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ABSTRACT 

The objective o& the Subteh/iene ph.OQh.am Is to develop new, innova­
tive systems ion. dhilling and tunneling based on tiie hock-melting 
concept. Rocks ahe mixtxxn.es o& minehaJU, and thehe&ohe, melting points 
one. h.elatively tow. The common igneous fiocks, which ate especially 
dihlicuJLt to penetAate mechanically, in general become ^luid at twpe/ia-
tuh.es in the vicinity oft 1470 K. Refihactohy metals, such as molybdenum 
and tungsten, have melting points much higheh. tixan this and axe avail­
able ion. the development o{, the hequihcd hock-melting penethatoh 
sthuctuh.es. 

This phoposed ex.cavatU.on metliod, which Is helatively insensitive to 
variations in hock lohmation, produces a liquid melt whose behavioh can 
be phedicted by the laws oi \lxxtd dynamic*. The basic hock heat trans­
fer and melting processes ahe well defined and amenable to theohetical 
analyses and the hate o& advance Is dependent on the powefi supplied to 
the hot penetrator. The hack melt can be chilled to a glass and formed 
into a dense, strong, iirmlij attached hole lining. Thus by the use o0' a 
melting penetratoh, permanently seli-supportlng holes can be ph.odu.ced 
even in unconsolidated sediments. 

INTRODUCTION 11 B ft 
mik\ 

Rock-melting offers new solutions in the three major areas of*the ̂  
excavation process: making the hole or excavation, providing structural 
support for the bore hole, and removing the debris or cuttings. Rock 
melting offers these potential technological advances because of its 
unique feature of liquifying the reck and its subsequent ability to 
chill the melt into useful structural forms such as a hole lining or 
casing. The liquid melt can also be frozen into a variety of unique 
debris forms. 

The principal development activity in establishing the basic rock-
melting technology is the design and development of a sequence of small-
diameter prototype penetrators[l]. Two basic mechanisms exist for the 
redistribution of rock melt to permit the passage of the penetrator. 
These mechanisms are deposition of the melt by a solid penetrator 
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into the immediately adjacent rock and removal of the rock and rock melt 
by extrusion through a hole, or holes, in the penetrator with subsequent 
ejection through the hollow stem. Melt deposition occurs either by 
consolidation (density compaction) of a porous rock to produce a higher 
density glass lining, or by forcing the melt into cracks that either 
existed in the rock or were formed by thermal and/or mechanical stresses 
imposed by the hot penetrator. Penetrators incorporating melt extrusion 
are more universal in their applicability and can be used in both porous 
ground and hard dense rock. 

The known melting temperatures of refractory metals for structural 
components, graphites for electrical heaters and thermal insulators, and 
a variety of nitrides and oxides for electrical insulators show that 
materials with sufficient temperature margin relative to rocK and soil 
melting temperature ranges are available for construction of rock-
melting penetrator systems. The penetration rate is predicted and 
experimentally found to be essentially directly proportional to the 
heater power. The maximum penetration rate is limited by the heat flux 
that can be transferred from the heater, through the internal structure 
of the penetrator, through the melt layer and into the solid rock. This 
limit is practically determined by the maximum temperature levels at 
which the internal components of the penetrator can operate, which in 
turn are related to the operating lifetime of the device. 

POWER SOURCE DESIGN AND DEVELOPMENT MAST, 
A wide variety of electrical heaters for small-diameter Subterrene 

penetrators have been designed, constructed, and tested [2]. The basic 
materials problem is the incompatibility of refractory materials at the 
required operating temperatures o f * 2000 to 2400 K, while the basic 
design problem stems from the requirement for large heat fluxes from the 
heater surfaces. These high fluxes are necessary to maintain the outer 
surfaces of the penetrator at operating temperatures high enough to melt 
rock at useful rates. Thermal resistances of materials required for 
electrical insulation must be kept low to reduce internal temperature 
gradients. 

