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FOREWORD

This is a final report on United Aircraft Research Laboratories Project No.
970802 entitled "Heat-Assisted Tunnel Boring Machines," covering work during the
period February 1969 to April 1970. This program was performed under Contract
No. FR-9-0035 with the United States Department of Transportation, Office of
High Speed Ground Transportation and Urban Mass Transportation Administration,
under the technical direction of Mr. W. N. ILucke.

The work performed under this contract was managed by the United Aircraft
Research Laboratories (UARL). Subcontractors to UARL were the Materials Division
of the Department of Civil Engineering at the Massachusetts Institute of Technology
(MIT), who performed a rock-cutting test program on laser-heated rock, and Fenix
& Scisson, Inc. (F&S), who provided data on penetration rates, cutter costs, and
overall excavation costs of present-day mechanical boring machines. The Hamilton
Standard Division (HSD) of United Aircraft also provided information on electron
beam machine design and performed rock-kerfing experiments with their 25-kw non-
vacuum electron beam machine.

Contributions to the study were made as follows:

UARL “
)

Jeffrey P. Carstens Program Manager, Kerfing Analysis, Economic
Analysis

W. Richard Davison Environmental Control System Analysis,
Heat Transfer of Gas Jet Systems

Choate A. Brown Design of Laser and Radiant Heater Systems,
Radiant Heat Transfer, Kerfing Analysis

Antonio B. Caruolo Layout of Laser Tunneler

Leons Bramanis Layout of Laser Tunneler, Eledtron Beam
Machine Design

MIT

Frederick J. McGarry Rock-Cutting Test Program

P. F. Rad Rock-Cutting Test Program

R. W. Pratt . Rock-Cutting Test Program

F&S

Alan R. Smith Costs of Nonheat-Assisted Mechanical Boring

3

Ronald B. Stone Determination of Cutfer Costs
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INTRODUCTION

Background

Rock tunneling machines have been developed in the last decade to the point
where they are being extensively used in both soft and medium~hard rock conditions
with performance and cost advantages over traditional drill-and-blast methods
(e.g., Ref. 1). Although these machines have clearly demonstrated the advantages
of continuous operation and smooth¥wall tunneling, they have not yet been found
capable of economic operation in the relatively hard rock types. This limitation
is due mainly to the inability to penetrate these rocks economically with present-
day mechanical cutters..

~ To promote the development of rock-~boring machines which will extend the
range of rock types which can be economically bored into the range of very hard
rocks, several new types of rock-destruction mechanisms have been considered.

.. Basically three modes of using heat for rock destruction have been under investi-

gation. Heat can be used to: (a) weaken, (b) spall, and (c) melt and/or vaporize
rock. The last method has been shown to involve tremendous quantities of energy
and has not seriously been considered as a primary method for rack excavation.

The second method, that of thermal spalling, has been the subject of a prior study
by United Aircraft (Ref. 2) and does appear to offer promise for very hard rock
situations where the rock demonstrates good spallability. However, the develop-
ment of systems required to exploit the spalling method involves the application
of new technology in machine design and methods of life support .for crew protec-
tion and operation in a hot and toxic environment.

The first method of using heat to weaken rock in conjunction with mechanical
tunneling machines is the subject of this study.

Basic Concept of Heat Weakening

Tﬁe basic phenomenon of weakening a rock mass by the application of heat has
been under study at the Massachusetts Institute of Technology since 1965 (e.g.,
Refs. 3 through 8). This work has demonstrated that the application of heat to
rock causes a significant decrease in mechanical strength. This weakening is
associated with an increase in the microcrack structure caused by heat flow and
resulting tensile stress field. Reference 5 contains some quantitative informa-
tion on heat weakening in terms of the amount of energy applied to a piece of rock,
the power level of the energy being applied, and the resulting decrease in the
modulus of rupture of a small beam of rock. - This modulus is measured in a three-
poinﬁ bending test of the rock beam which has been subjected to laser radiation.
A summary of the results of these tests on blocks of granite is shown in Fig. 1.

*




Referring to Fig. 1, an increase in the energy supplied to the rock beam results
in a significant decrease in the modulus of rupture, to the point where, w1th a
large amount of heat added, the rock has lost over 90% of its orlglnal strength

The basic objective of the present study is to determine whether the phenomenon
which is quantitatively described by the tests resulting in the data shown in
Fig. 1 can be successfully (i.e., both ‘technically and economlcally) applled to
the design and operation of a full-scale tunnel boring machine. ThlS machlne
would incorporate a heating system to preweaken the rock by heating it in advance
of the otherwise normal mechanieal. cytters mounted on the tunneling machlne face
The attainment of this objective involves (a) a test program to evaluate the
effects of heat in terms of increased borability, by borlng ‘the rock in the same

. manner it would be bored by a mechanical tunneling machlne (rather than falllng
the rock in a bending test), (b) the gathering of information on present day
mechanical tunnel boring machines and determlnlng the ‘economic llmltatlons thereon
as a function of the strength and borability of rock, (c) the deslgn and analy51s
of various types of potential heating systems that could he added to a tunhel
‘boring machine :to make it -a heat-assisted tunnel boring machine, and (d) ‘the
performance and economic analysis of such a heat-assisted tunnel borlng machlne.
These four tasks comprise the approach to -this program.

Organization of This Report

‘The main body of th;s report consists of six chapters. Chapter :I contains
‘8, complete discussion of the test program wherein rocks were: 1rra@1ated with a
‘laser beam and bored in :.a manner 51m11ar to the beoring action.of a full—scale
-turineling machine to determine the effeets of heat weakening rocks in a quantl—»
“tative manner. This test program was .conduected by the Massachusetts Instltute of
Technology, Civil Engineering Department, under the general dlrectlon of - Professor
‘F. J. McGarry. In Chapter IT is presented a prellmlnary analysis of heatlng
power requirements for full-scale tunnel borlng machines in the dlameter range of
"10 to 20 ft, and a prellmlnary analysis of. the various p0551ble systems and
problems -of heatlng roeck in.advance of a tunnel boring machine. -In. Chapter II1T
particular attention is. given to the detailed .design of. geveral. spec1f1c heater
types, with the greatest .emphasis given to a laser-assisted tunnel borlng machlne
"The economics of vpresent-day tunnel bering . machines without. heat—ass1st is con—K
-sidered in Chapter TV. 'This material was developed by Fenlx & 801sson, Inc
‘under ‘the -general direction of Messrs. A. Smith and R..B. Stone. Work done on. the
‘heat-assisted mode-of hard rock tunneling. led, .during.the course of the study,
"to the formulation of a basically different -method of applying heat in advance of
mechanical -cutters. This mode, in which a physical kerf is. made by the meltlng
and vaperization of rock, is -analyzed in Chapter.V. Flnally, in- Chapter VI the
economics of heat-assisted tunnel boring machines are.explored.based on the data
‘developed in Chapters I through V.
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CHAPTER I - TASER-ASSISTED ROCK—-CUTTING TESTS

This chapter presents the results of a rock-cutting test progfam performed at
MIT to yield.quantitative results on the effect of heat weakening hard rock in
advance of a mechanical cutter. The research discussed here is a continuation of
work done previously in which it had been established that radiation from a
continuous, one-kilowatt gas laser drastically reduced the strength of hard sound
rock (Refs. 3 through 8). ‘

MATERTALS, APPARATUS, AND TEST PROCEDURES

Figure -2 shows the rock cutter testing device which was lent to MIT by the
Ingersoll~Rand Research Laboratory. The device consists of a fixed vertical frame
which can hold various cutters which bear on rock samples placed on the horizontal,
hydraulically driven table. . Modifications to the device were made to allow the
following modes of operation and test characteristics:

. l 1

Cutter Thrust: "0 to 3000 1b, held constant by hydraulic cylinder
0 to 10,000 1b, held constant by hydraulic cylinder
Variable, under fixed cutter displacement conditions

Work Table Velocity: 0.10 to 5.0 in./sec

Disk Cutter Diameters: 3, L, 5, and 11} in. nominal
L 60 deg included angle

- Force Measurements: Vertical, on cutter, versus time;
Horizontal, on cutter, versus time.

Recorder: : Integrates horizontal force vérsus displacement
to indicate work expended by the cutter.

The roék material chosen as a standard was Barre (Vermont) granite quarried

'by the Rock of Ages Corporation. The characteristics of Barre granite are given

in Table 1. Sample size was 4 by 13 by 14 in.; the surfaces were in the sawed
condition with no coarse irregularities or ridges. All (approximately 220 samples)
were cut at one time from a single quarry block, with the grain orientation held
constant to ensure uniformity. TFor testing with the 1lg-in. cutter-.and also

with higher thrust forces, a limited number of larger-size blocks (8 by 13 by

20 in.) was obtained.



