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FOREWORD

This repert is the product of a series of reviews, analyses, and discussions
among a small group ~f Los Alamos Scientific Laboratory (LASL) staff
members during the spri:ig, summer, and fall of 1970. The group consisted of
individuals from several Laboratory Divisions, and included a broad range of
backgrounds, viewpoints, interests, and professional specialties. As the work of
this group continued, a consensus appeared concerning the feasibility of
developing a Nuclear Subterrene as a rapid, versatile, economic2l mathod of
deep earth excavation, tunneling, and shaft-sinking. The concept offered the
challenge of a major scientitic development and the prospect of a significar:t
technological breakthrough. The Nuclear Subterrene was seen to offer poten-
tial solutions to many of man’s urgent ecological probjems, the means of
exploiting many of the earth’s still untapped natural resources, and the
exciting possibility of a practical solution to the emerging crisis in the world's
energy supply. Drilling and tunneling by melting the rock was found to be the
most promising method of accomplishing these things. It was concluded that
the capabilities of high-temperature heat pipes and of small nuclear reactors
put the development of a practical rock-melting system--in the form of the
Nuclear Subterrene~within the grasp of present technolegy.

This report presents the outline of a proposed program for development
of the Nuclear Subterrene, a summary of the technical background of such a
program, several specific program goals, and some speculations concerning
applications of the rvugram’s products. Several appandixes provide greater
detail on some of thes: :ubjects.

The ad hoc committee which offers this report acknowledges with
gratitude the assisiai: of several individuals who contributed to its prepara-
tion, particularly T. P. Corter, LASL Group N-5, for technica! information on
heat pipes and cther aspects of the proposed program; the members of LASL
Group N-5 for discussions of conceptual designs of compact, fast, nuclear
reactors of appropriate sizes cempatible with heat pipes; Dr. A. Rosenzweig of
the University of New Mexico, a consultant to LASL Group CMF-4 and to this
group on rocks, minerals, geology, and geothermal energy reserviors; Dr. J.
Weertman of Northwestern Univarsit, a consuttant to LASL Group CMF-13
and to this group on geophysics in gensral and the mechanics of creep and
fracture of rock in particulsr; and Richard C. Crook, Chief of the Utilities and
Engineering Division of the Zia Company, for information on the geology of
the Los Alamos area, Appendix G was prepared by Dr. Orson L. Anderson of
Columbia University, a consultant to LASL Group GMX-8, whose snthusiasm
and helpfulness are dedply uppreciated. Like the committee members who
authored this report, these individuals have contribuited their time and special
knowiedge to this study in addition to performing their ragular duties for the
Laboratory.
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ABSTRACT

The reck-melting drill was invented at Los Alamos Scientific Laboratory
in 1960. Electrically heated, laboratory-scale drills were subsequontly shown to
penetrate igneous rocks at usefully high rates, with moderate power comsump-
tions. The development of zompact nuclear reactors and of heat pipas now
makes possible the extension of this technology to much larger melting
penetrators, potentially capable of producing hole; up to sevaral metess in
diameter and several tens of Lilometers long or ceep.

Development of a rapid, versatijo, economical method of boring large,
long shafts and tunneis offers solutions to many of man’s most urgent scolog-
ical, scientific, raw-materials, and energy-supply problems. A melting method
appears to be the most promising and flaxible means of producing such holes.
It is relatively insensitive to the composition, hardness, structure, and tempera-
ture of the rock, and offers the possibilities of producing self-supporting,
glass-lined holes in almost any formation and {(using a technique called litho-
fracturing) of eliminating the debris-removal problem by forcing moiten rock
into cracks created in the bore wall.

Large rock-melting penetrators, called Electric Subterrenes or Nuclear
Subterrenes according to the energy source used, are discusiad in this repost, -
together with problems anticipated in their deveiopment. it is concluded that
this development is within the grasp of present technology.

Introduction

In a few kilometers immediately beneath its surface,
the earth contains most of the raw materials needed by
man and offers solutions to many of his most urgent
technological and ecological problems. These subter-
ranean resources include natural miierals and hydro-
carbons, fresh water, and clean geothermal energy; direct
routes for tunnels to transport liquids, fluidized solids,
gases, wastes, and man himself; armored and shielded
sites for storage anc disposal of lquids and gases and for
high-temperature, high-pressure manufacturing operations;
and rock structures whose experimental investigation wiil
contribute directly to progress in the geological sciences
and eventually to control of earthquakes and volcanoes.

Man’s exploration and exploitation of these

locations and resources have so far been limited principal-
ly by the technical and economic difficulties of producing
large, long holes in the hard rocks of the earth’s crust and
mantle. The toois and techniques for drillmg, boring,
shaft-sinking, tunneling, and mining in rock are highly
developed and, in the environments in which they have
evolved, are quite efficient. However, their efficiencies
decrease rapidly and their costs rise in proportion as they
are extended to greater depths, harder rocks, and higher
rock temperatures and pressures. Among conventional
rock-penetration systems, only the rotary drill appears to
be capable of penetrating the earth to depths greater tian
4 to 5 km at an économically useful nate, and at such
depths it produces holes no larger than about 50 cm in
diameter. Even with substantial improvements in mate-
rials and techniques, it is unlikely that existing methods



can be used to explore or excavate the earth to depths
greater than about 12 to 15 km. A new, economical, rapid
method of producing larger holes to greater depths is
needed.

At the Los Alamos Scientific Laboratory, a device
has been developed that bores holes in rocks by progres-
sively melting them instead of chipping, abrading, or
spalling them away. The energy requirement for melting
rock is relatively high, but it is not prohibitive. (Conimon
igneous rocks melt at about 1200°C and, in being heated
from 20°C to just above their melting ranges, they absorb
about 4300 joules of energy per cubic centimeter. in
comparison, the corresponding figures for metallic alumi-
num are about 660°C and 2720 J/cm?, and for steel they
are about 1500°C and 8000 J/cm>. The energy require-
ment for rotary drilling in most igneous rocks is about
2000 to 3000 J/cm®.) Even for a penetrator of very large
diameter advancing at a high rate, the melting energy can
easily be provided by a compact, high-temperature, nu-
clear reactor, and LASL has pioneered in the deveiopment
of such reactors. Energy iransfer from the reactor to a
melting tool at the rates and densities required would
probably be impossible except by means of heat pipes,
which have also been highly developed at LASL. Combin-
ing the three major components--a refractory rock-melting
tool, a nuclear reactor, and a system of heat pipes-into a
large, rock-melting penetrator called a Nuclear Subterrene
would be a natural extension of existing LASL technolo-
gies, talents, and scientific interesis.

The LASL rock-melting drill has so far been de-
veloped only to the stage of a small, functional, electrical-
ly heated prototype. Tested in this form, it has been
shown o penetrate basalt and other igneous rocks at
usefully high rates and with moderate power consump-
tions. As it advances, the penetrator forces molten rock
laterally into voids in the unmelted rock around the bore,
and backward around the periphery of the penetrator.
The molten rock freezes in these locations, producing an
cbsidianlike glass lining on the wall of the hole which
helps to seal and support it. The lining also forms a seal
around the penetrator, tight enough to permit high pres-
sures to be deveioped in molien rock ahead of it. A
techaique similar to hydrofracturing may therefore be
possible with more rugged designs of the drill. High litho-
static pressure in the melt, developed by the penetrator
acting as a piston, would create fissures in the solid rock
around the hole and force the molten rock into these
fissures. Freezing there, the waste rock would be removed
from the hole without being brought to the surface, and
one of the major problems of tunneling and deep-hole
drilling~debris removal-would be eliminated.

" Further development of the rock-melting drill into
an operational Nuclear Subterrene, and the necessary re-
search in rock mechanics, creep, and control and guidance
-systems, will require a large investment of time, man-
power, facilities, and money. However, the list of existing
and potential applications for rapidly produced, relatively
inexpensive, large holes, tunnels, and underground

excavations is very long. The immediate rewards alone,
particularly from: the widespread exploitation of geother-
mai energy which it would make possible, appear to
justify such a development program, and LASL is unique-
Iy competent to undertake it.

Applications

Large-diameter holes in the earth’s crust are useful
at almost any depth. Near ground level they are used for
highway and railroad tunnels and as conduits for fresh
water, drainage, and irrigation. At depths of a few meters
they are needed for subways, pipelines, and channels for
the collection and transportation of wastes. At greater
depth they serve as wells for petroleum and water, mine
entries and ventilation ducts, and silos for missiles and
their control systems. In most cases, such bores and
excavations are produced with reasonable efficiency by
existing rock-penetration systems. The conventional
methods, however, become inefficient when extremely
hard rocks, rocks that vary widely in hardness, or high
rock temperatures or pressures are encountered. There
exists, therefore, a class of boreholes that current drilling
and tunneling techniques are not designed to produce. A
few of the applications of such holes are considered
briefly below and in Appendixes F, G, and H.

Geothermal Energy. Neglecting variations in the
chemical and mineralogical compositions of the rocks
encountered, the principal changes that occur as a bore-
hole is extended downward from the earth’s surface arc
progressive increases in temperature and pressure of the
rocks being penetrated. The geothermal gradient varies
widely from place to place, but averages about 20°Cfkm.
From the average density of known igneous rocks, it is
assumed that the lithostatic pressure increases with depth
at the rate of about 0.3 kbar/km. (One kilobar is a
pressure of 1000 bars, or 14,504 psi.)

In many regions of recent volcanic or intsusive
activity in the earth’s crust, geothermal gradients are as
great as 150 to 180°C/km; rock temperatures high enough
to produce high-grade steam exist within 2 or 3 km of the
serface, where rock pressures are still relatively low. In a
few fortunate places, the * .+ rock is sufficiently frag-
mented to be accessible to naturally circulating ground
water, is overdain by impermeable strata which have pre-
vented rapid cooling by free escape of steam, and is
connected to the surface by a small number of natural
sieam vents. Where this occurs (for example, in Italy, New
Zealand, and northem California), conventional power
plants have be¢en built to use the steam in generating
commeicial electricity. Elsewhere, in spite of the fact that
these energy reservoirs are sometimes closer to the surface
than are the bottom levels of a deep mine, the exploita-
tion of geothermal energy has not so far been undertaken.
This is principally because the connected porosity of the
igneous rock is low, so that there is no ground-water




circulation, and no natural steam is produced. To create a
system of holes and cracks in which the required circula-
ion could be established would involve drilling large-
diameter holes into the hot, igneous rock and then creat-
ing large heat-transfer surfaces at the bottoms of the
holes. With existing rock-penetration and fragmentaticn
techniques, each of these steps would involve difficulties
so great that no serious attempt has yet been made to
develop geothermal energy reserviors of this type. How-
ever, as is discussed in Appendix F, these regions are
potential sources of vast amounts of energy. If suitable
holes could be drilled (o enter them, and a sufficiently
large heat-transfer surface created within them, their
energy could be extracted without contaminating the
surface enviromaent except for an amount of waste heat
normal for any power plant.

The rate of advance of a rock-melting penetrator
should increase with increasing rock temperature, because
each incrementi of thermal energy initially present in the
rock would reduce by that same amount the quantity of
heat the penetrator would be required to provide. In
principle, the maximum ambient temperature at which a
Nuclear Subterrene could operate is that at which creep
of the rock would close the hole around or behind the
penetrator at-a significant rate. (Presumably, by cooling
the hole, it should be possible io postpon: this closure to
still higher ambient temperatures.) In practice, with good
engineering design and carefully selected component
materials, it should eventually be possible to approach
this temperature limit quite closely.

Because the normal geotheimal gradlent is
20°C/km, rocks at temperatures of at least 300°C could
be reached by holes about 15 km deep drilled almost
anywhere. Although the relatively shallow thermal reser-
viors considcred above will, of course, be the first ones to
be exploited, this deeper source of energy is so vast that it
is impossible to foresee an energy requirement by man
great enough ever to reduce it significantly. When large-
diameter holes can be drilled in hot rocks to such depths,
and large heat-transfer surfaces can be extended from
them, then geothermal energy plants~producing no at-
mosgtieric pcllution and creating no unusual hazards-—can
be built wherever energy is required, including sites near
the centers of densely populated metropoiitan areas.
However, at a depth of 15 km, the natural lithostatic
pressure is of the order of 5 kbar (75,000 psi). Tempera-
tures there are no higher than in a shaliow geothermal
reservoir, but pressure and distance from the surface
create major new problems. To survive and operate effi-
ciently ir this environment, a self-contained Subterrene
would require very rugged, highly refractory armor, and
would possibly be controiled and guided by telemetry
from the surface. Development of such a device is a
formidable task, but it does not appear to be beyond the
grasp of present technology. It is, in fact, an appropriate
goal for the developers of a Nuclear Subierrene.

Transportation. Underground transportation of

gases, liquids, fluidized solids, cargo, and passengers is an
obvious application of large, long, relatively shallow holes
in the earth’s crust. Thousands of kilometers of bores and
tunnels are produced for these purposes each year in the
United States, at a cost of billions of dollars. They are
made by conventional boring, tunneling, and trenching
methods that are slow, expensive, and normally require
that the hole be lined with concrete or steel. Larger,
longer, and more numerous holes would certainly be
produced and used if they could be made more rapidly
and cheaply.

For example, several serious proposals have been
made for diversion of fresh water from the great rivers of
northern North America to Jarge metropolitan areas and
to arid regions of the southwestern United States for
domestic and industrial use and for irrigation. Hundreds
of kilometers of tunnels would be required for conduits
through mountains and for siphons under intersecting
drainage systems. A major deterrent to such projects is
simply the cost of making and lining these large holes.

Subsea tunnels for railway and vehicular traffic al-
ready cornect some of the islands of Japarn, and others
are in tiie planning and construction stages. Highway and
a..port congestion, as well as natural topographic and
urban obstacles, make it inevitable that more such under-
ground transportation systems will be developed-with
large effects on population distribution and city planning.
One possibility discussed by Edwards (1965) is that of
transporting passengers, mail, and. freight through long,
horizontal tunnels in vehicles propelled at high velocity
by an air siream. Another pcssibility is the use of curved
paths through the carth along which vehicles would travel
under gravitational acceleration like pendulum bobs. Such
systems could be fast, comfortable, efficient, and eco-
nomical. They would avoid atmospheric pollution, surface
traffic, and right-of-way problems, and preserve the sur-
face landscape from further encroachment by highways
and airstrips and their related service establishments. They
would, however, require boring of complex systems of
large inclined and hcorizontal or curved tunnels, which
cannot yet be produced economically. '

Five of the principal problems of producing large,
lcng tunnels by conventional methods are (1) low rates of
advance, (2) the difficulty of removing waste rock from
the hole, (3) limitations on hole size and shape, (4) the
necessity of lining or casing ihe bore, and (5) damage to
the surface landscape and ecology-which is considered
objectionable even on the Arctic slope of Alaska. The
Nuclear Subterrzne is potentially capable of producing
large-diameter holes at relatively high rates in any type of
rock. With succéssful upplicaﬁon of the lithostatic fractur-
ing technique discussed in Appendix D, the major prob-
lem of waste-rock disposal will be elumnated and the
surface ervironment can r¢main &ssentully undisturbed.

A nuclear reactor can provide the energy required by ~ven .

an extremely large penetrator and, since thig; meltlrsgtoul
would not rotate, the penetutor and the: hole produccd
by it could have almost any desired crosl-sect:onal shapa
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Finally, if the glass lining produced by the melting pene-
trator seals and supports the wall of the bore to the
degree indicated by early tests, then casings or other
linings will not he required even in porous and pcorly
consolidated formations, thus eliminating a major item of
<ost and a common cause of delay.

The Nuclear Subterrene may, then, be com-
petitive with existing systems for producing large, long,
relatively shallow holes for underground transportation.
This might, in fact, be its most widespread application.

Waste Collection and Disposal. The problem of col-
lecting and disposing of the great volumes of domestic
and industrial wastes produced by modern civilization is
being «rtacked in a variety of ways, bt so far only on a
local basis ar.d with limited success. Proposals have been
made for elaborate systems of conduits to collect liquid
and fluidized-solid wastes from a large regicn and trans-
port them to a single processing or disposal plant
{Thompson and Wasp, 1970). The disposal system might
be as simple as the natural filter represented by a porous
sandstone overlain by an impervious limestone or shale,
with clean water pumped from deep wells a few kilo-
meters dewastrcam for irrigation or other reuse. Alter-
natiwzly, the underground waste-coilection system might
dischrarge to evaporators heated by geothermal energy,
whose products would be clean water and a compact,
selid residue to be used as fertilizer, land fill, or as a
source of fuels, chemicals, and secondary metals.

If {ndeed 2 Nuclear Subterrene can produce long,
latge-diameter, ¢iass-lined holes at high rates, reasonable
costs, and uader cities as well as in remote regions, then
such waste-disposal systems will become possible and a
great advance in reducing environmental pollution will
have been made. The subsurface geclogy in large regions
of the United States is ideal for filtering and purifying

water.

Storage. Preservation as wall as disposal is possible
in large underground openings, which are naturally shield-
ed and armored by the rock arcund them. In dense rock
or witfs an impervious lining (which might be simply a
glasg), such cavities are excellent for large-volume storage.
Nataval cavernis are now used for storage of compressed
gayss, liguids, and hazardous solids of all kinds, and arti-
fictal ones are used for missile sites and control centers.
Such uses would multiply if the holes could be produced
rapidly and at moderate cost wherever and whenever they
were needed.

Nuclear and Thermonuclear Reactors. Development
of nuclear rezctors as commercial power sources has been
handicapped by concern about the possibilities of criti-
cality accidents and the spread of radioactive contamina-
tion. Fusion reactors, when they become possible, may be
viewed with equal alarm. A solution is to install such
energy sources in underground chambers at sufficient
depths so that the surface population is fully protected by

the intervening rock. The simple act of concealing these
power plants would make their public acceptance easier,
and this, of course, is also true of installations of many
other kinds.

High-Tempeiature, High-Pressure Processing. Many
chemical and physical manufacturing and processing
operations involve high temperature, high pressure, and
the hazards of overpressure, explosion, toxicity, or radio-
activity. Underground bores, or chambers excavated from
them, are ideal reaction vessels for such operations.

Desalination. Evaporative processes for producing
pure water from brackish wells and from saline inland seas
or the oceans themselves are, in general, prohibitively
expensive because of their large power requirements.
Tunnels such as might be produced by a Nuclear Subter-
rene could bring impure water in large volume to a shal-
low geothermal energy reservoir where it would be
evaporated and the steam condensed elsewhere, perhaps
in cooler tunnels at a higher elevation. In many cases, the
dissolved salts extracted from the feed water would have
sufficient value so that their recovery would pay a large
fraction of the cost of such an operation.

A development that would combine desalination
with recovery of geothermal energy has been proposed for
the Imperial Valley of California (University Bullstin,
1970). At shallow to moderate depths under this valley
exist an estimated one uillion acre-feet (about 1.2
x 10m3) of concentrated brine at temperatures of 600
to 800°F (315 to 425°C). If means can be found to
extract the hot brine economically, steam from it could
be used to generate electricity and tite condensed water
corld be used for irrigation.

Prospecting, Exploration, and Mining. Every hoie in
the ground is a prospect hole, and systems of under-
ground bores such as those considered above will inevit-
ably discover new reserves of water, natural gas, petro-
leum, coal, and ore ininerals of svery kind. Any liquids or
gases encountered could be extracted through the bore
hole, which might also be used to introduce and recover
the solutions required to leach some types of under-
ground ore bories in place.

As is discussed in Appendix C, it is not necessary
that the Subterrene melt all of the rock through which it
passes, or that it force a major fraction of what it melts
into cracks in the wall of the hole. Instead, the penetrator
can be perforated so that it leaves behind one or a
multitude of cores which can be transported to a mill for
fine-grinding and recovery of their mineral content. The
Subterrene could, then, be used for mining as well as for
prospecting and exploration. Since the Subterrene ad-
vances by melting the rock, it is conceivable that it might
be modified to serve as a concentrating and smelting
device as well as a mining machine. If a quiet pool of
molten rock were maintair.2d, a separation of immiscible
liquid phases would occur because of density differences,




and the phase of value (normally the more dense one)
could be recovered separately. Thus, separation of a sul-
fide phase from a silicate phase in the Subterrene would
be equivalent to the matte-smelting operation now used
1o recover copper or nickel.

Underground mines, howevar developed, require
many kilometers of holes of various diameters for entry,
haulage, hoisting, drainage, ventilation, and for communi-
cations and electrical conduits. The Subterrene may also
contribute to conventional mining by producing such
holes more rapidly and more economically than is now
possible, especially in the very hard rocks in which many
deep ore bodies occur.

Scientific Applications. Wherever holes are drilled in
previously unexplored rock, geological and geophysical
information can be collecied from rock samples and from
measurements of temperature, gravitational and magnetic
fields, sound velocities, radioactivity, etc. The desper the
hole the greater the scientific interest of these observa-
tions, and the Nuclear Subterrene has the potential of
entering regions of the earth never before penetrated.

As is further discussed in Appendix G, a Subterrene
might reach certain regions whose exploration would be
of particular interest to the geological sciences. One of
these is the Mohorovicic discontinuity, which is detected
by seismic methods at depths ranging from about 7 km at
some points under the ocean floor to as much as 70 km in
some places under the continents. it is usually considered
to represent the boundary between the earth’s crust and
mantle, but there is so far no general agreement ~oncem-
ing its physical nature. This can be determined -xly by
direct investigation.

All current theories of major deformation processes
of the earth’s crust--including continental drift, mountain
building, plate tectonics, and convection~involve large-
scale motion of the mantle, and depend on estimates of
ihe properties of the mantle rock. Geologists do not now
agree even concerning the type of rock that constitutes
the mantle, and only actual sampling of it can provide the
information needed to answer this and many other ques-
tions. Of particular importance is knowledge of the
chemical composition, density, water content, melting
temperature, and grain size of mantle rock; the amount of
radioactive heating that occurs in it; and such properties
as its elastic constants, creep strength, specific heat, ther-
mal conductivity, and electrical resistivity.

Direct measurements of temperature profiles in very
deep holes would permit much better estimates to be
made of rock temperatures at greater depths than are now
possible from heat-flow studies at the surface.

The ability to predict, and perhaps eventually to
control, earthquakes (Sylvester, 1970) will require know-
ledge of the changes with time of stress and strain in
seismically active regions within the earth’s crust. Such
changes at depth cannot be estimated accurately from
measurements made at the earth’s surface. The depth of
focus of a shallow earthquake is typically 10 to 15 km.

To monitor the significant changes in stress and strain in a
seismically active region will clearly require a net of holes
extending to depths of this order. It is possible that
extensions of these holes, or lubricating fluids injected
from them, might be used to relieve locally the elastic
strains which would otherwise accumulate to cause a
major earthquake.

Deep tunnels and laboratories excavated from them
are idea! sites for research in the geologic sciences, rock
mechanics, and high-temperature, high-pressure chemistry
and physics.

The iist of existing and potential uses for large holes
in the earth is almost endless. A multitude of important
applications awaits the development of some new, rapid,
low-cost means of producing the holes. Any one of these
applications, for example, the exploitation of just one of
the known, shallow, geothermal energy reservoirs, couid
justify the large investment of time, effort, and money
required to develop a new rock-penetration system. How-
ever, except for the Nuclear Subterrene, no candidate
system has so far been proposed whose potential appears
to justify a development investment of this magnitude.

Existing Rock-Penetratinn Systems

It is easy to see from the above paragraphs thzt
large holes in the earth’s crust would have economic,
ecologic, and scientific applications. It is much less easy
to make the required holes. ‘

Only two methods are now in common use for
producing large underground shafts and tunvels. One is
drilling and blasting, which is the traditional te:hnique of
mining, shaft-sinking, and tunneling. The other is rotary
drilling, which has been highly developed for production
of oil and water wells, and in recent years has been
extended to *“continuous” boring of relatively large shafts
and tunnels.

Drilling and Biasting. Traditional mining methods
require that men work at or very close to the rock face
with drills, explosives, loaders, and conveyors. Both men
and equipment must be protected against heat, dust,
water, impure air, and falling rock, and must be provided
with services, replacements, and transportation. Opera-
tions are cyclic, involving successively drilling, blasting,
ventilating the hole, barring down loose rock, mucking
out, supporting the walls and roof, extending such ser-
vices as air, water, and power, and then drilling again.
Advance rates are typically not more than a few meters a
day and are reduced rapidly as rocks become harder, the
environment more hazardous, and the working face far-
ther from the portal. The cumulative effect of these
increasing difficulties is that, even with very large invest-
ments of time and money, the general method of drilling
and blasting probably cannot be used to produce holes
more than about 5 km deep or about 10 km long. Where
geothermal gradients are high, the maximum range is



much less than this because elaborate life-support systems
become necessary and high temperatures limit the use of
conventional explosives and of the common types of
mining machinery. Howevcr, drilling and blasting repre-
sent the only existing method of producing very large
shafts and tunnels and of penetrating rock that is very
hard or that changes significantly in character along the
path of the excavation.