The successful use of pyrolytic graphite as a radiant heating ele­
ment and the low thermal resistance of a polycrystalline (P0C0) graphite 
radiation receptor were combined to produce a very stable heater 
assembly. The heater consists of a stack of oriented pyrolytic-graphite 
disks held in a graphite-lined cavity by a spring-loaded graphite 
electrode. A cross-sectional view of a typical assembly is shown in 
Fig. 1. 

The direct-current path is down the center stem to the graphite 
electrode, down the electrode to the pyrolytic-graphite heater stack, 
through this stack to the molybdenum penetrator body, back up the body 
to the withdrawal structure, and through this structure to the afterbody 
and outer stem. The center conductor is made positive with respect to 
the outer stem to suppress thermal electron emission from the stack, 
thereby reducing the tendency for arcing between the heater stack and 
the receptor. The heater cavity is filled with helium to enhance the 
radial heat transfer. Heat fluxes of up to 2 MW/m? have been obtained 
from pyrolytic-graphite radiant-heater elements. The features of this 
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design which contribute to 
efficiency and durability can 
be summarized as follows: 
• A heater cavity containing 

only graphite in the high-
temperature region. 

• The use of a specialty 
graphite (POCO) for the 
receptor whose thermal 
expansion characteristics 
match those of molybdenum 
and whose absorptivity for 
radiation energy is near 
unity. 

• A nonisotropic pyrolyti:-
graphite heater stack ori­
ented so that the high 
electrical resistivity ("c" 
direction) is parallel to 
the penetrator axis, and the 
high thermal conductivity 
{"a-b" direction) is normal 
to the perstrator axis and 
in the direction of princi­
pal heat transfer. 

• A hollow heater cavity to 
allow control of the rela­
tive heat generation along 
the penetrator length. 

• Utilization of the excep­
tional combination of high compressive strength and low thermal conduc­
tivity of pyrolytlc graphite ("c" direction) for the insulator between 
the heated penetrator body and the cooled afterbody. 
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Consolidation Penetrator Experiments 

Penetration by melting and subsequent density consolidation relies 
upon the porosity of the parent rock or soil. This process is illus­
trated In F1g. 2 which shows how the rock melt is formed Into a glass 
lining and how the larger hole diameter 1s melted to accommodate the 
lining [3]. 

This method of penetration eliminates the debris-removal process. 
The ratio of outer to inner radius of the glass lining is therefore 
related to the properties of the rock and lining by the conservation of 
mass. The resulting radios ratio is-
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The t e s t demonstrated that a path 
advance is feasible (radius of curvature »» 4 m) 

where rm is the outer radius of the 
glass lining, rp is the radius of 
the penetrator or inner glass lining, 
PR is the density of unmelted rock, 
and pj_ is the density of the glass 
lining. Penetrators ut i l izing den­
sity consolidation for melt disposal 
are referred to as melting-
consolidating penetrators (MCPs). 

Consolidation penetrator 
designs have been developed to the 
point where compressed-air cooled, 
oxidation-resistant, easily replace­
able penetrators are in satisfactory 
use for both laboratory experiments 
and field demonstrations. Test 
results indicate that the glass hole 
linings are of the predicted thick­
ness and higher thrust loaos are 
beneficial in obtaining higher 
advance rates and smooth, high-
strength glass linings of lower 
porosity. A tes t was performed in 
which the tuff specimen was t i l t ed 
deliberately while being penetrated 
by a 75-mm-diam consolidating 
penetrator, thus simulating a 
guided penetrator in which steering 
is accomplished by stem-warping, 

deviation of 1.5 degrees per 80 mm of 

Extrusion Experiments in Hard, Dense ftock 

Extrusion penetrators are required in dense materials and are 
designed to continuously remove the deoris from the bore hole [4] , As 
indicated in Fig. 3 the melt flow, confined by the unmelted rock and the 
hot melting face of the penetrator, is continuously extruded through a 
hole (or holes) in the melting face. This material is chilled and 
freezes shortly after the circulating cooling fluid impinges upofi the 
extrudate exiting from the extrusion region. If freezing is accom­
plished quickly, the material will be in the form of frozen glass rods, 
pe l l e t s , or rock wool. The flowing coolant can then transport these 
small fragments up the stem to the exhaust section. Typical pel lets and 
rock wool that were formed from frozen extrudate and removed by the 
cooling fluid during a basalt test are r.hown in Fig. 4. 

