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1.0 INTRODUCTION

This final technical report encompasses the work performed from April 2 to October 2, 1973,
under Contract DOT-TSC-591 entitled "Basic Understanding of Earth Tunneling Through
Melting. "

1.1 BACKGROUND

The Los Alamos Scientific Laboratory (LASL) initially explored the feasibility of rock melting

as an alternate drilling method in the 1960-1962 period resulting in a U. S. Patent (3, 357, 505).
Feasibility was indicated by relatively simple devices which were built and tested at the Labora-
tory. These fests included boring holes at steady rates (~1 m/h) in samples of local material
such as basalt and igneous rock without any problems in deformation or tip corrosion. Except

for the interest that was generated, no activity resulted from this work until the 1970's.

In early 1971 LASL extended the analyses and proposed continuation of the development of a
rock melting Subterrene. The concept was judged to be feasible and within the grasp of present
technology. LASL has supported the Subterrene project since about April 1971, and has subse -
quently successfully melted holes in“c variety of different rock types including 55 mm (2

inch) penetrations to depths of nearly 25 meters (80 feet) and corings up to 114 mm (4-1/2 inch)
in diameter. Also, laboratory testing has demonstrated a capability to penetrate water~-saturated
rock, a variety of low density soils, water-saturated alluvium, and high density rock such as

basalt. In each case a reasonably good, stable glass-lined hole was achieved.

Data obtained in these laboratory tests and in the field tests (vertical boring and horizontal
boring ) have yielded a simplified linear relationship regarding power and the rate of advance.
Simultaneously, the development of thermal analysis techniques and approaches to guide and
optimize the penetrator geometry, heater requirements, and insulation systems have been initiated
by LASL. Computer programs which provide for describing the melting of rock and viscous flow
field have been developed. However, a thorough review and determination of the physical pro-

cesses by which the rock melting penetrator operates had not been accomplished at LASL in

these early phases of the program.

The process being developed at LASL is based on the concept of progressive local melting of
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rocks and earth. This process results in a molten glass lined hole with no debris; or, removal
of cores, as provided in controllable extrusions where full consolidation is not desired or
possible. The basic rock heat transfer/melting processes are relatively well defined and are
considered amenable to theoretical analysis and predictions. Also, this rock melt can be
formed into a glass lining with some controllability with respect to conventional methods of

glass forming.

Thus, LASL has demonstrated the ability to not only successfully melt rock and penetrate
the earth leaving glass lined holes, but also has provided a reasonable foundation of analytical
models for prediction; but the simplified models available were insufficient for predicting or

extrapolating to other conditions at the start of this study.

1.2 STUDY OBJECTIVES

Since rocks and earth are usually mixtures of minerals and generally have relatively low
melting points (1200 - 1500°K), this process appears to have a wide-spread application with

a number of potential advantages over conventional "drilling" methods.
1. Higher rates of penetration are potentially possible.

2. The capability of forming a liner has the potential of obviating the need for a
support structure.

3. The potential for the reduction of or the elimination of mucking requirements.

If such a technique can be applied to large scale tunneling operations such as those required
for the formation of transportation tunnels, it would then represent a significant technological
breakthrough. The feasibility of the technique has been demonstrated only under limited
conditions. The experimental data obtained apply also to limited conditions. Moreover,
functional relations of some of the physical processes involved were not available. Because
of these facts, adequate evaluation of the capabilities and limitations of the technique for

large scale tunneling applications are required for this study.

For an evaluation of this type, it is essential to predict the performance of the given tunneling
operation in terms of the power requirements, liner thickness and the rates of penetration as

releated to the tunnel diameter, depth of tunneling, quality of glass liner formed, etc.



The following study objectives were outlined in the proposal, WANL-BP-3001, and were
addressed throughout the program.

1. To describe the fundamental physical processes involved in this technique.
2. To determine the key parameters.
3. To provide functional relations among these key parameters enabling the evaluation

of process feasibility and limits of large scale application. These relations include

Geometry variables

Power requirements

Thrust loads

Rates of penetration

Earth structural behavior

Liner structural behavior

Material constraints

4, To define additional critical data requirements at the end of the program.

1.3 STUDY APPROACH

Toward fulfilling the preceeding study objectives, the following study approach was selected

and carried throughout the program.

1. Provide detailed descriptions of the basic processes involved in 5 potential modes
of tunneling from the basic concept of melting rock/earth.  Functionally analyze
these processes using systems engineering techniques to determine the parameters
and controlling variables affecting the capabilities and limitations of these modes

of operation.

2. Identify and define the major parameters affecting the performance, capabilties

and limitations of each mode of tunneling from the functional analysis and funda-

mental equations.
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3. Conduct basic theoretical analyses (as opposed to a computerized numerical solu-
tion) of the governing physical processes involved, develop analytical models and

derive functional relations of the controlling variables.

4, Verify the functional relations derived by correlation with existing experimental
data.
5. Generalize the functions to apply to all modes of tunneling, all scales of tunneling,

and all types of rock and soil materials that may be encountered under normal

tunneling conditions.

The above five statements formed the basis for the program work statements. Tasks 1 through

5 in Figure 1-1 correspond directly with them.

The performance of each task requires several disciplines; e.g., analysis of the physical pro-
cess variables requires structural mechanics, fluid mechanics, and thermal analysis as a
minimum. The compilation of this report for this reason is not formulated into chapters defined
by a task, but rather by a discipline related to one part of the process. This is consistent with
a fundamental assumption of the study; i.e., a valid theoretical description of these events

can be obtained by mathematically decoupling the phenomenological equations for them.
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2.0 SUMMARY
2.1 DESCRIPTION OF APPROACH AND WORK ACCOMPLISHED

Based on early work and those carried out concurrently with this study at the Los Alamos
Scientific Laboratory (LASL), five "modes" of tunneling were identified. These were associ=~

ated with the following three distinctive types of penetrator design concepts:

1. Conical consolidator
2. Extruder
3. Coring penetrator with or without extrusion

The conical penetrator was designed specifically for making holes through unconso lidated
earth/rock whose density is appreciably less than that of the glass made from this material.
Extrusion of a part or all of the melt becomes necessary when the density of the glass is equal
to or less than that of its parent earth/rock material. A coring penetrator was considered for

large scale tunnel excavations.

The physical processes involved in the hole boring/ tunnel excavation technique were identified
and studied. Five typical earth geological models were formulated. Each model has its unique
physical characteristics and specified composition and physical properties. Physical models

of typical penetrator designs were also assumed. Functional relations of controlling variables

were then derived for the following:

1. Heat transfer processes
2, Melt flow process

3. Earth structure

4. Liner structure

5. Liner cooldown
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2.2 HEAT TRANSFER AND MELT FLOW ANALYSES

The mathematical models and functional relations for heat transfer and melt flow were derived
from closed form analytic solutions of the basic equations of energy, motion, and continuity.
The heat transfer models permit the evaluation of the total thermal power required and the

maximum local heat flux.

The calculation of these parameters require the specification of the rate of penetration,
penetrator geometry, penetrator dimensions, glass liner thickness, and earth/rock and melt

physical properties.

The functional relations derived for the melt flow process permit the calculation of the

following:
® Total applied thrust load
® Melt pressure and stress on the penetrator, and
® Forces on the glass liner required for thrusting

The information needed to determine the above parameters are identical to those needed for

the thermal calculations.

The functional relations for glass liner cooldown permit estimates of the controlled liner

cooldown time and the length of controlled cooldown sections required.

The calculation of these parameters from the functional relations require the specification
of the thickness of the melt layer and glass liner, earth/rock as well as melt and glass

physical properties, and cooldown heat flux.



Attempts were made to verify the functional relations derived by correlation with the limited
experimental data. Excellent correlations were obtained for the following areas when adequate

experimental data were available:

1. Thermal power requirement for all five modes of tunneling and all three penetrator
designs/concepts.

2. Total applied thrust loads for conical consolidating penetrators only.

3. Transient cooldown temperatures of the inner surface of the glass liner only.

Because of the experimental verifications, high degrees of confidence can be placed on the

predictions of the following:

e Thermal power requirement, maximum penetrator surface temperature, maximum
heat flux, maximum rates of penetration, liner thicknesses allowed, etc., for
all five modes of tunneling, all three penetrator designs/concepts and all types

of earth/rock materials.

® Total thrust load, melt pressure, stress on the penetrator, and forces on the glass

liner wall to effect thrusting for conical consolidating penetrators only.
®  Temperatures of the inner surface only of any glass liner during cooldown.

Where the functional relations had not been verified experimentally, assumptions were made

to permit estimates of the design parameters of interest. These include the following:

®  Thrust loads for coring, extruding penetrations, melt pressure, stress on heated

penetrator surface, and pressure on glass liner wall.
®  Glass liner thicknesses required to overcome primary and secondary loads.
e  Glass liner cooldown requirements to prevent thermal stress cracking.
e Controlled liner cooldown time and lengths of cooldown section required.

Although many of the functional relations developed have not been verified experimentally,

it was felt that they are adequate for scoping calculations and preliminary conceptual design
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calculations. Scoping calculations were carried out covering ranges of parameters of interest

to transportion tunnel excavations. These include the following:
® Depth of tunneling operation
e Tunnel diameter up to 10 meters,
® Rates of penetration of ~ 100 meters/day (or better),
e Loose, unconsolidated, alluvial type earth/rock material.

The results of these analyses show that penetrator surface temperatures severely limit the rate of

penetration or the geometry of the penetrator that can be considered for all modes of tunneling.

For example, with a plain conical, LASL experimental type consolidating penetrator, the maxi
mum penetrator diameter that can be considered when using tungsten as the material of construc
tion is only 45 mm at 0. 1 mm/sec rate of penetration and only 90 mm at 0. 05 mm/sec rate of
penetration. These limitations are only slightly improved when extrusion of a portion of the

melt is included.

Although appreciable improvements are made when coring is added to extrusion, the operating
limits are still far short of the goals set for practical tunneling applications. As typical illustra
tions with tungsten as penetrator material of construction and tunneling through unconso lidated
alluvial type materials, a 10 meter diameter tunnel can advance at a rate of approximately

2 meters/day. At 50 meters/day, the maximum tunnel diameter is on the order of 1 meter.

This is due to the excessive temperature drops across the melt for reasonable melt thicknesses.

The problem is completely eliminated if a glass liner is not required. This may be the case

when tunneling through highly consolidated rock such as basalt, granite or competent rocks.

These identified limitations are design-oriented. Penetrator design changes were proposed

to overcome the limitations. These include the following features: (1) the use of segmented

and extended surface areas to reduce the heat flux, (2) extruding the melt into a liner of the
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desired thickness. This minimizes the melt thickness over the heated portions of the penetrator

to minimize the penetrator surface temperatures.

Preliminary calculations showed that with these design features, a coring penetrator that can
form a 10 meter tunnel diameter has the potential for advancing through alluvial-tyoe

materials at > 100 meters/day.

2.3 EARTH AND GLASS LINER STRUCTURAL ANALYSES

The development of functional relations for the stress fields evolved with concern for

those variables which could control or limit the earth tunneling process; and these were re-
lated to the earth's structural behavior and the glass liner's structural integrity. The descrip-
tions for earth structural behavior included the environmental boundary conditions imposed by
the earth's own weight, tectonic residual stress, imposed temperature changes, melt pressure
and earth moisture. The structural integrity evaluation for the glass liner included the effects

of earth loads, penetrator thrusting loads, and the thermal cooldown loads.

The criteria imposed upon the earth to arrive at tunneling limitations consistent with

the earth stress analysis were that of no surface fissures, no significant surface upheaval, and
no earth collapse into the melt zone which would be evidenced by an earth surface collapse.
With these criteria a minimum allowable tunneling depth was established, and the limitations
for melt pressure were established for any tunnel depth greater than the minimum allowable.
The conclusions derived from the idealizations of elasticity, isotropy, homogeneity and plain-

strain are:

o If the earth's surface is free of dead weight, the crown of the tunnel bore should be

at least a tunnel bore diameter below the earth's surface.

® Under adverse operating conditions such as a water saturated highly porous medium,
the direction of earth fissures and therefore the likelihood of surface upheaval or
surface fissures can be estimated only after first conducting field experiments to
determine the tectonic residuals, the percent water saturation and porosity, the ex-

tent of medium non-uniformity, and the direction of any earth medium anisotropies.



For example, in an isotropic media without a tectonic residual stress, the preferred
fracture direction is vertical. With a horizontal tectonic stress (PT > peC) in
excess of the tunnel centerline depth component of vertical overburden, the fractur
tendency would be horizontal. In a non-uniform medium with an overlying hard sed
metary rock strata a vertical fracture is likely to be arrested and diverted to a horiz
plane.

When crack propagation is undesirable, it can be precluded with operational melt
pressures of values less than the local vertical overburden in zones of moderate

(PT > peC) tectonic compression or with operational melt pressures of values less
than the local horizontal overburden in zones of no tectonic compression. Without
prior determinations of residual tectonic compressive stresses, a conservative melt

pressure for the avoidance of crack propagation would be:

14
P <=5 »C

The propagation of a fissure will depend upon the melt pressure and the volume avail
ability of a substance which can fill and occupy the created crack void volume. To

this end, methods were provided to evaluate melt and water volume availability.,

When a fissure is desirable, such as may be required for the disposal of excess water,
melt pressures must exceed the local overburden stress component. This eventuality
has been considered here by providing relationships which define the allowable and
required penetrator melt pressure consistent with both surface upheaval and surface

fissure.

The alternative approach to minimizing any water disposal problems is by penetrator
design. The design configuration must tend toward a very thin liner and a large

percentage of mucking.

A structural integrity evaluation of the glass liner was provided to describe the state

of stress and stability under primary loading and to define cooling rate requirements consistent

with thermoeleastic stress limitations. The primary loads were separated into externally

applied earth loads and internally applied thrust loads. The secondary loads were defined as

those resulting from transient and residual thermal stress.
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Three separate earth load models on the liner were considered. They were: (1) A
condition of hydrostatic pressure characterized the liner loads from an idealized earth model
composed of a plastically behaving medium, possibly best characterized by quicksand. This
is an unlikely earth medium in which design considerations would have to resolve the initial
liner support problem during cooldown in parallel with a penetrator "sinking" problem.
Nevertheless, this idealized earth model was included as a limiting case of a more general
earth model, because it provided a valid liner stability criterion against buckling which was
extrapolateable to other earth model liner loading conditions. (2) The condition of no lateral
restraint characterized the liner loads from an earth settling directly above the tunnel liner.
This model was conceived by envisioning vertical but no lateral earth settlement about the
liner, and it was inspired by recognizing two unique features associated with tunneling by
heated penetrators. These are the volumetric contraction tendency of the solidifying liner
and the potential for both planned and unplanned earth fracture and upheaval. The sequence
of events in arriving at this earth model liner loading condition is a horizontal fissure with
upheaval followed by liner radial contractions and then a vertical earth settlement. (3) The
condition of restrained lateral deformation characterized the liner integrity by an earth load
model with structural consequences lying between those of the hydrostatic pressure model and
the model of no lateral restraint. It assumed that earth settlement about the glass liner is
such that it returns to the overburden condition which existed prior to the tunnel formation.
This model is best envisioned as appropriate in unfractured earth media characterized by the

Poission ratio values above 0.3, and these are the sands, clays, and shales.

The allowable tunneling depth for each of these models was established as a function

of glass strength, earth density, liner thickness and other related material properties.

