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[57] ABSTRACT

A nuclear reactor for generating electricity is disposed
underground at the bottom of a vertical hole that can be
drilled using conventional drilling technology. The
primary coolant of the reactor core is the working fluid
in a plurality of thermodynamically coupled heat pipes
emplaced in the hole between the heat source at the
bottom of the hole and heat exchange means near the
surface of the earth. Additionally, the primary coolant
(consisting of the working flud in the heat pipes in the
reactor core) moderates neutrons and regulates their
reactivity, thus keeping the power of the reactor sub-
stantially constant. At the end of its useful life, the reac-
tor core may be abandoned in place. Isolation from the
atmosphere in case of accident or for abandonment is
provided by the operation of explosive closures and
mechanical valves emplaced along the hole. This inven-
tion combines technology developed and tested for
small, highly efficient, space-based nuclear electric
power plants with the technology of fast-acting closure
mechanisms developed and used for underground test-
ing of nuclear weapons. This invention provides a nu-
clear power installation which is safe from the worst
conceivable reactor accident, namely, the explosion of a
nuclear weapon near the ground surface of a nuclear
power reactor.

13 Claims, 6 Drawing Sheets
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UNDERGROUND NUCLEAR POWER STATION
USING SELF-REGULATING HEAT-PIPE
CONTROLLED REACTORS

BACKGROUND OF THE INVENTION

The U.S. Government has rights in this invention
pursuant to Contract No. W-7405-ENG-48 between the
U.S. Department of Energy and the University of Cali-
fornia, for the operation of Lawrence Livermore Na-
tional Laboratory.

The present invention relates to nuclear power instal-
lations providing substantially enhanced environmental
safety and operational security by emplacing the reac-
tor core deep underground. This invention combines in
a new application technology developed and tested for
small, highly efficient, space-based nuclear electric
power plants with the technology of fast-acting closure
mechanisms developed and used to prevent discharge
of radioactive materials from underground testing of
nuclear weapons.

In the present era of dwindling petroleum resources

and the urgent environmental threat posed by acid rain
(attributed in large measure to coal-fired power plants),
it is crucial to reestablish nuclear energy for industrial
and consumer applications in the United States. The
utilization of nuclear energy has been severely hindered
largely because of concern for public health and safety
in the event of a reactor malfunction or sabotage, or the
vulnerability of a power reactor as a target of opportu-
nity in time of war. A further concern, especially in the
case of breeder reactors, has been the potential diver-
sion of plutonium-containing fuel elements for clandes-
tine use in nuclear weapons. A still further concern has
been the danger to the populace posed by abandoned,
decommissioned reactor structures dotting the country-
side and remaining highly radioactive for centuries.
These concerns have been substantiated by the Three
Mile Island reactor meltdown in the United States and
the explosive destruction of the Chernobyl graphite
reactor. in the Soviet Union.

Partly as a result of these concerns, the United States
nuclear industry has come to a virtual halt, depriving
not only the populace of the promise of plentiful energy
for the foreseeable future, but also adversely affecting
the energy-intensive heavy industries in the United
States. Meanwhile, foreign countries, notably France,
but also England, Canada, Japan, West Germany, and
the Soviet Union, have forged ahead with their own
programs to develop commercial nuclear power. These
foreign countries have explored promising new reactor
technologies that leave U.S. efforts far behind, and have
reached the point where they are competing success-
fully against the United States in foreign marketing of
nuclear power reactors.

The present invention holds promise of restoring the
preeminent position once held by U.S. industry by pro-
viding for the first time nuclear power safe from the
most improbable and destructive failure accident, ca-
lamity of war, or terrorist attack. Costly, above-ground
accident containment and pressure vessels are substan-
tially eliminated. Indeed, recognizing the relatively
minor cost of the nuclear fuel in today’s multi-billion
dollar nuclear reactor designs, the present invention is
expected to promote the use of inexpensive, throwaway
nuclear reactor cores thermodynamically coupled effi-
ciently and safely to above-ground conventional heat
exchangers and power generating equipment. More-
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over, the use of proven fast-closure technology assures
that in case of any reactor malfunction, the radionu-
clides from the reactor core will remain safely con-
tained underground. Moreover, the present invention,
by having a reactor core which remains deeply buried
after decommissioning, solves both the problem of pub-
lic safety and the problem of diversion of materials.
Moreover, the use of proven fast-closure technology
assures that in case of any reactor malifunction, the
radionuclides from the reactor core will remain safely
contained underground. Finally, this invention provides
a nuclear power installation which is safe from the
worst conceivable reactor accident; namely, the scatter-
ing of long-lived radionuclides from the reactor core by
the explosion of an atomic weapon.