Extruding penetrators have been used successfully to produce glass-
lined bores in samples of tuff, alluvi-m, basalt , and granite. In view 
of the i r demonstrated versa t i l i ty in varying rock and ground types, they 
are referred to as "Universal Extruding Penetrators" (UEPs). 
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Experiments in Diversified Rock Types 

The abi l i ty of MCPs to produce smooth, strong, firmly attached 
glass linings in a variety of consolidated or unconsolidated low-density 
rocks and soils has been continually demonstrated since the inception of 
the program. Typical examples are the thick glass lining associated 
with a hole melted in tuff i l lustrated in Fig. 5 and a self-supporting 
glass-lined hole melted in unconsolidated alluvium il lustrated in Fig. 6. 
A more novel application involves a series of tests using 50- and ?5-mm-
diam MCPs melting into frozen (200 K) al luvial specimens containing 
*» 16-203 water by weight (simulated arctic permafrost). The oenetrators 
readily produce glass-lined holes in the frozen specimens. 

In hard, dense rock, UEPs incorporating coaxial-jet debris-removal 
systems have successfully penetrated and glass-lined bores in basalt and 
granite, with the granite hole i l lustrated in Fig. 7 representing a typi­
cal sample. Experiments have also been carried out with the UEPs melting 
in porous materials such as tuf f . The tuff extrudate consisted of glass 



rods that broke off only when the rod extended the length of the experi­
mental stem. The differences between the basalt and tuff extrudate are 
ascribed to the large difference in viscosity between the two glass 
melts and to the significant volume fraction of unmelted quartz crystals 
in the tuff melt. The UEP produced a thin glass lining on the hole, 1n 
contrast to the thicker linings formed in tuff by MCPs. 

A design has been completed and fabrication started of an 82-tnm-
diam extrusion penetrator having a large surface heat-transfer area, 
multiple melt-flow passages, and multiple heater stacks. Based on the 
enhanced surface area, reduced operating melt layer thickness, and high 
thrust capability, analyses predict that this unit will melt rock at a 
significantly faster rate than previous UEP designs. 
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Coring Penetrator Development 

The Subterrene concept of rock penetration by progressive melting 
has been expanded to include a technique for obtaining continuously 
retr ievable geologically interest ing core samples from the material 
being penetrated. The coring concept u t i l i zes an annular melting 
penetrator v/hich leaves an unmelted core i n the in te r io r that can be 
removed by conventional core-retr ieval techniques. Although the concept 
is applicable to ei ther the extrusion or consolidation mode of melt-
handling, i n i t i a l emphasis has been placed on a consolidating-coring 
penetrator as i l l us t ra ted schematically i n Fig. 8. 
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A 114-mm-diam consolidating corer intended for use in porous 
a l l u v i a l soi ls has been designed, constructed, and cal ibrat ion-tested 
in the laboratory. The core diameter is 64 mm and the melting body, 
which i s vacuum-arc-cast molybdenum, is fabricated as a single-
s t ructura l component as i l l us t ra ted in Fig. 9. The water cooling 
system incorporated represents a departure from the conventional gas 
systems and has been successfully checked in the laboratory. Minor 
adaptations of commercially available core extraction tools are in 
progress for use with the alluvium corer. 

Fig. 9. Fhotogmph otf 
114-nsn-diameXeA 
conboZAjdaJting-
cofUng 

Glass Forming Tool Development 

Consolidation penetrators have becfl tested with high thrust loads 
into tuff specimens, and the glass walls of the resulting holes have 
been of much better visual quality than noted previously. It is postu­
lated that the higher thrust loads and associated higher pressures in 
the rock melt minimize gas-bubble evolution which can cause voids in the 
glass walls. Theoretical calculations of thermal histories for glass 
linings have been initiated [5]. These thermal histories follow the 
radial temperature profiles through the glass thickness and indicate the 
time spent by the freezing melt in the softening regime, working range, 
and annealing range of temperatures. Studies of the relative influence 
of cooling by the surrounding rock and the cooled stem will be used to 
assess the history of radial gradients in the glass wall and will there­
fore indicate residual stress/strain states. These time-history studies 
have yielded results which indicate the design directions for optimiza­
tion of the thermal design of the glass-forming afterbodies of penetra-
tor systems. 