Rotary Drilling. Rotary drills were developed to
produce larger, longer, or deeper holes (han can be made
efficiently by the percussion drills ncrzially used in hard-
rock mining, but are smaller than typical mine shafts and
tunnels. The small, rotary, coring drill called a “diamond
drill” is the standard tool for mineral exploration. Rotary
drills equipped with larger bits faced with hardened steel,
metal carbides, or diamonds are used to procduce relatively
deep wells for water, oil, and natural gas. In still larger
sizes, rotary equipment is now used to bore mine shafts
and ventilation ducts and, equipped with a propulsion
system, it has recently become the “continuous” tunnel-
boring machine.

In a report (Fenix and Sc’sson, 1969) prepared for
ARPA and the AEC, it was concluded that, with certain
significant developments in materials, equipment, and
techniques, it would probably be possible to use what is
essentially a large oil-field rotary drill rig to reach a depth
of 50,000 ft (15.24 km). This is about twice the depth of
the decpest hole so far drilled anywhere. It was estimated
that the time required to drill the hole under “ideal”
conditions would be 4.75 yr, and that the cost would be
about $20 million. Most of the hole would be slightly less
than 10 in. (25 cm) in diameter, which is representative of
current deep-well drilling practice. Apparently, these con-
clusions represent reasonable extrapolations of the pre-
sent state of the art of conventional rotary drilling. it is
unlikely that much deeper holes than this, or much larger
hoies to depths approaching 50,000 ft, can be made by
rotary drills in the foreseeable future.

Relatively large-diameter holes have been drilled by
heavy rotary equipment, but only to limited depths. Prob-
ably the largest of these was a 16.5 ft (5 m) diameter
mine shaft recently drilled in northwestern New Mexico
to a final depth of 784 ft (239 m). This required almost
six months to complete, so that the rat: of advance
averaged about 1.5 m/day (Albuguerque Journal, May 6,
1970). Depihs below 1500 m have been reached with
smaller-diameter holes. However, the potential of the
rotary-drilling method with regard to both depth and
diameter of the hole produced is limited by three princi-
pal factors:

(1) Power is transmitted to the drill bit by a rotat-
ing steel drill pipe extending downward from the surface.
Since the weight that can be sustained by a drill bit is
limited, most of the drill string must be supported from
above. There are obvious limitations on the weight that
can be supported in this way, the distance through which

rotational energy can be transmitted efficiently, and the
diameter and mass that can be rotated against the friction
of the hole bottom and wall and of any driiling fluid used.

(2) The rotary bit cuts and chips away the rock at
the bottem of the hole and, like any cutting tool, it dulls
and must at intervals be removed for sharpening or re-
placement. The harder and more abrasive the rock and the
higher its temperature, the shorter the life of the tool. In
hard, hot rock, it is necessary to replace even a diamond
bit after no more than a few meters of drilling. Improve-
ments in drill bits are possible and are being actively
sought, but no large improvements over existing carbide
and diamond tools appear to be imminent.

(3) Bit replacement involves lifting the entire drill
string from the hole, uncoupling the successive pipe sec-
tions as they reach the surface, changing the bit, and
reassembling the pipe as it is lowered back into the hole.
In deep holes in hard rock, more time may be devoted to
this operation than to driiling between bit changes, and
there are limitations or both the diameter and the mass of
a drill string that can be handled in this way.

As is further discussed in Appendix A, there are at
least two modified types of rotary drills in which the
necessity of transmitting rotational energy through a long
drill pipe has been avoided. In one of these, a down-hole
turbine or electric motor is used to rotate a drill bit at the
end of the pipe string. Unfortunately, this change in the
rotational drive does not overcome the inherent limita-
tions on hole depth and diameter, rock hardness and
temperature, and bit life between changes, to which con-
ventional rotary drills 4.3 subject. A second modification
of the rotary drill is the “continuous” turneling machine,
which is self-propelled, electrically powered, and designed
usually to bore tunnels from about 2 to 10 m diameter.
Machines of this type are limited principally by their
inability to penetrate very hard rocks, including many of
the common igneous rocks (Jacobs and others, in
Yardley, 1970).

Novel Drills. Particularly because of the high coasts
and low rates involved in drilling through very hard rocks
with existing rotary drills, a variety of novel rock-
penetration devices operating on several different princi-
ples have been proposed. Some of these are discussed in
Appendix A. Among them, only the jet-piercing drill has
so far been a commercial success. This is a spallation
device in which fuel oil is burned with oxygen at the rock
face, heating it and creating thermal stress gradients in the
rock to spall successive thin layers from its surface. Un-
fortunately, most of the common igneous rocks do not
spall easily, and the industrial usefulness of this type of
drill is apparently limited to a few specific types of rock,
such as some of the Minnesota taconites.

No existing rock-penetration system satisfies all the
requirements implicit in the above discussions of possible
applications to large holes. A method is needed that can
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produce holes havirg large cross-sectional areas, prefer-
ably of arbitrary shape, of great length or to great depth,
in a wide variety of rocks under extreme conditions of
temperature and pressure, and at high rates and moderate
costs. A rock-melting penetrator is potentially capable of
satisfying all these requirements, and in addition produces
a melt that can be used to great advantage. The authors of
this report are not aware of any other rock-penetration
system that has either comparable flexibility or equal
possibilities for widespread usefulness. '

Development of a Nuclear Subterrene

It is evident that the design, construciton, and ini-
tial operation of a Nuclear Subterrene present a broad
variety of difficult problems. These can, however, be
atiacked systematically, and to a large degree in the order
of their increasing difficulty.

Laboratory Studies. The history, design, and pres-
ent status of the LASL rock-melting drill are described in
Appendix B. It has so far been demonstrated only as an
electrically heated laboratory device that produced hules
up to about 5 cm in diameter and 15 cm deep in basalt
and concrete, at rates of the order of 1 m/h. In its
operation, a hot, cylindrical, refractory metal penetrator
was pressed against the bottom of the hole, melting the
rock and forcing most of the melt to flow back through
an axial opeining in the penetrator. A gas stream just
behind the penetrator was used to cool and fragment the
resulting lava, and carry it out of the hole as the fine
scoriae shown in Fig. 1. Some of the melted rock near the
periphery of the penetrator was back-extruded and froze
as ar obsidian-like glass that lined the wall of the hole.
Energy consumption of the device was not accurately
measured, but was generally between two and three times
that actually required to heat and melt the rock being
penetrated. (Thermal efficiencies should be significantly
higher than this in larger units equipped with more effi-
cient heat-transfer systems and designed for reduced heat
loss to cooling water and gas. However, direct power cost
is actually a minor part of the total cost of any drilling or
tunneling operation.)

Because such a penetrator melts rock instead of
cutting or chipping it, its working face is subjected pri-
marily to corrosion and erosion rather than to abrasive
wear and impact. A molybdenum penetrator operated
satisfactorily in the laboratory tests described above, and
tungsten or a metal carbide or boride might be more
resistant to attack by the flowing lava. However, life tests
have not been made, and among the first laboratory
investigations required in development of a Subterrene
would be those concerned with the service lives of pene-

trators made from a variety of refractory materials. The

intent would be to develop a penetrator capable of con-
tinuous operation for weeks or months, so that the
problems, delays, and expense of replacing bits or cutters

Fig. 1.
An assembled laboratory-scale rock-melting drill,
ard scoriae ¢iected from the hoie.

could be eliminated. These experiments would necessarily
consider such varizbles as the type and chemical nature of
the rock being penetrated, the viscosity of the melt pro-
duced, the effects of variations in flow rate past the
penetrator surface, and the importance of environmental
pressure. Initially, these tests would be made with elec-
trically heated, laboratory-scale: devices on well-
characterized rock samples at ambient temperature and
pressure. As soon as possible, heat pipes would be incor-
porated into the test uwnits, both to increase their capabil-
ities and to accumulate experience in the design, fabrica.
tion, and operation of heat-pipe systems, and the tests
would be extended to clevated rock temperatures and
high hydrostatic pressures.

In the small holes produced by the laboratory rock-
melting drill, the glass that lined the completed hole

appeared to be strong, continuous, and impermeable. As

is illustrated Fig. 2, it filled the pores and graded into the
structure of the surrounding unmelted rock, to which it
adhered tightly. Its thickness could be varied by adjusting
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SCALE

either the rate of advance of the penetrator or the progor-
tion of heat transferred radially from the penetrator.
Direct production of permanently self-supporting, un-
cased, glass-lined, sealed holes is an aitractive possibility
offered by the melting penetrator. Methods of controlling
the thickness, structure, and continuity of the glass lining
must be developed, the properties of glasses produced
from a variety of rocks and sediments under realistic
drilling conditions must be determined, the importance
and effects of accelerated cooling must be investigated,
and the degree of support and sealing provided by the
glass must be determined experimentally.

Analogy with the freezing method of ground sup-
port and with the very successful new technique of
shotcreting indicates that the glass-lined bore may indeed
be pressure-tight and self-supporting even in gravel, weak
and broken rock, and water-bearing formations. Roof and
wall stabilization in weak, wet, flowing ground by freez-
ing it in place is now common. In shotcreting, a quick-
setting cement mixed with a coarse aggregate is sprayed
on the wall of the hole to a thickness of a few centimeters
as soon as possible after new surface is exposed by drilling
or blasting. The peening action of the coarse aggregate
particles drives the cement into the cracks and voids and
produces a strong bond with the wall. Sufficient strength
is developed by this continuous, supporting concrete
membrane within a few hours to minimize relaxation and
settling of the “‘protective zone™ of rock around the new
opening. Permanently self-supporting tunnels can be made
even in initially unconsolidated materials. According to

"
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BORE HOLE
Fig. 2.

Fragment of a relatively'gthick glass layer produced

by a laboratory scale rock-melting device.

Mason (in Yardley, 1970) and others, shotcreting permits
sealed tunnels, otherwise unlined and unsupported, to be
produced under virtzally all conditions encountered in
tunneling. Most glasses have compressive strengths at least
10 times that of concrete, and develop them as soon as
they are cooled. With the rock-melting penetrator, the
glass forms as part of the wall while the bore is being
created and before any significant relaxation can occur. It
therefore is probable that the glass liner will be even more
effective than shotcrete in supporting the opening, and it
is produced directly during boring rather than by a separ-
ate operation involving transportation of material from
the surface to the working face. It is a permanent lining,
and should never requite maintenance. When drainage
into or out of the hole is desired, the glass bore-lining can
undoubtedly be perforated by conventional methods.
Hydrofracturing is a technique commonly used
in petroleum production to create a crack system in rock
adjacent to the bore-hole and so facilitate drainage of
crude petroleum from the surrounding rock into the
well. It is accomplished by inserting temporary seals in
the well above and below the zene to be fractured and
using a high-pressure pump to produce hydrostatic pres-
sure in that zone of few tens to a few hundreds of bars
above the ambient pressurc. The crack system thus creat-
ed normally extends for several meters in every direction
from the wall, the resulting local volume increase being
accommodated within a few crack-system diameters by
porosity and the elastic distortion of uncracked rock.
Carefully sized sand is often injected with the fracturing
fluid to prop the cracks open after the hydrostatic pres-
sure that created them has been released. Hydrofracturing
has been used successfuily in a wide variety of rocks, and
in very deep wells. As is discussed in Appendix D, it is
probable that a similar fracture system can be created by
lithostatic pressure of molten rock compressed by the
rock-melting penetrator, acting as a piston, in the cylinder
represented by the glass-lined bore. Most of the melt
ahead of the penetrator would be injected into these
fissures, where it would freeze and remain. There it would
hold the cracks open and contribute to both the thickness
and the intimate attachment of the glass bore-lining. More
importantly, this technique would make it unnecessary to
remove waste rock to the surface through the bore pre-
viously created, eliminating one of the greatest problems,
sources of delay, and expenses of conventional tunneling
and deep-hole drilling. The lithofracturing technique
obviously requires experimental development and dem-
onstration, first in the laboratory and then in the field,
under conditions of rock temperature and pressure repre-
sentative of those existing in deep holes in the earth’s
crust. Its potential importance in drilling and tunneling is
emphasized by the following quotation from Howard
(1967): A boring machine alone, however, will not be
enough. Unless the other elements of the process [of
tunneling] are improved commensurably, the full poten-
tial of this [or any] innovation cannot be realized. . . .
currently available underground haulage technology is




completely inadequate to provide for disposal of the
tremendous amounts of broken rock that would be pro-
duced by a truly high speed tunneiing machine.” Litho-
fracturing would eliminate this proble:n.

An incidental advantage of the lithofracturing tech-
nique is that the high pressure maintained ahead of the
penetrator would tend to suppress dehydration and cal-
cination of the rocks being penetrated, either of which
would increase their melting temperatures.

Penetrator life, melting rate, flow characteristics of
the melt, integrity of the glass bore-liner, ease and effec-
tiveness of lithofracturing, and resistance of the finished
bore to closure by collapse or creep, all depend directly
upon the properties zad behavior of the rock being pene-
trated. Urfortunately, very little is known about rocks
under the conditions of temperature and pressure that
exist deep in the earth’s crust. To accumulate the infor-
mation needed for rational design of advanced versions of
the Subterrene, and of the systems of holes they will
produce, will require extensive and continuing investiga-
tions in the areas of rock characterization, rock properties
under extreme conditions, and rock mechanics in general.
Among characteristics of rocks to be investigated are their
meiting temperatures and energies, viscosities, creep and
fracture behaviors, the types and degrees of activity in-
duced in them by exposure to the radiation field of a
nuclear reactor passing through them, and the degree to
which this activity is contained in and retained by the
glass bore-liner. (Weight is not a major factor in design of
a Nuclear Subterrene, and heat pipes do not lose effi-
ciency if they tura corners to eliminate direct radiation
paths out of the reactor. Shielding of the nuclear energy
source can therefore be very effective, and it is expected
that any added activity induced in the rock will in general
be small relative to the level of its naturul radioactivity.
However, this must be carefully verified.)

A rock-melting penetrator must supply heat to the
rock into ‘which it is advancing, transmit pressure to the
melt that it creates, control the flow of the meit both
radially and axially, maintain its own shape and integrity,
and protect the Subterrene components within and be-
hind it. Refractory materials and engineering designs to
perform these functions must be investigated, developed,
and tested in laboratory studies and in series of scaling-up
experiments in the field. For collection of geological and
geophysical information, it is important that either the
Subterrene or some auxiliary device be capable not only
of boring holes but also of producing and extracting cores
representative of the rocks being penetrated. This could
be done by leaving an opening in the penetrator face
through which an unmelted core--protected by a fused
coating-would be delivered to a core barrel that could be
retrieved and replaced periodically. Coring experiments
will be required to develop such a system, and to incor-
porate it into the appropriate penetrator designs. Investi-
gations will be made of the core diameters and core-
handling systems needed to ensure that the recovered
core is representative in all respects of the rock being

penetrated including moisture content and grain size.

Prototype rock-melt'ng drills and full-scate Subter-
renes up to perhaps 2 m in diameter will, in general, use
electrical energy provided through trailing cables, which
will facilitate maintenance, modification, retrieval, and
reuse. However, when transmission of electricity to the
unit becomes impractical-in very large, very long, very
deep, or very hot holes, or in very remote locations-then
a compact nuclear reactor is the obvious choice for an
energy source. Design and testing of electrical heaters for
Subterrenes of various sizes must begin when the develop-
ment program is initiated, and work on nuclear heaters
must be undertaken as soon as possible thereafter. Both
will require intensive materials research as well as sophisti-
cated engineering design.

With either type of heater, transfer of thermal
energy from the heat source to the penetrator shell entire-
ly by conduction is impractical because of the very high
temperature gradient which would be required to main-
tain the necessary energy density. Forturately, heat pipes,
discussed in Appendix C, can transmit thermai energy at
extremely high density over distances up to several meters
and with temperature drops of only a few degrees. A
system of heat pipes to perform this function appears to
be essential for successful operation of any large rock-
melting device. However, rugged versions of the heat pipe,
capable of continuous operation at high temperatures and
high external pressures for weeks or months, have nut yet
been built. Their design and testing must also be undes-
taken as soon as development of the Subterren.: is begun.

It is evident that theoretical, laboratory, and field
studies in several different areas should begin together as
soon as development of a Nuclear Subterrene is seriously
undertaken. Many of these investigations must be con-
tinued threughout the life of the program to accumulate
the further information required to design and use more
advanced Subterrenes.

Initial Field Tests. It has already been demonstrated
that a melting penetrator can produce holes in rocks at
usefully high rates and with moderate energy consump-
tions. A gasoline-driven, 300-hp generator can produce
the electrical energy required to melt a hole 25 cm in
diameter through igneous rock at 100 m/day.

It is proposed that, while the laboratory investiga-
tions described above are in progress, a tnick- or trailer-
mounted unit be designed capable of continuously provid-
ing the electrical energy required to produce a 25-cm-
diam ‘hole at 100 m/day, and also capable of handling
several hundred meters of drill pipe and electrical cable
into and vut of the hole. The required information col-
lected in the laboratory would be incorporated into the
design of a penetrator capable of producing a shaft of this
size. The penetrator would be assembled at the end of a
rigid string of steel drill pipe, suitably instrumented, and
tested initially in producing vertical holes in local tuffs
and basalts. When it had operated successfully in these
formations, it would be tested elsewhere in granites,




andesites, sedimentary rocks, unconsolidated gravels, and
other formations of interest.

This first Eleciric Subterrene would be used to
investigate a wide variety of problems associaied boti
with the penetrator system and with the formations being
penetrated. In particular, it would be used to study pene-
trator life, penetration rates, force and energy require-
ments, control and integrity of the glass bore-liner, effec-
tiveness of the lithofracturing technique, and applicability
of the melting technique to production of holes through
unconsolidated formations, shear zones, water-bearing
regions, and other difficult geslogic structures. It would
also be used to investigate interesting regions in which
larger and more advanced Subterrenes might subsequently
be tested and used. It is possible that the Electric Subter-
rene will prove to be economically usefu] for commercial
production of water and oil wells, ventilation shafts,
conduits for electricity and gas, etc.

The Type 1 Nuclear Subterrene. The degrees to
which an electrically heated Subterrene can be extended
with regard to hole diameter, hole length and depth, and
rock temperature and pressure are limited by its enerzy
requirement and the difficulties of supplying the required
amount of electrical energy to it through a trailing cable.
A compact nuclear reactor could furnish the energy re-
quired by even a very large penetrator advancing at a high
rate, and would permit conceptual design of a self-
contained unit controlled by telemetry from the surface.
However, new problems arise concerning shielding the
reactor and possible activation both of other Subterrene
components and of the wall of the bore. Because of the
intense radioactivity of the fission products accumulated
in the reactor section, it may not be desirable to bring a
Nuclear Subterrene back to the surface to move it to a
new location. If this is the case, it would be used to create
only one very long or very deep shaft or tunnel, or one
interconnected system of shafts or tunnels, and then be
permanently buried at a safe depth by permitting rock
collapse to occur around it.

A Type 1 Nuclear Subterrene is visualized as the
next development step beyoad the electrically heated
Subterrene discussed above. It would consist of a nuclear
reactor and heat pipes supplying energy to a penetrator
2 m or more in diameter; its detailed design and testing of
its components would be in progress during field trials of
the Electric Subterrene. Advanced development of the
electrical unit would include design and testing of a pro-
pulsion system, studies of wall-cooling systems which may
be required for continuous operation, and development of
control and guidance sysitems operated by telemetry from
the surface. When the capabilities and reliability of the
Electric Subterrene had been fully demonstrated, the elec-
trical heater would be replaced by a nuclear reactor, and
the first Nuclear Subterrene would be ready for test.

Subterranean telemetry it a new development that
has recently been demonstrated by the Sandia Corpora-
tion during underground nuclear tests in the Aleutians.
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Underground telemetry signals were transmitted through
dolomite to a receiver 110 m away, from which they were
conducted to the surface by cable. Sandia now plans to
install an advanced version of a fixed, cylindrical-antenna,
underground telemetry system at the Nevada Test Site,
using low-frequency rf signals and relay stations. The
Russians are also investigating underground radio com-
munication, and they predict ranges of many kilometers
under some conditions, with very high signal-to-noise
ratios (Dolukhanov, 1970). It is reasonable to expect that
subterranean telemetry mayv be developed sufficiently to
control and guide a Nuclear Subterrene from the surface.

Presumably, the initial testing of the Type 1 Nu-
clear Subterrene would be in relatively cool rocks near the
earth’s ruface, probably continuing a tunnel begun by
the Electri: Subterrene. The tunnel entry would be open
and its interior would be filled with air. A suitably shield-
ed Nuclear Subterrene would therefore be accessible for
‘maintenance, repair, and modification. Air, cooling water,
electrical energy, and direct control and guidance could
e provided for it. It would be both a demonrstration and
a reseaich unit to study cost, usefulness, service life, types
and degree of radioactivity developed in the tunnel wall,
and the extent to which this activity was retained by the
glass bore-lining.

A general design concept for the Type 1 Nuclear
Subterrene is developed in Appendix C.

The Type 2 Nuclear Subtesrene. Pethaps the most
important potential application of the Subterrene, both
economically and ecologically, is in the exploitation of
geothermal energy. Shallow geothermal energy reservoirs
can probably be penetrated by vertical holes, produced by
advanced versions of the Electric Subterrene cooled by
fluid circulation from the surface. Deeper and hotter
reservoirs and more elaborate development systems in-
volving horizontal as well as vertical holes would require a
Nuclear Subterrene capable of continuous, unattended
operation for long periods at environmental temperatures
of about 500°C. Sophisticated thermal protection would
be required for ali Subterrene components, and human
access would be limited to short visits with elaborate
life-support systems.

Development of the Type 2 Nuclear Subterrene
from the Type 1 unit would involve principally evclution
of control, guidance, and propulsion systems having in-
creased temperature capabilities. The conceptual design of
the Type 2 Subterrene is considered in Appendix C.

The Type 3 Nuclear Subterrene. The ultimate goal
in development of the Nuclear Subterrene is the produc-
tion of a device capable of penetrating the earth to depths
of tens of kilometers to reach the geothermal reservoir
wherever energy is required and to extend geological and
geophysical exploration into the earth’s mantle. In addi-
tion to the high ambient temperature faced by the Type 2
Subterrene, the Type 3 device would encounter extremely
high ambient pressure. At 30 km depth, rock pressure is




presumed 1o be about 10 kbar (145,000 psi), and a
Subterrene to resist such a pressure without the benefit of
coolant supplied from the surface would require sophisti-
cated design and much materials research and develop-
ment. However, to retard creep closure of the bore in
such an environment rnay require cooling of the glass
bore-liner by fluid circulated from the surface. If so, the
fluid would also be available to cool certain Subterrene
componenis. The flexibility of a melting penetrator with
regerd te hole shape, and the possibility of back-extruding
a glass curtain to partition off separate channels in an
appropriately shaped hole niay make it feasible to provide
and maintain this circulation without lowering pipe or
other types of hoe-dividers from the surface.

At least initially, the Type 3 Nuclear Subterrene
would probably be designed for one-way vertical travel,
and might be propelled downward either by gravity or-to
provide the force required for lithofracturing--by hydro-
static pressure from above. 1t would differ from the Type
2 Subterrene principslly in being much more heavily
constructed, lacking a2n internal propulsion sysiem, and
requiring a differeat arrangement for guidance.

The concept of a Type 3 Nuclear Subterrene is also
considered in Appendix C.

Sumssary

Many applicaticns now aweit the development of
some new dsvice capable of producing large, long holes
through difficult geologicai structures at high rates and

moderate costs. These uses are of sufficient economic,
social, ecologic, and scientific importance to justify estab-
lishment and continued support of a major development
program such as that outlined above. The magnitude and
scope of a program of this nature are such that the work
will probably not be aitempted by any industrial organi-
zation, but could be sponsored by a government agency
such as the United Staies -Atomic Energy Commission.
Los Afamos Scientific Laboratory has the unique skills to
carry out all phases of the program.