PRIOR ART

The potential danger to the environment posed by
both conventional nuclear power plants and conven-
tional fuel-burning power plants has been widely recog-
nized. The use of geothermal energy has been suggested
as a partial solution to this problem, although the places
where it can be used are very limited and only modest
levels of power generation can be expected from instal-
lations of this kind. Wolf (U.S. Pat. No. 3,911,683, Oct.
14, 1975) describes a geothermal installation wherein a
passive heat pipe extending into a well conveys heat
from hot strata near the bottom of the well to heat
conversion means near the top of the well. Lockett and
Thurston (U.S. Pat. No. 4,644,750, Feb. 24, 1987) de-
scribe a similar installation utilizing an improved heat
pipe comprising two concentric tubes.

Although geothermal energy may be virtually inex-
haustible and, in principle, non-polluting, it is not with-
out limitations. The conversion of geothermal energy to
electricity is intrinsically limited in efficiency because of
the relatively low temperature of the geological strata
serving as the source of heat, and because there are
relatively few geographical locations where strata of
sufficiently high temperature may be reached by dril-
ling at reasonable cost.

On the other hand, the disposal of nuclear reactors
for power generation at the bottom of boreholes offers
the benefits of high-temperature heat sources and flexi-
bility in geographical siting combined with the en-
hanced security and environmental safety of sealable,
below-ground operation.

Largely due to the experience gained in the under-
ground testing of nuclear weapons, a mature technol-
ogy has evolved, both for drilling large-diameter holes
(routinely up to 12 feet in diameter) deeply into hard
rock, and also for quickly and securely closing diagnos-
tic pipelines against high-pressure gas and fast-moving
debris emanating from the weapon after the explosion
and before the gas and debris reach the ground surface
and the atmosphere.

Tower (S.N. Tower, “Deep Underground Reactor
Concept,” Trans. Am. Nucl. Soc. 41:6 (1984) 62-64) has
noted that the capability exists today for drilling a 6-
meter-diameter, 600 meter deep shaft through hard rock
in reasonable time and at reasonable cost. In similar
vein, Behne (private communication, Lawrence Liver-
more National Laboratory, 1986) has cited figures indi-
cating that 1986 drilling costs at the Nevada Test Site
for nuclear weapons are a small fraction of the total cost
of constructing a nuclear power station. For each foot
of depth, an eight-foot-diameter hole costs roughly $700
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to drill, and the corresponding figure for a ten-foot-
diameter hole is $1800. Twelve-foot-diameter holes
have also been drilled routinely.

Gas-driven fast-acting valve gates developed in the
underground testing program can seal off a pipe within
a few tens of milliseconds with high reliability, func-
tioning while buried at a safe distance below the earth’s
surface. For example, Holl and Kopytoff (P. M. Holl
and V. Kopytoff, Design of a 36-inch Miter Valve,
UCRL-50863, Lawrence Livermore National Labora-
tory, University of California, Apr. 28, 1970) describe a
valve having two gas-driven doors that shut against the
mitered end of a 36-inch-diameter pipe. The doors move
from fully open to fully closed positions in 35 millisec-
onds and are designed to seal against a pressure differen-
tial of 1600 psi. The valve is actuated remotely, and
functions while carrying an axial load of 400,000 Ibs.

Similarly, Curry and Gulick (G. G. Curry and C. W.
Gulick, Closure Mechanisms, SLA-73-0668, Sandia Lab-
oratories, Albuquerque, NM, October 1973) describe
two gas-activated closures for a 60-inch-diameter pipe.
The so-called “sixty-inch auxiliary closure” drives a
pair of aluminum gates across the pipe in 16 millisec-
onds after a high-explosive cutting charge releases pres-
surized gas from a reservoir. The “sixty-inch fast gate”
uses pressurized helium to drive a pair of inch-thick
titanium slides across the pipe within 40 milliseconds
after the firing of restraining explosive bolts. Procure-
ment cost in 1973 for the first of these was 160,000
dollars and for the second was 235,000 dollars.

The same authors also describe a mechanically oper-
ated “clamshell” shutter which uses the force of loaded
helical springs to clamp steel shutters across a twenty-
six-inch-diameter pipe. The shutters close within a few
milliseconds of the firing of restraining explosive bolts.
The latch mechanism of this closure holds internal pres-
sures up to 1000 psi. The 1973 procurement cost of this
closure was 40,000 dollars.