DIRECTED RESEARCH AND DEVELOPMENT 

Materials Science and Technology 

The high temperatures reached in Subterrene penetrator systems 
require a set of materials maintaining not only structural and physical 
integrity, but also a high degree of chemical inertness over extended 
periods of time [6]. Realization of this ideal situation becomes diffi­
cult at the suggested operating temperatures of the system, 1600 to 
2300 K, and possibly higher in the case of certain radiant heater 
designs. The material temperature range is wide because a high power 
density must be transmitted from a central core of the heater so that 
ample heat flux can be conducted to the surface in contact with the 
rock. Because most materials will react with one another to some degree 
in this temperature range, intrinsic thermodynamic and kinetic lifetime 
limitations must be investigated. 

Both a pretest and a post-test molybdenum penetrator have been 
examined by x-ray radiography. The pretest "shadowgraph" will be used 
as a basis for nondestructive examination after long-term operations. 
Radiographs of the used unit showed that corrosion can be observed by 
this technique and that the state of the graphite heater pills inside 
may also be seen. Static compatibility testing has been initiated with 
studies of the corrosion or dissolution reactions of molybdenum with 
standardizsd basalt rock. Figure 10 shows a typical penetrator coated 
with basalt glass after completion of a laboratory rock-melting test. 

VIQ. 10. Pme&iatoi coated with 
ba&a&t glcu>6 a-itzx witli-
dfiaimZ. \nxm kolz. 

Power Source Materials 

The basic chemical reactions involved in Subterrene power-source 
materials are those of the refractory metal-carbon system, with some 
possible contributions from impurities wi th in the metal, carbon, and 
helium gas that surrounds the heater. The motivating reason for study­
ing these chemical reactions is the poss ib i l i ty of predicting and 



enhancing penetrator lifetime, a most important economic factor. The 
lifetime of a penetrator unit must be ultimately dependent upon the 
internal refractory metal-graphite interactions for the prototype 
radiant-heater penetrators currently being used. Internal chemical 
reactivity in prototype Subterrene radiant-heater penetrators has been 
investigated by means of sectioning and examining metallurgical samples. 
Dimolybdenum carbide, M02C, is the major- reaction product formed 
between the base metal and the graphite receptor interface. In those 
regions where carbiding has occurred, temperatures have been computed 
by means of measurement of the carbide layer thickness and the use of 
reaction-rate data for the Mo-C system. These temperatures have been 
compared to those calculated from thermal-analysis considerations [7]. 
As illustrated in Fig. 11, agreement is very good, with the calculated 
values being » 50 K higher. 
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Refractory Alloy Fabrication 

The majority of penetrators thus far have been fabricated from 
molybdenum. The several tungsten penetrators that have been f a b r i ­
cated and tested have clear ly demonstrated that tungsten has the 
capabi l i ty of operating at higher temperatures and hence y ie ld ing 
greater penetration rates. An extensive e f fo r t has been in i t i a ted to 
ensure acquisit ion of tungsten stock in the proper sizes and shapes for 
forthcoming Subterrene penetrator fabr icat ion. Refractory-metal machin­
ing techniques have advanced to the stage where large, f l u ted , prof i led 



bodies are being fabricated and deep holes are being drilled in molyb­
denum parts. In addition, techniques have been developed for high-
temperature (2000-2300 K) vacuum furnace-brazing of penetrator 
components. 

FIELD DEMONSTRATION UNITS 

The principal objectives of field-testing complete penetrator sys­
tems are the performance evaluation of the system under actual field 
conditions and the acquisition of realistic data on system reliability 
and expected service li.e. Data and experience from field tests form 
an important input in the penetrator system-design optimization process. 
Field tests also demonstrate prototype system performance at a level of 
development approaching that required for commercial applications. 

