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:THE PLUTO PROGRAM*
Harry L.. Reynolds
Lawrence Radiation Laborato'ry, ‘University of California

Livermore,. California

The'f)luto Program was eetablished to show the feasibility of a
-nuclear reactor which would be able to propel a supersomc ramjet
missile. .Fea51b111ty. has been deflned as the successful ground opera-
tion of a reactor, with the desired characteristics, for short periods
of. time,together,with suitable laboratory experiments to a.llow extrap-
olation to the desired iifetime With the except1on of the. hfetlme and
the expected missile acceleratlons the reactor will perform on. the
.gronnd.in the same environment as expected in the.missile flight.

Although the.nuclear ramjet can.be designed for .ﬂight at alti-
tudes from eea levei to ever 100, 000 feet, it possessee a unique abil-
ity for supersonicl flight. over'long~ distances at sea level.. Overcoming
. the super'sonic missile drag at sea level requires a large amount of
energy which can be supplied only by -a reactor if flight over significant
distances is required. The prelsent Pluto Program is directed toward

the.design of a reactor for sea-level flight.

The nuclear ramjet consists of an inlet diffuser followed by a

Y
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singl‘e-f)ass, straight-through heat exchanger (the reactor) andi n ex-
Haust nezzle. (Fig. 1) The purpose of the diffuser is to reg;l:}rce.lthe,ve-
locity of the intake air and recover as much of the ram erﬁ:s:;t:;gnation
_pressure as possible. In passing through the reactor, heat 1s added

a

Work done. under the auspices of the U. S. Atomic Energy

- Commission.
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to the air. The random heat energy is change’d'intd directed m;)tion
in the nozzle, resulting in an increase in air momentum and a net
thrust for the missile. The sea-level nuclear ramjet develops a max-
imum thrust in the vicinity of Mach 3. This is illustrated in Fig. 2
where the thrust is plotted as a function of the flight Mach number for
several reactor terhpera.tures. The design has Been optimized at éa.ch
velocity and temperature. It is apparent that the ré.mj et perfé)rmanc-e
increases rapidiy with temperature increase and that a Plutp react.cn;
will be a high~temperature reactor by today's standards.

The choice of mé.tér‘ials for the react:of is severeiy restricted.
Thg material must have reasonable strength and resist oxidation a1:,
elevated tempefatures. In addition it must be a good moderato‘r and a
poor néutrbﬁ abs,orbe'r. Moderating ability is required bAecaAuse a fast,
unmoderated reactor would be prohibitively expehsive in terms of nu-
clear fuel. The only material that can meet the requir.ements for the
moderator is the .cerémic‘, beryllium oxide. Uranium forms a refrac-
tory oxide, UOZ’ which unfortunately turns to a volatile oxide at high
temperatures in air. Cladding is impractical at these ‘ternperatures
and thus the fuel is mixed homogeneously with the BeO moderator.

The reactor neutronics must next be considered. The Pluto
reactor can be classiiiéci as an intermédiate-energy rea.ctof, which
means that a large fracti:.on of the fissions take place ét neutron enéf-
gies gAreaterA than thermal. This is a consequence o.fb the small size
of the reactor. The prediction of criticaiity for such a réactor is dif-

ficult and much effort has been expended at the Léboratorywin the
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development of computational methods and in critical experiments
which allow the checking and normalization of th,e.computa.tior;s. Crit-
ical experiments have.been done at temperatures from room tempera--
ture up to 1200°F. Much of this work has already been reported in.the
literature (1). A homogeneous reactor is by its nature rather slow to
respond in temperature to power changes because.of the large heat
capacity of the fuel elements. However, power and temperature.changes
must be fast when compared to usual procedures for power reactors.
Start-up times of the order of one minute are.desired. Thus a con-
siderable effort has been.devoted to the reactor controls, kinetics,.
and automatic control systems.

The reactor radiation creates a problem due to the large gamma
- and neutron heating in non-nuclear components both:in and near the
.reactor. As an example, po§ver densities in metallic str_uctur.es in
the reactor can be several times larger than 4t'he,power density in the
" fuel elements themselves. . Also, radiation damage of some materials
can have serious consequences. These problems are under investiga-
tion by computation and experiment.

The mechanical:designer is faced with formidable difficulties.
The pressure drop in.the direction of the air stream results in a force
of severai hundreds of thousands of pounds tending to push the J;'eactor
out of the nozzle. In addition, accelerations of many g's due to air
turbulence in flight must be reacted. The materials for. supporting
structures are limited in volume and nature beca,uée of neutronic re-

quirements and high temperatures. Cooling air has a minimum

04



UCRL-6398 -4

temperature of 1000°F. The usual weight limitations are also present
for structurai elements. The fuel elements are ceramic and thus are
brittle. Methods of design had to be utilized which did not rely upon
dﬁctility to take care of inevitable errofs in fabrication and design.