In addition, high-explosive annular collars surround-
ing a diagnostic pipe and its internal electric cables used
during an underground nuclear weapons test are uti-
lized to close off such a pipe in less than a millisecond.
Curry and Gulick describe the use of a tapered explo-
sive collar to pinch off a 4-inch-diameter conduit within
200 microseconds. The collapsed section is nearly solid
but not gas tight. The same authors also describe a
“plug/collapse high explosive machine” which can
symmetrically collapse a steel pipe eleven inches in
inside diameter within 1 millisecond. The closed section
is an almost solid cylinder of metal 50-55 inches long.
The sections of pipe at each end of the collapsed section
remain intact, and the closed section is the same diame-
ter as the inside diameter of the open pipe. The 1973
procurement cost of this type of closure was 22,000
dollars.

During underground nuclear weapon testing, both
types of closures are used in series. First, the high-
explosive, fast-acting collar closure pinches the diag-
nostic pipes and control cables. Second, the mechanical,
gas-activated valves seal the underground nuclear ex-
plosion from leaking of radioactive substances to the
atmosphere. This technology has been used and per-
fected for underground nuclear weapon testing during
the past 17 years and is described in the open literature.

There exist numerous descriptions in professional
journals of concepts for the underground siting of nu-
clear power plants. Typically, a light-water reactor in a
conventional, costly containment vessel is emplaced in
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an excavated cavity beneath the surface of the earth.
This cavity may be created by boring a large-diameter
shaft through hard rock (Tower, op. cit.) or, for shal-
lower burial, by open-pit excavation (B. R. Bowman, H.
E. Watling, and E. W. McCauley, “A Concept of Un-
derground Nuclear Power Plant Siting for Retaining
Post Accident Atmospheres,” Symposium on Under-
ground Siting of Nuclear Power Plants, Mar. 16-20, 1981,
Hannover, Federal Republic of Germany, and UCRL-
84191, Lawrence Livermore National Laboratory, Uni-
versity of California, February 1981). In concepts pro-
posed by Yokoyama and Ichiki (K. Yokoyama, “Lay-
out Study of PWR Underground Nuclear Power
Plant,” Underground Siting of Nuclear Power Plants,
Proceedings of the International Symposium, Hanno-
ver, Bundesanstalt fuer Geowissenschaften und Roh-
stoffe, Mar. 16-20, 1981, F. Bender, editor, published by
E. Schweizerbart’sche Verlagsbuchhandlung, Stutt-
gart, 1982, page 83, and T. Ichiki and Y. Muramatsu,
“Layout Study of Underground Nuclear Power Plant
(BWR),” op. cit., page 89), the nuclear power station is
installed in multiple, interconnected tunnels in a steep
coastal hillside.

In general, the proposed plants have riser and down-
comer pipes transporting, respectively, pressurized
steam and condensate to and from a heat exchanger
situated at or near the surface of the earth. The control
system for the reactor core includes conventional, elec-
tromechanically operated control rods, and there are
additional shafts and excavated cavities to serve as ac-
cess routes for maintenance workers, to house ancillary
equipment, and to serve as pressure-relief volumes in
case of reactor malfunction.

Various authors have proposed refinements to this
basic scheme. Tower (op. cit.) adds an extremely reli-
able high-head “passive” safety injection system formed
by a large surface water tank connected by pipe and
check valves to the reactor vessel but does not solve the
problem of disposal of the radioactive water slurry after
it has contacted and cooled a malfunctioned nuclear
reactor core. Kammer (W. A. Kammer and M. B.
Watson, “Underground Nuclear Power Plants with
Surface Turbine Generators,” Nuclear Engineering and
Design 33 (1975) 308) proposes a total of four under-
ground chambers to house the reactor and supporting
equipment. To avoid introducing leakage paths, access
and ventilation shafts and tunnels in Kammer’s design
do not open directly into the reactor gallery. Instead,
access is through one of the underground galleries for
support equipment, providing for costly, redundant,
internal, leak-tight doors between the enormous reactor
gallery and the outside. Lyczkowski (R. W. Lyczkow-
ski and J. T. Ching, “Safety Consideration and Eco-
nomic Advantage of a new Underground Nuclear
Power Plant Design, “Nuclear Engineering and Design”
53 (1979) 257) situates the entire power plant, including
the cooling system, below ground level. A light water
reactor, in its containment, is surrounded by a room of
borated water to act as a cooling medium and neutron
moderator in case of vessel rupture. Lyczkowski pro-
poses a number of additional redundant safety features.
These include a passive jet sprayer to cool the reactor
pressure vessel and a passive cooling layer of fluidizing
bed material lying above the jet sprayer to cool any air
or steam-water mixture escaping from the jet sprayer.
Additionally, excessive pressure in the fluidized bed
region activates a series of gravitational hydraulic
valves, releasing water from a suppression pool to fall