Two penetrator primary load models on the liner were considered. They were a thrust
producing model and a penetrator weight model. The choice for a thrust model was a con-

servative radial ring pressure load with a coefficient of friction for the transmittal of this

radial load to axial thrust. The major conclusions, about the thrust model, derived from the

integration of Figures 9-7, 9-5, 7-11, and 7-12 are:

e With minimal design effort, the primary stresses induced by a thrusting mechanism

are not limiting when compared to the stresses from the earth primary loads.
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e The design effort here would deal with providing an adequate friction coefficient at
the thruster/liner interface. Based on a glass liner tensile strength of 1.48 x 107 N/m2

(2150 psi) and tunnel diameters not to exceed 10 meters, it was determined that if

the thrusting coefficient of friction is less than about 0.2, that the thrust required to

advance the penetrator may always exceed the allowable thrust. [f the thrusting

coefficient of friction is about 0.5, the required liner thickness is about 6 to 9% of

the penetrator radius for tunnel diameters in the range of 10 to é meters. If the

thrusting coefficient of friction is about 1.0, the required liner thickness is about

4 to 7% of the penetrator radius in the range of 10 to é meter tunnel diameters.

The penetrator weight primary load model considered the glass liner as a beam on an
elastic foundation with the penetrator weight evenly distributed over a length which was
studied as a variable defined by multiples of the penetrator diameter. The primary conclu-

sions from the penetrator weight model were:

e Penetrator allowable densities increase as the earth elastic foundation stiffness in-

credases,

® A sample problem with conservative assumptions indicated the penetrator weight
should not limit the tunneling feasibility provided its average density over its liner-
supported length does not exceed 460 gm/cm3. This compares to an earth density
of about 2.4 gm/cm3 and a structural steel density of about 7.8 gm/cm3.

The recommendation for any future efforts in the area of primary load analysis should
logically be deferred until sufficient liners have been produced to experimentally generate
good estimates for the liner material properties, especially its strength. |If a cracked liner

is the only alternative, it is recommended that tests be conducted on experimental liners
under simulated earth loading conditions to evaluate the arching stability of scale models
which may or may not be free of thermal stress cracks. The major uncertainity in scale model
testing with a brittle material is that associated with Weibull's theory which would indicate

the larger the sample size, the weaker the material.
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The glass liner secondary load analysis provided the thermal stress equations which

can be used to evaluate the inner tunnel wall deformations, transient cooldown stress levels

and residual stress levels which in turn have defined the allowable cooling temperature gradients.

Three models describing the thermoviscoelastic behaviorial characteristics of the solidifying

glass liner were analyzed, and these are:

1

2)

Plane strain with no axial deformation and with no radial deformation at the outer
surface: The earth media in which this model could most likely represent the solidi-
fication process is dense rock formations which would be capable of arching in hoop
compression as the liner unsuccessfully tends to contract at its outer surface. The
conclusion reached here was that if the earth/glass interface remains stationary during
the cooling process, the glass will experience both radial and longitudinal cracking
irrespective of the cooling temperature profile. The stress/strength ratio for the best

possible profile, that of uniform cooling, was approximately 20 to 1.

Plane strain with unconstrained axial contraction and with unconstrained radial contrac-
tion of the outer surface: In this model the liner must be capable of separating itself
from the earth at the glass/earth interface and the liner must be free to "slide” (con-
tract) in the axial direction. For horizontal tunneling in any media, this is a very
unlikely model, because even with separation at the interface, the weight of the
liner and the weight of the penetrator/equipment will result in a large normal con-
tact force along the bottom exterior side of the tunnel in contact with the earth,
Possibly, the water saturated clays and sand would permit liner axial contraction by
slipping conditions. Another possible earth media which may allow a liner axial
contraction is dry, low density earth which would crush and densify in the process.
The conclusion arrived at for this unlikely structural model was that glass liner crack-
ing could be avoided by controlling the transient temperature gradients. A computed
value of about 25°C identified the maximum allowable difference between a

surface and the average liner at a given axial location.




3) Plane strain with no axial deformation and with unconstrained radial contraction at
the outer surface: With this model the earth offers virtually no tensile normal trac -
tion at the glass/earth interface, but rather than separating at that interface, the
earth maintains sufficient contact to provide the friction that would prevent a glass
liner axial contraction. This model is best visualized as being representative in the
not so crushable materials, especially in zones where tunnel collapse is to be expected
without a liner. The conclusion reached for this model was that irrespective of the

cooling technique; transverse glass liner cracking should be expected.

There does exist the possibility of encountering earth media in a long tunnel wherein any or

all three of these models would best represent the glass solidification stresses at different regions
of penetration. Realistically, combinations of these models will prevail in unknown proportions.
At the extreme of freedom, the transient thermal gradients were characterized by limiting
values that would prevent glass cracking, but from the viewpoint that "fixity" cannot be over-
looked as an approachable boundary condition, glass liner cracking should be expected as a

worst case design condition.

2.4 CONCLUSIONS

Based on the results of the study and parametric analyses, major conclusions have been drawn

for the various areas studied. These are summarized in this section.

2.4.1  Limits of Operating Capabilities

1. Based on the specific penetrator designs designated in the 5 modes of tunneling, it
is concluded that large tunnels can be created at reasonable penetration rates only

with very thin glass liners, i.e., of < 1cm.

2. For reasonable glass liner thicknesses, i.e., > 5% of radius, these basic penetrator
designs are only suitable for relatively small scale penetrators. For these designs,
operating capabilities are severely constrained by penetrator surface temperature

limitations.
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3. These limitations can be removed by the use of an extended surface, segmented
heater penetrator concept proposed in this study for large scale tunneling applica-
tions. Preliminary scoping calculations have shown that tunnel diameters up to
10 meters and tunneling rates of ~ 100 meters/day are potentially attainable with
this concept. However, conceptual design studies are needed to establish this as

a practical approach.

4. Thermal power requirements for the proposed penetrator design are relatively low.
They are on the order of 20 megawatts for 6 meter tunnels tunneling through uncon-
solidated earth/rock and 40 to 50 megawatts for tunneling through consolidated

material at a rate of 100 meters/day.

2.4.2 Applied Thrust Loads

1. For small scale penetrators, pressure drag (or form drag) is the dominant contribution
to total thrust load requirements. Minimum thrust load is simply the ambient

pressure times the penetrator cross-sectional area.

2. Frictional drag forces due to flow of molten earth/rock over heated portions of the

penetrator are negligible when compared to other forces.

3. Frictional drag forces over melt cooldown section (adhesion forces) can be important
for relatively long cooldown sections. For penetrators where the length of the cool~
down section is on the order of the penetrator diameter, the contribution to applied
thrust loads from pressure drag and adhesion forces are of the same order of magni-

tude.

4. The minimum stresses on the penetrator for large scale Mode 5 tunneling as a result
of applied thrust loads are small (less than 7 x 106 N/m2 or 1000 psi) for tunneling
at depths up to 40 meters.

5. The limited thrust load data from extruders have not been correlated successfully with

functional relations. Calculated thrust loads are much smaller than experimental values.



5 3
6. Typical thrust loads are 9 x 107 kg (~ 10" tons) for a 6 meter tunneler at reasonable

advance rates.

2.4.3 Earth and Glass Liner Structural Phenomena

Based on earth primary load analyses, the following conclusions can be drawn:

1. The model for the condition of restrained lateral deformation indicates the required
liner thickness to be about 23% of the penetrator radius for a tunnel centerline
depth of 70 meters. This corresponds to a zero margin of safety against a longitudinal
tensile crack under the following conditions: earth density = 0.0025 kg/cms,
earth Poisson ratio = 0.35, glass tensile strength = 1.48 x 107 N/m2 (~2150 psi)
Under these same conditions, the required thickness is about 8% of the penetrator

radius for a tunnel centerline depth of 10 meters.

2 The model for the condition of no lateral restraint indicates the required liner
thickness fo be about 75% of the penetrator radius for a tunnel at 70 meters of
centerline depth and about 21% for the 10 meter deep tunnel. This is based upon

the same conditions given above.

3. The liner thicknesses required to prevent liner cracking under external earth loading

indicate that liner buckling is not a problem.
The glass liner secondary load analyses yield the following conclusions:

1. If the earth/glass interface remains stationary during the cooling process, the glass
will experience both radial and longitudinal cracking irrespective of the cooling
temperature profile. The stress/strength ratio for the best possible profile, that of

uniform cooling, was approximately 20 to 1.

2, The conclusion arrived at for the model where the liner is capable of separating from
the earth at the glass/earth interface is that glass liner cracking could be avoided
by controlling the transient temperature gradients. A computed ATu of about
25°C s identified to be the maximum allowable difference between a surface and

the average liner temperature at a given axial location.



3. Based on the model of plane strain with no axial deformation and with unconstrained
radial contraction at the outer surface where the earth maintains sufficient contact
to provide the friction that would prevent q glass liner axial contraction, it is con-
cluded that irrespective of the cooling technique, transverse glass liner cracking may

be expected.

2.4.4  Melt Cooldown Requirements

Cooldown times and lengths of controlled cooldown sections predicted based on using extended
afterbodies and LASL small penetrator design practice and for tunneling conditions of interest

have been shown to be excessive and impractical for large tunnels.

Two methods to solve this problem have been proposed. These methods require study and
further conceptual design and analyses as well as experimental research in order to determine
practical limits of capabilities and real large tunnel limitations.  The most probable solution
may well be designs permitting thermal stress cracking as verified in cracked liner insitu

experiments.
2.5 RECOMMENDED FUTURE WORK

The limitations of the tunneling technique that have been identified and the proposed solutions
are summarized in Table 2-1. The types of solutions proposed were developed only to a level

which indicated the following potential capabilities:
® Large tunnel diameters (up to 10 meters)
® Thick glass liners (of any necessary thickness)
e High rates of penetration (of > 100 meters/day)
® Reasonable length of the controlled cooldown section

It is evident that all of the attractive features possessed by the basic technique of rock/earth
melting for tunnel excavation have been considered desirable to retain and design approaches

have been conceived which permit this. These are discussed in Chapter 11.
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The design solutions proposed appear to be technically feasible. However, experimental
testing and further analyses of conceptual design efforts will be needed to verify this. In
particular, experimental data are presently needed in the critical area of potential glass liner
structural capability with cracking under controlled cooldown conditions. The following

future studies are therefore proposed:

1. Evaluate and analyze the capability of extended surface, segmented heater designs

as proposed here for practical tunnel excavations. An integrated conceptual
penetrator design study is necessary to properly evaluate all the features proposed,
because of the close interactions of the important design parameters involved.

All of the solutions proposed in Table 2-1 shall be considered and integrated into

the conceptual design study.

2, Experimental and analytical study of thrust load requirements for extruders and

corers, the two modes of operation that were found necessary for large scale

tunnel excavations. Evaluate melt pressure effects.

3. Experimental study of controlled glass liner cooldown to evaluate the effect of
liner thickness and glass and earth/rock physical properties on the properties of
the glass liner following cooldown. Of particular interest is the quality and the

state of the glass liner under different cooldown conditions.

4, Since the glass liners tend to crack, determine the compressive strength of glass
liners of different thicknesses, made from various earth/rock materials and

different radii of curvature with cracks.

Brief statements of these problems, proposed approaches to solution and suggested tasks are

outlined in the form of individual programs in Appendix A.
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3.0 FUNCTIONAL DIAGRAMS

A functional logic diagram was developed as a means of identifying all the principle functions
involved and the mechanisms required to carry out the tunneling objectives. A simple logic
was used in developing the functional diagrams that began with the end effect desired; i.e.,
a tunnel. These functional diagrams were established to provide a disciplined method to more
easily evaluate separate, particular requirements and also maintain their relationship so that
evaluation and integration of these requirements would be possible. The four levels of logic

(steps) were defined as follows:

1. Effects desired (end product)

2, Functions performed (to obtain effect)

3. Changes required for function completion (define start to finish)
4, Mechanisms required to accomplish changes

The principle benefits derived from the functional diagram include not only systematic defini-
tion of each pertinent function but also systematic development of requirements, identity of

interrelationships, and visualization of relative significance of the particular mechanisms.

The effect of a particular application (i.e., mode of tunneling, operating conditions, and
specific tunnel requirements) can be evaluated for each third level "change required" situa-
tion. Integration of the subsequent specific requirements and identification with necessary

mechanisms provide the definition needed for design and operating analyses.

The first two levels of the functional logic diagrams are indicated in Figure 3~1, The third
and fourth levels are indicated in Figures 3-2 and 3-5. Details of the third and fourth levels,

where pertinent, are indicated in Figures 3~6 through 3-14.
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The zero level of this system is the specific operation objective == fo make a tunnel. The
first level effects desired would, therefore, include three distinct items, (1) the physical
advancing of the funneler or penetrator, (2) the forming of a competent liner, and (3) the

removal of excess rock/earth not consolidated or utilized within the tunnel.

The specific functions providing these effects are simply defined af the second level for the
earth melting hot penetrator approach. This fevel is still quite general, however, without

definition of the quantitative changes desired from the function.

From this second level, the required changes involved and the affected parameters can be
defined. This provides the third level. The third and fourth levels have been developed to
the extent of identifying the blocks in which the process requirements needed in this study
are defined. Needed inputs, assumptions, and quantified constraints have been identified
at these levels as shown in the figures. Where the function does not involve a basic process

requiring development in this study, it is not carried to any further detail.

As noted in the following, a significant number of identified functions do not relate to the
development of basic process understanding which is the objective of this study. These
functional requirements are called out as they are identified, however, and their signifi-

cance noted for consideration in other needed efforts.

Almost invariably, the outpufs of the evaluations indicated in the third level (changes re-
quired in performing functions) provide design inputs and permit identifying design require=
ments for given performance requirements. For this reason, these blocks are detailed in the
areas in which the significant rock melting and liner forming functions are carried out.

Third levels in the area of control and debris removal have not been detailed beyond identity

of the functions and changes required.

This study does not go into any of the design/performance associated areas except to point
where incompatibilities exist and suggest possible design approaches that might resolve them.

The following is concluded from the functional logic.
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Although control of the penetrator does not fall under the direct functions relating
to the basic rock/earth melt process, it nevertheless is a crucial part of making a
tunnel. Design requirements and control concepts must be developed and carried
along with the penetrator design at the second, or "function" level, to assure a

viable and feasible system concept.

Constraints on displacing the melt and forming the liner interface with earth boundary
conditions and need to be defined. For the purpose of this study, the assumptions shown
in the third level blocks have been made. Also, earth/rock melt functions, although
not directly concerned with the boundary interface conditions as are the melt displacing
and liner formations, do require definition of interface constraints at some early time
regarding acceptable local and distant temperature, heat dissipation levels, and ground

displacement.

Although not directly related to the basic process of rock/earth melting, the design
capabilities regarding source of power, cooling system, means of heat transfer, and
other design considerations need to be defined in evaluating the feasibility of a practical
concept. These areas are also identified at the fourth levels of the diagram. Several of

these key areas are discussed in Chapter 11.
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1.1.

1

Generate Thermal Power

1.1.1.1*

1.1.1.2

Electrical Power Generation®

Power Control and Monitoring

Quantity Inputs:

Power Requirements
Volume/Geom. Limits
System Constraints

Constraints

Quantity Outputs:

© Power Plant/System Specified

Assumefions:

e Max. Rates
e Variation Constraint

*Alternates
1.1.1.1

Chemical Power

L P P

Fossil Fueled Power

IS P P R

Nuclear Power

Mode of Drilling (Manned?)
Safety/Operational & Life
Requirements-Power Profiles
Operational/Environmental

Quantity Inputs:

Variation Limits
Reaction Envelope
Operating Envelope
Fail Safe Requirements
Etc.