After suitable laboratory experiments and tests it was deemed
desirable to attempt the solution of all of these problems — and others
unmentioned such as thermodynamics and fluid flow — in a reactor to
be tested upon the ground.

For a Mach 3 sea=level ramjet, air is supplied to the reactor at
a préssure of approximately 350 psi and a temperature of about 1000°F.
Flow rates greater than 2000 p'ounds per second ean be achieved. It
is immediately apparent that the ground test facility, in particular the
air supply, for such a reactor is large and (;Aomplex. Also a consider-
able amount of BeO is required for a full-scale reactor. At the begin-
ning of the program the fabrication of BeO was‘ expensive and time-
consuming. ‘l'herefore it was decided that the first ground test would
be of a small reactor, so that the air supply and BeO requirements
would be minimized. The small, high-temperature, fuelea core of
this reactor would be.tested in order to obtain data on.the materials,
physics, and engineering required for the design of the full-scale re=
actor. In order to enable the reactor to reach criticality, the core
would be surrounded with a thick carbon reflector operating a.t room
temperature. In addition, the reac.;tor controls would be placed in
this reflector so that the problem of operating control rods in a re-

actor at high temperature could be avoided in the first tests. The
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reflector with controls has no bearing whatsoever upon theAn'fxis,sile re-
actor, since it is present only to satisfy neutronic requirements for
the small test core. This reactor concept is called the Tory II-A re-
actor and is due to undergo initial high-power operation within.a few
weeks. Two of these reactors of essentially identical construction will
be tested. The Tofy II-C reactor which will be tested after the II-A
series, will be a fﬁll-scale, missile~like reactor and is intended to
demonstrate the feasibility of the Pluto ramjet reactor. .

The test facility 1o<{:atéd~ at the Nevada Test Site‘ is now complete.
The reactors are tested on unshielded railroad flat cars which can be
remotely moved between.a test bunker and a disassembly facility.
Electrical, air, and water-cooling connections aﬁd disconnections to
the test bunker can be made remotely. The site layout is shown'in
Fig. 3. The controi room is lqcated appl;oximately two mile»s from
the test bunker. The Aéhielded test bunkell céntains electron{w and air
supply equipmént which must be 1oc;ted chzlc..)sve to the I;eactor. Access
to the 'bunk.er can be made whilé a radioAa‘ctivemre;aLctor is in pl.a.cek,A
thraugh a 500-ft-long, :;:.hielded tunnel. Compressed air at 3600 psi
(120,000 1b) is stor(led'in long. stéei bottles. Duri.rgg, a reactor opera-
tion t};e éir passes vinto the bunkef, through ‘.a st-ack of previously
heated steel, .out of the bu'.nker and into.the reacfor at 350 psi a.nd 1060°F.
For the Tory, II-A reactor approximately as much heat is added to the
air before it reaches the reactor as is added in the reactor itself. This
amount of stored air allows fulllapo;wer ope;ration of the Tory II-A re-
actor for approximately two minutes. After ope:;{a.tion, the air bottles

and heater can be recharged in less than two days. The test bunker
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and air storage cylinders are shown 1;1 ‘Fig.4. " Figure.5 shows the
Tory II-A.test vehicle in place at the bunker face with approximafély
700 pounds of air per second at'1060°F paésing out of the nozzle. -The
air storage capacity will be'inc;reased to approximately 1,000, 000
pounds of air for operation of the Tory II-C reactor.
The main parameters of the Tory II-A reéc-tor are listed below:
Power: : ' 155 megawatts
Flow rate: 708 pouhds/sec

