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PROJECT ABSTRACT

Reeearch ie continuing on establishing the tec..nical and economic
feasibility of e:cavation eystems based upon the rock-melting {Subterrene)
concept. A serieec of electrically povered, small-dismeter prototype melt-
ing penetrators have been developed and tested. Research activities
include optimizing penetrator configurations, designing high-performance
heater systems, and improving refractory-metale technology. The properties
of the glase linings that are automatically formed on the melted holes are
being investigated for u wide veriety of rocks and goils., Thermal and
fluid-mechenics analyses of the melt flowe are being conducted with the
objective of optimizing penetrator designe. Initial economic models of
the rock-melting concept extended to large tunnelers are beirg developed.
Field teste and demonstrations of the prototype devices continue to be per-
formed in & wide range of rock and soil typee. The conceptual design of
the electrically powered, self-propelled, remotely guided, horizontal
tunnel-alignment prospecting eystem (Geoprospector) has been initiated.
Such a device will elso find applications in energy transmiesion, 1i.e.,
utility and pipeline 1nstall.at1.'ona.

The long-term goal of the reeearch is to develop the technology and
prototype hardware that will ultimately lead to large tuaneling devices,
with improved advance ratee and reduced tunnel projz2ct coats. The rock-
melting concept includes elemente that will result in innovative solutions
to the three major functionel arease of tunneling: rock disintegreiion,
materials handling, end hole-suprort lininge. The proposed excavatiion
method, which is relatively insensitive to variations in rock formation,
produces a 1liquid melt that can be chilled to a glase and formed into a
dense, etrong, firmly attached hole lining.

Unique applicatione to large automated tunneling systems, ultradsep
coring for geoecience reeearch, and hot-rock penetration for geothermal
energy development are being investigated.




I. INTRODUCTION AND SUMMARY
A, Objectives

The technical efforts and resources of the LASL rock-melting
{Subterrene) progrem have been distributed to yield a balance of prototype
hardvare of increasing complexity and size, laboratory experiments, prac-
tical field-test experience, design and economic analyses, electric heater
developmen., materials development and applications, and theoretical
studiee. The results of these technical activities are planned to yield:

e The demonetration of the basic feasibility of rock-melting as a
new excavation tool for applications up to 150 mm (6 in.) in
diaseter.

e Operaticnal and field-test data from prototype devices of a range
of sizes and configurations, and the verification of preliminary
theoretical modeling needed to scale to larger dismeters, predict
performence, make cost estimatee, and optimize advance rate
and reliability.

o Refractory materials technology sufficiently established toc permit
predictions of component life and to generate materials selection
criteria for prototype development needs and projections of service
1ife for systems in practical applicetions,

o Field-test experience and cperational demonstrations sufficient to
project commercial use in the immortant proctical application of
curing in loose or unconsolidated materisli, and to demonstrate
the potential utility of the smallar-diameter prototype devices.

o Theoretical models end analytical techniques needed to describe
the heat transfer and fluid mechanics of the rock-melting and pene-
tration processes for the purposes of optimizing configurations,
predicting performance, and scaling of system dimensions.

B, Technical Approack

The technical effort is orgenized into five technical erctivity areas

whose functions are:

Prototype Design and Test.

Directed Research end Development,
Power Source Design snd Development
Field Test and Demonstrations
Systems Analysis and Applications.

The significant results and achievements in the research and development
program Are summarized for each of these five technical activities in five
major sections of this repor: for the period December 31, 1972 to
Septexber 1, 1973.

C._ Sumary

The beginning of thie year has seen & consideratle expansion of the
LASL research and developmant efforts in applying rock- and scil-melting
techniques to excavation technolozy. Extended laboratory and field
activities have bean injtiated. The technicsl staff assigned to the
prograz and the laboratory facilities have been increased significantly.
The Prograa staffing and technical tesks are plasned to form the nucleus
for an effort that would be directed toward the application of rock-
pelting to large-diameter tunneling systems,



The design and development of the initial configuretion of an extruding
penetrator was finished. Iaboratory experiments with this 66-mm-diam, sin-
gle-melt-flow-channel, extruding penetrator were successfully completed and
holes were melted in basalts, granite, and a variety of low-density and
loose soils. These universal extruding penetrators (UEPs) showed the basic
features of rock-melt flow hendling. Debris in the form of glass pellets,
glase rods, or rock wool was formed by chilling the melt end cerrying the
debris out of the stem with the coolant flow. A larger-dianeter (82 mm)
high-advence-rate UEP wes designed and fabricated. The llh-mm-diam coring-
coneolidating penetrator esyestem that produces a 63-mm-diam, glass-cased
core was despigned, fabricated, and initially tested. The conceptual design
study for a 300-mm-diem coring Geoprospector was finished. This electri-
cally powered minitunneler is intended to be the major design study of the
current program and is based upon the experience, data, analyeis, and
conceptes developed by the prototype-penetrator design and developmsnt effort.

At the relatively high ‘emperatures, 1600 to 2300 K, of rock-melting
penetrator system operation, moet materials react with one another to some
extent and thermodynamic and kinetic lifetime limitations are therefore
under investigation. Component and field data have confirmed a service life
of ~ 200 h. Materials research in the interaction of refractory metals
with liquid rock melts thus far indicates that a 1life goal of 1000 h is
possible. Techniques for rock-glacs property evaluvation and optimization
are under development. The aim of the work is to perfect rock-melt glase
ag an in situ structural element to serve as hole support in the excava-
tion. Refractory materials fabrication techniques necessary for develop-
ment purpoeee have been established. Thermal- and physical-property data
sufficient for input to enalyses have been acquired.

Tr> design, materials selection, and testing of & wide variety of
electrical heaters for small-diameter penetrators have been accomplished.
Resistively heated, pyrolytic-graphite heater elements, which radiate
energy to the refractory metal penetrator body, nsve proven to be most
eatisfactory for the development efforts. Increased advance-rate goals
(~ 0.5 to 1.0 mm/s) require high-heat-flux heaters. Investigation of new
designe end materiale, heat pipes, and alternsiive approaches to regis-
tance-heating have been initiated to enhance heater heat-flux capabilities.
Life tests of heater assemblies have been initiated.

Field-test units for a small.diameter paznetralor system were designed,
febricated, and operated. Evaluations of coneolidating and extruding
penetrator systems have provided valuable dats and experience on reli-
ability and service 1life. A practical application of melting glass-lincd
drainage holes in Indian ruine wag demonetrated to visitors of the
Bandelier Rational Monumeni, NM, Mobilization of field units for & public
demonstration in Washington, DC, or at other locstione has been completed.
The design, aspecifications, and purchase of a mobile rig for large-
diameter penetrators with 300-m stem-length capacity have been completed

Conceptunl designs of large-diameter tunnel-boring machines were
established for the extremees of the difficult tunneling conditions of
unconsolidated ground and very hard abrasive rocks. A benefit-to-cost



study was completed and mdiéated that savings on projected trensportation
demands through 1990 ware sufficient to give a benefit/cost ratio of 8.5
for a development cost of $100 x 106. Theoretical anslyees of the heat
transfer, of the melting processes, and of the fluid mechanics of melt-
flow are well advanced. Numerical solutions of the coupled melt-flow and
energy relations, accounting for the strong temperature dependence of
rock-melt viescosity, and studies of a variety of penetrator geometriea
have been accomplished. These thecretical studies give direction towvard
penetrator designs which will maximize the advance rate and minimize
thrust requirements. Optimizations of configuratione for toth consolidat-
ing and extruding penetrators have been performed. Significant operating
meps for past and current penetrator designs have been developed. Confir-
mation by leboratory cperating data for some penetrators have established
the validity of those analyses. Therefore, a detailed predictive method
for the melting concepts hae been perfecied, and design and ecaling to
large-diameter tunnelers can now be accorplished relisbly. Computer
programe for thermal conduction and structural analyses have been developed.

The study of applications of Subterrene systems to a wide variety of
excavation tasks continued. Particular interest in a emall-diameter system
for forming gless-lined horizontal holes for utility emplacement and drain-
age applications motivated a preliminary design of such a system., The
Geoprospector concept, especially the self-propulsion and remote-guidance
features, continues to elicit interested responses from the excavation
induetry. Pipeline installation end the placing of tranemissfon lires
underground are major application areass. The melting of holes in perma-
frost for support pilings of arctic oil end gas pipelines have been
discussed extensively with interested industrial firms.

The work conducted during this reporting period has clearly delineated
the design directions and solution approaches needed to solve the major
outetanding technical problems: increased penetration rate and extended
service life. '
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II, PROTOTYPE DESIGN AND TEST

A. Preliminary Design of Geoprospector

1. Introduction

A Subterrene system with immediate applications
would he a relatively small-diameter (300 mm), elec-
trically powered minitunneler 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 ensble detailed
enalyses to be made of the geology along a proposed
tunnel route. Tnis system, termed a Geoprospector,
is intended to perform this survey tagk and addi-
tionally to serve as a small-scale prototype in an.
ticipation of some problems that will arise in the
future development of larger-diameter nuclear-powered
Subterrene tunnelers.

2. Conceptual Deeign

The conceptual design of the Geoprospector is
well advanced and the general design features of the
system are illustrated by the isometric sketch in
Fig. 1. The device is electrically powered, requires
~ 100 kW of power to melt an accurate 300-mm (1-£t)-
diam gless-lined hole while removing a 200-mm (8-in.)
glass-cased core at a rate of 0.k mm/s (5 £t/n).
The accurate dismeter and steble hole lining allow
the use of e packer-thruster unit located in the
hole-forming assembly. Proviesion 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 con-
teins the electric power, coolent, and instrumenta-
tion lines; and provides a dezbris passsge for remov-
al of the chilled melt. Core sections are removed
through the flerible stem intermittently with
conventiongl wire-line core retrieval hardware.