The field-test program was established with the design, construc­
tion, and utilization of the first portable, modularized field-
demonstration unit (FDU) [8]. This initial FDU provided a self-contained 
unit for demonstrating small-diameter rock-melting penetration system 
capabilities at locations away from the immediate Los Alamos area. The 
unit was designed to produce glass-lined bores in low-density rocks or 
soils and to achieve the following specific objectives: 

(1). Provide field demonstrations of basic rock-melting principles 
and capabilities. 

(2). Produce glass-lined drainage holes in archaeological ruins. 
(3). Melt prototype utility holes under roadways. 
(4). Test improved glass-forming designs. 
(5). Provide extended-lifetime test data for the refractory metal 

penetrators. 
(6). Serve as a prototype and yield data and experience for the 

design of larger units for future field tests of Subterrene 
systems. 

The FDU is easily transportable and capable of remote, self-
contained operation utilizing an air-cooled stem. A schematic sketch of 
the completed FDU is shown in Fig. 12. The various modularized compo­
nents are designed to be stored and transported in one trailer. 
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The major components of the FDU and their basic functions are 
described below: 

Thruster - Two double-acting hydraulic cylinders and a mechan­
ical chuck are used for gripping the stem and thrusting the heated 
penetrator into the rock formation and also for extracting the 
penetrator. 

Hydraulic Pow<;r Supply and Control Console - An electric-
motor-driven hydraulic pump supplies pressurized oil to the console 
for use in operating the thruster. The control console provides 
control of the thruster (i.e., of its direction and amount of thrust 
applied) by means of regulating valves. 

Electric Power Supply and Control Console - Electrical power 
is supplied by a gasoline-engine-driven generator which provides 
« 10 kW of 220-V single-phase 60-Hz power. The control console 
modulates the power to the penetrator and contains a rectifier to 
change the 60-Hz to direct current, a step-down transformer to 
provide lower-voltage/higher-amperage power, a Variac for voltage 
control, and associated instrumentation. 

Air Compressor - A gasoline-engine-powered air compressor is 
used to supply cooling air to the penetrator stem and for chilling 
the rock-glass lining. 

Stem Sections - Modified sections of standard drill pipe 
commonly used in oil-field drilling are used. They are fitted with 
an internal copper tube which serves as a conduit for the cooling 
air and as a conductor for the electrical power to the penetrator 
heater. 
Preliminary technical achievements with the field demonstration 

unit include: 
• The use of a FDU to make a 13-m and a 15-m horizontal penetra­

tion into Bandelier tuff [9]. The field-demonstration unit is 
shown in place in Fig. 13. 

• Two very straight glass-lined holes, one vertical and one hori­
zontal, have been produced in Bandelier tuff with a field-
demonstration unit. These holes are each «* 13 m long and 
deviate from straightness by less than 10 mm along their entire 
length. 

• Numerous penetrations into various loose and unconsolidated soil 
samples, including layered samples formed from different loose 
materials, have been conducted to examine the resulting glass 
liners. The glass liners have been of good quality and the 
smooth transition across the layered samples was particularly 
encouraging. 

• Eight water drainage holes were melted with a FDU at the Rainbow 
House and Tyuonyi archaeological ruins at Bandelier National 
Monument, New Mexico, in cooperation with the National Park 
Service [10]. By utilizing a consolidation penetrator, the 
required glass-lined drainage holes were made without creating 
debris or endangering the ruins from mechanical vibrations. 
Figure 14 shows the rock-melting demonstration unit in place at 
Rainbow House. Specifically, this operation has shown that 
Subterrenes can be operated successfully under field conditions 
in areas remote from the laboratory and a consolidating penetra­
tor can melt its way through alluvial formations containing some 



moderately sized basaltic rocks by thermally cracking the rocks 
and forcing the melt into the surrounding soil through the 
cracks. 