** FIGURE 2. ROCK CUTTER TESTING DEVICE WITH 5-INCH-DIAMETER DISK CUTTER
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TABLE 1

PROPERTIES OF BARRE GRANITE

Source

Color
Rock Type
Density

Specific Gravity

~+Grain Texture

Compressive Strength

Young's Modulus of Elasticity
' Head grain on top
Head grain on the side
Head grain on the end

Modulus of Rupture

Hardness :
Scleroscope
Rockwell C scale
Moh's Scale

Thermal coefficient of expansion

inch/inch/degree F
inch/inch/degree C

Water Absorption
% by weight

Petrographic:analysis
% by volume

Rock of Ages Quarry,
Graniteville, Vermont

Blue-gray

Quartz monzonite
165.5 1b/ft3

2.6L

Fine grained 3 mm
32,000 psi

3.5 to 4.0 x 10% psi
5.0 x 108 psi

7.0 x 10° psi

2000 psi

102

T2

Quartz -7
Feldspar -
Mica -3

b ox J.O_6

6.2 x 1076
0.23

65 Feldspar
27 Quartz
8 Mica
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‘Dominating Mineralogical Constituents

TABLE 1 (Continued)

PROPERTIES OF BARBE: GRANITE

Mineral
Quartz
Orthoc.:ié;se.-
Microline .

Plagioclase:

(0Ligoclase

Abgphnog )

Mus-comite .

Biotite

Chlorite

(Penninite).

Caleite.
‘Sphenre
Magﬁe¢ite
Teucoxene
Zircoen.

Apatite

" Pyrite

Formila
8102

KA1Si30g

KA15i30g

BNaAl 51308

2CallsSindg

KL, (OH)
(A15%3030).
KéﬁMg;EeééﬁQﬁlg

(8281407 5)-

Mgg{AL, Fe) (OH)g

(A1, 81)y)10
Cacﬁg.
CaTiSi0s.
Fe30), -

Ti0p «Hp0

Zxsi-0)

3Ca3(P0oY)p-CaFs

Pebo.

h;&r

2.1

1.6
0.7
0.k
trace:
0.1
trace

trace

Chemieal: Compasition.

L 0.3

Agiggg_ ' ¥6.5.

Feplz: 0.3

Fégz. ' i 1.3

AMEQ; 0.8

ca - PR

Nep0- 36

'Kgg. 5.3

COgﬂ_ . 0.1
mop 0. ()
PEQS.A trace:

S trace:
ThOg_ tréceav
U@é‘ trace
B : EEE%?

100.0:




The laser used for the heating was a CO,-N,-He continuous laser with a rated
output of 1 kw. The laser beam was reflected by two mirrors onto the surface of
the specimen (Fig. 3). Immediately in front of the laser was an optically flat
mirror (Fig. 4); the second mirror (Fig. 5) is also flat for investigating the
effect of the unfocused beam. In other tests this second mirror was replaced by
a concave focusing mirror whose focal length was such that the focal point of the
beam fell on the specimen surface.

The operating mode of the cutting device was modified to one of constant
vertiecal thrust: for the purposes of this study. Holding the vertical thrust at
a fixed value, tests were run with different diameter disk cutters, with varying
distances between cutter paths. The muck produced by each pass of the cutter was
gathefed by a hand-held vacuum cleaner and then weighed to the nearest 0.10 gram
on a laborétory scale. Two channels of a strip chart recorder made continuous
records. of horlzontal and vertical loads on the cutter for each pass; a’ dlSk
1ntegrator measured the work done by the cutter in each pass..

. “'To'find the effects of cutting pattern on specific energy, in one type of test
thie cuts were made by repeated passes over the same path. In another, -the cuts
were performed with different lateral distances between adjacent grooves or paths.

With the ll%—in. cutter, splitting of the blocks was encounteréd on many
occasions. Some data were obtained, but these experiments were generally unsatis-
factory.

The gas laser. was used in two ways. For "cold" tests each block was passed
repeatedly under the reflected laser beam at a specified speed, producing. parallel
lased paths at equal intervals. The energy input per linear inch of beam travel
was therefore inversely proportional to the table speed. The actual cutting of
the specimens was done after they had cooled completely, the disk cutter traveled
directly in the center of the lased paths.

In the "hot" tests the cutting was performed simultaneously with the lasing.
The beam was aimed 5 inches shead of the cutter, and therefore the time lag
between lasing and cutting as well as the heat input were determined by table speed.
Some tests in this series were run with the focusing mirror; cutting in this case
was done directly on the lased path and also 0.5 in. to one side of it. The
cutting in all the unfocused hot tests was done directly on the lased path, as
shéwn schematlcally in Fig. 6.

With the focusing mirror in place, the heated strip of rock was about 3/8 in.
wide. With the flat nonfocusing mirror, the heated path was about 1 in. wide.

The results of the experiments are reported by mean value and standard
deviation for each set of data points. Where possible and appropriate, a linear
regression curve has been caleculated using the least sguares technique. The




PROTECTIVE PIPE,

OUTPUT END OF THE GAS LASER,

FIGURE 3

AND TESTING DEVICE

10




Widads e et

W B ity

HOLDER FOR SECOND MIRROR TOGETHER WITH TESTING DEVICE

FIGURE 5




AND REFLECTING FLAT MIRROR

Y

HOLDER

Feizsy «

OUTPUT END OF GAS LASER,

FIGURE 4

ﬁ!.lfl - ,. . N ‘. ] ) (&m.l. i

iy aety B B et B ogede 2 ﬁﬂww 2 ,J et
B 0 € e AT ,.f,{,mw,ﬁn..; e ,y}..,,.m.ﬁh Cn ?




CUTTER ////g!
‘|BLOCK
DISPLACEMEN
LASER
SWATH
4 IN.
" 14 IN.
il .
41N
p— 13 IN. -

FIGURE 6. CUTTING PATTERNS AND SCHEMATIC OF HEATING
AND CUTTING ARRANGEMENT

3
i
&
|
g
E;
;




i

',
i
i
|
g
i

scatter of the data points about the curve was also calculated, indicating the
reliability of each €£it. 1In ‘general, the regression correlation coefficient for
the specific energy data was 0.95 or better and for muck removal data was 0.70 or
better.

In the follow1ng three sectlons, the results of the test program are presented
in detail. The first section contains the results of all the tests done on rock
that had not been lased. All tests 1nvolv1ng rock heatlng w1th the laser arve

presented in the second seetion, and the final section is a summary of the data in
the form to be used in ‘the economic analysis.

TEST RESULTS - UNTREATED ROCK

Single Cuts .on a Smooth -Surface-

Groove Spacing

For a fixed cutter foree and dlameter, there ex1sts a crltlcal_sp";

is chlpping between adgacent greoves.A The chlps formed in thlS manner are“cOn—
siderably larger than the. powdery debris produced by 1ndepe' ent cut' the amounti
of muck produced per cut is greater and the" speclflc energy s generadly lower ;‘
than for the wider spacings. This reflects the fact that the spe c energy 1s
related to the fractune surface energy required to produce the: debrls, ‘and’ the
amount of surface area per unit volume is lower for large chips.

As the groové spacing is- deersased below the critical valiue, the average chip
size increases and' then diminishes again since: the maxlmum Chlp width is seldom
larger than the groove spacing. Thus there also exists an optlmum spac1ng" w1th
regard: to- spec1f1c energy and -muck. TFigures T and 8 show’ the varlatlon of these

quantities as the groove spac1ng increases’ through the optlmum value, "37/8 in.;

and: the -critical value, 1 in. For values larger than 1 1n., ‘the cubs" do not: inters

sect;, and the test'results become 1ndependent of spacihg. The samples W1th

spaclngs of 2 and 4 ‘in. were turned 90 deg after cutting: and another se_ies,of
cuts was made: in the perpendipular direction. The greatly: reduced spec1f1c energy
so -obtained 1s in keeping: with the concept of fracture surface energy, perpendl—

cular cutting forms large chlps, as the muck values indicate. The ‘eritical and
- optimum.spacings wvary with cutter dlameter, cutter thrust, and cutter speed

Cutter Diameter
With thrust held constant, critical and optimum spacings decredse as>the

cutter diameter increases in the range tested (3, 4, and 5 in.) because a small
cutter has a smaller contact area on the specimen and hence a higher local stress

1y
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which produces more chipping, to greater distances, than the large cutters.
Figures 9 and 10 show that the larger tools give poor results compared to the
three-inch one; at the spacing of % inch the larger cutters appear to be

operating away from their respective optimum spacings.

Thrust

‘Increasing the cutter thrust has the same effect as reducing the diameter:
the critical and optimum spacings are increased, because of the higher contact
stresses. The data in Fig. 11 were obtained with a full-size, ll%—in.—diameter,
tunneling machine cutter at a thrust of 12,500 1b. The critical spacing, approxi-
mately 2%—in., is much larger than for the 3000-1b thrust results of Fig. T,
even though the increased diameter tends to decrease the critical spacing. Data
points at small spacings could not be obtained for Fig. 11 due to equipment
limitations which make high-thrust tests very difficult; the optimum spacing is
estimated to be about one inch for these conditions.