3. Penetrator Body, Glass Forming, and Debris

Removal

The configuration of the penetrator body end
melting surface is shown in Fig. 2. The melting
face is envisaged +- have 12 exial channels through
which rock melt flows to the chill-jJet nozzles. The
penetrator body is designed to operate at a surface
temperature of 1870 K and will be fabricated from
molybdenum-tungeten alloy either forged in & contin-
uous-ring rolled shape or assembled from 12 separate
modular units., Auxilliary melt-flow channels will
be provided adjacent to the melting surface to

enhance the effectiveness of the melt-removel procees

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

Two distinet heater design options are available
for the Geoprospector concept. In the first, the
heaters would be located in the penetrator body in a
circumferential pattern, and radiation heat transfer
would be utilized to deposit the required melting
energy into the refractory mté.l melting surfaces.
The second design would locate the heater fartrer
awey from the melting surface and would couple the
thermal energy to this surface through a series of
high-temperature, liquid-metal heat pipes. The
relative advantages of the two heater-system options
are being critically exsmined.

The major functions of the rock-glass forming
and debris-removel system ere (1) to form & dense
structural glass lining on the wall of the hole and
(2) to duct the melted rock from the snnuler melting
face through an array of melt-chilling Jets where
the scorim will mix with a coolant fluid, be frozen
irto particles, and then be removed by fluid trans~
port via the flex stem. These functions ere
illustrated in Fig. 3. '

B, Penetrator Development

1. Consolidation Penetretor Experiments

Penetretion by melting and subsequent density
consolidation relies upon the poroeity of the parent

Auriligry Heaters
For Glass Tempering

Frazen Rock Gl

Meited Rock

Fig. 3. Rock-glace-forming end debris-removal system.
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rock or soil. This process is illustrated in Fig. 4
which shows how the rock melt is formed into a glass
lining and how the larger hole diameter is melted to
accomnodate the lining
This method of penetration eliminates the

debris-removel process. The ratioc of outer to inner
radius of the glass lining is therefore related to
the properties of the rock and lining by the conser-

vation of mass. ‘The resulting radius ratio is:

where rm 1s the outer radius of the glass lining, rp
is the radius of the penetrator or inner glass lin-
ing, PR is the density of unmelted rock, and py, 18
the density of the glass lining. Penetrators utiliz-
ing density consolidation for melt disposal are re-
ferred to as melting-consolidating penetrators (MCPs)
Significent technical achievements in this area
include:
¢ Consolidation penetretor designs have been
developed to the point where compressed-air-
cooled, oxidation-resistant, easily replaceable
penetrators are in satisfactory use for both
laboratory experiments and field demonstrations,

® A 75-mm (3.0-in, )-diem MCP has been designed,
constructed, and laboratory tested. At heat-
er povers of ~ 6.1 kW and thrust loads of
2.5 to 7.5 kN, advance rates up to 0.15 mm/s
were obteined., The glass linings of the
holes were of the predicted thickneses and
the higher thrust l»nads reesulted in smooth,
high-strength glass linings of lower porosity.

e A small, 12-mm-diem desk-top penetrator was
designed and tested successfully. Several
units were produced and used in demonstrations
of the melting process. ’

® 'The design of a revised 75-mm-diam penetrator
system has been completed to initiete lnves-
tigations of steering and guidance methods
by a serles of experiments in making
horizontal holes.

e A series of tests were carried out wlth the
75-mm-diam MCP melting into specimens of
tuff end alluvium to obtein performance data
on the variation of penetration rate with
thrust loed. These tests generated signif-
icant data, indicating that higher thrust
loads (in alluvium particulerly) ere bene-
ficial in obtaining higher advance rates,

e A teest was performed in which the tuff
specimen was tilted deliberately while being
penetrated by the 75-mm-diam consolidating
penetrator thus simuleting & gulded penetra-
tor in which steering is accomplished by
stem-varping. The test demonstrated that a
path devietion of 1.5 degrees per 80 mm of
advance is feasible (radius of curvature,
~ b m).

¢ The design of & 50-mu-diem penetrator with
a fluted body was completed, which should
have some structural and melt-flow advantagee
over a conventiongl configuration.

2. Extrusion Experiments in Hard, Dense Rock

Extrusion penetratore are required in dense

materials and are designed to continuously remove
the debris from the bore hole. Ag indicated in
Fig. 5 the nelt 'flow, confined by the unmelted rock

end the hot melting face of the penetrator, ie con-
tinuougly extruded through a hole (or holes) in the
melting face. Thie material ie chilled and freezee
shortly after the circulating cooling fluid impinges
upon the extrudete exiting from the extrusion region.
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granite. In view of their demonstrated
vereatility in verying rock and sround types,
they will be yreferred to as "Universsl
Extruding Penetrstors” {UEPs).

e A 85-mm-diam UEP wac ssserbled and tests
were initiated., A series of liaberstory
melting and enduwrnce tests vere conducted
in preparation for field teats in a basalt
ledge. .

¢ A 65-mm-diam extrusion penetrator melted s
hole in & concrete spcimen,

o.,ﬁ.t l!’.q.00° ‘e The design of e UEP with a higher advance
rate vas corpleted and febrication has con-

Fig., 6. Debris from basalt hole made by extruding menced, The deeign required a disneter of
penetrator shoving rock wool and glass- 82 am to accommodate the reguisite melt.fiow

pellet constituente,
channels and three sets of pyrolytic-graphite

heater stacks, This deaign introduces the

If freezing is accomplished juickly, the material concepts of extended melting surfeces and
will be in the form of frozen glass rods, pelléts, multiple melt.removal or -transfer channels
or rock wool, The flowing coolent can then trans- to promote thinner ra2lt layers. A sketch
port these small fregments up the stem to the exheust of thie penetrator is shown in Fig. 7, and
section, Typical pellets and rock wool that were the predicted performance map for this pene-
formed from frozen extrudate and removed by the cool- trator melting in basalt is included as
ing fluid during & hesalt test are shown in Fig. 6. Fig. 8.
Significant technical achievements in thir sree 3. Experiments in Diversified Rock Tvpes
include: The ability of MCPs to produce smooth, strong,
e Extruding penetrators have been used firmly attached gless )inings in a variety of con-
successfully to produce glass-lined bores golidated or unconsolidated low-density rocks and
in semples of tuff, alluvium, basalt, end g0ils has been continually demonstrated since the
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Fig. 12,

inception of the program, Typicsl exarples arc the
thick glass lining smesocieted with 8 hole melted in
tuff (llugstrated in Flg., 9 and e self-supporting
cless-lined hole melted fin unconsolidated slluvium
illustrated in Fig. 10. A rore novel applicstion
involves a serice of tests using $0- snd 7S5-mz-dianm
MCPs melting into frozen {200 K) alluvisl specimens
conteining ~ 156-20% vater by veight (simulsted mrctic
persafroct). ‘the penetrators readily produced glses-
lined holes in the Irozen specimens 88 depicted in
Fig. 11,

In herd, dense rock, UEPS incorporating coaxisl-
Jet dedbris-reroval systems hsave successfully pene-
treted snd glags-lined bdres in beeslt snd granite,
with the grenite hole and dedbris {ilustratad in
Fig. 12 representing s typicel sarple. Experiments
have alzo been cerried out with the UEPs melting 1n

Hole i{n granite sexple melved by UEP,

Kote extruded detric and thin glese lining.

porous materials cuch o5 tuff. The tuff extrudate
consicted of zless rods thet broke off only when
the rod extended the length of the experimental
gten., The differences between the baselt and tuff
extrudnte ere ascrived to the ,lax"ge difference in
viscosity between the two glass melts and to the
gignificant volume frection of unmelted quartz crys-
tals in the tuff melt, The UEP produced & thin
ghgs lining on the hole, ir contrast to the thicker
lininge forced in tuff by CPes. The thin glass
lining and extruded glass rods are illustrated in
Fig."13.

To provide further standsrdizetion in rock-
melting penetration tests, aset of eight standsrd rock
types commonly ueed in rock mechenice reseerch has
been ordered, This set includes basslt, granite (3
types ), linestone (2 types), quertzite, and sandstone,



Kote rods of

Hole in tuff melted by UEP.
extrudate and thin glees hole lining.

F’.so 13.

L. High Advance Rate Experiments
As Indicated in Section II-B, design has teen

completed and fabrication started of an Bi-rmm-dian
extrusion penetrator heving a large surface hest-
tranefer aree, multiple melt-flow passages, &nd mul-
tipis heeter stacks, Based on tune enhanced eurface
area, reduced operating melt layer thickness, and
high thruct cepebility, enalyses predict that this
unit will meldt rock st 8 eignificently faster (~ 3x)
rate than previocue UEP designe. A design etudy hac
also been initiated on e high-advance-rate consoli-
dating penetrator that will incorporate the favorable
aspects of the melt-transfer consolidation (!7IC) con-
cept detected by snolyticol studies., The theoreticsl
analycis of this concept is covered in deteil in
Section VI-B. Advence-rate gosls of from 0.4 to
0.8 mm/s (~ 5 to 10 ft/h) have been shosen.
C. Alluvium Coring Penetrator Development

The Subterrene concept of rock penetration by
progressive melting has been expanded to include a
technique for obtaining continuously retrievable
geologicelly interesting core samples from the mate-
rial being penctrated, The coring concept utilizes
an unnular melting penetrator which leaves on unvelt-
ed core in the interior that can bte removed by con-
ventionel core-retrieval technigues. Although the
concept is epplicakle to either the extrusion or
consolidation mode of melt-handling, initial emphasis
has been placed on a consolidating-coring penetrator
as 1llustreted schematicsally in Fig. 1,

10
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Alleviarn Cr
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Fig. 1k, Schemptiec of consolidating-coring

penotrator,

A Ylh-rnedian consolidating corer intended for
uge in porous alluvial coills hez been designed, con-
structed, and calibrotion-tested in the loborastory,
The core diamcter iz 55 mx oend the melting tedy,
which is vacuum-arc-cest molybdenws, 1s febricated
sz @ ingle-structural component a&s fllustrated in
Fig. 15, The water coolins syscten incorporated
represents a deporture fron the conventional sec
gystess and has been successfully checked in the
lstoratory, (iinor sdsptotionc of commercislly avail-
eble core extraction tools ore in prosress for use
vith the slluvium corer. Desnign power lovel i5 13 W,
and initial testing was accomplished at 9 kW in ollu-
viunm vith lov thrust losds and penetraticn rates in

Photograph of Lli-mn-diameter
consolidanting-coring penetrator.