Only a rock-melting penetrator appears to have the
inherent capability and flexibility required to produce the
types of holes now needed and to produce them under
the variety of difficult subsurface conditions which obtain
when very long or very deep holes are created in the
earth’s crust. An economically useful rock-melting pene-
trator, in the form of an Electric Subterrene mounted on
rigid drill pipe, can probably be built and demonstrated
within about three years after the development program
begins. Larger and more flexible Subterrenes, eventually
powered by nuclear reactors, would evelve froun this. It is
believed that within 10 to 15 years a Nuclear Subterrene
could be produced which would be capable of penetrating
the earth’s crust ard entering its outer mantle.

In addition to boring devices and demonstration
holes of many types, the proposed program would de-
velop useful new knowledge in a wide variety of scientific
and technical areas, particularly including the geologic
sciences, rock mechanics, and the applications of heat
pipes and nuclear reactors.
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APPENDIX A

EXISTING AND PROPOSED ROCK-PENETRATION SYSTEMS

The common industrial techniques of drilling and
blasting and of rotary drilling were considered at some
length in the body of this report, where it was concluded
that in many important situations neither can be used
efficiently nor economically. The same conclusion has, of
course, been stated frequently by others, and the evidence
that it is correct is clear: many shafts and tunnels which
obviously are urgently needed have not so far been dug or
drilled.

In attempts to improve this situation, many pro-
posals have been made for modifications of existing dril-
ling devices and for development ot new ones, and some
of these proposed devices have been built and tested. An
exceilent review of the subject is given by Maurer (1968)
and some of the same devices are discussed by Ostrovskii
(1960); both sources have been drawn on freely in the
discussions below.

Augmented Rotary Drills

A number of methods have been proposed for in-
creasing the drilling rates of rotary drilis. One of these is
the turbine drill, mentioned in the body of this report. In
the turbine drill, transmission of energy by rotating the
drill pipe is avoided by pumping a fluid down the pipe to
drive a turbine at its lower end, and the turbine rotstes
only the drill bit. This does not avoid the requirements
that most of the mass of the drill string be supported
from the surface, and that the entire drill string be with-
drawn from the hole to change the bit. The turbine drill
has not so far been commercially successful in the United
States, although it has apparently been used extensively
for deep-hole drilling in the USSR. Maurer reports drilling
rates only about one-half those of conventional rotary
drills, although Ostrovskii indicates that in hard rock the
rates may be higher for the turbine drill. Submerged
electric motors of special design have also been used by
the Russians for down-hole bit rotation. With either de-
vice, the limitations on hole depth and diameter and on
the tempersture and hardness of rock that can be pene-
trated economically are apparently the same as for the
conventional rotary drill. Problems in pumping, power
conduction, and turbine and motor maintenance are also
introduced.

Several ideas have been offered to improve the
performance of conventional rotary drills. One is to build
electrodes into the drill bit and maintain an electric arc
between them during drilling to heat and degrade the rock
s0 that it can be fragmented more easily by cutters on the
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bit. Lasers, plasmas, or electron beams could, of course,
be used for the same purpose. Such a system is essentially
a combination of the rotary drill with a spallation device
of the type discussed beiow.

Small increases in drilling rate have been observed
when acoustica!l waves were transmitted through the
rotary bit to crack rocks ahead of it. Several mechanical
methods of vibrating the bit have also been tried, includ-
ing air- and solenoid-actuated pistons striking anvils on
the bit, and rotating eccentric weights to give unbalanced
vertical forces. These produce low-frequency vibrations
that are relatively ineffective in weakening the rock.
Higher frequencies in the sonic and supersonic range are
more effective, although their action on the rock is pri-
marily through cavitational effects in the drilling fluid
rather than by direct mechanical action. Magnetostrictive
or electrostrictive devices are vsed to produce vibration,
which is amplified by designing the cutting tool so that it
resonates at the freguency of the driver. The power out-
put of a high-frequency device of this type is so small that
it has little effect on drilling rate, and its effect would
disappear entirely in deep holes where cavitation dies out
as a result of high pressure cn the drilling fluid.

A relatively recent development is the *‘continuous™
tunneling machine, a large, self-propelled, rotary drill
usually used to excavate tunnels for sewage systems,
water supplies, subways, railroads, and highways. Such a
machine is limited primarily by its inability to penetrate
very hard rocks, including many of the common igneous
rocks (Jacobs and others, in Yardley, 1970). In softer
formations, different types of cutters are required for
different types of rocks, and no tunneling machine so far
developed has been versatile enough to operate succrssful-
ly in the different rock types encountered in most very
long or very deep holes. Instantaneous rate of advance of
this type of machine i3 about 2 m/h in relatively hard
rock to more than 20 m/h in soft rock but, owing to
down-time for mucking out, extending services, machine
repairs, etc., the average rates in “good ground” are about
one-half of these instantaneous values. When rock having
compressive strength greater than about 25,000 to 35,000
psi (1760 to 2460 kg/cm?) is encountered, drilling and
blasting are used instead of tunaeling machines. Many
granites, basalts, dolerites, etc., have compressive
strengihs in the range 40,000 to 70,000 psi (2810 to 4920
kg/cm?), and cannot successfully be penetrated by exist-
ing machines of this type.

The contintous tunneling machine uses electric
motors geared directly to the rotating cutting tool, and so
avoids the difficultics of transmitting power through a




long drill pipe. However, there are inherent limitations on
the machine itself. Thus, the hoie in which it operates
must be large enough to accommodate electric moiors, a
massive drive system, and equipment for handling cut-
tings, and to permit human access for changing cutters.
Holes under about 2.5 m diameter are inconvenient to
make, and under about 1.7 1n diameter they are essential-
ly impossible. An upper limit of diameter has not yet
been established for machines of this type, but is prob-
ably about 10 m. Since rotating cutters are used, hole
sections are necessarily circular or some combination of
circles.

Much of the technology of the continuous rotary
tunneling machine is directly transferrable to a self-
propelled Subterrene. It is possible that the first Subter-
rene for horizontal boring would be a commercial tunnel-
ing machine in which the rotary driiling head was replaced
by a melting penetrator, with provision for additional
cooling of machine components and of the tunnel wall.
The laser systems developed for precise guidance of rotary
machines will also be useful for the first Subterrenes,
although they will probably be replaced eventually by
subterranean telemetry or by self-contained, prepro-
grammed guidance systems.

For continuous tunneling in hard rock, drilling rates
can be increased by shattering the rock ahead of the
machine by explosive charges detonated in pilot holes.
This combination of mining and boring techniques re-
quires that pilot holes be produced by a separate drilling
system, that conventional explosives be handled, with the
usual delays for loading the holes, blasting, and ventilat-
ing, and that the tunneling machine be protected by
heavy blast shields. It appears to be primarily an emer-
gency method to be used when a tunneling machine
encounters rock too hard for it to penetrate at a useful
rate in its normal operating mode.

No technique so far proposed fo: increasing the
capabilities of rotary drills appears to be generally useful
for overcoming their inherent limitations with regard to
hole size, hole length or depth, and the types, tempera-
tures, and pressures of the formations in which they can
operate efficiently.

Spallation Drills

Rocks generally are relatively poor conductors of
heat, so that high temperature gradients are created in
them when their surfaces are exposed tc high-intensity
heat sources. Differential thermal expansion creates ligh
stresses just below the heated surfaces, and these are
augmented by variations in thermal expaasion among
mineral species composing the rock, by vaporization of
water, by phase changes in quartz grains, etc. In some
rocks, the stresses cause successive thin layers to spall
from the surface. However, many types of rock-including
most of the common igneous rocks-are resistant to spal-
ling.

The jet-piercing drill, a spallation device described
in the body of this report, has been commercially success-
ful in drilling certain taconites, which are very hard and
thus difficult to penetrate with conventional drills. The
jet-piercing drill uses an oxygen-fuel oil flaine to heat the
rock surfaces. Other heat sources have also been tried,
including other types of flames, electric currents, super-
heated steam, high-frequency electric and magnetic fields,
and microwaves.

Although the spallaijon drill is useful in rock that
spalls easily, its usefulness is definitely limited to such
rock, and therefore to a few rather special drilling situa-
tions.

Erosion Drills

High-pressure water jets can drill most rocks, includ-
ing very hard ones, without the use of solid abrasives in
the jet. Very high power outputs and correspondingly
high drilling rates appear possible with them, and their
performance can be improved by puising the jet. How-
ever, power requirements are high; large-capacity, high-
pressure pumps must be developed for them; and nozzle
erosion may limit the time that the drill can operate at
the bottom of the hole. According to Ostrovskii, certain
kinds of rock (such as some types of shale) cannot be cut
with water jets. Wall and roof support will be major
problems in paorly consolidated formations, and perform-
ance of such drills at high rock temperatures has not been
investigated. In spite of these limitations, it appears that--
at least for most kinds of coherent rock at relatively low
temperatures-the water-jet drill is potentially useful. Its
prebable usefulness for producing shatlow tunnels to con-
tain underground utility services in urban areas is now
being investigated at Oak Ridge National Laboratory.
Preliminary results from laboratory tests at ORNL
(McClain and Cristy, 1970) are very encouraging.

Low-speed abrasive jets in which sand or other
abrasive particles are projected against the rock by a
relatively low-velocity stream of water or air have also
been investigated. A large-scale experimental device of
this type, the “pellet drill,” used steel balls sz the abra-
sive. In such devices energy transfer to the abrasive parti-
cles is inefficient, drilling rates are low, and no known
drill operating on this principle is being further developed.

Continuous Penetrators

A device has been proposed which consists of a
massive conical penetrator that is forced through the
rock, crushing material ahead of it and displacing this
material into a zone of crushed rock surrounding the hole.
Maurer concludes that the force required to drive the
penetrator would be excessive, limiting its usefulness to
weak, highly perous rock or unconsolidated material. A
device of this type in the form of the *“‘compacting
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auger,” which looks and acts like a wood screw, is already
in commercial use to produce holes for underground
power lines through soil. The concept of such a device is
related to that of a Kthofracturing penetrator discussed in
Appendix D. However, in the absence of a molten phase,
the continuous penetrator will be effective only in poorly
consolidated formations.

Explosive Drills

Several types of explosive drills have been de-
veloped and thoroughly tested in the USSR. In general,
the liquid comporents of an explosive mixture are mixed
either within a capsule as it passes through a nozzle just
above the bottom of the hole or in the space just below
such a nozzle, and are then detonated in that space. Small
explosive charges are used, fired at intervals of from a few
hundredths of a second to about 1 sec. Penetration rates
are high except in soft or plastic rocks. However, costs are
also high, and supplying the explosive from the surface
and timing the explosions at the bottom of a deep hole
are difficult. Flushing cuttings from the bottom of the
hole is a major problem, and high rock temperatures
would introduce new problems related both to stability of
the explosive components and to increased plasticity of
the rock being penetrated.

Chemical Drills

Fluorine and other reactive chemicals, injected ina
gas stream from a pressurized capsule lowered into the
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hole, have been used in the laboratory to drill holes in a
variety of sedimentary and igneous rocks. Because of high
costs and the difficulties of handling large volumes of very
reactive chemicals, the technique appears to have little
promise for large-scale drilling. However, the introduction
of less active chemicals to soften rock in advance of a
conventional drill may be useful in some cases, and very
hot water under high pressure may be effective for this
purpose, as is discussed in Appendix E.

Melting Drills

Both Maurer and Ostrovskii comment on the use of
the rock-melting technique to produce holes in the earth.
Maurer feels that the energy requirement of a melting
device is so high that its drilling rate will necessarily be
low. He notes that such a device is versatile in that it can
create holes in any type of rock, and predicts that its first
application will be in drilling strong rocks, in which con-
ventional drill bits are dulled rap:dly. Ostrovskii concludes
that fusion and even vaporization of rocks may be expedi-
ent in penetrating deep-lying rocks, where high rock and
hydrostatic pressures and plasticity of the rock make
drilling extremely difficult by any known mechanical
means. He notes that fusion and vaporization processes
are independent of the physical and mechanical properties
of the rock, which change markedly with depth, and
indicates that the walls of the drilled hole can indeed be
strengthened during drilling by melting the rock.




APPENDIX B

INITIAL DEVELOPMENT OF THE LASL ROCK-MELTING DRILL

The feasibility of rock melting as a drilling method
was first explored at LASL in 1960-1962, culminating in
a final report (Armstrong et al., 1965) and issuance of
U.S. Patent No. 3,357,505 covering the general method.
This preliminary siudy was made by a few LASL staff
members on a pari-time basis, and used no speciaiized
equipment. (For example, a small commercial welding
transformer supplicd the electrical current.) Experiments
were performed on chance rocks found locally, and the
largest holes made were abcut 5 cm diam and 15 cm deep.
Feasibility of the technique was demonstrated and in-
terest was aroused. During 1956-1966, after the final
report of the work was published, about 150 letters of
inquiry were received concerning the method, the Labora-
tory was visited by several industrial groups and by a
military delegation, and serious consideration was given to
use of the device as a lunar drill for the Apollo flight
series. Because of other commitments of the group in
which the rock-melting drill was invented, its further
development was rot pursued at LASL, and so far as is
known it has not been undertaken elsewhere.

The crucial result of the initial LASL experiments
was that the relatively simple devices built and tested
bored holes at steady, usefully high rates through samples
of local basalts and other igneous rocks, without serious
corrosion or deformation of the drills. Power require-
ments were two to three times that theoretically required
to melt basalt. (This is considered moderate in view of the
small sizes of the drills, the relatively inefficient heat-
transfer systems used in them, and the large volumes of
cooling water and gas circulated through them.) One
experimental difficulty was that the rock samples usually
cracked during drilling, as is ilustrated in Fig. B-1. To
minimize cracking, the samples were embedded in con-
crete, which was banded with a corrugatzd steel sheil. In
development of the Subterrene, it is proposed instead to
supplement the thermal stresses by mechanical means to
create cracks in which most of the melt can be deposited.
This is discussed in Appendix D.

Two of the electrically heated devices tested are
shown in Figs. B-2 and B-3, and some of the holes drilled
are shown in Fig. B4. In the device shown in Fig. B-5,
subjected only to preliminary testing, the electric heater
was encased in toron nitride, which, when properly ori-
ented, is both a good conductor of heat and a good
electrical insulator. This permitted solid, rugged construc-
tion.

The essential design problem with early versions of
the rock-melting penetrator was soon reduced to develop-
ment of techniques for removing the lava. In the

Fig. B-1.
Cracks in a basalt boulder, produced by penetration
with a rock-melting drill.

l-in.-diam drill shown in Fig. B-2, the melt was back-
extruded through an axial tube in which its temperature
was reduced about 100°C, so that it left the tube as a hot
glass rod that could be handled mechanicaily. In later
devices, a high-velocity gas stream was used to fragment
and cool the back-extruded lava and propel it up a tube as -
small, irregular pellets. An “open bucket” device was also
tested successfully. with periodic removal of the drill and
of a reservoir built into it when the latter had been filled
with molten rock. In the Subterrene, it is proposed to
eliminate the probliin of removing rock from the hole by
using the lithofracturing technique discussed in Appendix
D.

Unavoidably, in the operation of a2 melting device,
some rock is melted at the edges of the penetrator and is
extruded back around it or forced into voids in adjacent
unmelted rock. As is suggested by the photograph of Fig.

15




23354 S n TN

\

X

"o
g

/‘§.
:
§

3

3

KO SEPARATOR

\?}i\\\ =

Fig. B-2.

An early drilling device, the 1-in.-diam drill. The
water-cooled, double-walled copper stem conducts a
large electrical current (100 A) to the reentrant
molybdenum well that serves as the heater. Thy
3/8-in.-dlam exirnvsion tube is heated by conduction
Jfrom the foot, and is designed to reduce the melt
temperature approximately 100°C for extrusion as
a -like rod. In operation, the dril! penetrated to
its full deoth of about 8 in. (From Armstrong et
al, 1965)
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Fig. B-3.
The gas-gap drill. Heat is conducted from the tung-
sten-foil heater to the 2-in.-diam molybdenum meit-
&ig-shoe across a narrow gap in the helium-filled
chamber. The gas gun propels the melt to the sur-
Jace. (From Armstrong et al., 1965.)

B4, this fraction of the lava freezes as an obsidian-like
glass liner on the wall of the bore. The lining grades into
and is firmly attached to solid rock around the hole. It is
expected to be effective in_sealing and supporting the --
bore. Experience with laboratory-scale devices indicates
that the thickness of the glass liner can be increased either
by reducing the rate of advance of the penetrator or by
increasing the proportion of heat that flows radially from
it instead of axially into rock ahead of it. Lithofracturing
is expected to increase both the thickness of the glass
liner and the intimacy of its attachment to tha surround-
ing rock.

Several concepts developed in this experimental
work, concerned largely with the fiow of molten rock
ahead of the penetrator, can be applied to design and
performance of a Subterrene. They were based on the
following model.

It is convenient to consider that the penetrator
stands stil! and the rock moves toward it, so that the
problem becomes one of hydrodynamic flow around a
hot barrier. Velacity of the rock far from the penetrator
is v*. Rock temperature decreases exponentially with
distance, z, from the drill face, as sxp (—cpv* z/A). For a
typical basalt, A =0.1 cal/cm-sec-°C, c=0.3 cal/g-°C,
p=28g/cm®, v*=0.05cm/sec, and the characteristic
decay distance of temperature, A/cpv®, is 0.3 cm. Rock
viscosity varies with temperature as exp (E/RT) so that,
for E=140kcal/mole vnd T, = 1700°K, the character-
istic decay distance for viscosity, E/RT, is about 1/40 of
that for temperature, or about 6.01 cm. Within 0.3 cm of




Fig. B4,
Two laboratory-scale rock-melting drills, and samples of the holes, glass, and scoriae produced by them.

the penetrator face, then, rock viscosity increases by
many orders of magnitude. Flow of the molien rock
therefore occurs within a very thin, fiim-like channel
along the face of the penetrator.

The hydrodynamic problem is well represented by
regarding the viscosity to vary as

=% eez t
where 7, is viscosity at the penetrator face (z = 0) and
E |T,-To) cov®
& () @

The Navier-Siokes equation for incompressible
materials is represented in cylindrical coordinates by

du ) ap

9
a™ ™3 2" aza o

ar az (82)
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Together with the equation of continuity, ¥ * v=0, this
system was solved exactly (in Armstrong et al, 1965)

. with the assumption that v = v(z), yielding the solution

ve-v*[l-ePr(gz+1)) , (B4)

us=plyrze bz (r’z—r- az) ,

(B-5)

= Tpv* B’[ ¢ ] B6
P= Y _+E+4 22nr+const( )

The horizontal component of the velocity, u, in Fig.
B-6, is zero both at the penetrator face (z=0), due to
nondippage, and in the solid rock (z =), and reaches a
maximum at z=1/B. The “channe! flow™ properties of
this thin layer are as though a fluid with oniform viscos-
ity, mo, were flowing through a channel of width

J12(1/8) = 2.29 (1/8).
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A 2-in.-diam encased heater using boron nitride insulation. { From Armstrong et al., 1965.}
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Another result of this development is an expression
for the total applied force, in which F « nov*g® [as in Eq.
(B-6)] . Since B is itself proportional to v*, F increases as
the fourth power of the velocity, v¥, unless the penetrator
temperature is raised to decrease 7y. Hence, the final
conclusion of the early theory was that, as higher penetra-
tion rates were sought, the device should be constructed
to apply very large pressures to the rock, which requires
strong, rugged construction.

Much of the above development can be adapted to
the devices considered in this report, for exzmple to a
cone-shaped penetrator doing only melting of the rock
(with no cracking), toward which the earth moves with
velocity v*. In such a case, the temperature distribution
projected onto a horizontal plane is the same as that for a
cylindrical penetrator, but the heat flux from the surface
is reduced by sina, and the channel width, 1/8, is in-
creased, i.e., § = fy sin &, where f3, is given by Eq. (B-1).
The flow lines in rock far ahead of the penetrator are
almost parallel to its path, and near the penetrator they
represent fanning radial flow nearly parallel to its conical
surface. The pressure gradient in lava flowing along the
surface of the penetrator is reduced by the factor sin’e.
These factors become very significant for a sharp cone in
which, for example, sin & ~ 1071,

For the pressure distribution along the surfuce of a
conical penetrator, illustrated in Fig. B-7, the above de-
velopment gives an expression of the form

P=p(a) + 1/4 [noflo>v* sin’a (0 -1*)] .  (B-7)

N
(o]

PRESSURE, P
o
-

L |

0 5 10 em
RADIAL POSITION, r

(b)
Fig. B-7.

(a) A simple conical penetrator. (b) The pressure
distribution along the surface of the penetrating
cone.

(a)

This is the equation of a parabola whose apex coincides
with that of the cone (r = 0). For a small drill with typical
values

a=10cm,

70 = 10? g/cm-sec,

v* = 0.1 cm/sec (~ 86 m/d),
Bo = 2000 v* = 200 cmi”!
sina=0.1,

it follows that the pressure drop along the surfacs of the
penetrator is only 20 bar. If, however, the same values are
applied to a Subterrene with radius of 1 m (a = 100), the
pressure at the apex of the penetrator is 2 kbar above that
at its shoulder. In this case the solid rock adjacent to the
apex would certainly fracture, the flow of liquid melt
would no longer be along the surface from point to
shoulder, and the above analysis breaks down. This situa-
tion is considered in Appendix D.
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APPEMDIX C

NUCLEAR SUBTERRENE CONCEPTS, DESIGNS, AND PROBLEMS

To this time, only laboratory-scale rock-melting
devices have been operated, and it is obviously hazardous
to predict what directions development may take in lead-
ing to an operating Nuclear Subterrene and its eventual
applications. However, data obtained in the original rock-
melting experiments were sufficiently detailed and con-
vincing that quite long extrapolations from them can be
made confidently. To provide perspective concerning the
nature, scope, magnitude, and difficulty of the develop-
ment program here considered, these projections are
attempted in the sections that follow, although neces-
sarily in general terms. Major areas requiring development,
environmental constraints, conceptual designs, and poten-
tial material problems are outlined, and probable program
directions are indicated.

Heat Pipes

In the early rock-melting experiments described in
Appendix B, a major limitation on performance of the
devices tested was that of delivering a sufficiently large
heat flux to the melting face of the penetrator. With the
development of the heat pipe, this problem has been
solved. Heat-pipe technology is now sufficiently advanced
so that it is evident that heat pipes can indeed transport
energy from a compact source to an extended melting
surface at rates high enough for a melting device to
penetrate rock at a usefully high rate.

The components and operating principles of a heat
pipe have been discussed by Kemme (1969, A and B) and
are illustrated in Fig. C-1. Essentially, a heat pipe is an
elongated, gastight cavity that contains a suitable liquid
and its vapor. In a Subterrene, the evaporator end of the
heat pipe would be located within the heat source,
whether electrical or nuclear, and the condenser section
would be at or near the rock-melting surface. The heat-
pipe cavity i3 lined with a “wick,” which is a capillary
structure commonly built up from multiple layers of
woven-wire screen, and occupying perhaps one-third of
the cross section of the cavity. The wick is constantly
setursted with the working liquid, which, by capillary
action, is continuously returned from the condenser sec-
tion to the evaporator. There it is continuously evapor-
ated, so that the interior space of the heat pipe is kept
filled with vapor diffusing toward the slightly cooler
condenser. At the condenser, it deposits its heat of vapor-
ization and is returned as a liquid by the wick to be
recycled.
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Fg. C-1.
Heat pipe invenied by G. M. Grover at Los Alamos
Scientific Laboratory.



The unique advantage of the heat pipe is its ability
to maintain extremely large heat fluxes while only very
small temperature differences exist between its hot and
cold ends. This is to be contrasted with the large tempera-
ture gradients (hundreds of degrees per centimeter) ie-
quired to transfer heat at similar rates through a thermal
conductor. When the penetrator face must be maintained
at, say, 1500°K (1227°C) for weeks or months, and the
heat source is many centimeters from this face, it is
apparent that a heat pipe is the only practical method of
energy transfer that will avoid overheating of the reactor.

For an operating [temperature in the range 1400 to
1300°K (1127 to 1527°C), the heat-pipe container would
be a gastight refractory metal tube or shell. The appropri-
ate working fluid would be lithium, which is apparently
the best of all known heat-pipe fluids (Kemme, 1966;
Busse er al, 1968). Lithium heat pipes made of Nb-1% Zr
alloy's have been operated at temperatures up to 1500°K
(1327 C) for several thousand hours; others made of TZM
molybdenum alloy have been operated for similar periods
up to 1700°K (1427°C); and still others made of Ta-10%
W alloy have been operated for short periods up to
2100°K (1827°C). A heat-pipe lifetime of at least one
year can apparently be anticipated at the temperature
levels required for operation of a Subterrene.

