said vessel, said core cage assembly consisting of a closed
container, a plurality of first tubes supported in said
container and extending downwardly therein to substan-
tially the bottom thereof, said tubes having their lower
ends closed and their upper ends open and extending
through the top of said core container, said tubes being
spaced from each other to define a plurality of intercon-
nected interstices sealed from the interiors of said tubes,
a plurality of second tubes having both ends open extend-
ing into said closed-end tubes for substantially the full
length thereof but terminating above the bottoms there-
of, one said second tube exiending co-axially into each
said closed-end tube to define a downwardly extending
central coolant passage and an upwardly extending an-
nular coolant passage, & coolant, means for passing
said coolant through said central coolant passages and said
annular coolant passages, a quantity of molten, predomi-
nantly plutonium fuel, said fuel having a melting point
not greater than that of pure plutonium and being essen-
tially completely free of non-metallic diluents, means for
injecting at least a portion of said fuel into the volume
in said core container within the interstices of said tubes,
said portion in said core container having a sufficient
quantity of plutonium to sustain a condition of neutronic
criticality, means adjacent said core container for control-
ling the reactivity of said fuel in said core container, and
means substantially surrounding said core cage assembly
for breeding plutonium.

10. The fast breeder reactor of claim 9 including means
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connected to the bottom of said core container for drain-
ing said molten fuel from said core container, and means
connected to the top of said core container for removing
at Jeast a portion of the fission products from said fuel.

11, The fast breeder reactor of claim 9 including means
connected to the bottom of said core container for drain-
ing said molten fuel from said core container, and means
connected to the top of said core container for removing
at least a portion of the fission products from said fuel,
said last named means including a fission product scaveng-
ing fluid in contact with a portion of said molten fuel.

12. The fast breeder reactor of claim 9 wherein said
first named means includes a non-critical reservoir located
external to said core cage assembly, said reservoir being
connected to the bottom and the top of said core container,
a quantity of said predominantly plutonium fuel in said
reservoir, means for heating said fuel to a molten condi-
tion, and positive displacement means for forcing molten
fuel into said spiral tube,
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