Fig. 15.



the range from 0,05 0 0.15 mfe. Initisl testing
supported by two-dimensional heet-copduction calcu-
lations verified that rock-melt temperstures wers
uhdesirsbly high behind the fnmulating pyrolytic.
graphite washer, reasuiting in high stem tasperatures.
This portion of the coring panetrator f{e being re-
designed to alter the thermal fluxes, and further
testing will commence after these dasign changes
are Suplesented. & detailed litho.thermodynaaic
analysis of ithe performmnce of this design has been
developed end directions for significsnt improvesents
in advance rate bave taen indicstad,
b, _Glasa Porming Tool Development

Sonsolidation penetrators have bBeen tested with
high thrust losds into tuff specimens, snd the glass
vails of the resulting holes have been of such better
visual quality than noted previoualy. It fa gostulsted

that the higher thrust loads snd sseocisted higher
pressures in the rock oelt minfmize gaa-bubdle evo-
Jution which can cauge voids in the glass walls.
Theoretica: celculations of therzel histories for
gisss linings have been initisted. These therzal

histories follow the radisl texperature profiles
through the glass thicknesg end indicate the tisme

wpent by the freezing melt in the softening regime,
working range, and snnesling renge of texperatures.
Studies of the relative infiuence of ccoling by the
surrounding rock snd the covled stem will be used to
sssess the history of radisd gradients in the glass
wsll and viil therefore tndicate residual stress/
strain states. These time-history studies have
yielded results which indicste the design directions
for optim$zation of the thermal design of the glasc-
forming afterbedies of penctrator systens,




II1. DIRECTED RESEARCH AND DEVELOPMENT

A. Materials Sciencs and Technology

1. Introduction

The hizh temperatures reached in Subterrene
penetraotor aystems reguire & set of materials main-
taining not only structural and physicsl integrity,
tut aleo & high degree of chemical inertness over
axtendad perfiods of time, Reslization of this ideal
situstion becomes difficult at the suggestad cperating
terpernturce of the eystem, 16G0 to 2300 X, end pos-
sibly higher in the case of certain radiant heater
designs. The materisl tempersture range is vide be-
cause & high pover density rust be transmitted from
& central core of the heater so that emple heat flux
can be conducted to the surface in contect with the
rock. Because most materisls will react with one
another to some degree in this tempersture rsnge,
intrinsic thermodynarmic and kinetic lifetime
limitetions muet be investigated.

2.  Fefraciory Alloy-Rock Mclt Interactions

A literature survey vas conducted on the types
of spp2ratus suiiable for determining interaction
ristes betveern penetrator refractory alloys and rock
melts. Although dynamic testing esystems will even-
tually prove desirable, intenticns are to initially
use static compatability teets between molybdenum
and tungsten and various rock melts, Static compet-
ibility testing hes been initiated with studies of
the corrosion or dicsolution reactions of molybdenum
vith standardized basalt rock. Figure 16 shows
a typical penetrator coated with basalt glass after
completion of 2 laboratory test. In these experi-
ments the rock "standard” 1s melted in a molybdenum
crucible and held at temperature for xnown periods
of time, After cooling, the amount of metal dis-
solved in the rock glass is measured and the gec-
tioned crucible is examined metallurgically for evi-
dencee of corrosion and chemical reactions, Prior
to the actuel test, the standardizei rock is powered
snd a sample submitted for chemical analyses, The
crucibles are likewise characterized with regard to
chemical purity and pretest microstructure.

The first experiments, run atl temperatures of
1528, 1913, and 1898 K are being analyzed, These
experiments will investigate quentitatively the
effecte of time and temperature on the reactions
between molybdenum and rock glass melts. Information
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on reaction rates will be obtained, as weil ss on
activation energles, equilibrium solubilities, and
reaction mechanisms.

Compatidility experiments have been run between
titanium and vanediuwrn on the one hand, and basait
and tuff on the other. The objective was to deter-
mine a suitable brazing onterial for use et the af%
end oY penetrator bodies. At 1675 K the titanjum
vas severely attscked, vhercas resctions with the
vanadium vere much less scvere suggesting its use
a5 8 brazing materisl,

Postmorten metallurgical examinations of seversl
molybdenun penetrators {including a unit field-tested
under especially harsh conditions for 29% ks = 82 h)
are in progress. Both o pretest and a post-test
molybdenun penetrator have ticen examined by x-ray
rediography. The pretest “shadovgreph” will bde used
as a basis for nondestructive examination after long-
term operations. Radiographs of the used unit showved
that corrosion can be observed by this technique and

Fig. 16. Penetrator coated with basalt glass efter

withdrawal from hole.
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Pig. 17. Comparison of calculated end exper
indicated penctrator temperatures at the
grsphite roceptor - molybdenum body
interface.

that the state of the graphite heater pills inside
may also be seen,

3.  Fower Source Materiuis

The basic chemical reesctions fnvolved in

Subterrene power-source meterials are those of the
refractayy metal-carbon system, with some possible
contributions from impurities within the metal,
cartion, and helium gas that surrounds the heater,
The motivating reascn for studying these chemical
reactions 4s the poseivility of predicting and en-
hancing penetrator lifetime, a most important eco-
nomic fsctor, The lifetime of a penetrator unit
must be ultimately dependent upon the internal re-
fraectory metal-graphite interactions for the
prototyp? radiant-heater penetrators currentiy
being used,

Significant technical achievements in this

area include:

o Intermal chemical reactivity in prototype
Subterrene radiant-heater penetrators has
been investigated by means of eectioning
and exeamining metallurgical samples, Dimo-
lybdenun carbide, Mo, C, is the major reaction
product formed between the baee metal and the
grephite receptor interface, 1In those re-
gions vhere carbiding hes occurred, temper-
atures have been computed by means of mea-
surement of the carbide layer thickneess and
the use of reaction-rate da%a for the Mo-C

system, These torperatures have been comparw
to those ceiculated from thermal-anslysis
considerstions., As fllustrated in Fig, 17,
sgreement 1z very gcod, with the calculated
values being ~ 50 K higher, The comparison
is linited to thosc regions where the carblde
lsyer has not delsmineted internslly,

The present radiant-heater design 1s
considered superior to that using the molyb-
denun/toron-nitride/carbon set of materisls
in viev of s marked reduction in complexity
ard number of potentinl chemical reacticas,
Righer optrating temperatures are also
possible,

Similer experizental techniques should be
appliceble to penetratora fabriceted from
other refractory mctal-carbon systems for
wnich sppropriate rsactiorn-rate data are
svaileble,

Using available molybdenum-graphite reaction-
rate dats, the graphite receptor thicknesa
required for & 1000-h lifetime at a given
temperature has been calculated. The reaults
for a thin-walled cylindricel receptor and a
plane receptor are shown in Fig. 18. Note
that these data are strongly temperature-
dependent., By using “hkc activitation energ-
ies it can be shovn that e temperature in-
creage in the receptor of 200-300 K wvill
increase the carbiding rate constant by a
factor of tan and hence reduce the life by a
correspondins factor, These calculations
are being extended to the case of tungsten
penetrator bedies and TaC-coated receptors.
Preliminary experiments have been initiated
to evaluate thin vapor-deposited TuC coatings
on graphite receptors to eerve ss a barrier
in preventing excessive internal carbiding
within the molybdenum penetrator body.
Graphite receptors and electrical contact
rods have been coated with a layer of TaC
having an average thickness of 0,33 mm, Ini-
tial results indicate that the diffusion
barrier will be useful in extending receptor
life, particularly for molybdenum penetrators.
Additional internel oxidation protection for
molytdenum extraciion portions of penetrators
has been provided through the use of eithor
platinum or MoSi,, coatings.
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Fig. 18, Calculated graphite receptor thickness

required for 1000 h life vs temperature
for thin-walled cylinder and plane
geometries,

e Penetrator eervice life goals of 1000 h have
been established, and efforts are in progres
to define life-limiting mechanisms and to
indicate directions for solutions,
4., Rock Glass Tachnology
The Corning Glass Works, Corning, New York,
were visited to acquire technical information about
glase technology that can be applied to rock glasses
and thereby form the basis for & rock-glass
optimization development program, In addition, the
groundwork was established for technical collabora-
tion with Corning in the Subterrene program relative
to such tasks as rock-melt viscousity determinations,
As a result of this visit, a rock-glass development
and strength-optimization program has been outlined
and initiated.
B. _Refractory Alloy Fabricstion