Quantity Outputs:

® Maximum Rates
e Deviation Factors

Assumptions:

e Existing Control Systems

Figure 3-7. 4th Level - Mechanism to Accomplish Changes
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Cool Melt

2.3.1 2,.3.2
Solidify Melt to Solidus Glass Strengthening to Integral High Strength
Liner
=f(Q ,k ,p,C yk,0, C
L c gd Pg e e Pre ds=F(dT/d-1’l¢’6' LI El Plpl U)
Tgbrh DL, U)

Quantity Inputs:

Rock/Earth Properties
Glass Melt/Solid Properties
Velocity of Penetration
Penetrator Dimension
Coolant Temperature

Film Coefficient

Cooling Rate

Quantity Inputs:

Strength

Velocity

Rock/ Earth Properties

Glass Constituents

Geometry (¢, 8, D)

External Loads

Glass Properties
Coefficient of Thermal Expansion
Upper and Lower Annealing Temp.
Youngs' Modulus
Poissons' Ratio

Quantity Outputs: Quantity Outputs:

Required Cooling Rate
Glass Surface Compression

e Liner Temperature at End of )
Penetrator Afterbody °

Assumptions: Assumptions:

e Uniform Velocity Gradient e Tempering Increases Glass Strength
e Variable Viscosity e Homogeneous Glass

e Effective Rock/Soil Properties e Isotropic Glass

e Effective Glass Properties e Non-Uniformity of Glass Properties
e Uniform Heat Flux

e Constant Coolant Temperature

Figure 3-12. 3rd Level - Changes Required
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4,0 TUNNELING MODE DESCRIPTIONS

Tunneling by earth melting has been categorized into five different modes, which are all
described in this section. The modes are compared on a qualitative basis. A generalized
mass balance is then given, and is applied to each mode.

4.1 MODE DEFINITION

Five modes of tunneling which were identified in the previous section and which are con-

tinuously referenced in the succeeding sections are defined below

1. Complete meltdown of tunnel cross section and complete consolidation of melt into
glass liner.
2. Complete meltdown of tunnel cross section and partial consolidation of melt

into glass liner, the remainder being back -extruded.

3. Complete meltdown of tunnel cross section and total back-extrusion of melt.

(No glass liner is formed. )

4, Partial meltdown of tunnel cross section with complete consolidation of melt

into glass liner (no excess melt) and excavation of the solid core.

5. Partial meltdown of tunnel cross section with partial consolidation of melt into
glass liner, and excavation of solid glass lined core or removal of excess melt

with solid core.

The first three modes require complete meltdown of the tunnel cross section while the last
two require excavation. Although Modes 3 and 4 are classified separately, they are special
cases of the more general modes defined by 2 and 5, respectively. In a real physical
process they would be difficult to achieve; i.e., the design of a Mode 3 penetrator would
require an approach which eliminated all radially outward heat losses while a Mode 4 pene-

trator would require an approach which eliminates all radially inward heat losses. If any
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melt is formed in Modes 3 and 4 other than in the region for which they are defined, Mode 3
becomes Mode 2 and Mode 4 becomes Mode 5.

Lithofracture (creation of radial cracks in parent earth material into which melt can flow as
an independent means of melt disposal) is not included in the mode definitions as a separate
category but it can be superimposed as a single additional process to any mode. The word
"lithofracture" classically refers to the fracture of hard rock. In this report the word is used
generally to include any induced separation in the parent earth material whether it be hard

rock or unconsolidated material.
4,2 COMPARISON OF TUNNELING MODES

Before introducing the quantitative analytical expressions describing the various functions
and interactions from a penetrator, a qualitative comparison among the five modes was made,
based primarily on definitions and judgment and not on quantitative evaluation. A summary
of the results is given in Table 4-1. This table is headed by a schematic of a penetrator for
each of the modes, as applied to a circular tunnel cross section, only. The results, however,

apply to any cross section.
4.3 MASS CONTINUITY RELATIONS

The liner thickness can be controlled by the mode of penetation. The maximum thickness is
obtained in Mode 1 with complete meltdown of the tunnel cross section and of the parent
earth material consolidated or densified into the liner. Figure 4-1 shows a schematic of a
generalized cross section of a tunnel and some nomenclature definitions to be used in the

following equation development. A gross balance over the fully developed cross section

yields
Original _ Lithofracture + Outer
Earth Mass Storage Liner
peApUco = pgALUL + pg ( Ag - Ap ) Ucn
Inner + Solid
Liner Core
+ + p AU (4-1)

p (A, -A U
9 i ¢’ ex
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The stagnation point is then defined by the area Ao . All mass inside Ao passes through
the interior of the penetrator and all mass between A_and A passes to the outside of the

penetrator. The mass balances in terms of the stagnation area are

pe (Ay =AUy = o AU+ (A AU (4-2)
perUm - pg(Ai-Ac)Uex * peAcUco ¢ 3)

The sum of these two equations is Equation (4-1). The identified modes of tunneling are here
discussed in relation to the results of the generalized mass balance and geometric variables,

but for equal penetration and extrusion velocities and in terms of the stagnation area.

1. Complete meltdown and consolidation into a glass liner: For this mode of tunneling
Ao is zero, and without lithfracture, AL would be zero.

2. Complete meltdown and partial consolidation into the liner plus back extrusion of
excess melt: In this mode: if Per = pgAi’ then 25, = Di and the velocity

of glass or melt extrusion at the location of D, is equal to the penetrator velocity,

U. If %Ao > pg Ai’ then the velocity of extrusion at the location of Di must

exceed the penetrator velocity, U. If &, A°< o Ai , then the velocity of

extrusion at the location of Di must be less than the penetrator velocity which means

that the flow has become discontinuous or in other words the cross section, Ai p

is not completely occupied by glass or melt. Again without lithofracture AL
would be zero.

3. Complete meltdown and total back extrusion of melt with no liner formation: In
this mode Ao = AP , and AL must be zero, because if cracks do form there is no
mechanism to drive melt beyond the stagnation circumference defined by D =D.
The same discussion on the relationships between velocity, A A° and ?g Ai pre-

sented for Mode 2 also apply.




4. Partial meltdown of tunnel cross section with the formation of a tunnel liner only
and with excavation of an earth core: In this mode Ai = Ao and 5. is equal

to zero. Without lithofracture AL would be zero.

5. Partial meltdown of tunnel cross section with the formation of a tunnel liner and
core liner with excavation of the core liner and core earth: For clarification this
is the mode tunneling shown on the schematic in Figure 3~1. In this mode of
operation Ai must be less than A° ,and £ Ao must be less than Pg Ai' For
the special cases of L Ao > Pg Ai this becomes Mode 2 without an earth core
where the melted core at the D, location either exceeds or equals the penetrator

velocity. Again, without lithofracture AL would be zero.

A very useful relationship which "falls-out" of the mass balance equation is the generalized
relationship between penetrator velocity (L. ) and the mass rate of earth which must be

melted, ( r'ne ).
. _ pe pg
me = UCD (—p—_-;—-) ( AP - AL - Ai ) (4-4)

For Mode 1, Ai is zero and for Mode 3 AL is zero as previously discussed. When the geo-
metric requirements imposed by the mass balance are combined with this equation a relative
ranking of required heat of fusion rates, C:))\ = rhe )\s , can be made if one assumes

that U, p, p , and A are fixed in the absence of lithofracture.
o' e’ g P

Q')‘.| > Q)\2 , because > 6] > 5,
ka > QAB , because ) 59 > 53

Q)‘3 > Q)\5 , because > Ai3< Ai5

st > QA4 because Ai5< Ai4

I

Lithofracture can lower the required heat of fusion rate in all of these modes except for

Mode 3 in which it does not apply.
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Equation (4-1) is a generalized mass balance relationship and can be particularized to
any geometry. For the sake of numerical example, a circular or annular geometry applied
to Figure 4-1 is selected to demonstrate the utility of these relationships in terms of the

radii of the circle rather than a general area. In all cases lithofracture is not considered
(AL = 0)

Mode 1 simplifies to

D
2 l-pe/pg

Figure 4-2 shows the glass liner thickness for 3 and 9 meter diameter tunnels as a function of

the density ratio. From Equation (4-5) and from the figure, it is seen that the liner thick-
ness asymptotically approaches infinity as the density ratio approaches 1.0, Thus, Mode 1

is only feasible if the glass is more dense than the parent material.

If the glass liner thickness generated is excessive when compared with that required based

on glass liner strength requirements, part of the melt can be back extruded as in Mode 2
tunneling. In this mode, the glass liner thickness generated is a function of the rate of
extrusion ( Uex ) and the rate of penetration ( Uco ) in addition to the variables given above.
For Mode 2 tunneling, a mass balance yields the following functional relation for the glass

liner thickness

- 7
2
1 _( ri ) Uex
5 = DP P o 1
=7 > - (4-6)

e

1- )
- g e

where T is the radius of the throat of the penetrator. This equation merely gives the outside

melt (or glass liner ) thickness. At the throat of the extrusion tube, there is a melt



GLASS LINER THICKNESS (Meters)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
RATIO OF PARENT EARTH DENSITY TO GLASS LINER DENSITY Pe/pg

Figure 4-2. Effect of Earth to Glass Liner Density Ratio and
Tunnel Diameter on Glass Liner Thickness Mode 1 Operation
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thickness associated with a given rate of extrusion. In general, this thickness should not
exceed the maximum glass liner thickness in an optimum penetrator design. Figure 4-3
demonstrates Equation (4 -6) for a 9 meter tunnel in terms of fex , the ratio of the area

extruded at the penetrator velocity to the area of the penetrator, i.e.,

i ex
Fex r U

(4-7)

For certain types of glass, where its density is on the same order of magnitude as that of

the parent earth/rock material, it may be necessary to extrude most if not all of the molten
material as in Mode 3 tunneling. In this mode, a thin layer of melt outside the penetrator
is necessary to reduce frictional drag. However, this thickness can be negligible; for all
practical purposes, it can be regarded as non-existent except from the frictional drag stand -
point. In this case, the melt thickness at the throat of the extrusion tube is given by the

equation

D Py Um
R SN
Pq e

The first three modes of tunneling are expected to be practical for relatively small penetrators,

because the melt thickness is directly affected by the penetrator size. As the melt thickness
increases, the melt superheat increases, thus increasing the penetrator surface temperature.
Consequently, for these modes of tunneling, the maximum practical penetrator size is
determined by material temperature limitations. This penetrator size limitation can be
partially avoided by melting an annular region only, while the central core is removed by

conventional means as in Modes 4 and 5.




GLASS LINER THICKNESS (Meters)

3.5

3.0

2.5

2,0

1.5

1.0

0.5

> 9,14 meter (30 foot) Tunnel 1.D.
Dp 1 - Fex
6 = -1
¥ 1" pe/rg
f = Area extruded at penetrator velocity
ex Area of penetrator
Increasingly Dense Earth —
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

RATIO OF EARTH DENSITY TO GLASS LINER DENSITY pe/pg

Figure 4-3. Effect of Earth to Glass Liner Density Ratio and
Fraction of Melt Back—Extruded on Glass Liner Thickness Mode 2 Operation
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The melting of an annular region can be accomplished with or without extrusion. Mode 4
gives this type of operation without extrusion. Mode 4 gives this type of operation without
extrusion. This is similar to the full consolidation mode of operation, and is limited in its
application to tunneling through unconsolidated earth/rock materials. In this mode of oper-
ation, a thin layer of melt on the inner surface of the penetrator must be created to minimize
frictional drag. However, for purposes of estimating the thermal power requirements, this
melt thickness can be neglected. The glass liner thickness generated in Mode 4 tunneling

is given by the equation

ool ) ()
Wo(-x)

where r. is the penetrator inside radius.  Figure 44 shows a numerical example of Mode 4

-1 (4-9)

. . . . 2
operations for a 9 meter tunnel in terms of solid core to penetrator area ratio, (r / rp ).

In Mode 5 tunneling, part of the melt is back extruded along the inner surface of the pene-
trator. The outer glass liner thickness is then dependent on the rate of extrusion (Uex ) as

well as the rate of penetration ( Uco ). Equation (4-1) reduces to

The five modes of tunneling and their corresponding liner thickness equations are summarized

in Figure 4-5.




1 12
3.5p
9. 14 meter (30 foot) Tunnel [.D. IR
1= f
5 = D_; ("e/"g) e/s
- 4 10
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¢ _ Area of solid core 1,
€8 Area of penetrator
2.5F |
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wy
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Increasingly Dense Earth —

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

RATIO OF PARENT EARTH DENSITY TO GLASS LINER DENSITY pe/pg

Figure 4-4. Effect of Earth to Glass Liner Density Ratio and
Ratio of Solid Core to Bore Area Ratio on Glass Liner Thickness Mode 4 Operation
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5.0 GEOLOGIC MODELS

The physical processes identified in the earth/rock melt technique required definition of earth/
rock conditions. Five typical earth geological models have been formulated. These models
have been developed to cover the majority of cases of near surface continental crust. They
represent about 95% of these materials. Typical conditions to be usually experienced are de-

fined by two of these models, UNCON and SOSED, that predominate in most urban areas.

5.1 INTRODUCTION

The geologic data and physical changes in rocks or soils that can be expected with the opera-
tion of a subterrene melting device have been derived. Most of the needed information on
rock melting can be obtained from previous research on the generation of magmas (naturally
occuring molten rock) by heat and pressure within the crust and upper mantle of the earth.
This information can also provide insight into the composition and characteristics of the re-
sulting glasses after the melts have solidified. A limitation of the available data is that the
objective of most of the existing studies has been an understanding of processes occurring at

depths of 10 to 100 km where the pressures are from 3 to 30 kilobars.

To obtain information useful to the present study, the extreme low end of the pressure range
previously investigated must be used. The temperatures involved in magma generation, how-
ever, are from 700°C to 1500°C and in fact seldom exceed 1000°C within the crust - well
within the range of interest. Further, many of the laboratory experiments intended to study
the crustal and upper mantle processes have been limited by the temperature and pressure cap-
ability of available laboratory equipment, so that many experiments have been conducted at
temperatures and pressures comparable to those of interest in the subterrene study. Some in-
formation is also available on rock melting at or near atmospheric pressure. The literature of
ceramics provides an important source of information, especially on the characteristics of the

resulting glasses.
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The distribution of various types of rocks in the near-surface continental crust is tabulated,
and five earth models are defined, representing about 95% of the near-surface materials.
The applicability of the geologic models is specified in Section 5.4 of this report. These are
based on the area distribution of continental rock types as tabulated in Section 5.2.

5.2 DISTRIBUTION OF ROCK TYPES IN NEAR-SURFACE (10 to 100 m Depth)
CONTINENTAL CRUST

The near-surface crustal materials in which the subterrene tunneling device will operate
can be approximated by considering the geographic distribution of typical materials. The
three major divisions of continental rocks normally tabulated are the Precambrian shields,
the sedimentary platforms, and the folded geosynclinal belts. The distribution of these units

is given by Ronov and Yaroshevsky (5-1) and by others (5-2, 5-3), as follows:

Total Continental Areq

(km* x 10°) Percent of Continental Area
Precambrian shields 29.4 19.7%
Platforms 66.9 44, 9%
Folded belts 52.7 35. 4%
149.0 100. 0%

The distribution of the various rock types in the near surface material (10 - 100 m) is
essentially the same as the distribution of surface areas, which are available in the literature
cited above. In a geologic sense, the term rock includes the soft unconsolidated materials,
such as alluvium, as well as the hard material referred to as rock in civil engineering.
Therefore, the soft materials ("soils in civil engineering) are included in the rock types

tabulated below, from the authors previously cited.