Figure 12 shows some effects of increasing the thrust for independent cuts
with a b-in. tool. Muck values increase smoothly, in a nonlinear manner, up to
about 6000 1b. The results for higher thrust values are not reliable since the
horizontal forces encountered were sufficilent to-stop the specimen'table completely
several times during each cut; it could be freed only by lifting the cutter tempo-~ g
rarily, resulting in greatly reduced values of muck. Data for thrusts greater
than 6000 1b with a 4-in. cutter could not be obtained for the same reason.

To provide detailed information for subsequent comparison with heated'tests,
experiments were run at a cutter thrust of 5000 1b for cutter diameters of four
and six inches. Due to limitations in the test equipment, cutter drag forces
could not be measured at these thrust levels, and specific energy could not be
measured. The resulting muck was measured, however, and is presented in Fig. 13.

Cutter Speed

Granite, like most other minerals, is rate sensitive; i.e., its strength and
- other mechanical properties change if the rate of load application is changed
(Ref. 9). The load rate in the cutting tests is directly related to the linear
cutter speed, so the cutter speed may affect all results: muck, specific energy,
and optimum and critical spacings. TFigure 1k shows the variation of specific
energy with cutter speed for cuts on a smooth surface. The fact that the observed
ratio of crushed material to chips is greater at high speeds helps explain the
increase of specific energy, since, as shown in Fig. 15, the corresponding values
of muck removed are independent of cutter speed. |

17
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Multiplicity of Cuts

All of the above data are based on cutting an initially smooth surface.
However, tunneling machine cutters usually travel on circular paths continuously,
and therefore work on a roughened tunnel face. - There are two factors which con-~
tribute to muck removal in this multiple pass situation: the cutters continue to
penetrate further into the groove each pass by removing additional muck from the
groove, and neighboring grooves interact with each other, causing chips as large
as the groove spacing to be formed. The efficiency of this process depends on
choosing the correct groove spacing for the particular operating conditions:
rock type, thrust, cutter diameter, and speed. This section concerns the effects
of cutting repeatedly over the same path, both independently (i.e., with the
distance between cutter passes greater than the "ecritical" distance) and with
interactions between neighboring grooves.

Multiple Independent Cuts

When the 3-in.-diameter cutter was passed over the surface of the rock with
a thrust of 300 1b, the resulting groove was roughly 0.1 inch deep. Subsequent

“passes increase the depth, although by decreasing increments. Figure 16 shows the

results obtained from three repeated cuts in an independent groove. The results
are compared with data from a single cut using the same cutter, but at a %—in.
groove spacing, for which case the interaction between grooves was high. The
muck decreases for successive passes, as does the observed size of the chips
produced., After the third pass the groove was about 0.2 inches deep, and the
wedging action of the cutter was sufficient to split the specimen completely in
two if a fourth pass was attempted. Block splitting was avoided if conditions
allow removal of a significant amount of muck with each pass, such as when there
is groove interaction. Hence repeated, isolated cuts are not considered useful
for obtaining valid data. :

Multiple Interacting Cuts

In actual field conditions the cutters traverse the same path repeatedly and
continuousiy remove the muck. The major portion of the muck is removed through
the interaction of the neighboring grooves. After a certain number of cutter
passes on an initially smooth surface, the values of specific energy and muck
removed will reach "steady-state" conditions. The groove, or cutter path, spacing
is of prime importance, and if it is chosen at an optimum value, best results
are obtained. This optimum spacing for steady-state conditions is different from
that for a single pass on a smooth surface.

Figure 17 shows the specific energy results obtained from multiple passes
on grooves with a spacing between grooves of %-in. A series of parallel grooves
was made consecutively with this spacing across the surface of the block; this
series comprised one pass. Subsequent passes were made by repeating the process,

i
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cutting along the same grooves. The values of specific energy decrease .in the
second and the third passes and appear to reach a steady state after the third
pass. The muck values are shown in Fig. 18; these values reach a steady state
also. The grooves apparently behave independently for the first and second passes.
When the third pass is made, the depth of the grooves is such that lateral forces
are created which chip out fragments between two neighboring grooves. Since not
all the material is so removed in the third pass, more would be removed in the
fourth and:fifth -ones. - In places where chips are removed, the grooves are
deepened, and more material can be removed in the following passes. Therefore,
the variation of results between succe551ve passes in the -steady-state conditions
depends on groove spacing. ’ ‘

‘Optimum Cut Spacing for Multiple Cuts

For the single-pass cuts, the optimum spacing is such that the stresses
developed in the first pass should be high enough to form chips between neighboring
grooves. If passes are repeated in the same groove, the optimum spacing will be
larger because deeper grooves allow more cutter penetration and set up stresses:
sufficient to remove larger chips. Figures 19 and 20 show averaged results
obtained from the third, fourth, and fifth passes, with various groove spacings.
These results indicate that, for untreated specimens., the optlmum groove spacing:
.is £ in.

‘Multiple Cuts at Low Thrust

At the standard condition of 3000 1b thrust on a four-inch cutter, it was
‘seldom :possible to obtain results beyond the fifth or'sixth*pasévon any single
block because of the likelihood of splitting. TFor this reason one test was run
at a thrust of 1500 1b and a .groove spacing of 3/8 ‘inchj; these conditions permitted
at least a dozen passes. The results are shown in Figs. 21 and 22. Tt is quite
obvious that a steady state has been reached for these test conditioms after the
Tifth pass. '

Effect of Cutter Speed for Multiple Cuts

The rate sensitivity of granite breakage causes an increase in the value oFf
‘specific energy and a decrease in the amount of muck produced as the cutter speed
ds increased. These effects are not as pronounced for multlple passes as for
single ones on a smooth surface, Figures 23 and 24 show the effect of cutter
speed on the steady-state results for untreated specimens. As was found with
single passes, the ratio of chips to fine material is high at lower speeds, helplng
to account for the trend in specific energy shown.

Although the amount of muck removed per unit length of groove is smaller if ‘the:

cutting is done at higher speeds, the pass takes less time so the amount of material.
‘removed per unit time may be higher. Figure 25 shows that this is the case, withim.
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the range of speeds tested. Slow cutting, therefore, favors economy on a specific
energy basis, while higher speeds favor increased advance rate, which is of at
‘least equal importance in a practical situation.

'TEST RESULTS - LASER TREATED ROCK

Single Cuts on a Smooth Surface

Local heating of the rock by lasing weakens it by creating intergranular and
transgranular cracks as well as other types of permanent damage, and by creating
thermal stresses which augment the mechanical stresses from the cutter. The
extent of the laser damage to a specific rock type depends on laser beam power,
beam size, beam traverse speed, patterns of heating, and whether or not the rock
is.allowed to cool before cutting.

*

X

The extent of residual damage can be determined by exposing the rock to lasing
and testing it when the rock has cooled to room temperéture. Previous heat-
weakening tests, summarized in Fig. 1, also allowed for rock cooling prior to
mechanical testing. The residual damage occurs throughout the entire period of
cooling. Figure 26 shows the variation of the fracture specific energy required
with various heat dosages. Each block was passed under the reflected, unfocused
650-watt laser beam at a specified table speed. Repeating this procedure after
moving the block laterally produced parallel, lased paths at equally spaced inter-
vals. The energy input of the beam per linear inch of travel was therefore
inversely proportional to the table speed. Cutting was done 24 hours later at the
same table speeds at which the rock was lased. The specific energy values for the
lased specimens are less than those for the untreated ones only when heat inputs
of more than about 1000 joules per inch were used. The idea of a threshold amount
of heating required to induce a noticeable rock weakness is consistent with the
previous test results, as shown in Fig. 1. In both cases, the requifed threshold
heat energy is on the order of 1000 to 2000 joules per square inch.

Unfocused Laser - Rock Allowed to Cool

Figure 27 shows the amount of muck removed for these specimens. An increase
in muck removal seems indicated for heat inputs higher than about- 4500 joules per
inch, although this increase may not be significant in view of the amount of
scatter observed in these tests. A slight change of color was observed in the
areas exposed to lasing, indicating some loss of moisture or other minor physical
changes, These changes might be responsible for the lack, or even reversal, of
the residual damage effect which occurs for lower heat input values.
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The results of these tests show that the permanent damage induced by the laser
will not alter the muck removal pattern significantly but will decrease the value
of specific energy if the heat input is higher than roughly 2000 joules/in. At
an input of 4500 joules/in., the specific energy is reduced by about 15%.

Unfocused Laser — Rock Tested Hot

In addition to the permanent damage, the laser radiation produces a transient
thermal stress in the rock. This stress aids the formation of larger chips from
mechanical cutting, giving lower values of specific energy. Figure 28 shows the
variation of specific energy with heat input in tests where the roeck was cut while
still -hot. The 650-watt unfocused beam was aimed 5 inches ahead of the cutter,. onm
the- path the cutter followed. The total heat input was varied by changing the
cutter speed; since there was a fixed separation between the cutter and the beam,
this also changed the time between heating and cutting for each level of heat
input. The values of specific energy are slightly less at each level of heat input
than those obtained with the cooled specimens, and the regression lines indicate
that desirable effects are produced for heat inputs greater than about 500 joules/
in. Pigure 29 shows the amount of muck removed from these specimens. The muck
values for all heat inputs are higher than those from the coal specimens, and for
the higher heat inputS‘they are significantly higher than these for the unlased
specimens. For a heat input of 3000 joules/in., there is’'a 10% increase in the
muck, compared to the untreated specimens.

