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* ABSTRACT
The basic concepts and processes of soil and rock melting as
applied to excavation technology are reviewed. The electrically
heated, small diameter prototype penetrator development sequence is
presented. Emphasis is placed on the different methods of handling
the fluid rock and soil melts and their significance in providing
new solutions in hole support and debris handling problems. The re-

fractory materials requirements, penetrator life and electrical
heater technology are presented,

Consolidating penetrators, which form stable glass-lined holes
in low density rocks and soils, require no debris removal and will
find applications in horizontal holes for utilities, cables, and
pipeline installations. Extruding penetrators are being developed
to make holes in dense, hard rocks. Melt is conditioned into a
variety of debris forms, i.e., glass rods, pellets or rock wool,
selected to match appropriate debris handling systems. Unique
use in drilling into very hot rock or magma for geothermal explora=-
tion or production wells is projected. Some of the results of
laboratory and field tests of these devices are compared with
theoretically derived operating performance.

Coring-consolidating penetrators for geological sampling in
alluvium are projected to larger diameter self-propelled and guided
coring devices for prospecting along proposed tunnel alignments. :
Application to the melting of annular shafts for pipeline support % ASTER
piles in difficult conditions such as permafrost has been scoped.
Conceptual design studies of large diameter tunneling equipment have
indicated the system contributions and economic aspects of rock melt-

ing relative to material comminution, wall and roof support and

materials handling. DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED
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INTRODUCT ION

A wide variety of physical processes forrock fragmentation and
comminution have been studied and proposed as bases for new drilling
and tunneling systems; for example, refer to the reviews of Maurer(l)
and Olson and Atchison. (2) Modes of thermally fracturing rock and of
fusing rock or soil, as well as some of the research efforts in this
general area have been reviewed by Carstens.(3) He indicates the
basic advantages of the thermal approaches, noting specifically that
thermal processes can deliver energy to a working face with greater
intensity than mechanical systems, are subjected to less wear, and
can be relatively insensitive to wide variations in strength and
hardness of the formation.

This paper reviews the results of a research and development
project that is directed toward perfecting the rock- and soil-melting
process into practical excavation tools. The work is a result of
early studies, (4-5) and the initial experimental efforts which se-
lected the approach of developing electrically heated, refractory-
metal penetrators that are mechanically thrust into the working face
and transfer heat primarily by conduction and radiation. This se-
lection was based upon the controlled formation of the "debris" in
the form of a fluid. The techniques of handling this melt form the
basis for new excavation systems that can simultaneously: (1) form
the required shape of the bore hole or tunnel, (2) support the exca-
vation by chilling the melt into a glass-like lining on the walls,
and (3) make the "muck" or cuttings into forms that can be selected
to match efficient materials handling equipment suitable for the

" particular project. Major objectives of the program have been to ex-

plore the variety of available melting modes, to perfect the possible
melt-handling techniques, to provide analytical models of system op-
erating performance, to extend system performance relative to pene-
tration rate and operating life, and to demonstrate the importance
and potential of a total system approach to new solutions in excava-
tion technology. These rock melting systems have been termed
"Subterrenes". '

ROCK. MELTING PENETRATOR FUNDAMENTALS
" The known melting temperatures of refractory metals, for struc-

tural components, graphites for electrical heaters and thermal in-
sulators, and a variety of nitrides and oxides. for electrical insula-

tors show(6) that materials with sufficient temperature margin rela-

tive to rock and soil melting temperature ranges are available for
construction of penetrators. In practice, structural components fab-
ricated from molybdenum and tungsten of the required configurations
can be designed to have practical creep-rupture lives in excess of
1000 hr. Material temperatures in the range of 1300 to 1900 Kelvin
(1880 to 2960°F) have been found to be sufficient to melt most rocks
and soils of interest. ’



Figure 1 illustrates schematically the penetrator system. The
physics of melting by the penetrator yields the following relation
between meltlng energy E, and penetration rate V,

Vep- Am [CP- (Tm-rTo) + AHL] = E_ | (1)

Equation (1) can be rearranged into the form

H 1 :

v = K(A > T {(2)
m

which is the basic operating relation,

where:
= density of rock or soil

o]
CP = specxfic heat

T melting temperature
T, = ambient temperature
AH_ = effective heat of fusion

L , ‘ _
= melted cross-sectional area

m ,
= efficiency factor to account for heat losses to stem
- coolant and surrounding rock or soil

'éH = heater power

K = a factor containing the rock or soil properties.