THEORETICAL ANALYSIS 

Theoretical analysis efforts have been directed toward the develop­
ment of new analytical and numerical techniques for analyzing the 
combined fluid dynamic and heat-transfer performance of melting penetra-
tors and the application of these techniques to specific penetrator 
designs and concepts. Numerous thermal analyses involving two-
dimensional heat-conduction solutions have been performed in support of 
the prototype design and development effort to predict temperature 
profiles in critical regions of penetrator systems. The analytical 
problem of a heated penetrator advancing into solid rock requires a 
study of the nonlinear fluid dynamics of creeping viscous flow with high 



thermal flux-energy interactions. Although some aspects of the analysis 
are similar to classical areas of investigation in slow viscous flow 
theory, the complete problem formulation represents a discipline of its 
own. Solutions will be characterized by the following features: 

(1). The characteristic fluid velocities involved are very low 
even for the most optimistic penetration rates. As a conse­
quence, the fluid dynamics problem is inherently incompress­
ible and the very low Reynold's numbers allow the irertia 
terms to be neglected in the Navier Stokes equation;*. 

(2). The viscosity of the melted rock materials is very high and 
strongly temperature-dependent. 

(3). Initially, only steady-state axisymmetric solutions need Je 
considered. 

(4). In addition to the sensible-heat transfer, an effective 
latent heat of melting must be included in the thermal 
energy balance. 

(5). The energy contribution from viscous heating is negligible 
and hence the dissipation function can be neglected in the 
energy equation. 

The motion of a heated penetrator through a melting medium can be 
formulated in terms of the partial differential equations governing the 
physics of the process. In axisymmetric cylindrical coordinates (r, z) 
with radial velocity vr and axial velocity v2, these equations are: 
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the continuity equation; 
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the r -d i rect ion Navies Stokes equation; 

3P 
3z 

11_ 
r 3r pr 3r 3Z 

the z-direct ion Navier Stokes equation; and 
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the energy equation; 

where P is the pressure and u, p, c, A, and T are the rock-melt dynamic 
v iscosi ty , density, specif ic heat, thermal conductivity, and temperature 
respectively. 

In consideration of the typical penetrator geometries, I t i s con­
venient to cast these equations in a general curvi l inear orthogonal 



coordinate system that corresponds to the melting penetrator shape. 
This generalized coordinate system is illustrated in Fig. 15 where the 
new transverse coordinate is n, the meridional or streamwise coordinate 
is S, !. is the local melt-layer thickness, and B0 is the angle between 
the penetrator surface and the axis of revolution. 
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Rewriting the basic equations in the new coordinate system and 
neglecting lower-order terns, the s impl i f ied equations are: 

| j Corv) • | , ( t ru ) = 0 

the continuity equation; 

3 
In 

3 a r u 2 dP 

the S-direction Navier Stokes equation; and 

r X 

the energy equation; 
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where v is the transverse velocity component, u is the meridional 
ve loc i ty component, and a • {dS*/dS)n where S* is the meridional distance 
along any constant n l i ne . As in typical boundary layer theory, the n 
d i rect ion Navier Stokes equation contains only lower-order terms and is 
replaced in th is case with an integral form of the cont inui ty equation. 

These equations, together with appropriate boundary condit ions, 
have been solved numerically by using a f in i te-d i f ference technique [11]. 



The results have been incorporated into a computer program for perform­
ing detai led lithothermodynamic analyses of melting penetrators. 