Figure 30 shows the variation of specific energy for specimens treated in the
same manner, but with a 325-watt beam. The desirable effects again occur only
for heat inputs greater than 1000 joules/in., although for the range of speeds
and. heat inputs studied, the improvements are marginal. Figure 31 shows the muck
removal values for these specimens; the regression line indicates muck removal has
decreased for all the heat input values used. For an 1nputuof 3000 joules: per
inch, the specific energy is reduced by less than 10%, and there is a 15% decrease:
in the amount of muck. As before, these indications may be within the scatter of
the - experimental data..

Figure 32 . shows results of a test with an unfocused laser beam, using a cubtter:
thrust of 5000 1b and a cutter diameter of L4 in. These tests are compared, in
Fig. 32, to the unheated rock results at 5000 1b thrust, shown in Fig. 13.

Based om the three types of tests discussed so far, there is apparently a.
threshold heat input value which must be exceeded for any improvement in cutting
efficiency to be gained. This threshold effect had been observed in.previous
tests (Fig. 1). For the present case, if the heat input is less. than this critical.
amount, the muck removal may be even more difficult and less efficient than in the:
cagse of unlased rock.
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Focused Laser -~ Rock Tested Hot

'The~magnitude of the thermal stress depends on the temperature of the heated
surface; this temperature can be increased by focusing the beam with a concave
mirror. Figure 33 shows the variation of specific energy for specimens which
were heated with a 650-watt focused beam prior to cutting. The radiation-spot,.
about 3/8 in. in diameter, was aimed 5 in. ahead of the cutter on the saiie travel
path. At very high energy input values, partial melting and beading of the heated’
area occurred. Figure 34 shows the amount of muck removed from these specimens.
In comparison with the specimens which were treated identically, but with an
unfocused laser beam, there is an almost fourfold increase in muck removal., A
comparison of specific energy for these two cases shows that a focused beam is twice
as effective as the unfocused one. Compared to the untreated specimens, there is
a 35% increase in the amount of muck and a 65% decrease in the value of specific
energy for an input of 3000 joules per inch.

>Focused Laser — Rock Tested Hot -
Laser Beam Offset from Cutter Path

Stress analysis studies have shown that both tensile and compressive stresses
are developed by local heating of the rock samples. These studies suggest that the

“cutter path.should be located adjacent to, rather than directly on, the heated

path, to better initiate fractures which then may be propagated through the heated
region by the compressive stresses occurring on the surface. The variation. of
specific energy with offset distance is shown in Fig. 35;. the energy shows a mini-
mum at about # in. offset. Figure 36 shows the variation of muck for these specimens;
with inéreasing offset, the amount of muck. removed also shows a maximum but at about
2 in.- The optimum offset varies slightly with cutter speed and total heat input;
since the values of these parameters were approximately midrange, Qgg—half-inch
offset was used for the heat inputs shown in Figs. 37 through 4o. Figure 37 shows
the variation of specific energy with cutter speeﬂ (and hence energy deposited per
inch of cutter path) when the focused laser beam is aimed 5 in. ahead of the cutter
and: of fset % in. from its path. Figure 38 shows the muck removal for these
specimens. These results display the best improvements in the values of specifie
energy and muck removal of all cases so far considered. For 3000 joules/inch heat.
input, there is a T0% decrease in the specific energy and a 120% increase in the
amount of muck, compared to untreated specimens cut in the same manner.

Figure 39 shows the variation of specific energy for specimens which were
treated with a 325-watt laser, offset £ in. from the cutter path. A significant
reduction of energy is observed for all heat input values. Comparing the muck
values shown in Fig. 40 with those for the 325-watt unfocused beam tests in
Fig. 31 indicates that the timing and geometry of heat applicétion can be as
important in increasing removal efficiency as the heat input magnitude. For a
heat input of 3000 joules/inch, a 90% increase in muck and a 45% decrease in
specific energy are obtained due to these geometry and focusing effects alone.
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To better simulate removal conditions in a full-scale boring machine, a series
of tests was run with a cutter thrust of 5000 lb. Figures 41 and 42 show the
effect of. heat input on rock removal for cutter diameters of 4 and 6 in.,
respectively, at a cutter thrust of 5000 1b.

Multipliecity of Cuts

Groove Spacing for Multiple Cuts with Heating

In the previous section, results were presented for multiple cuts with a bh-in.
cutter operating with a thrust of 3000 1b. As shown in Figs. 19 and 20, these
results indicated an optimum groove spacing of about 0.75 in. To investigate the
effects of heat weakening at these spacings, the previous test series was repeated
with a focused, 600-watt laser beam aimed midway between the groove being cut and
the one to be cut next. The beam was aimed 2.5 Inches ahead of the cutter. The

“results are shown, along with the results from the unheated tests, in Figs. 43 and

;ﬁh.' The heating, at a constant energy input of 1200 joules per inch .(cutter and
laser beam speed of 0.5 in./sec), evidently improved the cutting at all spacings.
In addition, the optimum spacing remained unchanged, although the performance
penalties in going to a 1.0-inch spacing are substantially less with the heat
weakening. ’

Effect of Heat Energy on Rock Removal

To determine the effect of heat weakening in a manner similar to the tests
done for single cuts on a smooth surface, a series of tests was run with various -
cutter (and therefore laser beam) speeds, making multiple heating and cutting
passes. These tests employed a focused beam on a path halfway between cutter
paths. A groove spacing of g in. was used since this spacing gave good results
for the heated tests run at 0.5 in./sec (1200 joules/inch), although the best
groove spacing might be a function of the amount (i.e., the joules per inch) of
heat weakening employed. Figures 45 and 46 show the results, in terms of specific
energy requirements and muck removed, relative to the unheated case. Desirable
effects are induced in both specific energy and muck removed, although the benefits .
are not as large as in the case of independent cuts on a smooth surface.

" Analysis of the power required for the tests shown in Figs. 45 and 46 indicates
that the mechanical power absorbed by the cutter is essentially unaffected by the
application of the heat energy. This implies that the reduction in specific energy
requirements is directly related to the increased rate of muck removal when heat
is applied. Therefore, the effect of heat weakening in this case may be con-
sidered in terms of an increase in muck removal, at a constant mechanical power
input. '
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SUMMARY OF TEST RESULTS

The primary purpose of*the test program was to generate data to be used in the
evaluation of a full-scale application of heat weakening to hard rock tunneling.
In this section the results of the test program are reviewed in this light, and
representative data are selected for economic evaluation.

Selection of Representative Tests

The four specifié test cases selected for analysis in the economic evaluation
are listed and compared to estimated full-scale cutting parameters in Table 2.
The reasons for selecting these tests for analysis are discussed below.

The first test series, employing a cutter thrust .of 3000 1b and a cutter
diameter of_h in. with focused, offset laser radiation and single, independent
cuts on an initially smooth block, is of interest primarily because there appeared.
to bé a. large effect due to the heating. The series of tests leading to these
data established the beneficial effects of focusing the beam and heating along
a path offset from the cutter path

The second test series indicates, when the results are compared to the first,
the effect of multiple cuts (i.e., repeated heating and then cutting in the same
path, rather than just one cutter pass on a smooth surface) which is much more
representatlve of a tunneling situation than the independent, 51ngle—cut situation.
This test series was the only series of data taken showing the effect of various
heat input levels on the multlple—cut situation.

Besides simulating the multiple-cut situation, the other major test parameter
that was Sﬁbstantially different from the full-scale situation (and yet was
under the control of the investigators,'as the cutting speed was not) was cutter.
thrust. To improve this situation, two test series were run at a thrust level of
5000 1b with the L4-in.-diameter cutter, and are referred to in Table 2 as tests
3 and 4. These tests are substantially closer to the thrust loadings (in terms:
of cutter thrust per inch of cutter diameter) expected with a full-scale machine
than the 3000 1b tests. Both focused and unfocused test results are included,
since some heat sources (e.g., radiant heaters) do not enjoy the same focusing
capability -as the laser, so it is of interest to demonstrate the magnitude of the
resultant performance decrement, due to lack of focusing, at the high thrust level.
For these tests, the unfocused beam was not offset from the cutter path, and
thus the performance degradation resulting from the use of an unfocused beam mays
be exaggerated in this case.




TABLE 2 .

ROCK CUTTING CONDITIONS

[

[T

Test Conditions Test 1 Test 2 Test 3 Test U4 Full-Scale
. Mechanical

Cutter Thrust, 1b 3000 3000 5000 5000 ~20,000
Cutter Diameter, in. L L L L 11
Cutter Speed, in./sec 0.1-2.0} 0.1-2.0 0.1-2.0 0.1-2.0 ~ 40-50
Cutter Path :

Spacing, in. 1.0(1) 0.75 0.625 | 0.625 3.0
Multiple (M) or

Single (8) Cuts(2) S M S S M

Thermal

Beam Focused (F) or

Unfocused (U) F F U F -
Beam Power, watts 650 650 600 600 -
Heated Path Location(3) offset offset on cutter [offset -

path .