The majority of penetrators thus far have been
fabricated from molybdenum. The several tungsten
penetretors that have been fabriceted and tested
have clearly demonstrated that tungsten has the
capability of operating at higher temperatures and
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kence ylelding greater penetreation rates. An extensive
effort has been initiated to ensure acquisition of
tungsten etock in the proper sizes and shapes for
forthcoming Subterrene penetrator fabrication,
General Electrie Co,, Cleveland, OH, can produce
tungsten blanks as large ae 200 mm in diameter,and
Wah Chang Corp., Albany, OR, is optimistic about
working in large forged and ring-rriled shapes of
tungsten and moly-tungsten elloys., The fabrication
technology regquired to pierce snd ring-roll large
tungaten shapes 16 not expected to introduce any
particularly new problems,
A nev alloy, Mo-30 wt$ W, has been obtained
and 15 undergoing metallurgical examination. Consol-
dating 50-mm-diam penetrators have been fabricated
from this alloy, and menufacturing ease wes found to
be eguivalent to that of molybdenum even though the
elloy has a melting temperature 100 K higher.
Refractory-metal machining techniques have ad-
vanced to the stage where large, fluted, profiled
bodies are being febricated and deep holes are being
drilled in molybdenum parts. In addition, techniques
have been developed for high-temperature (2000-2300K)
vacuum furnace-brezirg of penetrator components.
C. Geoscilences
Significant technical achievement: in this
area include:
¢ A literature search was conducted to locate
the general rheological and thermel proper-
ties of basalt melts. A report compiling
these properties for basalt has been prepared.
e Preliminary planning for petrological exam-
ination of perent rock and derived rock-glass
samples 1s in progress. The potential cor-
reletion of petrogrephic information with
physical properties and ultimately its exten-
sion to Subterrene design and p~rformance
are the desired goals.
® Melting tests have been conducted on several
samples of concrete, in particular those used
in the 65-mm-diam UEP test. Results indicate
that this grade of concrete melts in the vi-
cinity of 1525-1575 K and should be capeble
of extrusion. Not all components melt, how-
ever, but this problem also exists in tuff
vhich has been extruded successfully.
¢ The melting behavior of granitic gneiss sam-

pies has been determined. These samples



were obtained from & quarry on the grounds
of Ft. Belvoir, VA, the site chosen for the
Washington, DC, display and demonstration,
Compatibility experiments between molybpdenun,
tungsten, and basement grenites obtained
from a borehole made in conjunction with the
Geothermal Energy program have been completed.
A diamond coring setup to obtain small sam-
ples of rocks and glasses has been completed.
Cores may range up to 25 mm in length and
from ~ 3 t0 25 mm in diameter. This setup
coupled with the Iscmet saw and a diamond
wire cutter will provide precision-sampling
capability.

Melting-range experiments have been complet-
ed on Nevada Test Site alluvial soil, NV;
Tuzigoot Netional Mohument, AZ; and Pecos
Nationel Monument, NM, rock semples.

A precision air pycnometer has been added

to the laboratory rock-diegnostic equipment.
Coupled with edequate sample preparation end
weight measurement; it will be possible to
accurately determine the density, bulk den-
sity, and degree of porosity of the various
rocks and minerals.

Analysis of the total free silics in Bandelier
tuff to a depth of 38 m has been completed.
The everage free 510, content is 30.8 ¢ 1.89%,
including cristobalite, with a gradual but
distinct trend towsrds higher S:lO2 content
with increasing depth, These data supple-
nent the chemical, minerslogicnl, and water-

cortent information already obtained,




IV. POWER SOURCE DESIGN AND DEVEIOFMENT

A, Electric Fover Sources

1l. Introduction

A wide variety of electrica) heaters for small-
diameter Subterrene penetrators have been designed,
constructed, and tested. The basic materials prob-
lem is the incompatibility of refractory materials
at the required operating temperatures of ~ 2000 to
2400 K, while the basic dasign problem stems from
the requirement for large heat fluxes from the heat-
er surfaces. These high fluxes are necessary to
maintain the cuter surfaces of the penetrators at
operating tenmperatures high enough to melt rock at
useful rates, Thermal resistances of meterials re-
quired for electrical insulation must be kept low
to reduce internal tempersture gradients, because
large gradients would reguire increased heater tem-
peratures which, in twmn, vould accelerate the chemi-
cal reaction ratea between the heater surfaces and
adjacent materials.

The successful use of pyrolytic graphite as a
radiant heating element end the low thermal resis-
tance of a polycrystalline (FOCO) graphite radiation
receptor vere combined to produce e very stable
heater assezbly., The heater consists of a stack of
oriented pyrolytic.graphite diske held in & graphite-
lined cavity by & spring-loaded graphite electrode.
A cross-sectional view of a typical assembly is
shown in Fig. 19.

The direct-current path is down the center stem
conductor, through the spring-loaded electrode con-
nector to the graphite electrode, dewn the electrode
to the pyrolytic-graphite heater stack, through this
gtack to the molybdenum penetrator body, back up the
body to the withdrawsl structure, and through this
structure to the afterbody and outer stem. The cen-
ter conductor ic made positive with respect to the
outer stem to suppress thermal electron emission
from the stack, thereby reducing the tendency for
arcing between the hester stack and the receptor.
The heater cavity is filled with helium to enhance
the radiasl heat transfer. Heat fluxes of up to
2 MH/m"2 have been obteined from pyrolytic-graphite
radiant-heater elements., The features of thie de-
eign which contribute to efficiency and durability

can be summerized es followe:
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Fig. 19.
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Cross section of a consolidating penetrator
with etacked pyrographite radiant heater
and a POCO grephite radietion receptor.

e A heater cavity containing only graphite in
the high-temperature region.

s The use of a specialty grachite (PGCO) for
the receptor whose thermal expansion charsc-
teristics match those of molybdenum and whose
absorbtivity for radiation energzy is near
vnity,

e A nonisotropic pyrolytic-graphite heater
stack oriented so that the high electrical
resistivity ("c" direction) is parallel to
the penetrator axis, end the high thermal
conductivity ("a-b" direction) is normal
to the penetrstor axis and in the direction
of principal heat trausfer.

& A hollow heater cavity to allow control of
the relative heat generation along the pene-
trator length.

e Utilization of the exceptionel combination
of high compressive strength and low thermal
conductivity of pyrolytic graphite ("c" di-
rection) for the insulator between the heated
penetrator body and the cooled afterbody.



Fig. 20. Photograph of neater characterization apparatus.

2., Heater Development and Characteristics for Fig. 20, &and typical resistance-vs-temperature

plots for stacked pryolytic-graphite heaters
obtalned from this epparatus are shown in

Penetrator Research
Signiticant technical achievements in this
area include: Fig., 21. ZEach heater element that will be

e The design, fabricetion, and field-testing used in a fieid or leboratory test penetra-

of an improved electric heater for consoli-
dation-mode penetretors (in which the pene-
trator body, .withdrawal structure, heater
elements, and graphite electrode &re a her-
metically sealed unit) was completed. In-
cluded in this development progrsm was the
fabrication of a specizl heater-processing
apparatus for filling the penetrator with
helium and testing the hermetic seal at
operating temperatures. This apparatus is
installed in the heater-~development labora-
tory and is also used for temperature-
cycling the completed peuneirator system by
using the internal heater.

The design, fabrication, and utilization of
a heater-characterization apparatus has been
completed. Cheracterizations of pryolytic-
graphite heater assemblies to be used in
50-mm MCPs, 66-mm UEPs, and 11lk-mm ACPs with
respect to overall electrical resistance,
specific resistivity, and heeting uniformity
at temperatures up to 2600 K were accom-
plished. A photograph of the heater~
characterization apparatus is shown in

tor is routinely characterized in this appa-
tus to verify heater uniformity and quelity
control,

The design, fabrication, and utilization ol
the first heater test epparatus has been
completed. The heater test apparatus eval-
uates heater performunce under realistic
conditions, but in a cerefully instrumented
situation end without the presence of molten
rock, Various heater designs can be tested
for performance in terms of operating tem-
perature, input power, and heat-flux distri-
butions as well as for electrical and chem-
ical stability., A photograph of the appara-
tus taken during the initial assembly is
shown in Fig, 22, The apparatus basicelly
consists of: (1) a 50-mm~-diem molybdenum
cylinder which is anelagous to a penetrator
body, (2) a heater element identical to that
used in the S0-mm MCP; (3) a closely fitted
water-cooled copper jacket that acts as a
heat sink for the energy rejected by the
molybdenum cylinder, and (&) the associated
instrumentation for monitoring the test.
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The heater cavity and the gap between the
Temperature {K) cylinder and the cooling jacket are filled
Fig. 21, Typical resistance-vs-temperature plotis with & helium-argon gas mixture, the exact
for pyrolytic-graphite heaters,
composition of which is adjusted to produce
a wide range of power demands for a given
v " cyLinder surface temperature, A cross-
; section of the heatet test apparatus is il-
- i Justrated in Fig., 23. Typical test data
,5/ relate heater temperature to input power and
‘ ’Lf molybdenum-cylinder surface temperature.
=i e The first heater-lifetime test stand to per-
P =2 form extended labaratory heater lifetime tests
has been built. One unit has been completed
and five more stations are being constructed.
The heater lifetime test stends are similar
in design and operation to the hester test
apparatus, The first lifetime test was ter-
minated after 720 ks (200 h) although the
heater was still performing satisfactorily.
Deta from these tests will ve used for reli-
able estimates of prototype heater lifetimes,
e Design concepts have been formulated for
high-advence-rate penetrator heaters aimed
. toward supplying more thermal energy directly
Fig., 22. Initiel assembly of heater test apparatus. tc the leading edge of the penetrator.
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¢ The lov-temperature resistivity of a supply
of pyrolytic graphite wae measured so that
future heater fabrication can utilize these
resistivity differences to meet design needs,
e The use of & TeC-coated receptor to reduce
the carburization of the molybdenum penetra-
tor body has been verified in the laboratory.
Test operating conditions were: body surface
temperature, 1800 K; huater temperature
2450 K; power input, 4.6 kW; and a heater
surface heat flux of ~ 1.k Mi/n®,
e Annular or ring-shaped pyrolytic-graphite
heaters have been designed and characterized
" for use in UEP and ACP designs, Heaters of
this design have been opersted in laboratory
tests of the ACP and performance was essen-
t1z1ly as predicted.
3. _Alternatives to Direct Resistance Heating
One possible approach to increasing the heat
flux at the leading edge of penetrators and also
alleviating the need for very high currents in
higher-power-demand systems is to employ electron-
beam heating of the penetrator body. The energy in
the beam can be controlled over a wide range of volt-
ages and currents, and stem design can ve focused on
insulating for the higher voltages with conductorsof
relatively small cross sectiorel area, One design em-
ploys & diode sun structure with the cathode in the
form of a concentric double tube., Initially, hest
is supplied to raise the cathode to its operating
temperature of ~ 2500 K by direct resistance-heating,

As the penetrator body reaches its cperating temper-
ature of ~ 1800 K, only & small amount of power would
be required to maintain cathode temperatwre. Elec-
tron emission from the cathode is & strong function
of temperature, end the desired voltage-current
relationship 19 therefore maintained by controlling
the heating current applied to the cathode.