The sedimentary platforms (44. 9% of continental area) are composed of:

Sands 23.6%
Clays, shales, etc. 49. 5%
Carbonates 21. 0%
Evaporites 2.0%
Volcanics 3. 9%

100. 0%

The shields (19.7% of continental area) are composed of:

Granite 18.1%
Granodiorite, diorite 19. 9%
Syenite, nepheline syenite 0.3%
Gabbro 3.7%
Peridotite 0.1%
Gneiss 37.6%
Schist 9.0%
Marble 1.5%
Amphibolite 9.8%

100. 0%




The folded belts (35.4% of continental area) are composed of:

Sands 18. 7%
Clays, shales, etc. 39. 4%
Carbonates 16.3%
Evaporites 0. 3%
Basalt 12. 6%
Andesite 10. 2% 25.3%
Rhyolite 2.5%
100. 0%



Summary of Distribution by Area

The area distribution of the various rock types can therefore be summarized as follows:

Total % of continental area

Sands = 23.6% of 44.9% = 10.6% 17. 2%
18.7% of 35.4% = 6. 6%
Clays, shales, etc. = 49.5% of 44.9% = 22.2%
36.1%
39. 4% of 35.4% = 13.9%
Carbonates = 21.0% of 44.9%= 9.4%
16.3% of 35.4% = 5.8% 15. 5%
1.5% of 19.7% = 0.3%
Evaporites = 2.0%of44.9%= 0.9%
1.0%
0.3% of 35.4% = 0.1%
Granites = 18.1% of 19.7% = 3.6%
Granodiorite, diorite = 19.9% of 19.7% = 3.9%
Syenite, nepheline syenite =  0.3% of 19.7% = 0. 06%
Gabbro = 3.7% of 19.7% = 0.7%
Peridotite = 0.1% of 19.7% = 0. 02%
Gneiss = 37.6% of 19.7% = 7.4%
Schist = 9.0% of 19.7% = 1.8%
Amphibolite = 9.8% of 19.7% = 1.9%
Basalt, diabase = 12.6% of 35.4% = 4,5*
Andesite = 10.2% of 35.4% = 3.6%
Rhyolite = 2.5% of 35.4% = 0.9%
Misc. Volcanics, = 3.9% of 44.9% = 1.8+
(mostely basalt & diabase
not included in 4. 5% above) 99. 98%

*
Some of the volcanics were specified as basalt, andesite, or rhyolite, and some were
indicated only as "miscellaneous volcanics. " For this study, estimate that basalt +
diabase total = 5.5% and miscellaneous total = 0. 8%.

———



5.3 CHANGES IN ROCK OR SOIL ASSOCIATED WITH A SUBTERRENE HEATING
DEVICE

The changes in rocks or soils of importance to the subterrene study have been categorized

(for another purpose) by S. P. Clark, Jr. (5-4) and P. J. Wyllie (5-3) as follows:

1. Polymorphic transitions (solid=solid reactions)
2. Dissociation reactions:
Dehydration

Decarbonation

Desulfurization

3. Melting reactions:
Anhydrous melting

Melting under water pressure

In the following discussion, each of these factors will be considered, with specific reference

to the case of rock/earth melting device operating near the surface of the earth. The con-

fining pressure ot the contact between the melt and the penetrator is taken to be in the range

of 2 to 100 bars (approximately 2 to 100 atmospheres). (1 bar = 0. 9869 atm. = 1. 0197 kg/cm2).

Most of the phase transitions on heating are endothermic, as are dehydration, decarbonation,
and decomposition reactions. Crystallization, oxidation, and some other chemical reactions
are exothermic (5-5). However, the net change in heat content (enthalpy) from all these
processes is reflected in the final figures for heat required for each of the models in Section

5.4.

5.3.1  Polymorphic Transitions (Solid=Solid Reactions)

Many minerals, when subjected to heat and pressure, undergo phase transitions from one
crystallographic form to another before they ultimately melt or decompose. For example,

one of the most common groups of mineral phases, or polymorphs, has the composition Si02.



The principal crystallographic forms of SiO2 are quartz (the lowest temperature form)
tridymite, and cristobalite. In addition, each of the three has a low temperature form and
a high temperature form. These: various polymorphs are summarized below. The density

figures are from Robie (5-6, 5-7, 5-8).

Density (g/cm Crystal system
Low quartz (=) 2.64 at 25°C hexagonal
High quartz (8) 2.53 at 575°C hexagonal
Low tridymite 2.26 at = 25°C orthorhombic
High tridymite 2.19 at 405°C hexagonal
Low cristobalite 2.33 at 25°C tetragonal
High cristobalite 2.19 at 405°C isometric

Additional high temperature/pressure forms, coesite and stishovite, the hydrous form opal
(SiO2 . n HZO)' and other rate forms, are less important in the present study. The
transition from & —quartz to coesite is pressure sensitive, coesite being the more dense
form (2.91 g/cm.  The transitions from low to high temperature forms are rapid and easily
reversible. The phase transitions, however, are slow. The higher temperature forms can
exist metastably at lower temperatures. Some of the phase relationships in SiO2 are shown
in Figure 5-1. As noted previously, only the low end of the pressure range is relevant to
the present investigation. In general higher pressure favors the more dense forms. Other

solid=olid transitions of importance include:

Aragonite - calcite

CaC03 — COCO3

(o rthorhombic) (hexagonal)

Kyanite - sillimanite
A|25i05-—-v- A|25i05

(triclinic) (orthorhombic)




0081

(p-G “pp|D) ainssauy 19JD AN J2pUn NO_m ul suolpjay ssoyq *|~¢ aunbi4

00£1 0091
L

(Mg) INLYYIIWIL

00S1 4 00€1 00¢1
I L 4 ] !

0011
]

941[Pqoys1)

3 jwAhpp|

Zony

0091

00st

oorl1 ooel

0oclt 0oLl 0001 006

(D) FWNLVYIdWIL

008

—

() 3NSSIud

N

5-8



5.3.2 Dissociation Reactions

Dehydration

The principal reactions involving dehydration that will be important in this application are

as follows:

Reaction Temperature in °C at 0.5 kb

goethite to hematite
2FeOOH-Fe

*
203 + HZO 150
gypsum to anhydrite
CaSO, . 2 H20——-CaSO4 + 2H0 {100

muscovite to sanidine + corundum

KAI2 (AlSi3 O'IO) (OH)2 -—-'-KAISi3 O8 +

+
A|203 H20 635

gibbsite to boehmite

AI(OH)3 —»AIOOH + H20 100
* %
dehydration of clays ~ 100-200, .,
400-800
* 130°C at atmospheric pressure
i loosely held, adsorbed, and interlayer water
ialadel dehydroxylation of the clay lattice
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These reactions are illustrated by dehydration of the common hydrous iron oxide goethite
("limonite"), shown in Figure 5-2. This reaction is only slightly pressure sensitive, and
the phase boundary occurs at 130°C at low pressures. The iron oxides are present in almost
all near-surface rocks. This dehydration reaction and similar ones, especially in clays,
will provide a source of water even in essentially dry rocks, with the result that the melting
can occur under hydrous conditions. This depresses the melting points, as will be discussed

in Section 5. 3. 3.
Decarbonation

Carbonate minerals are common constituents of most rocks and soils, so the reactions involving
evolution of carbon dioxide (C02) will be especially important. These reaction temperatures
vary from 500 to 1000°C, as shown in the following table:

Temperatures in°C

at 0. 25 kb at 0.002 kb
Calcite to lime
CaCO, —~CaO + €O, 1000° 900°
dolomite to calcite + periclase
CaMg (CO,), —=CaCO, +MgO + CO, 710° 600°
Magnesite to periclase
MgCO,; —-MgO + CO, 650° 550°
rhodochrosite to manganosite
MnCOg —-MnO + CO,, 615° 500°

* at 7 atmospheres



L

2H FeOT—>Fe203 + HZO

TEMPERATURE (°C)

100 110 120 130 140 150 1
100V T T T T o o
%00 ¢t o o fﬂ -
800 | (o] O Qee © -
700 | T
600 Geothite -
)
= 50 [ B
w
s 400 Hematite -
(%] +
- Water
® a0
200 [ 7
100 f 7]
0 L1 10 ] | 1 1

380 390 400 410 420 430 440 450
TEMPERATURE (°K)

Figure 5-2. Geothite~Hematite Phase Boundary (Garrels & Christ, 5-9)




The solubility of the resulting C02 in the melt, or in the aqueous interstitial fluid, is strongly
pressure dependent. It seems likely that the C02, steam, and other volatile products will
have to be vented from the system. This may be an advantage since venting the steam around
the penetrator could provide hydrous conditions at the penetrator surface, thereby lowering

the melting temperatures.

Figure 5-3 shows the pressure~temperature relationships in the decomposition of calcite, pro-
bably the most common carbonate mineral. The difference between the two curves is attributed
by Harker and Tuttle (5-10) to the fact that Smyth and Adams (5-11) used heating experiments
only. Harker and Tuttle used heating and cooling. The difference is apparently due to a
superheating phenomenon and illustrates the importance of metastable phases. The curve of

Smyth and Adams is more pertinent to the present study.

In the evolution of CO2 from calcite, each 100 gm of Cc:CO3 yields 43.4 x 103 calories
(182 x 103 joules). The resulting 56 gm of CaO must then be taken into solution in the
melt, or incorporated unmelted into the glass liner. (The melting point of CaO is 2580°C. )
This would be a serious problem in a pure limestone, but in the impure materials normally
encountered, the CaO could probably be taken into solution in the melt. This will be
discussed in Section 5.5 (the CALCI model).

Desulfurization

The most common sulfide minerals are pyrite (isometric) and its polymorph marcasite
(orthorhombic). Both have the composition FeS2 . Another common group of minerals
has the approximate composition FeS (pyrrhotite). All these minerals liberate 502 when
heated under oxidizing conditions, and other oxides of sulfur or sulfuric acid under hydrous
conditions. These sulfur compounds can be powerful agents for taking the other rock
materials into solution. Under near-surface conditions some of the sulfide minerals will

normally have been weathered to hydrous iron sulfates or oxides.



PRESSURE (BARS)

TEMPERATURE (°C)

900 1000 1100 1200 1300
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Figure 5-3. The Reaction
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5.3.3  Melting Reactions

The effect of pressure in an anhydrous system is to increase the melting points by about
50-100°C, for a pressure increase from atmospheric to 10 kb. However, in a hydrous
system the effect of pressure is to decrease the melting points by about 50-200°C, for
a pressure increase from atmospheric to 1 kb. This is illustrated by the following table,

abstracted from Clark (5-4), showing the relationships for some common minerals.

Anhydrous Melting point °C
Melting pressure kb o o
Albite (Na-felspar) 1120 1240
Enstatite (Mg -pyroxene) 1670
Diopside (Ca, Mg-pyroxene) 1390 1520
Halite (NaCl) 800 1000

The anhydrous melting points of many common minerals are above 1500°C, for example
quartz (]6]0°C), corundum (2000°C), olivine (1500-1 900°C depending on iron content ),
and the various garnets. However, these materials can be taken into solution in the melts

of the minerals with lower melting points.

Melting Under Water Pressure

The pressure dependent melting curve of the common soda feldspar, albite, is shown in
Figure 5-4. Albite melts at about 1120°C at low pressure. However, the common potash
feldspar (shown in Figure 5-5) melts incongruently. That is, as the temperature and pressure
are increased, an intermediate liquid phase develops which reacts with the remaining solid -
to produce a new solid and a new liquid, both different in composition from the original
solid. At even higher temperature and pressure, the melting is incomplete. The melting of
many silicate systems is incongruent; as in this example. As the temperature of the rock is
increased, the solid decomposes to form one or more new crystalline phases and a liquid,
neither of which has the composition of the orginal rock. The intermediate liquid typically

is richer in silica than the original rock.
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The following table, also from Clark (5-4) shows some examples of melting points under

hydrous conditions. Pressure (kb)

0 1 2
Albite 1120°C 905°C 845°C
Diopside 1390 1330 1315
Anorthite (Ca-feldspar) 1550 1405 1340
Sanidine (K -feldspar) 1150-1520 1000-1120 980-1020
Quartz 1610 1230 1130
Tridymite 1700 -- --

A more complex set of melting curves is shown in Figure 5-6. Most natural systems will be
still more complex, but these curves can serve as an example of expected conditions. Under
anhydrous conditions, the soda-rich feldspar melts at a lower temperature than the potash-
rich feldspar. Under hydrous conditions, all the melting points are depressed and the differ-
ence between the two types is less pronounced. Most natural silicate systems will have

melting curves of this type.

From the above it can be seen that the temperature required for a complete or nearly com-
plete fusion of most rocks will be determined by the hydrous melting curves and by the
presence of fluxing materials, either naturally occurring or added. The temperatures may

be as low as 800-1000°C if fluxing materials are present.

The effect of water pressure on geochemical reactions can be illustrated by two other

examples.

The temperature of the transition of the hydrous iron oxide, goethite, into hematite is
given by Garrels and Christ (5-9) as 130°C at atmospheric pressure and increasing slightly
with pressure to 140°C at about 200 atmospheres (Figure 5-2). However the dehydration
temperature of goethite under anhydrous conditions is about 350 to 400°C.
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Figure 5-6. Melting Relationships in Sodium=Potassium Feldspar Systems (Clark, 5-4)



In a study of the effect of water on the compressive strength of diabase, Simpson and Fergus
(5-13) found that diabase saturated with water had only about 60% of the compressive
strength of the dried material. Other solvents did not have the same effect, illustrating
the fact that the reaction was not simply a capillary action. Simpson and Fergus found the
compressive strength of diabase saturated with water to be about 2700 kg/cmz. This value

is more relevant to the subterrene investigation than their values for dry material.

5.4 GEOLOGIC MODELS

5.4,1 Description of Five Models

The physical, chemical and mineralogical properties of the rock/earth to be encountered by

the subterrene will be specified in terms of the following five geologic models.

1. UNCON - Unconsolidated sediments such as alluvial silt, and/or fine gravel;

water saturated; with minimal anisotropy from stratification or jointing.

2. SOSED - Relatively soft sedimentary rock such as a calcareous shale or impure
shaly sandstone, water saturated, with anisotropy introduced by stratification

(grain orientation and interbedding) and jointing.

3. MASIG - Massive igneous rock of intermediate composition (granodiorite), without
significant rock anisotropy introduced by joint systems, flow structure, or shear

Zones.

4. FOLIA - Igneous or metamorphic rocks with significant structural complexity
in the form of foliation, jointing, flow structure, or shear zones; having an

intermediate composition, equivalent to granodiorite.

5. CALC! - Dolomitic shaly limestone, with minor amounts of quartz, feldspar, and

mafic minerals; with significant anisotropy introduced by jointing and interbedding.



5.4.2 Tabulation of Model Characteristics

In Table 5-1 the five geologic models are first specified in terms of the nominal mineralogic
composition. Next the corresponding grain size, bulk density and porosity are specified,
consistent with the stated descriptions of each model, and the chemical and physical

properties needed for prediction of subterrene performance are listed for each model.

Since the figures for heat content are on a dry weight basis, they can be converted to
ioules/cm3 of dry material by multiplying by the dry density values from Table 5-1. To convert
to a water—saturated basis, which is the normal field condition, it is then necessary to add the
quantity of heat needed to account for the interstitial water. The uncertainty here is in
estimating the temperature to which the water must be raised before it is extruded arcund

the penetrator, and estimating the portion of the water that must be vaporized. For the
following it is assumed that all the interstitial water must be converted to steam, and its
temperature increased by 100°C (i.e., from 25°C to 125°C). Each gram of water will
therefore require 540 + 100 cal = 640 cal = 2678 joules. For each model the additional

heat requirement is related to the porosity, as follows:

Heat Required

(298°K to

90% Fusion) UNCON SOSED MASIG FOLIA CALCI

Dry weight basis 2822 4370 5197 5049 7576

Pore water (0.40 x 2678) (0.17 x 2678) (0.01 x 2678) (0.03 x 2678) (0. 05 x 2678)
1071 455 27 80 134

Total joules/cc 3893 4825 5224 5129 7710
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TABLE 5-la

GEOLOGIC MODELS

Nominal Composition (dry weight % basis)

Feldspars Ferromagnesian Carbonate Clay
Quartz K NaCe Minerals Minerals Minerals

UNCON 45 15 15 10 5 10

Unconsolidated sediments such
as alluvial silt, sand, and/or
fine gravel; water saturated;
with minimal anisotropy from
stratification or jointing.