At 1400 °K the vapor pressure of lithium is 0.2 bar,
and at 1800°K it is 5 har. The heat-pipe container will
evidently receive little internal support from the working
vapor, and so must itself be designed to support any large
external pressure to which it is exposed. No working fluid
is known whosz vapor pressure at these temperatures is
appreciable relative to an environmental pressure of, say,
10 kbar. If one were available, the opposite problem
would exist-that of containing the fluid during the period
when the external pressure was increasing from 1 bar to
10 kbar.

If the energy source is above the penetrator face,
the working fluid must be transported up the wick,
against gravity, by capiilary action. This limits the vertical
dimension of the heat pipe which, with lithium and &
reasonable capillary pore size, cannot exceed about 1 m.
However, as suggested by Fig. C-2, as many I-m heat
pipes can be used in serics as may be required, so that this
does not limit the vertical length of the heat-pipe system.
The figure also indicates another peculiarity of heat-pipe
design: the heat-pipe cavity must be so constructed thst
the vapor within it has an appreciable velocity parallel to
the surface on which it is required to coudense and
deposit energy. This is because, in manufacture, such
cavities cannot be purged compleiely of noncondensable
gases. These gases are swept by the working vapor to the
end of the condenser, where they form a blanket having
very low thermai conductance. This, however, does not
interfere with heat transfer to the sides of the condenser
section.

A tunneling speed of 100 m/day would require a
heat flux sbout of 500 W/cm? delivered to the melting
surface of the penetrator. At 1400°K, a lithium heat pipe

can readily transport 10 kW/cm of vapor-passage cross-
sectional area, and at 1800°K its capacity should increase
by a factor of more than five. Thus. each square
cemimeter of vapor passage can supply heat to at least 20
cm? of penetrator surface, and the penetrator can easily
accommodate the heat pipes required.

At heat fluxes above about 250 W/cm? across the
liquid-vapor interface in the evaporator region, ebullition
occurs in the wick and unacceptable hot spots are formed.
However, since the side wall as well as the end of the
cavity is available for heat transfer, a surface area 40 or
more times the cross-sectional area of the vapor passage
can casily be provided in the evaporator, even within a
very compact heat source.

In princlple, there is no reason why a heat flux of at
least 560 W/cm® should not be attainable in the con-
denser section of a heat pipe. Experimentally, the largest
condensatior: heat flux so far verified is about 30 W/cm?,
more than an order of magnitude less than is required at
the melting face to achieve a desirable penetraiion
velocity. Undoubtedly this can be improved, but experi-
ments with large cooling fluxes have not yet been
performed.

Electrical and Nuclear Heaters

Much of the early development of rock-melting
devices will be done using electrical heaters. The design
and construction of such heaters, whether resistive or
inductive, is straightforward, and no major problems are
expected in making them compatible with the heat-pipe
system. However, fast nuclear reactors will be required for
the more ambiticus types of Subterrenes, and conceptual
design studies and materials research for such reactors
should begin very early in the development program.

The basic technology of a heavily armored, shield-
«d, insulated, fast reactor of the type required for a
Nuciear Subterrene appesrs to have been established. The
necessary high-temperature fuels have been studied exten-
sively in the SNAP-50 program, where a similar reactor
technology is required. Criticality studiey for reactors
whose cores are about 40 vol% heat pipes have indicated
that for 100 kW to 10 MW thermal power outputs the
required core sizes would be roughly from 18 cm diam
and 25 cm long to | m dism and | m long- (To these
dimensions must be added the requirements for nuclear
shielding, thermal insulation, and protective atmor.) A
schematic cross section of a typical reactor core of this
type is shown in Fig. C-3. This core concept was devised
for 2 hea: supply for use in space (Salmi and Grover,
1970). It appears that conventional reactor-poison contyol
systems can be used with such designs. However, in
Subterrene applications, particular attention must be
given to provisions for inserting large amounts of shut-
down poison. Since neither size nor mass is a stringent
restraint, the problems of radiation shielding appear to be
minimal.
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Fig. C:2.
Schematic diagrams of heat-pipe systems insialled in two types of rock-melting penetrators.



REACTOR

HEAT PIPE ARMOR

CONTROL
ROD

FUEL

| =

Fig C4.
Schematic diagram of a heat-pipe reactor incor-
porating the concept of a replaceable core.

Fig. C3.
Schematic cross section of a typical reactor core for
use in @ Nuclear Subterrene.

A reactor installation concept for a Nuclear Subter-
rene is sketched in Fig. C-4, which also illustrates a
scheme that could allow reactor replacement.

Initial Field-Test Unit

Concurrently with the laboratory experiments
discussed in the body of this report, design and construc-
tion of a relatively ambitious mobile shaft-melter should
be undertaken. Such a unii is sketched in Fig. C-5. It
might well be based on a commercial truck-mounied drill
sig large enough to handle several hundred meters of drill
pipe into aad out of the hole. The commercial unit would
be modified by omitting the drill-rotation system, adding
a generator to supply electrical energy to the melting
penetrator, providing a mechanical- or fluid-pressure
system to exert a controlled downward force on the drill
stem, and providing circulating water and compressed air
10 cool vulnerable parts of the down-hole equipment and
bore wall and, if necessary, to eject scoriae from the hole.
As design information was collected In the laboratory it ’
would be incorporated into the design of an electrically |
heated penetrator to be mounted at the end of the rigid |
drili string. When the mobile unit had been completedand |
fully instrumented, it would be used in the field to - >
produce verticel holes in a variety of in s rock Fg. CS.
formations and sediments. It would be used for hardware The initial electrically heated fleid-test unit.




development and demonstration and for determinations
of pressure and power requirementt, penetration rates,
the feasibility of the lithofracturing techaique, the pro-
duction of uncased holes in unconsolidated ground, the
difficulties experienced in wet or porous ground, etc.

There are reasons to believe that an Electric
Subterrene of this general type may eventually be useful
commercially for producing vertical holes for such appli-
cations as recovery of oil, gas, water, or steam, and
inclined or horizontal holes for ventilation, sewage dis-
posal, and conduits for utilities. Whether such applica-
tions materialize or not, the information collected from
this first field-test unit will be essential for rational design
of the more ambitious Subterrenes discussed below.

Subterrene Development

The development of Subterrene technology beyond
its initial stages may take any of several directions,
depending largely on the results of laboratory tests and
experience with the field-test unit discussed above.
However, based on the function and environment of the
tunne! or shaft to be bored, it is possible to divide the
program into three successive phases. These represent
increasing degrees of difficulty in design, material selec-
tion, construction, and control, and of temperature and
pressure of the rock to be penetrated. Although each will
evolve into the next, three specific types of Subterrenes
can be identified corresponding to these phases, and
representing  successive stages in developing a self-
contained Nuclear Subterrene finally capable of produc-
ing large holes in and beneath the eazth’s crust. These
three types are:

Type 1. A tunneling Subterrene for production of
open tuniiels in rock at low temperatures and pressures.
Initially this would be electrically powered, and subse-
quently powered by a nuclear reactor. It would produce
lasige, Jong tunnels in rocks at temperatures no greater
than about 200°C, depths no greater than about 3 km,
and pressures no greater than about 1 kbar.

Type 2. A hot-tunnel Subterrene. This would be a
nmuclear-powered unit ¢:rigned to bore large, long tunnels
at depths and pressures similar to those encountered by
the Type 1 Subterrene, but at rock temperatures up to
about 500°C.

Type 3. The deep-probe Nuclear Subterrene. This is
visualized as a nuclear-powered device, ultimately self-
contained, that could operate at very high rock tempera-
tures and pressures. It would be designed to bore to
depths greater than 3 km, and cventually of 30 km or
more.

These threz types of Subterrenes are discussed individual-
ly in the sections tht follow. Many variations of them are

4

possible, for example, a Type | Subterrene to bore
large-diameter vertical shafts to limited depths.

Type 1 Subterrene

Tunnels intended for such applications as transpor-
tation, water supply, and sewage disposal will deliherately
avoid the higher-temperature regions of the earth’s crust.
The Type | Subterrene is intended to produze such
tunnels as well as to provide the basis for developing the
design features required for more difficult rock-melting
tasks and environments.

If the temperature of the rock to be entered is
200°C or less and the geothermal gradient is normal
(20°C/km), the Type 1 Subterrene will operate at depths
no geater than about 10 km and therefore at rock
pressures no greater than about 3 kbar. The relatively
shallow and cool tunnels produced will be filled with air.
With ventilation systems of the kind usually provided fcr
tunneling operations, they can be entered by men
unencumbered by special life-support systems, so that the
Subterrene will be accessible for maintenance, repair,
modification, and direct control and guidance. Auxiliary
electrical power, cooling water, and compressed air can be
brought directly to it.

The major components of tke Type 1 Subterrene
will be:

1. The rock-melting penetrator, operating at a
surface temperature of perhaps 1150°C.

2. An electrical heat scurce, mbseqnemly replaced
by a nuclear reactor, operating at about 1500°C.

3. Heat pipes to transport thenus! energy from the
heat source to the penetrator.

4., A prime mover and thruster to advance the
Subterrene against the rock face.

S. A control, guidance, and service module.

6. At least initially, a materials-handling system to
remove rock debris. Feasibility of the lithofracturing
technique, demonstrated early in the campaign of the
mobile field-test unit, would allow this festure of the
Type 1 Subterrene to be eliminated.

A design concept for a Subterrene intended to
produce a tunanel about 7 m in diameter is shown in Fig.
C6. (No attempt has been made to show detailed
component designs, and the configurations shown are
intended primarily to indicate problem areas and to
suggest genenal design so‘utions.) In this case, the unit is
not intended to accomplizh lithofracturing, but rather is
designed for minimum energy conmmption and maxi-
mum recovery of the rock beirig penetrated. To maintain
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Fig. C6.
Design concept of a Type 1 Nuclear Subterrene equipped for continuous debris removal.




the rigidity required of the penetrator, its honeycomb
structure must occupy about 20 to 25% of the cross-
sectional area of the tunnel, so that about this fraction of
the rock must be melted. Some of the meit will be
back-extruded around the periphery of the penetrator and
will glassline the tunnel. However, most of it will flow
backward through openings in the penetrator structure as
glass coatings on unmelted cores that would represent
about 75 to 80% of the rock. To facilitate handling, these
cores must be broken into short lengths which, in the
figure, is accomplished by a core-breaker constituting the
forward end of a helical conveyor. {A simpler solution
may be to design kinks or bends into the pass-through
channels of the penvtrator.)

The nuclear heat source for such a reactor would be
required to produce about 50 MW of power and to
cpenate continsously at about 1500°C. It wonld be
constructed of a refracto:y metal (perhaps tungsten or
Nb-1% Zr alloy), heavily armored, shielded with thick
reflectors-insulators (perhaps of BeO), and cook-2 by
refractory metal heat pipes with lithium as the working
fluid. To reduce radiation-streaming, the heat pipes would
be brought through the shield and armor in optically
blocked paths, and the external radiation level should be
very low.

The thruster sketched in Fig. C-6 is similar to some
used in existing rotary boring devices. It incorporates a
double-compression lock-on to the tunnel walls and a
hydraulic forward thruster required in this case to provide
controllable force of about 7 x 10¢ kg (15.4 x 10° Ib). A
sequentiai lock-unlock action produces continuous for-
ward motion with essentially uninterrupted thrust. (it
may be possible to puichase a commercial tunneling
machine, without the boring head and rotary drive, to
serve as a body for this type of Subterrere.)

Debris removal in the Subterrene of Fig. C-6 is
accomplished by a breaker-pickup at the penetrator end,
feeding a helix inside a tube (an intemal sioker). A
relatively slow rotation of the helix can move broken rock
at a high rate relative to the velocity of the Subtemrene.
The tube containing the helix can therefore be small
relative to the Subterrene diameter to sweep the debris
past the reactor and other structures. With a materials
handling system of this type, it may be necessary to
provide a water spray to cool the mixed rock. Thus, if
25% of the rock is meltsd at 1200°C and this is mixed
with the other 75% at 2:0°C, the mean teraperature of
the mixed rock will st) be above 500°C. To cool the
mass of rock removed from a 7-m-diam tunnel to 200°C
will require a water flow of about 400 liters/min (120
gal/min). An ingenious idea is needed to recapture the
waste thermal energy of the melted rock and make it
usable in the Subterrene.

The least well-defined component of this unit is th.
service module, which must provide control, guidance,
services, surveillance, power, ¢tc. Conceivably, the module
could be occupied by a human operator if a modest
life-support system were provided.
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Table C-I lists some significant parameters for this
Type 1 Subterrene. Obvioudly, it is a very ambitious
tunneling machine, and it is both luger and inore
complex than would be attempted ealy in the program.
Once perfected, however, it would have broad usefulness
and would be an ideal test vehicle for solving the
problems associated with the Type 2 Subterrenes.

Type 2 Subterrene

The most exciting possibility of a
penetrator is its potential ability to bore into
temperatures of the order of S00°C. Indeed, the melti
operation itself will become easier as the rocks bet
penetrated become hotter, because their initial tempera-
tures will be closer to their meiting ranges. High temper-
ature, however, introduces difficultics that affect the
configuration and design details of the Nuclear Subter-
rene. In particular, (1) access to the Subterrene will be
strictly limited, and either robots or complex, insulated,
life-support systems will be required; (2) only minknal
communication to the surface and service umbilicals from
it will be possibic; and (3) all rock removed from the
working face will be very hot, and its handling and
removal will be exceedingly difficult.

Corceptually, at least, lithofracturing-discussed in
Appendix D-G{T2rs an attractive solution to ihe material:
handling problem. This technique will probably require a
pointed or wedge-shaped bit, with very high pressures
imposed on its sioping surfaces by a thruster. The pressure
levels required are of the order of the rock over>urden
pressures which, for tunnzling situations of the type
snticipated for the Type 2 Subterrene, are up to abou?
700 bar (10,000 psi). The structural problems of such a
penetrator are formidable, but th.ey appear to be solvable.
If the rate of forward advance, cone angle of the
penetrator, and crack-propagetion and fracture character-
istics of the rock are favorable, it appears probable that all
rock melted in making the tunnel can be forced into the
fractured rock surrounding the tunnel. If so, the probkm
of debris removal will have been solved, and a significant
breakthrough in tuniieling and boring will have been
accomplished.

Design details of a Type 2 Subterrene are neces-
sarily more speculative than are those presented sbove for
a Type 1 unit. Figure C-7 presents a conceptual design of
a Type 2 Subterrene equipped for lithofracturing. No
debris-handling machinery is required, but the prime
mover, thrustez, and penetrator must be substantial
structures, and much of the hardware must operate
uncooled at temperatures of about S00°C. Control and
guidance systems must be self-contained and remotely
controlled, and telemetered communications will be
essential.

Data are given ia Table C-ll for a Type 2 Nuclear
Subterrene of this general design capable of producing a
tunnel 2 m in diameter in kot rock at an advance nate of
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TABLE CI

SUMMARY OF DATA FOR A TYPE 1 SUBTERRENE EXCAVATING A TUNNEL
OF ~ 7 m DIAMETER AND PROGRESSING AT A RATE OF 100 m/day

Quantity Approximste Magnitude
Maximum Depth <3km
Maxiniem Rock Temperature <200°C

Total Rock Mass Flow

Power Required to Melt 25% of Rock
Velocity of Subterrene

Force Required on Melting Bit

Heat Flux Required at Bit Surface

Rock-Cooling Water Fiow Required
to Cool Rock Mass to ~ 200°C

100 m{day. Its application might be in continuing an
access tunnel produced by a Type 1 Subterrene to the
periphery of a shallow geothermal energy reservoir. After
the Type 1 device had been withdrawn, or had followed a
circular path back to the original wunnel, the seif-
contained Type 2 device would be advanced to the rock
face and, on command, would extend the tunnel into the
high-temperature region. After the hot tunnef had been
completed and the Type 2 Subterrene withdrawn, it
might be necessary to increase the heat-transfer surface by
hydrofracturing, using high-pressure water. If so, hydro-
fracturing would be greatly facilitiated by the presence of
fracture zones already created by lithofracturing.

Type 3 Subiamrene

Ultimately, a rock-melting Subterrene should be
possible that can probe very deeply into, and perhaps
beneath, the earth’s crust to develop geothermal energy in
regions where geothermal gradients are normal, and to
extend direct geologic and geophysical explosation to the
upper mantle under the continents. Beneath ihe Colorado
Plateau, the Mohorovicic discontinuity is at the anoma-
lously shallow depth of about 30 km, which is a natural
goal for penetration by the Type 3 Nuclear Subterrene.

At a depth of 30 km, the normal geothermal
gradient (20°C/km) would result in rock temperatures of
about 600°C, and the overburden pressure would be

~ 10 x10° kg/day (4.0 x 10° m?/day)= 10,000 tons/day
~50 MW

100 m{day =12 ft/le -

~7 x 10° kg = 15.4 x 10 [b =8000 tons

~ 500 W/cm?®

2 galfsec = 14 Ibfsec =7 kg/fsec

nearly 10 kbar (about 145,000 psi). Design details of a
Subterrene to operate under such extreme conditions are
even less definite than are those for Type 1
and Type 2 Subterrenes. It may be necessary to zbandor
the concept of a mechanical thruster 2s the prime mover
and to provide the thrust required for lithofracturing
cither by fluid pressure controlled from the surface or by
the: weight of a drill stem above the penetrator. A fluid
circulation systern may be needed to cool the glass lining
the hole so that, even at great depth, it can resist closure
by creep of the sumrounding rock. A fluid-flow systera for
recovering rock szanples may therefore be needed.

Figure C.8 is a schematic of a Type 3 Subterrene,
design and guidance for which would be based on data
from the truck-mounted field-test unit and’ the Type 2
Subterrene. Mechanical structures, control, and guidance
will all be major engineering probleras. The unit illus-
trated has a sharp taper of about 10 to 1 to facilitate
lithofracturing. Thrust is provided by a nonrotating pipe
string combined with a fluid-pressure scheme. A down-
hole pump is used to provide coolant cut-flow through a
porous metal wall on the cylindrical section behind the
penetrator to chill the glass lining of the shaft. Provision
for continuous geophysical sampling could probably be
made by leaving a flow-through opening in the penetrator
and adding a core extractor. However, to allow access for
experiments, it may be desirable to design the Type 3 unit
5o that the heater system can be withdrawn from the
penetrator shell, while fluid pressure is maintained to
support the wall of the hole.
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Fg C7.
Design concept of a Type 2 Nuclear Subterrenc intended for tunneling in hot rock and equipped for
lithofracturing.



TABLE C-l

SUMMARY OF DATA FOR A TYPE 2 SUBTERRENE MELTING A TUNNEL
2 m DIAMETER AT THE RATE OF 100 m/day
AND USING THE LITHOFRACTURING TECHNIQUE OF MELTED-ROCK DISPOSAL

Quantity Approximate Magnitude
Maximum Depth <3km
Maximum Rock Teraperature < 600°C
Rock Mass-Meiting Rate 8 x 10°® kg/day (314 m*/day) = 800 tons/day
Power Requirement* ~15MW
Force on Penetrator ~ 18 x 10° 1b =9000 ton =8.2 x 10° kg
Lithocracking Pressure at Cone Tip ~ 1 kbar = 15,000 Ib/in?
Heat Flux at Penetrator Surface -~ 50 W/cm?

*Assuming that all of the rock is meited.

It is apparent that some very difficult scientific and
engineering problems will be involved in the development
of the Nuclear Subterrene. In particular:

® The high heat flexes at the melting face of the
penetrator can be provided only by heat pipes. High-
temperature, refractory-metal heat pipes must be adapted
to this purpose.

® Small, high-temperature, high-energy-density
nuclear reactors gre required, having fast neutron spectra
and provision for cooling by heat pipes. Such reactors are
now being developed for other purposes, but new designs
will be needed for Subterrenes.

® Very rugged refractory structures and compo-
nents will be required to operate for long periods at very
high temperatures. Their design and fabrication will
extend existing technology to its limits.

® Control, guidance, and communications systems
for self-contained Subterrenes present extremely difficult
problems.

® For Subterrenes that do nod utilize lithofractur-
ing, a scheme is needed to reclaim a; much as possible of
the energy deposited in the melted portion of the rock
debris. Even when liihofiacturing is used, some cooling of
the glass bore lining will be required and, again, recovery
and utilization of this waste heat would produce a
desirable increass in efficiency of the boring operation.

Fortunately, a sequence of logical development
steps can be defined to accomplish these design objec-
tives, and a program of laboratory investigations and field
teits can be outlined to collect the data required to build

Fig C-8. rogre errencs
Schematic of a Type 3 Nuclear Subterrene. and operate p sively more advanced Subt




APPENDIX D

LITHOFRACTURING AND ROCK MECHANICS

In all drilling, tunneling, and shaft-sinking, a major
source of delay, difficulty, and expense is the very
troublesome operation of removing the rock fragments
broken away from the working face. One of the most
promising features of a rock-melting system is that it
offers the possibility of completely eliminating debris
removal. It would accomplish this by lithofracturing, the
technique of producing and extending cracks in solid rock
around the bore by means of lithostatic pressusc de-
veloped in molten rock ahead of the advancing Subter-
rene. All molten rock not used in glass-lining the bore
would be forced into these cracks, where it would freeze
and remain. Only solid cores saved for geologic and
geophysicai investigations would be transported back to
the surface.

This appendix reviews some basic aspects of reck
stresses and rock mechanice, and provides background
information on the lithofracturing concept. The actual
cunditions under which cracks form and extend in solid
rock and the mechanisms and paranieters of the flow of
molten rock can, of course, be established only by
laboratory experiments and field tests. However, an
elementary anmalysis of the lithofracturing process is
possible, and the results of this analysis support the
feasibility of the technique.

Streases in Rocks Distant from the Excavation

Lithostutic Conditions. The nominal stress field in
rock relatively deep in the earth’s crust is represented by
the compressive state produced by the mass of rock above
the particular region of interest. This overburden, or
lithostatic, stress field will exist undisturbed only in areas
that are tectonically relaxed and are unperturbed by such
local inhomogeneities as gas or liguid bubbles, raults,
intrusions, and high thermal gradients. In such non-
nominal situations, the local structure and stress state
must be examined individually.

To illustrate the magnitudes of overburden stresses
at depth, it is convenient to refer to the ccordinate
system shown in Fig. D-1, where the XY plane is
horizontal and the Z-axis is vertical. The compressive
stresses at a point deep in the rock are directly propor-
tional to the mass of the overlying rock, and increase
linearly with depth. Mathemaiically, the axial (ventical)
component of the overburden stress, 0z, is given by

oz=-7h , @)

where 7 is the average density of the overlying reck and h
is the vertical distance from the earth's surface to the
point being considered. (In this notation, compressive
stress is considered negative.)

The horizontal components of stress, ay, are less
than the vertical stress, to which they are rehtey by either

oy =0y = oy =voz/(1-v), the Elzctic Law, (D-2)
or

oy = ox =ay =az/(f+\/I+7)? ©3)
the Inelastic Law,

where v is Poisson’s ratio for rock and { is the intemal
friction coefTicient for rock (0.3 to 0.7). At least in a
preliminary analysis, the rock may be assumed to behave
elastically, and Eq. {D-2) can be used. Like most other
brittle materials, rocks have properties such that 0.1
<v<0.25, so that (from the ejastic law) oy will range
between about 0.11 o7 and sbout 0.33 05. Since rock
densities are of the order of 2.5 g/em?, the vertical stress
gradient due o the overburden will be approximately
~2.5 g/lem?® per centimeter of depth, or —0.25 ber/n.,

o— . - g—’\\

COMPRESSIVE
STRESS STATE

Fig. Dl
The nominal stress Jleld in rock at depth k benesth
the carth s surfuece.



and the gradient of horizontal siress will be between
about —-0.028 and -0.083 bar/m. For example, at a
depth of 3 km in rock whose mean density is 2.5 g/em®
and whose Poisson’s ratio is 0.2, the components of the
lithostatic stress ficid arc

02 =~ 750 bar = ~ 0.75 kbar (-~ 10,900 psi),
oy = — 190 bar = - 0.19 kbar {~ 2700 psi).