(1) Spacing set so that cuts are independent

~ (2) single cuts are on initially smooth surface, multiple cuts are

surface

1

7 (3) Heated path location relative to cutter path is indicated

against rough




To summarize, the four particular test series were chosen as being most
representative of the effects of heat weakening on tunnel boring due to their
optimized heat input conditions, high thrust loadings, variations in beam
focusability, and demonstretion of heating effects of multiple vs single cuts.

Method of Presenting Data

Data from these four test series were analyzed based on muck removal only.
For the first two series of tests, this approach was validated, since the decrease:
in specific energy was evidently>due precisely to the increase in muck removal
rate (i.e., the power absorbed by the cutter was the same for the unheated and
the heated tests). For tests 3 and 4, at a thrust of 5000 1b, muck removal data
is all that is available, since absorbed cutter power was not measured. It is
implicitly assumed, therefore, that the relationship between muck removal and
specific energy is similar to that demonstrated at the 3000-1b thrust level.

As mentioned in the previous discussions of the results of the tests, the
only way to vary the heat input was to vary the speed of the heat source and also,.
therefore, the speed of the cutting tool. Cutting speed has an effect on the muek
removed, independent of the amount of heat added, which complicates the correlation
of muck removed with increasing heat input. To simplify the presentation of the
test data for the cases of interest, data points were sought whére unheated and
heated tests were made at the same cutting speed. The ratio of the muck removed
under the two test conditions at these speeds is then plotted. This approach
avoids using the ratio of the curves fitted to the test data, which can give
incorrect results in certain instances. Some pairs of data points were used in
which the cutting speed varied only slightly. In these cases the slope of the
data curve was assumed to pass through one of the points, and tﬁe resulting value
at the appropriate cutter speed was read. :

. -~

The ratios of muck removed with and without heating, which were generated in
the manner described above, are presented in Fig. 4T for the tests listed in
Table 2.  For most of the test conditions, the interpretation of the data points
is straightforward. However, for the multiple-cut case, with 3000 1b of cutter
thrust, there were only two data points taken at the same speed. The third data.
point was generated by comparing the 3500 joule/inch data point with a neighboring,
unheated case, as shown in Fig. 48. There are several unheated test points in the
vicinity of the heated treated data point; the indicated point was chosen because
it appears to be closest to the trend line for the unheated test results.

Discussion of Selected Test Results

The individual data points , shown in Fig. 47, calculated, as discussed above,.
by ratioing muck removal results at specific cutter speeds, are connected by
straight lines to help delineate the different test conditions.
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The greatest effects of heat weakening were observed for single cuts with
3000 1b of cutter thrust. TFor very high heat energy inputs, the amount of muck
removed was increased by more than a factor of three. However, at least 1000
l joules per inch were required to show any significant increase in muck removal
rate.

For the multiple-cut situation, the increase. in muck removal ratio was
_substantially less, showing a maximum increase of L40% at the highest energy input
tested for this case (3500 joules/inch). This is due at least somewhat to the
more-efficient cutting without heat in the multiple cut situation. Since cutting
against the roughened, damaged face is more efficient to begin with, one
would expect any specific amount of heating to have a smaller effect on the muck
removal rate. Cutting against a roughened face is, of course, much more repre-
sentative of the true tunneling situation, so this case is more representative of
full-scale conditions than the first case.

Increasing the cutter thrust also has a deleterious influence on the effect
of heating, although the higher thrust again is more representative of full-scale
conditions. As the cutter thrust is increased, the mechanically stressed zone
dncreases, and the heat-stressed zone becomes smaller by comparison.

With the unfocused laser, the increase in muck removed is fuf;her reduced
for the 5000-lb-thrust case (Test 3), as was observed previously with 3000 1b of
thrust (compare Figs. 28 and 37).

Thus 1t appears that, for the cases of most interest, i.e., the multiple-
cut cases and the high-thrust cases, which best represent full scale, the increase
in muck removal rate (or increase in advance rate at constant mechanical power
input) which can be ascribed to the effects of heating is limited to less than
50%. The economic implications of increases in muck removal rate of this magnitude
are discussed .in Chapter VI.




CHAPTER II

GENERAL ANALYSIS OF HEATER SYSTEM DESIGN

The purpose of this chapter is to discuss some of the fundamental engineering
design problems associated with heat-assisted tunnel boring machines, prior to
the detailed analysis and design of some specific systems. The chapter begins
with an analysis of tunneler heater power requirements as a function of machine
size and rpm,‘and heating energy'réquirements. Present-day tunnel boring machine
design is used as a point of departure for this analysis. Heat transfer effi-
ciency from a heater to a rock face either by conduction (from a gas jet) or ‘
radiation is then considered. A fundamental treatment of the environmental control
problem is also presented, along with the design of systems to alleviate the
expected increase in tunnel ambient temperature. Finally, based on all of the
above, some general considerations relative to a range of possible rock heating
§¥stems are presented, and reasons are given for the'selection of three system
types for more detailed analysis. '

The analyses in this chapter form a necessary prelude to the &etailed'heater
system design work discussed in Chapter III, as well as to the development of
basic system relationships (e.g., heat transfer efficiency) used in the analysis
of the economics of heat-assisted boring machines given in Chapter VI.

HEAT INPUT ANALYSIS

The test results presented in Chapter I usually present the effect of heat
damage (weakening) done to the rock in terms of some net energy input per unit
area of rock. This often is given in terms of joules per linear inch of heater
pattern travel. Knowing the width of the heating beam, this readily can be
converted into joules per square centimeter of heated rock. The purpose of this
section is to show the implication of a given energy input per unit area on the
~total tunneler heating power required. Also, the effect of mechanical design

(rpm) on heater power and the limitations on heating rate (power density) due to
~'rock melting are considered. - )

Heating power in this section is considered to be the rate of heat actually
flowing into the rock. Relating this rate to an actual heater output depends

. the heater type under consideration; this subject is discussed in the next
ction. In general, the power going into the rock is only slightly less than
power output for radiant type heaters, but is substantially less than the

al output for gas jet type heaters.
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Power Reguired

For convenience, consider a circular tunnel. (Actually, all successful rock
boring machines in this country have been circular, to.allow efficient power trans-
mission-to the rock by pressing the entire rotating head into the rock face.)

The geometry of the Lieating system power output relative to the cutters, as
developed in the test program and design studies, is show schematically in Fig. L9.
- The heating power is assumed to emanate from a series of sectors which have a total
central angle a. Within each sector, the heat may be concentrated in a band

with width h, spaced (H-h) apart, as shown in Fig. 49. i

Now, assuming for the moment that h = H (i.e., that the rock is heated equally
at all radii), the amount of time that a particular piece of rock exposed to the
tunneler will be heated during one revolution of the tunneler is, by inspection,

_ -2 60 (1)
T =360 rpm

time of exposure of any given area of rock face to the
heater system, seconds,

rpm = tunnel borer rate of rotation, and

o total ecentral angle of heater output, degrees

where T

It is assumed that there is only one mechanical cutter at each radial location
or cutter path.  Thus, the rock is exposed, after cutting, for one full tunneler
head revolution before being cut again. If a certain energy density, J,, in
joules/cmz, is required prior to cutting the rock, then the power density flowing
into the rock, Py, in watts/cmz, required to give that energy density is

Jd r
Po=___0.=6J0'__p_IE. (2)
T o
R . . . watts
where P, = power density of heat input in —255—3 and
Jo = energy density of heat input in Joules

sz

The total amount of heating system output (assuming 100% absorption by the
rock) is the product of the heater area times the power density, or

8 ' rpm mD2 _ .
PT = PO 360 AFAC'E = Jo 60 h . (3)
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Thus, the total power level of heat input to the rock face depends only on
the energy density required into the rock face, the machine rpm, and tunnel
diameter. The total heater system power output can now be defined as

2
P, = L1 = Jo TEm 707 (4)
Ny np 60 k4

where n, = efficlency of heat transfer from the heater to the rock.

Figure 50 shows total heatlng power level, P,, for 10~ and 20~-ft-dia tunnels
as a function of Jo and rpm.

-As can be seen from the above equations, the heater system power level, P,q,
is not a direct function of the heater power density. However, one of the limits
on total heating power has to do with power density effects (rock melting) as is
discussed below. It is therefore useful to express the power density explicitly
for the configuration shown in Fig. h9, in order to relate limitations in power
density to other system parameters.