Equation (2) shows that the penetration rate is predicted by a rela-
tion which is essentially directly proportional to a heater power,
i.e., an increase in rate is achieved by increasing heater power.
Also the equation indicates that maximum rate is limited by the heat
flux (EH/Am) that can be transferred from the heater, through the
internal structure of the penetrator, through the melt layer and to
the melt layer-to-rock interface. This limit is determined by the
maximum practical temperature levels at which the internal components
of the penetrator can operate(7,8); which in turn are related to op-
erating life of the device. These limits can be established by
thermal analysis(9) and laboratory experiments and component tests.,

Figure 1 also illustrates the formation and growth of the rock-
melt layer around the penetrator body. This layer serves to par-
tially protect the refractory metal body from abrasion. There is
another life limiting factor which results from the interaction of
the melt with the high temperature refractory metal. This results
in a slow removal of material from the surface by interaction with
the fluid melt, however a stable complex of solid oxides and sili-
cides has been shown to significantly retard this effect. Service
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life evaluations in both laboratory and field tests conducted thus
far have indicated the potential for long operating lifetimes.

The sketch in Figure 1 also shows two other basic features of
penetrator systems under development. The need for a stem coolant
system, usually provided by a water or gas (air) flow. This coolant
performs the primary function of cooling the non-refractory stem
(fabricated from steel pipe) and the most important secondary task of
providing a controlled chilling of the melt to a solid state. For
the configuration sketched in Fig. 1, as a glass-like lining on the
hole depicted in Fig. 2. This melt-conditioning function of the cool-
ant is essential to the operation of the penetrator systems. A sharp
temperature transition between the hot refractory melting body and
the melt forming-chilling structure is essential to prevent melt
sticking and this transmission is provided by a heat blocking insula-
tor (usually formed from pyrolytic graphite). .Proper thermal design
of the glass forming section has been accomplished by a combination
of thermal and heat transfer analysis and experimental work. (10)

The detailed theoretical prediction of rock melting penetrator
performance and optimization studies(ll) require the knowledge of the
thermal and physical properties of rock, soils and melts. Most of
these data are available(12,13) in sufficient quantity and quality to
predict the heat loss from penetrators(14,15) and to select geome-~
tries to minimize heat losses. The basic rock melting relationships
given in equations (1) and (2) have been verified(1l6) by instrumented
laboratory experiments and field test data. The relative insensitivi-
ty of performance to a wide range of rocks and soils has also been
established by these tests. This work has confirmed the general
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predictability of the system-4nd has provided a firm basis for cal-
culating the performance of conceptual designs of different excava-
tion equipment configurations and has established the ability to

scale up to larger sizés.

PENETRATOR MELTING MODES AND MELT HANDLING

1lity in design and wide range of projected applica-
tion of Subterrene systems is based upon the variety of available
melting modes and melt handling techniques. Figure 3 illustrates
four of these basic schemes. The simplest configuration, Fig, 3a,
termed the consolidation mode, shows a fﬁll—face melting penetrator.
The unit advances in low density rock or loose soils by melting the
material in the hole and sufficient additional material to form a
higher density glass~like lining. Thus, a stable hole is formed with
no debris removal requirement. Figure 4 is a section view of a gas
cooled penetrator designed(l7) on the consolidation principle and
Fig. 5 is a photograph of one of these devices after extensive test-
ing. The thickness of the glass lining for a circular cross section
hole is given by the equation

r .
_r_g - - 1 -} o (3)
h ,/ 1l - DR/DL , '
where rg'= outer radius of glass lining
X, = radius of hqle

pp = density of the parent rock or soil

= density of the lining (pL > pR).

. ; ) Coring With (d) Coring With
{0) Consolidation {b) Extrusion (mmﬁ;n Extrusion

Fig. 3--Section sketch of various penetrator melting modes and
melt handling techniques.



Figure:6 is a photograph of the exterior of a glass lined hole formed
in a sample of loose gravel by a consolidating penetrator.

The second mode of melting and melt handling is shown in Fig. 3b.
This configuration is used in dense and hard rocks where consolida-
tion is not possible. The melt is extruded through a melt flow hole
(or holes) in the penetrator body. The melt then exits through a
chill nozzle, where the stem coolant chills the melt into a solid
debris. Figure 7 shows a section view of this design(18) with a
single extruding channel. A variety of debris types or cuttings
can be formed with extruding penetrators. Figures 8 and 9 show typi-
cal holes and debris. The hole formed in a low density rock type
(tuff) and glass rods removed (Fig. 9) indicates the universal nature

‘of these extruding penetrators in their ability to penetrate lower

density materials in addition to denser formations.

Figures 3c and 3d illustrate two additional modes of melting,
Figure 3c is a consolidating-coring penetrator designed to take

‘glass cased cores in loose soils and gravels. Figures 10 through 12

indicate the details of the design, (19) a photograph of the pene-
tor body and a section of core retrieved during initial tests of the
unit. The coring-extruding combination shown in Fig. 3d is the melt~-
ing mode and melt handlxng concept to be applied to coring in dense
rock.