Pressurized Borehole. The relatively simple state of
compressive stress in desp rocks will be perturbed locaily
by any discontinuity, such as a shaft or tunnel melied by
a Subterrene. One of the simpler and more illuminating
situations s the local siress condition produced by a
vertical borehicle. Neglecting for the present the glass
liner, any cracks or fractures areund the hole, and any
residual stresses or temperature gradients left by the
Subterrene, the clastic stress state s that illustraied by
Fig. D-2. Here a deep cylindrical hole of diameler 2a has

TENSION
COMPRESSION

(b) T

been introduced into the lithostatic stress field, and the
hole has been filled with a gas or liquid to produce an
internal fiuid pressure P, At the wall of the hole this
intemal pressure directly opposes that horizonta) com-
ponent of lithostatic pressure [(ay, Eq. {D-2)] exerned
radially, and this opposing pressure is transmitted elasti-
cally through the solid rock sround the hole. However,
the stress perturbation in the rock falls off rapidly with
radie® distance r from the center of the hole, and the
radial siress in the wall rock is given by

(D4)

The tangential siress produced at the surface of the hole
by the internsl pressare is additive to that produced by
the horizontal component of iithoststic pressure, but
again the cffect decays as {a/r)® with increasing distance
into the rock, and the tangential stress in the wall rock is
gven by

ag = oy + (P, + oyXalr}® .

o, = oy = (P, + ayXalr)® .

(D5)

(R+20y,)

TENSION o
COMPRESSION

{c) O
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Fi. D2
{u} The stress sinmiion ercind & pressurized deep hole in the etk s cvust; (b)) the ratlial sivess ssate in
rexk wound the hole; {c] the angential stress sipre; (d) veviical cracks formed by the intermed

presuire.



These stress distributions are indicated in Fig. D-2(b) and
(c). At distances of the order of 10 hole radii, the stress
perturbations have essentially died out, and the stress
situation has again become that represented by Eqs. (D-1)
and (D-2).

The tangentisl stress in the wall created by internal
pressure is tensile, and so is uppositc in sign to the
compressive stress represented by oy. Equation (D-S5)
therefore indicsies that if sufficient internal pressure
(P, > 204) is developed in the hole, for example, by the
use of h!a\-pcmm pumps at the exrth’s surfacz, the net
tangential stress in the wall will be positive, i.e., tensile.
Thus, from Egs. (D-5), (D-2). and (D-1):

OQL-. =P, + 20 =P, + oz /(l -

= Py ~ WIN(L - v) (D6)

I v 20,2, then the tangential stress at the hole surface |s
%0 .. WP, ~0S5Th=P, +950;

Thus, the stress in the wali will just become tensile when
internal presturc in the hole is approximately one-haif the
overburden pressure. Since this tensile stress is tangential,
a sufficient increase in internal pressure would be ex-
pected to cause vertical cracks to appear In the wall, as is
iBlustrated bty Fig. D-2{d). The tensile sirengths of rocks
are low, of the order of only 40 1o 100 bur (500 10 1500
psi). The pressuze required in a deep hole to form eracks
in s wzll is therefore generally less than the overburden
pressure. This eonclusion is subsiantiated by extensive off
fieid experience in hydrofracturing. The hydrofmciuring
daua of Fig. D-3 demonstrate that, at Jeast down 10 about
36 km in cedimentary socks, the rock breakdown
(fracture) pressure is from about 0.44 to sbout 0.75 times
the overburden preswre (Harrison of o, 1954). it is
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Fig. D-3.
The hydrosmic pressive required 1o produce
hydrofrecturing as « ymciion of the overburden
ar the leve! at whick frecture cccurred.
{Adspied from Harrison et ol., 1954).
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interesting that a water-filled hole would have an internal
pressure at depth of approximately 0.4 of the overburden
pressure.

The situation for a horizontal tunnel is qualitatively
the same as for 2 vertical shaft or borchole. The stress
state around the tunnel is more complex, but as internal
pressure at the tunnel wall is increased one would expect
cracks to form predominantly in veniical planes extending
parallel to the tunnel axis.

Fracture Criteria for Rocks. As yet, little research
has been directed toward determining the fracture crite-
rion for socks under the conditions of high hydrostatic
pressure and high temperatuie at depth. One notable

recent attempt has, however, been mude by Cherry eral.
(1968) to determine the strengths (onset of cracking) of
rocks subjected to complex stress states, and in particular
to high hydiosiatic fleids. This work indicaied that the
onset of fracture could be described by u quantity Y,
which was found to increase with mesn Jocal hydrostatic
stress. The resuits for dolemite are shoewn in Fig. D4,
where the fraciure parameter Y is plolted against magni-
tude of the mean siress at fracture.

The current siste of knowledge concemning the
fracture of rock at depth has been reviewed by Fuirhurat
(1969). Clewrly, move study of rock {racture is needed for
better than order-of-magnitude predictions of the stresses
required to initiate fracture at Gepth.
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Fig. D4.
The fracture parameicer Y for dolomite as a funciion
af mean siress a1 frocture. (Adapied from Cherry et
al., 1963},



Near-Field Stresses-Crack Extension

The discussion above indicates that stresses applied
to a borehoie or tunnel are local, and that their influence
would be expected to be significant only within a region
whose diameter was of the order of 10 times the* of the
hole. Now it is instructive to review the near-field stress
states, to consider the thermal field and the thermal-stress
field around a hole being produced by melting, and to
discuss what is known about the extension of cracks in
rocks.

Thermal Boundary Layers and Thermal Strosses.
Most rocks are good thermal insulators. The affects of an
abrupt change in surface temperature or of a heat flux
suddenly applied to a rock surface will in general not
penetrate either very rapidly or, unless the time scale is
long, very deeply.

For example, suppose that a cylindrical hole 2 m in
diameter exists in a semi-infinite body of granite having
the following typical properties (Ingersoll ez al, 1954):

Thermal conductivity = A = 0.0065 cal/cm-sec-°C

Specific Heat =Cp =0.19 cal/g-°C
Density = p=2.7 glem®
Thermal Diffusivity =D =0.6i27 cm?/sec.

Suppose that the surface tempenature of the hole, T, is
suddenly raised from 100 to 1100°C, w: ich is approxi-
mately the melting temperature of granite. To determine
the (emperature of the surrounding rock as a function of
time and of dimensionless radial distance, r/a, from the
hole, the parameter of interest is the mondimensional
Fourier number (Schneider, 1963)

F, = (Dfa®)t ,

where time, t, is in seconds. For the rock properties
assumed,

F,=1.26x 1071 .

(D7)

Roughly, this is thic scale factor of time for 2 **thiermal
wave™ (o move out into the granite. Progress of the
thermal wave is Qlusteated in Fig. D-S. In 1 h i has
penetrated only about one hole madius from the hole
surface, ané for the temperature wave t- reach 10 hole
13dii would reguire something like 40 d- ys. Alternztively,
the vesults of this calculation can be e..preseed in terms of
the time required for rock at a specified distance from the
hole to rise in temperature by a given amount, as has been
dore in Fig. D-6. To raise the rock temperature 20°C at a
distance of one hole radius from the heated surface will
require about 29 h, and at 5 hole radii this will require
several hundred hours. Such reslts indicate that the
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Fig. D-S.
Penetration into granite of the temperature wave
from a bore surface whose temperrature has been
raised abruptly by 1006°C.
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Time required for a 20°C temperature rise to occur
in granite at various radial distances from a dore
surface whose temparature has been raised chruptly

by 1000°C.

therma! perturbation in the earth caused by passage of a
rock-melting penetrator is extremely local.

The insulating properties of vock illustrated above
are of great importance to the rock-melting concept.
Unmelted rock in the immediate vicinity of the penc-
trator forms a thermal blanket that minimizes the energy
loss by unnecessary heating of rock farther from the hole.
It is necessary to heat only a thin layer of rock, and not
the whole earth.

An estimate of the heat loss above that required to
melt rock adjacent to the penetrator face can be made by
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considering the rate at which heat must be transferred
faterally from the moving heat source to raise the surface
of the unmelted rock to its melting temperature. This is
approximately the heat flux required to flow through the
layer of melted rock, and so is an estimate of the rate of
heat loss to unmelted rock beyond it. Using the example
of the Type 2 Subterrene described in Appendix C,
together with the thermophysical properties of granite,
the analysis shows that this heat flux is only about 2
W/em?, or about 4% of the SO W/cm? required to melt
the rock. Heat transferred to solid rock zhead of tiie
Subterrene will subsequently be utilized as the Subterrene
advances, and only that conducted laterally will be lost.
Much of the lateral heat loss will be derived from molten
rock back-extruded from ahead of the Subterrene, so that
meiting efficiency may in fact be considerably higher than
this calculation indicates.

Since the thermal perturbations are restricted to
very thin layers adiacent to rock surfaces, the thermal
stresses generated in rock rear the heated (or chilled)
surface are easily estimated. For this situation, the
magnitude of the thermal stress can be estimaied from the
simple relation

aE
om= Gy To- T (D8)

where oy, = thermal stress, kg/em?,
@ = mean coefficient of thermai expansion, °C’* ,
E = elastic modujus, kgfem?,
v = Poisson’s ratio,
T, = temperature of undisturbed rock mass, °C,
T, temperature of the rock surface, °C.
The temperatuse gradients that czuse thermal stresses are
illustrated in Fig. D-7. If the surface is heated to abeve
the mean temperature of the surviinding rock, the stress
stzte is biaxial compression; if the surface is cooled, ii &

biaxizl tension. The magnitude of such stesses can be
indicated by substituting into Eq. (D-8) the following

typical rock properties:
@=38x10%°C" ,
E = 10°® kgfom? ,
» 202,
With these wubstitutions,
oy = W(T,- T,) = £ 10AT.

Since the tensile strengths of rocks are of the order of 40
to 100 kg/cm®, a AT of only 4 to 10°C may create
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Fig. »-7.
{a} A borchole surface vhich is abruptly heated or
cooled; (b) biaxial compression developed at o
heated surface, which can cause spalling; f¢) bigxial
tension developed at a chilled surface, which con
cause cracking.

thermal stress suflicient to cause tensile cracking. Spalling
appears to require a temperature difference about 10
times this great, seflecting the fact that the compressive
strengths of rocks (800 to 2500 kg/cm?) are much higher
than their tensile strengths.

Maurei (1968} has reviewed the geners) situation of
both spaiiing aid tension cracking as methods of breakiiig
rocks.

Crack Extension in Rock. Of particular interest to
the probable success of the rock-melting penetrator is the
lithofracturing concept, which requires <hat the high
intesface pressuzes produced by the thrust of the pene-
trator form, open, and extend cracks in the solid rock
adjscent to the hole, and squeeze most of the pressurized
melt into these cracks.

The basic facts of fracturing (Hubbert er of., 1957}
and crack cxtension (Harrison et al., 1954) in rock by
hydraulic pressurization of a hole in the rock have been
well established. The available evidence indicates that,
once & crack is opencd in rock at depth, the crack will
extend over a large ares and open wide encugh to produce
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a large fracture volume. Harrison et af. (1954) conclude:
*. . a large majority of pressure-induced well bore
fractures are vertical, particularly in deeper wells; and
variations in the pressures necessary to create and extend
fractures can be explained largely on the basis of
established rock properties. It is also shown that varie-
tions due 10 tectonic forces should usually be expected to
be slight. Other results indicate that during the extenson
of fractures rather large fracture volumes sre. . .created by
the parting of the formation.”

Verification of the crack-extension behavior of
rocks pressurized hydraulically and of the fracture vol
umes produced have been chiained in wells at Osk Ridge
National Labordtory. The ORNL dais have becn snalyzed
by Sun (1969) of the U. S. Geological Survey, who found
reasonable quantitative agreement between these experi-
mental results and theoretical models of crack-exiension
radii, erack widths, and erack volumes. Specifically, it was
demongirated that the cracks formed from a borehoie 10
cm in diameter extended outwards to distances of 50 (o
60 m, Le., crack depths were 500 to 60O times the hole
dizmeter. Crack widths were small, of the order of | em.
These dimensions were in good agreemeni with thosa
calculated from theorctical analyses of the extension of
pressurized, liquid-filled cracks.

The physical situation of such a crack is illusiraied
in Fig. D8. Herc a circular crack® of radi~3 Ly, is shown
extending cutward from a borchole or tunael «f radius 3

*The clastic frture-muchanics solutions indicate (hat the crkk
hape will actually be an oblate disk of alliptical crom metion.

HORTONTAL  COMPONENT
OF OVIXOURDEN STRESS
UNCISTURSED ROER

Fig. D8,
Z:l:exlmdm of & circuler crack from a pressurited

under the action of pressure P, imposed by a liguid that
extends into the crack. Available solutions for the
liquid-filled crack (Sreddoi. and Lowengrub, :969) indi-
cate that estimates of crack voume U, width B, and
stress-intensity Factor at the crack rim, s, will be given by

16 (12
=54 e,-me . ®9
8 v -
B';g(l*’)ﬂ’g-(—,_,)ﬂ)l-, . (D-10}

sE3+2.015(1 + LJa)® D-i4)
Here 5P = B, ~ FEW(1 - ») is the net pressure in excess of
the horizonta) iithustatic compression, 0y, and the crack
dimensions are noted 1o be linearly selated to AP,

An indicaiion of the net pressure required o extend
a crick Is obisined from » quaatity C, the module of
cohesion =7 § material, definad by

ce(n2E) . o

C has spparently not deen determined for rocks. If it is
truly @ constant, then Eq. (D-12) indicates that the longer
2 erack, the lower the net pressure required (o extend k.
The volumes of cracks of several difTerent geom-
ciries, formed in granite hoving the properties Msted
above, are indicated in Table D-I. These resulis show tha:
lower prassures are required to form very long, thin cracks
than to form shorn, wide ones, and that the long, thin
eracks have unexpaectedly large volumes. For
ai-mmhohhokzmhdhnuuhanﬁmd

only 3.14 m?,

The preceding discussions have established the bases

melt, 30 that a gless-ined hole is produced
rock debris. In support of this coacept, the following
information is avallable.



TABLE D
CALCULATED DIMENSIONS AND VOLUMES OF CRACKS FORMED IN GRANITE

Crack
Crack Crack Voiume, Net Presswre, AP
Radies, L, Width, B, U,

m em m kglem? (bfn’)

5 0.2 0.1l 165 (2,300)

10 05 1.05 200 (2,800)

0 10 8.0 200 (2.800)

50 10 520 80 (1,150)
00 20 420 80 (1.150)

radially to openings in the penetzator and to iis puriphery,
and backward twough such openings and into any
clesrance existing around the periphery. Upon coeling it
forms a glass that can be hendled a3 2 solid, and produces
a continuous and adherent lining on the wall of ik aole.

2. Molien rock flows withoui stipping at 4 viscous
fluid in the vicinity of 2 hot surface. Near a cold surface
the melt cannot adhere, and friciiona) sipping ocsurs. At
Intermediate temperatures, s bond can form beiween the
penetrator and the glass. However, with proper design the
1ransition region in which this occurs can be made very
perrow 30 that the bonad can be bruken by relatively weak

shearing forces.

3. The gencral eifects of prasiure on viseosity are
known. it is also known that water vapor lowers the
meliing wmperatuses of rocks, and that pressuritation

remain thin, seldom exceeding | to 2 cm in widih, but if
sufficient pressurized Ruid is provided they will extend
over lurge distances. which may he hundreds of hole
diameters. Therefore, the volume of such a crack system

<an be very large.

6. Rock-meliing deitis, which raelt rock but do not
develop the pressures needed for fraciuring, have been
built and succensfully operated. The principles of such
devices are undorsiood, several functional designs have
been tested, and the bases for new and improved designs
exist.

Within this framework, and in advance of actual
operaiing expericnce. what con be expecied 1 happen
when 2 high-temperature, high-thmsi, rock-melting penc.
twator s foresd into solid rock?

dady (Appendix C, Figs. C-7 and C-8). As the penetrator
is Torced into the rock. 4 thin film of glass-like melt forms
over fis hat surfoce. This Nuid serves a3 8 viscous pees.

Siemes i s be Nk, and spig 1 cracing e 942 1 ome diuncs rom he pevtrc, e pop
m ’ open. eh muo"d
¥ ocot In socks of low thermal tress resstance. sk phg. (hen 1 vk of e bisshol would i e
S. The tenoile sirengths of rocks are jow. As wbjecied 10 lutersl hydrostatic forces. Either he
M.Mcwmhahdtumnﬁu; oviginal cracks would contimue 1o enlarge in length and
cause tonsile cracking in the sdjscent rock. Prosrized  Width, permitring the melt to flut pest the provious piug,
eciering the cracks produces Jarge laieral forces that &5 Aew Pales of cracks woeld develop and siart 1o Bl with

& ;gz
i
i
|
1
H
i

melt.



ROCR MELTING The processes of crack initiation, crack enlarge-
PENETRATOR BT ment, and crack filling may be either contiruous or inter-
mittent. In the latter case, these processes might either be
locally intermittent or might occur during a crack-enlarge-
ment period alternating with a flowing and freezing phase.
An intermittent behavior, particularly if accompanied by
temporary bonding of glass to the imermediate-
temperature region of the penetrator surface, might result
in a jerky forward motion of the advancing penetrator.
A:__ If the cracks become sufficiently numerous to inter-
Pos g"ﬁ'{gg’uﬁ &ST&%E act thermally, there will be 2 general rise in temperature
OF PERETRATOR of the unmelted rock beiween the cracks. Heat deposited
in this way in the region ahead of the penetrator will
Fo, REACTION ON ROCK reduce the energy ister required to melt the rock in that

‘/ ) region, and so will eventually be used as the penetrator
-
e

advances. In the meantime, the temperature gradients will
create stress gradients that may result in additional crack-

] ~ ing and fragmentz ion, facilitating subsequert lithofrac-
N turing and reducing the thrust required to produce it.

CRACK !MITIATION With such a variety of concepts and possibilities, it
REGION seems unlikely that any one solution will apply or any
Fig D-9. singie pattemn of behavior will appear in all rock forma-

Lithostatic pressure devcloped by a rock-melting tions a melting penetrator may encounter. In particular,

penetrator, end crack initiation in the region of its variations are expected with depth and with the thrust

tip. imposed by the penetrator, and nstural zones of weakness

in the rock, such as bedding planes, blocky cleavages, and

faults, will have effects that can be predicted only if the

local structure is known. Duspite the difficulty of predict-

R ing rock behavior in detail, it seems probable—if not, in

faci, necesssry~that yielding and fracturing of the rock

will somehow occur to accommodate the volure of melt
preduced by the penetrator.

Grossly, the mechanical proislem is simply that of
creating tensile forcoz sufficient 1o crack the rock by
producing corresponding compressive stresses on the
penetrator surface. The tensile strengths of rocks are
relatively low, and many refractory materials are available
for penetrator coustruction which have strength proper-
ties at rock-melting temperatures sufficient to sustzin the
requized compressive stresses. This problem can therefore
undoubtedly be soived. The quantitative details of the
solution, involving the time-dependant processes of rock
melling. crack formation, squeezing outflow of melt,
crack extension, freezing of the melt, oid-crack reopening,
new-crock formation, and progress of the penetrator,
must await experimental results and complete thermal
and mechanical analysee. Hox ever, some qualitative
essimates of the probeble penetrstor action are possible.

The rate of advance of a rock-melting penetrator is
obvioudy govemed by the rate at which the rock is
melted, and this is controlled by the power delivered to
the peaetrator surface. Cracking of the rock and cutflow
of the mals depend upon the thrust applied to the pene-
trator. Pieceding the tip of the penetrator wili be a region
of crecked and fractured rock. As the penetrator enters

Fig D-l0. this region, it will start to squeaze molten rock from the
{8) The advancing rock-melting penciritor; (b} a melted hayer adjacent to the penetrator surface into these
section through rock neer the penetrelor tip; (¢) @ cracks. Since molten rock is relatively viscous and the
section in the region of hole enlargement.
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melt moves as a thin film along the penetrator surface, the
circumferential pressure gradient will be high. It is there-
fore probable that a number of cracks will be extended by
liq ' filling and pressurization instead of just one crack
or one pair of cracks. The actual number will be governed
by the nature of the original fracture zone produced by
the penetrator tip, the viscosity of the melt, and the
velocity of the Subterrene, which represents the rate at
which meli is produced. Figure D-11 illustrates this prob-
able sequence of events.

The extent of the cracked and glass-filled region
around the hole will be determined by the number of
cracks generated and the volume of melied rock intruded
into them. This is illustrated in Table D-11, which lists the
calculated average crack lengths and spacings for various
numbers ~f cracks produced by a Subterrene 2 m in
diameter. Melt volume was assumed to be approximately
3 m? per meter of hole length, and net interface pressure
of 100 kg/cm? was assumed to act on the penetrator
surface.

Intuitively, it seems that the 6-cm spacing produced
when 100 cracks are formed represents a ressonable dis-
tance for circumferential flow of a rather viscous melt.
Probatly, then, the usual cas. will be extension and filling
of a rather large number of relatively short cracks rather
than a few very long ones, as would occur if the viscosity

/)”/ ) -
h ROCK
:::Lm :&’:Tlfﬂow Ry
§ECTOON A-h CRACKS A
SECTION B-B

of the pressurizing fluid were low.

An obvious question concerning this general con-
cept is: What is the net effect on the earth of creating this
volume of cracks and squeezing out tiis quantity of glass
into a previously solid rock formation? Essentially, a
“tube” of volvetric strain (dilatation) is created around
the hole, extending outward approximately as far as the
cracks themselves extend. The increased bulk volume of
material in this tube tends to increase its diameter, but

TABLE D-Ii
CRACK LENGTHS FOR A PENETRATOR MELTING
A HOLE 2 METERS IN DIAMETER
Number Average Average
of Crack Circumferential
Cracks Length, m Crack Spncing, cm
2 100 300
10 20 60
50 4 12
100 2 6
N
~
N\. GLASS

GLASS
FILLED
CRACKS

\

LINING

\

SECTION C-C

D-11.

Fig.
{¢) Lithocracking by an advancing Subierrene; (b) initial crack pattern in the region ahead of the
peneirator tig: (c) the extending crack array; (d) the final crack configuration.

38



" VXY

the increase is resisted by the solid rock around it. A
region of enhanced compressive stress, above the nominal
compression produced by the overburden pressure, will be
created within another tube of rock somewhat larger than
that in which dilatation has occurred. Only during the
first few meters of penctration will there be a detectable
effect at the earth’s surface, and this will be a local bulge
at most a few millimeters high. At depth, the passage of
the Subterrene will leave behind a glasslined hole sur-
rounded by a limited region of enhanced compiessive
stress in which a volume increase has been-accommodated
by elastic strain of the rock znd by collapse of any
pre-existing voids.

This brief description of the extension of liquid-
filled cracks is based upon several known but distinct
phenomena: initiation of cracking in rock at depth by 2
lubricated penetrator; crack extension and opening by a
pressurized fluid (hydrofracturing); and the flow and
freezing of molten rock, as demonstrated in early experi-
ments with the LASL rock-melting drill. Only extensive

laboratory investigation and field testing will reveal the
details of these processes as they occur in a full-scale
boring operation. Together, however, they offer the
potential of a revolutionary advance in excavation
technique--borehole excavation without debris removal.
This can be considered a direct response to the plea in a
recent report of the National Research Council (1968):

*The existing private mechanism for techno-
logical change is well developed, but it is largely di-
rected toward the ingenious incrementa! changes in
technique that are typical of competitive firms and
suppliers engaged in winning a larger share of a
relatively fixed market. However, continued in-
genious incremental improvements in technolcgy
cannot so improve underground excavation that it
will become a realistic alternative to surface cxcava-
tion for construction activities by the end of this
century. A radical change in the scope of thinking
about underground excavation is needed to achieve
that desirable goal.”
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APPENDIX E

THE SOLUBILITIES OF NATURAL MINERALS IN HOT WATER

Most naturai minerals have sigmificant. solukiiities in
hot water, which offers both possibilities and problems
when underground circulation systems are considered. On
one hand, most commercii} ore bodies have been formed
by mineral deposition from hot, aqueous solutions, and
the process can be reversed to extract and recover these
minerals. If a leaching operation is sufficiently selective or
is applied to a sufficiently concentrated ore body, then a
geothermal energy development may also represent a
profitable mining venture. On the other hand, the pres-
ence of significant concentrations of dissolved minerals in
the teed water to a power plant may require preliminary
processing of the water before steam flashed from it can
be allowed to go to the turbines. Unless the material
recovered from the water-treatment step has enough value
to offset the additional processing cost, then the overall
cost of power generation will be correspondingly in-
creased.

The magnitude of this general problem is indicated
by the work of Kennedy (1944, 1950), Morey e al.
(1951, 1962), Wasserburg (1958), and Weill and Fyfe
{1964). These researchers have studied the solubilities of
quartz and otier minerals in water at temperatures to
600°C and pressures to 4 kbar. The conclusion o be
drawn from their work is that, if the specific vclume of
water is kept con:itant as it is heated to above the critical
temperature (374°C), then there is no sharp change in
trend of the solubility vs temperature relations for min-
erals such as quariz, albite, microcline, and enstatite. Thus
high-density supercritical steam seems to be as good z
solvent for minerals as is liquid water, and solubilities may
continue to inciease during heating at constant volume to
tempesatiires distinctly above thai of the critical phe-
nomenon.