If Py is the power density based on the entire face area, then this power
density may be related to the power density based on the heated strip areas alone
(i.e., the actual power density), by relating the heated area to the total face
area. The ratio of heated area relative to the total face area is a function of
the number of cutter paths on the face and the ratio h/H, as shown in Fig. 51.
For values of R/H (R = tunnel radius) greater than 20, Fig. 51 indicates that h/H
is an accurate value for the area ratio sought. Since cutter spacing (H) is
usually no more than 3 in., and the smallest diameter to be considered is 10 ft
(R = 60 in.), R/H will indeed have a value of at least 20. Therefore, the heat
input power density for this case can now be written as \

Fo__6Jormm 3 ®
An/at ~ ol(n/H)

Py =

Limits on Power Required

Total heater power obviocusly is a key parameter in determining the feasibilify
of heat-assisted tunmeling. As discussed above, the requirements for weakening
rock are expressed in terms of an energy density, Jo. Eguation (4) indicates
that the installed power (ignoring system inefficiencies) is directiy proportional
to this energy density, as well as to machine rpm, and diameter squared. Thus,
to minimize the installed heating power required for a given energy deposition in
the rock per revolution, the tunnel boring machine rpm should be as low as possiblé.
A second limiting parameter on the amount of heat installed is the heater power
density. Power density and rock exposure time must be set to avoid rock melting.
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Rock melting will incur a higher power input per unit of heat delivered to the
rock because of the energy lost in the phase change of the rock mass and the
possible deleterious effects on rock thermal properties (e.g., absorption). These
two factors, machine rpm and rock melting, are discussed below.

1+~ Machine RPM

Although heat is being used to effectively weaken the rqck; the basic mode
i of actual rock removal is mechanical cutting, in a manner completely similar to
E; the operation of present-day tunnel boring machines. Thus, the thrust and rpm
i of these machines must be adhered to, at least as a point of departure.

i ~Penetration of rock by a boring machine depends on delivering mechanical
power to the rock. Power delivered is proportional to the product of machine
& thrust against the face (which determines torque force required) and rpm. In
general, one then might assume that rpm could be decreased and thrust could be
increased to keep mechanical power, and therefore penetration rate, constant.
However, cutter bearing life is affected much more by the thrust force than by
. rpm, so cutter costs would increase with increasing thrust and decreasing rpm.
©+Thrust and rpm are, of course, also related to basic machine design and cutter
type in other more subtle ways.

e,

v

!
Rather than attempt a complete, or even a partial, basic analysis of mechanical

g machine design, examination was made of existing rpm trends with present-day

g* machines. Figure 52 shows rpm as a function of tunnel diameter for several hard-
rock tunneling machines. The lower rpm values for given machine types tend to
follow lines of constant (rpm x diameter). A value of 80 for this product has
been estimated by T. N. Williamson (Ref. lO), and various machine and bit manu-
facturers use different values. A value for (rpm x diameter) of T0O appears to be
representative as a lower bound of the data and was used to determine conventional
(nonheat-assisted) boring machine rpm for this study. '

Lot

Rock Melting

Melting of the rock surface can be achieved with a range of combinations of
heat input power density and rock surface exposure times. A one-dimensional
analysis of heat flow into a semi-infinite solid, which had previously been
developed at the United Aircraft Research Laboratories (Ref. 11), was used to
describe the surface temperature and temperature profile under a heated spot.

The faster a given amount of heat energy is supplied to a unit area of rock

surface by radiation, the higher will be the resulting surface temperature, and

] the steeper the resulting thermal gradient. This effect is shown quantitatively
f% g in Fig. 53. The rock properties assumed for this figure correspond roughly to
ot Barre granite as given in Ref. 12. Examination of Fig. 53 indicates that there
will be some exposure time for 'a given amount of heat energy at which the rock
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of heaters, which would be controlled independently. An existing mechanical 3

surface temperature will be sufficiently high to induce rock melting. Rock
melting temperatures are on the order of 960 to 1160 deg C (1760 to 2120 deg F),
as shown in Table 3.

In general, rock melting is to be avoided when attempting to heat-weaken
rock. For one thing, the amount of heat energy lost in changing phase of the
rock is wasted in terms of propagating a temperature profile into the rock. Also,
molten rock may alter the rock surface absorptivity of radiation deleteriously,
whereas this absorptivity is known to be relatively high for nonmolten-rock, as
discussed below.

These two limits (i.e., heating time [rpm], and rock melting) on the relation-
ship bétween heat energy absorbed and heating power density are shown by the
shaded. areas in Fig. 54, which is a plot of energy density deposited in the rock
vs power. density flowing into the rock. The lines of constant exposure times
express simply that energy = power x time. As discussed above, the heating time
is a.function of machine rpm and heater coverage of the face,.o, as defined in
Fig. 49. Assuming a heat-assisted boring machine rpm of between 2 and 4, and an
o of between 90 and 180 degrees, the heating time is in the range of 4 to 15 sec.
Limitations on o and rpm prevent the heating time from being significantly
higher. The lines from the upper left to the lower right are the'resulting
surface temperature rise at the given heating conditions., as determined from
calculations such as those in Fig. 53. A band is shown at around 2000 F to show
Jthe onset of melting. Also, lower temperatures are shown to ailow estimation
of rock surface temperature increase for specific design cases.

The result of these limitations, as shown in Fig. 54, is that the heater
pover density (assuming 100% efficiency of transfer of heat from heater to rock)
should be in the range of 60 to 120 Watts/cm2 to allow the maximum amount of heat
energy to be deposited on the surface without large amounts of melting. Also,
the maximum amount of heat energy that can be pumped into the rock, observing
these limits, is between 500 and 1000 joules/cm?.

Alternate‘Configurations

At this point, it is well to review a basic assumption made implicitly by
the selection of a rotating head machine design as shown in Fig. 49. Since time
is such an important factor in, determining the total heater power and rock face
energy absorption, it is of interest to examine tunneling machine designs wherein
the process of adding heat and the process of cutting are uncoupled (they are
coupled in the present case through machine rpm).

One way in which greater heating depths could be obtained is in a machine
incorporating two completely different heads, a cutting head and a heater, or bank




TABLE 3

. %
i
.

,a

- ‘ MELTING POINTS OF VARIOUS MINERALS

- : 'Mineral Temperature - °C
| Anorthite, natural 1165 - 1520
-, Anorthite, artificial 15hh - 1562
, ) AnSABl, artificial 1516
An,Ab,, artificial . 1477
Labradorite 1040 - 1370
Andesine 1155 - 1280
AnyAby, artificial 1430
An,Ab,, artificial 1375
, An,Abs, artificial 13ko
- ’ Oligoclase 1135 - 1260
. ~ Albite : 1115 - 1259
L Arthoclase 1185 - 1220
Leucite 1275 - 1k30 |
- Nepheline, artificial 1059 - 1526
Enstatite 1375 - 1400
\ MgSiO3, artificial 1557
Wollastonite 1203 - 1366
CaSi04, artificial 1515 - 1540
Diopside, natural 1135 - 1270
; Diopside, artificial ‘ 1391
; Augite 1085 - 1230
: Tremolite 1200 - 1270
Hornblende 1060 - 1200
Olivine 1265 - 1750
Quartz : 1425 - 1780
Magnetite 1190 - 1225
Hematite 1300 - 1400
Fluorite 1270 - 1387
Sillimanite 1816
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tunneler which could be adapted to this type of an operation is the Greenside~
McAlpin (GM) tunneling machine shown in Fig. 55. This unit employs a rotating
; head with a diameter which is less than half the tunnel diameter, which indexes
' around the tunnel face cutting several inches deep at a single pass. Thus, a
heating unit could be employed on a larger area of the face than the cutting unit,
= ‘ and the ratio.of heating time to cutting time could be controlled.

This’coﬁcebt was not investigated in detail, since the advance rate with the
E—- GM type of machine is much less in borable rock than that of a full-face boring
: machine, due to the small area of rock attacked at a given time. Also, the basic
concept of the present study involves adaptation of present-day boring machines
, to hard rock boring by the addition of a heater system. All successful mechanical
rock tunneling machines in this country are of the full-face, rotary type, and
therefore that type is considered in this study. '

A more basic reason why combinations of mechanical and heating systems which
allow very long heating times prior to rock removal may not be desirable is the
slow rate of heat penetration in rock. For very long times between mechanical

. removals, the heat would penetrate to a depth less than the depth required for a
. given rate of mechanical penetration. .
e 4

} : This idea is illustrated by the curves in Fig. 56. The dotted curves indi-
~ cate the depth into the rock at which the rock temperature reaches 100 F for

“the heat input intensities shown on the dotted lines, and for the heating times

indicated on the horizontal. axis (notice that only those heat imput conditions
below the hatched 1limit line are of interest, since conditions above this line

. would theoretically induce rock melting at the surface). The solid lines on

¢ Fig. 56 indicate the amount of rock that would have to be removed corresponding
. to the heating times shown if certain advance rates were to be maintained and
the rock were to be cut regularly at the time intervals given by the heating times
shown. If, for example, a full-face rotary boring machine is assumed, the heating
time is equal to the time between cutter passes which, if there is only one cutter
located at each radius, is given by 60/rpm. By looking at the results shown in
Fig. 56 it can be seen“that the depth to which the heat penetrates will more
closely approach the depth of penetration required per rotation of the tunneling
head to maintain a reasonably high advance rate when the rpm of the machine is
kept .high, thereby causing relatively low heating times (less than 20 to 30 sec).
It is apparent that, for very long heating times (e.g., heating times greater
than 30 sec), the depth of heat penetration will be substantially less than the
depth of pehetration per rotation as required, for instance, for an advance rate
. of 10 ft/hr. This argument is at best qualitative, since it is not clear that
?;the extent of the heat weakening phenomenon exists only to the depth at which a
sensible increase in rock temperature occurs. Undoubtedly, some of the weakening
effect is due to the thermal stresses induced in the rock which obviously can
penetrate to depths below those depths at which the rock is noticeably heated.
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However, the general trends indicated by Fig. 56 -~ namely, that the heat penetra-
"tion and mechanical penetration are more likely to mateh each other for. low heating:
times (rpm greater than one) -~ is still valid.