Maximum fuel-element wall temperature: 2250°F

Exit gaé temperature (tube): - 1975°F - -

Coré diameter: ' - - 32 inches

Core length: - - ‘ 48 .inches
' Side reflector thickness (graphite):: ‘24 inches

The core contains approximé.tely 100, 000 hexagonal fuel elements
4 inches llong, 29‘7 mils across flats with‘ZOO-mil-diameter holes for
the passage of air. These tubes are.arranged in.he‘xagonal bundles
about 5 inches across. The .bundies are .cdntained in unfueled BeO
structural elements as shown in Fig. 6 The fuel elements are not
" shown in this figure. An air-cooledHastelloy‘R-235 tube is Pla.cesilin
each corner of the hexagonal bundles. The R-235 tﬁbes are aftaciled
to a massive front support structure. At the exit end of the reactor the
R-235 tubes are attached to coated molybdenum'bause plates. The
pressure drop through the fueled tubes a.ppea‘."rs at these.base plates.
This load on .the base plates is reacted through the R-235 tubes and
appears finally at the front support structure. The core is cantile-

vered from the front support structure by an air-cooled R-235 shroud.
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The core is separated from the reflector by a water-cooled alﬁminum
. pressure shell. The graphite reflector is in two sections which can -
be separated horizontally so that the aluminum pressure.shell can be:
removed from the reflector. The reflector contains 8 graphite cylin~
ders with boronAstee.l at the outer -edge of one.quadrant of ga.ch. These
.cylinders rotate and control the rea.ctori by increasing or decreasing
tl:le effective size of the reflector. Additional fast control is o'bta.ine~d
from four linear rods placed near the innex; wall of the reflector. All
control elements are moved by hydraulic actuators and can be.operated
singly or in unison. - The reflector is water=-cooled.

The core during assembly is shown in Fig. 7.. The.BeO struc-
tural elements and R-235 tubes can be seen. Figure 8 shows the out-
. side of the core. A few of the outside structural elements are.in
.place. The dark tubes are.fueled. The painted dots are a c.ode‘sys'tem
to indicate the percent uranium contentc Strain gauges and thermo-
couples are.in place. The front (upstream end) of the.core is shown
in Fig.9. The front support structure and R-235 tubes can.be clearly
.seen. The fully assembled core in .the pressure vessel is shown in
Fig.10.

“ A side view of the Tory II-A test vehicle is shown in.Fig. 11 and
a view from.above, Fig. 12, shows the hydraulic actuators.

The Tory II-=A reactor was taken critical at L-ive‘r_more in No- -
vember‘ of 1960. Since a mockup reactor was not available for criti- .

cality experiments, the fuel-element loadings were specified from
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calculation. The calculations were normalized to simple critical con-
-figurations having the shape of rectangular parallelepipeds.: The.cal-
culations overestimated the.criticality by about 6% in reactiﬁty. An
.adequ_ate.amount of re.activity was regained by cooling the.reflector
with 'DZO rather.than HZ

Nevada Test Site in December of 1960. Flow rates without nuclea'r

O. The reactor was taken critical at the

power of up to 300 pounds per second were also achieved in December.
From January to April, efforts have been devoted to obtainin'g com-
‘pletely satisfactory hot piping for the bunker and to improv‘ing the . re=
actor fron;c support structure and the.clamps for the test vehicle pip-.
ing. It is expected that a high-power run will take place.in a few weeks.
The Tory II-C design is essentially complete and fab'rication of

some parts has begun. A drawing of the test vehicle and ducting is
shown in Fig.13. There will be no water-cooling on.the test vehicle.
The nozzlé and reactor duct will be air-cooled. The reactor will be
controlled by linear rods in the hot core which are moved by pneu- -
matic actuators. The actuators are located in front of the reactor in
the 1060°F inlét air stream. These actuators together with servo
valves and motors have been successfully operated at temperatures of
1200°F for periods of several hours. A facility for the fabrication of
the Tory II-C fuel ele-ments has been completed and manufacture of
these elements will begin shortly.

- Although solutions have been found for many of the major prob-
lems in the.design éf the ramjet reactor, it is expected that further

problems will become evident with the operation of the . Tory reactors.
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Reference
1 Reynolds,.H. L., "High Temperature Critical Systems, "

ARS Journal, vol. 30, 1960, pp.772-7175.
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Fig. 1. Conceptual arrangement of a nuclear ramjet.
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2800°F

3050°F

NET THRUST LINEAR ARBITRARY NUMBERS

2250°F - ‘'2500°F

20 2.5 3.0 3.5 4.0 45 - 5.0

FLIGHT MACH NUMBER = MUum4

Fig. 2. Typical relations between flight Mach number, heat-exchanger
wall temperature, and a number proportional to net thrust coefficient, for

a duct containing a reasonable reactor.
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Fig.4. Test bunker
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Fig.5, Tory II-A test vehicle at the bunker face.
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Fig.6. Cross section of Tory II~A core and reflectors-
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Fig.7. Tory II-A core during assembly.
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Fig. 9. Front of Tory II~A core.



Fig. 10, Fully assembled Tory II-A core

in pressure vessel.
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Fig. 11, Tory II-A test vehicle.
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