Quartz appears to be typical. The mechanism of its
solution in water is descsibed by the equation (Mosebach,
1957):

§i0; + 2H,0 = Si(OH),

Solubilityvs-temperature curves for quartz in water at a
series of pressuses are plotted in Fig. E-1, and demon-
sirate that at pressuses above isbout 750 bar solubility
increases smoothly with temperatuse to well above the
ciitical temperatus. At vesy high temperatures and pres-
sures, the solubility of quartz in water is surprisingly
large, and this is also true of the solubilities of most other
natisial minesals.

A geothesmal evergy sysiem such as that described
in Appendix F, in which water at 250°C and 400 kg/cm’
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pressure is circulated through fractured granite at the rate
of 80 kgfsec, would be expected to dissolve and bring to
the surface about 3600 kg of minerals per day. Dissolu-
tion of these minerals would be expected to weaken the
granite and increase its permeability to the circulziing
fluid, perhaps facilitating the extraction of its thermal
energy. Some enlargement of water-circulation channels
would resuit both from solution and from loosening of
particles which would be carried away in suspension in
the water. (Some of the early work on the solubility of
minerals was incorrect because it was not recognized that
many minerals, or components of minerals, can form
colloidal suspeusicns and be transported by a fluid in
much larger proportions than could be accounted for by
true dissolution.) The general deterioration of the rock
structure resulting from this type of attack should make
further excavation easier wher. it is desirable to extend
tannels or enlarge chambers.

Since one ton of average granite contains uranium
and thorium equivalent in energy content to 50 tons of
cozl (White, 1965), the recovery of these metals at the
surface could represent a valuable by-product operation.
(It is interesting that a geothermal energy plant intended
to produce 10 MW of electricity, which could instead
have been designed to burn 106 tons of coal per day, has
the potential of recovering uranium and thorium at a rate
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Fig. E-1.
[<obaric solubilities of quartz in water. (Adapted
from Kcnnedy, 1950).



equivalent in energy to 200 tons of coal per day.) It is,
however, unlikely that the minerals composing a granite
would be dissolved nonsclectively, and so it is not clear
that the uranium and thorium would, in fact, be extracted
by a simple hot-water system. Nevertheless, the possibility
of leachine in place either as a direct mining operation or
as an adjunct to a geothermal energy development is
evident, and the selectivity of the operation could un-
doubtedly bc :ncreased by additions to the circulating
fluid of chelating or complexing agents, etc.

1t is also evident that--whether the mineral recovery
is profitable or not—it will be necessary to treat water
from underground circulation systems 1o demineralize it
before it can be used directly for power generation,
domestic heating, and many other purposes. However, as
is suggested in Appeadix F, the alternative exists of ex-
tracting most of the thermal energy from the water in a
heat exchanger and then returning the water itself to the
underground system.
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APPENDIX F

GEOTHERMAL ENERGY

Geothermal encrgy (GTE), as the term is generafly
understeod, represents that part of the earth’s thermal
cnergy that can economicaily be converted into electricity
or other directly uscful forms of energy. The require-
ments of economics now limit exploitation of the carth's
natural heat 1o accessible regions in which large quantitics
of naturally occurring, high-quality steam have been dis-
covered. A detailed description of known sources ol this
type, and of how they are being utilized, appears in the
“Proceedings of the United Nations Conference on New
Sources of Encrgy”™ (United Nations. 1964). The com-
bination of geologic events neceded to produce such a
natural source of steam is unusual, and the number of
known sources is correspondingly smali. This has some-
times led to the conclusion that geothermal energy has
little chance of contributing significantly to the future
energy demands of the world (National Research Council,
1969; Chem. & Eng. News, August 17, 1970). This
appendix challenges that conclusion, on the basis that the
existence of an opersating Sublerrene would make possible
the economical exploitation of many underground
thermal-energy reservoirs not now considesed to be uscful
geothermal energy sources.

Energy Requirements and Sources

According to Science News (August 1, 1970), the
instalied electrical generating capacity in the United
States at the end of 1969 was 315 gigawatts (I giga-
watt = 10° kilowatts). If the forecast of the Federal
Power Commission is correct, the electrical power indus-
trv of the United States will be required tc increase its
gererating capacity by a factor of almost 10 during the
next 30 years. There are, of course, also many require-
ments for energy in forms cther than electricity. and
these are increasing at similar rates.

According to Gambs (1970), the Federal Power
Commission censiders that the only commercial fuels
available to thermal power piants are coal, oil, natural gas,
aid uranium. His projection of the roles played by these
fuels is that by 1990 over 70% of the electrical energy of
the United States will be procduced from uranium, about
20% from oil and natural gas, and only about 10% from
coal, which is now the major power-plant fuel.

There are many reasons for concern over the eco-
nomic and environmental problems created by using these
fuels, which will evidently be multiplied many times if the
above prajections are correct (Boffey, 1970; Lapp, 1970;
Gambs, 1970). Some of the problems are:
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1. The longaesm availability of these fuels a1 rea-
sonable cost.

2. Air pollution produced by almest any combus.
tion process.
nuclear

3. Radiation hazards assuciated with

reactors.

4. Thermar pollution of airface waters, by almost
any type of pover plant.

5. Disposal of solid wastes, inciuding coa! ush and
contzminated rexctor products.

Public concern: may eventually lead to controls so zestric-
tive that some or all of these fuels (e.g.. coal} will no
longer be economical. This possibllity and the rates «
which known reserves {eg., of natural gas) ase heing
depleted make it uncertain that any one of these fuels can
qualify as the major energy source in 1990.

The Advantages of Geoihermal Energy

The question now 10 be considered is: Will geo-
thermal energy, il more widely developed, reduce these
problems and not introdice new ones that are equally
serious? In this connection, it is known that:

1. Stcam now being obtained from geuthermal
sources is sn economical source of thermal ensrgy (Paper
GR/3 |G} in Linited Nations, 1964; Lessing, 1969).

2. The experience of geothermal erergy plants in
italy, where noxious gases are present in the natural
steam, indicates thart significant air pellution can be aveid-
ed in an operation of commercial scale (Paper G/SO in
United Nations, 1964),

3. A GTE plam presents ro radiation hazard.

4. Thermal poliution by waste heat is ommon to
all thermal energy piants, and must somehow be mini-
mized in each case. However, there are ways in which
much of this heat can either be used or stored in the heat
sink represented by the cool upper region of the earth’s
crust.

5. In conventional GTE plants using natural steam,



there has been concern that sireams and rivers would be
contaminated by matsrial brought o the surface by the
steam and relzined in the water condensed from it. Engi-
necred GTE sysiemns of the lype discussed below wiil
require an inventory of water which increases with time,
o that ro Jumpiay of excess water will occur and this
problzm can be avolded. Aliematively, as is discumed in
Appendix E, the dissolred material can sometimes be
recovered as 3 useful by-product.

i: is apparent that even widcspread use of geother-
mal entrgy would introduce a0 peculiar haeards and
would accomplish 2 mujor and ticnely reduction in e
ronmentsl pollution. The quesiions that semain are con.
coned wih the magnitude and availabdity of GTE
seserves, and the probability that they can be explolied
economically.

Geothermal Energy Sources

White (1965) classifies geothermal energy souices
into four calcgories, based on the geothermal gradient and
the presence or sbsence of circulating ground water.

Tvpe 1 sourers are regions in which the geuibermal
gadient is normal (about 20°C/km. Temperaiures graat
enough te produce high-grads steam exist only at depths
of sbout 1O km or more, where there is probably no free
\m'u. This situstion exists under mest of the earth's
aurtace.

Type It scurces are local areas of higher than
nommal geothermal gradient, which cannot at presert be
eaploited economically because ihe (emperature and
hardness of the rock make the source difficult to pens-
trate and its low permeabilisy prevents the groundavater
circulation required to produce natural sieam. These ave
usually regions in wiich there has baen either volcsnic
activity or intrusive flow in recent geologic time. In ke
United Staies, such sources are common in the West, and
there are several in New Mexico.

Type 1l sources are hot-springs areas, characierized
by shallow ground water and conweclive hest transfer. In
gereral, water temperatures are (oo low 10 be of inlsrest

for power genenaticn.

Tyvpe IV sources are regions in which impermeahle
rock near the surface covers underlying formations that
are permesble to circulating ground water. At depih, heat
uansfer is convective, but near the surface it occurs only
by conduction through the rock. All present power pro-
duction from geothermal energy originates in Type IV
sources. The major ones ave Lardereilo in ltaly, Wairakei
in New Zealand, and The Geysers and Salton Sea areas in
California.

Table F1 lists our estimates of the 102al and realiz-
able cnrrgy from dach Lype of source in the continentsl
United Siastes. It is apparent that a pessimistic forecast of
the role of geothermad energy would de made if-us has
normally been done-only the energy of Type [l and
Type IV souices wre considered 1o be economically
avaiiable. Type 1i sousces are much more interesting: they
could supply the toal elecirical requirements of the
United Siates for thowands of years. They becorse waeful
energy sources &t depths of sbout 3 km, which, in cool
sedimaniary rocks, could certaialy de reached by consen-
tional diilling methods. However, these sousces actually
exint in hot, hard, ignedus rocks, which no conventions!
dril! of usefully large dianweier is capeble of penetraling st
9 reasonsbie nite. The exinence of these enoimous energy
reservoirs is well known; it s the difficwity of
them and the probeble abance of asful amounts of
fieam that kas 30 (ar prevenied ihedr ex

The urgemt need of the Uiniled Siates for new
enargy sources that will not the exinting envi-
ronmenisl pollution crisis indicates that ressarch on and
development ef antificial hydreihermal eergy systems
basad on Type [l geothermal sources should be concomi-
tant with Subterrene developmeni. The following exam-
ples are necded v demonarate thal, in addition 1o
sficrding pomiole solutions (o the existing electrical
power and po'iution crises, 8 GTE aysiem oflers useful
energy in other forms, and that kis comprehensive exploi-
taiion could have a profound effect on future urben
development.

The Jeme: Coldera

The town of Los Alamos, New Mexico, Is situated
at an elevarion of about 7000 ft oa a plateau east of the
axtinet Jemez vokano. The geologic history of this
volcanic mass 5ias been studied extensively, both for its
inherent geologic significance snd for the existence of

potential wales for the wwwn (Ros
o1 al., 1961; Conover & ol., 1963; Griggs, 1964). Briefly,
its history is this:

Volcanism in the Jemez region probably began dur-
ing the Miocene period, about 10 miillion years ago. At
that time, cruption of a series of msesive andesite and
lotite laves bulit up a typical volcanic cone, probably
similar to M. Hood, which reached a final height of about

period foliowed, during which erosion formed canyons
radiating from the summit. (These are stiill visihle in
detafs of the present calders rim.) Then, during the late
Pliocere or early Plelstocene period, about cne million
years 380, there occurred a succession of massive radial
ash flows which built up tie Pajarito Plateau on which
Los Alamos is located. Expulsion of this materis]l from
within the volcanic mass permitted collapee of the remain-
ing surface of the cone to form a largs ceiders that
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TABLE P
GEOTHERMAL ENERGY RESOURCES OF THE CONTINENTAL UNITED STATES

h
:::in Number of
Tope kmior Geothermal Temperature Toial thermat  Avellabie clectrical  years opens-
of  weeful fradient, rasge sl ul‘nl eneigy, gigawatt-  energy, gigawatt-  tion at 3000
Source power *Clam depth, °C years years sj
! 15-30 20 300 - 600 5x10° 10° Ix10?
il 3.10 100 300- 1000 10 2x 107 7x10°
i 0.3 .. 100 - 206 2x 10° {1 0.3
v 0s5.3 .- 200 - 500 2x 10 4xi0° 13

(*)rhe projeciad elecirical requirement ¢f the Unitcd States for the yea: 2000,

eventually resched 3 maxitnum diamster of about 16
mioc. The final major volcanic event was the formation of
about 15 =xirusive domes of a very viscous rhyoiite luva.
These domes fill much of the calden floor, and at depth
may grade inio 2 single mass.

A sirsightforward heai-flow estimate shows that the
heat from the early volcanic sciivity In the Jemez region,
including boik the initlal cone-buiMding and the subse-
quent ash flows, has been disiputed olmost completely.
However, the relative youth of the rhyoiite extrusions
(fess than onc million years) and their close spacing within
the largs calden um that rock temperatures at depths
of 3 to § km may b5 22 high as 7% o 830°C. Explors-
tory weils drilled through scdiment; i» the caldera have
encounierad temperatures az high as 250°C at depths of
sbout 1 mile (.6 km), where the drill holes had just
entered the rhyolite (Summers, 1965; U. S. Senate,
1964). What may represent the discovery of commercial-
quality steam has recently been announced {Los Alamos
Monitor, October 22, 1970). Afizr four unsuccessful wells
had been drilled, the fifth, in the western part of the
caldera, encountered steam at 2 depth of 5000 it (1.5
km). Since loozs sand was encountered in th: same hole
at 4800 It, it appears that the steam s probably generated
from circulating ground waier entering thraugh the per-
mezble sand. This, then, at least locally, is a Type IV
geothermal energy sousce. Its rate of energy production
and probable life a3 an energy source are unknown, and
will be determined by such factors as rock tempenture,
water upply, and the heat-transfer arex available at
depth.

Figure F-1 is adapted from a map prepared by the
V. S. Geolegical Survey (Smith et al., 1970), to show a
potential Type 11 geothermal energy source underlying
the town of Los Alamos at & modest depth, and a possible
location for a geothermal energy plunt designed to exploit
it. A method for developing a scurce of this type is
outlined in the next section.
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Development of the Los Alamos Geothermal Energy
Source

On the basis of the regional geology, drilling experi-
ence in the Jemez caldera, and approximate heat-flow
calculations, the rock temperature gt a depth of about 3
km under the Los Alamos townsite is assumned to be
300°C. At this depth, the rock is Precambrian granite,
assumed (o have the properties listed in Appendix D.

After preliminary testing, perhaps by dismond core
drilling to the maximum depth possible, a hole 40 cm
{about 15 in.) in diameter would be produced with an
Electric Subterrene to a depth of approximately § km.
This hole would be cased with steel pipe, which would be
plugged and perforated at a depth of about 4 km 10 allow
hydrofracturing tc occur from that point. Water at a
pressure of about 100 kg/cm? (1500 psi) would then be
injected from the surface to form and extend a thin,
circuirr, vertical crack centered at the 4-km depth. The
worl required to produce the crack is approximately the
product PV, where ® is the pressure (100 kg/em?)and V
is the crack volume. For a crack havin ; a radius of 1 km
(3300 ), the volume is about 5.3 x 10°m?®, and the work
is 5.3 x 10" joules. A 700-hp pump would require about
3 nionthe and 1.3 x 10® gal of water to form such a crack.
A technique developed by the petroleum industry is
hydrofracturing with a sand <urry, so that when the
pressure in the cavity is released the sand will act as a
permeable prop tn keep the cracl. open. !n the present
cage, a water slurry containing about 20% of carefully
sized tilica sand would probably be used for this purpose.

Another hole of the same (40 cm) diameter would
be produced to intersect the upper region of the crack, at
a depth of about 3 km. (This hole represents the hot-
water exit of the geothermal system.) The hydrofractur-
ing port at the 4-km depth would then be sealed and a
new opening would be formed at the bottom of the
original hole, at the 5-km depth. The system, illustrated in
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Fig. F-1.
A geologic section through the Jemez caldera aiid the surrounding area, indicating a possible site fora
gecthermal energy development near the town of Los Alamos, New Mexico. {Adapted from R. L.

Smith et al., 1970).

Fig. F-2, would then be ready for the extraction of
energy.

The heat-flow properties of this system (Carslaw
and Jaeger, 1959) are such tl:at temperature, T, of rock at
a distance x (in centimeters) from the crack after time t
(in seconds) is given by

T(xj= (T, — T, exf (x/2/Dt) ,

where D is the thermal diffusivity of the rock. The gradi-
ent of temperaturz at the crack surface is

dT/dx) _ =(T, - T,)/nDt ,

where T, is the original temiperature of the undisturbed
rock and 7, is the temperature of the crack surface.
Assuming that heat is removed so that the temperature of
the watzr leaving the system is always the same, then T,
the average value of T, ~ T, is

T=%(To - Tin+ Ty = Tour)
If T, = 300°C, T, =50°C, and Ty, = 250°C, then
T=150°C.

Heat flow at any given time is given by

q=AATNDt ,

where A is the total surface area of the circular crack and
A is the thermal conductivity of the rack. The total

amount of hest withdrawn after time t is
t

AAT oo, 20AT o

| VX Vab

With a radius of 1 km, ths crack area is about
6x 10"cm’'. For T of 150°C, the amount of heat with-
drawn after 20 years is aboul 650,000 MW-days
(1.3 x 10" cal), giving an average rate of 89 MW.

Removal of heat from a body of rock results in a
volume contraction, AY, given by —AV =3 Ha/cp,
where a is the linear coefficient of thermal expansion in
°C™!, c is the heat capacity of the rock in cal/g-"C, and p
is the rock density in g/cm>. This thermc] contraction will
result in fracturing of rock adjacent to the primary crack
(Appendix D). An extensive treatment of an analogous
system, the cooling of a solidified lava bed, is given by
Lackenbruch (1961). His work indicates that contraction
cracks extend far beyond the thermaliy stressed zone. The
thermal contraction resulting from extraction of heat
equivalent to 4000 MW-days (2 x 103 cal) will produce
an additional crack volume of 2.4 x 10° cm?®, or abuut
0.5% of the volume of the original crack. If this new
volume is represented by cracks with an average thickness
of 0.5 cm, then the increment of heat-transfer surface
created is 10" cm?, or about 20% of the surface area of
the original crack. Thus, removing less than 1% of the
immediately accessible thermal eneigy of the hot rock
makes available a much greater amount of energy, whose
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Fig. F-2,
Froposed system for developing the Los Alamos geothermal energy source.

removal will further increase the proportion of the heat
reservoir that can eventually be exploited. The general
nature of the crack system created is suggested by Fig.
F3.

This simple anaiysis indicates that a heat-extraciion
system consisting of two large holes penetrating a Type I1
geothermal energy source, plus & large initi: ® crack pro-
duced by hydrofracturing, will be self-perpetuating in the
ssnse that removal of heat from it will make even more
heat suailable to it. Thermal-stress cracking will be con-
centrated in regions where the thermal gradient due to
heat removal is greatest. This will probably be where
initial rock temperatures are highest. The spontanecusly
generated crack system should therefore extend preferen-
tially into regions of increasing temperature, so that the
quality of the steam prcduced may actually improve with
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time until nearly all of the energy reservair has been made
availabls to the heat-transfer fluid. ff, as seems possibie,
the dowanward extension of the geothermal reservoir is a
column of rock of continuously increasing temperature
extending as far as the sarth’s mantle, then the useful life
of the energy extraction system may be practically un-
limited.

Circulation of the amount of water
(2 x 10° gal/day) required to extract energy at the rate of
89 MW wili be produced by the pressure head (about 100
kg/cm?) that results from the density difference (about
0.2 g/cm?) between cold water entering the thermal reser-
voir and hot water leaving it. The flow of this volume of
water through the 40-cm-diam supply and return pipes
will be turbulent, resulting in a pressure drop of wbout 30
kg/em? in the piping. Its flow through the circular bed



Fig F.3.
Section thrwgh & sandfilled rerical crack pro-

duced by hydrofi showing prebable freivdy
of edditionsl erseks cregied by ithermal siresses re-
suliing Jrom heai removel.

filled with fine gravel will involve an additional pressure
drop of about 0.5 kgiem?, calculated from Darcy's law
(Todd, 1959) and an assumed permeability of 160
kg/cm?-day under unit hydraulic gradieni . Thus, once
circulation has been eslabiished by pumping cold wates
down the supply pipe, kot water at, say, 250°C will be
brought o the surface spontancously by the return line at
» pressure of sbout 70 kg/em?®. This is well in excess of
the vapor pressure of water at 250°C (about 40 kg/cm?),
30 that 2 liquid system will be maintained throughout,
(This is considered an advantage becsuse water-ualike
steant--decreases In wviscosity as its temperature Increases,
50 that the mode of heat removal in the reservolr should
be uniform, and because the therma! propertiss of water
du not change markedly with pressure.) The excess pras-
sure of about 30 kg/em? above that required (o faintain
a condensed phase would permit the flow to be approxi-
mately doubled during periods of pesk ensigy demand.
Banwell (1964) discusses the amount of electiical
energy that can be produced {rom steam and hot water by
an ideal heat engine. Using his figures and assuming 50%
plant efficiency, & 10-MW electricsl generating capscity
would require a flow of 80 kg/sec (2 x 10* gzl/day) of
water at 250°C. The thermal energy available from this
waler, measured above 50°C, is about 65 MW. Hansen
(Psper G/41 in United Nations, 1964) describes 2 multiple
flashing cycle for production of electricel energy from
water st 200°C. A similar cycle for water at 250°C is
presented in Fig. F4. With s flow rate of 80 kg/sec of
water at 250°C and 40 kg/cm? pressure, which sre reason-
able for the underground system described above, an
electrical output of 9.74 MW is predicted. To avoid the
difficulty with dissolved minerals discussed in Appendix
E, the thermal energy of the geothermal water is extract-
ed in a primary heat exchanger and the minezzi-bearing
water is returned to underground circulation. Alterna-
tively, a demineralizer could be used, and the deminera!-
ized geothermal water could be piped directly to the flash

tunks. If desired, 55.9 kglsec of water a1 89°C could be
withdravwn froz: the (hird Hash tank for domasiic hestiag
o other usrs.

The coptyge pwr capita comumption of dectrical
energy in the Unliad States for household snd commercial
purpost . 15 sbout 0.8 kW (Singer, 1970). Thus, the power
plant dexcribed above would supply the needs of 8 nusi-
dential community of atout 12,500 people. This develop-
ment, with its oviginal crack ssea of 6 x 10" cm?, could
provide 89 MW (thermal) for 20 years 1¢ prodGuce that
zmount of power cont . However, K is believed
thut the increase of hest-tnmsier mirface which resalis
from heat removal would, in fact, prolocg the useful kfe

of the system {ar beyond 20 years.

A Geotheninal-Exergized Community

The geothermal mergy symam described above
appears 10 be relatively inefficient, since it generates Only
about 10 MW of eleciricity from 65 MW of thermal
energy. Apparently it can be justified only
if the thermal-cnirgy cost is low or if a premium can be
pald for soms specie] sdvantage of the system. In fact, 2
geothermal system can be justified either on the basis of
low energy cost or because R minimizes enviroamental
pollution. Further, it offers the poasibility of & meltiph-
use systym that would boaly improve its economic posi-
tion and benefly society in Giher ways.

The heating of homas by hot water obtainad from
geothermal sources has been used with increasing success
in icelond since 1930, and is dexciibsd by Bodvarseon
{Pzper GB/S [G] in United Nations, 1964). Experience
there shows that the opthmum tempenstire of the
domestic source is about 90°C, and that the meximum
heating rate needed per capita is sbout 400 cal/sec. The
hot water can be to many thoussnds
of homes at distancss up to 100 km from the
wall. Usivg thess figures, it is calculated that the water st
89°C discharged from the final Nash 1ank of the electrical
power systamm outlined in Fig. F4 could provids domesiic
heating for & town of 10,000 under the most
severe winter conditions. It could also supply all other
domestic newds for hot water-for bathing, waching
clothes and dishes, etc. Distribution of the primary hot
water, at 250°C, would permit higher-temperature uses,
such as cooking and ¢!

The dual problem of obtaining adenuate amounts of
potable water and of purifying this water after it has been
used is a major concern of modern soclety. The problem
is cornpounded by the ihiermal pollution cavsed by energy
wasted into rivers, by heavy rains that overwhelm waste-
treatment plants, by industrial wastas that aré not treated
at all, and by other accidents and harmful practices. Its
solution may lie in another application of geothermal
energy.

A typical American community of 10,000 people
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uses over iwo mililon gallons of water per Gay. in genenal,
this waier 3 carelully processed te rendst it potable.
However, even the best present systems will not remove
certain chamical compounds (siuch as DDT) when they sre
presert, zad the chloriration required to desuroy bacteria
and viruses ofion leas an offensive taste. A lLirgs fraction
of the vater ks subsequently delivered to and jrocessed by
& waste-treatment plant and Is Tinally dischierged into
rivers where, it is hopad, naturel processes will again
produce potable water. However, the next community
downsiream must, in fact, process it again, and the sec:
tion of river between the two communities Is often unat-
tractive (o7 racrestional activities and is hosiile 1o {ish and
plant life.