The second design uses an electron gun with a
suitable beam-shaping anode plate., The relatively
small cathode area can be heated initially by & lower
current than the diode design, and this current would
be reduced further as the penetrator body approeches
its operating temperature.

In addition, the use of high-temperature liquid-
metal heat pipes for enharcing the energy flow to
critical penetrator reas is being studied. High
thermal heat fluxes, low operating temperature gra-
dients, and the ebility to locate the heat source
remotely are a few of the potential advantages of
heat-pipe systenms.

B, Power Source Controls

The design, construction, and calibration of a
digitel readout system for monitoring penetrator
power, voltage, current, end heater resistance for
both laboratory and field-test operation has been
completed, The design and fabrication of an auto-
metic power-system control unit to be used initially
as a part of the lifetime test stands has commenced.
This unit will be incorporated into a more suphis-
ticated advance rate-power control system including
feedback control loops.
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V. FIELD TEST AND DEMORSTRATIONS

A, Tield Demonstration Units

1, Introduction

The principal objectives of field-testing com-
plete penetrator systems are the performance evalua-
tion of the syatem under actusl field conditions and
the acguisition of reaslistic data on system reli-
ability and expected service life. Data and experi-
ence from field tests form an important input in the
penetrator-systen design-optimizaticn process. Field
tests also demonstrate prototype system performance
at a level of development approaching that required
for commercisl applications,

The field-test program was established with the
design, construction, and utilization of the first
portable, modularized field-demonstration unit (FDU).
This initial FDU provided a gelf-contained unit for
demonstrating small-diameter rock-melting penetra-
tion system capebilities at locations away from the
immediate Los Alamoe area., The unit was designed
to produce glass-lined bores in low-density rocks
or soils end to achieve the following specific
cbjectives:

e Provide f1eld demonstrations of basic rock-

melting principles end capabilities.

e Produce glass-~-lined drainege holes in ar-
chaeological ruins.

e Melt prototype utility holes under roadweye.
Test improved glass-forming designs.

Provide extended-lifetime test date for the
refractory metal penetrators.,

¢ Serve as & 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-contalned operation utilizing an air-
cooled stem in place of the leboratory water or
inert-gas cooling systems. A schematic sketch of
the completed FDU {ie shown in Fig., 2k, The various
modularized components ere designed to be stored
and trensported in one trailer,

The major components of the FDU and their basic
functions are described below:

e Thruster - Two double-acting hydreulic cyl-
inders and a mechanical chuck are used for
gripping the stem and thrusting the heated
penetrator into the rock formation and also
for extracting the penetrator.
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Schematic of initial field-demonstration
unit.

Fig. ok,

e Hydraulic Fower Supply and Control Console -

An electric-motor-driven hydraulic puzp sup-
plies pressurized oil to the control console
for use in operating the thruster. The con-
trol console provides control of the thruster
(i.e., of its direction and emount of thrust
applied) by means of regulating valves. An
accumulator in this console provides a reser-
voir of availsble hydraulic power for rapid
movement of the thruster or for emergency use
in retracting the penetrator in the event of
an electrical faillure,

® Electric Power Supply and Control Co&}._e_ -
Electrical power is supplied by a gasoline-
engine-driven generator which provides
~ 10 kW of 240-V single-phase 60-Hz power,
The control console modulates the power to
the penetrator and conteins a rectifier o
change the 60-Hz to direct current, a step~
down transformer to provide lover-voltage/
higher-amperage power, a Variec for voltage
control, and associated instrumentation.

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

® Melting-Consolidating Penetrator - This part
is a sealed penetrator unit designed to oper-
ate with the eir-cooled stem for penetrating
porous rocks and soils.

e Stem Sections - Modified sections of stendard
drill rod commonly used in oil-field drilling
are used. They are fitted with an internal




Pig., 26. Field-demonstration unit in position for
horizontal penetration.

good quality and the smooth transition across
the layered samples wae particularly
encouraging.

¢ Eight water drainage holes were melted with
a FDU at the Rainbow House and Tyuonyi ar-

Fig. 25. Consolidating penetrator at exit of
~ 15-m-long horizontal hole in tuff, chaeological ruins at Bendelier National

Monument, NM, in cooperation with the National

Park Service. By utilizing a coneolidetion
penetrator, the required glass-lined drainage
holes were made without creating debris or
endengering the ruine from mechanical vibra-
tions. Fig. 27 showes the rock-melting demon-
stration unit in place at Rainbow House and
Fig. 28 chows the unit 2t the plaza in the
Tyuonyi ruins. Specifically, this operation
has shown the following:

copper tube which serves as a conduit for
the cooling air and as a conductor for the
electrical power to the penetrator heater.
2. Technical Achievements
Signiricant technical achievements in this

area include:
® The design, fabrication, and successful uti-

lization of two field-demonstration units
for use with 5C-mm-diam air-cooled, sealed,
consolidating penetrators.

¢ The use of a FDU to meke & 13-m and a 15-m
horizontal penetration into Bandelier tuff.
The exiting penetrator is shown in Fig. 25
for the 15-m-long hole, and the field-demon-
stration unit is shown in place in Fig. 26.

e Tuo very straight glass-lined holes, one ver-
tical and one horizontal, have been produced
in Bandelier tuff with a field-demonstration
unit. These holes are each ~ 13 m long and
deviate from straeightness by less than 10 mm

along their entire length,
o Numerous penetrations into various loose and

uncongsolidaeted soil semples including layered
samples formed from different loose materials,
have been conducted to exemine the resulting

gless liners. The glass liners have been of Fig. 27. Rock-melting demonstration unit at
Rainbow House ruins.
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Fig. 28, Rock-melting demonstration unit at
Tyuonyi ruins.

(1) Subterrenes can be operated successfully
under field conditions and in areas remote
from the laboratory.

(2) The consolidsting penetrator can make
its vay through alluvial formations contain-
ing some moderately sized basaltic rocks by
thermally cracking the rocks and forcing the
melt into the surrounding soil through the
cracks, -

(3) The Subterrene has demonstrated its
first useful asnd unique applicetion and has
been established as more than a laborstory
device.

o The Subterrene rock-melting unit was turned
over to the National Park Service (NFS)
efter completion of the first five holes at
Bandelier snd after suitable training of NPS
personnel., The NPS subsequently melted three
more holes with minimal IASL supervision,

o A field-demonstration unit which will operate
with a 66-m~diam universel extrusion pene-
trator for hard-rock penetrations has been
designed, fabricated, and successfully test-
ed in besalt,

3, Public Demonstrations

The initial melting of drainage holes in Indian

ruins at Bandelier National Monument hes been com-
pleted. Considerable interest in the Subterrene op-
eration was shown by the tourists and visitors to the
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Monument. An invitation has been received to conduct
a Subterrene demonstration in Waehington, IC, in
eerly October. Plans for this event are in progress,
a site has been eelected, and the penetrator equip-
ment and mobilization trailers are aveilable,

B. large Dismeter, Mobile Test Rig

The design of a mobile test rig has been com-
pleted and the unit is being fabricated, This rig
will be used with penetrators from 50 to 127 sm in
diameter, with initial testing accomplished with the
1k-mo.disn aliuvium-coring penetrator, The primary
components of the rig are:

o Trailer-mounted thruster and stem tower.

® 125-kW electric power supply.

® 125-kW rectifier and power conditioner.

e Control consoles, instrumentation displays,

and recording equipment.

The thruster will be able to support pipe stems
300 m long and will produce a downward force of
80,000 kN, Through the uge of a double set of grip-
ping mechanisms end duwal thruster systems, the unit
will provide continuous movement of the stem during
field melting operations.

C. Tower Rig

Melting Consolidating Penetrator systems of
50 mm diameter were used to melt several verticel
holes in local Bandelier tuff to depths of 16 and
25 m. These experiments were significent because
the holes were made continuously under field condi-
tions into undisturbed in situ volcanic rock, How-
ever, the electric-power, stem-cooling, and instru-
mentation systems were derived from laboratory
facilities.

The test stand consisted of an 18-m-tall rigging
tover which supported (1) the stem-and-penetrator
asgembly during hole melting; and (2) the pulldown
essembly that guided the MCP into the ground, Figure
29 shows the tower rig and Table I lists the operat-
ing performance parameters for the 16- and 25-m-deep
holes.