SOSED 30 15 15 15 10 15

Relatively soft sedimentary rock
such as calcareous shale or impure
shaly sandstone, water saturated,
with anisotropy introduced by
stratification (grain orientation
and interbedding), and jointing.

MASIG 20 15 45 20 - -

Massive igneous rock of inter-
mediate composition (granodiorite),
without significant rock anisotropy
introduced by joint systems, flow
structure, or shear zones.

FOLIA 15 15 40 20 5 5

Igneous or metamorphic rocks
with significant structural
complexity in the form of
foliation, jointing, flow structure,
or shear zones; having an inter-
mediate composition, similar to
granodiorite.

CALCI 8 5 2 5 70 10

Dolomitic shaly limestone, with
minor amounts of quartz, feldspars,
and mafic minerals; with significant
anisotropy introduced by jointing
and interbedding.

"Calcite 50%
Dolomite 20%
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TABLE 5-1b
(Continued)

GECLOGIC MODEL DATA
(1)

Thermal Conductivity

Parallel Transverse
1. UNCON 4 4
2. SOSED 11 8
3. MASIG 21 21
4, FOLIA 22 20
5  CALCI 22 20

(uN/cm K x ]0-3 at 600°K; figures are for dry rock; models 1
and 2 will be strongly affected by interstitial water and/or steam
which will increase the conductivity to values nearly as high as
models 3 and 4. Convection is not included. (For references see

Section 5.5. 1; the accuracy of these estimates is uboufi 50%. )
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TABLE 5-1c

HEAT gONTEISJT OF EARTH MODELS,
25°C (2987K) to 90% Fusion
(References 5-19, 5-20)

Dry Weight Basis

joules/gram

UNCON SOSED MASIG FOLIA

25°C 10 1000°C (1275K) 1150 1150 1140 1140
1273K to 90% fusion 261 145 256 200
Heat of fusion 320 350 370 370
Volatilization of minor COZ’ etc. 100 180 50 100
Volatilization of bound water* 50 75 40 60
Total joules/gm 1881 1900 1856 1870
joules/cm 2822 4370 5197 5049

*
Based on percentage of clay minerals and ferromagnesian minerals in comparison with
CALCI model, for which percent bound water was calculated (1.65% H,O = 37 joules/gm).
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TABLE 5-1d

HEAT CONTENT OF CALCI MODEL,
25°C (298°K) to 90% Fusion

(References 5-19, 5-20)
Dry Weight Basis

cal/gm joules/gm
25° C 1o 870°¢c (1) = 230 962
ion'2) = 303
CO2 evolution = 1270
° o 3)
870°C to 1000°C - 20 84
o o o (3) -
1000°C (1273°K) to 1740 K = 72 301
Heat of fusion = 62 260
Vaporization of bound water (1. 65% by wt) = 9 37
Total joules/gm 2914
joules/cm 7576
M Estimated from Bedford limestone
and Tennessee marble = 237 cal/gm
(Ref. 5-19) Rockville quartz monzonite = 216 cal/gm

(2) 43.4 x 103 cal/100 gm = 434 cal/gm (+56 gm of CaO/mol of C0C03)
at 70% purity = 304 cal/gm
= 1270 joules/gm

3) Specific heat estimated at 0. 22 cal/gm °K for the 0.7 gm remdining for each 1.0 gm
of rock.
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5.4.3  Applicability of Geologic Models to Continental Near-Surface Rocks and Soils

The five models are representative of the following proportions of the total of continental

near~surface materials.

UNCON 21%
SOSED 33%
MASIG 16%
FOLIA 10%
CALCI 15%

95%

On this basis the five models will cover about 90-95% of the near-surface continental
crustal materials. It is estimated that almost all sands, clays, and shales will fit into either
the UNCON or SOSED models, depending on their degree of induration and stratification.
Similarly, most of the igneous rocks will fit into the MASIG model, most of the schist,
gneiss and slate will fit into the FOLIA model, and most carbonate rocks will fit reasonably
well into the CALC| model. The very pure end~members such as 100% quartz sandstone or
100% limestone are so unusual that they do not need to be considered as models. In nature,
the interbedded rocks and impure mixtures of various rocks and minerals are much more

common, especially when considered on the scale of a tunnel of 5-10 meter diameter.
Most areas that are settled and built-up to urban conditions where significant tunneling

may be expected, will have a predominance of UNCON and SOSED.
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It is obvious that a very pure quartz sandstone (melting point = 1610°C = 1883°K) or a
pure limestone (melting point of CaO = 2850°C = 3123°K) could not be melted without
the addition of fluxes. In the following calculations, the totals applicable to each model

are derived.

UNCON: 1/2 of sands (17. 2%/2), 1/3 of clays & shales

(36. 1%/3) = 20.6%
SOSED: 1/2 of sands (17.2%/2), 2/3 of clays & shales

(36.1%/ 2/3 ) = 32.7%

MASIG: (a) granite (3.6%), granodiorite (3. 9%),
syenite (0.06%), nepheline syenite (0. 06%),
172 of gneiss (7. 4%/2), 1/2 basalt (5.5%/2),

1/2 of andesite (3.6%/2), 1/2 rhyolite (0. 9%/2) = 16.3%
FOLIA: (b) schist (1.8%), 1/2 of gneiss (7. 4%/2), 1/2 basalt
(5.5%/2), 1/2 of andesite (3.6%/2), 1/2 of
rhyolite (0.9%/2) = 10.5%
CALCI: carbonates = 15.5%
Subtotal 95.8 %
(c) Evaporites 1.0%
Gabbro 0.7 %
Peridotite 0. 02%
Amphibolite 1.9%
Miscellaneous volcanics 0.8%

Other, including coal, sulfide rocks, iron ores
(Fe203 or Fe304), phosphate rock, peat, etc. 1.0%

Total 100. 0%

@) The gneisses are included 1/2 in MASIG and 1/2 in FOLIA.
It is estimated that 1/2 the gneisses show significant anisotropy from flow structure
and/or foliation, and so are included in FOLIA; while the remaining 1/2 are nearly
isotropic, and so are included in MASIG even though gneisses are metamorphic
rocks by definition.
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(b) The extrusive igneous rocks (basalt, andesite, and rhyolite) are included 1/2
in MASIG and 1/2 in FOLIA because the ones with significant anisotopy from
flow structure and/or interbedding are better represented by FOLIA, even

though they are not metamorphic.

(e) Gypsum, anhydrite, rock salt, sylvite (KC1), etc. Chemically precipitated
limestone and dolomite are specifically excluded, having been included in the

15. 5% above.

5.5 DISCUSSION OF SELECTED PHYSICAL AND CHEMICAL PROPERTIES

5.5.1 Thermal Conductivity

In minerals of the cubic system, the conduction of heat is isotropic and can be described by

a single constant. In other minerals, either two or three principal conductivities must be

defined. In rocks the thermal conductivity is determined by the orientation and packing of

the mineral grains, and by the interstitial fluid. A significant amount of anisotropy can be

caused by the bedding, foliation, fracturing, weining, or jointing. Some representative

values are as follows, from Clark (5-21):

Tgmp.

Shale ~ 20

Slate 0
100

Quartzite 0
100

5-29

No. of
Samples

14

Conductivity

(10-3 cal/cm sec’ Q)

Mean Range

3.55 2.8-4.2
5.7 4.7-5.9
4.9

5.2
4.7

14.9
12.5




Quartzitic sandstone

Limestone

Carbonaceous limestone

Dunite

Granite

(3 localities)

ngp.

0] Parallel
100 to
200 } bedding

0} Normal
100) to
200} bedding
20
350

0} Parallel
100} to
200 } bedding

0| Normal

to
100§ bedding

0
50
100
200

0
50
100
200

530

No. of
Samples

Conductivity

(107

Mean

W W W w

13.6
10.6
9.0

13.1
10.3
8.7

5.7
3.2

8.2
7.0
6.5

6.1
5.4

12. 4
10.5
9.4
8.1

cal/cm sec c’C)
Range

6.66
6.25
5.90
5.50



Conductivity

Temp. No. of (10“3 cal/cm sec oC)*
C Samples Mean Range
0 5.80
50 | 5.60
100 5.42
200 5.12
0 8.4
50 7.8
100 7.2
200 6.5
300 5.9
Hudson River Sand ~ 20°C 0. 65 at 0.2% moisture

3. 94 at 30% moisture

L -3
(To convert to W/cm+ K x 10 multiply by 4. 184)

The apparent systematic decrease in thermal conductivity with heating, from 0°C to 300°C,

is probably due to moisture loss. A better indication of the change of conductivity with
temperature is given by Murase and McBirey (5-22). They show that the conductivity of
andesite is about constant (at 2.6 x 10-3 cal/cm - sec °C) from 0°C to 600°C, and
increases to 4.5 x 10-3 between 600°C and 1500°C. They show the conductivity of basalt
decreasing slightly from 0°C to 1100°C, and then increasing between 1100°C and 1500°C.
The range of values for basalt is from 2.3 x 10-3 to 5.4 x 10-3 (all units are cal/cm- sec oC).
The values for the five models given in Table 5-1 are derived from the data of Murase and

McBirney (5-22) and from those of Clark (5-21). The values given by Clark are in general
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somewhat higher than those of Murase and McBirney, probably because Clark's data are
field measurements in which inferstitial water is a factor. Another source of data on
thermal conductivity of fluid-saturated rock is Somerton (5-23). In general, the variation
within rock types is greater than any systematic variation between rock types. For stratified
rocks the conductivity normal to the bedding is 5-20% less than parallel to the bedding. In
sedimentary rocks (with normal porosity) the convection cells in the pore fluids will also be
important and will be anisotropic in accordance with the ratio of fluid permeabilities normal
and parallel to the bedding. The thermal conductivity is strongly dependent on porosity and
fluid saturation. The values for water and air at 30°C are 1.5 x 10-3 and 0. 063 x 10-3 cal/
cm + sec - °C (Clark 5-21).

5.5.2  Average Densitities of Rocks and Corresponding Glasses

The average densities of near-surface geological materials are shown in the following table.
For solid rocks the corresponding glasses are ~ 10% less dense than the rock. This is also
shown by the natural SiO2 glass, lechatelierite, which has a density of 2.2 g/cm3 (Ref. 5-8),
somewhat less than the common crystalline forms of Si,O2 (2. 26 to 2. 65). For sediments with
significant porosity, the glass should be 10-20% more dense than the rock. For most

igneous and metamorphic rocks, the difference in density between dry and saturated conditions
is insignificant ( < 0.02 g/cm. However, for sediments with significant porosity, the density

differences can be considerable, as shown by the table.

Density (g/cm3)

Number of Samples ean nge
Granite 155 2.67 2.52-2.80
glass 15 2.37  2.33-2.41
Syenite 24 2.76 2.63-2.90
glass 3 2.45 2.44-2.47
Diorite 13 2.84 2.72-2.96
glass 3 2. 47 2. 40-2. 57
Gabbro 27 2.98 2.85-3.12
glass 1 2.77 2.70-2,. 85
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Sandstones

Carbonate Rocks
Shales

Sand, clay, gravel, soil

Gneiss

Schist

Slate

Number of Samples

637
353
>38
87

19
25
76
50
17

*
Range of means (%)

* %
Saturated bulk densities

References:
George (5-14)
Daly, et al (5-16)
Bean (5-24)
Clark (5-25)

Eaton & Rosenfeld (5-26)
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*
Porosity

0.7-33.7
2.9-28.8
4.0-33.5
38.9-74.7

Density (g/cm3)

Mean Range
2.17-2.70
2.23-2.66
2.06-2. 66
1.44-1,93

2.69 2.66-2.73
2.61 2.59-2.63
2.84 2.70-3.06
2.82 2.70-2. 96
2.82 2.73-3.03
2. 81 2.72-2.84



5.5.3  Viscosity and Melting Characteristics

The viscosity of melted rock or earth varies widely with temperature and with chemical compo-
sition. Most silicate rocks do not have a fixed melting temperature but instead melt incon-
gruently - that is, they melt over a temperature range of as much as 300°C (as discussed in
Section 5.3.3). The viscosities of the five models are shown on the following figures

(Figures 5~7a through g) for the range from 1100°C (1373°K) to 1700°C (1973°K). This

covers the temperature interval from first melting to 90% fusion for all the models. The curves
are estimates derived mainly from the data of Bacon et al (5-27), with cross-checking of
earlier results given by Birch & Dane (5-28) and Clark (5-29). Bacon's results (5-27) show
measured viscosity values for ten rock samples between 1084°C and 2200°C (1357°K to
2473°K). The samples tested are 2 granites, 2 basalts, 1 gabbro, 1 rhyolite, 1 quartzite,

and 1 sandstone.

The curve for the CALCI model is based on older data given by Birch & Dane (5-28) for the
minerals wollastonite (48% CaO, 52% Si02) and diopside (26% CaO, 18% MgO, 56% SiO
and by Clark (5-29) for various mixtures of CaO, MgO, A|2O3 and SiOz.

that the CALCI melt will be the least viscous of the five models. From the curves for the

o
It is estimated

various rock types, it can be seen that the range of viscosity for a given temperature and
rock type can be as much as two orders of magnitude. For each model and temperature, an

order of magnitude estimate is about all that is possible with available data.

Since the melting of most silicate rocks will occur over a range of temperature, the values
given in Table 5-1 (Section 5. 4. 2) are for the first melting temperature and for the tempera-
ture at which 90% of the material (dry weight basis) will be molten. The remaining 10%

of unmelted crystals can be incorporated into the glass liner. The melting ranges are

derived mainly from data in Clark (5-4), Roedder (5-30) and Wyllie (5-3).

The melting characteristics of carbonate rocks are treated separately because of the special

problems associated with the evolution of CO,. These rocks are represented by the CALCI
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Figure 5-7c. Mean and Range Viscosity of UNCON
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Figure 5-7d. Mean and Range Viscosity of SOSED
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Figure 5-7f. Mean and Range Viscosity of FOLIA

5-40

1800

2000



VISCOSITY gm/cm-sec (poises)

10

10

10

10

| Illlllll 1 1|ll||||

_

800

1000 1200 1400 1600
TEMPERATURE (°C)

Figure 5-7g. Mean and Range Viscosity of CALCI

5-41

1800

2000




model, a dolomitic shaly limestone. The carbonate model CALCI is defined mineralogically
as 50% calcite, 20% dolomite, 8% quartz, 7% feldspar, 5% mafic minerals (in this case
calculated as biotite), and 10% clays (in this case calculated as kaolin). This corresponds

to a chemical composition as follows:

SiO2 18. 9%
AI203 6.6%
CaO 34. 2%
MgO 4, 8%
CO2 31.6%
K20 1. 4%
Na2O 0.12%
FeO 0.75%
H20 1.65%
100. 02%

The values are on a dry-weight basis. The H20 is water of hydration (chemically bound

water) present in the biotite and kaolin, not interstitial or free water. When the 5% pore

water (including water in joints) is considered, the chemical composition is:

SiO2 18. 5%
AI2O3 6. 4%
CaO 33. 6%
MgO 4.7%
CO2 31.0%
KZO 1.4%
Na2O 0.11%
FeO 0.73%
]
Chemicatyy  1-62%
H20 (moisture) 1.9% (all values by weight)
“99.95%
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As the temperature is raised, the loosely held water will mostly be volatilized at temperatures
between 100°C and 200°C (373 and 473°K), and the lattice water in the micas and clays
will be driven off below 800°C (1073°K). Below 900°C (”73°K) the C02 will be liberated
from the calcite and dolomite. Most of the HZO and CO2 will be vented, but some small
and variable portion will stay in the liquid phase. In this example, it is assumed that 10%
of the CO2 and bound water will remain in the system and be dissolved into the liquid phase.