The only system that will guarantee a truly pure
water supply is distillstion. If geothermal cnergy is avail-
able, the community can draw on it 1o operaie a2 mul-
tple-effect distillation system wkich, because of the low
impurity concentration in the feed stream, would raquire
the minimum of distillation work. Such a system is out-
lined in Fig. F-S, where 37 kg/sec of water at 250°C from
the geothermal source are used to distill 80 kgfsec
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(2 x 10° gal/day) of impure wates. The sysiem consis's of
optimized heut exchungers. Using heat-transier coelli-
cients from Ferry (1950), and the temperature differences
indicated in Fig. F-5, a tota} heat-transler area of 400U
m* {44,000 Nt?)is calculated.

The best wreaiment for a flow-through water system
wouki be 10 distill the incoming water for health and
esthetic reasons, and the sewzge efMuent for the same and
also for ecological reasons. If the public, through educa-
tion, could be assured of the complete pusification that
heat sterilization-distillation affords, then & closedJoop
system could be used, eliminating one distillation step and
greatly reducing the demand on the natural water supply.
The iwo iypes of systems are compared in Fig. F-6.

The remaining large energy requirement of the
typiczl Amarican community is tzansportation, primarily
in the form of {he privaie automobile. In an analysis of
total energy use in the United States, Singer (1970) as-
signs 2 per capita use of 2 thermal kW (500 cal/sec) for
iransportation. This can be translated into a per capita
distance traveled per day: If all transport is by auto-
mobile, energy use is 0.5 gal/mile, and if 1 gallon of
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gasoline contains 32 x 10* cal of energy, then the equiva-

lent distance traveled is 27 miles/day per persos.
The unique feature of the geothermal system here
FLOW THROUGH SYSTEM being consilered s its capability of delivering large
T — — amotnis of water at 250°C. The question that now arises
WATER 2 o) mrmn bl T Lot arm e namine is whether or not this represents an energy density high
Sounce | enough to power vehicles economically. Hoffman {1966)
piesented a case for electric automobiles fueied by the
more interesting types of storage batteries. such as the
zinc-air type. He lists predicted performances (range vs

CLOSED LOOP SYST. M speed under various driving conditions) for cars one-lali

WATURAL i of whose weight is batteries. A turboelectric system
1DUNCE | MAKEUR = WATER driven by flash steam from 250°C water would provide an
LoBNES available energy density of 6300 cal/kg of water carried.

R ot . In Fig. F.7, the range of a vehicle powered by such a

hinasdedad - system is compared with that of one powered by lead-acid

baiteries, with one-third of the vehicle waight represent-

ing the energy source in each case. Evidently, the hot-

Fig. F6 water unit is competitive in this regard. A community

- . whose main encrgy source was geothermal enesgy could

mm" ard closedtloop systems for water provide a net of outlets at which refucling with hot water
could be done rapidly and sutomatically. The 27 mile/day
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per capita rate could be attained with 8 kgfsec of hot
water, or less than 10% of the total geothermal flow
contemplated for the community. It would, of course, be
natural to extend such a system to widespread public
transportation and commer cial traffic.

If other methods of energy storage, such as very
high-speed flywheels (Armagnac. 1970) and advanced
types of storage batteries (Hoffman, 1966), prove success-
ful in automotive applications, the contribution of geo-
thermal snergy will be in the primary energy-transfer
system. The use of an emission-free electii~al automobile,
for exampk:, merely shifts the source of pollution from
the vehicle itseli to the fossil-fueled power plant that
generates electricity for it. An increase in capacity of a
geothermal power plant would provide the electricai
energy required by such a transportation system without
adding pollutants to the atmosphere.

Figure F-8 outlines a comnlete utility systern for a
community of about 10,000 people suppiisd with geo-
thermal energy. Aside from the transport system, which
would require engineering development, all of the mate-
rial and equipment required is curreatly available com-
mercially. The system is complex, and it would not be
easy to introduce all aspects of it into an existing town;
thus, the proportion of honies designed for hot-water
heating is now usuall, small. However, where eatire new
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A complete utility sysiem based on geothermal energy.
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communities are to be built, a complete utility system
based on geothermal energy might be ideal. For example,
there are plans to develop at least seven entirely new
communities in New Mexico within the next 20 yeaurs.
The expected total population of these communities is
500,000 (Albuquerque Journal, August 23, 1970) and
important questions are being raised abeut their water
supplizs, sanitation facilities, and power requirements. It
happens that most of these future towns will be located
within 10 to S0 km of the Jemez geothermal energy
source.

The reasoning applied above to towns applies as
well to the needs of an industrial plant (for example, a
pulp mill) for electricity, water, heat, and waste treat-
ment. The ability to treat selectively and completely the
wastes from eack different manufacturing process could
eliminate the industrial poliution cf wz*erways.

A celatively simple development of a zone of
modest temperaturz in a Type Il geothermal energy
source can supply a remarkably large amount of energy
for a very long period of time. The snergy is in such a
form that it can be used to satisfy most of the energy
requirements of a modemn American community, produc-
ing minimum environmental pollution and helping to
correct that which already exists. While shallow Type I
sources are common only in the westesn United States,
development of the Subterrene would permit probing for
them at greater depths elsewhere, and should eventually
permit similay deveiopment of Type | sources. These are
essentially unlimited in extent and energy content, and
are potentially available anywhere on the earth.

st



APPENDIX G

RESEARCH IN THE GEOLOGICAL SCIENCES

by

Orson L. Anderson

One of the most important insights of recent years
is the recognition that tectonic activity on a global scale is
concentrated in relatively narrow zones, forming a net-
work that surrounds large areas of quiescence. The earth’s
surface structure is now considered to resemble an egg-
shel! containing a network of cracks that form the boun-
daries of several large curved plates and a dozen or <o
small ones. The earth’s tectonic zones-the cracks in the
eggshell--are the sites of natural events that limit human
habitation. Much of the world’s earthquake and volcanic
activity, and important portions of its mineral resources,
are concentrated in these active zones. They must be
studied carefully if man is to stabilize the quality of his
environment. For exampie, it is not simply an accident
that the Santa Barbara oil spill occurred in an area that
was visited by a major earthquake less than 40 years ugo.

Geological science has just passed through the stage
of developing the time-and-motion relations (i.e., the
kinematics) of the large plates comprising the outer shell
of the earth. Plates move as individual units, and in
discussing them an old nomenclature has been revived: We
say that the plates comprise the lithosphere of the planet.
On the plate boundaries, the forces that modify the
exterior of the earth are actively expiessing themselves by
movements and deformations that can be observed and
whose intensities can be measured. These forces create
major problems for the populations of the active zones,
and the results of the tectonic activity frequently yield
extensive mineralizations of economic interest. A deeper
understanding of the forces acting on the lithosphere is of
critical importance, not only for understanding the dy-
namics of the planet but aiso for significant social and
economic reasons. Geological sciences are therefore enter-
ing an era in which great attention is being given to the
geodynamic (as contrasted to the kinematic) processes of
the earth.

On the plate boundaries, three types of interactions

occur: (1) Divergence occurs at rift zones such as the .

mid-Atlantic ridge, whers upwelling from the underlying
zone, called the asthenosphere, creates the lithosphere.
(2) Collision creates underthrusting of the lithosphere
deep into the asthenosphere, where the lithosphere is
consumed by chemical processes. Collision also creates
trenches, such as the Tonga Trench, and island areas such
as the Aleutians. (3) Strike-slip movement, such as the
relative motion of adjacent parts of southern California
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along the San Andreas Fault. This consists primarily of
shearing displacements, involving only minor convergence
and divergence of plates.

The lithosphere includes the earth’s crust and also a
portion of the mantle. It is distinguished from the under-
lying asthenosphere primarily on the basis of its physical
properties, particularly its rigidity as determined by seis-
mological techniques. It is not uniform, and is marked by
major discontinuities both vertically and, along the tec-
tonically active belts, horizontally. Its lower surface is
known only in 2 general way, but is ordinarily defined
through mapying of earthquake foci in the areas of under-
thrusting.

Between the rift zones lie the stable plates of the
lithosphere. The boundaries between plates 2re not often
the same as the boundaries between oceans and conti-
nents, and the idea of a continent has lost much of its
uniqueness. A stable plate is relatively tranquil but not
absolutely so; movements, mainly vertical, take place.
Volcanism occurs, and ihe plate thickens and hardens.
Significant vertical displacements, called uplifts, occur
over large areas, with extensive deformation on all sides.
Two such puzzling uplifts are the Colorado Plateau and
the Himalayan Plateau. Such major vertical motiors of
large regions in the plate interiors are, at present, anom-
alies in the general scheme of plate kinematics.

Vertical movements, both within plates and at their
boundaries, control the occurrence and distribution of
many of our important mineral resources. Certainly, the
fact that oil and gas are present only in sedimentary rocks
restricts their occurrence to areas which at some time
have subsided enough to accumulaie sediments. Many
mineral deposits of metamorphic origin require a history
of significant subsidence and subsequent uplift. Many of
the traditiona! theories of economic geology have been
discredited as the evidence for plate tectorics has accumu-
lated, and new theories must be sought in their place.

N This is the general situation of the new theory of
global tectonics, which is now revolutionizing the geologi-
cal sciences. How can the drilling of a deep, wide hole
affect tectonic theory?

By analogy, one might consider the results of dril-
ling series of relatively shallow holes (no more than 1 km
deep) across the ocean basins, as has been done in the
JOIDES (Joint Oceanographic Institutions Deep Earth
Sampling Group) drilling program. The results of this



program, still in progress, are considered by many to
remove all doubts about the motion of plates from a
diverging source. It has been found that the age of the
basalt basement of the ocean basin increases linearly with
distance from the ridge which represents the source, and
that the increase is symmetrical on opposite sides of the
ridge. In this drilling program, cores have been taken
which will provide a sedimentary history of the earth’s
crust over a succession of precisely known, interlocking
intervals. Thus, we are beginning to acquire a library of
the history of the crustal formation of our planet. The
dramatic effect of this information from sea-floor drilling
upon the revolution in the geological sciences is compar-
able to the impact of the evidence that Darwan brought
to bear upnn the biological sciences.

The parts of the plates that comprise continents are
much thicker than are those in ocean basirs. We need
exploration holes drilled in the continents, but this task is
even more formidable than that of the JOIDES program
because the continental holes must be very much deeper.
The ocean basins are recent additions to the plates, gener-
ated by upwelling since the time of the dinosaurs, whereas
the continents are older, going back to the billion-year
epoch in age. A core only 1 km deep, at most, gives much
of the history of the crust in ocean basins; a depth of 20
to 40 km will be required to obtain comparable informa-
tion in the c2ntinental interior.

Suppose that it became possible to drill a hole 20 to
30 Iim deep, the hole lining being hardened and having a
diameter large enough so that instruments for physical
measurements could be lowered into it. Where should
such a hole be drilled?

One obvicus place for deep-exploration drilliag is
the Colorado Plateau. Insofar as plate tectonics s con-
cerned, this region is a mystery. In terms of the general
global concept, the lithosphere of the Colorado Plateau is
too high, too thin, and too young. It is hard to explain
why a structure this thin has undergone so little deformiz-
tion relative to that which has occurred in the highly
deformed Rocky Mountains on the east and the greatly
faulted Basin and Range Province of Nevada on the west.
Being thin, however, the total crust of the Colorado
Flateau can be sampled by cores from a hole no more
than about 30 km deep. Another obvious place for dril-
ling is the Midwest, perhaps around Misscuri, where the
granite basemeni is deep. This would give a section
through a stable, old, and typical aspect of the conti-
nental part of a plate. A third place would be the Pacific
coastal margin, where one plate is in collision with an-
other. One result is certain: The rocks obtained from
these three holes would be different, and all would add
immensely to our library of the history of the crust of the
earth.

If such holes were drilled, what specific information
could be collected from experiments performed within
them? :

First, at least in the Colcrado Plateau, it would b

possible 10 sample the mantle material in sizu. Informa-
tion on the composition and properties of mantle material
is vital to all geophysical and geochemical iheories of
planet interiors. It represents the integrating constant
(which, when it has not been measured, must be assumed?
in the density profile of the earth arrived at by integraiing
sound-velocity profiles. Further, the mantle rock is the
mother material which, upon differentiation through
melting and other phase changes, ultimately produces the
great variety of materials we see in the crust. It is too
much to expect that one sample of the mantle would be
typical and would end all disputes. It is not too much to
expect, however, that even one such sample would have a
profound effect upon the geological sciences. It is easy to
construct reasonable arguments that the worth of recover-
ed mantle samples of our own planet is comparable to the
worth of the returned lunar samples.

Second, it would b< possible to make precise tem-
perature measurements at depths much greater than those
so far reached. Information on the thermal gradient down
to 20 to 30 km would provide a striking insight into the
thermal history of the planet. At the earth’s surface, the
gradient is about 20°C/km; at 200 km depth, it is evident-
ly down to something tike 4°C/km. However, our know-
ledge in this area is limited by the fact that we can now
make measurements only at or very near the earth’s
surface. A more precisely determined thermal gradient is
essential to geodynamical theories of the motion of the
earth’s interior, because such theories must account for
heat transfer.

Third, the possession in the laboratory of a strati-
graphic column descending to formations deposited bil-
lions of years ago would elucidate the history o1 the early
formation of the crust.

Fourth, the recovery of samples of material adja-
cent to the rim of the hole at various depths might extend
the magnetic calendar of our earth by an order of magni-
tude in time. The magnetic calendar, which is essentially a
record of the reversals of the earth’s magnetic poles, is
known largely from investigations in the earth’s ocean
basins, and extends back only 50 to 100 million years.

Fifth, the actual determination of the density pro-
file down to the crust-mantle boundary would provide a
very careful check on two geophysical disciplines: seis-
mology and gravity. In both of these disciplines, the
interpretation of measurements depends on the trade-off
of density against depth assumed in the particular model
chosen. )

Sixth, the use of metrology in the hole could pro-
vide a careful determination of relative motion around the
hole. We speak of the motion of rigid plates, but it may
tum out that a plate moves like a glacier-in which case
the hole would be deformed by the motion of rock
around it. Thus, a check could be made on one of the
fundamental notions of plate tectonics. '




APPENDIX H

OTHER APPLICATIONS OF LARGE SHAFTS AND TUNNELS

The list of existing and potential uses for large-
diameter holes penetrating the earth to significant depths
is nearly endless. A few of these uses were considered
briefly in the body of this report, and some were further
discussed in Appendixes E, F, and G. Several additional
applications of large holes are reviewed in the paragraphs
that .llov:.

Hydrogen Storage

Hydrogen exists in almost unlimited quantities in
the biosphere, and the technology already exists for sepa-
rating, liquefying, transporting, and storing it in very large
quantities. Liquid and gaseous hydrogen could eventuaily
replace fossil fuels in every application in which fuel is
now burned for thermal energy, and this substitution
could be inade almost immediately with only minor
modifications to existing distribution systems and con-
sumer appliances. Internal-combustion engines and tur-
bines can operate on hydrogen burned with air at tem-
peratures low enough so that nitrogen oxides are not
formed, or with oxygen so that nitrogen and other gases
do not enter the combustion system. Hydrogen-oxygen
fuel cells are becoming common as portable generators of
electricity. In all of these cases, the only combustion
product is water vapor, which can safely be released to
the atmosphere. This use of hydrogen would produce no
contamination of the environment, and would save the
limited supply of fossil fuels for more important uses in
chemical synthesis.

Generation of electrical power from steam or other
energy sources is most efficient if it is done at a constant
rate near that for which the particular power plant was
designed. However, in mosi areas, power demand varies
drastically with the time of day and season of the year.
Means of utilizing the excess generating capacity that
exists during slack periods are now being sought, since
electrical energy itself is difficult to store. It should,
however, be possible to *“mine” geothermal energy or to
operaie a conventional power plant at a constant rate and
use the relatively inexpensive excess energy available dur-
ing low-demand periods to electrolyze water. The hydro-
gen and oxygen produced could then be stored separately
underground either as liquids or as compressed gases, to
be withdrawn and used when they were needed for heat,
propulsion, or generation of additional electnc1ty during
peak-demand periods.
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Other Means of Stering Energy

It is reported {Busiress Week, August 1, 1970) that
engineers in several European countries are now deveiop-
ing another method of storing energy underground in the
form of compressed air. During low-demand periods, ex-
cess power would be used to compress air and pump it
into underground caverns. During peak periods this air
would be released through turbines to drive electric gener-
ators. A cavity suitable for storing the air must be tightly
sealed to prevent leakage, and must be large enough tc
contain a useful volume of air and still small enough so
that relatively high pressure (e.g., 600 psi) can be de-
veloped in it during a pumping period of a few hours. A
Swedish firm, Stal-Laval, has proposed a system which
would require a shaft 1400 ft deep and 20 ft in diameter,
leading into a 4.8-million ft3 cavern. For a 220,000 kW
plant of this type, they estimaie a construction cost of
about $43/kW, of which about one-third would be for
excavating the shaft and storage chamber. This is less chan
their estimated cost of a pumped hydroelectric storage
plant, such 3s that proposed by Consolidated Edison for
Storm King Mountain, New York (which has been violent-
ly opposed by conservationists), and it could be con-
structed with much less scarring of the surface landscape.

Chemical Processing

The high-temperature, high-pressure environment
that exists oeneath the earth’s surface is ideal for many
chemical processes. Ore bodies discovered by drilling and,
if necessary, made permeable to liquids by hydrofractur-
ing or the use of explosives could in many cases be
exploited by introducing leaching solutions at the surface
or through a set of holes above the mineralized zone,
permitting the solutions to percolate through that zone,
and recovering them in horizontal tunnels in the barren
rock below the ore body. Fossil fuels could be pyrolyzed,
hydrogenated, or partially oxidized in place, and the
carbonaceous gases could be recovered in similar systems
of tunnels for use as fuel gases or for production of
petrochemicals. Most of the waste products fron. such an
operation would be left in place underground, and the
rest could be returned to the cavities created when the
valuable minerals were extracted.

Scientists working for the U. S. Department of the
Interior have produced useful fuel oil frem domestic



garbage and other wastes (Industrial Research, June
1970). One ton of wet urban refuse treated with carbon
monoxide and steam at 250°C and 1500 psi (105 kg/cm?)
pressure yields more than a barrel of low-sulfur oil. Ac-
cording to the National Research Council (ibid. ), if anti-
poliution standards on sulfur dioxide were rigidly en-
forced nationwide, there would not be enough low-sulfur
fuel available to meet the present demand just for generat-
ing electric power. The pressures and temperatures in
deep holes are well suited for converting garbage and
other wasies into such an oil, which would contribute
both to garbage disposal and to a reduction in air pollu-
tion by oil-fueled power plants. (Wood by-products and
sewage sludge can also be processed into oil. However, the
su'fur content of the oil produced from these materiais is
about 0.5%.)

High-Pressure Treatment

In estimating the relation between pressure and
depth in the earth, the usual approximation is to consider
that the earth is made up of a heavy hydrostatic liquid. At
depths greater than about 20 km, this “lithostatic” ap-
proximation is fairly accurate, because the pressure is
comparable to the strenizths of the rocks. At the
Mohorovicic discontinuity under the continents, the cal-
culated reck pressure is about 9 kbar. A large hole extend-
ing to this depth would make available a relatively inert
environment in which high-pressure experiments, and
perhaps industrial processing, could be carried out on a
scale now unattainable on the earth’s surface.

In one of his last papers, Bridgian (1963) pointed
out that the cascading method of supporting vessels, by
nesting them in outer vessels, offered the most promising
solution for extending the available range of hydrostatic
pressures. An obvious difficulty is that each successive
containing chamber is much larger and more complex.
Bridgman was able to construct ‘only a two-stage appa-
ratus, in which he measured the compressibilities of mate-
rials up to '00 kbar. However, he visualized equipment
the size of a cyclotron, which, with normal design and
construction, would be enormously expensive. The high
lithostatic pressures in the wall rock around a deep hole
might be used to provide cascading support for experi-
mental vessels within the hole, and so permit a consider-
able extension of the range of hydrostatic pressures now
available to the experimentalist.

Heat Sinks

Thermal pollution produced by hot water dis-
charged into streams and lakes by factories and power
plants is now a serious problem in many parts of the
world. Where geothermal gradients are at or below noz-
mal, rocks at shallow and moderate depths can be used to
dissipate or store excess heat from such sources. Thus 7.

Lindbo, an engineer of the State Power Board of Sweden,
has proposed (Design International, May 28, 1970} that
radiator-like arrays of elliptical tubing be housed in rock
formations, and that hot water from a nuclear power
station be circulated through them. Excess heat would be
deposited in the rocks, and the water would be returned
to the reactor at near-ambient temperature for reuse as a
coolant. A second circulation system might be used to
recover the excess heat from the rocks and use it for
domestic heating in about 10,000 neasby family uaits.

Heat-exchange systems of this type are potentially
useful for a wide variety of industrial opeiations, and
app~ promising for combating a type of environmental
pollution that has become cocmmon. They would, of
course, be especially convenient for power plants or
manufacturing facilities which were themselves built
underground.

Cities

In addition to underground power plants, water
supplies, sewage systems, transportation, factories, and
warehouses, it is evident that cities of the fature must
eventually be built downward as well as upward and
outward. The advantages of doing so have already been
realized in several school systems in the United States,
including that of Artesia, New Mexico. The underground
temperature is nearly constant throughout the year, mini-
mizing heating and air-conditioning requirements. Therz
are no distractions from outside lights, traffic noise, and
aircraft. No maintenance is required of a building ex-
terior, and off-hours vandalism is nearly impossible. Light-
ing costs are insignificant, and with skiflful interior deco-
rating the underground environment can be very pleasant.
Expensive surface land is preserved for athletic and recrea-
tional facilities and green areas. As pollution, noise, and
congestion increase on the surface, the concept of &
subterranean city in a “temperate zone” beneath the
surface becomes more and more attractive.

Agriculture

Not only mushrooms, but also flowers, vegetables,
and even grasses are grown commercially underground.
Hydroponic systems are normally used, with ultraviolet
lighting, and in some cases {e.g., in growing barley for
cattle feed) the cverations have become highly mecha-
nized. The envirominental advantages are apparent, and
the growing season is unlimited. With increasing land costs
and pollution problems on the earth’s surface, under-
ground farming and gardening are ceriain to expand. - -
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RILLING AND TUNNELING

W. M. Adams, “A Direct Method for Investigating the Interior of
the Earth,” Lawrence Radiation Laboratory Report UCRL-6306
(February 1961).

A proposal that a small, unshielded nuclear reactor bé per-
mitted to melt its way through the crust and upper mantle
to collect magma samples in beoitles originzlly closed by
corrodible plugs. A corrodible bolt wouid eventually permit
release of a high-density bailast, and t»~ eactor wonld then
melt its way back to the si lrface "

D. E. Ammstrong, J. S. Coleman, B. B. McInteer, R. M. Potter, and
E. 8. Robinson, “Rock Melting as a Driliing Technique,” Los
Alamos Scientific Laboratory Report LA-3243 (March 1965).
A technical eport on the initial LASL deveiopment of a
rock-meiting drill. .
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J. E. Brantly, Rotary Driiling Handbook,Palnier Publications, New
York (1961).
A very complete and understandable handbook on the
equiprient 2nd techniques of conventional rotary drilling.

-J."C. Bresee, G. A. Cristy, and W. C. McClain, “Research Results
Show Interesting Potential of Hydraulic Tunneling,” Eng. and
Mining J. 171, 75 (July 1970).
A summary of laboratory investigations st ORNL on use of
high-pressure water jets for tunnel excavation. Greater detail
is given by McClain and Cristy (1970).

B. C. Craft, W. R. Holden, and E. D. Graves, Jr., Well Design:
Drilling and Production, Prentice-Hall, Inc., Englewood Cliffs, N.J.
(1962).
A general textbook of oil-well drilling and well-treating
practice, including a good chapter on hydraulic fracturing.

C. Fairhurst (Ed.), Feilure and Breakage of Rock, American insti-
tute of Mining, Metallurgical, and Petroleum Engineers, New York
(1969). :
A review of the state of knowledge in rock fracture mechan-
ics, including cracking and fracture patterns, rorce-crack
relations, and resuliing spalls due to penetrator debris. The
penetrator action discussed is central to the success of all
rotary-bit rock-drilling applications.