Two 8-m-deep holes ~ 300 mm in diemeter have
been drilled in the tuff formation under this rig
and filled with alluvium from the Nevade Test Site
so that the 11li-mm-diem alluvium coring penetrator
can be tested without moving the tower rig from its
present location. A modified thruster has been in-
stalled and the tover rig is ready for testing the
coring penetyator,



TABLE I

TYPICAL OPERATING PERFORMANCE FARAMETERS FOR

16- AND 25-m-DEEP HOLES MADE IN TUFF

Hatariala Input Besults
Bock, local lcanie tuff Yollage, 32 ¥ Nels un;m.
-
Mastrator body eand tip, eoijbdenum Currest, 310 A Total pesstration,
15,5 ant 250 m
Bester, pyrolytic grephite Tetal elsctric pover, Peattration reta,
b LW ~ 0.2 smfs
Stem, staal tubing Penstretor tempersture,
~ 1870 K
Stan coelsxd, Bitlogen gas Benver tampsrature,
~ 2500 K
thruat,
L5t 1t
Devewvard stroke Sacremsat,
%9
¥ithdrewsl force
[R§ ]

D, Penetrator Life Test Facility

A facility is being designed to teat the long-
term abrasion and corrosion wear rate of melting
penetrators, The facility will consist of two units
each of vhich will control the operation of two pene- .
tratore. The penetrators will travel in S-m-long ) ‘. !
troughs filled with alluvium or other types of com- | — — .
pacted soils or rocks. After each test run the ,ml';:““" O R
glass lininge will be removed and nev material will
be added to the troughs for the next test., The fa-
cility will be housed in a sheltered area to control
the moieture content of the materials and to permit _ ‘ IR NS
extended, uninterrupted cperation, o
E. Test Site Iocation and Preparation

A basalt formation in Ancho Canyon near Ios

Alesmos has been selected as the Subterrene Besalt Fig. 20. Tower rig for melting holes with

j preassembled stem length of ~ 15 m.
Test Site (designated as LASL Technical Area 56) Rigged for melting holes in tuff
for field demonstration of extruding penetrators. with a MCP,

Overburden has been removed to expose the surface
of the basalt layer for convenience in conducting
the field tests., Easy access has been provided to
this area, and the 66-mm-diem FDU has been asgembled
and i.a operating at this location.
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VI. SYSTEMS [NALYSIE AND AFPLICATIONS

A, e Tunneler Des and System Definition S

1. Introduction and Conceptual Design

The most challenging and potentially significant
application of the rock-melting concept is its adap-
tation to a large, continwus tunneling machine.

The extension of the technology to a large-diameter
concept is a natural outgrowth of the program in
progress at LASL to develop emall prototype penetra-
tors. The list of existing and potential applica-
tions for rapidly produced, relatively inexpensive
large holes, tunnels, and underground excavations is
very long and offers solutions to many of man's most
urgeat ecological and technological problems., The
implementation of these applications while protect-
ing the enviromment and preserving the netural land-
scape 1s the goal of advancements in excavation
technology.

In their 1968 publication on the subject of rapid
excavation, the Committee on Repid Excavation of the
National Research Council (NRC) defined ten specific
individual research projects that should be pursued
on the basis of their potential contribution to the
fleld of underground excavation. Of these ten rec-
omended research projects, no less than seven are
directly relevant to the research activities on
rock-melting technology and ita application to the
large-tunneler concept and to an automated geolog-
ical coring device termed Geoprospector.

Unlike the small.diameter applications of the
rock-melting concept where a single technique for
material removal may be utilized, the volume re-
quirements of a large tunneler system lead quite
naturally to a combination of such techniques.
Although numerous combinations of penetration-mode
techniques appear feasible, two combinations are
noteworthy because they attack the two extremes of
undeeirable ground conditions, A conceptual design
of the penetrating face of a tunnel-boring machine
for soft or unconeolidated ground utilizing the
rock-melting kerfing technique is illustrated in
Fig. 30. The tunnel bore is formed by a series of
segmented peripheral kerf-melting elements. The
unsymmetrical profile of these kerfing elements
directs the melted rock radially outward to form a
thick molten layer utilizing density coneolidation
for melt disposal. A glass-forming section, located
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directly behind the melting elements, conditione
the molten rock into a smooth, continuous, glass
tunnel lining, The individual segments forming the
peripheral kerf melter could be serviced or replaced
as separate wnits. An array of conventional soft-
ground mechanical cutters is located on a rotating
face contained within the peripheral kerf melter,
Gage cutters are not required as & result of the
melted and glass-lined tunnel bore and a continuous
conveyor or hydraulic slurry pipeline could be used
for conveational muck removal.

A conceptual design of the pemetrating face of
a tunnel-boring machine for hard, dense, and ebra-
sive rock incorporating the rock-melting kerfing
technique and thermel-stress fracturing is 1llus-
trated in Fig. 31. The tunnel bore 1s again formed
by a series of segmented peripheral kerf-melting
elements. These elements employ +he universal melt-
extruding concept and direct the melted debris to a
continuous removal system leaving only a thin molten
lsyer slong the tunnel bore. A glass-forming sec-
tion conditions this molten rock into a smooth, con-
tinuous glass lining. An array of small-diameter
universal melt-extruding penetrators is located on
the machiize face contained within the peripheral
kerf me)ter. These penetrators advance behind the
melting kerf in a pattern sufficiently dense to
ceuse thermal-stress fracturing of the heat-affected
rock. The melted debris from these small-diameter
penetrators is directed to the continuous melt-
removal system, The concept envisions the use of
many closely epaced smell-diemeter pemetrators to
keep the total melted volume low while still initi-
ating high thermel stresses in the rock regions be-
tween adjacent penetrators. The muck resulting from
thermel-stress fracturing could be either removed
by a separaste conventional system or mixed with the
melt debris and introduced into a fluidized pipeline
transport system.

2. Nuclear Subterrene Tunneling Machine (NSTM)
Bagsed on preliminary calculations, & power-
source requirement of ~ 15 M4 (thermal) would be re-

quired for a kerf-melting tunneler for desirable
penetration rates in the 6-m-diam range, Although
electric heaters will be studied for a variety of
gecmetries and power levels, it 1s anticipated that
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ecoriomic and technological tradeoffs will favor a
compact nuclear power source at a total power re-
quirement Ié'és}.thgn 10 MW. A compact nuclear reac-
tor could eupply the energy for even a very large
penetrator advancing et & high rate and would permit
the conceptuel deeign of a self-conta;lned unit con-
trolled by t.lemetry from the surfece, The size of
such & source, even including elsboreste ehielding,
would allow its use in diameters appreciably smaller
than the 6-m size used as an example.

Development work on systeme that would optimize
- the energy transfer from the power source to an ar-
ray of melting penetrators has led to the utilization
of the LASL-developed heat-pipe technique for both
nuclear and lerger electrical sources, For
Subterrene epplications, the evaporator end of the
heat pipe is embedded within the electrical or nu-
clear heat source, and the condenser section would
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be adjacent to the rock-melting surface. The basic
components of a liquid-metel heat pipe are illus-
trated in Fig. 32.

The general field of heat-pipe-cooled nuclear
reactors has been investigeted st LASL, and experi-
mental work h&s been performed to esteblish the fea-
sibility of such designs. The use of heat pipes for
cooling and transferring energy from a reactor is
attractive because it permite the design of highly
redundant systems. The conceptual design of a com-
pact nuclezr reactor which cnuld be adapted for
Subterrene application is shown in Fig. 33, Numer-
ous heat pipes transport the reactor energy to the
melting face of the penetrator, Two-dimensional
heat-transfer calculations have indiceted that a
sufficient nunmber of heat pipes of overdesigned ca-
pacity can be included in §uch a design to permit
sustained operation of the ri‘eactor witk allowasble
fuel-element temperatures in the event of isolated
heat-pipe failures. Reactor power is controlled
through the use of multiple control rods which are
withdrawn through the aft radiation shield.

3. Potential Sources of Economic and

Technological Gains

Stressing the total system concept, the objec-
tive is to provide a well-matched tunneling concept
that attacks the three major aspects of tunneling:
excavation, materials hendling, and supports and lin-
ings. Although novel rock-disintegretion techniques
have been categorically criticized on the basis of
their higher specific-energy consumption, the fact
that power costs represent & very small percentage
of the tunnel cost has been documented, The follow-
ing potential adventages of NSTIMs are noted:

e The elimination of temporary tunnel supports
by substituting e formed-in-place glass lin-
ing, especislly in weak and broken rock.

o The elimination of permanent tunnel linings
in those applications for which the formed
glass lining 1s independently adequate.

@ Cost reductions resulting from the use of
completely prefabricaeted permanent tunnel
linings made possible by the dimensionally
steble and precise geometry of the glass
linings.

e Penetration-rate advances in hard rock by
the use of a continuous brocess as opposed
to thg intermittent drill-and-blast technique;
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¢ Penetration-rate advances in loose or unccu-
solidated ground through the elimination of
the serious risk of roof faillure,

¢ Additional tunnel stability through the use
of & hard-rock disintegration technique
that preserves rather than reduces tae in-
herent strength of the unexcavated rock mass.

¢ Reduclions in tunneling-machine downtime
through the eliminetion of gaege cutters and
reductions in the number of mechanically
vearing components.

e Reductions ir excavation cost resulting
from the ability to produce bores of any
desired cross-sectional shape,

e Improved environmental control through the
elimination of hazerds resulting from exces-
sive dust, noise, ground shock, fumes, end
ground collapse.

B. Theoretical Analysis

1, Introduction

Theoretical analysis research has progressed
in both the analytical formulation and the numerical
analysis directions. Efforts have been directed to-
ward the development of new analytical and numerical
techniques for snalyzing the combined fluid dynemic
and heat-transfer (lithothermodynamic) performance

Schematic of & shielded, heat-pipe-cooled nuclear reactor for Subterrene applications,

of melting penetrators and the application of these
techniques to specific penetrator designs and con-
cepts. Numerous thermal analyses involving two-
dimensional heat-conduciion solutions have teen per-
formed in support of the prototype design and devel-
opment effort to predict temperature profiles in
critical regions of penetrator systems.

2, Computer Code Development

The analytical problem of a heated penetrator
advancing into solid rock requires a study of the
nonlinear fluid dynemics of creeping viscous flow
with high thermel flux-energy interactions. Although
some aspects of the analysis are similar to classical
areaes of investigation in slow viscous flow theory,
the complete problem formulation resprecents a dis-
cipline of its own. Solutions will be characterized
by the following features:

¢ The characteristic fluid velocities involved

are very low even for the most optimistic

penetration rates, As a conseguence, the
fluid dynamics problem is inherently incom-
pressible and the very low Reynold's
nurbers allow the inertia terms to be ne~
glected irn the Navier Stokes equations.