At 100% fusion, the resulting melt would therefore have the following composition:

si0,, 27%
AlLO, 9%
CaO 49%
MgO 7%
co, 4%
K,0 2%
Na,O 0. 2%
FeO 1%
H,0 0. 3%
99. 5%

The melting characteristics of this material can be approximated by comparison with
Figure 5-8, from Roedder (5-30).

The CaO content of this ternary oxide model is about equal to the sum of CaO and MgO in
the CALCI model. Roedder's model is more aluminous, and CALCI is more siliceous. The
other constituents in the CALCI model are minor. Roedder's model shows that melting
begins at 1335°C (1608°K), but fusion is only 13% complete at 1445°C (1718°K). Most of
the melting occurs between 1445°C and 1470°C (1718 to 1743°K), and at 1470°C the
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melting is over 90% complete. The small amounts of solid-phase material remaining above

1470°C (CaO in Roedder's model) will ultimately be incorporated into the glass liner.

In any natural system approximating the CALCI model, other small amounts of solid-phase
material will remain, such as MgO, CaO, and the minerals zircon, quartz, rutile, garnet,
etc.  These amounts will be small and will not greatly affect the melting characteristics.
Their effect on the resulting glass liner may be significant, however. The melting range of
the CALCI model (to 90% fusion) can be estimated as between 1400°C and 1500°C (1673 to
1773°K). More complete information for this and similar systems is given by Roedder, and
by Schairer (5-31), and Levin, et al, (5-32, 5-33).

5.5.4 Thermal Expansion

In liquids and gases and in solids of the isometric crystal system thermal expansion is isotropic,
the same in all directions. All other crystalline materials have either two or three principal
directions of expansion, which must be measured fo specify the linear expansion characteristics.
In rocks there is a further complication arising from the unequal expansion of various mineral
grains and the small amount of intergranular porosity that exists even in dense igneous rocks.
On heating, the individual crystals expand by different amounts with the result that the
porosity is slightly increased and, in the laboratory, a measured thermal expansion would

not be a true one. Also, the measured data on cooling will be different from the heating

data and subsequent runs will not be repeatable. In the field, further complexity is intro-
duced by stratification, jointing and foliation. However, with these limitations in mind,

estimates of total net thermal expansion can be made.

The thermal expansion, by volume, of most rocks is about 4-6% from ambient to melting
temperature. Melting results in a further expansion of 6-8%, so the total volumetric expan-
sion is 10-14% (Skinner 5-34). In rocks with more than 14% porosity, such as the UNCON
and SOSED models, there will be a net consolidation resulting from heating, expulsion of
interstitial water, and melting. In less porous rocks there will be a small net expansion,

except when a large part of the rock is lost as a volatile component, such as in the CALCI
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model. One gram molecular weight (mol) of CaCO3 (100 gm) breaks down to 44 gm of C02
which leaves the system and 56 gm of CaO which stays behind. The volume of one mol of
CcuCO3 (100 gm) is 36. 9 cm3 and that of CaO (56 gm) is 16. 8 cm3 (Robie, et al. 5-7).

The total net thermal expansions from ambient temperature to 90% fusion are given in

Table 5-1 as negative for three of the models, and small positive values on MASIG and FOLIA.

5.5.5 Ambient Temperature

The seasonal and diurnal changes in the temperature of near-surface earth materials are
significant down to a depth which varies (approximately with latitude) from about 10 meters

in the southern part of the United States to about 20 meters in the northem part. At this
depth the annual fémperafure variation is less than + 1°C, and the mean temperature is about
1 to 2°C above the mean annual air temperature. This nearly constant temperature is about
24°¢ 75° F) along the southern edge of the U.S. and decreases to about 5°C (40°F) along
the northern edge. Figure 5-9 from Todd (5-35), after Collins (5-36), shows the approxi-

mate variation of ambient temperatures at the depth of 10 to 20 meters in the United States.

gL

Figure 5-9. Approximate Temperature of Ground Water
in the United States at Depths of 30 to 60 Feet
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Below this depth, the annual range of temperature is very nearly zero, and the temperature
increases with depth at ~ 1°C/30 m.  This geothermal gradient varies within a factor

of 0.5 to 2.0 at most locations.

5.5.6 Solubility of Water in Silicate Melts

The solubility of water in silicate melts at 1000 - 1200°C and less than 300-500 bars pressure
can be derived from figures given by Clark (5-37) as about 3% H20 by weight. The composi-
tion of the aqueous phase in equilibrium with silicate melts at high temperature and pressure

is given by Clark (5-37). For asilicate melt at 1000°C and 100 bars pressure, a good
estimate appears to be about 98. 5% HZO’ 1% Si02, and lesser amounts of Al, K, Na, Caq,
and Mg. These solubilities have been taken into account in deriving the composition of

the CALCI melt discussed in Section 5. 5. 3.

5.5.7  Rock Elastic Properties

The values of Poisson's ratio, Young's modulus, and compressive strength given in Table 5-1
(Section 5. 4. 2) are mainly taken from Birch (5-38, 5-39). Simpson and Fergus (5-13) and

Haimson and Fairhurst (5-40). Most of the values were obtained on laboratory samples, so
they do not take into account the effects of larger scale features such as stratification,
jointing or shear zones. To account for these features, field measurements would have fo be
made in each individual case. Based on such measurements an effective modulus of deforma-
tion can be defined, which will be a more accurate indicator of the rock behavior. The
Young's modulus values in Table 5-1 are given only to an order of magnitude. This is
believed to be sufficient for the present purpose. Techniques for determining in situ modulus
of deformation and for predicting the relationships between field and laboratory moduli using

Rock Quality Index are given by Coon and Merritt (5-41) and Deere, et al., (5-42).

5.6 SUMMARY AND CONCLUSIONS

Five geologic models typical of near-surface continental crustal materials have been defined.

The five models are representative of about 90-95% of the cases that will be encountered.
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The models defined are (1) an unconsolidated sediment, (2) a stratified sediment, (3) a massive
igneous rock of intermediate composition, (4) a foliated metamorphic rock, and (5) an impure
carbonate sediment. The only rock types not covered by the models are the unusually pure
quartz sandstones, quartzites, or carbonate rocks, and the less common rock types such as the
ultrabasic rocks peridotite and amphibolite, some of the gabbros, evaporites such as rock salt

or potash, coal} sulfide ores, and phosphate rock.

The changes that will occur in these rocks on heating have been described in terms of the
principal crystallographic transitions; the dissociation reactions - dehydration, decarbonation,
and desulfurization; and the anhydrous and hydrous melting reactions. The melting points of
these complex materials are determined by the lowest melting constituents and the solubility
of the remaining material in the early melts. In terms of the five models the temperatures
of first melting are estimated at ]300-1600°K, and the temperatures of 90% fusion are
estimated at 1400 - 1740°K. The highest values in each case are for the high calcium model
CALCI, which has a melting range 200-300° higher than the other four models.

The total heat required from ambient temperature to 90% fusion (dry weight basis) varies from
2820 to 5200 ioules/cm3 for the first four models. The CALCI model requires 7580 ioules/cms,
the additional heat being needed mainly for liberation of CO2 (1816 joules/gm of CaCOs) and
for the additional temperature rise to reach 90% fusion (1740°K).

When considered on a water saturated basis, the normal field condition, the total heat require-
ment increases considerably for the first two models (which are porous). The requirement for

the three less porous models is not greatly affected. An estimate is made that the temperature
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must be increased by 100°C (i.e., from 25°C to 125°C), and that all the interstitial water
must be vaporized. With these estimates, the total heat requirement becomes:

Total Heat Requirements (.ioules/cm3)

Dry Weight Basis Water Saturated Basis
UNCON 2820 3890
SOSED 4370 4820
MASIG 5200 5220
FOLIA 5050 5130
CALCI 7580 7710

These figures do not include heat losses to the surrounding rock.

The principal uncertainties in the estimates of geological conditions and their effects on sub-
terrene performance are in three areas: thermal conductivity, viscosity, and the effect of

interstitial water.

The thermal conductivity of rocks varies from about 8 to 40 W/cm -°K x 10-3 (neglecting

the air-saturated porous sediments, which are even lower). The dunites and peridotites
(ultrabasic rock) and the quartzites are toward the high end of this range, but there seems to

be no systematic way of predicting the values for most rocks. Most typical igneous rock

values are of the order of 20 W/cm K x 10-3. For any given model the thermal conductivity
can be estimated to an accuracy of iSO%' These estimates could be improved by measuring

the thermal conductivity of simulated models or in any area where a field test is anticipated.

The variation of effective viscosity with temperature through the melting range covers from
three to five orders of magnitude. At the middle of the melting range, the least viscous rocks
are about three orders of magnitude less viscous that the most viscous ones. For any given area
where a rock melting device might be field tested, the effective viscosity near the middle of

the melting range can be estimated to the nearest decade in magnitude.
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The effect of water is important for two reasons; water pressure lowers the melting points of
most rocks and in general aids the melting process, and the specific heat and the heat of
vaporization of water are high enough to significantly increase the total heat requirement.
The behavior of the interstitial water is difficult to estimate, but based on the assumptions
that all the water in the path of the device must be raised in temperature by 100°C and con~
verted fo stea, and there will be negligible flow of water into the path of the device, the
total heat requirements have been calculated. These assumptions, and the resulting heat

requirements are believed to be reasonable, and accurate to + 20%.
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6.0 THERMAL POWER

In the design of a subterrene tunneler, it is important to know the power requirements of the
tunneling operation. It was recognized that the power requirement is a function of a large
number of controlling variables that include subterrene geometry, size, rate of penetration
and earth/rock physical properties. ~ With this knowledge, an appropriate heat source can
be selected and the economics of the design can then be evaluated. This section presents
the derivations of the functional relations of controlling variables that permit the evaluation
of the thermal power requirements. Verifications of the functional relations are shown
through correlations with experimental and calculated data. Results of scoping analyses

performed are presented and discussed.

Functional relations have been developed for the calculation of thermal power requirements
for all five modes of tunneling. These relations have been verified through significant
correlations with experimental and calculated data (overall mean deviation = -3.9%).
Scoping calculations have delineated the limitations and capabilities of existing penetrator
designs. To extend the capabilities of the basic concepts to higher rates of penetration and

large tunnelers, a high performance design is proposed.

The total power required in a subterrene tunneling operatin, PT , consists of a

number of components. These include the total thermal power required (QT), power to
overcome thrust loads (PL), power to induce lithofracture (PF)’ if lithofracture is d.esired,
power to force molten earth/rock into the cracks formed by lithofracture (PM), power
required for excavation (PE) and power required for life support (PS):

Pr = Qp * Pt P Py PR 6-1)




Lithofracture may not be a desirable phenomenon for the formation of transportation tunnels
because of the potential detrimental effect on the environment and because of the unpredicta-
bility of the phenomenon. The power required for excavation can be readily determined from
conventional excavation practice, while the power required for life support is expected to be
small and it can be readily estimated. For the above reasons, only the first two components
of the various power requirements are treated here. The actual power required to over-
come thrust loads is expected to be small and it is not nearly as important as the magnitude

of the thrust load itself. However, it is included for the sake of completeness. Thrust

loads are discussed separately in Section 7. 0.

The total thermal power requirement, Qq, can be separated into a number of components.
These are the sensible heat (power to heat the earth/rock from the initial temperature up to
the melting point) (qs), the melt superheat (qsu)' the fusion power (qf), the heat losses fo
the ambient earth/rock (ql), and the stem losses, axial conduction losses through the pene -

trator structure (qq), i.e.,

Qp = a9 * g, * a *aq * q (6-2)

Each one of these terms is a function of a number of variables that control the tunneling
process. The approach used to develop functional relations of the controlling variables is

discussed in the following sections.

6.1 DERIVATION OF THERMAL POWER FUNCTIONAL RELATIONS

6.1.1  Analytical Model Considerations

The motion of a rock melting subterrene tunneler through a mass of earth/rock is basically
the classical problem of a moving heat source with the added complexity of phase change.
Moving heat source problems have been solved for point and line sources in connection with
applications to welding, extrusion, plane hardening, quenching and motion of a projectile

1,6-2)

through a gun barrel.(é- These solutions, however are not applicable to the finite

6-2



sizes (up to ~ 9 meters or 30 feet in diameter) of the subterrene penetrators to be considered

here. Nevertheless, the same basic approaches can be adopted.

The general partial differential equation describing the temperature field around a moving
heat source can be used as a starting point. If one takes the viewpoint of an observer moving
with the subterrene tunneler at a constant velocity, two potential models may be considered:
One is the penetrator moving through the molten earth/rock, while the second considers the
molten layer to be an integral part of the penetrator moving through unmolten earth/rock.

The latter model has significant advantages. They are the following:

° The problem of non-uniform material properties between the melt and the earth/

rock is eliminated.

) The problem of identifying various time -dependent thermal power components
such as melt superheat, fusion power, and heat losses is eliminated, so that a

steady state model results.

) The problem reduces simply to one of condution; (viscous flow effects can be

ignored).

For these reasons, the latter model is adopted. It is evident that such a model can only
permit the determination of the sensible heating of the earth/rock (qs) and the heat loss to
the ambient earth/rock (ql)' The other thermal power components, however, can be evalu-

ated separately.

The general three~dimensional conduction equation is:

2 2 2
9T - a 9" T T a T (6-3)

= —_—— t — f —
at 9 x oY dz

where @ = the thermal diffusivity of the earth/rock

5 (64)



where k is the earth/rock thermal conductivity, Po is the density and C_is the heat

capacity.  Following Jakob (6~4), a moving coordinate system can be adopted by setting:

£ = x=-U t (6-5)

where Uy i the steady state rate of motion of the penetrator.

Equation (6-3) then transforms fo the following equation:

ITRAERT-L SN (5 SRR b SRR 5

By taking the viewpoint of an observer moving with the subterrene tunneler af a steady
state rate Ucn’ the temperatures surrounding the tunneler will appear to reach steady -

state, so that one mayset 9 T/ dt= 0. The result is an equation of the quasi-stationary

state:
2 2
2
62T + a T . 9T - Uco T 6-7)
262 3y 9z 2 a o4

To solve this equation, three physical models were considered:

1. A hemispherical heat source moving along with a layer of molten material, moving

through unmolten earth/rock.

2. A circular planer heat source moving along with the molten material through

unmolten earth/rock.

3. A cylindrical heat source moving with a layer of molten material through

unmolten earth/rock.

Physical model 1 was adopted to simulate a consolidating conical penetrator of the type
tested at the Los Alamos Scientific Laboratory and designated as Mode 1. Models 2 and 3

were adopted to simulate extruders of various types used in Modes 2 to 5. In particular,



mode!l 2 permits the calculation of sensible heat requirements in Modes 1 to 5, while model 3
allows the determination of heat losses to earth/rock through the cylindrical sides of penetra-

tors in Modes 2 to 5. These models are summarized in Figure 6-1.