Fenix and Scisson, Inc., “Deep Hole Drilling Feasibility Study,” A

report prepared for the Advanced Research Projects Agency and

the United States Atomic Energy Commission (May 1969).
A detailed study of the feasibility of drilling a hole to a final
depth of 50,000 ft. Two California locations are considered.
It is concluded that with certain significant developments in
equipment and techniques, a hole finally 9-7/8 in. diam can
probably be drilled {o that depth, using heavy-duty rotary
drilling equipment and, perhaps, down-hole hydraulic
motors (turbine drills) at depth. The estimated time required
to drill the hole is 4.75 to 6.5 years, and the estimated cost
is $19,542,000 to $26,735,000, not ircluding contingencies,
overiiead, or the services of an architect/engineer.

D. C. Findlay and C. H. Smith (Eds.), Drilling for Scientific
Purposes, Geological Survey of Canada Paper 66-13, Queen’s
Printer, Ottawa (1966).
Proceedings of a symposium held in Ottawa in 1965 by the
International Upper Mantle Committee. Includes papers on
science-oriented drilling programs in several countrics, meas-
urement techniques used in boreholes, scientific objectives,
and existing deep-drilling technology.

C. Gatlin, Petroleum Engincering, Drilling snd Well Completiors,
Prentice-Hall, Inc., Englewood Cliffs, N.J. (1960).
A general textbook of oil-well driliing techniques and
practices.

T. E. Howard, “Rapid Excavation,” Scientific Americar. 217, 74
(November 1967).
A review article which indicates the difficulties involved ir
using the large continuous tunneling machines.

International Journal of Rock Mechanics ano Mining Sciences.
A useful source of current information on rock cracking and
fracture,

W. C. Maurer, Novel Drilling Techniques, Pergamon Press, ixew
York (1968).
Describes, discusses, and evaluates a wide variety of rock-
drilling methods, both tested and proposed, including several
not considered in the text of this report. An excellen* review
both of drilling concects and of proposed and tested
machines.
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W. C. McClair and G. A. Cristy, “Examination of High Pressure

Water Jets for Use in Rock Tunnel Excavation,” QOak Ridge

National Laboratory Report ORNL-HUD-! (January 1970).
A technical report of laloratory studies of the use of water
jets of various diameters, operating at various pressures and
relative velocities, to cut sandstone, limestone, and granite.
Pressure and energy requirements were low enough so that
the authors recommended further development of the tech-
nique for possible use on a continuous tanneling machine to
produce tunnels for underground utility distribution in
urban areas.

National Research Council, Rapid Excavation, Washington, 1968,
National Academy of Sciences.
Reviews the cursent status of rapid excavation techniques
and the significance, opportunities, and needs of this area.
Urges vigorous, federally funded research efforts on new
drilling technology, with a 10-year rescarch investment of
$200 mitlion,

A. P. Ostrovskii, Deep-Hole Drilling with Explosives,

Gostoptekhizat, Moscow (1960). [English translation by Consul-

tants Bureau, New York (1970)]
A detailed discussion of research, development, and testing
of the Russian explosive drill, written by the man principally
responsible for the entire program. An introductory section
reviews other means of driliing by shattering the rock, in-
cluding devices that use high-pressure impulses and others
that develop high thermal stresses.

K. Thirumalai, “Rock Fragmentation by Creating a Thermz! In-

clusion with Dielectric Heating,” U.S. Bureau of Mines Report of

Investigations 7424 (1970).
An investigation of the use of high-frequency dielectric
heating to heat a constrained inner volume in a rock body,
producing thermal stresses to fragment it. Fragmentation
was strongly dependent on dielectric properties of the rock,
but was produced in rocks which did not spall from surface
heating.

D. H. Yardley (Ed.), Rapid Excavation-Problems and Progress,

American Institute of Mining, Metallurgical, and Petroleum En-

gineers, New York (1970).
Proceedings of a 1968 conference which reviewed current
tunneling and shafi-drilling technigues, with emphasis on use
of the newer continuous tunneling machines. This is an
active and highly competitive field, and ail present manu-
facturers of ‘large continuous machines were represented.
In-depth treatments are given of designs, sizes, boring rates,
thrust ratings, power requirements, etc., and there is re-
peated lament that debris removal is a continuous problem
and a limiting performance factor. Reference is made to
laser-beam guidance of continuous machines.

ENVIRONMENTAL QUALITY

R. B. Aronson, “Thermai Pollution and the Power Crisis,”
Machine Design 42, 30 (June 25, 1970). )
A general discussion of the effects of the heating of lakss,
streams, and rivers by industrial cooling water. About 80%
of the industrial heat added to natural waters comes from
electric power generating plants, which use about 70% of the
water required by U.S. industry.

P. M. Boffey, “Energy Crisis: Environimental Issue Exacerbates
Power Supply Problem,” Science 168, 1554 (1970).
An cxamination of the conflict beiwees the need for more
energy and the desire for a clean environment.



“Clean Air or Electric Power,” Ind. Res. 12, 25 (July 1970).
A discussion of sulfur-dioxice emissions from f{uel-fired elec-
tric power generating plants.

“First Environment Report Goes to Congress,” Chem. and Eng.
News 48, 29 (August 17, 1970).
A discussion of the First Annual Report to Congress of the
Couril on Environmental Quality.
“Lest We Forget . Converting Garbage to Qil,” Ind. Res. 12,
48 (June 1970).
A brief summary of successful experiments at the Pittsburgh
Coal Research Center of the U.S. Bureau of Mines in the
conversion of garbage, waste paper, wood by-products, and
sewage sludge to oil.

National Research Council, Rapid Excavation, National Academy
of Sciences, Washington (1968).
Concludes that the growing national concern for enhancing
and maintaining the quality of the environment, in the face,
ol growing resource- and urban-development demands,
would be substantially lessened if greatly improved under-
ground-excavation technology were available.

“Rock Chambers Could Store Thermal Pollution,” Design Inter-
national, May 28, 1970, p. 47.

S. F. Singer, “Human Energy Production as a Process in the
Eiosphere,” Scientific American 223, 174 (September 1970).
A review of energy requirements, methods of energy produc-
tion, and the effecis on the environment of the by-products
of energy production—-including combustion products, solid
particles, radioactive wustes, and waste heat.

GEOLOGICAL SCIENCES

D. C. Findlay and C. H. Smith (Eds.}, Drilling for Scientific
Purposes, Geological Survey of Canada Paper 66-13, Queen’s
Printer, Ottawa, (1966).

Discussed above under “Drilling and Tunneling.”

F. Birch, “Some Geophysical Applications of High-Pressure Re-
search,” in W. Paul and D. M. Warschauer (S«s.), Solids Under
Pressure, McGraw-Hill Book Co., Inc., New York (1963).

S. P. Clark, Jr., “Recent Geochemical Research at High Pressures,”
in F. P, B"'"‘y W. R. ilibbard, jr., and H. M. Strong {Zds.),
Progress in Very High Pressure Research, John Wiley and- Sons,
Inc., New York (1961).

R. C. Newton, “The Status and Future of High Static-Pressure
Geophysical Research,” in R. S. Bradley (Ed.), Advances in High
Pressure Research, Vol. 1, Academic Press, London {1966).

1. Weertman, “Theory of Water-Filled Crevasses in Glaciers Ap-
plied to Vertical Magma Transport Beneath Oceanic Ridges,” to be
published in J. Gecoh, sical Res.
-Includes a good bibliography on hqutd-filled cracks, with
emphasis on geophysical applications.

P. J. Wyllie, “Applications of High Pressure Studies to the Eartn
Sciences,” in R. S. Bradley (Ed.), High Pressure Physics and
Chemistry, Vel 2, Academic Press, London'(1963}.

GEOTHERMAL ENERGY DEVELOPMENT

C. J. Banwel!, “Thermal Energy from fhc 's Crust,” New

Zealand J. Geol, Geophys. 7, 585 (1964).

J. B. Bumham and D. H. Stewart, “The Economics of Geothermal

Power,” a paper presented January 16, 1970, at the AMS Sympo-~

sium on Enginzering with Nuclear Explosives, Las Vegas, Nevada.
Qutlines the possibility of using a Plowshare nuclear device
to produce a large cavity filled with bzoken rock from which
geothermal encrgy can be removed as steam. Power costs are
estimated io be highly competitive with those for conven-
tional power plants. Some of the engincering difficulties
associated with such a development are outlined.

“Geothermeal Power Is Aim of New Plowshare Project,” Ind. Res.
12, 22 (July 1970).
Describes a Project Plowshare proposal to inncrease. the heat-
transfer surface within geothermal-energy reservoirs by
detonating nuclear devices within boreholes peneirating such
I€servoirs.

United Nations Conference on New Sources of Energy, Prcceed-

ings, United Nattons, New York (1964).
Of particular interest are the following papers: ‘A. Hansen
“Thermal Cycles for Geothermal Sites and Turbine Installa-
tion at the Geysers Power Plant, Claifornia,” Paper ‘G/41; G.
Bodvarsson, “Utilization of Geothermal Energy for Heating
Purposes and Combined Schemes Involving Power Genera-
tion, Heating and/or By-Products,” Paper GR/S [G]; C. F.
A. Zancani, “Comparison Between Surface and Jet Con-
densers in the Production of Energy Froni, and the Chemical
Utilization of, Larderello’s Boraciferous Steam Jets,” Paper
G/50.

GEOTHERMAL ENERGY SOURCES

C. J. Banwell, “Thermzl Enexgy From the Earth's Crust," New
Zealand J. Geol. Geophys. 7, 585 (1964). ‘

C. S. Conover, C. V. Theis,and R. L. Gnggs. Geoloy and
Hydrology of Valle Grande and Valle Tolzdo, Sandoval County,
New Mexico, U.S. Geslogical Survey Water-Supply Paper 1619-Y
(1963).

History and geology of the Jemez calden.

R. L. Griegs, Geology and Ground-Waoier Re.wurce .
Alamos Area, New Mexico, With a Section on Quality of Water by
Jokn D. Hem, U.S. Geologlcal Survey Water-Supply Paper 1753,
(1964).
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C. §. Ross, R. L. Smith, and R. A. Bailey, “Outline of the Geology
of the Jemez Mountains, New Mexico,” New Mexico Geological
Soclety Twelfth Field Conference, 1961, p. 139.
History and geology of the Jemez Mountains, including the
Jemez Caldera.

R. L. Smith, R. A. Bailey, and C. 8. Ross, Geologic Map of the
Jemez Mountains, Wew Mexico, Miscellaneous Geologic Investiga-
tions, U.S. Geological Survey Map I-571 (1970).

W. K. Summers, A Preliminary Repcrt on New Mexico's Geo-
thermal Energy Resources, New Mexico State Bureau of Mines and
Mineral Resources Circular 80 (1965).

D. K. Todd, Ground Water Hydrology, John Wiley and Sons, Inc.,
New York (1959).

United Nations Conference on New Sources of Energy, Proceed-
ings, United Nations, New York (1964).
Of particular interest is the paper by 1. R. Elizondo, “Pro-
spection of Geothermal Fields and Investigations Necessary
to Evaluzte their Capacity,” Paper GR/3 [G].

United States Senate, Valle Grande-Bandelier Narional Park, Hear-
ing Before the Subcommittee on Public Lands of the Committee
on Intcrior and Insular Affairs, U.S. Government Printing Office,
Wasington (1964).

D. E. White, Geothermal Energy, U.S. Geological Survey Circular

519 (1965).
A comprehensive survey of the quantity and quality of
energy present in the world’s geothermal energy reservoirs.
The author considers that only those regions ‘n which high-
quality natural steam can be produced are potentially useful
energy sources. and therefore assumes that only about 1% of
the hydrothermal energy can be converted into electrical
energy.

HEAT CONDUCTION

H. 8. Carslaw and 1. C. Jaeger, Conduction of Heat in Solids, The
Clarendon Press, Oxford (1959).

L. R. Ingersoll, Q. j. Zobel, and A. C. Ingersoll, Heat Conduc-
tion-With Engineering, Geological, and Other Applications,
University of Wisconsin Press (1954).
Contains many illustrations of heat flow and temperature
soiutions for geological probiems, including the geyser prob-
lem (pp. 140-154) and cooling of a laccolith (pp. 141-143).

D. 1. Schneider, Temperature Response Charts, John Wiley and
Sons, Inc., New York (1963).
A vaiuable set of charts for quick soluticn of transient
temperature problems.

HEAT PIPES

K. T. Feldman, Jr., and G. H. Whiting, “Applications of the Heat
Pipe,” Mech. Eng. 90, 48 (November 1968).
The operating principles of heat pipes, and the probable
usefuiness of heat pipes in such applications as energy con-
version devices, ihermal energy removal, temperature con-
trol, and power flattening.

J. E. Kemme, “Heat Pipe Design Considerations,” Los Alamos
Scientific Laboratory Report LA-4221-MS (August 1969).
A general survey of fundamental design parameters of im-
portance to heat-pipe performance.

J. E. Kemme, ‘“Ultimate Heat Pipe Performance,” IEEE Trans.

ED-16, 717 (1969).
A discussion of the factors that limit heat-pipe performance.

J. E. Ke:ame, “Heat Pipe Capability Experiments,” Los Alamos
Scientific Laboratory Report LA-3585-MS (October 1966).
The results of early work on lithimin heat pipes using
nivbium-1% zirconium alloy containers.

C. A. Busse, F. Geiger, and H. Strub, “High Temperature Lithiumn
Heat Pipes,” Second Int. Conf. on Thermicnic Electrical Power
Generation, Stresa, Italy, May 1968.
The tantalum-lithium heat pipeois shown to have a lifetime
of more than 1000 h at 1600 C with a heat-flux capacity
well in excess of 100 kW/cmz.

HIGH-PRESSURE STUDIES

F. Biich, “Some Geophysical Applications of High-Pressure Re-
search,” in W. Paul and D. M. Warschauer (Eds.), Solids Under
Pressure, idcGraw-Hill Book Co., Inc., New York (1963).
A review of tiie geophysical applications of high-pressure
research, emphasizing the bearing of experiments at high
pressures on the interpretation of seismic discontinuities.

P. W. Bridgman, “General Outlook on the Field of High-Pressure
Research,” in W, Paul and D. M. Warschauer (Eds.), Solids Under
Pressure, McGraw-Hill Book Co., Inc., New York (1963).

S. P. Clark, Jr., “Recent Geochemical Research at High Pressures,”
in F. P. Bundy, W. R. Hibbard, Jr., and H. M. Strong (Eds.),
Progress in Very High Pressure Research, John Wiley and Sons,
Inc., New York (1961).

R. C. Newton, “The Status and Future of High Static-Pressure
Geophysical Research,” in R. S. Bradley (Ed.), Advances in High
Pressure Research,Vol. 1, Academic Press, London (1966).

P. J. Wyllie, “Application of High Pressure Studies to the Earth
Sciences,” in R. S. Bradley (Ed.), High Pressure Physics and
Chemistry, Vol. 2, Academic Press, London (1963).

HYDROFRACTURING AND RELATED
ROCK MECHANICS

J. T. Cherry, D. B. Larson, and E. G. Rapp, ““A Unigue Descrip-

tion of the Failure of a Britile Material,” Int. J. of Rock Mech. §,
455 (1968).

An attempt to develop a rock fracture criterion under com-

- plex stress states, with particular emphasis on high hydro-

static stress fields. Comelation with rock fracture data is
good.

B. C. Craft, W. R. Holden; and E. D. Graves, Jr., Well Design:
Drilling and Produciion, Prentice-Hall, Inc., Englewood Cliffs, N.J.
(1962).
A general textbook which includes a good chapter on hy-
draulic fracturing.

C. Fairthurst (Ed.), Failure and Breakage of Rock, American Insti-
tute of Mining, Metallurgical, and Petrolcum Engineers New York

(1969).
Discussed above under “Drilling and Tunneling.”



E. Harrison, W. F. Kieschnick. Jr.,, and W. J. McGuire, “The
Mechanics of Fracture Induction and Extension,” Pet. Trans.
AIME 201, 252 (1954).
Presents extensive data from oil-field experience with rock
fractu-ing. The data are primarily from sedimentary rocks,
but show that vertical fractures are formed at pressures of
about 0.75 of the overburden strength level,

M. K. Hubbert and D. G. Willis, “Mechanrics of Hydraulic Fractur-
ing,” Pet. Trans. AIME 210, 133 (1957).
A discussion of the stress state produced in rocks by hydrau-
lic pressurization of a borehole. Laboratory and oil-fieid
data are presented to support the conclusions drawn con-
cerning directions of initial fractures.

A. H. Lachenbruch, “Depth ar:d Spacing of Tension Cracks,” J
Geophys. Res. 66,4273 (1961).

1. N. Sneddon and M. Lowengrub, Crack Problems in Classical
Theory of Elasticity, John Wiley a.d Sons, Inc., New York
(1969).
A thorough treatment of the mathematical theory of czacks
in elastic media. The material of interest for three-
dimensional, pressurized, “penny-shaped™ cracks is contain-
ed in Chapter 3.

R. 1. Sun, “Theoretical Size of Hydraulically Induced Fractures

and Corresponding Uplift in an Idealized Medium,” J. Geophys.

Res. 74, 5995 (1969).
Extensive measurements of ground-~urface uplift and post-
drilling after hydraulic fracturing fro.s a borehole confirmed
the size and exient of the extended cracks produced in a
horizontally bedded shale. A borehole 10 cm diam and
injection pressure of about 150 kg/cm (at the well-head)
were used, at a depth of about 300 m. Extended cracks,
about 1 to 2 cm wide witlh indicated radii of 50 to 60 m,
were produced.

D. K. Todd, Grouna Water Hydro: zv, John Wiley and Sons, Inc.,
New York (1959).

J. Weertman, “Theory of Water-Filled Crevasses in Glaciers Ap-
plied to Vertical Magma Transport Beneath Qceanic Ridges,” to be
published in J. Geophys. Res.
Includes a good bibliography on liquid-filled cracks, with
emphasis on geophysical applications.

POWER PRODUCTION, CONVENTIONAL

R. B. Aronson, “Thermal Pollution and the Power Crisis,” Ma-
chine Design 42, 30 (June 25, 1970).
Electric power generating plants use about 70% of the water
required by U.S. industry, and contribute about 80% of the
industrial heat added to natural lakes, streams, and iivers,

P. M. Boffey, “Energy Crisis: Environmental issue Exacerbates
Power Supply Problem,” Science 168, 1554 (1970).
A discussion of the conflict between the need for more
energy and the desire for a clean environment.

“Clean Air or Electric Power,” Ind. Res. 12, 25 (Inly 1970).
A discussion of sulfur dioxide emissions from fuelfired
electric power generating plants.

G. C. Gambs, “The Electric Utility Industry: Future Fuel Require-
ments 1970-1990,” Mech. Eng. 92, 42 (April 1970).
Reports preliminary figures prepared for the Federal Power
Commission by six Regional Advisory Committees. These
data will be the basis of ihe National Power Survey of 1970.

’

Geol. 45, 629 (1950).

R. E. Lapp, “Where Will We Get the Energ, 7" New Republic, )%
11, 1970, p. 7.

National Research Council, Resources and Man, Naticnal

Academy of Sciences, Washington (1969).

S. F. Singer, “Human Energy Production as a Process in the
Biosphere,” Scientific American 223, 174 (Sepiember 1970).
A review of energy requirements, methods of energy produc-
tion, and the effects of conventional methods on the envi-
sonment,

ROCK PROPERTIES

B. V. Baidyuk, Mechanical Progerties of Rocks at High Tempera-
tures and Pressures, Gostoptekhizdat, Moscow (1963). |English
transiation by J. P. Fitzsiamons, New York, 1967, Conmitsnts
Burean.)
Equipment and techniques for determining the mechanicsl
propettics of rocks at confining pressurer up to 10,000
kg,cm2 and temperatuzes up to 800°C. Properties and be-
havior of a variety of sedimentary rocks.

C. Fairhurst (Ed.), Failure and Breakuge of Rock, American Insti-
tute of Mining, Metaliurgical, and Petroleum Engineers, Mew York
(1969).

Discussed above under “Drilling and Tunneling.”

I. W. Farmer, Engineering Properties of Rocks, E. and F. N. Spon,
Ltd., London (1968).
A textbook of strnctural design in rock, for civil and mining
engineers. Concerned primarily with analytical techniques,
but includes some handbook data on stress vs strain, elastic,
and dynamic properties of rocks.

D. Griggs and ). Handin (Eds.), Rock Deformation, Geological
Society of America Memoir 79, Waverly Press, Baltimore (1960).
Papers presented at a 1956 symyosium, covering such sub-
jects as: comJJresswe deformation at 5 kbar confining pres-
sure to 800°C, chear deformation at 20 kbar confining
pressure to 800 C, of various rocks and minerals; compac-
tion and cementation of sands and sandstones; deformation
behavior of saad, limestone, and marble; faulting; fracture.

R. E. T. Hili and A. L. Boettcher, “Water in the Earth's liantle:
Melting Curves of Basalt-Water and Basalt-Waler-Carbon Dioxide,”
Science 167, 980 (1970).
The effects of water, carbon dnoxlde, and pressure on the
temperatures at which melting beginsin rocks of basaltic
composition,

G. C. Xennedy, “The Hydrothermal Solubilzty of Sllwa. Econ.
Geol. 39, 25 (1944).

G. C. Kennedy, “A Portion of the System Silica-Water,” Econ.

R. L. Marovelli and K. F. Veith, Thermal C’onducmity of Rock

Measurement by the Trangient Line Souz'ce Method Us. Depan

ment of the Interior R.. 6604 (1965). |
Thermal conducgvmes of t%comte,\
basalt, from -85 F- to 1500 F mei
technique,

S. Matsushima, “Viscosity of Obsulian and Bault Glass Under e
Piressure at High Temperature,” Eleventh. Symposium on H@h( -
Pressure, Senda, Japan, 1969“ Chemxcal Socicty of Jumn. L
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G. W. Morey and J. M. Hesselgesser, “The Solubility of Soine
Minerals in Superheated Steam at High Pressures,” Econ. Geol. 46,
821 (1951).

G. W. Morey, R. O. Fournier, and J. J. Rowe, “The Solubilitg of
Quartz in Water in the Temperature Interval from 25-3¢0 C,”
Geochim. et Cosmochim. Acta 26, 1028 (1962).

R. Mosebach, “Thermodynamic Behavior of Guartz and Other
Forms of Silica in Pure Water at Elevated Temperatuies and
Pressures With Conclusions on Their Mechanisms of Sointion,” J.
of Geol. 65, 347 (1257).

R. F. Scott, “The Physics and Mechanics of Soil,” Contemp. Phys.
10 449 {1969).
A review of the origins of various types of soils, their
patures and mechanical behaviors, and some of the engineer-
ing problems in which they are involved.

N. M. Short, “Shock Metamorphism of Basalt,” NASA Technical
Memorandum NASA-TM-X-63506 (March 1969).

D. Turnbull, “Under What Conditions Can a Glass be Formed?”
Contemp. Phys. 10, 473 (1969).
Characteristics of the glassy state, and the conditions under
which glasses are forined.

G. J. Wasserburg, “The Solubility of Quartz in Supercritical Waier
as a Function of Pressure.” J. of Geol. 66, 559 (1958).
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D. F. Weill and W. S. Fyfe, “Solubjlity of Quartz in H,G in the
Range 1000-4000 Bars and 400-550 C,” Geochim. et Cosmochim.
Acta 28, 1243 (1964).

C. F. Wingquist, Elastic Moduli of Rock at Elevated Temperatures,
U.S. Department of the Interior RI7269 (1969).
Sonic moduli %f a basalt, a taconite, a quartzite, and a
granite, to 1500 F.

B. V. Zalesski (Ed.), Physicai and Mechanical Properties of Rocks,
Akademiya Mauk SSSR, Moscov (1964). [English translation by
Israel Program for Scientific Translations, 1967, U.S. Department
of Commerce Publication TT67-51256.)
Methods of determining the physical, mechanical, and stiuc-
tural characteristics of rocks, plus handbook data from such
measurements.

TELEMETRY, SUBTERRANEAN

M. Dolukhanov, “Underground Propagation of Radio Waves,”
Radio (Moscow), 1970 [English translation by Joint Publications
Research Service, Pubiication No. JPRS49894 (1970).]
A short review of general methods of establishing radio
communication through the earth’s crust at various depths.

““Sensing Goes Undergrovnd at Amchitka,” Ind. Res. 12, 61 (June
1970).
Brief description of a subterranean telemetry system used to
monitor an underground nuclear test through 110 m of
dolomite rock. Plans are described for an advanced version
of the system.
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