HEAT TRANSFER ANALYSTS

Having established the factors that influence the rate of heat flow into the
rock, it is of interest now to determine the heater power output necessary to
realize the desired heat flow. Table 4 lists the basic heater system types.
investigated. Three of these are basically gas jet systems, in which the heat is
transferred from a gas stream impinging on the rock tunnel face to the rock.
Another type of heater transfers heat to the rock by radiation, which would include
a radiant (electric) heater and a laser beam. Heat transfer from. an electron
beam to rock is considered separately.

Determination of this heat transfer efficiency from the device to the rock is
crucial for two main reasons. First, a low efficiency will imply problems with:
control of tunnel temperature, as is discussed in detail in. the next section.
Second, some of the systems considered (e.g., the laser) have high capital costs,
50 any increase in the size of the heater due to heat losses can seriously afféct
the economy of the system. Of course, reduced heat transfer efficiencies alsor
mean a higher power cost. However, the power cost can be small relatlve to the
other factors mentioned in many cases of interest.

Heating Efficiency of Gas Jet Devices

Gas jet heaters depend on convection to transfer heat. from the gas to the
rock. For any particular area and rock temperature gradient, this convective
heat transfer depends directly on the magnitude of the heat transfer coefficient
immediately adjacent to the rock surface. Except for certain ablative missile
investigations in which re-entry heat. transfer characteristics are considered,.
few empirical efforts have been directed toward investigating heat transfer
between a heated stream directed normal to a. cold surface and. the surface itself..
Fortunately, this particular topic was the subject of an investigation.conducted
at Stanford University in 1962 (Ref. 13). Although the sizes of jets considered
in Ref. 13 are smaller than those: expected to be used in an actual tunnel
operation, it appears that the results of that study can be applied, with llttle‘
loss of accuracy, to larger jet-type devices.

The derivation of the heat transfer equations: which ﬁere developed to analyze
jet~type heat flow in a heat-assisted tunneling operation are discussed below.
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Electron beam
Radiant Heater
Plasma Jet
Flame Jet
Steam Jet

Laser.

TABLE
HEATER SYSTEMS CONSIDERED

1.
2.
3
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In addition, the computer program which was .developed for this analysis is described
along with sample results which illustrate the efficiency of heat transfer between
a gas Jet and a rock surface.

System Description

A schematic diagram of the model established to determine the heat transferred
from the jet exhaust to the rock wall is presented in Fig. 5T7. A flame Jjet or a
plasma jet is located a distance, L, (nominally 6 to 15 in.) from the rock surface,
and the jet exhaust is directed normal to the rock wall. It is assumed that the
Jjet is attached to a large cutter arm and is moving in a direction parallel to the
rock wall at a transverse velocity, V.

Since the exposure time for any small element of rock extending from the rock
surface into the semi-infinite surface is small (because of the relatively large
transverse.velocity of the jet), it is possible to make the assumption ‘that only
one-dimensional heat transfer occurs. Corollary to this is the assumption that
the heat intensity profile normal to the jet axis at the wall is uniform. The ™
fundamental results of this model indicate that every element within the path of
the traversing jet heater will have an identical temperature profile. Therefore
it becomes necessary to concentrate attention only on one single, small, rock
element, coaxial with the jet, which is exposed only for that time it takes for the
jet to traverse an effective (stationary) target heat transfer area on the rock
wall surface.

Method of Analysis

Hot gases of known composition are .expanded through the nozzle of the jet—type
heater from combustion pressure to ambient pressure at the rock face. These gases
expand in a cone-shaped fashion, strike a target area on the wall, and then pass
radially outward and away from the target. The area of the target is assumed to be
circular and is geometrically determined from the exit diameter of the .nozzle,
the nozzle-to-wall distance, and a jet spreading angle of 6 deg. The heat transfer
coefficient adjacent to the wall surface is derived from a relationship among the
Stanton, Reynolds, and Prandtl numbers, described in Appendix A and based on
information from Ref. 13. Once the film coefficient and gas temperature are esta=~
blished, an expression for the temperature variation with time for any axial loca-
tion within the rock can be developed, based on the assumptions given in the
description of the system model, and assuming rock properties invariant with
temperature changes. Such an anéLysis is given in many standard reference works,
such as Ref. 14, and is entirely similar to the analysis leading to the results
shown in Fig. 53. . Finally, it becomes necessary only to determine the maximum
time of exposure for any element of area on the rock surface, which is equal to the
target diameter divided by the linear velocity of the jet device.
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This procedure readily lends itself to computer programming; a copy of the
program used for the flame jet analyses is presented in Appendix B. Unfortunately,
it is impossible to describe precisely the temperature history of a single point
exposed to a number of spaced jet heaters using the analysis described herein,
since the rock must be at a uniform temperature prior to heat application. The
spaced jet heating situation may be described more accurately with a finite element
technique. However, the method described herein is applicable to circumstances
in which a givén rock element area is continuously heated by a series of jet heaters,

Discussion of Results

Sample results presented in Fig. 58 indicate the temperature profiles which are
expected to exist in granite for plasma, flame, or steam jet systems operating at
10 kw:of equivalent jet power and at a traverse velocity of 5 in./sec. Even at
this relatively low traverse velocity, it can be seen that the depth of heat pene-
tration into the rock is guite shallow, reaching inward only to 0.10 in. This
illustrative case could correspond to that of a single jet heater located near the
center of rotation of a large mechanical cutter, or it could correspond approxi-
mately to a series of six consecutive jets located far out on the radius arm of a
cutter where the transverse velocity is 30 in./sec.

The surface temperature variation of granite rock exposed to a flame jet-type
heating device is shown as a function of cutter (or jet device) transverse speed
in Fig. 59. TFor most single-jet heaters, it should be noted that the temperature
produced in the rock surface layer is not sufficient to induce significant thermal
weakening. Heat transfer results also shown in Fig. indicate that, except for
extremely low transverse ve1001t1es, the energy input is never above about 300
watt-sec (joules) per square inch,. which is inadequate for produ01ng significant
damage. Consequently, the results suggest an interesting conclusion: single flame
(andAsteam)>jet heater systems are insufficient to cause major heat weakening of .
most igneous rocks -- multiple jet systems are necessary. However, even when
multiple jet systems are employed (i.e., several jet devices located ahead of a
cutter at each radius), there may be a practical limitation as to the number of
devices which can be located on a boring machine. This situation also is evident
with plasma jet systems although to a lesser degree.

It is of interest to determine the extent to which these results can be _
altered by changing the jet characteristics. Upon examining Eq. (24) in Appendix
A, 1t can be seen that the only parameters which can be controlled for a particulaf:
device are the exhaust velocity, V, and the target radius, R. Since the exhaust
cone diverges only slightly in traversing the space between the jet nozzle exit -
plane and the wall surface, the exhaust velocity is expected to vary little. Once ;
the exhaust strikes the wall, it will turn radially outward, and its velocity will
vary approximately inversely as the spreading jet radius. If the radius of the
target were increased (i.e., a larger divergence angle), the heat transfer coeffi-
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cient would decrease with increasing target radius. However, the combined effect

of velocity and radius seems to indicate that heat transfer coefficient is nearly
insensitive to target radius. This means that the heat absorbed by the rock is
primarily dependent upon exhaust gas temperature and velocity (i.e., pressure ratio).

Sample parametric calculations presented in Fig.60 indicate that the power
density for a flame-jet heater peaks at a chamber pressure of approximately 50 psia
(an expansion ratio of approximately 3.33). Above this pressure the Reynolds
number appears to increase rapidly with pressure ratio, and therefore the heat
transfer coefficient (which is inversely proportional to Reynolds number; see
Appendix A, Eq. (24)) decreases. Below this pressure the gas velocity
appears to be too low (i.e., a low expansion ratio) to promote good turbulent heat
transfer. ©Similar flow characteristies, heat transfer coefficients, and power
densities are noted in Figs. 61 and 62 for steam Jet and plasma jet heaters,
respectively.