® The viscosity of the melted rock materials
ie very high and strongly temperature-

dependent.,



e Initislly, only steady-etete axisymmetric
solutions need de considered,

e 1In addition to the gensible-heat transfer,
an effective latent heat of melting must be
included in the thermal energy balsnce.

o The energy contribution from viscous heating
ie negligible and hence the dissipation
function cen be neglected in the energy
equation.

The motion of a heated penetrator through e
melting medium can be formulated in terms of the
partial differentisl equations governing the physics
of the process. In axisymmetric cylindrical coordi-
nates (r, z) with radial velocity v, end axial ve-
loecity vy these equations are:

Vv,

1 -]
z g; (r v.)+ 5_21 = 0, the continuity equation;

222 .22} 3, ol (2, 2],
3ar r ar ar r2 3z ar 3z
the r-direction Ravier Stokes equation;
3, -} av
i 1o bl | EEE- (o R

the z-direction Favier Stokes equation; and

T T 1 T T
-(80) 3508 ()

the enezgy equation;

where P is the pressure and u, p, c, A, and T are
the rock-melt dynamic viscosity, density, specific
heat, thermal conductivity, and temperature,
respectively.

In consideration of the typical penetrator geom-
triee, it is convenient to s’ these equations 1imn
a general curvilinear orthogonal coordinate system
that corresponds to the melting penetrator shape.
This generalized coordinate system is 1llustrated
in Fig. 34 where the new transverse coordinate is
n, the meridional or streamwise coordinate is S, £
ig the local melt-layer thickness, and Bo is the
angle between the penetrator surface and the exis
of revolution,

Rewriting the basic equatione in the new coor-
dinate system and neglecting lower-order terms, the
simplified equations are:
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General curvilinear orthogonal coordinate
system,

Fig. 3b.

g; (orv) + g—s (£ru) = 0, the continuity equetion;

3 13 2 1\ _q4.58. 4
an[cr“an(c” cirg v

the S-direction Navier Stokes equation; and

%(crk§)=clrpcv¥+zerpcug§ ,
the energy equation;

where v is the transverse velocity component, u is
the meridional velocity component, and ¢ = (dS*/dS)n
where S* is the meridional distance along eny constant
n line. As in typical boundary layer theory, the n
direction Navier Stokes equation conteins only lover-
order terms and is replaced in this case with an in-
tegral form of the continuity equation.

Theee equations, together with appropriate
boundary conditions, have been solved numerically by
using a finite-differcnce technique, The results
have been incorporated into a computer progrem for
performing deteiled lithothermodynamic anelyses of
melting penetrators.

" For future stress-snalysie calculations on pene-
trator bodies, extraction, end stem components, a
new computer program nsmed FLACID has been developed.
PLACID 1s a finite-element stress-enalysis program
capsble of genersting plane stress, plane strain,
and exisymmetric solutions. A unigue festure of
this code is that all input is programmed by the
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user via subroutines, As a result, materisl prop-
erties cen be nonlinear, time- and/or temperature-
dependent, and cen also possess three-dimensional
anisotropy.
3, Significant Analytical Results
Noteworthy technical achievements in this area
include:
® Utilizing the newly developed lithothermo-
dynamic computer program, cslculations have
‘been performed for the 1lh-mn-diam alluvium-
coring penetrator., These calculations in-
dicate that the penetration rate will be
~ 0.2 mn/s for 8 uniform surface temperature
of 2000 K and typical conductivities of sol-
id and melted rock,
tor surfece temperature of 180C K, the pene-

For a uniform penetra-

tration rate decreases approximetely lineaer-
1y with the decreasing temperature differ-
ence available for melting. Calculated
results for the melt-to-solid interface lo-
cation for various penetration rates in tuff
are shown in Fig. 35.

e Calculations were performed to predict the
significant lithothermodynamic character-
istics of twne high-advance-rate 82-mm-diam
UEP, The predicted performance map for this
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of a hemisphere-cylinder consolidating
penetrator in tuff.

penetrator design melting in basalt wes pre-
sented in Section II-B cf this report.

o Parametric lithothermodynemic analysea have
been conducted on consoliduting penetrators
with different geometrical shepes, Calcula-

ionel results for a hemisphere-cylinder ge-
ometry based on typical local tuff properties
are shown in Fig. 36. The theoretical pene-
tration 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 TS5-mm-diam penetrator.
As indicated by the cross-plot lines of con-
stant melt-leyer thickness at the penetrator
tip, the maximum penctration rate could dve
limited by unmelted hard particles such as
quartz crystals. Note that the calculational
results presented in “ig. 36 do not satisfy
the consolidation relastion 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 will be referred %o as
Melt Trensfer Consolidation (MIC) penetrators
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of a double-cone consolidating penetrator
in tuff.

to denote the fact that molten rock is trens-
ferred according to & calculated axial ve-
locity profile from the leading-edge suz-
faces of the penetrator to its afterbody
vhere the final density consolidation melt-
layer thickness relation is satisfied.

The calculated penetration rate, surface
temperature, and minimum thrust requirement
as a function of heating power (not includ-
ing stem-copduction losses) for the T5-mm-
diam consolidating penetrator ere shown in
Fig. 37. These calculations show that the
theoreticel penetration rate of this double-
cone shape is considersbly lower than that
of the hemisphere-cylinder geometry shown
in Fig. 36 for the same surface temperature
end the seme length-to-diameter (L/D) ratio.
This conclueion was also verified for a
parebolic penetrator, indicating the impor-
tance of penetrator geometry on advance
rate. The rapidly decreesing minimum thrust
depicted in Fig. 37 iz a result of the
strongly decreasing viscosity associated
with the higher penetrator surface
temperatures.

® A theoretical investigetion on the effective-
ness of extended melting surfaces was per-
formed. For UEPs, extended melting sur-
faces can be used advantageously perticular-
1y when combined with multiple melt-removel
ports which direct the external melt to the
interior of the penetrator. By preserving
a thin external melt lsyer, the effective-
ness of the extended surfaces is greatly em-
hanced. In the consolidation mode, however,
the melf layer can only be kept thin over
the leading edge of the penetrator and the
potentlal advantages of extended melting
surfaces rapidiy diminish along the remainder
of the penetrator body.

C, Systems Integration end Model Studies

The first major systems integration and model
study, incorporating both technical and economic
model developments, has been performed for the large
tunneler concept. Three specific objectives were
established for this study: First, to develop tech-
nically sound conceptuel designs of nuclear Subter-
rene tunneling machines (NSTMs), Second,to meke a
cost comparison between the conceptusl NSTMs and
tunneling with Tunnel Boring Machines (TBMs) or con-
ventional excavation methods, And third, to deter-
minc the benefit-to-cost ratio for a projected major
Subterrene development progran costing ~ $100 x 10
over an eight-year period. The basic characteris-
tics and assumptions involved in the systems model
development are outlined below:

e Two conceptual designs for NSTMs, similar to
those described in Section VI-A, were uti-
1ized in the model study.

e Tunnel sizes studie? ranged from 4 to 12 m
finished diameter and the average operation-
al sustained edvance rate was 1.5 m/h,

¢ Thermal energy for rock-melting was obteined
from a compact nuclear resctor with liquid-
metal heat pipes being used to distribute
the energy to the rock-melting face.

e The NSTM-generated glass tunnel liners elim-
inated any other form of temporary support.
The gless liner thicknesses assumed for cost-
ing purposes were 4% of the finished tunnel
diameter for unfavorable conditions and
2% of the finished tunnel diameter for sound,
hard rock.




{11/4)
100 200
1 1 L ' 1 1

Baseline:

Diam.= 7.3m (2411)

Kerf + Cutter

Medium Strength Rock
2.0~ B/G: -Benefit fo Cost, Transportation
Tunneling Only

]
o
[
£
@
[7:]
[~]
g
% 1.0
[-
<
o5 =
577 SN
N
%O ve Potential
| afe
[o] | 1 1 1 1 1 | I | 1 {
0 50 100

Advance Rate (m/Ad)

Fig. 38. Effect of advance rate on baseline tunnel
cost.

¢ The permanent tunnel liners consisted of the
rock glass plus a conventionsl concrete
liner, with overall liner thickness egualing
8¢ of the tunnel diameter.

o The excavation face was sealed by the NSTM;
muck removal was by the hydraulic-slurry
method; and the glass liner, reactor compo-
nents, and tunnel air were water-cooled.

The study results indicsted that for very hard

rock or unfavorable soft ground (e.g., wet, running,
bouldery), average cost savings of NSTMs over ThMes
or conventional methods were estimated to be of the
order of 30 and 50%, respectively. Excellent cost
benefits for the development of NSTM systems were
indicated, considering only U.S. trensportation de-
mands up to CY 1990. The pred:cted effect of ad-
vance rate on tunnel cost for a Laseline case is
shown in Fig. 38. Many other potential benefits in
addition to transportation applications also exist.
The nuclear thermal-power requirements were calcu-
lated to be 7 and 63 M for 4- and 12-m-diem tun-
nels, respectively, as 1liustrated in Fig, 39. The
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cost of the thermal power required to melt the rock
wvas ~ b o 7% of the total excavation project cost.
D, Applications and Technology Utilization

The number of novel and conventional applice-
tions of Subterrene technology thet heve been inves-
tigated continue to increase and range from deep
hot-rock penetrations for geothermal-energy explora-
tion to emplacements in erctic permefrost.

Particular interest in small-diameter, horizon-
tal, gliass-lined holes motivated & separate study,
vhich has been completed. These smell horizontal
borings can be used as underground utility conduits
for the installation of telephone, gas, water, and
television lines; as glass-lined holes for high-
explosive shot emplacement; and as drainage holes
to stabilize roadcuts and embankments. The study
indicates that hole ustraightness requirements can
be met by adding deviastion sensors and alignment-
control units to the hole-forming assembly.