6.1.2  Moving Hemispherical Penetrators

Equation (6-7) can be written in terms of a temperature excess variable ¥ such that

Vo= T =T (6-8)

where Tcn is the ambient, undisturbed earth/rock temperature. Equation (6~7) then becomes

i T A A 2 6
7 —7 7 T - =)
¢ ay 9z @ d ¢

In order to obtain a closed-form analytic solution, the thermal diffusivity is taken as
a constant in space and time. This is reasonable for the physical models chosen because
below the melting point of earth/rock, the effective thermal conductivity of some earth/

rock materials and the density do not change appreciably with temperature.

Equation (6-7)has a solution of the form.
Uyé
"\ 2«
Vo= e (%, y, 2) (6-10)

where ¢ (¢, y, z)is an unknown function to be solved. Substituting this into Equation

(6-8) yields the following partial differential equation:

2
2
224 + 34’2 + 32‘; - 2U°° ¢ = 0 (6-11)
o ay 3z &
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This auxiliary equation can be written in terms of the variable r, where

eo= 24P e g2 (6-12)

so that Equation(é~11) transforms into the ordinary differential equation

2

24 U
a4 % 49 ® ¢ = 0 (6-13)

* dr - 2«

In this model, the isothermal surfaces depend on r above. The boundary conditions are

the following:

¥ = 0 when r = ®© (6-14)
oy q - -
. = T for r = B (6-15)

In addition, T = Tm at r = s (6-16)

where T, s the melting point of the earth/rock, and B is the radius of the penetrator plus

the melt thickness

s = rp + 34 (6-17)

and q is the rate of heat flow from the surface of the isotherm (at r = B ) corresponding
to the melting point T Solution to Equation 6-11 with the boundary conditions 6-12 to
(6-14) yields the following equation for the heat flow from the melt interface of a

hemispherical penetrator.

q = meg A COUL (T T )+ 2eky (T =T ) (6-18)




This solution has two terms.

The first is clearly the heat transferred to earth/rock to

heat it from the initial temperature Too up to the melting point; hence this is the sensible

heat term, q -

The second term is independent of the rate of penetration; it predicts that

the heat loss to the earth/rock is a constant, independent of the rate of penetration, but

directly proportional to the size of the penetrator ( rg = rp + & ) and the effective

thermal conductivity of the earth/rock. Other heat transfer components such as melt super-

heat will be developed separately.

6.1.3 Moving Planar Heat Source

The basic partial differential Equation(6-9)given in the previous section can be used as a

starting point. The planar heat source surface is the melt-earth/rock interface defined by

£=0.

£ <0

A

The heat is considered to flow in the ¢ direction only; hence,

d ¢ d o

Y a z

Equation 6-9 then reduces to

2
d? s _ Yo
e —2

= 0 6-19)

= 0 (6-20)



The boundary conditions for this model are the following:

vy = 0 or ::/ = 0 for £ = to (6-21)

-k j‘: - g for £= 0 (6-22)

or g = —S— - -k j—‘g— (6-23)
7|'I'B

A solution to Equation 6-18 with the given boundary conditions yields the following

equation for heat flow from the moving circular planar heat source:

2
= p - -
q Trg Pe cp u, T -T.) (6-24)

It is apparent that, physically, Equation (6-24)represents the heat flow required for the
sensible heating of the earth/rock for a penetrator-plus-liner radius g Heat losses are
not accounted for in this model. To estimate the heat losses, the following moving

cylindrical heat source model is considered.

6.1.4  Moving Cylindrical Heat Source

For a cylindrical moving heat source with radial heat flow only, one can assume d¥/9z = 0.
Equation (6=1), written in cylindrical coordinates, becomes
2 U
a°¢ 1 a¢ _ ® _
T e 7= ) *7° (6-25)

ar



The boundary conditions of the problem are the following:

‘;f = 0 o r— o (6-26)
-2 wkr 9 rw = q at ro= g (6-27)
v = 0 s r—) (6-28)

The heat flow from the cylindrical surface of this model provides yet another boundary

condition, i.e.,

= -9
2 erH

ol @
==

(6-29)

where Ly is the length of the heated section. Solution of Equation (6-23) with the boundary
conditions (6-24)to(6~ 27) yields the heat loss equation

a = T U ly e G M- Ty)
2 (rp + 8 )LH
t 3 7 8) kett T = T ) (6-30)

This equation suggests that heat loss from the cylindrical surface of a penetrator consists of
two components: One is independent of the rate of penetrator advance, while the other
is directly proportional to the rate of advance. This is reasonable because with zero rate
of penetration, the mathematical model of a quasi=steady situation no longer holds true.

With zero rate of penetration, there is a transient phenonenon where the earth/rock is



heated up continuously to ever higher temperatures and the heat source power output is
mostly lost to the ambient earth/rock material. However, there does occure in time a
situation where a thickness § of the earth/rock surrounding the penetrator is molten.

The thermal power required at this time is essentially that predicted by the second term
in Equation (6-30).

Examindtion of the first term in Equation (6-30) suggests that it has physical meaning only

if one considers L to be the depth to which the earth/rock is heated. Hence, for this

term LH is replaced by 8gr where 3 is now dependent on the earth/rock material, whereas,
Ly should be independent of earth/rock materials. The first is expected to be a more
realistic representation of the actual phenomenon. The second is simply the one dimensional
conduction equation. It is interesting to note that for "static" heat loss, the model predicts
that the effective conduction path length is effectively the diameter of the penetrator plus

the liner.

For cylindrical penetrators, Equations (6-24)and (6-30) give the sensible heat and heat loss
components, respectively. The fusion power and melt superheat terms are still to be

determined.

6.1.5  Fusion Power

The fusion power is simply the rate at which the mass of earth/rock is melted times the

latent heat of fusion ( \ ). This is simply given by the relation

G T Trg P U A (6-31)

6.1.6 Melt SuErheaf

The melt superheat is the thermal power required to heat the melt from its melting point

to the penetrator surface temperature. It is important to have a reasonably good estimate

6-11



of the melt superheat because, (1) it can contribute a significant fraction of the total

melt power, and (2) the effective thermal conductivity of the melt increases sharply with
temperature. To consider the factors that affect the melt superheat, reference is made to
Figure 6-2, where the melt flow over a conical, consolidating penetrator is illustrated. It
is noted in the figure that the total heat transfer rate from the surface of the penetrator
consists of sensible heat (qs ) heat losses ( 9, 4 q. s)’ melt superheat ( qsu) and heat of
fusion (qf ). However, the heat transfer across the melt-earth/rock interface consists of
sensible heat and heat losses only. The heat of fusion is "consumed" at the melt interface
while the superheat is "consumed" near the penetrator surface. Estimates showed that in
general, the melt superheat is on the same order of magnitude as the fusion heat. Because

of these facts, one can reasonably make the following important assumptions:

1. Only the sensible heat, heat of fusion, and heat losses establish the AT

across the melt.

2. The heat flux is uniform from the heated penetrator surface.

3. The maximum penetrator surface temperature (and hence the maximum melt super-
heat) is associated with the fully developed glass liner thickness which occurs at

the shoulder of the penetrator.

4. The mean melt superheat is a fraction of the maximum melt superheat, i.e.

Ts—Tm = y (T

o Tm ) where v is to be determined empirically.

5. The melt thermal conductivity is proportional to the temperature to the fourth

power, i.e.

k= B8(1/1000)"* (6-32)

m

where B is an empirical constant.



Figure 6~2. Model for Determination of Mean and Maximum
Penetrator Surface Temperature - Mode 1 Tunneling



It is known that for the conical penetrator, the penetrator surface temperature is not uniform.
This is due to varying melt thickness and stem losses which cause an appreciable axial tempera-
ture gradient in the penefrafor.(é—s) Nevertheless, the heat flux can be unidorm across the
penetrator surface. Because of stem losses, the maximum penetrator surface temperature is not
expected near the shoulder of the penetrator, rather it is somewhat upstream of the shoulder.
However, assumption 3 is a clos approximation. Assumption 4 is based on detailed thermal
analyses reported in Reference (6-5), which may not apply under all conditions. Assumption

5 is reasonable in view of the significant contribution of thermal radiation to total heat trans-

fer at temperatures above the melting point.

With the above assumptions, the melt superheat at any point along the surface of the pene-

trator is given by the simple one dimensional conduction equation
a = o *a *q = B—P— (q -71) (6-33)

where L is the local melt thickness, -T<—m is the local mean melt effective thermal con-

ductivity. At the shoulder of the penetrator, L = & and T. = T . The
s s, max

mean effective thermal conductivity can be defined by the equation

Ts
B 144t
T - m (6-34)
m TS
ﬂn
T



Based on Equations (6-32) and (6-33), the maximum penetrator surface temperature is

given by

5
q * q. * q
T - \/Ts g 20 s 7% T 9 (6-35)
s, max m B Ap /

With this equation, the mean melt superheat, TS - Tm’ can be evaluated, i.e.

A

b (6-36)

5 9, * qc * q
Equation (6-36)can therefore be used to estimate the melt superheat powesq , i e.,
q = "y Pru T (T =7 ) (6-37)

where (1;: is the mean specific heat of the melt.

6.1.7  Summary of Equations

The total thermal power requirement, QT’ can now be evaluated by summing the various

contributing components. The complete equations for the two thermal models are summarized

in Table 6-1.

6-15
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6.2 VERIFICATION OF FUNCTIONAL RELATIONS

6.2.1 Available Data

In order to verify the functional relations developed, experimental data on the various
thermal power components are needed in addition fo the total power requirement. Unfor-
tunately, carefully controlled experiments of the type needed do not exist; only one

set of experimental data, obtained from a 50 mm penetrator in a single earth material
(tuff), is available. -6 Moreover, only heat losses and melt power components were

determined. The latter includes fusion power and melt superheat.

It was recognized that this would be inadequate for the verification of the functional rela-
tions developed and for extrapolation of the relations to other materials, other penetrator
geometries and larger penetrator sizes. Consequently, data from detailed thermal analyses
(using AYER code) carried out at the Los Alamos Scientific Laborafory*were also used
extensively to check the validity of the functional relations. A description of the AYER

code and the penetrator models used in the calculation is provided as follows:

Description of Ayer Code and Penetrator Models:

® Code provides implicit solutions of the general two-~dimensional equation of heat conduc-
tion by finite element, numerical method.

e Code includes effects of time and velocity distributions.

®  Model consists of penetrator moving with the melt through solid earth/rock.

®  Model allows relatively arbitrary geometries within the constraint of axisymmetry.
e The following can be calculated:

- Sensible heating of on-coming earth/rock
- Heat losses to rock

e The following cannot be calculated:

= Melt superheat and penetrator surface temperatures
~ Fusion power requirements

*
Calculations were performed by G. E. Cort, Westinghouse Astronuclear Laboratory Staff
Member on assignment at LASL.




While the AYER code is useful for detailed design calculations of specific penetrator geometries,

penetrator sizes,tunneling through specific earth/rock materials at specified rates, it is

relatively tedious, time consuming and costly to use. In addition, the code and model

calculates only sensible heat requirements and heat losses.; fusion power and sensible heat

have to be calculated separately.

The functional relations derived in this study provide explicit calculations of total thermal
power requirements in terms of key controlling parameters. They are useful for parametric
design analyses and conceptual penetrator design calculations. The available experimental
and AYER calculated thermal power data are summarized in Table 6-2. Together, they

cover a wide range of conditions, conditions that may be encountered in transportation

tunneling applications.

6.2.2 Correlation with Experimental Data

A single set of experimental data was obtained with a 50 mm conical consolidating
penetrator melting through tuff, under both laboratory and field test conditions. The rate

of penetration and the total thermal power were measured, while stem losses were obtained
by static calibration. The melt power (qs +q, *t qf) was estimated so that the heat
losses in turn can be estimated. The heat loss data are compared with those calculated by
the two different models in Figure 6-3. The physical properties used for calculating

the heat losses are those for tuff, given in Table 6-3. It is evident from the figure that
there is considerable scatter in the heat loss "data" without a discernible trend. This

is due to the approximations used in estimating the melt power, and the heat loss was rounded
up to the nearest 100 watts. ’ It can be concluded that in the range of rates of penetra-

tion, both models appear to give gross levels of the data.

*
See Reference (6-6), p. 9
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Further verification of the functional relations will require predictions of the mean melt
superheat ﬁ and the melt power. These can now be calculated by the techniques
and equations developed in Section 6. 1.6. The constant B in Equation 6~32 was
determined to be 0.46 x 10-2 Wem -°K at the tuff melting point. The calculated mean
melt superheat is compared with one datum point obtained by a detailed thermal analysis in
Reference (6-5). A comparison of the two yields a value of 0.8 for the coefficient y. This
is shown in Figure 6-4. With this coefficient, assumed to be constant under all conditions,
the melt superheat and melt power can be estimated under all conditions. Results are pre-
sented in Figure 6-5 for the 50 mm consolidating penetrator. It can be seen from

Figure 6=5 that the model and assumptions used to calculate melt superheat show that the
maximum penetrator surface temperature and the maximum melt superheat increase with
increasing rates of penetration. This is in qualitative agreement with experimental observa-
tions where it had been nofeg’,_72hcf for a given penetrator design, there is an upper limit
on the rate of penetration above which the penetrator would fail as a result of penetrator
deformation (due to melting and excessive stress). For the 2=inch (50 mm) molybdenum
conical penetrator operating in tuff, the upper limit was estimated at 0. 03 cm/sec6-7.

A temperature of 1928°K, or 2/3 of the melting point of molybdenum is shown in Figure -5

as an approximate upper temperature limit and as a convenient reference point.

6.2.3 Melt Power Data

The total melt power (qm) is the sum of earth/rock sensible heat, heat of fusion, and melt

superheat. It can now be calculated from the equation

- 2 (& (Tn=10) + T @, -1 ]
I - "(rp+6) pe Um Cp (Tm Tm) +Cm (Ts Tm) A
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Note that this equation is identical for either the hemispherical or the cylindrical heat
source model. The calculated melt power over a range of rates of penetration is compared
in Figure 6-6. with the one set of laboratory and field test data. |t is evident that there is
a good correlation with the data. With the exception of one data point, the deviations are
in general well within the errors expected as a result of the gross assumptions used in
arriving at the melt power data. In particular, it should be noted that the analytical solu=-
tions predict slightly greater than a linear increase in total melt power with increasing

rate of penetration. This is also in good agreement with the general trend of the data.

6.2.4. Total Thermal Power (Excluding Stem Losses)

It was evident that the hemispherical model is limited in its application. On the other hand,
the cylindrical model cannot represent a conical penetrator. Consequently, a geometric
factor was developed for the cylindrical model to permit its generalization to conical
penetrators as well. It was obvious that penetrator geometry affects only the heat loss.

By empirical correlation with experimental and AYER calculated heat loss data, the fol -

lowing geometric factor, ¥, was developed:

v = "Bo sin 90 + B sin © (6-38)

where o’ 'B and the angles refer to the specific conical penetrator design tested by
0
LASL. These are identified in Figure 6-2. The generalized semi-empirical equation for

thermal power is the following:
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+ 2 pe.ae Cp (Tm-Tm) (rBo SinQO + rBsinO)U‘:’D

2 } T T x] }
core s e, Uy [ (TaoTg) * G TTN | e)

. . d 6
Correlation with data showed that keff should be evaluated at the melting point, and 0 _

is a function of keff:

§ = 1.087 x 102 keff (6-40)

The total thermal power calculated by Equation (6-37) (excluding stem losses) is compared
with the experimental and AYER calculated data in Figure 6-7 for the 50 mm conical pene-
trator. It is significant to note that the analytical model is in excellent agreement with

the AYER calculations including the heat loss to ambient earth/rock at zero rate of pene -
tration.  Further comparison of analytic and AYER calculated heat losses plus earth/

rock sensible heat are shown in Figure 6-8. The deviations between results calculated by
the two different methods are summarized in Table 6-4. Both sets of calculations use consis-
tent physical properties, given in Table 6-3. It is noted that the functional relation
developed satisfactorily predicts thermal power requirements for tuff and basalt over a wide
range of penetrator diameters and rates of penetration. The modified cylindrical model is
only slightly inferior to the hemispherical model| when predicting power requirements for
conical penetrators. However, since the modified cylindrical mode! is more general and

can be used for all modes of penetration, it is recommended here for further use.
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6.2.5 Generalization to Other Geometries

Practical transportation tunnels are expected to be other than circular in shape.
Consequently, it is desirable to generalize Equation (6-37) to any geometry. Examination of
the terms and parameters in Equation (6-37) showed that the following general geometric para-

meters can be identified in the equation:

. C, effective mean circumference of heated portion of penetrator plus liner
. Am’ melt to earth/rock interfacial area
® Sm’ cross-sectional area of region melted

Equation 6-37) expressed in terms of these parameters becomes

k oo A

- eff “'m
ar = C§ 5 CP T " Te) U 22rp+65 (Tm-Too)
- - 6-41
+S U [cp 7 -1+ T, @ -T1°) +x] (6-41)

The parameters C, Am’ and Sm for different tunnel geometries are summarized in Table 6-5.