. There appears to be 1little that can be done to improve the heat input and
temperature gradients at the rock surface for a given type of heater system. A
second question then arises: Is the target selected for the thermodynamic model
representative of the true operational situation? An increase in target radius
only means that more heat from a single burner will enter the rock.., It does not
imply a higher gradient, only a larger area. As a result it is believed that the
target area selected may be slightly conservative. However, in the actual operation
of jet-type heaters, the exhaust gas will flow in the radial direction, scrubbing
the wall as it passes, but only for a short distance before it turns tec flow away
from the rock face. This is due to a combination of circumstances, the primary of
which are the collision of the exhaust gas with that from adjacent burners, and
the introduction of cooling air in the vicinity of the rock face. An increase in
effective target radius likely will be small and will affect only the total number
of jet devices required, not the heat flow per unit area.
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Having described the heat transfer characteristics of gas jet-type heating
devices, it is worthwhile to consider the percentage of heat in the jet actually
absorbed by the rock. Several illustrative cases are presented in Table 5 for
all three types of heaters and varying (linear) traverse velodities. It can be
observed from these results that the heat transferred to the rock surface is
propdrtional to the temperature of the gas in the jet heater (or, in other words,
the temperature difference between the gas and the rock). As a result, it is possible
to obtain nearly a 30% coupling (heat absorbed in the rock divided by the energy in
the jet stream) with a 10-kw plasma jet, but only 3% and 8% coupling, respectively,
ith a steam jet and a flame jet. It also can be seen that for a given energy in
he gas jet, the coupling increases with increasing traverse speed, a fact which
an be explained quite simply. The rock surface temperature increases with
ncereased time of exposure to the hot gas jet (i.e., decreased traverse velocities),
nd therefore the temperature difference between the (constant temperature) gas
et and the rock surface decreases. An integrated curve of temperature difference
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TABLE 5

HEAT COUPLING BETWEEN JET-TYPE HEATERS AND HEATED ROCK SURFACE

Initial Rock Equilibrium Temperature - 70 F

Rock Coupling (Heat Absorbed
in Rock to Heat in Jet)

10

Energy in Heater Traverse
Jet (kw) Velocity (in./sec)
10 >
10 10
10 30
50 30
100 30
10 5
10 30
10 0.5

Spot Exposure Heat into
Time (sec) Rock (Btu)
0.55 0.363
0.30 0.222
0.09 0.071
0.11 0.099
0.12 0.122
0.09 0.168
0.55 0.032
. 12.0

.32
.68
3T
.25
.29

OO0 o
1w oo
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| vs exposure time then would reveal that the net average heat flow rate (proportiona
!

to the temperature difference) is léss, the longer a jet of a given power is expose
I to the rock. Since total heat flow is proportional to the heat flow rate and the
ii' exposure- time, a greater fraction of the heat in the jet will pass into a given

5 rock element exposed to the jet travelling at high traverse velocities than will
flow into the rock at low velocities. It appears that little can be done to

| increase the coupling efficiency of jet-type heater devices over that shown in

il Table 5.

Heating Efficiency of Radiant Devices

heat énergy by the rock. These systems are the laser, which produces light at a
single frequency, and a radiant heater, which,like a black body, radiates over a

: range of wavelengths. Radiant energy falling on the rock is either absorbed,

’ﬁ : reflected, or transmitted. Since the rock face is essentially a semi-infinite mass
' . the transmitted energy can be assumed equal to be zero. Therefore, absorptivity

Wil - is defined as one minus the reflectivity. Data on both of these quantities can be
| found in the literature.

w i Two of the proposed heating System types depend on the absorption of radiant
|

= N = = B 2

astronomy. The spectral radiation characteristics of a number of naturally
occurring materials were determined at the Goddard Space Flight Center to aid in

i identifying the surface composition of celestial bodies. .Such an investigation int
the infrared reflectance of igneous rocks is reported in Ref. 15. The reflectance
spectra in Ref. 15 were reduced to straight-line segments for calculation purposes
‘i‘ and are shown in Fig. 63. '

=

g —
&

|
l The principal source of radiation data of this nature was found in the area of
|

g ;§ :; Absorptivity of Laser Radiation

S{

% ,%éf ‘ It is interesting to note that in Fig. 63 there is a local peak in the

%]gﬁm , reflectivity at a wavelength of approximately 10 microns for all the materials

5;*%1 | investigated. This region also coincides with the wavelength of the energy emitted

g ; ‘ from the CO, molecular lasers (i.e., 10.6 microns) assumed in the laser-assisted
system. This peak represents a significant reduction in the absorptivity. Based
on the data in Fig. 63, an absorptivity of 002 laser radiation by rocks of 85%

‘1i appears to be a va¥id assumption.
ETSW {'( Absorptivity of Noncoherent Radiation

- 4ﬂ|“ é : A mean absorptivity of black body thermal radiation by rock can be obtained by

n i averaging the absorptivity shown in Fig. 63 over all wavelengths with Planck's

i oH distributive law (which gives radiant energy as a function of wavelength for given
o black body radiating temperatures) as a weighting function. An approximation to
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such an average may be dbtained by a step-~wise numerical integration of the radiant
energy spectrum between the wavelengths of 0.5 and 90 microns. The straight-line
approximations to the reflectivity data shown in Fig. 63 were made for this
purpose. In addition, these data were extrapolated as shown to provide reflecti-
vity data between 22 and 90 microns. It is known that the amount of energy radiatet
at those wavelengths is sufficiently small so that the errors introduced by such an
extrapolation should not have an appreciable effect on the calculated average
absorptivity. A possible excéption would be the Oregon Serpentine. This linear
extrapolation at the high wavelengths is equivalent to assuming an -asymptotic
value of the reflectivity (i.e., asymptotic to the value shown at the higher wave-
lengths) at low radiating temperatures.

The calculated average absorptivities of four igneous rocks are shown in
Fig. 6.4. In general, these absorptivities are all near 0.90, with an extreme
range of 0.966 to 0.833. An average absorptivity of sbout 0.85 appears justified
in the temperature range of interest (1600 to 2000 R) for the Dunite and granite;
for the other rocks this value would be 0.95. Thus, the absorptivity in black-body
radiation of the rocks tested appears to be as high as or higher than the
absorptivity of these rocks in the 10.6-micron radiation of a CO, laser.

Heating Efficiency of Electron Beams

Commercial electron beam equipment has been produced for many years and has
been used successfully in such varied applications as radiation studies, welding,
and metal cutting. A full discussion of the. problems of adapting electron beam
technology to tunneling equipment is presented in Chapter III. Therefore, the
present discussion is concerned only with the efficiency of transferring a beam of
electrons from the electron beam machine outlet orifice through air to the rock
surface.

Collisions between electrons from the electron beam machine and electrons in
the atmosphere are of prime importance because of the resultant loss of energy
associated with each collision. Collisions (really deflections) between electrons
in the beam and the gas molecules may cause a slight scattering of the beam
electrons but not significant loss of energy. As a result, these latter collisions
are of minor importarice. Because of these reasons, electron beams generally are
used in a vacuum, where the probabilities of collisions are considerably lessened.
Some success has been achleved in recent years with machines emitting beams of
electrons out of vacuum, prlmarlly into lightweight gases (e.g., helium) where
collisions do not disperse the beam as much as in air. However, in a tunnellng
application, ensuring that electron collisions will not occur is nearly impossible,
and the use of helium or a similar lighter-than-air gas molecule to shield the
beam may be expensive. Consequently, it is of interest to examine the transfer of
electron beam energy through air to a rock face.
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Information presented in Ref. 16 indicates that the practical range of an
electron is related to the initial electron voltage by the equation:

g = 0.00457 g1.75 (6)
5 0

for (5 < By < 120 kv),
where S = practical range (cm),
E; = initial charge voltage (kv), and
p density of gas into which electron passes (gm/cm?)
(= 0.001178 gm/cm® for air).

A

Information presented in Ref. 16 indicates that the normalized fraction of
energy which can be transmitted beyond a certain depth in air as a function of a
depth-to-range parameter is virtually independent of initial beam voltage up to a
level of approximately 100 kv. As a result it is possible to investigate the
machine~to-rock coupling efficiency for several voltage levels using the same
normalized information. Energy transmission results for selected charge levels of
60, 90, and 120 kv are presented in Fig. 65 and in Table 6 to depict the
penetration of electrons into air. Extending the use of the basic graphic relation-
ships in Ref. 16 to 120 kv may introduce some error, but it is believed this will be
small when compared with the total losses shown here. It can be seen that the beam
intensity drops to 20% of its initial intensity within 4 cm with an initial charge
of 60 kv. On the other hand, beam intensity drops to the same level after a distanc
of approximately 1k cm.when:ﬂkzinitial voltage is increased to 120 kv. These.
results also suggest that in order to achieve a given electron intensity on the
surface of rock to be heated, either the exit plane of the machine must be very
close to the surface or the initial voltage of the electrons must be high. Locating
the machine close to the work surface has been found unsatisfactory both in experi-
meénts and from a practical design standpoint, and consequently, the initial electror
voltage must be increased as standoff distance is