The technical reports on all phases of Subter-
rene activities continue to be in demand and are
forvarded to g1l interested parties. Lists of com-
pleted and in-progress Subterrene technical reports,
including those intended for publication in scien-
tific Journals, appear in Section VII, The Subter-
rene was featured on the front covers of the June
1973 issue of "Mining Engineering” and the July 1973
issue of '"Water Well Journal." Both issues contain-
ed accompanying articles., An article entitled
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"Subterrene Rock Melting Devices-Showing the Way to
New Tunneling Techniques" hes been prepared at the
request of the editor of "Tunnels end Tunnelling"
magazine. This publication is the news outlet for
the British Tunnelling Society. In conjunction with
the large-tunneler study, &ll major U,S., tunnel-
boring machine manufacturers were visited and brief-
ed on the Subterrene concept. Technical comments
and suggestions from their engineering etaffe were
utilized ae guidelines in the conceptual HSTM study.

Technical briefings presented to interested
individuals and groups by the Subterrene staff con-
tinue at the rate of about ten per month. Interest-
ed individuals and groups include United States
Senators, representatives of major industrial con-
cerns, representatives of the armed forces, utility
and power distribution specieliste, drilling and
oil-field specialists, University professors, tech-
nically oriented professional engineers, snd college
students,

As a result of discuesions with Westinghouse
Corp., an Industrial Staff Member has been assigned
to the LASL Subterrene project and is currently
working in the area of penetrator thermal analysis.

A contact was made with Mr, Walter W, Long of
the University of New Mexico, NASA Technology Appli-
cations Center (TAC). Discussions of the possible

interest by TAC in doing a real-time study of the
Subterrene technology trensfer efforts, methodology,
and succeesee indicated thet the TAC would be inter-
ested in such a collsborative effort.

The structure of the proposed Subterrene
Technology Advisory Panel has been established with
the following initial membership:

e Cheirman - A person with broad engineering

experience.

o One member from a Federal Agency with inter-
est and responeibilities in tunneling and
excavation,

e A University professor from a civil, mining,
or geological engineering department with
well-recognized expertise in excavation
technology.

® An economist with expertise in excavation
technology (desirable).

e Three representatives from related industries,

Tnitiel impact in the area of public demonstra-
tions has been achieved through the use of a mobile
Subterrene field-demonstration unit in Bandelier
National Monument, NM. In addition, a short docu-
mentary color film on the Subterrene concept has
been produced, and narretion via a cassette tape
will be available shortly.
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VII. TECHNICAL REPORTS

Copies of the reports listed below can be obtained from:

National Technical Information Service (KTIS) -
U.S. Department of Commerce

5285 Port Royal Road

Springfield, Virginis 22151;

the completed reports are identified by their LA-MS
numbers by NTIS,

Discussions of the technical reports can be directed to
individual authors at:

University of California

Los Alemos Scientific Laboratory
P.0, Box 1663

Group Q-23

Los Alemos, New Mexico 875kl
Telephone: (505) 66T7-6677

A. COMFLETED TECHNICAL REPORTS

LASL

Report No, Title Author(s)

LA-4959-M5 Thermodyramic Stability Co:nsiderations in the Mo-BN-C System, M. C. Krupke
Applicetion to Prototyps Suoiarrene Penetrators.

LA-5094-M5 Internal Reaction Phenomena in Prototype Subterrene Radiant M. C. Krupka
Heater Penetraters.

LA-5135-M5 Internal Temperature Distribution of a Subterrene Rock-Melting R. G. Gido
Fenetrator.

LA-5204-M5 Subterrene Penetration Rate-Melting Power Relationship. R. G, Gido

LA-5205-M5 Design and Development of Prototype Universal-Extruding J. W. Neudecker
Subterrene Penetrators. A, J, Giger

P, E, Armstrong

LA-5206-MS Identification of Potential Applications for Rock Melting D. I, Sims
Subtesrrenes, .

LA-5207-MS Heat loss Calculetions for Small Diameter Subterrene D. J. Murphy
Penetrators, R, G. Gido .

LA-5208.MS Phenomena Associated with the Process of Rock-Melting. M, C, Krupka
Application to the Subterrene System.

LA-5209-M5 Development and Comstruction of a Modularized Mobile Rock- R. E, Williems
Melting Subterrene Demonstration Unit,

LA-5210-M5 large Subterrene Rock-Melting Tunnel-Excavation Systems. R, J. Hanold
A Preliminary Study.

LA-5212-MS Design Description of Melting-Consolidating Prototype : J. W, Neudecker
Subterrene Penetrators.

LA-5213-MS Description of Field Tests for Rock Melting Penetration. R. G. Gido

LA-5354-MS Systems and Cost Analysis for a Nuclear Subterrene Tunneling J. H, Alteeimer
Machine - A Preliminary Study.

LA-5370-M8 Use of the Rock~-Melting Subterrene for Formation of Drainege R. E, Williaus

Holes in Archaeological Sites. J. E. Griggs
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B. TECHNICAL REPORTS IN PROGRESS

Title Author(s)
Rock Heat-loss Shape Factors for Subterrene Penetrators. G. E, Cort
Thermal Design Analysie of e Subterrene Universal Extruding R. G, Gido
Penetrator. G. E, Cort
Deecription of the AYER Heat Conduction Computer Program, R, G, lawton
A Versatile Rock-Melting System for the Formation of Small D, L, Sims
Diameter Horizontal Glass Lined Holes.
Conceptual Design of a Coring Subterrene Geoprospector. J. W, Neudecker
Numerical Solution of Melt Flow and Thermal Energy Transfer R. D, McFarland
for a Rock-Melting Penetrator - Lithothermodynamics,
PLACID - A General Finite Element Computer Program for R. G, Lavton
Stress Analysis of Planz and Axisymmetric Solids.
Field and Iaboratory Results for Consolidating Penetrators C. A, Bankston
from 25 to 7 mm in Diemeter,
Unique Refractory Fabrication Techniques for Subterrene ¥. C. Turner
Penetrators.
_Selected Physico-Chemical Properties of Basalt Rock, M, C. Krupka
Liquids, and Glasses,
Cerbon Receptor Reaction In Subterrene Penetrators. W, A, Sterk
M, C, Krupke
Design, Analysis, and Tests of a Consolidating, Coring H, D, Murphy, et al
Penetrator.
C. PRESENTATIONS AND JOURMAL ARTICLES
University of California Regents (Icvited lecture)
J. c; Rowley LASL Subterrene Yrogram los Alamos, WM
N : April 12-13, 1973,
Committee on Advanced Developmente {Invited Presentation)
J. C. Rowley" Subterrene Concepts for Mini-Tunneler for Undergrounding Edison Electric
of Power Transmission Lines. Institute,
Ios Alemos, NM,
May 1, 1973.
Rocky Mountein Science Council (Invited Presentation)
Rock-Melting Excavation and Tunneling. Los Alamos, NM,

J. C, Rowley
J, W, Reudecker
J. C. Rowley

R, J. Hanold
D, L, Sims

34

Aerospece Instrumentation Symposium

Subterrene Instrumentation Requirements; Instrumentation
in the Aerospace Industry, Vol., 19, W, Washburn Ed.,
pp. 7-10, 1973.

Technical Seminar on Repid Tunneling &
Fxcavation Technology (Invited Presentation)

The Subterrene Rock-Melting Concept In Future Excavation
‘Technology.

May 11-12, 19730

Instrument Society
of America,

Ias Vegas, NV,

May 21-23, 1973,

U,S. Afir Force,
Weapons Iaboratory
Civil Engrs Res, Div,
Albuquerque, WM,
May 31, 1973.



J.

J.

J.

C. Rowley

E. Armetrong

+ J; Hanold

W. Neudecker

H, Altseimer

J. Hanold

Krupka
J. Stark

L, Sims

D, McFarland
J. Henold

C. Rowley

ALT:511(315)

Arkensas River Basin Group gInvited Iecturez

The LASL Subterrene Program.

21st Meeting of National Refractory
Composites Working Sroup (Invited Presentation)

Subterrene Penetration Materialse.

Engineering & Planning Committee Meeting (Invited Talk)
The IASL Subterrene Program.

Tunnels & Tunneling (Invited Article)

Subterrene Rock Melting Devices -- Showing the Way to
New Tunneling Techniques,

15th Symposium on Rock Mechanics (Presentation)

The Subterrene Concept and Its Role in Future Excavation
Technology.

26th Regional Meeting (Presentation, Abstract Accepted)

Refractory Material and Glass Technology Problems
Associated with the Levelopment of the Subterrene =« A
Rock Melting Drill.

1974 Offshore Technology Conference (Paper Abstract)

Melting Glass Lined Holes in Rock and Soil with the
Los Alamos Scientiflc Leboratory Subterrene.

2hth Heat Transfer & Fluid Mechanics Institute (Abstract)

Viacous Melt Flow and Thermal Energy Trensfer for a Rock-
Melting Penctrator -- Lithothermodynamics.

3rd Internastions) Congress (Abstrasct Submitted)

Rock Melting Applied to Excavation & Tunneling.

los Alamcs, NM;
July 17, 1973,

Ios Alamos, NN,
July 18-19, 1973.

WEST Associates,
Los Alamos, WM,
August 13-1h4, 1973.

British Tunneling

Society,
September 7, 1973
{Intended for next
1ssue. )

U,S. National Comm, on

Rock Mechanics & Dept.
of Mining Engr.,

Sept. 17-19, 1973.

American Ceramic
Society,
Oect. 31-Nov. 2, 1973.

SPFE of AIME
lh].'IAs, m’
May 5-8, 197L.

Oregon State Univ.
Mech, Engr. Dept.
Corvallis, OR,

June 12-1&, 197h.

International Society
for Rock Mechanics

Denver, CO,

September 2-7, 197k.
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