The successful design, fabrication and testing of the above
variety of melting penetrators has formed the technological base for
a wide range of excavation applications.(20) The electric heaters
required for the various devices have also been developed and tech-
nical approaches to provide advanced heater subsystems estab-
lished. (21) Various types of special drilling and tunneling tools

- can now be designed and developed based upon combinations of the

basic melting configurations and melt handling techniques established
in the development. .

EXPERIMENTAL AND THEORETICAL RESULTS
AND FIELD TESTS

The theoretical prediction models for the Subterrene devices
have been formulated in computer programs which yield detailed ther-

'mal and heat transfer representations, (22) structural analysis for

creep and thermal stress evaluations(23) and operating performance
predictions. (11) These analytical results have been verified by
data obtained in laboratory experiments as illustrated in Fig. 13.

Simple modularized, portable field test and demonstration units
(24,25) have been designed and used to provide field test experience.
Field tests of both vertical and horizontal holes(26) have confirmed
operating parameter relationships. The field unit designed for use
with a 50 mm (2 inch) diameter consolidating penetrator has been



utilized(27) to melt drainage holes in the floors of Indian ruins in
collaboration with the National Park Service.

EXCAVATION SYSTEMS

Based upon the development efforts completed thus far a number
of excavation systems have been projected. The results of melting
horizontal holes in field tests (Fig. 14) have indicated that a
system for melting small diameter, horizontal holes with controlled
deviations from straightness, Fig. 15, can be developed. (28) This
type of equipment will find many uses in forming glass-lined holes
for thé installation of utilities, cables and pipelines in construc-
tion projects. Significant advantages for installations in loose

' gravelé and difficult soils are foreseen. Development of position -

sensor and guidance subsystems for hole straightness and programmed
deviation control are possible with this system.

Increasing the diameter of the equipment and providing for
coring capability, the design of equipment for accomplishing geo-
logic surveys of the alignment of a proposed tunnel route is possi-
ble. (29) This device can include an in-hole packer=thruster unit,
position sensors, automatic feed back for path control, and formation
logging instrumentation. Application as a mini-tunneler is also
projected. A sketch of the equipment is shown in Fig. 16.

The scale up to larger diametexrs to provide conceptual designs
of tunneling systems(30) is also possible due to the predictability
of the melting process. Power requirements, subsystem specifications
and costs(31) can be readily projected. These systems analyses and
conceptual design studies have shown that rock-melting tunnelers for
use in soft ground, Fig. 17, may show the largest advantages as com-
pared to presently used equipment. This is primarily a result of the
possibility of melting the periphery and formation of a glass lining
for temporary support in difficult ground and accomplishing this
immediately behind the working face., A mock up of such a formed-in-
place tunnel support system is shown in Fig. 18. This particular
demonstration of tunnel lining was performed by successively melting
parzllel, horizontal holes with a 50 mm (2 inch) diameter consolidat-~
ing penetrator in such a manner that the successive glass tubes over-
lapped and fused together, A stable and continuous lining was formed
and the loose alluvium £1ill of the embankment was easily excavated
from within the lining. The extension to the placement of a complete
set of specially shaped penetrators located continuously around the
periphery of an existing soft ground tunneling machine is easily
visualized.

Current penetrator design and development efforts are concen-
trated on a prototype penetrator (Fig. 19) suitable for geothermal
well drilling. This 85 mm (3~1/2 inch) diameter extruding system is
undergoing field trials in basalt using a drill rig, Fig, 20, which
can handle &~ 300 m (1000 f£t) of stem,



DISCUSSION AND CONCLUSIONS

The development of rock melting penetrators has reached the
stage where the preliminary design of specific excavation equipment
can be considered. The power and coolant requirements and handling
equipment can be defined. The operating parameters and special pene-
trator configurations can be predicted and optimized using available
analytical techniques. It is felt that the first commercial equip-
ment developed for practical use will be applied to the formation of
small diameter, horizontal, glass lined holes in difficult ground
for utility, cable and pipeline installations.
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Fig. 8--Hole melted in granite sample with extruding
penetrator, debris in the form of glass pellets
and rock wool.
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Fig. 9--Hole melted in low density tuff with extruding
penetrator. Note thin glass lining and glass-
rod debris form.
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Fig. ll--Photograph of molybdenum penetrator
body for coring-consolidating penetrator.

Fig. 12--Cross section of glass cased core removed from alluvium
sample by coring-consolidating penetrator.
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Fig. 18--Mock up of a formed-in-place glass tunnel periphery lining,
melted sequentially with a 50 mm (2 inch) diameter consoli-
dating penetrator into a loose gravel bank,
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Fig. 20--Mobile drill rig for field trials of melting
penetrators. Rig can handle up to 300 m (1000 £ft)
of 125 mm (5 inch) stem and has automatic hydraulic
controls for programmed rate, thrust or position.