U t i l i z i ng the newly developed lithothermodynamic computer program, 
calculations have been performed for the 114-mm-diam alluvium-coring 
penetrator. These calculations indicate that the penetration rate w i l l 
be ^ 0.2 mm/s for a uniform surface temperature of 2000 K and typical 
conduct iv i t ies of sol id and melted rock. For a uniform penetrator sur­
face temperature of 1800 K, the penetration rate decreases approximately 
l inear ly with the decreasing temperature difference available for 
melt ing. Calculated results for the melt - to-sol id interface location 
for various penetration rates in t u f f are shown in Fig. 16. 
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Parametric analyses have also been conducted on consolidating 
penetrators with different geometrical shapes. Calculational results for 
a hemisphere-cylinder geometry based on typical local tuff properties are 
shown in Fig. 17. The theoretical penetration rate in the consolidation 
mode is shown to be proportional to the heated length of the penetrator 
as represented by the length-to-diameter ratio for a 75-mm-diam penetra­
tor. As indicated by the cross-plot lines of constant melt-layer thick­
ness at the penetrator tip, the maximum penetration rate could be 
limited by unmelted hard particles such as quartz crystals. Note that 
the calculational results presented in Fig. 17 do not satisfy the 
consolidation relation locally, but only require that the melt layer at 
the end of the heated penetrator afterbody be sufficiently thick for 
complete density consolidation of the melt. Penetrators exhibiting this 
type of melt-layer control are referred to as Melt Transfer Consolidation 
(MTC) penetrators to denote the fact that molten rock is transferred 
according to a calculated axial velocity profile from the leading-edge 
surfaces of the penetrator to its afterbody where the final density 
consolidation melt-layer thickness relation Is satisfied. 
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The calculated penetration ra te , surface temperature, and minimum 
thrust requirement as a function of heating power (not including stem-
conduction losses) for a different 75-mm-diam consolidating penetrator 
are shown in Fig. 18. These calculations show that the theoretical 
penetration rate of this double-cone shape is considerably lower than 
that of the hemisphere-cylinder geometry shown in Fig. 17 for the same 
surface temperature and the same length-to-diameter (L/0) r a t i o . This 
conclusion was also verified for a parabolic penetrator, indicating the 
Importance of penetrator geometry on advance ra te . The rapidly 
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decreasing minimum thrust depicted in Fig. 18 is a result of the 
strongly decreasing viscosity associated with the higher penetrator 
surface temperatures. 

CONCEPTUAL DESIGN OF A GEOPROSPECTQR 

A Subterrene system with immediate applications would be a 
relatively small-diameter (300 mm}, electrically powered miniturmeler 
that would be remotely guided and self-propelled to form a hole along a 
proposed tunnel route while continuously extracting core samples. Such 
a system would enable detailed analyses to be made of the geology along 
a proposed tunnel route. This system, termed a Geoprospector, is 
Intended to perform this survey task [12]. 

The conceptual design of a Geoprospector is well advanced and the 
general design features of the system are illustrated by the isometric 
sketch in Fig. 19. The device is electrically powered, requires «* 100 kW 
of power to melt an accurate 300-mm (l-ft)-diam glass-lined hole while 
removing a 200-mm (8-in.) glass-cased core at a rate of 0.4 mm/s 
(5 ft/hj. The accurate diameter and stable hole lining allow the use 
of a packer-thruster unit located in the hole-forming assembly. 
Provision is made for an orientation-sensor package and a guidance unit, 
also located within the hole-forming assembly. A hollow, flexible stem 
which trails behind the assembly contains the electric power, coolant, 
and instrumentation lines; and provides a debris passage for removal of 
the chilled melt. Core sections are removed through the flexible stem 
intermittently with conventional wire-line core retrieval hardware. 

The melting face is envisaged to have multiple axial channels 
through which rock melt flows to the chill-jet nozzles. The penetrator 
body is designed to operate at a surface temperature of 1870 K and will 
be fabricated from molybdenum-tungsten alloy either forged in a 
continuous-ring rolled shape or assembled from separate modular units. 
Auxiliary msit-flow channels will be provided adjacent to the melting 
surface to enhance the effectiveness of the melt-removal process by 

MeftFtow PswftoJer Gb» Podm Ftex Oooiont B Ccn RMrinot 

Melt 0*By Smcr 

Fig. 19. Geopfio&pcctoi conceptual duign. 



directing melted rock into the channels leading to the chill-jet 
nozzles. Except for the factors governed by the relatively large 
assembled size of the penetrator, the technology necessary to build 
and operate the penetrator body and melting surface is being tested as 
part of the current Subterrene rock-melting technical activities. 

The major functions of the rock-glass Torming and debris-removal 
system are (1) to form a dense structural glass lining on the wall of 
the hole and (2) to duct the melted rock from the annular melting face 
through an array of melt-chilling jets where the scoria will mix with 
a coolant fluid, be frozen into particles and then be removed by fluid 
transport via the flex stem. 
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