This general equation can be used for parametric analyses and conceptual design calculations.
6.3 GENERALIZATION TO DIFFERENT MODES OF TUNNELING

The five modes of tunneling essentially define five specific penetrator designs. Each has
its unique geometric shape and operating parameters. The generalized thermal power
equation (Equation 6-39 ) can be readily specialized to these models of tunneling. These

are presented in this section.
6.3.1  Melt Thickness

One parameter that has a major effect on the thermal power requirement is the melt thick-

ness. This thickness is highly dependent on the relative density of glass to earth/rock which
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in turn determines the mode of tunneling that must be considered. The melt thickness is

of importance for the following reasons:

° [t determines the melt superheat and maximum penetrator surface temperature.

° it establishes the liner outside diameter (if a liner is created as in modes 1, 2,
4 and 5).

o It establishes the liner cooldown time and length of controlled cooldown section
needed,

° It affects the frictional drag forces.

The required thickness of the glass liner must be established from considerations of glass
liner strength requirements. This is discussed in Section 9.0 .  As another limit, the glass
liner generated as a result of glass to earth/rock densities may be studied. For this limit,

the glass liner generated can be determined from simple mass balances presented in Section 4. 0.

6.3.2 Thermal Power Equations

Based on the different geometries and melt flow in the 5 modes of tunneling, the generalized
thermal power Equation (6-39) can be specialized to each mode of tunneling. These are

given below.

Mode 1

For Mode 1 tunneling, the generalized thermal power equation is directly applicable; hence

d = 2 Ge Pe Uoo Cp (Trr| -Too) (rBo smGo + rg sin e )
okt T o T
2 —
- - -42
+1r(rp+6) p, U [CP(Tm Tm)+Cr'n(Ts Tm)+%] (6-42)
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Mode 2

Mode 2 tunneling can be regarded as a special case of Mode 4 with a zero core radius

(rc = 0). In this case, 90 =0 and 8 = 900, which is the definition of a cylindrical

penetrator. The generalized Equation (6-39) reduces to

21l'(rp+6)6 P U C (T_=-T))

a e e oo p m o

[2 1r(rP +46) LH + 1fr2j
eff - 2(rp+6Y m 00

(T =T )+ C  (T7-T) +2] (6-43)

2
+1r(rp+6) p, Uy [C

p

Mode 3

In Mode 3, the external surface of the penetrator is not heated and a glass liner is not

formed. Hence, 6 = 0, and LH = 0, and Equation 6-45 reduces to
= 8 -
9y 2 1rrp . Py Uoo CP (Tm Tm)
2
k r
T eff p
2 (r +6) (Tm - Tcp )
p
2 —_
- - 6-44
LN Um[Cp T -T1,)+C, T -1 ) +2] (6-44)
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Mode 4

For this mode of tunneling, where only an annular region is melted, the

equation is

9 = 21r(rp+¢5)¢5e Po Uco Cp(Tm-Too)
2 2

keff [2~ (rp +é ) LH+ 1r(rp - )] o1

* 2(rp+6) m ©

+ 1r[(rp +)? r 2] P, Uco[cp (T = T ) +T (T =T )+1] (6-45)

Mode 5

From the geometric configurations of this mode and the various parameters, shown in
Figure 6-9, Equation &-39 can be readily reduced to the following equation, applicable
to Mode 5:

2m(r +8) 86 p U C (T =-T )
P e e o p 'm @

2
keff [2 r(rp +4 ) Ly + w(rp-rc )]

T =-71)
2(rp+6) m @

+ w[(rp ) )2 - rcz] U, [Cp (T, = T.) +?m (Ts-Tm)+>~] (6-46)
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6.4 NUMERICAL EXAMPLES

Scoping calculations of various modes of tunneling were carried out fo evaluate the capabilities

of each and the extent of their operating limits.

6.4.1 Mode 1 Tunneling

Mode 1 tunneling, by definition, uses a full consolidation penetrator design. For this

reason, this mode of tunneling is applicable to unconsolidated earth/rock materials such as
alluvium, typified by the earth model UNCON, and porous materials such as tuff. Since

this mode of tunneling is expected to be limited to relatively small penetrators, illustrative
calculations were performed for tuff only. For this consolidating mode of penetration all of
the molten material consolidates info a glass liner; consequently, the liner thickness increases
with increasing penetrator diameter and the penetrator surface temperature also increases. In
addition, the penetrator surface temperature increases with increasing rates of penetration,
because greater amounts of heat are transferred across the melt. As a consequence, material
temperature limitations are expected to restrict the size of tunnels and the rate of penetration
that can be considered for this mode of tunneling. This is clearly illustrated in Figure 69,
where the maximum penetrator surface temperature is plotted versus the tunnel diameter at
constant rates of penetration. Potential penetrator materials of construction are molybdenum
and tungsten. Two=thirds of the melting point of these materials are shown on the figure as
reference points. These were selected arbitrarily as the upper limits on use temperature because
experimental data on the yield strength of molybdenum and tungsten are not available ot the
higher temperatures of interest. Typical published data at lower temperatures are reproduced
in Figure 6-10. An extrapolation of the tensile yield strength, which may be optimistic,
suggests that at 2/3 of the melting point the tensile strength is on the order of 7 x 107 N/m2
(10, 000 psi).

It is recognized that in the design of a penetrator for a given specified mission, the total
applied thrust load and melt pressure must be taken into account to determine the upper
operating limits. Meanwhile, there is experimental evidence(6-7) from the 50 mm full
consolidation conical penetrator that the upper operating temperature for molybdenum is

well above 2/3 of its melting point.
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It is apparent from Figure 6-9 that the upper use temperatures of tungsten and molybdenum
severely limits the size of the tunnel and the rate of penetration that can be considered for

Mode 1.

6.4.2 Mode 2 Tunneling

The upper operating limits observed in Mode 1 tunneling can be extended somewhat by back
extruding a portion of the melt. This has the primary effect of reducing the melt thickness
and thus reducing the penetrator surface temperature. For scoping calculations, it was
assumed that the melt thickness at the throat of the extruder is equal to that of the glass
liner. Under this constratint, maximum penetrator surface temperatures were calculated for
various rates of penetration over a range of tunnel diameters. The resulis are compared with
those calculated for Mode 1 tunneling in Figure 6=11. The extension of the operating limits
by back extruding a portion of the melt is small in this mode of operation primarily because

the surface temperature is still excessive due to the relatively thick melt layers.

6.4.3  Mode 3 Tunneling

For the same reasons given above, Mode 3 tunneling is not expected to yield any improvement
over Mode 1. In fact, the operating limits are expected to be slightly lower thanthose for
Mode 1 when tunneling through the same earth/rock material. The same amount of melt must
now flow over reduced surface areas, thus causing greater heat flux and melt superheat. How-
ever, for certain types of earth/rock materials, where the glass formed has a lower density
than that of the parent earth/rock material, Mode 3 is the only practical mode of tunneling of
the first three.

In order fo extend the rock melting technique to the excavation of tunnels large enough for
transportation purposes, the total amount of material melted must be reduced in order to reduce
the surface heat flux. A reduction of the heat flux in turn decreases the penetrator surface
temperature. These two goals can be attained using tunneling Modes 4 and 5, where the pene-

trator melts an annular region of the earth/rock. The core is removed by conventional mucking
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techniques. As in tunneling Modes 1, 2, and 3, these may or may not include back extrusion
of the melt, depending on the type of earth/rock material. Tunneling Mode 4, discussed
below, is basically a consolidator with the addition of coring, while Mode 5 includes back

extrusion.

6.4.4 Mode 4 Tunneling

Mode 4 tunneling is basically the same as Mode 5 which includes Mode 4 as a special case.

For this reason, numerical examples were not calculated separately for Mode 4 tunneling.

6.4.5 Mode 5 Tunneling

For large tunnel diameters, the glass liner thicknesses required would increase correspondingly,
and the thermal power required can vary appreciably, depending on the core-to-penetrator
diameter ratio. In order to perform scoping calculations, it was assumed that the melt thickness
on the inside surface is equal to the glass liner thickness. This constraint provides a relatively
uniform penetrator surface temperature if the heat flux is uniform. The inside melt thickness

( 5 ) is given by the geometric relation

By substituting this into Equation (6-44) and by setting & = éi , the core radius can be
determined for any penetrator diameter, liner thickness, and any ratio of the rate of extrusion
to the rate of penetration. For tunneling through UNCON, the maximum penetrator surface
temperature was calculated for a wide range of tunnel diameters and rates of penetration up to

100 meters per day. Other specified conditions are the following:

u = u
e @
Ly = Db
5 = 0.05D
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The results for these conditions are presented in Figure 6~12. It becomes evident from this
figure that operating limits are severely affected by penetrator surface temperature limits.
This conventional penetrator is called a high heat flux design and is contrasted with a low

heat flux design in the following section.

Under the assumed conditions and using tungsten as the materials of construction, it is seen
that a 4 meter tunnel cannot advance more than 10 meters/day if 2/3 the melting point of
tungsten is taken fo be the upper limit on use temperature. At 100 meters/day, the maximum

tunnel diameter that can be considered is less than one meter.

6.4.6 Extending Operating Limits

It is evident from these results that severe operating limits are encountered for all modes of
tunneling. However, it must be pointed out that each one of the 5 modes of tunneling is
associated with a specific penetrator design. These modes and penetrator designs were based
on those proposed by LASL in early studies and early conceptual designs of small penetrators.
Consequently, the operating capabilities observed are penetrator design limited. Evaluation of
other penetrator shapes has shown that the operating limits can be extended significantly
with modified penetrator designs. A relatively obvious modification is the use of extended
heated surfaces or segmented heafers*. In practical tunneling applications, glass liner
thicknesses are expected to be much greater than 10% of the tunnel radius (see Section 9. 0).
This is in general in conflict with the goal to minimize melt thickness. The problem has
been solved by a unique segmented heater concept proposed in Reference 6-8. A schematic
diagram of this concept is shown in Figure 6=13. A trimetric view of this concept as

applied to a large scale tunneler is shown in Figure 6-14.

The proposed concept reduces the penetrator surface temperature by reducing the surface heat

flux without adding heated length. This is accompanied by the formation of thick glass

* This concept was first advanced to solve the problem of tunneling through non-homogeneous
materials to be discussed in Section 11.0. See Reference (6-8).
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liners. The concept incorporates finned and segmented heaters combined with either
mechanical cutters (for coring through soft material, as shown in the figures) or other types
of corers for coring relatively hard rock. The finned heater design reduces the surface heat
flux as well as the maximum melt thickness over the heated portion of the tunneler. The
melt, however, is consolidated (extruded) into a much thicker layer over the melt cooldown

section just behind the heaters to form a thick glass liner.

By this concept,glass liners of any thickness can be formed without exceeding penetrator
surface temperature limits. This is accomplished by maintaining relatively thin melt thick-
nesses over the heated portions of the penetrator. To illustrate the potential capabilities of
this penetrator concept, the maximum penetrator surface temperature was calculated for the

following conditions:

° Earth/rock material = UNCON
* Tunne! Diameter = 10 meters
° LH = DP (same as before)
. Melt thickness over all heated portions = 1 em
. Glass liner thickness = 0.05 meters (same as the previous calculation)
° U = U_ (same as before)
e ®

The results of this calculation are presented in Figure 6=15, where the maximum penetrator
surface temperature is given as a function of the rate of penetration.  Significant improve -
ments in performance capabilities can be obtained by using extended surface heater designs.
Under the conditions selected, a 10 meter penetrator can advance at a rate up to 100 meters
per day if tungsten is used as the material of construction. The rate of advance is reduced to
20 meters/day if molybdenum were used instead. For the same operating conditions, the total
thermal power required (less stem losses) for tunneling through UNCON and MASIG were

calculated. These results are presented in Figure 6-16. It can be seen that tunneling through

6-46



2600

2400

2200

2000

1800

MAXIMUM PENETRATOR SURFACE TEMPERATURE (°k)

1600

DP-DC = 0.5 Meters
L,=D, 8§=00D, U =U
P P e

H fe )
High Performance Low Heat Flux Penetrator Design

] | | ] l

1400

Figure 6-15.

20 40 60 80 100

RATE OF TUNNELING (Meters/Day)

Effect of Rate of Tunneling on Maximum Penetrator Surface Temperature
Mode 5 Tunneling Through UNCON

6-47



50
40

30

20

-
o O

w O O

L)

THERMAL POWER (LESS STEM LOSSES) (MW)

—
.

Tunneling In:

— —— — MASIG
UNCON

TUNNEL DIAMETER (Meters)

Figure 6-16. Effect of Tunnel Diameter on Total Thermal Power (Less Stem Losses)
Required for Mode 5 Tunneling Low Heat Flux, Advanced Penetrator Concept

6-48



MASIG would require higher thermal power, primarily because of the higher density of

MASIG when compared to that of UNCON. The power required for both types of earth/rock

materials is seen to be fairly reasonable.

6.4.7

Conclusions and Recommendations

Based on the results of the above study, the following conclusions are made

1.

All the penetrator designs considered in the study program are applicable to
relatively small penetrators not suitable for transportation tunnel applications.
These designs were selected based on early LASL concepts and experimental

demonstrations.

For large scale tunneling, a penetrator concept incorporating a number of

new features has been proposed. Scoping calculations suggest that this con-

cept can meet the operating limits of interest to transportation tunnels, i.e.,

tunnel diameters up to 10 meters and tunneling rates up to 100 meters/day.

Two problems, however, have been recognized with the proposed concept. They are the

following:

1.

In the proposed concept, the penetrator diameter is greater than the tunnel.
Therefore, retraction of the penetrator would be impossible unless the
segmented heaters can be designed to be foldable, removable, or retractable

into the core.

Leading edge heat flux is increased as a result of the reduced surface area. It
is anticipated that an advanced heat transfer system such as heat pipes will

have to be used to deliver the relatively high heat fluxes required.

The use of heat pipes has advantages for transportation tunneling applications
from another viewpoint. [n order to tunnel through non-homogeneous

materials without causing slowdowns and hot-spots, a new application of the
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heat pipe has been proposed for use in large scale penetrator designs. (See
Reference 6-9, "Isothermal Condenser, Variable Power Heat Pipes"). These

problems are discussed further under Section 11. 0.

Other than these engineering design problems, there appears to be little doubt as to the
technical feasibility of the basic conceptwith regard to the amount of power needed and rate
of advance attainable. However, as pointed out above, considerable design study and analysis
are needed to explore the operating limits and capabilities of the concept. Such a study should

be carried out with specified design goals and constraints.
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